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The Organization of the Cardiovascular System

Objective

• Describe the organization of the cardiovascular system and of the heart.

Blood flows through a network of blood vessels that extend between the heart and peripheral tissues. Those blood vessels can be subdivided into a pulmonary circuit, which carries blood to and from the gas exchange surfaces of the lungs, and a systemic circuit, which transports blood to and from the rest of the body (Figure 20–1•). Each circuit begins and ends at the heart, and blood travels through these circuits in sequence. Thus, blood returning to the heart from the systemic circuit must complete the pulmonary circuit before reentering the systemic circuit.

Blood is carried away from the heart by arteries, or efferent vessels, and returns to the heart by way of veins, or afferent vessels. Small, thin-walled vessels called capillaries interconnect the smallest arteries and the smallest veins. Capillaries are called exchange vessels, because their thin walls permit the exchange of nutrients, dissolved gases, and waste products between the blood and surrounding tissues.

Unlike most other muscles, the heart never rests. This extraordinary organ beats approximately 100,000 times each day, pumping roughly 8000 liters of blood—enough to fill forty 55-gallon drums, or 8800 quart-sized milk cartons. Try transferring a gallon of water by using a squeeze pump, and you’ll appreciate just how hard the heart has to work to keep you alive. Despite its impressive workload, the heart is a small organ, roughly the size of a clenched fist.

The heart contains four muscular chambers, two associated with each circuit. The right atrium (
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plural, atria) receives blood from the systemic circuit and passes it to the right ventricle (VEN-tri-kl; little belly), which pumps blood into the pulmonary circuit. The left atrium collects blood from the pulmonary circuit and empties it into the left ventricle, which pumps blood into the systemic circuit. When the heart beats, first the atria contract, and then the ventricles contract. The two ventricles contract at the same time and eject equal volumes of blood into the pulmonary and systemic circuits.

Anatomy of the Heart

Objectives

• Describe the location and general features of the heart.

• Describe the structure of the pericardium and explain its functions.

• Trace the flow of blood through the heart, identifying the major blood vessels, chambers, and heart valves.

• Identify the layers of the heart wall.

• Describe the vascular supply to the heart.

The heart is located near the anterior chest wall, directly posterior to the sternum (Figure 20–2a•). The great veins and arteries

are connected to the superior end of the heart at the attached base. The base sits posterior to the sternum at the level of the third costal cartilage, centered about 1.2 cm (0.5 in.) to the left side. The inferior, pointed tip of the heart is the free apex (A¯-peks). A typical adult heart measures approximately 12.5 cm (5 in.) from the base to the apex, which reaches the fifth intercostal space approximately 7.5 cm (3 in.) to the left of the midline. A midsagittal section through the trunk does not divide the heart into two equal halves, because (1) the center of the base lies slightly to the left of the midline, (2) a line drawn between the center of the base and the apex points further to the left, and (3) the entire heart is rotated to the left around this line, so that the right atrium and right ventricle dominate an anterior view of the heart.

¯e

The heart, surrounded by the pericardial (per-i-KAR-d -al) sac, sits in the anterior portion of the mediastinum. The mediastinum, the region between the two pleural cavities, also contains the great vessels, thymus, esophagus, and trachea. Figure 20–2b• is a sectional view that illustrates the position of the heart relative to other structures in the mediastinum.

The Pericardium

The lining of the pericardial cavity is called the pericardium. To visualize the relationship between the heart and the pericardial cavity, imagine pushing your fist toward the center of a large, partially inflated balloon (Figure 20–2c•). The balloon represents the pericardium, and your fist is the heart. Your wrist, where the balloon folds back on itself, corresponds to the base of the heart, to which the great vessels, the largest veins and arteries in the body, are attached. The air space inside the balloon corresponds to the pericardial cavity.

The pericardium is lined by a delicate serous membrane that can be subdivided into the visceral pericardium and the parietal pericardium. The visceral pericardium, or epicardium, covers and adheres closely to the outer surface of the heart; the parietal pericardium lines the inner surface of the pericardial sac, which surrounds the heart (Figure 20–2c•). The pericardial sac, or fibrous pericardium, which consists of a dense network of collagen fibers, stabilizes the position of the heart and associated vessels within the mediastinum.

The small space between the parietal and visceral surfaces is the pericardial cavity. It normally contains 15–50 ml of pericardial fluid, secreted by the pericardial membranes. This fluid acts as a lubricant, reducing friction between the opposing surfaces as the heart beats. Pathogens can infect the pericardium, producing the condition pericarditis. The inflamed pericardial surfaces rub against one another, producing a distinctive scratching sound that can be heard through a stethoscope. The pericardial irritation and inflammation also commonly result in an increased production of pericardial fluid. Fluid then collects in the pericardial cav

ity, restricting the movement of the heart. This condition, called cardiac tamponade (tam-po-NA¯D; tampon, plug), can also be caused by traumatic injuries (such as stab wounds) that produce bleeding into the pericardial cavity. AM: Infection and Inflammation of the Heart

Superficial Anatomy of the Heart

The four cardiac chambers can easily be identified in a superficial view of the heart (Figure 20–3•). The two atria have relatively thin muscular walls and are highly expandable. When not filled with blood, the outer portion of each atrium deflates and becomes a lumpy, wrinkled flap. This expandable extension of an atrium is called an atrial appendage, or an auricle (AW-ri-kl; auris, ear), because it reminded early anatomists of the external ear (Figure 20–3a•). The coronary sulcus, a deep groove, marks the border between the atria and the ventricles. The anterior interventricular sulcus and the posterior interventricular sulcus, shallower depressions, mark the boundary between the left and right ventricles (Figure 20–3a,b•).

The connective tissue of the epicardium at the coronary and interventricular sulci generally contains substantial amounts of fat. In fresh or preserved hearts, this fat must be stripped away to expose the underlying grooves. These sulci also contain the arteries and veins that carry blood to and from the cardiac muscle.

The Heart Wall

A section through the wall of the heart reveals three distinct layers: an outer epicardium, a middle myocardium, and an inner endocardium. Figure 20–4a• illustrates these three layers:

1. The epicardium is the visceral pericardium that covers the outer surface of the heart. This serous membrane consists of an exposed mesothelium and an underlying layer of loose areolar connective tissue that is attached to the myocardium.

2. The myocardium, or muscular wall of the heart, forms both atria and ventricles. This layer contains cardiac muscle tissue, blood vessels, and nerves. The myocardium consists of concentric layers of cardiac muscle tissue. The atrial myocardium contains muscle bundles that wrap around the atria and form figure eights that encircle the great vessels (Figure 20–4b•). Superficial ventricular muscles wrap around both ventricles; deeper muscle layers spiral around and between the ventricles toward the apex.

3. The inner surfaces of the heart, including those of the heart valves, are covered by the endocardium, a simple squamous epithelium that is continuous with the endothelium of the attached great vessels.

Cardiac Muscle Tissue

As noted in Chapter 10, cardiac muscle cells are interconnected by intercalated discs (Figure 20–5a,b•). At an intercalated disc, the interlocking membranes of adjacent cells are held together by desmosomes and linked by gap junctions (Figure 20–5c•). Intercalated discs convey the force of contraction from cell to cell and propagate action potentials. Table 20–1 provides a quick review of the structural and functional differences between cardiac muscle cells and skeletal muscle fibers. Among the histological characteristics of cardiac muscle cells that differ from those of skeletal muscle fibers are (1) small size; (2) a single, centrally located nucleus; (3) branching interconnections between cells; and (4) the presence of intercalated discs.

Internal Anatomy and Organization

In this section we examine the major landmarks and structures visible on the interior surface of the heart. In a sectional view, you can see that the right atrium communicates with the right ventricle, and the left atrium with the left ventricle (Figure 20–6a,c•). The atria are separated by the interatrial septum (septum, wall); the ventricles are separated by the much thicker interventricular septum. Each septum is a muscular partition. Atrioventricular (AV) valves, folds of fibrous tissue, extend into the openings be

tween the atria and ventricles. These valves permit blood flow in one direction only: from the atria to the ventricles.

The Right Atrium

The right atrium receives blood from the systemic circuit through the two great veins: the superior vena cava (V
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plural, venae cavae) and the inferior vena cava. The superior vena cava, which opens into the posterior and superior portion of the right atrium, delivers blood to the right atrium from the head, neck, upper limbs, and chest. The inferior vena cava, which opens into the posterior and inferior portion of the right atrium, carries blood to the right atrium from the rest of the trunk, the viscera, and the lower limbs. The cardiac veins of the heart return blood to the coronary sinus, a large, thin-walled vein that opens into the right atrium inferior to the connection with the superior vena cava.

The opening of the coronary sinus lies near the posterior edge of the interatrial septum. From the fifth week of embryonic development until birth, the foramen ovale, an oval opening, penetrates the interatrial septum and connects the two atria of the fetal heart. Before birth, the foramen ovale permits blood flow from the right atrium to the left atrium while the lungs are developing. At birth, the foramen ovale closes, and the opening is permanently sealed off within three months of delivery. (If the foramen ovale does not close, serious cardiovascular problems result; these are considered in Chapter 21.) The fossa ovalis, a small, shallow depression, persists at this site in the adult heart (see Figure 20–6a,c•). ATLAS: Embryology Summary 15: The Development of the Heart

The posterior wall of the right atrium and the interatrial septum have smooth surfaces. In contrast, the anterior atrial wall and the inner surface of the auricle contain prominent muscular ridges called the pectinate muscles (pectin, comb), or musculi pectinati (see Figure 20–6a,c•).

The Right Ventricle

Blood travels from the right atrium into the right ventricle through a broad opening bounded by three fibrous flaps. These flaps,

¯

called cusps or leaflets, are part of the right atrioventricular (AV) valve, also known as the tricuspid (tr -KUS-pid; tri, three)

ı valve. The free edge of each cusp is attached to tendinous connective-tissue fibers called the chordae tendineae (KOR-d
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TEN-
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; tendinous cords). The fibers originate at the papillary (PAP-i-ler-) muscles, conical muscular projections that arise from the inner surface of the right ventricle (see Figure 20–6a,b•). The right AV valve closes when the right ventricle contracts, preventing the backflow of blood into the right atrium. Without the chordae tendineae, the cusps would be like swinging doors that permitted blood flow in both directions.
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The internal surface of the ventricle also contains a series of muscular ridges: the trabeculae carneae (tra-BEK-
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KAR-

n-; carneus, fleshy). The moderator band is a muscular ridge that extends horizontally from the inferior portion of the interventricular septum and connects to the anterior papillary muscle. This ridge contains a portion of the conducting system, an internal network that coordinates the contractions of cardiac muscle cells. The moderator band delivers the stimulus for contraction to the papillary muscles, so that they begin tensing the chordae tendineae before the rest of the ventricle contracts.

The superior end of the right ventricle tapers to the conus arteriosus, a conical pouch that ends at the pulmonary valve, or pulmonary semilunar valve. The pulmonary valve consists of three semilunar (half-moon–shaped) cusps of thick connective tissue. Blood flowing from the right ventricle passes through this valve to enter the pulmonary trunk, the start of the pulmonary circuit. The arrangement of cusps prevents backflow as the right ventricle relaxes. Once in the pulmonary trunk, blood flows into the left pulmonary arteries and the right pulmonary arteries. These vessels branch repeatedly within the lungs before supplying the capillaries where gas exchange occurs.

The Left Atrium

From the respiratory capillaries, blood collects into small veins that ultimately unite to form the four pulmonary veins. The pos-
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terior wall of the left atrium receives blood from two left and two right pulmonary veins. Like the right atrium, the left atrium
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has an auricle. A valve, the left atrioventricular (AV) valve, or bicuspid (b -KUS-pid) valve, guards the entrance to the left ven-

ı tricle (see Figure 20–6a,c•). As the name bicuspid implies, the left AV valve contains a pair, not a trio, of cusps. Clinicians often
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call this valve the mitral (M -tral; mitre, a bishop’s hat) valve. The left AV valve permits the flow of blood from the left atrium into the left ventricle but prevents backflow during ventricular contraction.

The Left Ventricle

Even though the two ventricles hold equal amounts of blood, the left ventricle is much larger than the right ventricle because it has thicker walls. Its thick, muscular wall enables the left ventricle to develop pressure sufficient to push blood through the large systemic circuit, whereas the right ventricle needs to pump blood, at lower pressure, only about 15 cm (6 in.) to and from the lungs. The internal organization of the left ventricle generally resembles that of the right ventricle, except for the absence of a moderator band (see Figure 20–6a,c•). The trabeculae carneae are prominent, and a pair of large papillary muscles tense the chordae tendineae that anchor the cusps of the AV valve and prevent the backflow of blood into the left atrium.

Blood leaves the left ventricle by passing through the aortic valve, or aortic semilunar valve, into the ascending aorta. The arrangement of cusps in the aortic valve is the same as that in the pulmonary valve. Once the blood has been pumped out of the heart and into the systemic circuit, the aortic valve prevents backflow into the left ventricle. From the ascending aorta, blood flows through the aortic arch and into the descending aorta (see Figure 20–6a•). The pulmonary trunk is attached to the aortic arch by the ligamentum arteriosum, a fibrous band that is a remnant of an important fetal blood vessel that once linked the pulmonary and systemic circuits.

Structural Differences between the Left and Right Ventricles

The function of an atrium is to collect blood that is returning to the heart and convey it to the attached ventricle. The functional demands on the right and left atria are similar, and the two chambers look almost identical. The demands on the right and left ventricles, however, are very different, and the two have significant structural differences.

Anatomical differences between the left and right ventricles are best seen in a three-dimensional view (Figure 20–7a•). The lungs are close to the heart, and the pulmonary blood vessels are relatively short and wide. Thus, the right ventricle normally does not need to work very hard to push blood through the pulmonary circuit. Accordingly, the wall of the right ventricle is relatively thin. In sectional view, it resembles a pouch attached to the massive wall of the left ventricle. When it contracts, the right ventricle acts like a bellows, squeezing the blood against the thick wall of the left ventricle. This mechanism moves blood very efficiently with minimal effort, but it develops relatively low pressures.

A comparable pumping arrangement would not be suitable for the left ventricle, because four to six times as much pressure must be exerted to push blood around the systemic circuit as around the pulmonary circuit. The left ventricle has an extremely thick muscular wall and is round in cross section (Figure 20–7a•). When this ventricle contracts, (1) the distance between the base and apex decreases, and (2) the diameter of the ventricular chamber decreases. The effect is similar to simultaneously squeezing and rolling up the end of a toothpaste tube. The pressure generated is more than enough to open the aortic valve and eject blood into the ascending aorta.

As the powerful left ventricle contracts, it also bulges into the right ventricular cavity (Figure 20–7b•). This action improves the efficiency of the right ventricle’s efforts. Individuals whose right ventricular musculature has been severely damaged may survive, because the contraction of the left ventricle helps push blood into the pulmonary circuit. We will return to this topic in Chapter 21, where we consider the integrated functioning of the cardiovascular system. AM: The Cardiomyopathies

The Heart Valves

The heart has a series of one-way valves that prevent the backflow of blood as the chambers contract. We will now consider the structure and function of these heart valves.

The Atrioventricular Valves The atrioventricular (AV) valves prevent the backflow of blood from the ventricles to the atria when the ventricles are contracting. The chordae tendineae and papillary muscles play important roles in the normal function of the AV valves. When the ventricles are relaxed, the chordae tendineae are loose, and the AV valves offer no resistance to the flow of blood from the atria into the ventricles (Figure 20–8a•). When the ventricles contract, blood moving back toward the atria swings the cusps together, closing the valves (Figure 20–8b•). At the same time, the contraction of the papillary muscles tenses the chordae tendineae, stopping the cusps before they swing into the atria. If the chordae tendineae are cut or the papillary muscles are damaged, backflow (regurgitation) of blood into the atria occurs each time the ventricles contract.

The Semilunar Valves The pulmonary and aortic valves prevent the backflow of blood from the pulmonary trunk and aorta into the right and left ventricles, respectively. Unlike the AV valves, the semilunar valves do not require muscular braces, because the arterial walls do not contract and the relative positions of the cusps are stable. When the semilunar valves close, the three symmetrical cusps support one another like the legs of a tripod (Figure 20–8a,c•).

Saclike dilations of the base of the ascending aorta are adjacent to each cusp of the aortic valve. These sacs, called aortic sinuses, prevent the individual cusps from sticking to the wall of the aorta when the valve opens. The right and left coronary arteries, which deliver blood to the myocardium, originate at the aortic sinuses.

Serious valve problems can interfere with cardiac function. If valve function deteriorates to the point at which the heart cannot maintain adequate circulatory flow, symptoms of valvular heart disease (VHD) appear. Congenital malformations may be responsible, but in many cases the condition develops after carditis, an inflammation of the heart, occurs. One relatively common cause of carditis is rheumatic (roo-MAT-ik) fever, an acute childhood reaction to infection by streptococcal bacteria. AM: RHD and Valvular Stenosis

100 Keys | The heart has four chambers, two associated with the pulmonary circuit (right atrium and right ventricle) and two with the systemic circuit (left atrium and left ventricle). The left ventricle has a greater workload and is much more massive than the right ventricle, but the two chambers pump equal amounts of blood. AV valves prevent backflow from the ventricles into the atria, and semilunar valves prevent backflow from the aortic and pulmonary trunks into the ventricles.

Connective Tissues and the Fibrous Skeleton

The connective tissues of the heart include large numbers of collagen and elastic fibers. Each cardiac muscle cell is wrapped in a strong, but elastic, sheath, and adjacent cells are tied together by fibrous cross-links, or “struts.” These fibers are, in turn, interwoven into sheets that separate the superficial and deep muscle layers. The connective-tissue fibers (1) provide physical support for the cardiac muscle fibers, blood vessels, and nerves of the myocardium; (2) help distribute the forces of contraction; (3) add strength and prevent overexpansion of the heart; and (4) provide elasticity that helps return the heart to its original size and shape after a contraction.

The fibrous skeleton of the heart consists of four dense bands of tough elastic tissue that encircle the heart valves and the bases of the pulmonary trunk and aorta (see Figure 20–8•). These bands stabilize the positions of the heart valves and ventricular muscle cells and electrically insulate the ventricular cells from the atrial cells.

The Blood Supply to the Heart

The heart works continuously, so cardiac muscle cells require reliable supplies of oxygen and nutrients. Although a great volume of blood flows through the chambers of the heart, the myocardium needs its own, separate blood supply. The coronary circulation supplies blood to the muscle tissue of the heart. During maximum exertion, the demand for oxygen rises considerably. The blood flow to the myocardium may then increase to nine times that of resting levels. The coronary circulation includes an extensive network of coronary blood vessels (Figure 20–9•).

The Coronary Arteries

The left and right coronary arteries originate at the base of the ascending aorta, at the aortic sinuses (see Figure 20–9a•). Blood pressure here is the highest in the systemic circuit. Each time the left ventricle contracts, it forces blood into the aorta. The arrival of additional blood at elevated pressures stretches the elastic walls of the aorta. When the left ventricle relaxes, blood no longer flows into the aorta, pressure declines, and the walls of the aorta recoil. This recoil, called elastic rebound, pushes blood both forward, into the systemic circuit, and backward, through the aortic sinus and then into the coronary arteries. Thus, the combination of elevated blood pressure and elastic rebound ensures a continuous flow of blood to meet the demands of active cardiac muscle tissue. However, myocardial blood flow is not steady; it peaks while the heart muscle is relaxed, and almost ceases while it contracts.

The right coronary artery, which follows the coronary sulcus around the heart, supplies blood to (1) the right atrium, (2) portions of both ventricles, and (3) portions of the conducting system of the heart, including the sinoatrial (SA) and atrioventricular (AV) nodes. The cells of these nodes are essential to establishing the normal heart rate. We will focus on their functions and their part in regulating the heart rate in a later section.

Inferior to the right atrium, the right coronary artery generally gives rise to one or more marginal arteries, which extend across the surface of the right ventricle (see Figure 20–9a,b•). The right coronary artery then continues across the posterior surface of the heart, supplying the posterior interventricular artery, or posterior descending artery, which runs toward the apex within the posterior interventricular sulcus (see Figure 20–9b,c•). The posterior interventricular artery supplies blood to the interventricular septum and adjacent portions of the ventricles.

The left coronary artery supplies blood to the left ventricle, left atrium, and interventricular septum. As it reaches the anterior surface of the heart, it gives rise to a circumflex branch and an anterior interventricular branch. The circumflex artery curves to the left around the coronary sulcus, eventually meeting and fusing with small branches of the right coronary artery (see Figure 20–9a–c•). The much larger anterior interventricular artery, or left anterior descending artery, swings around the pulmonary trunk and runs along the surface within the anterior interventricular sulcus (see Figure 20–9a•).

The anterior interventricular artery supplies small tributaries continuous with those of the posterior interventricular artery.

Such interconnections between arteries are called arterial anastomoses (a-nas-t
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z; anastomosis, outlet). Because the ar

teries are interconnected in this way, the blood supply to the cardiac muscle remains relatively constant despite pressure fluctuations in the left and right coronary arteries as the heart beats.

The Cardiac Veins

The various cardiac veins are shown in Figure 20–9•. The great cardiac vein begins on the anterior surface of the ventricles, along the interventricular sulcus. This vein drains blood from the region supplied by the anterior interventricular artery, a branch of the left coronary artery. The great cardiac vein reaches the level of the atria and then curves around the left side of the heart within the coronary sulcus. The vein empties into the coronary sinus, which lies in the posterior portion of the coronary sulcus. The coronary sinus opens into the right atrium near the base of the inferior vena cava.

Other cardiac veins that empty into the great cardiac vein or the coronary sinus include (1) the posterior cardiac vein, draining the area served by the circumflex artery, (2) the middle cardiac vein, draining the area supplied by the posterior interventricular artery, and (3) the small cardiac vein, which receives blood from the posterior surfaces of the right atrium and ventricle. The anterior cardiac veins, which drain the anterior surface of the right ventricle, empty directly into the right atrium.

Anatomy 360 | Review the anatomy of the heart on the Anatomy 360 CD-ROM: Cardiovascular System/Heart.

Concept Check

✓ Damage to the semilunar valve on the right side of the heart would affect blood flow to which vessel?

✓ What prevents the AV valves from opening back into the atria?

✓ Why is the left ventricle more muscular than the right ventricle?

Answers begin on p. A–1

The Heartbeat

Objectives

• Describe the events of an action potential in cardiac muscle and explain the importance of calcium ions to the contractile process.

•
Discuss the differences between nodal cells and conducting cells and describe the components and functions of the conducting system of the heart.

• Identify the electrical events associated with a normal electrocardiogram.

•
Explain the events of the cardiac cycle, including atrial and ventricular systole and diastole, and relate the heart sounds to specific events in the cycle.

Cardiac Physiology

Figure 20–11• presents an overview of the aspects of cardiac physiology we will consider in this chapter. In a single cardiac contraction, or heartbeat, the entire heart contracts in series—first the atria and then the ventricles. Two types of cardiac muscle cells are involved in a normal heartbeat: (1) specialized muscle cells of the conducting system, which control and coordinate the heartbeat, and (2) contractile cells, which produce the powerful contractions that propel blood. Each heartbeat begins with an action potential generated at a pacemaker called the SA node, which is part of the conducting system. This electrical impulse is then propagated by the conducting system and distributed so that the stimulated contractile cells will push blood in the right direction at the proper time. The electrical events under way in the conducting system can be monitored from the surface of the body through a procedure known as electrocardiography; the printed record of the result is called an electrocardiogram (ECG or EKG).

The arrival of an impulse at a cardiac muscle cell membrane produces an action potential that is comparable to an action potential in a skeletal muscle fiber. As in a skeletal muscle fiber, this action potential triggers the contraction of the cardiac muscle cell. Thanks to the coordination provided by the conducting system, the atria contract first, driving blood into the ventricles through the AV valves, and the ventricles contract next, driving blood out of the heart through the semilunar valves.

The SA node generates impulses at regular intervals, and one heartbeat follows another throughout your life. After each heartbeat there is a brief pause—less than half a second—before the next heartbeat begins. The period between the start of one heartbeat and the start of the next is called the cardiac cycle.

A heartbeat lasts only about 370 msec. Although brief, it is a very busy period! We will begin our analysis of cardiac function by following the steps that produce a single heartbeat, from the generation of an action potential at the SA node through the contractions of the atria and ventricles.

The Conducting System

In contrast to skeletal muscle, cardiac muscle tissue contracts on its own, in the absence of neural or hormonal stimulation. This property is called automaticity, or autorhythmicity. The cells responsible for initiating and distributing the stimulus to contract are part of the heart’s conducting system, also known as the cardiac conduction system or the nodal system. This system is a network of specialized cardiac muscle cells that initiates and distributes electrical impulses. The actual contraction lags behind the passage of an electrical impulse, with the delay representing the time it takes for calcium ions to enter the sarcoplasm and activate

the contraction process, as described in Chapter 10. lp. 302 The conducting system (Figure 20–12a•) includes the following elements:

•
The sinoatrial (SA) node, located in the wall of the right atrium.

•
The atrioventricular (AV) node, located at the junction between the atria and ventricles.

•
Conducting cells, which interconnect the two nodes and distribute the contractile stimulus throughout the myocardium. In the atria, conducting cells are found in internodal pathways, which distribute the contractile stimulus to atrial muscle cells as the impulse travels from the SA node to the AV node. (The importance of these pathways in relaying the signal to the AV node remains in dispute, because an impulse can also spread from contractile cell to contractile cell, reaching the AV node at about the same time as an impulse that traverses an internodal pathway.) The ventricular conducting cells include those in the AV bundle and the bundle branches, as well as the Purkinje (pur-KIN-j ) fibers, which distribute the stimulus to the ventricular myocardium.

e¯

Most of the cells of the conducting system are smaller than the contractile cells of the myocardium and contain very few myofibrils. Purkinje cells, however, are much larger in diameter than the contractile cells; as a result, they conduct action potentials more quickly than other conducting cells. Conducting cells of the SA and AV nodes share an important characteristic: Their excitable membranes cannot maintain a stable resting potential. After each repolarization, the membrane gradually drifts toward threshold. This gradual depolarization is called a prepotential or pacemaker potential (Figure 20–12b•).

The rate of spontaneous depolarization differs in various portions of the conducting system. It is fastest at the SA node, which in the absence of neural or hormonal stimulation generates action potentials at a rate of 80–100 per minute. Isolated cells of the AV node depolarize more slowly, generating 40–60 action potentials per minute. Because the SA node reaches threshold first, it establishes the heart rate—the impulse generated by the SA node brings the AV nodal cells to threshold faster than does the prepotential of the AV nodal cells. The normal resting heart rate is somewhat slower than 80–100 beats per minute, however, due to the effects of parasympathetic innervation. (The influence of autonomic innervation on heart rate is discussed in a later section.)

If any of the atrial pathways or the SA node becomes damaged, the heart will continue to beat, but at a slower rate, usually 40–60 beats per minute, as dictated by the AV node. Certain cells in the Purkinje fiber network depolarize spontaneously at an even slower rate, and if the rest of the conducting system is damaged, they can stimulate a heart rate of 20–40 beats per minute. Under normal conditions, cells of the AV bundle, the bundle branches, and most Purkinje fibers do not depolarize spontaneously. If, due to damage or disease, these cells do begin depolarizing spontaneously, the heart may no longer pump blood effectively, and death can result if the problem persists.

We will now trace the path of an impulse from its initiation at the SA node, examining its effects on the surrounding myocardium as we proceed.

The Sinoatrial (SA) Node

A¯

The sinoatrial (s

ı superior vena cava (Figure 20–13[STEP 1]•). The SA node contains pacemaker cells, which establish the heart rate. As a result, the SA node is also known as the cardiac pacemaker or the natural pacemaker. The SA node is connected to the larger AV node by the internodal pathways in the atrial walls. It takes roughly 50 msec for an action potential to travel from the SA node to the AV node along these pathways. Along the way, the conducting cells pass the stimulus to contractile cells of both atria. The action potential then spreads across the atrial surfaces by cell-to-cell contact (Figure 20–13 [STEP 2]•). The stimulus affects only the atria, because the fibrous skeleton isolates the atrial myocardium from the ventricular myocardium.

The Atrioventricular (AV) Node

The relatively large atrioventricular (AV) node (see 20–13 [STEP 2]•) sits within the floor of the right atrium near the opening of the coronary sinus. The rate of propagation of the impulse slows as it leaves the internodal pathways and enters the AV node, because the nodal cells are smaller in diameter than the conducting cells. (Chapter 12 discussed the relationship between diame

ter and propagation speed. lp. 402) In addition, the connections between nodal cells are less efficient than those between conducting cells at relaying the impulse from one cell to another. As a result, it takes about 100 msec for the impulse to pass through the AV node (Figure 20–13 [STEP 3]•). This delay is important because the atria must contract before the ventricles do. Otherwise, contraction of the powerful ventricles would close the AV valves and prevent blood flow from the atria into the ventricles.

After this brief delay, the impulse is conducted along the interventricular bundle and the bundle branches to the Purkinje fibers and the papillary muscles (Figure 20–13 [STEP 4]•). The Purkinje fibers then distribute the impulse to the ventricular myocardium, and ventricular contraction begins (Figure 20–13 [STEP 5]•).

The cells of the AV node can conduct impulses at a maximum rate of 230 per minute. Because each impulse results in a ventricular contraction, this value is the maximum normal heart rate. Even if the SA node generates impulses at a faster rate, the ventricles will still contract at 230 beats per minute (bpm). This limitation is important, because mechanical factors (discussed later) begin to decrease the pumping efficiency of the heart at rates above approximately 180 bpm. Rates above 230 bpm occur only when the heart or the conducting system has been damaged or stimulated by drugs. As ventricular rates increase toward their theoretical maximum limit of 300–400 bpm, pumping efficiency becomes dangerously, if not fatally, reduced.
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A number of clinical problems result from abnormal pacemaker function. Bradycardia (br
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is a condition in which the heart rate is slower than normal, whereas tachycardia (tak-
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-uh; tachys, swift) indicates a

faster-than-normal heart rate. These are relative terms, and in clinical practice the definitions vary with the normal resting heart rate of the individual. AM: Treating Problems with Pacemaker Function

The AV Bundle, Bundle Branches, and Purkinje Fibers

The connection between the AV node and the AV bundle, also called the bundle of His (hiss), is the only electrical connection between the atria and the ventricles. Once an impulse enters the AV bundle, it travels to the interventricular septum and enters the right and left bundle branches. The left bundle branch, which supplies the massive left ventricle, is much larger than the right bundle branch. Both branches extend toward the apex of the heart, turn, and fan out deep to the endocardial surface. As the branches diverge, they conduct the impulse to Purkinje fibers and, through the moderator band, to the papillary muscles of the right ventricle.

Purkinje fibers conduct action potentials very rapidly—as fast as small myelinated axons. Within about 75 msec, the signal to begin a contraction has reached all the ventricular cardiac muscle cells. The entire process, from the generation of an impulse at the SA node to the complete depolarization of the ventricular myocardium, normally takes around 225 msec. By this time, the atria have completed their contractions and ventricular contraction can safely occur.

Because the bundle branches deliver the impulse across the moderator band to the papillary muscles directly, rather than by way of Purkinje fibers, the papillary muscles begin contracting before the rest of the ventricular musculature does. Contraction of the papillary muscles applies tension to the chordae tendineae, bracing the AV valves. By limiting the movement of the cusps, tension in the chordae tendineae prevents the backflow of blood into the atria when the ventricles contract. The Purkinje fibers radiate from the apex toward the base of the heart. As a result, ventricular contraction proceeds in a wave that begins at the apex and spreads toward the base. Blood is therefore pushed toward the base of the heart, into the aorta and pulmonary trunk.

If the conducting pathways are damaged, the normal rhythm of the heart will be disturbed. The resulting problems are called conduction deficits. If the SA node or internodal pathways are damaged, the AV node will assume command. The heart will continue beating normally, although at a slower rate. If an abnormal conducting cell or ventricular muscle cell begins generating action potentials at a higher rate, the impulses can override those of the SA or AV node. The origin of these abnormal signals is called an ectopic (ek-TOP-ik; out of place) pacemaker. The activity of an ectopic pacemaker partially or completely bypasses the conducting system, disrupting the timing of ventricular contraction. The result is a dangerous reduction in the pumping efficiency of the heart. Such conditions are commonly diagnosed with the aid of an electrocardiogram. AM: Diagnosing Abnormal Heartbeats

The Electrocardiogram

The electrical events occurring in the heart are powerful enough to be detected by electrodes on the surface of the body. A record

ing of these events is an electrocardiogram (
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-gram), also called an ECG or EKG. Each time the heart beats,

a wave of depolarization radiates through the atria, reaches the AV node, travels down the interventricular septum to the apex, turns, and spreads through the ventricular myocardium toward the base (see Figure 20–13•).

An ECG integrates electrical information obtained by placing electrodes at different locations on the body surface. Clinicians can use an ECG to assess the performance of specific nodal, conducting, and contractile components. When a portion of the heart has been damaged by a heart attack, for example, the ECG will reveal an abnormal pattern of impulse conduction.

The appearance of the ECG varies with the placement of the monitoring electrodes, or leads. Figure 20–14a• shows the leads in one of the standard configurations. Figure 20–14b• depicts the important features of an ECG obtained with that configuration. Note the following ECG features:

•
The small P wave, which accompanies the depolarization of the atria. The atria begin contracting about 25 msec after the start of the P wave.

•
The QRS complex, which appears as the ventricles depolarize. This is a relatively strong electrical signal, because the ventricular muscle is much more massive than that of the atria. It is also a complex signal, largely because of the complex pathway that the spread of depolarization takes through the ventricles. The ventricles begin contracting shortly after the peak of the R wave.

•
The smaller T wave, which indicates ventricular repolarization. A deflection corresponding to atrial repolarization is not apparent, because it occurs while the ventricles are depolarizing, and the electrical events are masked by the QRS complex.

To analyze an ECG, you must measure the size of the voltage changes and determine the durations and temporal relationships of the various components. Of particular diagnostic importance is the amount of depolarization occurring during the P wave and the QRS complex. For example, an excessively large QRS complex often indicates that the heart has become enlarged. A smaller-than-normal electrical signal may mean that the mass of the heart muscle has decreased (although monitoring problems are more often responsible). The size and shape of the T wave may also be affected by any condition that slows ventricular repolarization. For example, starvation and low cardiac energy reserves, coronary ischemia, or abnormal ion concentrations will reduce the size of the T wave.

The times between waves are reported as segments or intervals. Segments generally extend from the end of one wave to the start of another; intervals are more variable, but always include at least one entire wave. Commonly used segments and intervals are indicated in Figure 20–14b•. The names, however, can be somewhat misleading. For example:

•
The P–R interval extends from the start of atrial depolarization to the start of the QRS complex (ventricular depolarization) rather than to R, because in abnormal ECGs the peak at R can be difficult to determine. Extension of the P–R interval to more than 200 msec can indicate damage to the conducting pathways or AV node.

•
The Q–T interval indicates the time required for the ventricles to undergo a single cycle of depolarization and repolarization. It is usually measured from the end of the P–R interval rather than from the bottom of the Q wave. The Q–T interval can be lengthened by electrolyte disturbances, some medications, conduction problems, coronary ischemia, or myocardial damage. A congenital heart defect that can cause sudden death without warning may be detectable as a prolonged Q–T interval.

Despite the variety of sophisticated equipment available to assess or visualize cardiac function, in the majority of cases the ECG provides the most important diagnostic information. ECG analysis is especially useful in detecting and diagnosing cardiac

arrhythmias (
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-az)—abnormal patterns of cardiac electrical activity. Momentary arrhythmias are not inherently dan

gerous; about 5 percent of healthy individuals experience a few abnormal heartbeats each day. Clinical problems appear when arrhythmias reduce the pumping efficiency of the heart. Serious arrhythmias may indicate damage to the myocardium, injuries to the pacemakers or conduction pathways, exposure to drugs, or abnormalities in the electrolyte composition of extracellular fluids. AM: Diagnosing Abnormal Heartbeats; Examining the Heart

100 Keys | The heart rate is normally established by cells of the SA node, but that rate can be modified by autonomic activity, hormones, and other factors. From the SA node the stimulus is conducted to the AV node, the AV bundle, the bundle branches, and Purkinje fibers before reaching the ventricular muscle cells. The electrical events associated with the heartbeat can be monitored in an electrocardiogram (ECG).

Review the conducting system of the heart on the IP CD-ROM: Cardiovascular System/Intrinsic Conduction System.

Contractile Cells

The Purkinje fibers distribute the stimulus to the contractile cells, which form the bulk of the atrial and ventricular walls. In the discussions of cardiac muscle tissue in previous chapters, we considered only the structure of contractile cells, which account for roughly 99 percent of the muscle cells in the heart. In both cardiac muscle cells and skeletal muscle fibers, (1) an action potential quantity is called the end-diastolic volume (EDV). In an adult who is standing at rest, the end-diastolic volume is typically about 130 ml.

Ventricular Systole As atrial systole ends, ventricular systole begins. This period lasts approximately 270 msec in a resting adult. As the pressures in the ventricles rise above those in the atria, the AV valves swing shut.

4. During this stage of ventricular systole, the ventricles are contracting. Blood flow has yet to occur, however, because ventricular pressures are not high enough to force open the semilunar valves and push blood into the pulmonary or aortic trunk. Over this period, the ventricles contract isometrically: They generate tension and ventricular pressures rise, but blood flow does not occur. The ventricles are now in the period of isovolumetric contraction: All the heart valves are closed, the volumes of the ventricles remain constant, and ventricular pressures rise.

5. Once pressure in the ventricles exceeds that in the arterial trunks, the semilunar valves open and blood flows into the pulmonary and aortic trunks. This point marks the beginning of the period of ventricular ejection. The ventricles now contract isotonically: The muscle cells shorten, and tension production remains relatively constant. (To review isotonic versus isometric contractions, see Figure 10–19•, p. 307.)

After reaching a peak, ventricular pressures gradually decline near the end of ventricular systole. Figure 20–17• shows values for the left ventricle and aorta. Although pressures in the right ventricle and pulmonary trunk are much lower, the right ventricle also goes through periods of isovolumetric contraction and ventricular ejection. During ventricular ejection, each ventricle will eject 70–80 ml of blood, the stroke volume (SV) of the heart. The stroke volume at rest is roughly 60 percent of the end-diastolic volume. This percentage, known as the ejection fraction, can vary in response to changing demands on the heart. (We will discuss the regulatory mechanisms involved in the next section.)

6. As the end of ventricular systole approaches, ventricular pressures fall rapidly. Blood in the aorta and pulmonary trunk now starts to flow back toward the ventricles, and this movement closes the semilunar valves. As the backflow begins, pressure decreases in the aorta. When the semilunar valves close, pressure rises again as the elastic arterial walls recoil. This small, temporary rise produces a valley in the pressure tracing, called a dicrotic (d -KROT-ik) notch (dikrotos, double beating). The amount

¯

ı of blood remaining in the ventricle when the semilunar valve closes is the end-systolic volume (ESV). At rest, the end-systolic volume is 50 ml, about 40 percent of the end-diastolic volume.

Ventricular Diastole The period of ventricular diastole lasts for the 430 msec remaining in the current cardiac cycle and continues through atrial systole in the next cycle.

7. All the heart valves are now closed, and the ventricular myocardium is relaxing. Because ventricular pressures are still higher than atrial pressures, blood cannot flow into the ventricles. This is the period of isovolumetric relaxation. Ventricular pressures drop rapidly over this period, because the elasticity of the connective tissues of the heart and fibrous skeleton helps re-expand the ventricles toward their resting dimensions.

8. When ventricular pressures fall below those of the atria, the atrial pressures force the AV valves open. Blood now flows from the atria into the ventricles. Both the atria and the ventricles are in diastole, but the ventricular pressures continue to fall as the ventricular chambers expand. Throughout this period, pressures in the ventricles are so far below those in the major veins that blood pours through the relaxed atria and on through the open AV valves into the ventricles. This passive mechanism is the primary method of ventricular filling. The ventricles will be nearly three-quarters full before the cardiac cycle ends.

The relatively minor contribution that atrial systole makes to ventricular volume explains why individuals can survive quite normally when their atria have been so severely damaged that they can no longer function. In contrast, damage to one or both ventricles can leave the heart unable to maintain adequate blood flow through peripheral tissues and organs. A condition of heart failure then exists. AM: Heart Failure

Heart Sounds

Listening to the heart, a technique called auscultation, is a simple and effective method of cardiac assessment. Physicians use an instrument called a stethoscope to listen for normal and abnormal heart sounds. Where the stethoscope is placed depends on which valve is under examination (Figure 20–18a•). Valve sounds must pass through the pericardium, surrounding tissues, and the chest wall, and some tissues muffle sounds more than others. As a result, the placement of the stethoscope differs somewhat from the position of the valve under review.

There are four heart sounds, designated as S1 through S4 (Figure 20–18b•). If you listen to your own heart with a stethoscope, you will clearly hear the first and second heart sounds. These sounds accompany the closing of your heart valves. The first heart sound, known as “lubb” (S1), lasts a little longer than the second, called “dupp” (S2). S1, which marks the start of ventricular contraction, is produced as the AV valves close; S2 occurs at the beginning of ventricular filling, when the semilunar valves close.

Third and fourth heart sounds are usually very faint and seldom are audible in healthy adults. These sounds are associated with blood flowing into the ventricles (S3) and atrial contraction (S4) rather than with valve action.

If the valve cusps are malformed or there are problems with the papillary muscles or chordae tendineae, the heart valves may not close properly. Regurgitation then occurs during ventricular systole. The surges, swirls, and eddies that accompany regurgitation create a rushing, gurgling sound known as a heart murmur. Minor heart murmurs are common and inconsequential.

diac muscle cell could reach 300–400 contractions per minute under maximum stimulation. This rate is not reached in a normal heart, due to limitations imposed by the conducting system.

Concept Check

✓ If the cells of the SA node failed to function, how would the heart rate be affected?

✓ Why is it important for impulses from the atria to be delayed at the AV node before they pass into the ventricles?

Answers begin on p. A–1

Review the cardiac action potential on the IP CD-ROM: Cardiovascular System/Cardiac Action Potential.

The Cardiac Cycle

Each heartbeat is followed by a brief resting phase, allowing time for the chambers to relax and prepare for the next heartbeat. The period between the start of one heartbeat and the beginning of the next is a single cardiac cycle. The cardiac cycle, therefore, includes alternating periods of contraction and relaxation. For any one chamber in the heart, the cardiac cycle can be divided into

two phases: (1) systole and (2) diastole. During systole (SIS-t
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an adjacent chamber or into an arterial trunk. Systole is followed by diastole (d -AS-t

ı chamber fills with blood and prepares for the next cardiac cycle.

Fluids move from an area of higher pressure to one of lower pressure. In the course of the cardiac cycle, the pressure within each chamber rises during systole and falls during diastole. Valves between adjacent chambers help ensure that blood flows in the required direction, but blood will flow from one chamber to another only if the pressure in the first chamber exceeds that in the second. This basic principle governs the movement of blood between atria and ventricles, between ventricles and arterial trunks, and between major veins and atria.

The correct pressure relationships are dependent on the careful timing of contractions. For example, blood could not move in the proper direction if an atrium and its attached ventricle contracted at precisely the same moment. The elaborate pacemaking and conducting systems normally provide the required spacing between atrial and ventricular systoles. At a representative heart rate of 75 bpm, a sequence of systole and diastole in either the atria or the ventricles lasts 800 msec. For convenience, we will assume that the cardiac cycle is determined by the atria, and that it includes one cycle of atrial systole and atrial diastole. This convention follows the previous description of the conducting system and the propagation of the stimulus for contraction.

Phases of the Cardiac Cycle

The phases of the cardiac cycle—atrial systole, atrial diastole, ventricular systole, and ventricular diastole—are diagrammed in Figure 20–16• for a heart rate of 75 bpm. When the cardiac cycle begins, all four chambers are relaxed, and the ventricles are partially filled with blood. During atrial systole, the atria contract, filling the ventricles completely with blood (Figure 20–16a,b•). Atrial systole lasts 100 msec. Over this period, blood cannot flow into the atria because atrial pressure exceeds venous pressure. Yet there is very little backflow into the veins, even though the connections with the venous system lack valves, because blood takes the path of least resistance. Resistance to blood flow through the broad AV connections and into the ventricles is less than that through the smaller, angled openings of the large veins.

The atria next enter atrial diastole, which continues until the start of the next cardiac cycle. Atrial diastole and ventricular systole begin at the same time. Ventricular systole lasts 270 msec. During this period, blood is pushed through the systemic and pulmonary circuits and toward the atria (Figure 20–16c,d•). The heart then enters ventricular diastole (Figure 20–16e,f•), which lasts 530 msec (the 430 msec remaining in this cardiac cycle, plus the first 100 msec of the next). For the rest of this cycle, filling occurs passively, and both the atria and the ventricles are relaxed. The next cardiac cycle begins with atrial systole and the completion of ventricular filling.

When the heart rate increases, all the phases of the cardiac cycle are shortened. The greatest reduction occurs in the length of time spent in diastole. When the heart rate climbs from 75 bpm to 200 bpm, the time spent in systole drops by less than 40 percent, but the duration of diastole is reduced by almost 75 percent.

Pressure and Volume Changes in the Cardiac Cycle

Figure 20–17• plots the pressure and volume changes during the cardiac cycle; the circled numbers in the figure correspond to numbered items in the text. The figure shows pressure and volume within the left atrium and left ventricle, but the discussion that follows applies to both sides of the heart. Although pressures are lower in the right atrium and right ventricle, both sides of the heart contract at the same time, and they eject equal volumes of blood.

Atrial Systole The cardiac cycle begins with atrial systole, which lasts about 100 msec in a resting adult:

1. As the atria contract, rising atrial pressures push blood into the ventricles through the open right and left AV valves.

2. At the start of atrial systole, the ventricles are already filled to about 70 percent of their normal capacity, due to passive blood flow during the end of the previous cardiac cycle. As the atria contract, rising atrial pressures provide the remaining 30 percent by pushing blood through the open AV valves. Atrial systole essentially “tops off” the ventricles.

3. At the end of atrial systole, each ventricle contains the maximum amount of blood that it will hold in this cardiac cycle. That
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quantity is called the end-diastolic volume (EDV). In an adult who is standing at rest, the end-diastolic volume is typically about 130 ml.

Ventricular Systole As atrial systole ends, ventricular systole begins. This period lasts approximately 270 msec in a resting adult. As the pressures in the ventricles rise above those in the atria, the AV valves swing shut.

4. During this stage of ventricular systole, the ventricles are contracting. Blood flow has yet to occur, however, because ventricular pressures are not high enough to force open the semilunar valves and push blood into the pulmonary or aortic trunk. Over this period, the ventricles contract isometrically: They generate tension and ventricular pressures rise, but blood flow does not occur. The ventricles are now in the period of isovolumetric contraction: All the heart valves are closed, the volumes of the ventricles remain constant, and ventricular pressures rise.

5. Once pressure in the ventricles exceeds that in the arterial trunks, the semilunar valves open and blood flows into the pulmonary and aortic trunks. This point marks the beginning of the period of ventricular ejection. The ventricles now contract isotonically: The muscle cells shorten, and tension production remains relatively constant. (To review isotonic versus isometric contractions, see Figure 10–19•, p. 307.)

After reaching a peak, ventricular pressures gradually decline near the end of ventricular systole. Figure 20–17• shows values for the left ventricle and aorta. Although pressures in the right ventricle and pulmonary trunk are much lower, the right ventricle also goes through periods of isovolumetric contraction and ventricular ejection. During ventricular ejection, each ventricle will eject 70–80 ml of blood, the stroke volume (SV) of the heart. The stroke volume at rest is roughly 60 percent of the end-diastolic volume. This percentage, known as the ejection fraction, can vary in response to changing demands on the heart. (We will discuss the regulatory mechanisms involved in the next section.)

6. As the end of ventricular systole approaches, ventricular pressures fall rapidly. Blood in the aorta and pulmonary trunk now starts to flow back toward the ventricles, and this movement closes the semilunar valves. As the backflow begins, pressure decreases in the aorta. When the semilunar valves close, pressure rises again as the elastic arterial walls recoil. This small, temporary rise produces a valley in the pressure tracing, called a dicrotic (d -KROT-ik) notch (dikrotos, double beating). The amount
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ı of blood remaining in the ventricle when the semilunar valve closes is the end-systolic volume (ESV). At rest, the end-systolic volume is 50 ml, about 40 percent of the end-diastolic volume.

Ventricular Diastole The period of ventricular diastole lasts for the 430 msec remaining in the current cardiac cycle and continues through atrial systole in the next cycle.

7. All the heart valves are now closed, and the ventricular myocardium is relaxing. Because ventricular pressures are still higher than atrial pressures, blood cannot flow into the ventricles. This is the period of isovolumetric relaxation. Ventricular pressures drop rapidly over this period, because the elasticity of the connective tissues of the heart and fibrous skeleton helps re-expand the ventricles toward their resting dimensions.

8. When ventricular pressures fall below those of the atria, the atrial pressures force the AV valves open. Blood now flows from the atria into the ventricles. Both the atria and the ventricles are in diastole, but the ventricular pressures continue to fall as the ventricular chambers expand. Throughout this period, pressures in the ventricles are so far below those in the major veins that blood pours through the relaxed atria and on through the open AV valves into the ventricles. This passive mechanism is the primary method of ventricular filling. The ventricles will be nearly three-quarters full before the cardiac cycle ends.

The relatively minor contribution that atrial systole makes to ventricular volume explains why individuals can survive quite normally when their atria have been so severely damaged that they can no longer function. In contrast, damage to one or both ventricles can leave the heart unable to maintain adequate blood flow through peripheral tissues and organs. A condition of heart failure then exists. AM: Heart Failure

Heart Sounds

Listening to the heart, a technique called auscultation, is a simple and effective method of cardiac assessment. Physicians use an instrument called a stethoscope to listen for normal and abnormal heart sounds. Where the stethoscope is placed depends on which valve is under examination (Figure 20–18a•). Valve sounds must pass through the pericardium, surrounding tissues, and the chest wall, and some tissues muffle sounds more than others. As a result, the placement of the stethoscope differs somewhat from the position of the valve under review.

There are four heart sounds, designated as S1 through S4 (Figure 20–18b•). If you listen to your own heart with a stethoscope, you will clearly hear the first and second heart sounds. These sounds accompany the closing of your heart valves. The first heart sound, known as “lubb” (S1), lasts a little longer than the second, called “dupp” (S2). S1, which marks the start of ventricular contraction, is produced as the AV valves close; S2 occurs at the beginning of ventricular filling, when the semilunar valves close.

Third and fourth heart sounds are usually very faint and seldom are audible in healthy adults. These sounds are associated with blood flowing into the ventricles (S3) and atrial contraction (S4) rather than with valve action.

If the valve cusps are malformed or there are problems with the papillary muscles or chordae tendineae, the heart valves may not close properly. Regurgitation then occurs during ventricular systole. The surges, swirls, and eddies that accompany regurgitation create a rushing, gurgling sound known as a heart murmur. Minor heart murmurs are common and inconsequential.

The Energy for Cardiac Contractions

When a normal heart is beating, the energy required is obtained by the mitochondrial breakdown of fatty acids (stored as lipid droplets) and glucose (stored as glycogen). These aerobic reactions can occur only when oxygen is readily available. lp. 310

In addition to obtaining oxygen from the coronary circulation, cardiac muscle cells maintain their own sizable reserves of oxygen. In these cells, oxygen molecules are bound to the heme units of myoglobin molecules. (We discussed this globular protein, which reversibly binds oxygen molecules, and its function in muscle fibers in Chapter 10.) lp. 313 Normally, the combination of circulatory supplies plus myoglobin reserves is enough to meet the oxygen demands of the heart, even when it is working at maximum capacity.

Concept Check

✓ Is the heart always pumping blood when pressure in the left ventricle is rising? Explain.

✓ What factor or factors could cause an increase in the size of the QRS complex of an electrocardiogram recording?

Answers begin on p. A–1

Review the cardiac cycle on the IP CD-ROM: Cardiovascular System/Cardiac Cycle.

Cardiodynamics

Objectives

• Define cardiac output, and describe the factors that influence this variable.

• Describe the variables that influence heart rate.

• Describe the variables that influence stroke volume.

• Explain how adjustments in stroke volume and cardiac output are coordinated at different levels of activity.

The term cardiodynamics refers to the movements and forces generated during cardiac contractions. Each time the heart beats, the two ventricles eject equal amounts of blood. Earlier we introduced these terms:

•
End-Diastolic Volume (EDV): The amount of blood in each ventricle at the end of ventricular diastole (the start of ventricular systole).

•
End-Systolic Volume (ESV): The amount of blood remaining in each ventricle at the end of ventricular systole (the start of ventricular diastole).

•
Stroke Volume (SV): The amount of blood pumped out of each ventricle during a single beat; it can be expressed as SV = EDV -ESV.

•
Ejection Fraction: The percentage of the EDV represented by the SV.

Stroke volume is the most important factor in an examination of a single cardiac cycle. If the heart were an old-fashioned bicycle pump, the stroke volume would be the amount of air pumped in one up–down cycle of the handle (Figure 20–19•). Where you stop when you lift the handle determines how much air the pump contains—the end-diastolic volume. How far down you push the handle determines how much air remains in the pump at the end of the cycle—the end-systolic volume. You pump the maximum amount of air when the handle is pulled all the way to the top and then pushed all the way to the bottom (Figure 20–19b,d•). In other words, you get the largest stroke volume when the EDV is as large as it can be and the ESV is as small as it can be.

When considering cardiac function over time, physicians generally are most interested in the cardiac output (CO), the amount of blood pumped by each ventricle in one minute. In essence, cardiac output is an indication of the blood flow through peripheral tissues—without adequate blood flow, homeostasis cannot be maintained. The cardiac output provides a useful indication of ventricular efficiency over time. We can calculate it by multiplying the heart rate (HR) by the average stroke volume (SV):

CO = HR * SV cardiac heart stroke output rate volume (ml> min) (beats> min) (ml> beat)

For example, if the heart rate is 75 bpm and the stroke volume is 80 ml per beat, the cardiac output will be

CO = 75 bpm * 80 ml> beat = 6000 ml> min (6 L> min)

The body precisely adjusts cardiac output such that peripheral tissues receive an adequate circulatory supply under a variety of conditions. When necessary, the heart rate can increase by 250 percent, and stroke volume in a normal heart can almost double.

Overview: The Control of Cardiac Output

Figure 20–20• summarizes the factors involved in the normal regulation of cardiac output. Cardiac output can be adjusted by changes in either heart rate or stroke volume. For convenience, we will consider these independently as we discuss the individual factors involved. However, changes in cardiac output generally reflect changes in both heart rate and stroke volume.

The heart rate can be adjusted by the activities of the autonomic nervous system or by circulating hormones. The stroke volume can be adjusted by changing the end-diastolic volume (how full the ventricles are when they start to contract), the end-systolic volume (how much blood remains in the ventricle after it contracts), or both. As Figure 20–19• shows, stroke volume peaks when EDV is highest and ESV is lowest. A variety of other factors can influence cardiac output under abnormal circumstances; we will consider several examples in a separate section.

Factors Affecting the Heart Rate

Under normal circumstances, autonomic activity and circulating hormones are responsible for making delicate adjustments to the heart rate as circulatory demands change. These factors act by modifying the natural rhythm of the heart. Even a heart removed for a heart transplant will continue to beat unless steps are taken to prevent it from doing so.

Autonomic Innervation

The sympathetic and parasympathetic divisions of the autonomic nervous system innervate the heart by means of the cardiac plexus (Figures 16–10, p. 534, and 20–21•). Postganglionic sympathetic neurons are located in the cervical and upper thoracic ganglia. The vagus nerves (X) carry parasympathetic preganglionic fibers to small ganglia in the cardiac plexus. Both ANS divisions innervate the SA and AV nodes and the atrial muscle cells. Although ventricular muscle cells are also innervated by both divisions, sympathetic fibers far outnumber parasympathetic fibers there.

The cardiac centers of the medulla oblongata contain the autonomic headquarters for cardiac control. lp. 459 The cardioacceleratory center controls sympathetic neurons that increase the heart rate; the adjacent cardioinhibitory center controls the parasympathetic neurons that slow the heart rate. The activities of the cardiac centers are regulated by reflex pathways and through input from higher centers, especially from the parasympathetic and sympathetic headquarters in the hypothalamus.

Cardiac Reflexes Information about the status of the cardiovascular system arrives over visceral sensory fibers accompanying

the vagus nerve and the sympathetic nerves of the cardiac plexus. The cardiac centers monitor baroreceptors and chemoreceptors innervated by the glossopharyngeal (IX) and vagus (X) nerves. lpp. 486, 487 On the basis of the information received, the centers adjust cardiac performance to maintain adequate circulation to vital organs, such as the brain. The centers respond to changes in blood pressure as reported by baroreceptors and in arterial concentrations of dissolved oxygen and carbon dioxide as reported by chemoreceptors. For example, a decline in blood pressure or oxygen concentrations or an increase in carbon dioxide levels generally indicates that the heart must work harder to meet the demands of peripheral tissues. The cardiac centers then call for an increase in cardiac activity. We will detail these reflexes and their effects on the heart and peripheral vessels in Chapter 21.

Autonomic Tone As is the case in other organs with dual innervation, the heart has a resting autonomic tone. Both autonomic divisions are normally active at a steady background level, releasing ACh and NE at the nodes and into the myocardium. Thus, cutting the vagus nerves increases the heart rate, and sympathetic blocking agents slow the heart rate.

In a healthy, resting individual, parasympathetic effects dominate. In the absence of autonomic innervation, the heart rate is established by the pacemaker cells of the SA node. Such a heart beats at a rate of 80–100 bpm. At rest, a typical adult heart with normal innervation beats at 70–80 bpm due to activity in the parasympathetic nerves innervating the SA node. If parasympathetic activity increases, the heart rate declines further. Conversely, the heart rate will increase if either parasympathetic activity decreases or sympathetic activation occurs. Through dual innervation and adjustments in autonomic tone, the ANS can make very delicate adjustments in cardiovascular function to meet the demands of other systems.

Effects on the SA Node The sympathetic and parasympathetic divisions alter the heart rate by changing the ionic permeabilities of cells in the conducting system. The most dramatic effects are seen at the SA node, where changes in the rate at which impulses are generated affect the heart rate.

Consider the SA node of a resting individual whose heart is beating at 75 bpm (Figure 20–22a•). Any factor that changes the rate of spontaneous depolarization or the duration of repolarization will alter the heart rate by changing the time required to reach threshold. Acetylcholine released by parasympathetic neurons opens chemically regulated K+ channels in the cell membrane, thereby dramatically slowing the rate of spontaneous depolarization and also slightly extending the duration of repolarization (Figure 20–22b•). The result is a decline in heart rate.

NE released by sympathetic neurons binds to beta-1 receptors, leading to the opening of sodium-calcium ion channels. The subsequent influx of positively charged ions increases the rate of depolarization and shortens the period of repolarization. The nodal cells reach threshold more quickly, and the heart rate increases (Figure 20–22c•).

The Atrial Reflex The atrial reflex, or Bainbridge reflex, involves adjustments in heart rate in response to an increase in the venous return. When the walls of the right atrium are stretched, the stimulation of stretch receptors in the atrial walls triggers a reflexive increase in heart rate caused by increased sympathetic activity (see Figure 20–22•). Thus, when the rate of venous return to the heart increases, the heart rate, and hence the cardiac output, rises as well.

Hormones

Epinephrine, norepinephrine, and thyroid hormone increase the heart rate by their effect on the SA node. The effects of epinephrine on the SA node are similar to those of norepinephrine. Epinephrine also affects the contractile cells; after massive sympathetic stimulation of the adrenal medullae, the myocardium may become so excitable that abnormal contractions occur.

Venous Return

In addition to its indirect effect on heart rate via the atrial reflex, venous return also has direct effects on nodal cells. When venous return increases, the atria receive more blood and the walls are stretched. Stretching of the cells of the SA node leads to more rapid depolarization and an increase in the heart rate.

Concept Check

✓ Caffeine has effects on conducting cells and contractile cells that are similar to those of NE. What effect would drinking large amounts of caffeinated drinks have on the heart? ✓ If the cardioinhibitory center of the medulla oblongata were damaged, which part of the autonomic nervous system would be affected, and how would the heart be influenced? ✓ How does a drug that increases the length of time required for the repolarization of pacemaker cells affect the heart rate?

Answers begin on p. A–1

Factors Affecting the Stroke Volume

The stroke volume is the difference between the end-diastolic volume and the end-systolic volume. Thus, changes in either EDV or ESV can change the stroke volume, and thus cardiac output. The factors involved in the regulation of stroke volume are indicated in Figure 20–23•.

The EDV

The EDV is the amount of blood a ventricle contains at the end of diastole, just before a contraction begins. This volume is affected by two factors: the filling time and the venous return. Filling time is the duration of ventricular diastole. As such, it depends entirely on the heart rate: The faster the heart rate, the shorter is the available filling time. Venous return is the rate of blood flow over this period. Venous return changes in response to alterations in cardiac output, blood volume, patterns of peripheral circulation, skeletal muscle activity, and other factors that affect the rate of blood flow through the venae cavae. (We will explore these factors in Chapter 21.)

Preload The degree of stretching experienced by ventricular muscle cells during ventricular diastole is called the preload. The preload is directly proportional to the EDV: The greater the EDV, the larger the preload. Preload is significant because it affects the ability of muscle cells to produce tension. As sarcomere length increases past resting length, the amount of force produced during systole increases.

The amount of preload, and hence the degree of myocardial stretching, varies with the demands on the heart. When you are standing at rest, your EDV is low; the ventricular muscle is stretched very little, and the sarcomeres are relatively short. During ventricular systole, the cardiac muscle cells develop little power, and the ESV (the amount of blood remaining in the ventricle after contraction) is relatively high because the muscle cells contract only a short distance. If you begin exercising, venous return increases and more blood flows into your heart. Your EDV increases, and the myocardium stretches further. As the sarcomeres approach optimal lengths, the ventricular muscle cells can contract more efficiently and produce more forceful contractions. They also shorten more, and more blood is pumped out of your heart.

The EDV and Stroke Volume In general, the greater the EDV, the larger the stroke volume. Stretching past the optimal length, which would reduce the force of contraction, does not normally occur, because ventricular expansion is limited by myocardial connective tissues, the fibrous skeleton, and the pericardial sac.

The relationship between the amount of ventricular stretching and the contractile force means that, within normal physiological limits, increasing the EDV results in a corresponding increase in the stroke volume. This general rule of “more in = more out” was first proposed by Ernest H. Starling based on his studies and research by Otto Frank. The relationship is therefore known as the Frank–Starling principle, or Starling’s law of the heart.

Autonomic adjustments to cardiac output make the effects of the Frank–Starling principle difficult to see. However, it can be demonstrated effectively in individuals who have received a heart transplant, because the implanted heart is not innervated by the ANS. The most obvious effect of the Frank–Starling principle in these hearts is that the outputs of the left and right ventricles remain balanced under a variety of conditions.

Consider, for example, an individual at rest, with the two ventricles ejecting equal volumes of blood. Although the ventricles contract together, they function in series: When the heart contracts, blood leaving the right ventricle heads to the lungs; during the next ventricular diastole, that volume of blood will pass through the left atrium, to be ejected by the left ventricle at the next contraction. If the venous return decreases, the EDV of the right ventricle will decline. During ventricular systole, it will then pump less blood into the pulmonary circuit. In the next cardiac cycle, the EDV of the left ventricle will be reduced, and that ventricle will eject a smaller volume of blood. The output of the two ventricles will again be in balance, but both will have smaller stroke volumes than they did initially.

The ESV

After the ventricle contracts and the stroke volume has been ejected, the amount of blood that remains in the ventricle at the end of ventricular systole is the ESV. Three factors that influence the ESV are the preload (discussed earlier), the contractility of the ventricle, and the afterload.

Contractility Contractility is the amount of force produced during a contraction, at a given preload. Under normal circumstances, contractility can be altered by autonomic innervation or circulating hormones. Under special circumstances, contractility can be altered by drugs or as a result of abnormal ion concentrations in the extracellular fluid.

Factors that increase contractility are said to have a positive inotropic action; those that decrease contractility have a negative inotropic action. Positive inotropic agents typically stimulate Ca2+ entry into cardiac muscle cells, thus increasing the force and duration of ventricular contractions. Negative inotropic agents may block Ca2+ movement or depress cardiac muscle metabolism.

Positive and negative inotropic factors include ANS activity, hormones, and changes in extracellular ion concentrations.

Effects of Autonomic Activity on Contractility Autonomic activity alters the degree of contraction and changes the ESV in the following ways:

•
Sympathetic stimulation has a positive inotropic effect, causing the release of norepinephrine (NE) by postganglionic fibers of the cardiac nerves and the secretion of epinephrine (E) and NE by the adrenal medullae. In addition to their effects on heart rate, discussed shortly, these hormones stimulate cardiac muscle cell metabolism and increase the force and degree of contraction by stimulating alpha and beta receptors in cardiac muscle cell membranes. The net effect is that the ventricles contract more forcefully, increasing the ejection fraction and decreasing the ESV.

•
Parasympathetic stimulation from the vagus nerves has a negative inotropic effect. The primary effect of acetylcholine (ACh) is at the membrane surface, where it produces hyperpolarization and inhibition. The force of cardiac contractions is reduced; because the ventricles are not extensively innervated by the parasympathetic division, the atria show the greatest changes in contractile force. However, under strong parasympathetic stimulation or after the administration of drugs that mimic the actions of ACh, the ventricles contract less forcefully, the ejection fraction decreases, and the ESV enlarges.

Hormones Many hormones affect the contractility of the heart. For example, epinephrine, norepinephrine, and thyroid hormones all have positive inotropic effects. Glucagon also has a positive inotropic effect. Before synthetic inotropic agents were available, glucagon was widely used to stimulate cardiac function. It is still used in cardiac emergencies and to treat some forms of heart disease.

The drugs isoproterenol, dopamine, and dobutamine mimic the action of E and NE by stimulating beta-1 receptors on cardiac muscle cells. lp. 526 Dopamine (at high doses) and dobutamine also stimulate Ca2+ entry through alpha-1 receptor stimulation. Digitalis and related drugs elevate intracellular Ca2+ concentrations, but by a different mechanism: They interfere with the removal of Ca2+ from the sarcoplasm of cardiac muscle cells.

Many of the drugs used to treat hypertension (high blood pressure) have a negative inotropic action. Beta-blocking drugs such as propranolol, timolol, metoprolol, atenolol, and labetalol block beta receptors, alpha receptors, or both, and prevent sympathetic stimulation of the heart. Calcium channel blockers such as nifedipine or verapamil also have a negative inotropic effect.

Afterload The afterload is the amount of tension the contracting ventricle must produce to force open the semilunar valve and eject blood. The greater the afterload, the longer the period of isovolumetric contraction, the shorter the duration of ventricular ejection, and the larger the ESV. In other words, as the afterload increases, the stroke volume decreases.

Afterload is increased by any factor that restricts blood flow through the arterial system. For example, the constriction of peripheral blood vessels or a circulatory blockage will elevate arterial blood pressure and increase the afterload. If the afterload is too great, the ventricle cannot eject blood. Such a high afterload is rare in a normal heart, but damage to the heart muscle can weaken the myocardium enough that even a modest rise in arterial blood pressure can reduce stroke volume to dangerously low levels, producing symptoms of heart failure.

Concept Check

✓ Why is it a potential problem if the heart beats too rapidly?

✓ What effect would stimulating the acetylcholine receptors of the heart have on cardiac output?

✓ What effect would an increase in venous return have on the stroke volume?

✓ How would an increase in sympathetic stimulation of the heart affect the end-systolic volume?

✓ Joe’s end-systolic volume is 40 ml, and his end-diastolic volume is 125 ml. What is Joe’s stroke volume?

Answers begin on p. A–1

Summary: The Control of Cardiac Output

Figure 20–24• summarizes the factors involved in the regulation of heart rate and stroke volume, the two factors that interact to determine cardiac output under normal conditions. The heart rate is influenced by the autonomic nervous system, circulating hormones, and the venous return.

•
Sympathetic stimulation increases the heart rate; parasympathetic stimulation decreases it. Under resting conditions, parasympathetic tone dominates, and the heart rate is slightly slower than the intrinsic heart rate. When activity levels rise, venous return increases and triggers the atrial reflex. The result is an increase in sympathetic tone and an increase in heart rate.

•
Circulating hormones, specifically E, NE, and T3, accelerate heart rate.

•
An increase in venous return stretches the nodal cells and increases heart rate.

•
The stroke volume is the difference between the end-diastolic volume (EDV) and the end-systolic volume (ESV).

•
The EDV is determined by the available filling time and the rate of venous return.

•
The ESV is determined by the amount of preload (the degree of myocardial stretching), the degree of contractility (adjusted by hormones and autonomic innervation), and the afterload (the amount of arterial resistance).

In most healthy people, increasing both the stroke volume and the heart rate, such as occurs during heavy exercise, can raise the cardiac output by 300–500 percent, to 18 – 30 L> min. The difference between resting and maximal cardiac outputs is the cardiac reserve. Trained athletes exercising at maximal levels may increase cardiac output by nearly 700 percent, to 40 L> min.

Cardiac output cannot increase indefinitely, primarily because the available filling time shortens as the heart rate increases. At heart rates up to 160–180 bpm, the combination of increased rate of venous return and increased contractility compensates for the reduction in filling time. Over this range, cardiac output and heart rate increase together. But if the heart rate continues to climb, the stroke volume begins to drop. Cardiac output first plateaus and then declines.

100 Keys | Cardiac output is the amount of blood pumped by the left ventricle each minute. It is adjusted on a moment-to-moment basis by the ANS, and in response to circulating hormones, changes in blood volume, and alterations in venous return. Most healthy people can increase cardiac output by 300–500 percent.

Review cardiac output on the IP CD-ROM: Cardiovascular System/Cardiac Output.

The Heart and the Cardiovascular System

The purpose of cardiovascular regulation is maintaining adequate blood flow to all body tissues. The heart cannot accomplish this by itself, and it does not work in isolation. For example, when blood pressure changes, the cardiovascular centers adjust not only the heart rate but also the diameters of peripheral blood vessels. These adjustments work together to keep the blood pressure within normal limits and to maintain circulation to vital tissues and organs. Chapter 21 will complete this story by detailing the cardiovascular responses to changing activity patterns and circulatory emergencies. We will then conclude our discussion of the cardiovascular system by examining the anatomy of the pulmonary and systemic circuits. AM: Abnormal Conditions Affecting Cardiac Output

Chapter Review

Selected Clinical Terminology

angina pectoris: A condition in which exertion or stress produces severe chest pain, resulting from temporary ischemia when the heart’s workload increases. (p. 682) balloon angioplasty: A technique for reducing the size of a coronary plaque by compressing it against the arterial walls, using a catheter

with an inflatable collar. (p. 682) bradycardia: A heart rate that is slower than normal. (p. 686 and [AM]) calcium channel blockers: Drugs that reduce the contractility of the heart by slowing the influx of calcium ions during the plateau

phase of the cardiac muscle action potential. (p. 701) cardiac arrhythmias: Abnormal patterns of cardiac electrical activity, indicating abnormal contractions. (p. 688 and [AM]) cardiac tamponade: A condition, resulting from pericardial irritation and inflammation, in which fluid collects in the pericardial sac

and restricts cardiac output. (p. 672 and [AM]) carditis: A general term indicating inflammation of the heart. (p. 678 and [AM]) conduction deficit: An abnormality in the conducting system of the heart that affects the timing and pacing of cardiac contractions.

(p. 687 and [AM]) coronary artery bypass graft (CABG): The routing of blood around an obstructed coronary artery (or one of its branches) by a vessel

transplanted from another part of the body. (p. 682) coronary artery disease (CAD): The obstruction of coronary circulation. (p. 681) coronary ischemia: The restriction of the circulatory supply to the heart, potentially causing tissue damage and a reduction in cardiac

efficiency. (p. 681) coronary thrombosis: A blockage due to the formation of a clot (thrombus) at a plaque in a coronary artery. (p. 691) electrocardiogram (ECG or EKG): A recording of the electrical activities of the heart over time. (p. 687) heart failure: A condition in which the heart weakens and peripheral tissues suffer from oxygen and nutrient deprivation. (p. 694 and

[AM]) heart murmur: The sound produced by regurgitation or turbulent flow through an incompletely closed heart valve. (p. 694) mitral valve prolapse: A condition in which the mitral valve cusps do not close properly and are pushed back toward the left atrium.

[AM]

myocardial infarction (MI): A condition in which the coronary circulation becomes blocked and cardiac muscle cells die from oxy

gen starvation; also called a heart attack. (p. 691) pericarditis: Inflammation of the pericardium. (p. 672) rheumatic heart disease (RHD): A disorder in which the heart valves become thickened and stiffen in a partially closed position, af

fecting the efficiency of the heart. [AM] tachycardia: A heart rate that is faster than normal. (p. 686 and [AM]) valvular heart disease (VHD): A condition caused by abnormal functioning of one of the cardiac valves. The severity of the condition

depends on the degree of damage and the valve involved. (p. 678 and [AM])

Study Outline

The Organization of the Cardiovascular System p. 670

1.
The blood vessels can be subdivided into the pulmonary circuit (which carries blood to and from the lungs) and the systemic circuit (which transports blood to and from the rest of the body).

2.
Arteries carry blood away from the heart; veins return blood to the heart. Capillaries, or exchange vessels, are thin-walled, narrow-diameter vessels that connect the smallest arteries and veins. (Figure 20–1)

3.
The heart has four chambers: the right atrium and right ventricle, and the left atrium and left ventricle.

Anatomy of the Heart p. 670

1.
The heart is surrounded by the pericardial cavity and lies within the anterior portion of the mediastinum, which separates the two pleural cavities. (Figure 20–2)

The Pericardium p. 671

2.
The pericardial cavity is lined by the pericardium. The visceral pericardium (epicardium) covers the heart’s outer surface, and the parietal pericardium lines the inner surface of the pericardial sac, which surrounds the heart. (Figure 20–2)

Superficial Anatomy of the Heart p. 672

3.
The coronary sulcus, a deep groove, marks the boundary between the atria and the ventricles. Other surface markings also provide useful reference points in describing the heart and associated structures. (Figure 20–3)

The Heart Wall p. 673

4.
The bulk of the heart consists of the muscular myocardium. The endocardium lines the inner surfaces of the heart, and the epicardium covers the outer surface. (Figure 20–4)

5.
Cardiac muscle cells are interconnected by intercalated discs, which convey the force of contraction from cell to cell and conduct action potentials. (Figure 20–5; Summary Table 20–1)

Internal Anatomy and Organization p. 674

6.
The atria are separated by the interatrial septum, and the ventricles are divided by the interventricular septum. The right atrium receives blood from the systemic circuit via two large veins, the superior vena cava and the inferior vena cava. (The atrial walls contain the pectinate muscles, prominent muscular ridges.) (Figure 20–6)

7.
Blood flows from the right atrium into the right ventricle via the right atrioventricular (AV) valve (tricuspid valve). This opening is bounded by three cusps of fibrous tissue braced by the chordae tendineae, which are connected to papillary muscles. (Figure 20–6)

8.
Blood leaving the right ventricle enters the pulmonary trunk after passing through the pulmonary valve. The pulmonary trunk divides to form the left and right pulmonary arteries. The left and right pulmonary veins return blood from the lungs to the left atrium. Blood leaving the left atrium flows into the left ventricle via the left atrioventricular (AV) valve (bicuspid, or mitral, valve). Blood leaving the left ventricle passes through the aortic valve and into the systemic circuit via the ascending aorta. (Figure 20–6)

9.
Anatomical differences between the ventricles reflect the functional demands placed on them. The wall of the right ventricle is relatively thin, whereas the left ventricle has a massive muscular wall. (Figure 20–7)

10. Valves normally permit blood flow in only one direction, preventing the regurgitation (backflow) of blood. (Figure 20–8)

100 Keys | p. 678

Connective Tissues and the Fibrous Skeleton p. 680

11. The connective tissues of the heart (mainly collagen and elastic fibers) and the fibrous skeleton support the heart’s contractile cells and valves. (Figure 20–8)

The Blood Supply to the Heart p. 680

12. The coronary circulation meets the high oxygen and nutrient demands of cardiac muscle cells. The coronary arteries originate at the base of the ascending aorta. Interconnections between arteries, called arterial anastomoses, ensure a constant blood supply. The great, posterior, small, anterior, and middle cardiac veins carry blood from the coronary capillaries to the coronary sinus. (Figure 20–9)

13. In coronary artery disease (CAD), portions of the coronary circulation undergo partial or complete blockage. (Figure 20–10)

Anatomy 360 | Cardiovascular System/Heart

Cardiovascular System/Anatomy Review: The Heart

The Heartbeat p. 684 Cardiac Physiology p. 684

1.
Two general classes of cardiac muscle cells are involved in the normal heartbeat: contractile cells and cells of the conducting system. (Figure 20–11)

The Conducting System p. 684

2.
The conducting system is composed of the sinoatrial node, the atrioventricular node, and conducting cells. The conducting system initiates and distributes electrical impulses within the heart. Nodal cells establish the rate of cardiac contraction, and conducting cells distribute the contractile stimulus from the SA node to the atrial myocardium and the AV node (along internodal pathways), and from the AV node to the ventricular myocardium. (Figure 20–12)

3.
Unlike skeletal muscle, cardiac muscle contracts without neural or hormonal stimulation. Pacemaker cells in the sinoatrial (SA) node (cardiac pacemaker) normally establish the rate of contraction. From the SA node, the stimulus travels to the atrioventricular (AV) node, and then to the AV bundle, which divides into bundle branches. From there, Purkinje fibers convey the impulses to the ventricular myocardium. (Figures 20–12, 20–13)

The Electrocardiogram p. 687

4.
A recording of electrical activities in the heart is an electrocardiogram (ECG or EKG). Important landmarks of an ECG include the P wave (atrial depolarization), the QRS complex (ventricular depolarization), and the T wave (ventricular repolarization).

(Figure 20–14)

100 Keys | p. 688

Cardiovascular System/Intrinsic Conduction System

Contractile Cells p. 688

5.
Contractile cells form the bulk of the atrial and ventricular walls. Cardiac muscle cells have a long refractory period, so rapid stimulation produces twitches rather than tetanic contractions. (Figure 20–15)

Cardiovascular System/Cardiac Action Potential

The Cardiac Cycle p. 690

6.
The cardiac cycle contains periods of atrial and ventricular systole (contraction) and atrial and ventricular diastole (relaxation).

(Figure 20–16)

7.
When the heart beats, the two ventricles eject equal volumes of blood. (Figure 20–17)

8.
The closing of valves and rushing of blood through the heart cause characteristic heart sounds, which can be heard during auscultation. (Figure 20–18)

Cardiovascular System/Cardiac Cycle

Cardiodynamics p. 695

1.
The amount of blood ejected by a ventricle during a single beat is the stroke volume (SV). The amount of blood pumped by a ventricle each minute is the cardiac output (CO). (Figure 20–19)

2.
Cardiac output can be adjusted by changes in either stroke volume or heart rate. (Figure 20–20)

Overview: The Control of Cardiac Output p. 697 Factors Affecting the Heart Rate p. 697

3.
The cardioacceleratory center in the medulla oblongata activates sympathetic neurons; the cardioinhibitory center controls the parasympathetic neurons that slow the heart rate. These cardiac centers receive inputs from higher centers and from receptors monitoring blood pressure and the concentrations of dissolved gases. (Figure 20–21)

4.
The basic heart rate is established by the pacemaker cells of the SA node, but it can be modified by the autonomic nervous system. The atrial reflex accelerates the heart rate when the walls of the right atrium are stretched. (Figure 20–22)

5.
Sympathetic activity produces more powerful contractions that reduce the ESV. Parasympathetic stimulation slows the heart rate, reduces the contractile strength, and raises the ESV.

6.
Cardiac output is affected by various factors, including autonomic innervation and hormones. (Figure 20–22)

Factors Affecting the Stroke Volume p. 699

7.
The stroke volume is the difference between the end-diastolic volume (EDV) and the end-systolic volume (ESV). The filling time and venous return interact to determine the EDV. Normally, the greater the EDV, the more powerful is the succeeding contraction (the Frank–Starling principle). (Figure 20–23)

Summary: The Control of Cardiac Output p. 702

8.
The difference between resting and maximal cardiac outputs is the cardiac reserve. (Figure 20–24)

100 Keys | p. 703

Cardiovascular System/Cardiac Output

The Heart and the Cardiovascular System p. 703

1.
The heart does not work in isolation in maintaining adequate blood flow to all tissues.

Review Questions

MyA&P | Access more review material online at MyA&P. There you’ll find learning activities, case studies, quizzes, Interactive Physiology exercises, and more to help you succeed. To access the site, go to www.myaandp.com.

Answers to the Review Questions begin on page A–1.

LEVEL 1 Reviewing Facts and Terms

1.
The great cardiac vein drains blood from the heart muscle to the

(a) left ventricle (b) right ventricle

(c) right atrium (d) left atrium

2.
The autonomic centers for cardiac function are located in the

(a) myocardial tissue of the heart

(b) cardiac centers of the medulla oblongata

(c) cerebral cortex

(d) a, b, and c are correct

3.
The serous membrane covering the inner surface of the heart is the

(a) parietal pericardium

(b) endocardium

(c) myocardium

(d) visceral pericardium

4.
The simple squamous epithelium covering the valves of the heart constitutes the

(a) epicardium (b) endocardium

(c) myocardium (d) fibrous skeleton

5.
The heart lies in the

(a) pleural cavity

(b) peritoneal cavity

(c) abdominopelvic cavity

(d) mediastinum

(e) abdominal cavity

6.
The fibrous skeleton of the heart functions in all of the following, except to

(a) physically isolate the muscle fibers of the atria from those of the ventricles

(b) maintain the normal shape of the heart

(c) help distribute the forces of cardiac contraction

(d) allow more rapid contraction of the ventricles

(e) strengthen and help prevent overexpansion of the heart

7.
The cardiac output is equal to the

(a) difference between the end-diastolic volume and the end-systolic volume

(b) product of heart rate and stroke volume

(c) difference between the stroke volume at rest and the stroke volume during exercise

(d) stroke volume less the end-systolic volume

(e) product of heart rate and blood pressure

8.
During diastole, a chamber of the heart

(a) relaxes and fills with blood

(b) contracts and pushes blood into an adjacent chamber

(c) experiences a sharp increase in pressure

(d) reaches a pressure of approximately 120 mm Hg

9.
During the cardiac cycle, the amount of blood ejected from the left ventricle when the semilunar valve opens is the

(a) stroke volume (SV)

(b) end-diastolic volume (EDV)

(c) end-systolic volume (ESV)

(d) cardiac output (CO)

10. What role do the chordae tendineae and papillary muscles play in the normal function of the AV valves?

11. Describe the three distinct layers that make up the heart wall.

12. What are the valves in the heart, and what is the function of each?

13. Trace the normal pathway of an electrical impulse through the conducting system of the heart.

14. What is the cardiac cycle? What phases and events are necessary to complete the cardiac cycle?

15. What three factors regulate stroke volume to ensure that the left and right ventricles pump equal volumes of blood?

LEVEL 2 Reviewing Concepts

16. The cells of the conducting system differ from the contractile cells of the heart in that

(a) conducting cells are larger and contain more

myofibrils

(b) contractile cells exhibit prepotentials

(c) contractile cells do not normally exhibit automaticity

(d) both a and b are correct

17. Which of the following is longer?

(a) the refractory period of cardiac muscle

(b) the refractory period of skeletal muscle

18. If the papillary muscles fail to contract

(a) the ventricles will not pump blood

(b) the atria will not pump blood

(c) the semilunar valves will not open

(d) the AV valves will not close properly

(e) none of the above

19. The cardiac output cannot increase indefinitely because

(a) the available filling time becomes shorter as the heart rate increases

(b) the cardiovascular centers adjust the heart rate

(c) the rate of spontaneous depolarization decreases

(d) the ion concentrations of pacemaker cell membranes decrease

20. Describe the function of the SA node in the cardiac cycle. How does this differ from the function of the AV node?

21. What are the source and significance of heart sounds?

22. Differentiate between stroke volume and cardiac output. How is cardiac output calculated?

23. What factors influence cardiac output?

24. What effect does sympathetic stimulation have on the heart? What effect does parasympathetic stimulation have on the heart?

25. Describe the effects that epinephrine, norepinephrine, glucagon, and thyroid hormones have on the contractility of the heart.

LEVEL 3 Critical Thinking and Clinical Applications

26. Vern is brought into the emergency room of a hospital suffering from cardiac arrhythmias. In the emergency room he begins to exhibit tachycardia and as a result loses consciousness. His anxious wife asks you why he has lost consciousness. What would you tell her?

27. Harvey has a heart murmur in his left ventricle that produces a loud “gurgling” sound at the beginning of systole. Which valve is probably faulty?

28. The following measurements were made on two individuals (the values recorded remained stable for one hour): Person 1: heart rate, 75 bpm; stroke volume, 60 ml Person 2: heart rate, 90 bpm; stroke volume, 95 ml Which person has the greater venous return? Which person has the longer ventricular filling time?

29. Karen is taking the medication verapamil, a drug that blocks the calcium channels in cardiac muscle cells. What effect should this medication have on Karen’s stroke volume?

| SUMMARY TABLE 20–1 | STRUCTURAL AND FUNCTIONAL DIFFERENCES BETWEEN CARDIAC MUSCLE

CELLS AND SKELETAL MUSCLE FIBERS

Feature 
Cardiac Muscle Cells 
Skeletal Muscle Fibers

Size 
10 – 20 mm * 50 –100 mm 
100 mm * up to 40 cm

Nuclei 
Typically 1 (rarely 2–5) 
Multiple (hundreds)

Contractile proteins 
Sarcomeres along myofibrils 
Sarcomeres along myofibrils

Internal membranes 
Short T tubules; no triads formed with sarcoplasmic reticulum 
Long T tubules form triads with cisternae of the sarcoplasmic reticulum

Mitochondria 
Abundant (25% of cell volume) 
Much less abundant

Inclusions 
Myoglobin, lipids, glycogen 
Little myoglobin, few lipids, but extensive glycogen reserves

Blood supply 
Very extensive 
More extensive than in most connective tissues, but sparse compared with supply to cardiac muscle cells

Metabolism (resting) 
Not applicable 
Aerobic, primarily lipid-based

Metabolism (active) 
Aerobic, primarily using lipids and carbohydrates 
Anaerobic, through breakdown of glycogen reserves

Contractions 
Twitches with brief relaxation periods; long refractory period prevents tetanic contractions 
Usually sustained contractions

Stimulus for contraction 
Autorhythmicity of pacemaker cells generates action potentials 
Activity of somatic motor neuron generates action potentials in sarcolemma

Trigger for contraction 
Calcium entry from the ECF and calcium release from the sarcoplasmic reticulum 
Calcium release from the sarcoplasmic reticulum

Intercellular connections 
Branching network with cell membranes locked together at intercalated discs; connective tissue  fibers tie adjacent layers together 
Adjacent fibers tied together by connective tissue fibers

Cardiovascular System

Can you describe the pathway of blood through the heart? Stop here to use the Cardiovascular System module of your InterActive Physiology (IP) CD-ROM. This module contains interactive exercises, quizzes, and study outlines that will help you understand the following topics:

•Anatomy Review: The Heart

•Intrinsic Conduction System

•Cardiac Action Potential

• Cardiac Cycle

• Cardiac Output

• Anatomy Review: Blood Vessel Structure and Function

• Measuring Blood Pressure

• Factors That Affect Blood Pressure

• Blood Pressure Regulation

• Autoregulation and Capillary Dynamics

At this point in the chapter, click on Anatomy Review: The Heart. Use IP to review the anatomy of the heart and quiz yourself before you continue reading. A Study Outline consisting of notes, diagrams, and study questions can also be printed from IP. To help ensure your success in anatomy and physiology, review the remaining cardiovascular topics as they appear in your text and each time you see the CD icon.

• FIGURE 20–1 An Overview of the Cardiovascular System. Driven by the pumping of the heart, blood flows through the pulmonary and systemic circuits in sequence. Each circuit begins and ends at the heart and contains arteries, capillaries, and veins.

• FIGURE 20–2 The Location of the Heart in the Thoracic Cavity. (a) An anterior view of the chest, showing the position of the heart and major vessels relative to the ribs, sternum, and lungs. (b) A superior view of the organs in the mediastinum; portions of the lungs have been removed to reveal the blood vessels and airways. The heart is situated in the anterior part of the mediastinum, immediately posterior to the sternum. (c) The relationship between the heart and the pericardial cavity; compare with the fist-and-balloon example. ATLAS: Plates 47a,b

• FIGURE 20–3 The Superficial Anatomy of the Heart. (a) Major anatomical features on the anterior surface. (b) Major landmarks on the posterior surface. Coronary arteries (which supply the heart itself) are shown in red; coronary veins are shown in blue.

• FIGURE 20–4 The Heart Wall. (a) A diagrammatic section through the heart wall, showing the relative positions of the epicardium, myocardium, and endocardium. The proportions are not to scale; the relative thickness of the myocardial wall has been greatly reduced. (b) Cardiac muscle tissue forms concentric layers that wrap around the atria or spiral within the walls of the ventricles.

• FIGURE 20–5 Cardiac Muscle Cells. (a) A diagrammatic view of cardiac muscle tissue. (b) The structure of an intercalated disc. (c) A sectional view of cardiac muscle tissue.

• FIGURE 20–6 The Sectional Anatomy of the Heart. (a) A diagrammatic frontal section through the heart, showing major landmarks and the path of blood flow (marked by arrows) through the atria, ventricles, and associated vessels. (b) The papillary muscles and chordae tendineae supporting the right AV (tricuspid) valve. The photograph was taken from inside the right ventricle, looking toward a light shining from the right atrium. (c) A sectional view of the heart.

• FIGURE 20–7 Structural Differences between the Left and Right Ventricles. (a) A diagrammatic sectional view through the heart, showing the relative thicknesses of the two ventricles. Notice the pouchlike shape of the right ventricle and the thickness of the left ventricle.

(b) Diagrammatic views of the ventricles just before a contraction (dilated) and just after a contraction (contracted). ATLAS: Plate 45d

• FIGURE 20–8 Valves of the Heart. White arrows indicate blood flow into or out of a ventricle; black arrows, blood flow into an atrium; and green arrows, ventricular contraction. (a) When the ventricles are relaxed, the AV valves are open and the semilunar valves are closed. The chordae tendineae are loose, and the papillary muscles are relaxed. (b) When the ventricles are contracting, the AV valves are closed and the semilunar valves are open. In the frontal section, notice the attachment of the left AV valve to the chordae tendineae and papillary muscles. (c) The aortic valve in the open (left) and closed (right) positions. The individual cusps brace one another in the closed position.

• FIGURE 20–9 Coronary Circulation. (a) Coronary vessels supplying and draining the anterior surface of the heart. (b) Coronary vessels supplying and draining the posterior surface of the heart. (c) A posterior view of the heart; the vessels have been injected with colored latex (liquid rubber). ATLAS: Plate 45b,c

• FIGURE 20–11 An Overview of Cardiac Physiology. The major events and relationships are indicated.

• FIGURE 20–12 The Conducting System of the Heart. (a) Components of the conducting system. (b) Changes in the membrane potential of a pacemaker cell in the SA node that is establishing a heart rate of 72 beats per minute. Note the presence of a prepotential, a gradual spontaneous depolarization.

• FIGURE 20–13 Impulse Conduction through the Heart

• FIGURE 20–14 An Electrocardiogram. (a) Electrode placement for recording a standard ECG. (b) An ECG printout is a strip of graph paper containing a record of the electrical events monitored by the electrodes. The placement of electrodes on the body surface affects the size and shape of the waves recorded. This example is a normal ECG; the enlarged section indicates the major components of the ECG and the measurements most often taken during clinical analysis.

• FIGURE 20–15 The Action Potential in Skeletal and Cardiac Muscle. (a) Events in an action potential in a ventricular muscle cell. (b) Action potentials and twitch contractions in skeletal muscle (above) and cardiac muscle (below). The shaded areas indicate the durations of the absolute (green) and relative (beige) refractory periods.

• FIGURE 20–16 Phases of the Cardiac Cycle. Thin black arrows indicate blood flow, and green arrows indicate contractions.

• FIGURE 20–17 Pressure and Volume Relationships in the Cardiac Cycle. Major features of the cardiac cycle are shown for a heart rate of 75 bpm. The circled numbers correspond to those in the associated box, which are detailed further in the numbered list in the text.

• FIGURE 20–18 Heart Sounds. (a) Placements of a stethoscope for listening to the different sounds produced by individual valves. (b) The relationship between heart sounds and key events in the cardiac cycle.

• FIGURE 20–19 A Simple Model of Stroke Volume. The stroke volume of the heart can be compared to the amount of air pumped from an old-fashioned bicycle pump. The amount pumped varies with the amount of movement of the pump handle (a, c). The extent of upward movement determines the EDV (b); the extent of downward movement determines the ESV (d). The stroke volume is equal to the difference between the EDV and the ESV.

• FIGURE 20–20 Factors Affecting Cardiac Output. A simplified version of this figure will appear as a Navigator icon in key figures as we move from one topic to the next.

• FIGURE 20–21 Autonomic Innervation of the Heart. The Navigator icon in the shadow box highlights the topic we will consider in this section.

• FIGURE 20–22 Autonomic Regulation of Pacemaker Function. (a) Pacemaker cells have membrane potentials closer to threshold than those of other cardiac muscle cells ( -60 mV versus -90 mV ). Their cell membranes undergo spontaneous depolarization to threshold, producing action potentials at a frequency determined by (1) the resting-membrane potential and (2) the rate of depolarization (slope of the prepotential).

(b) Parasympathetic stimulation releases ACh, which extends repolarization and decreases the rate of spontaneous depolarization. The heart rate slows. (c) Sympathetic stimulation releases NE, which shortens repolarization and accelerates the rate of spontaneous depolarization. As a result, the heart rate increases.

• FIGURE 20–23 Factors Affecting Stroke Volume. The arrows indicate the nature of the effects: q= increases, p= decreases.

• FIGURE 20–24 A Summary of the Factors Affecting Cardiac Output. (a) Factors affecting heart rate. (b) Factors affecting stroke volume.
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