Chapter 17 The Cardiovascular System I: The Heart
Chapter Outline

Module 17.1 Overview of the Heart (Figures 17.1–17.3)
A. The cardiovascular system consists of the heart, blood vessels, and blood. The heart pumps blood, the liquid carrying oxygen and nutrients, into the blood vessels, a system of tubes that distributes it throughout the cardiovascular system.
B. Location and Basic Structure of the Heart: The heart is situated slightly to the left side in the thoracic cavity, posterior to the sternum in the mediastinum, where it rests on the diaphragm (Figure 17.1).
1. The apex is the point of this cone, which points toward the left hip, and its flattened base is its posterior side (not the inferior) facing the posterior rib cage (Figure 17.1c).
2. The heart consists of the four hollow chambers (Figure 17.2): The superior right and left atria (singular, atrium) and the inferior right and left ventricles.
3. Both the right and left atria receive blood from veins, which are blood vessels that bring blood to the heart. The ventricles pump blood into blood vessels called arteries, which carry blood away from the heart. 
C. Functions of the Heart: The heart pumps blood through the following two separate sets of vessels, or circuits. (Figure 17.3):
1. Circulation of blood through the pulmonary and systemic circuits: The heart is divided functionally into right and left sides (Figure 17.3). 
a. The right side of the heart pumps blood to the lungs, whereas the left side of the heart pumps blood to the rest of the body. Why is the right side of the heart is sometimes called the pulmonary pump? It pumps blood into a series of blood vessels leading to and within the lungs, collectively called the pulmonary circuit. 
b. The pulmonary arteries of the pulmonary circuit deliver oxygen-poor and carbon dioxide-rich, or deoxygenated, blood to the lungs.
2. Gas exchange takes place between the tiny air sacs in the lung, called alveoli and the smallest vessels of the pulmonary circuit, called the pulmonary capillaries. During gas exchange, oxygen diffuses from the air in the alveoli into the blood in the pulmonary capillaries, and carbon dioxide diffuses from the blood in the pulmonary capillaries to the air in the alveoli, to be expired. The veins of the pulmonary circuit then deliver this oxygen-rich, or oxygenated, blood to the left side of the heart. 
3. Why is the left side of the heart often called the systemic pump? It receives oxygenated blood from the pulmonary veins and pumps it into the blood vessels that serve the rest of the body, collectively called the systemic circuit. In the systemic capillaries, oxygen diffuses from the blood into the tissues, and carbon dioxide diffuses from the tissues into the blood. As a result of gas exchange in the tissues, veins of the systemic circuit deliver deoxygenated blood back to the right side of the heart, to be pumped into the pulmonary circuit.
4. The pulmonary circuit is a low-pressure circuit because it pumps blood to the lungs, whereas the systemic circuit is a high-pressure circuit because it has to pump blood to the body. 
5. Other functions of the heart: The heart helps maintain the homeostasis of the pressure that blood exerts on the blood vessels, known as blood pressure. The rate and force of the heart’s contraction are major factors that influence blood pressure and the blood flow to organs.
a. What hormone is produced by the atria of the heart? atrial natriuretic peptide (ANP).
b. Explain how ANP lowers blood pressure. ANP decreasing sodium ion retention in the kidneys, therefore reducing osmotic water reabsorption and the volume and pressure of blood in the blood vessels.
Module 17.2 Heart Anatomy and Blood Flow Pathway (Figures 17.4–17.9)
A. The Pericardium, Heart Wall, and Heart Skeleton The membranous structure that you see surrounding the heart is called the pericardium, which is composed of the following structures (Figure 17.4):
1. The fibrous pericardium is a tough outer layer that attaches the heart to surrounding structures.
2. The serous pericardium is a thin inner serous membrane that produces serous fluid. 
a. The parietal pericardium is fused to the inner surface of the fibrous pericardium. The parietal pericardium encases the heart like a sac, but when it reaches the great vessels, it folds under itself and forms the inner visceral pericardium layer that adheres directly to the heart. 
b. The inner layer is called the visceral pericardium, or epicardium, which is considered the most superficial layer of the heart wall. Myocardium is deep to the visceral pericardium.
c. Where is the pericardial cavity located? The pericardial cavity is found between the parietal and visceral pericardia. Where is pericardial fluid located? Pericardial fluid is found in the pericardial cavity. What is the function of pericardium fluid? It acts as a lubricant, decreasing friction as the heart moves.
3. The myocardium has two components: (1) cardiac muscle tissue and (2) a fibrous skeleton composed of dense irregular collagenous connective tissue. What are the functions of the fibrous skeleton? (1) Provide cardiac muscle cells with something on which to pull when they contract, (2) provide structural support, and (3) act as an insulator for the heart’s electrical activity.
4. The lumen of the heart is lined by the third and deepest layer of the heart wall, the endocardium, which is composed of endothelium.
B. The Heart's Great Vessels, Chambers, and Valves: The heart consists of four chambers: two atria and two ventricles. (Figure17.5–17.7):
1. The atria receive blood from veins, and pump blood into the ventricles through valves with flaps that close when the ventricles contract, keeping the blood from moving backward into the atria. Contracting ventricles then eject blood into arteries, which carry the blood through either the systemic circuit or pulmonary circuit.
2. What are the great vessels? The great vessels bring blood to and away from the heart and are the largest vessels in the body (Figure 17.5).
3. The great vessels, major systemic veins: The two veins that drain the majority of the systemic circuit are the superior and inferior venae cavae, both vessels open into the right atrium. The superior vena cava (SVC) drains deoxygenated blood from veins superior to the diaphragm. The inferior vena cava (IVC) drains deoxygenated blood from veins inferior to the diaphragm.
4. The great vessels, pulmonary trunk: The large pulmonary trunk receives deoxygenated blood pumped from the right ventricle. The trunk splits into the right and left pulmonary arteries, which bring deoxygenated blood to the right and left lungs, respectively. The pulmonary arteries branch extensively inside the lungs to become the tiny pulmonary capillaries where gases are exchanged.
5. The great vessels, pulmonary veins: Once the blood is oxygenated in the pulmonary capillaries, it returns to the heart via a set of pulmonary veins. Most people have four pulmonary veins—two from each lung—that drain oxygenated blood into the posterior part of the left atrium.
6. The great vessels, aorta: The aorta supplies the entire systemic circuit with oxygenated blood. The left ventricle ejects blood into the aorta. 
7. The chambers of the heart: The atria: The four chambers are the largest structures in the heart (Figure 17.6). Explain how the right and left atria differ. The right atrium is larger, thinner-walled, and more anterior than the left atrium, which is thicker-walled, somewhat smaller, and located mostly on the posterior side of the heart, where it makes up much of the heart’s base and posterior surface. 
a. Externally, each atrium has a muscular pouch called the auricle. What is the function of the auricles? The auricles expand to give the atria more space in which to hold blood. 
b. The two atria are separated by a thin wall, the interatrial septum where there is a small indentation in the interatrial septum, called the fossa ovalis. This indentation is the remnant of a hole known as the foramen ovale, which is present in the interatrial septum of the fetal heart. 
8. The chambers of the heart: The ventricles: The ventricles are larger than the atria and have much thicker walls, making the ventricles much stronger pumps. Explain how the right and left ventricles differ. The right ventricle is wider and has thinner walls than the left ventricle because of the pressure differences in the pulmonary and systemic circuits.
a. Internally, both ventricles have a ridged surface created by irregular protrusions of cardiac muscle tissue, collectively referred to as trabeculae carneae. Each ventricle also contains finger-like projections of muscle, the papillary muscles, which attach by tendon-like cords called chordae tendineae to the valves located between the atria and the ventricles. 
b. A thick, muscular wall, the interventricular septum, separates the right and left ventricles. This septum contracts with the rest of the ventricular muscle and helps to expel blood into the pulmonary trunk and aorta.
9. The valves of the heart: Blood flow through the heart must occur in only one direction so that deoxygenated blood goes to the pulmonary circuit and oxygenated blood goes to the systemic circuit. How do valves ensure blood flow in one direction? Valves prevent blood from flowing backward.
10. The four valves of the heart (Figure 17.7):  
a. The atrioventricular valves: Backflow of blood from the ventricles into the atria could occur because their forceful contractions could drive blood backward into the atria. This backward flow is prevented by valves between the atria and the ventricles, called the right and left atrioventricular (or AV) valve. The two AV valves consist of flaps, called cusps, which are anchored to papillary muscles by chordae tendineae. Each valve is named for the number of cusps it contains. Which valve has three cusps and is situated between the right atrium and right ventricle? tricuspid valve. Which valve has two cusps and is situated between the left atrium and left ventricle? bicuspid valve. 
b. The semilunar valves: The blood is stopped from completely flowing back into the ventricles by two valves called the semilunar valves. Backflow of blood can also become a problem in the pulmonary artery and the aorta, because blood begins to flow backward when the ventricles relax as a result of the higher pressure in the arteries and gravity. The two semilunar valves are named according to the artery in which they reside: The pulmonary valve is located between the right ventricle and pulmonary trunk, and the aortic valve is posterior to it between the left ventricle and the aorta. 
C. The Coronary Circulation: The heart’s chambers are filled with blood, but the myocardium is too thick for oxygen and nutrients to diffuse from inside the chambers to all of the organ’s cells. Thus, the heart is supplied by a set of blood vessels collectively called the coronary circulation (Figure 17.9):
1. The coronary vessels (coronary arteries): The main systemic artery into which the left ventricle pumps blood is the ascending aorta. Two branches arise from the ascending aorta: the right and left coronary arteries.
2. Shortly after the left coronary artery emerges from the ascending aorta, it generally branches into two vessels: the anterior interventricular artery (left anterior descending artery or LAD) and the circumflex artery.
3. Coronary vessels (coronary veins): Generally, the majority of the heart’s veins empty into a large venous structure on the posterior heart, called the coronary sinus, which drains into the posterior right atrium. The coronary sinus receives blood from three major veins: great cardiac vein, small cardiac vein, and the middle cardiac vein. 
4. Coronary artery disease and myocardial infarction: A buildup of fatty material called plaques in the coronary arteries results in coronary artery disease, or CAD, which is the leading cause of death worldwide. 
a. The most dangerous potential consequence of CAD is a myocardial infarction (MI), or heart attack. An MI occurs when plaques in the coronary arteries rupture and a clot forms that obstructs blood flow to the myocardium. Myocardial tissue supplied by that artery infarct, or die. 
b. What are the symptoms of an MI? Symptoms of an MI include chest pain that radiates along the dermatomes to the left arm or left side of the neck, shortness of breath, sweating, anxiety, and nausea and/or vomiting. 
Module 17.3 Cardiac Muscle Tissue Anatomy and Electrophysiology (Figures 17.10–17.14)
A. The following is a brief review of terms related to electrophysiology. The heart does not require conscious intervention to elicit cardiac muscle to contract.
1. Cardiac muscle cells contract in response to electrical excitation in the form of action potentials. Electrical activity is coordinated by a very small, unique population of cardiac muscle cells called pacemaker cells. These cells rhythmically and spontaneously generate action potentials that trigger the other type of cardiac muscle cell, known as contractile cells, to also have action potentials. 
2. Cardiac muscle cells display the property of autorhythmicity, meaning they sets their own rhythm without a need for input from the nervous system.
B. Histology of Cardiac Muscle Tissue and Cells: Cardiac muscle cells have striations, which are alternating light and dark bands when viewed under the microscope (Figure 17.10).
C. Cardiac Electrophysiology:  Pacemaker Cells and the Cardiac Conduction System.  Pacemaker cells make up only about 1% of the total number of cardiac muscle cells.  There are three populations of these cells in the heart that can spontaneously generating action potentials, thereby setting the pace of the heart. These three cell populations are collectively called the cardiac conduction system. (Figures 17.11–17.13). 
1. Pacemaker cell action potentials: A pacemaker potential, is much different in appearance from that of a contractile cell (Figure 17.11): 
a. Slow initial depolarization phase. Pacemaker potential begins with the plasma membrane in a hyperpolarized state—at minimum membrane potential. This state opens nonspecific cation channels in the membrane. These channels allow sodium ions to leak into the cell and potassium ions to leak out, which results in an overall slow depolarization to threshold.
b. Full depolarization phase. When the membrane reaches threshold, voltage-gated calcium ion channels open, allowing calcium ions to enter the cell and thereby causing the membrane to fully depolarize. 
c. Repolarization phase. Calcium ion channels are time-gated for closing. At the same time, voltage-gated potassium ion channels begin to open, allowing potassium ions to exit the cell and the membrane to repolarize.
d. Minimum potential phase. Potassium ion channels remain open until the membrane reaches its minimum potential. When this happens, the membrane is hyperpolarized, which opens the nonspecific cation channels, and the cycle begins again.
2. Anatomy of the cardiac conduction system: The cardiac conduction system includes the following three populations of pacemaker cells (Figure 17.12): sinoatrial node, atrioventricular node, and Purkinje fiber system.
a. The sinoatrial node, or SA node, is located in the upper right atrium. Under normal conditions, the SA node has the fastest intrinsic rate of depolarization—about 60 or more times per minute, a rate that is subject to influence from the sympathetic and parasympathetic nervous systems.
b. The atrioventricular node, or AV node, is a cluster of pacemaker cells located posterior and medial to the tricuspid valve. It is slower than the SA node, with an intrinsic rate of only about 40 action potentials per minute.
c. The slowest group of pacemaker cells is collectively called the Purkinje fiber system; its cells depolarize only about 20 times per minute. There are three components to the Purkinje fiber system: (1) the atrioventricular (AV) bundle in the inferior interatrial septum and the superior interventricular septum, (2) right and left bundle branches located in the interventricular septum, and (3) terminal branches penetrate the ventricles and contact the contractile cardiac muscle cells.
3. Pacing the heart: Sinus rhythm: The SA node is the normal pacemaker of the entire heart; electrical rhythms generated and maintained by the SA node are known as sinus rhythms. 
4. Conduction pathway through the heart: Under normal conditions, the SA node generates an action potential, which spreads rapidly via gap junctions to the surrounding atrial cells. 
a. The impulses are then conducted by specialized atrial conducting fibers to the AV node.
b. Once the impulse reaches the AV node, conduction slows considerably as a result of two factors: (1) the low number of gap junctions between AV nodal cells, and (2) the presence of the nonconducting fibrous skeleton that surrounds the AV node. This slow conduction is known as the AV node delay. What is the function of this delay? (1) It allows the atria to depolarize (and contract) before the ventricles, giving the ventricles time to fill with blood, and (2) AV node delay also helps to prevent current from flowing backward from the AV bundle into the AV node and atria.
c. The action potential is then conducted from the AV bundle to the right and left bundle branches. 
d. Depolarization spreads along the Purkinje fibers to the contractile cardiac muscle cells of the ventricles.
5. Cardiac Electrophysiology Contractile Cell Action Potentials: Contractile cells make up the great majority (99%) of cardiac muscle cells.
a. An action potential in a contractile cardiac muscle cell results from a reversal in membrane potential—the inside of the plasma membrane swings from negative (about –85 mV) to momentarily positive (ranging from 0 to +20 mV). 
b. What drives these action potentials? These changes happen because of voltage-gated ion channels in the sarcolemma and because of unequal concentrations of sodium and potassium ions on either side of the membrane that drives those ions in or out of the cell through the channels.
6. The sequence of events of a contractile cell action potential proceeds as follows (Figure 17.13):
a. Rapid depolarization phase. In response to pacemaker cell action potentials that cause voltage changes in adjacent cells, voltage-gated sodium ion channels in the sarcolemma are activated. This causes a rapid and massive influx of sodium ions, leading to rapid membrane depolarization.
b. Initial repolarization phase. There is a small, initial repolarization immediately after the depolarization spike. This repolarization is due to the abrupt inactivation of the sodium ion channels and to a very small outflow of potassium ions through selected potassium ion channels that are open only briefly.
c. Plateau phase. The depolarization is sustained at about 0 mV, known as the plateau phase. This critically important phase is mostly due to the slow opening of calcium ion channels and the influx of calcium ions.
d. Repolarization phase. The final phase of the action potential occurs when both the sodium and calcium ion channels return to their resting states and most of the potassium ion channels open. This allows positively charged potassium ions to exit the cardiac muscle cell, and the membrane potential returns to its resting value of about –85 mV.
7. The sequence of events of a contractile cell action potential resembles that of a skeletal muscle fiber action potential with one important exception: the plateau phase. 
8. Mechanism of contractile cell contraction: Excitation-Contraction coupling: The mechanism for cardiac muscle cell contraction is very similar to that of skeletal muscle fiber contraction, and it occurs by the sliding-filament mechanism. 
D. The Electrocardiogram (ECG) is a tool for examining the heart. What does an ECG measure? ECG is a graphic depiction of the electrical activity occurring in all cardiac muscle cells over a period of time (Figure 17.14).
1. Electrical changes are shown on the ECG as deflections, or waves that show changes in electrical activity—if there is no net difference, there is no deflection shown on the ECG. 
2. ECG recording generally consists of five waves, each of which represents the active depolarization or repolarization of different parts of the heart. The waves of an ECG include the following:
a. The small, initial P wave represents atrial depolarization of all cells except the SA node. The P wave nearly always registers as an upward deflection on the ECG. 
b. The large QRS complex represents ventricular depolarization and is actually three separate waves. The Q wave is the first downward deflection, the R is the large upward deflection, and the S is the following downward deflection. 
c. The small T wave occurs after the S wave of the QRS complex and represents ventricular repolarization. The T wave is an upward deflection under normal conditions. 
3. The periods between the waves represent important phases of the action potentials and of the spread of electrical activity through the heart. Intervals include a component of at least one wave, whereas segments do not include any wave components. Three intervals of note are the R-R interval, P-R interval, and the Q-T interval; and one segment of note is the S-T segment.
4. One of the most obvious changes in the heart revealed by an ECG is a disturbance in electrical rhythm known as a dysrhythmia or arrhythmia. 
Module 17.4 Mechanical Physiology of the Heart: The Cardiac Cycle (Figures 17.15–17.20)
A. Mechanical physiology refers to the actual processes by which blood fills the cardiac chambers and is pumped out of them. Pressure changes caused by contractions drive blood flow through the heart, with valves preventing backflow. What constitutes one heartbeat? Cardiac muscle cells contract as a unit to produce one coordinated contraction. What constitutes the cardiac cycle? The sequence of events that take place within the heart from one heartbeat. 
B. The Relationship between Pressure Changes, Blood Flow, and Valve Function: Blood flows in response to pressure gradients. As the ventricles contract and relax, the pressure in the chambers changes, causing blood to push on the valves and either open or close them (Figure 17.15):
1. When the ventricles contract, their pressures rise above those in the right and left atria and in the pulmonary trunk and aorta, which causes blood to flow from the ventricles to the vessels and produces two changes in the valves: AV valves shut while semilunar valves are forced open. 
2. When the ventricles relax, the opposite occurs: The pressures in the ventricles fall below those in the atria and in the pulmonary trunk and aorta. AV valves open while semilunar valves close. 
C. Heart Sounds: The stethoscope is a clinical device that can be used to listen to, or auscultate, the rhythmic “lub dub” made by the heart sounds (Figure 17.16). There are two heart sounds: (1) S1, or the “lub,” is heard when the AV valves close, and (2) S2, the “dub,” is heard when the semilunar valves close. S1 is typically longer and louder than S2, although it’s lower in frequency.
D. Events of the Cardiac Cycle: Each cardiac cycle consists of one period of relaxation called diastole and one period of contraction called systole for each chamber of the heart. (Figures 17.17–17.18)
1. Atrial and ventricular diastoles and systoles occur at different times as a result of AV node delay. However, both sides of the heart are working to pump blood into their respective circuits simultaneously.
2. The cardiac cycle is divided into four main phases that are defined by the actions of the ventricles and the positions of the valves: (1) filling, (2) contraction, (3) ejection, and (4) relaxation (Figure 17.17):
3. The ventricular filling phase of the cardiac cycle is the period during which blood drains from the atria into the ventricles. Pressures in the ventricles are lower than those in the atria, pulmonary trunk, and the aorta. Semilunar valves close due to higher pressures in the pulmonary trunk and aorta while the atrioventricular valves open because of higher atrial pressure. Blood flows along a pressure gradient from atria to ventricles. Atrial systole occurs and the contracting atria eject remaining blood into the ventricles. At the end of atrial systole, each ventricle contains about 120 ml of blood, a volume known as the end-diastolic volume (EDV) because it is the ventricular volume at the end of ventricular diastole.
4. The beginning of ventricular systole occurs during the shortest phase of the cardiac cycle, called isovolumetric contraction. Pressure in the ventricles rises rapidly as the ventricles begin to contract. This high pressure closes the AV valves and causes the S1 heart sound. Ventricular pressure is not yet high enough to push open the semilunar valves, so both sets of valves are closed and the ventricular volume does not change (same volume = isovolumetric).
5. At the beginning of the ventricular ejection phase, the pressure in the ventricles rises to a level higher than that in the pulmonary trunk and aorta, and this pushes the semilunar valves open. The beginning of the ejection phase is marked by rapid outflow of blood from the ventricles. The ventricular ejection phase sees approximately 70 ml of blood pumped from each ventricle. This means that about 50 ml of blood remains in each ventricle, a volume known as the end-systolic volume (ESV).
6. The final phase, called the isovolumetric relaxation is brief, occurs as ventricular diastole begins and pressure declines in the ventricles. Semilunar valves snap shut, at which point the S2 heart sound is heard. AV valves remain closed and the volume of blood in the ventricles remains constant.
E.	Connecting the Electrical and Mechanical Events of the Heart.  The timing of the electrical and mechanical events are presented in a Wiggers diagram (Figure 17.19).  Four variables are presented:  the heart’s electrical events, visible on the ECG; the heart sounds; the pressure changes in the left side of the heart; and the changes in the volume of blood found in the left ventricle.  
Module 17.5 Cardiac Output and Regulation (Figures 17.21–17.22)
A. Introduction to cardiac output and regulation: The heart undergoes an average of 60–80 cardiac cycles or beats per minute, a value known as the heart rate (HR).
1. HR isn’t the only determinant of cardiac output (CO), the amount of blood pumped into the pulmonary and systemic circuits in 1 minute. 
2. CO is also determined by the amount of blood pumped in one heartbeat, called the stroke volume (SV).
B. Determination of Cardiac Output: What must be known to calculate the cardiac output for a ventricle? Stroke volume (SV) and heart rate (HR) 
1. Calculate SV by subtracting the amount of blood in the ventricle at the end of a contraction (end-systolic volume, or ESV) from the amount of blood in the ventricle after it has filled during diastole (end-diastolic volume, or EDV). 
a. In an average heart, the resting stroke volume is equal to about 70 ml.
b. 120 ml (EDV) – 50 ml (ESV) = 70 ml (SV)
2. To find the cardiac output, multiply the heart rate by the stroke volume:
a. 72 beats/min (HR) × 70 ml/beat (SV) = 5040 ml/min, or ~5 liters/min (CO)
b. Resting cardiac output averages about 5 liters/min; the right ventricle pumps about 5 liters into the pulmonary circuit and the left ventricle pumps the same amount into the systemic circuit in 1 minute.
C. Factors that Influence Stroke Volume: Although the stroke volume averages about 70 ml per beat, it may range from 50 to 120 ml. The exact stroke volume may be difficult to measure directly, and often a measurement called the ejection fraction is used in its place. The ejection fraction is the percentage of blood (out of the total amount) that is ejected with each ventricular systole, and is equal to the stroke volume divided by the EDV. A normal ejection fraction is about 50–65%, and this value should be equal for each ventricle. Three factors influence the stroke volume: (1) preload, (2) heart contractility, and (3) afterload.
1. Preload: Degree of cardiac muscle cell stretch: preload refers to the length or degree of stretch of the sarcomeres in the ventricular cells before they contract. The degree of preload is largely determined by the EDV, or the amount of blood that has drained into the ventricle by the end of the filling phase. What two factors influence the EDV? (1) the length of time the ventricle spends in diastole and (2) the amount of blood returning to the right ventricle from the systemic circuit, a quantity called venous return. 
2. Contractility is the heart’s intrinsic pumping ability, or ability to generate tension. Increasing contractility will increase the stroke volume and therefore decrease the ESV. 
3. Afterload: Amount of back pressure: Afterload refers to the force that the right and left ventricles must overcome in order to eject blood into their respective arteries. Afterload is largely determined by the blood pressure in the arteries of both the pulmonary and systemic circuits. 
D. Factors that Influence Heart Rate: The other determinant of cardiac output is the heart rate. Under normal conditions, the rate at which the SA node generates action potentials determines the heart rate. Factors that influence the rate at which the SA node depolarizes are known as chronotropic agents. 
E. Regulation of Cardiac Output: Although the heart is autorhythmic, it still requires regulation to ensure that cardiac output meets the body’s needs. Cardiac output is regulated primarily by the nervous and endocrine systems, which influence both heart rate and stroke volume (Figure 17.21): 
1. Cardiac innervation and regulation by the autonomic nervous system: The two branches of the autonomic nervous system, or ANS, regulate our automatic functions. The sympathetic division of the ANS innervates the heart via a set of sympathetic nerves that release the neurotransmitter norepinephrine, which increases cardiac output with both positive chronotropic and inotropic effects.
2. Cardiac innervation and regulation by the parasympathetic nervous system: The parasympathetic nervous system exerts essentially the opposite effects on the heart. It innervates the heart by the left and right vagus nerves (CN X). The nerves of the parasympathetic division of the ANS release the neurotransmitter acetylcholine, which primarily affects the SA node, decreasing its rate of action potential generation. 
3. Cardiac regulation by the endocrine system: Hormonal regulation of cardiac output occurs in various forms, such as thyroid hormone, glucagon, aldosterone, antidiuretic hormone, and atrial natriuretic peptide.
4. Other factors that influence cardiac output: The following factors influence CO (Figure 17.22): electrolyte concentration in the extracellular fluid, body temperature, age, physical fitness, and exercise.
F. [bookmark: _GoBack]Heart failure is defined as any condition that reduces the heart’s ability to function effectively as a pump and may be left ventricular or right ventricular failure. Treatment of heart failure is generally aimed at increasing cardiac output via lifestyle modifications, medications, and surgery if necessary.
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