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  Cardiac physiology 
 Dr.latief fayadh                                                                                    1 Lec. 

 Heart Muscle as a Pump 
The heart, shown in Figure below is actually two separate pumps: a right heart that pumps blood through the 

lungs, and a left heart that pumps blood through the peripheral organs. In turn, each of these hearts is a 

pulsatile two-chamber pump composed of an atrium and a ventricle. Each atrium is a weak primer pump for 

the ventricle, helping to move blood into the ventricle. The ventricles then supply the main pumping force that 

propels the blood either: 

(1) Through the pulmonary circulation by the right ventricle   

(2) Through the peripheral circulation by the left ventricle. 

Special mechanisms in the heart cause a continuing succession of heart contractions called cardiac 

rhythmicity, transmitting action potentials throughout the heart muscle to cause the heart’s rhythmical beat.    

 

Physiology of Cardiac Muscle 
The heart is composed of three major types of cardiac muscle: atrial muscle, ventricular muscle, and 

specialized excitatory and conductive muscle fibers. The atrial and ventricular types of muscle contract in 

much the same way as skeletal muscle, except that the duration of contraction is much longer. Conversely, the 

specialized excitatory and conductive fibers contract only feebly because they contain few contractile fibrils; 

instead, they exhibit either automatic rhythmical electrical discharge in the form of action potentials or 

conduction of the action potentials through the heart, providing an excitatory system that controls the 

rhythmical beating of the heart. 

Physiologic Anatomy of Cardiac Muscle 
Figure below shows a typical histological picture of cardiac muscle, demonstrating cardiac muscle fibers 

arranged in a latticework, with the fibers dividing, recombining, and then spreading again. One also notes 

immediately from this figure that cardiac muscle is striated in the same manner as in typical skeletal muscle. 

Further, cardiac muscle has typical myofibrils that contain actin and myosin filaments almost identical to 

those found in skeletal muscle; these filaments lie side by side and slide along one another during contraction 

in the same manner as occurs in skeletal muscle. But in other ways, cardiac muscle is quite different from 

skeletal muscle. 
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Cardiac Muscle as a Syncytium   
The dark areas crossing the cardiac muscle fibers in Figure above are called intercalated discs; they are 

actually cell membranes that separate individual cardiac muscle cells from one another. That is, cardiac 

muscle fibers are made up of many individual cells connected in series and in parallel with one another.  At 

each intercalated disc the cell membranes fuse with one another in such a way that they form permeable 

“communicating” junctions (gap junctions) that allow almost totally free diffusion of ions. Therefore, from a 

functional point of view, ions move with ease in the intracellular fluid along the longitudinal axes of the 

cardiac muscle fibers, so that action potentials travel easily from one cardiac muscle cell to the next, past the 

intercalated discs. Thus, cardiac muscle is a syncytium of many heart muscle cells in which the cardiac cells 

are so interconnected that when one of these cells becomes excited, the action potential spreads to all of them, 

spreading from cell to cell throughout the latticework interconnections. The heart actually is composed of two 

syncytiums: 

The atrial syncytium that constitutes the walls of the two atria, and the ventricular syncytium that constitutes 

the walls of the two ventricles. The atria are separated from the ventricles by fibrous tissue that surrounds the 

atrioventricular (A-V) valvular openings between the atria and ventricles. Normally, potentials are not 

conducted from the atrial syncytium into the ventricular syncytium directly through this fibrous tissue. 

Instead, they are conducted only by way of a specialized conductive system called the A-V bundle, a bundle of 

conductive fibers several millimeters in diameter. This division of the muscle of the heart into two functional 

syncytiums allows the atria to contract a short time ahead of ventricular contraction, which is important for 

effectiveness of heart pumping.  

Action Potentials in Cardiac Muscle 

The action potential recorded in a ventricular muscle fiber, shown in Figure below, averages about 105 

millivolts, which means that the intracellular potential rises from a very negative value, about -85 millivolts, 

between beats to a slightly positive value, about +20 millivolts, during each beat. After the initial spike, the 

membrane remains depolarized for about 0.2 second, exhibiting a plateau as shown in the figure, followed at 

the end of the plateau by abrupt repolarization. The presence of this plateau in the action potential causes 

ventricular contraction to last as much as 15 times as long in cardiac muscle as in skeletal muscle.  
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- What Causes the Long Action Potential   

At this point, we must ask the questions: Why is the action potential of cardiac muscle so long and why does it 

have a plateau, whereas that of skeletal muscle does not?  At least two major differences between the 

membrane properties of cardiac and skeletal muscle account for the prolonged action potential and the 

plateau in cardiac muscle.  

First: The action potential of skeletal muscle is caused almost entirely by sudden opening of large numbers 

of so-called fast sodium channels that allow tremendous numbers of sodium ions to enter the skeletal muscle 

fiber from the extracellular fluid. These channels are called “fast” channels because they remain open for 

only a few thousandths of a second and then abruptly close. At the end of this closure, repolarization occurs, 

and the action potential is over within another thousandth of a second or so. In cardiac muscle, the action 

potential is caused by opening of two types of channels: 

(1) The same fast sodium channels as those in skeletal muscle.   

(2) Another entirely different population of slow calcium channels, which are also called calcium-sodium 

channels. This second population of channels differs from the fast sodium channels in that they are slower to 

open and, even more important, remain open for several tenths of a second. During this time, a large  quantity 

of both calcium and sodium ions flows  through these channels to the interior of the cardiac  muscle fiber, and 

this maintains a prolonged period of  depolarization, causing the plateau in the action potential. Further, the 

calcium ions that enter during this plateau phase activate the muscle contractile process, while the calcium 

ions that cause skeletal muscle contraction are derived from the intracellular sarcoplasmic reticulum.  

The second major functional difference between cardiac muscle and skeletal muscle that helps account for 

both the prolonged action potential and its plateau is this: Immediately after the onset of the action potential, 

the permeability of the cardiac muscle membrane for potassium ions decreases about fivefold, an effect that 

does not occur in skeletal muscle. This decreased potassium permeability may result from the excess calcium 

influx through the calcium channels just noted. Regardless of the cause, the decreased potassium permeability 

greatly decreases the outflux of positively charged potassium ions during the action potential plateau and 

thereby prevents early return of the action potential voltage to its resting level. When the slow calcium-

sodium channels do close at the end of 0.2 to 0.3 second and the influx of calcium and sodium ions ceases, the 

membrane permeability for potassium ions also increases rapidly; this rapid loss of potassium from the fiber 

immediately returns the membrane potential to its resting level, thus ending the action potential. 
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Summary of phases of cardiac muscle action potential.  
Figure below summarizes the phases of the action potential in cardiac muscle and the ion flows that occur 

during each phase. 

Phase 0 (depolarization), fast sodium channels open.  

When the cardiac cell is stimulated and depolarizes, the membrane potential becomes more positive. Voltage 

gated sodium channels (fast sodium channels) open and permit sodium to rapidly flow into the cell and 

depolarize it. The membrane potential reaches about +20 millivolts before the sodium channels close. 

Phase 1 (initial repolarization), fast sodium channels close. 

The sodium channels close, the cell begins to repolarize, and potassium ions leave the cell through open 

potassium channels. 

Phase 2 (plateau), calcium channels open and fast potassium channels close.  

A brief initial repolarization occurs and the action potential then plateaus as a result of 

 (1) increased calcium ion permeability and 

 (2) decreased potassium ion permeability.  

The voltage-gated calcium ion channels open slowly during phases 1 and 0, and calcium enters the cell. 

Potassium channels then close, and the combination of decreased potassium ion efflux and increased calcium 

ion influx causes the action potential to plateau. 

Phase 3 (rapid repolarization), calcium channels close and slow potassium channels open.  

The closure of calcium ion channels and increased potassium ion permeability, permitting potassium ions to 

rapidly exit the cell, ends the plateau and returns the cell membrane potential to its resting level. 

Phase 4 (resting membrane potential) averages about −90 millivolts. 

 

- Velocity of Signal Conduction in Cardiac Muscle   

The velocity of conduction of the excitatory action potential signal along both atrial and ventricular muscle 

fibers is about 0.3 to 0.5 m/sec, or about 1/250 the velocity in very large nerve fibers and about 1/10 the 
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velocity in skeletal muscle fibers. The velocity of conduction in the specialized heart conductive system—in the 

Purkinje fibers—is as great as 4 m/sec in most parts of the system, which allows reasonably rapid conduction 

of the excitatory signal to the different parts of the heart.  

- Refractory period of cardiac muscle.  
Cardiac muscle, like all excitable tissue, is refractory to restimulation during the action potential. Therefore, 

the refractory period of the heart is the interval of time, during which a normal cardiac impulse cannot re-

excite an already excited area of cardiac muscle. The normal refractory period of the ventricle is 0.25 to 0.30 

second, which is about the duration of the prolonged plateau action potential. There is an additional relative 

refractory period of about 0.05 second during which the muscle is more difficult than normal to excite but 

nevertheless can be excited by a very strong excitatory signal. The refractory period of atrial muscle is much 

shorter than that for the ventricles (about 0.15 second for the atria compared with 0.25 to 0.30 second for the 

ventricles). 

Excitation-contraction coupling: 
The term “excitation-contraction coupling” refers to the mechanism by which the action potential causes the 

myofibrils of muscle to contract. There are differences in this mechanism in cardiac muscle that have 

important effects on the characteristics of cardiac muscle contraction. 

As is true for skeletal muscle, when an action potential passes over the cardiac muscle membrane, the action 

potential spreads to the interior of the cardiac muscle fiber along the membranes of the transverse (T) 

tubules. The T tubule action potentials in turn act on the membranes of the longitudinal sarcoplasmic tubules 

to cause release of calcium ions into the muscle sarcoplasm from the sarcoplasmic reticulum. In another few 

thousandths of a second, these calcium ions diffuse into the myofibrils and catalyze the chemical reactions 

that promote sliding of the actin and myosin filaments along one another; this produces the muscle 

contraction. 

 Duration of Contraction   
Cardiac muscle begins to contract a few milliseconds after the action potential begins and continues to 

contract until a few milliseconds after the action potential ends. Therefore, the duration of contraction of 

cardiac muscle is mainly a function of the duration of the action potential, including the plateau— about 0.2 

second in atrial muscle and 0.3 second in ventricular muscle. 

The Cardiac Cycle 
The cardiac events that occur from the beginning of one heartbeat to the beginning of the next are called the 

cardiac cycle. Each cycle is initiated by spontaneous generation of an action potential in the sinus node. This 

node is located in the superior lateral wall of the right atrium near the opening of the superior vena cava, and 

the action potential travels from here rapidly through both atria and then through the A-V bundle into the 

ventricles.  Because of this special arrangement of the conducting system from the atria into the ventricles, 

there is a delay of more than 0.1 second during passage of the cardiac impulse from the atria into the 

ventricles. This allows the atria to contract ahead of ventricular contraction, thereby pumping blood into the 

ventricles before the strong ventricular contraction begins. Thus, the atria act as primer pumps for the 

ventricles, and the ventricles in turn provide the major source of power for moving blood through the body’s 

vascular system. 

- Diastole and Systole 
The cardiac cycle consists of a period of relaxation called diastole, during which the heart fills with blood, 

followed by a period of contraction called systole. Figure below shows the different events during the cardiac 

cycle for the left side of the heart. The top three curves show the pressure changes in the aorta, left ventricle, 

and left atrium, respectively. The fourth curve depicts the changes in left ventricular volume, the fifth the 
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electrocardiogram, and the sixth a phonocardiogram, which is a recording of the sounds produced by the 

heart—mainly by the heart valves—as it pumps.   

 

- Relationship of the electrocardiogram to the cardiac cycle 
The electrocardiogram in Figure above shows the P, Q, R, S, and T waves, they are electrical voltages 

generated by the heart and recorded by the electrocardiograph from the surface of the body.  The P wave is 

caused by spread of depolarization through the atria, and this is followed by atrial contraction, which causes 

a slight rise in the atrial pressure curve immediately after the electrocardiographic P wave.  About 0.16 

second after the onset of the P wave, the QRS waves appear as a result of electrical depolarization of the 

ventricles, which initiates contraction of the ventricles and causes the ventricular pressure to begin rising, as 

also shown in the figure. Therefore, the QRS complex begins slightly before the onset of ventricular systole.  

Finally, one observes the ventricular T wave in the electrocardiogram. This represents the stage of 

repolarization of the ventricles when the ventricular muscle fibers begin to relax. Therefore, the T wave 

occurs slightly before the end of ventricular contraction. 

-  Function of the atria as primer pumps 
Blood normally flows continually from the great veins into the atria; about 80 per cent of the blood flows 

directly through the atria into the ventricles even before the atria contract. Then, atrial contraction usually 

causes an additional 20 per cent filling of the ventricles. Therefore, the atria simply function as primer pumps 

that increase the ventricular pumping effectiveness as much as 20 per cent. However, the heart can continue 

to operate under most conditions even without this extra 20 per cent effectiveness because it normally has the 

capability of pumping 300 to 400 per cent more blood than is required by the resting body. Therefore, when 

the atria fail to function, the difference is unlikely to be noticed unless a person exercises; then acute signs of 

heart failure occasionally develop, especially shortness of breath. 
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 Function of the ventricles as pumps 

1. Filling of the ventricles.  
During ventricular systole, large amounts of blood accumulate in the right and left atria because of the closed 

A-V valves. Therefore, as soon as systole is over and the ventricular pressures fall again to their low diastolic 

values, the moderately increased pressures that have developed in the atria during ventricular systole 

immediately push the A-V valves open and allow blood to flow rapidly into the ventricles, as shown by the rise 

of the left ventricular volume curve in Figure above. This is called the period of rapid filling of the ventricles. 

The period of rapid filling lasts for about the first third of diastole. During the middle third of diastole, only a 

small amount of blood normally flows into the ventricles; this is blood that continues to empty into the atria 

from the veins and passes through the atria directly into the ventricles. During the last third of diastole, the 

atria contract and give an additional thrust to the inflow of blood into the ventricles; this accounts for about 

20 per cent of the filling of the ventricles during each heart cycle. 

2. Emptying of the ventricles during systole period of isovolumic (isometric) 

contraction. 
 Immediately after ventricular contraction begins, the ventricular pressure rises abruptly, as shown in the 

same figure above, causing the A-V valves to close. Then an additional 0.02 to 0.03 second is required for 

the ventricle to build up sufficient pressure to push the semilunar (aortic and pulmonary) valves open 

against the pressures in the aorta and pulmonary artery. Therefore, during this period, contraction is 

occurring in the ventricles, but there is no emptying. This is called the period of isovolumic or isometric 

contraction, meaning that tension is increasing in the muscle but little or no shortening of the muscle fibers 

is occurring. 

3. Period of ejection.  
When the left ventricular pressure rises slightly above 80 mm Hg (and the right ventricular pressure slightly 

above 8 mm Hg), the ventricular pressures push the semilunar valves open. Immediately, blood begins to 

pour out of the ventricles, with about 70 per cent of the blood emptying occurring during the first third of the 

period of ejection and the remaining 30 per cent emptying during the next two thirds. Therefore, the first 

third is called the period of rapid ejection, and the last two thirds, the period of slow ejection. 

4. Period of isovolumic (Isometric) relaxation. 

 At the end of systole, ventricular relaxation begins suddenly, allowing both the right and left 

intraventricular pressures to decrease rapidly. The elevated pressures in the distended large arteries that 

have just been filled with blood from the contracted ventricles immediately push blood back toward the 

ventricles, which snaps the aortic and pulmonary valves, closed. For another 0.03 to 0.06 second, the 

ventricular muscle continues to relax, even though the ventricular volume does not change, giving rise to the 

period of isovolumic or isometric relaxation. During this period, the intraventricular pressures decrease 

rapidly back to their low diastolic levels. Then the A-V valves open to begin a new cycle of ventricular 

pumping. 

End-diastolic volume, end-systolic volume, and stroke volume output. 
 During diastole, normal filling of the ventricles increases the volume of each ventricle to about 110 to 120 

milliliters. This volume is called the end-diastolic volume. Then, as the ventricles empty during systole, the 

volume decreases about 70 milliliters, which is called the stroke volume output. The remaining volume in 

each ventricle, about 40 to 50 milliliters, is called the end-systolic volume. The fraction of the end-diastolic 

volume that is ejected is called the ejection fraction— usually equal to about 60 per cent. 
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When the heart contracts strongly, the end-systolic volume can be decreased to as little as 10 to 20 

milliliters. Conversely, when large amounts of blood flow into the ventricles during diastole, the ventricular 

enddiastolic volumes can become as great as 150 to 180 milliliters in the healthy heart. By both increasing 

the end-diastolic volume and decreasing the end-systolic volume, the stroke volume output can be increased 

to more than double normal. 

Regulation of Heart Pumping 
When a person is at rest, the heart pumps only 4 to 6 liters of blood each minute.. The basic means by which 

the volume pumped by the heart is regulated are:  

(1) Intrinsic cardiac regulation of pumping in response to changes in volume of blood flowing into the heart   

(2) Control of heart rate and strength of heart pumping by the autonomic nervous system. 

(1) .Intrinsic regulation of heart  pumping—The Frank-Starling  mechanism 

 The amount of blood pumped by the heart each minute is determined almost entirely by the rate of blood flow 

into the heart from the veins, which is called venous return. That is, each peripheral tissue of the body 

controls its own local blood flow, and all the local tissue flows combine and return by way of the veins to the 

right atrium. The heart, in turn, automatically pumps this incoming blood into the arteries, so that it can flow 

around the circuit again. 

This intrinsic ability of the heart to adapt to increasing volumes of inflowing blood is called the Frank- 

Starling mechanism of the heart, in honor of Frank and Starling, two great physiologists of a century ago. 

Basically, the Frank-Starling mechanism means that the greater the heart muscle is stretched during filling, 

the greater is the force of contraction and the greater the quantity of blood pumped into the aorta. Or, stated 

another way: Within physiologic limits, the heart pumps all the blood that returns to it by the way of the veins. 

- What is the explanation of the Frank-Starling mechanism? 
When an extra amount of blood flows into the ventricles, the cardiac muscle itself is stretched to greater 

length. This in turn causes the muscle to contract with increased force because the actin and myosin filaments 

are brought to a more nearly optimal degree of overlap for force generation. Therefore, the ventricle, because 

of its increased pumping, automatically pumps the extra blood into the arteries. 

This ability of stretched muscle, up to an optimal length, to contract with increased work output is 

characteristic of all striated muscle, and is not simply a characteristic of cardiac muscle.  In addition to the 

important effect of lengthening the heart muscle, still another factor increases heart pumping when its volume 

is increased. Stretch of the  right atrial wall directly increases the heart rate by  10 to 20 per cent; this, too, 

helps increase the amount  of blood pumped each minute, although its contribution  is much less than that of 

the Frank-Starling  mechanism.  

Ventricular function curves 
One of the best ways to express the functional ability of the ventricles to pump blood is by ventricular function 

curves, as shown in Figures below. Right figure shows a type of ventricular function curve called the stroke 

work output curve. Note that as the atrial pressure for each side of the heart increases, the stroke work output 

for that side increases until it reaches the limit of the ventricle’s pumping ability. Left figure below shows 

another type of ventricular function curve called the ventricular volume output curve. The two curves of this 

figure represent function of the two ventricles of the human heart based on data extrapolated from lower 

animals. As the right and left atrial pressures increase, the respective ventricular volume outputs per minute 

also increase. Thus, ventricular function curves are another way of expressing the Frank-Starling mechanism 

of the heart. That is, as the ventricles fill in response to higher atrial pressures, each ventricular volume and 

strength of cardiac muscle contraction increase, causing the heart to pump increased quantities of blood into 

the arteries. 
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(2). Control of the heart by the sympathetic and parasympathetic nerves 

The pumping effectiveness of the heart also is controlled by the sympathetic and parasympathetic (vagus) 

nerves, which abundantly supply the heart, as shown in Figure below. For given levels of input atrial 

pressure, the amount of blood pumped each minute (cardiac output) often can be increased more than 100 per 

cent by sympathetic stimulation. By contrast, the output can be decreased to as low as zero or almost zero by 

vagal (parasympathetic) stimulation. 

 

- Mechanisms of excitation of the heart by the sympathetic nerves.  

Strong sympathetic stimulation can increase the heart rate in young adult humans from the normal rate of 70 

beats per minute up to 180 to 200 and, rarely, even 250 beats per minute. Also, sympathetic stimulation 

increases the force of heart contraction to as much as double normal, thereby increasing the volume of blood 

pumped and increasing the ejection pressure.  Thus, sympathetic stimulation often can increase the maximum 

cardiac output as much as twofold to threefold, in addition to the increased output caused by the Frank-

Starling mechanism already discussed. Conversely, inhibition of the sympathetic nerves to the heart can 

decrease cardiac pumping to a moderate extent in the following way: Under normal conditions, the 

sympathetic nerve fibers to the heart discharge continuously at a slow rate that maintains pumping at about 

30 per cent above that with no sympathetic stimulation. Therefore, when the activity of the sympathetic 
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nervous system is depressed below normal, this decreases both heart rate and strength of ventricular muscle 

contraction, thereby decreasing the level of cardiac pumping as much as 30 per cent below normal. 

- Parasympathetic (Vagal) stimulation of the heart. 

 Strong stimulation of the parasympathetic nerve fibers in the vagus nerves to the heart can stop the heartbeat 

for a few seconds, but then the heart usually “escapes” and beats at a rate of 20 to 40 beats per minute as 

long as the parasympathetic stimulation continues. In addition, strong vagal stimulation can decrease the 

strength of heart muscle contraction by 20 to 30 per cent. 

The vagal fibers are distributed mainly to the atria and not much to the ventricles, where the power 

contraction of the heart occurs. This explains the effect of vagal stimulation mainly to decrease heart rate 

rather than to decrease greatly the strength of heart contraction. Nevertheless, the great decrease in heart 

rate combined with a slight decrease in heart contraction strength can decrease ventricular pumping 50 per 

cent or more. 

- Effect of sympathetic or parasympathetic stimulation on the cardiac function 

curve: 
 Figure below shows four cardiac function curves. They represent function of the entire heart rather than of a 

single ventricle; they show the relation between right atrial pressure at the input of the right heart and 

cardiac output from the left ventricle into the aorta. 

These curves demonstrate that at any given right atrial pressure, the cardiac output increases during 

increased sympathetic stimulation and decreases during increased parasympathetic stimulation. These 

changes in output caused by nerve stimulation result both from changes in heart rate and from changes in 

contractile strength of the heart because both change in response to the nerve stimulation. 

 

Effect of Potassium and Calcium Ions on Heart Function 

In the membrane potentials, it was pointed out that potassium ions have a marked effect on membrane 

potentials, and also it was noted that calcium ions play an especially important role in activating the muscle 

contractile process. Therefore, it is to be expected that the concentration of each of these two ions in the 

extracellular fluids should also have important effects on cardiac pumping. 

- Effect of potassium ions.  

Excess potassium in the extracellular fluids causes the heart to become dilated and flaccid and also slows the 

heart rate. Large quantities also can block conduction of the cardiac impulse from the atria to the ventricles 
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through the A-V bundle. Elevation of potassium concentration to only 8 to 12 mEq/L—two to three times the 

normal value—can cause such weakness of the heart and abnormal rhythm that this can cause death. These 

effects result partially from the fact that a high potassium concentration in the extracellular fluids decreases 

the resting membrane potential in the cardiac muscle fibers. As the membrane potential decreases, the 

intensity of the action potential also decreases, which makes contraction of the heart progressively weaker. 

- Effect of calcium ions.  
An excess of calcium ions causes effects almost exactly opposite to those of potassium ions, causing the heart 

to go toward spastic contraction. This is caused by a direct effect of calcium ions to initiate the cardiac 

contractile process. Conversely, deficiency of calcium ions causes cardiac flaccidity, similar to the effect of 

high potassium. Fortunately, however, calcium ion levels in the blood normally are regulated within a very 

narrow range. Therefore, cardiac effects of abnormal calcium concentrations are seldom of clinical concern.  

Effect of temperature on heart function 

Increased body temperature, as occurs when one has fever, causes a greatly increased heart rate, sometimes 

to as fast as double normal. Decreased temperature causes a greatly decreased heart rate, falling to as low as 

a few beats per minute when a person is near death from hypothermia in the body temperature range of 60° to 

70°F. These effects presumably result from the fact that heat increases the permeability of the cardiac muscle 

membrane to ions that control heart rate, resulting in acceleration of the self-excitation process. Contractile 

strength of the heart often is enhanced temporarily by a moderate increase in temperature, as occurs during 

body exercise, but prolonged elevation of temperature exhausts the metabolic systems of the heart and 

eventually causes weakness. Therefore, optimal function of the heart depends greatly on proper control of 

body temperature by the temperature control mechanisms.   

Increasing the arterial pressure load does not decrease the cardiac output 
Note in Figure below that increasing the arterial pressure in the aorta does not decrease the cardiac output 

until the mean arterial pressure rises above about 160 mm Hg. In other words, during normal function of the 

heart at normal systolic arterial pressures (80 to 140 mm Hg), the cardiac output is determined almost 

entirely by the ease of blood flow through the body’s tissues, which in turn controls venous return of blood to 

the heart.   
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Rhythmical Excitation of the Heart 
The heart is provided with a special system for:  

(1) Generating rhythmical electrical impulses to cause rhythmical contraction of the heart muscle.  

(2) Conducting these impulses rapidly through the heart. 

When this system functions normally, the atria contract about one sixth of a second ahead of ventricular 

contraction, which allows filling of the ventricles before they pump the blood through the lungs and 

peripheral circulation. Another special importance of the system is that it allows all portions of the 

ventricles to contract almost simultaneously, which is essential for most effective pressure generation in 

the ventricular chambers. 

This rhythmical and conductive system of the heart is susceptible to damage by heart disease, especially 

by ischemia of the heart tissues resulting from poor coronary blood flow. The result is often a bizarre 

heart rhythm or abnormal sequence of contraction of the heart chambers, and the pumping effectiveness 

of the heart often is affected severely, even to the extent of causing death. 

Specialized excitatory and conductive system of the heart 

Figure below shows the specialized excitatory and conductive system of the heart that controls cardiac 

contractions. The figure shows the sinus node (also called sinoatrial or S-A node), in which the normal 

rhythmical impulse is generated; the internodal pathways that conduct the impulse from the sinus node 

to the atrioventricular (A-V) node; the A-V node, in which the impulse from the atria is delayed before 

passing into the ventricles; the A-V bundle, which conducts the impulse from the atria into the 

ventricles; and the left and right bundle branches of Purkinje fibers, which conduct the cardiac impulse 

to all parts of the ventricles. 

 

Sinus (Sinoatrial) node 
The sinus node (also called sinoatrial node) is a small, flattened, ellipsoid strip of specialized cardiac 

muscle about 3 millimeters wide, 15 millimeters long, and 1 millimeter thick. It is located in the superior 

posterolateral wall of the right atrium immediately below and slightly lateral to the opening of the 

superior vena cava. The fibers of this node have almost no contractile muscle filaments and are each 

only 3 to 5 micrometers in diameter, in contrast to a diameter of 10 to 15 micrometers for the 



 

 13 

surrounding atrial muscle fibers. However, the sinus nodal fibers connect directly with the atrial muscle 

fibers, so that any action potential that begins in the sinus node spreads immediately into the atrial 

muscle wall. 

- Automatic electrical rhythmicity of the sinus fibers 
Some cardiac fibers have the capability of self-excitation, a process that can cause automatic 

rhythmical discharge and contraction. This is especially true of the fibers of the heart’s specialized 

conducting system, including the fibers of the sinus node. For this reason, the sinus node ordinarily 

controls the rate of beat of the entire heart. 

- Mechanism of sinus nodal rhythmicity.  
Figure below shows action potentials recorded from inside a sinus nodal fiber for three heartbeats and, 

by comparison, a single ventricular muscle fiber action potential. Note that the “resting membrane 

potential” of the sinus nodal fiber between discharges has a negativity of about -55 to -60 millivolts, in 

comparison with -85 to -90 millivolts for the ventricular muscle fiber. The cause of this lesser negativity 

is that the cell membranes of the sinus fibers are naturally leaky to sodium and calcium ions, and 

positive charges of the entering sodium and calcium ions neutralize much of the intracellular negativity. 

 To explain the rhythmicity of the sinus nodal fibers, the cardiac muscle has three types of membrane 

ion channels that play important roles in causing the voltage changes of the action potential. They are: 

 (1) Fast sodium channels.  

 (2) L- Type calcium channels (Slow sodium calcium channels).  

 (3) Potassium channels.  

Opening of the fast sodium channels for a few 10,000ths of a second is responsible for the rapid 

upstroke spike of the action potential observed in ventricular muscle, because of rapid influx of positive 

sodium ions to the interior of the fiber. Then the “plateau” of the ventricular action potential is caused 

primarily by slower opening of the slow sodium-calcium channels, which lasts for about 0.3 second. 

Finally, opening of potassium channels allows diffusion of large amounts of positive potassium ions in 

the outward direction through the fiber membrane and returns the membrane potential to its resting 

level. But there is a difference in the function of these channels in the sinus nodal fiber because the 

“resting” potential is much less negative—only -55 millivolts in the nodal fiber instead of the -90 

millivolts in the ventricular muscle fiber. At this level of -55 millivolts, the fast sodium channels mainly 

have already become “inactivated,” which means that they have become blocked. The cause of this is 

that any time the membrane potential remains less negative than about -55 millivolts for more than a 

few milliseconds, the inactivation gates on the inside of the cell membrane that close the fast sodium 

channels become closed and remain so. Therefore, only the slow sodium-calcium channels can open 

(i.e., can become “activated”) and thereby cause the action potential. As a result, the atrial nodal 

action potential is slower to develop than the action potential of the ventricular muscle. Also, after the 

action potential does occur, return of the potential to its negative state occurs slowly as well, rather 

than the abrupt return that occurs for the ventricular fiber. 
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- Self-excitation of sinus nodal fibers.  

Because of the high sodium ion concentration in the extracellular fluid outside the nodal fiber, as well 

as a moderate number of already open sodium channels, positive sodium ions from outside the fibers 

normally tend to leak to the inside. Therefore, between heartbeats, influx of positively charged sodium 

ions causes a slow rise in the resting membrane potential in the positive direction. Thus, as shown in 

figure above, the “resting” potential gradually rises between each two heartbeats. When the potential 

reaches a threshold voltage of about -40 millivolts, the sodium-calcium channels become “activated,” 

thus causing the action potential. Therefore, basically, the inherent leakiness of the sinus nodal fibers to 

sodium and calcium ions causes their self-excitation. 

Why does this leakiness to sodium and calcium ions not cause the sinus nodal fibers to remain 

depolarized all the time? The answer is that two events occur during the course of the action potential 

to prevent this. First, the L- Type calcium channels become inactivated (i.e., they close) within about 

100 to 150 milliseconds after opening, and second, at about the same time, greatly increased numbers 

of potassium channels open. Therefore, influx of positive calcium and sodium ions through the L- Type 

calcium channels ceases, while at the same time large quantities of positive potassium ions diffuse out of 

the fiber. Both of these effects reduce the intracellular potential back to its negative resting level and 

therefore terminate the action potential. Furthermore, the potassium channels remain open for another 

few tenths of a second, temporarily continuing movement of positive charges out of the cell, with 

resultant excess negativity inside the fiber; this is called hyperpolarization. The hyperpolarization state 

initially carries the “resting” membrane potential down to about -55 to -60 millivolts at the termination 

of the action potential. 

Last, we must explain why this new state of hyperpolarization is not maintained forever. The reason is 

that during the next few tenths of a second after the action potential is over, progressively more and 

more potassium channels close. The inward-leaking sodium and calcium ions once again overbalance 

the outward flux of potassium ions, and this causes the “resting” potential to drift upward once more, 

finally reaching the threshold level for discharge at a potential of about -40 millivolts. Then the entire 

process begins again: 

self-excitation to cause the action potential, recovery from the action potential, hyperpolarization after 

the action potential is over, drift of the “resting” potential to threshold, and finally re-excitation to elicit 

another cycle. This process continues indefinitely throughout a person’s life. 
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-Internodal pathways and transmission of the cardiac impulse through the 

atria 

The ends of the sinus nodal fibers connect directly with surrounding atrial muscle fibers. Therefore, 

action potentials originating in the sinus node travel outward into these atrial muscle fibers. In this way, 

the action potential spreads through the entire atrial muscle mass and, eventually, to the A-V node. The 

velocity of conduction in most atrial muscle is about 0.3 m/sec, but conduction is more rapid, about 1 

m/sec, in several small bands of atrial fibers. One of these, called the anterior interatrial band, passes 

through the anterior walls of the atria to the left atrium. In addition, three other small bands curve 

through the anterior, lateral, and posterior atrial walls and terminate in the A-V node; shown in figures 

above, these are called, respectively, the anterior, middle, and posterior internodal pathways. The cause 

of more rapid velocity of conduction in these bands is the presence of specialized conduction fibers. 

These fibers are similar to even more rapidly conducting “Purkinje fibers” of the ventricles. 

A-V node and delay of impulse conduction from the atria to the ventricles: 
The atrial conductive system is organized so that the cardiac impulse does not travel from the atria into 

the ventricles too rapidly; this delay allows time for the atria to empty their blood into the ventricles 

before ventricular contraction begins. It is primarily the A-V node and its adjacent conductive fibers 

that delay this transmission into the ventricles. 

The A-V node is located in the posterior wall of the right atrium immediately behind the tricuspid valve, 

as   in figure below which shows diagrammatically the different parts of this node, plus its connections 

with the entering atrial internodal pathway fibers and the exiting A-V bundle. The figure also shows the 

approximate intervals of time in fractions of a second between initial onset of the cardiac impulse in the 

sinus node and its subsequent appearance in the A-V nodal system. Note that the impulse, after traveling 

through the internodal pathways, reaches the A-V node about 0.03 second after its origin in the sinus 

node. Then there is a delay of another 0.09 second in the A-V node itself before the impulse enters the 

penetrating portion of the A-V bundle, where it passes into the ventricles. A final delay of another 0.04 

second occurs mainly in this penetrating A-V bundle, which is composed of multiple small fascicles 

passing through the fibrous tissue separating the atria from the ventricles. 

Thus, the total delay in the A-V nodal and A-V bundle system is about 0.13 second. This, in addition to 

the initial conduction delay of 0.03 second from the sinus node to the A-V node, makes a total delay of 

0.16 second before the excitatory signal finally reaches the contracting muscle of the ventricles. 
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- Cause of the slow conduction.  
The slow conduction in the transitional, nodal, and penetrating A-V bundle fibers is caused mainly by 

diminished numbers of gap junctions between successive cells in the conducting pathways, so that there 

is great resistance to conduction of excitatory ions from one conducting fiber to the next. Therefore, it is 

easy to see why each succeeding cell is slow to be excited. 
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    Rhythmical Excitation of the Heart 
Rapid transmission in the ventricular purkinje system 
Special Purkinje fibers lead from the A-V node through the A-V bundle into the ventricles. Except for 

the initial portion of these fibers where they penetrate the A-V fibrous barrier, they have functional 

characteristics that are quite the opposite of those of the A-V nodal fibers. They are very large fibers, 

even larger than the normal ventricular muscle fibers, and they transmit action potentials at a velocity 

of 1.5 to 4.0 m/sec, a velocity about 6 times that in the usual ventricular muscle and 150 times that in 

some of the A-V nodal fibers. This velocity allows almost instantaneous transmission of the cardiac 

impulse throughout the entire remainder of the ventricular muscle. 

The rapid transmission of action potentials by Purkinje fibers is believed to be caused by a very high 

level of permeability of the gap junctions at the intercalated discs between the successive cells that make 

up the Purkinje fibers. Therefore, ions are transmitted easily from one cell to the next, thus enhancing 

the velocity of transmission. The Purkinje fibers also have very few myofibrils, which means that they 

contract little or not at all during the course of impulse transmission. 

- One-way conduction through the A-V bundle.  
A special characteristic of the A-V bundle is the inability, except in abnormal states, of action potentials 

to travel backward from the ventricles to the atria. This prevents re-entry of cardiac impulses by this 

route from the ventricles to the atria, allowing only forward conduction from the atria to the ventricles. 

Furthermore, it should be recalled that everywhere, except at the A-V bundle, the atrial muscle is 

separated from the ventricular muscle by a continuous fibrous barrier, a portion of which is shown in 

figure above. This barrier normally acts as an insulator to prevent passage of the cardiac impulse 

between atrial and ventricular muscle through any other route besides forward conduction through the 

A-V bundle itself.   

Distribution of the purkinje fibers in the ventricles—the left and right 

bundle branches. 
 After penetrating the fibrous tissue between the atrial and ventricular muscle, the distal portion of the 

A-V bundle passes downward in the ventricular septum for 5 to 15 millimeters toward the apex of the 

heart, then the bundle divides into left and right bundle branches that lie beneath the endocardium on 

the two respective sides of the ventricular septum. Each branch spreads downward toward the apex of 

the ventricle, progressively dividing into smaller branches. These branches in turn course sidewise 

around each ventricular chamber and back toward the base of the heart. The ends of the Purkinje fibers 

penetrate about one third the way into the muscle mass and finally become continuous with the cardiac 

muscle fibers. 

From the time the cardiac impulse enters the bundle branches in the ventricular septum until it reaches 

the terminations of the Purkinje fibers, the total elapsed time averages only 0.03 second. Therefore, 

once the cardiac impulse enters the ventricular Purkinje conductive system, it spreads almost 

immediately to the entire ventricular muscle mass. 

Transmission of the cardiac impulse in the ventricular muscle 
Once the impulse reaches the ends of the Purkinje fibers, it is transmitted through the ventricular 

muscle mass by the ventricular muscle fibers themselves. The velocity of transmission is now only 0.3 to 

0.5 m/sec, one sixth that in the Purkinje fibers. 
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The cardiac muscle wraps around the heart in a double spiral, with fibrous septa between the spiraling 

layers; therefore, the cardiac impulse does not necessarily travel directly outward toward the surface of 

the heart but instead angulates toward the surface along the directions of the spirals. Because of this, 

transmission from the endocardial surface to the epicardial surface of the ventricle requires as much as 

another 0.03 second, approximately equal to the time required for transmission through the entire 

ventricular portion of the Purkinje system. Thus, the total time for transmission of the cardiac impulse 

from the initial bundle branches to the last of the ventricular muscle fibers in the normal heart is about 

0.06 second. 

Summary of the spread of the cardiac impulse through the heart 
Figure below shows in summary form the transmission of the cardiac impulse through the human heart. 

The numbers on the figure represent the intervals of time, in fractions of a second, that lapse between 

the origin of the cardiac impulse in the sinus node and its appearance at each respective point in the 

heart. Note that the impulse spreads at moderate velocity through the atria but is delayed more than 0.1 

second in the A-V nodal region before appearing in the ventricular septal A-V bundle. Once it has 

entered this bundle, it spreads very rapidly through the Purkinje fibers to the entire endocardial 

surfaces of the ventricles. Then the impulse once again spreads slightly less rapidly through the 

ventricular muscle to the epicardial surfaces. It is extremely important to learn the course of the cardiac 

impulse through the heart and the precise times of its appearance in each separate part of the heart, 

because a thorough quantitative knowledge of this process is essential to the understanding of 

electrocardiography. 
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Control of excitation and conduction in the heart 

The sinus node is the normal pacemaker of the heart 
In the discussion thus far of the genesis and transmission of the cardiac impulse through the heart, we 

have noted that the impulse normally arises in the sinus node. In some abnormal conditions, this is not 

the case. A few other parts of the heart can exhibit intrinsic rhythmical excitation in the same way that 

the sinus nodal fibers do; this is particularly true of the A-V nodal and Purkinje fibers. 

The A-V nodal fibers, when not stimulated from some outside source, discharge at an intrinsic 

rhythmical rate of 40 to 60 times per minute, and the Purkinje fibers discharge at a rate somewhere 

between 15 and 40 times per minute. These rates are in contrast to the normal rate of the sinus node of 

70 to 80 times per minute. The question we must ask is: Why does the sinus node rather than the A-V 

node or the Purkinje fibers control the heart’s rhythmicity? The answer derives from the fact that the 

discharge rate of the sinus node is considerably faster than the natural self-excitatory discharge rate of 

either the A-V node or the Purkinje fibers. Each time the sinus node discharges, its impulse is conducted 

into both the A-V node and the Purkinje fibers, also discharging their excitable membranes. But the 

sinus node discharges again before either the A-V node or the Purkinje fibers can reach their own 

thresholds for self-excitation. Therefore, the new impulse from the sinus node discharges both the A-V 

node and the Purkinje fibers before self-excitation can occur in either of these. Thus, the sinus node 

controls the beat of the heart because its rate of rhythmical discharge is faster than that of any other 

part of the heart. Therefore, the sinus node is virtually always the pacemaker of the normal heart. 
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Abnormal Pacemakers—“Ectopic” Pacemaker.  
Occasionally some other part of the heart develops a rhythmical discharge rate that is more rapid than 

that of the sinus node. For instance, this development sometimes occurs in the A-V node or in the 

Purkinje fibers when one of these becomes abnormal. In either case, the pacemaker of the heart shifts 

from the sinus node to the A-V node or to the excited Purkinje fibers. Under rarer conditions, a place in 

the atrial or ventricular muscle develops excessive excitability and becomes the pacemaker. 

A pacemaker elsewhere than the sinus node is called an “ectopic” pacemaker. An ectopic pacemaker 

causes an abnormal sequence of contraction of the different parts of the heart and can cause significant 

debility of heart pumping. 

Another cause of shift of the pacemaker is blockage of transmission of the cardiac impulse from the 

sinus node to the other parts of the heart. The new pacemaker then occurs most frequently at the A-V 

node or in the penetrating portion of the A-V bundle on the way to the ventricles. 

When A-V block occurs—that is, when the cardiac impulse fails to pass from the atria into the ventricles 

through the A-V nodal and bundle system—the atria continue to beat at the normal rate of rhythm of the 

sinus node, while a new pacemaker usually develops in the Purkinje system of the ventricles and drives 

the ventricular muscle at a new rate somewhere between 15 and 40 beats per minute. After sudden A-V 

bundle block, the Purkinje system does not begin to emit its intrinsic rhythmical impulses until 5 to 20 

seconds later because, before the blockage, the Purkinje fibers had been “overdriven” by the rapid 

sinus impulses and, consequently, are in a suppressed state. During these 5 to 20 seconds, the ventricles 

fail to pump blood, and the person faints after the first 4 to 5 seconds because of lack of blood flow to 

the brain. This delayed pickup of the heartbeat is called Stokes- Adams syndrome. If the delay period is 

too long, it can lead to death. 
Role of the purkinje system in causing synchronous contraction of the 

ventricular muscle: 
It is clear from our description of the Purkinje system that normally the cardiac impulse arrives at 

almost all portions of the ventricles within a narrow span of time, exciting the first ventricular muscle 

fiber only 0.03 to 0.06 second ahead of excitation of the last ventricular muscle fiber. This causes all 

portions of the ventricular muscle in both ventricles to begin contracting at almost the same time and 

then to continue contracting for about another 0.3 second. Effective pumping by the two ventricular 

chambers requires this synchronous type of contraction. If the cardiac impulse should travel through the 

ventricles slowly, much of the ventricular mass would contract before contraction of the remainder, in 

which case the overall pumping effect would be greatly depressed.   

Control of heart rhythmicity and impulse conduction by the cardiac nerves:  
The heart is supplied with both sympathetic and parasympathetic nerves, as shown previously, the 

parasympathetic nerves (the vagi) are distributed mainly to the S-A and A-V nodes, to a lesser extent to 

the muscle of the two atria, and very little directly to the ventricular muscle. The sympathetic nerves, 

conversely, are distributed to all parts of the heart, with strong representation to the ventricular muscle 

as well as to all the other areas. 

- Parasympathetic stimulation can slow or even block cardiac rhythm 

and conduction “Ventricular Escape.” 
Stimulation of the parasympathetic nerves to the heart (the vagi) causes the hormone acetylcholine to be 

released at the vagal endings. This hormone has two major effects on the heart.  

1.  It decreases the rate of rhythm of the sinus node. 
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2. It decreases the excitability of the A-V junctional fibers between the atrial musculature and the A-V 

node, thereby slowing transmission of the cardiac impulse into the ventricles. 

Weak to moderate vagal stimulation slows the rate of heart pumping, often to as little as one half 

normal. And strong stimulation of the vagi can stop completely the rhythmical excitation by the sinus 

node or block completely transmission of the cardiac impulse from the atria into the ventricles through 

the A-V mode. In either case, rhythmical excitatory signals are no longer transmitted into the ventricles. 

The ventricles stop beating for 5 to 20 seconds, but then some point in the Purkinje fibers, usually in the 

ventricular septal portion of the A-V bundle, develops a rhythm of its own and causes ventricular 

contraction at a rate of 15 to 40 beats per minute. This phenomenon is called ventricular escape.  

- Effect of sympathetic stimulation on cardiac rhythm and conduction. 
Sympathetic stimulation causes essentially the opposite effects on the heart to those caused by vagal 

stimulation, as follows:  

1. Increases the rate of sinus nodal discharge.  

2. Increases the rate of conduction as well as the level of excitability in all portions of the heart.  

3. Increases greatly the force of contraction of all the cardiac musculature, both atrial and ventricular.  

In short, sympathetic stimulation increases the overall activity of the heart. Maximal stimulation can 

almost triple the frequency of heartbeat and can increase the strength of heart contraction as much as 

twofold. 
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   The Normal Electrocardiogram 
When the cardiac impulse passes through the heart, electrical current also spreads from the heart into 

the adjacent tissues surrounding the heart. A small portion of the current spreads all the way to the 

surface of the body. If electrodes are placed on the skin on opposite sides of the heart, electrical 

potentials generated by the current can be recorded; the recording is known as an electrocardiogram. 

A normal electrocardiogram for two beats of the heart is shown in Figure below. 

 

Characteristics of the normal electrocardiogram: 
The normal electrocardiogram, see figure above is composed of a P wave, a QRS complex, and a T 

wave. The QRS complex is often, but not always, three separate waves: the Q wave, the R wave, and 

the S wave. The P wave is caused by electrical potentials generated when the atria depolarize before 

atrial contraction begins. The QRS complex is caused by potentials generated when the ventricles 

depolarize before contraction, that is, as the depolarization wave spreads through the ventricles. 

Therefore, both the P wave and the components of the QRS complex are depolarization waves.  The T 

wave is caused by potentials generated as the ventricles recover from the state of depolarization. This 

process normally occurs in ventricular muscle 0.25 to 0.35 second after depolarization, and the T 

wave is known as a repolarization wave. Thus, the electrocardiogram is composed of both 

depolarization and repolarization waves. The distinction between depolarization waves and 

repolarization waves is so important in electrocardiography that further clarification is needed. 

Depolarization Waves Versus Repolarization Waves 
Figure 11-2 shows a single cardiac muscle fiber in four stages of depolarization and repolarization, 

with the color red designating depolarization. During depolarization, the normal negative potential 

inside the fiber reverses and becomes slightly positive inside and negative outside. 
In Figure 11-2A, depolarization, demonstrated by red positive charges inside and red negative charges 

outside, is traveling from left to right. The first half of the fiber has already depolarized, while the 

remaining half is still polarized. 

Therefore, the left electrode on the outside of the fiber is in an area of negativity, and the right electrode 

is in an area of positivity, which causes the meter to record positively. To the right of the muscle fiber is 

shown a record of changes in potential between the two electrodes, as recorded by a high-speed 

recording meter. Note that when depolarization has reached the halfway mark 

in Figure 11-2A, the record has risen to a maximum positive value. 
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In Figure 11-2B, depolarization has extended over the entire muscle fiber, and the recording to the 

right has returned to the zero baseline because both electrodes are now in areas of equal negativity. The 

completed wave is a depolarization wave because it results from spread of depolarization along the 

muscle fiber membrane. 

Figure 11-2C shows halfway repolarization of the same muscle fiber, with positivity returning to the 

outside of the fiber. At this point, the left electrode is in an area of positivity, and the right electrode is 

in an area of negativity. 

This polarity is opposite to the polarity in Figure 11-2A. Consequently, the recording, as shown to the 

right, becomes negative. 

In Figure 11-2D, the muscle fiber has completely repolarized, and both electrodes are now in areas of 

positivity so that no potential difference is recorded between them. Thus, in the recording to the right, 

the potential returns once more to zero. This completed negative wave is a repolarization wave because 

it results from spread of repolarization along the muscle fiber membrane. 

 

Relation of the Monophasic Action Potential of Ventricular Muscle to the 
QRS and T Waves in the Standard Electrocardiogram.  
The monophasic action potential of ventricular muscle, discussed previously, normally lasts between 

0.25 and 0.35 second. The top part of figure below shows a monophasic action potential recorded 

from a microelectrode inserted to the inside of a single ventricular muscle fiber. The upsweep of this 

action potential is caused by depolarization, and the return of the potential to the baseline is caused 

by repolarization. 

The lower half of figure below shows a simultaneous recording of the ECG from this same ventricle. 

Note that the QRS waves appear at the beginning of the monophasic action potential and the T wave 

appears at the end. Note especially that no potential is recorded in the ECG when the ventricular 

muscle is either completely polarized or completely depolarized. Only when the muscle is partly 

polarized and partly depolarized does current flow from one part of the ventricles to another part, 

and therefore current also flows to the surface of the body to produce the ECG. 
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Relationship of atrial and ventricular contraction to the waves of the ECG 
Before contraction of muscle can occur, depolarization must spread through the muscle to initiate the 

chemical processes of contraction. Refer to figure above; the P wave occurs at the beginning of 

contraction of the atria, and the QRS complex of waves occurs at the beginning of contraction of the 

ventricles. The ventricles remain contracted until after repolarization has occurred, that is, until after 

the end of the T wave. The atria repolarize about 0.15 to 0.20 second after termination of the P wave. 

This is also approximately when the QRS complex is being recorded in the electrocardiogram. 

Therefore, the atrial repolarization wave, known as the atrial T wave, is usually obscured by the much 

larger QRS complex. For this reason, an atrial T wave seldom is observed in the electrocardiogram. 

The ventricular repolarization wave is the T wave of the normal electrocardiogram. Ordinarily, 

ventricular muscle begins to repolarize in some fibers about 0.20 second after the beginning of the 

depolarization wave (the QRS complex), but in many other fibers, it takes as long as 0.35 second. 

Thus, the process of ventricular repolarization extends over a long period, about 0.15 second. For this 

reason, the T wave in the normal electrocardiogram is a prolonged wave, but the voltage of the T wave 

is considerably less than the voltage of the QRS complex, partly because of its prolonged length. 

Voltage and time calibration of the electrocardiogram 

All recordings of electrocardiograms are made with appropriate calibration lines on the recording 

paper. Either these calibration lines are already ruled on the paper, as is the case when a pen 

recorder is used, or they are recorded on the paper at the same time that the electrocardiogram is 

recorded, which is the case with the photographic types of electrocardiographs. As shown in first 

diagram above, the horizontal calibration lines are arranged so that 10 of the small line divisions 

upward or downward in the standard electrocardiogram represent 1 millivolt, with positivity in the 

upward direction and negativity in the downward direction. The vertical lines on the 

electrocardiogram are time calibration lines. Each inch in the horizontal direction is 1 second, and 

each inch is usually broken into five segments by dark vertical lines; the intervals between these dark 

lines represent 0.20 second. The 0.20 second intervals are then broken into five smaller intervals by 

thin lines, each of which represents 0.04 second. 

- Normal voltages in the electrocardiogram.  
The recorded voltages of the waves in the normal electrocardiogram depend on the manner in which 

the electrodes are applied to the surface of the body and how close the electrodes are to the heart. 

When one electrode is placed directly over the ventricles and a second electrode is placed elsewhere 

on the body remote from the heart, the voltage of the QRS complex may be as great as 3 to 4 millivolts. 

Even this voltage is small in comparison with the monophasic action potential of 110 millivolts 

recorded directly at the heart muscle membrane. When electrocardiograms are recorded from 
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electrodes on the two arms or on one arm and one leg, the voltage of the QRS complex usually is 1.0 to 

1.5 millivolt from the top of the R wave to the bottom of the S wave; the voltage of the P wave is 

between 0.1 and 0.3 millivolt; and that of the T wave is between 0.2 and 0.3 millivolt. 

- P-Q or P-R Interval.  
The time between the beginning of the P wave and the beginning of the QRS complex is the interval 

between the beginning of electrical excitation of the atria and the beginning of excitation of the 

ventricles. This period is called the P-Q interval. The normal P-Q interval is about 0.16 second. (Often 

this interval is called the P-R interval because the Q wave is likely to be absent.) 

- Q-T Interval.  
Contraction of the ventricle lasts almost from the beginning of the Q wave (or R wave, if the Q wave is 

absent) to the end of the T wave. This interval is called the Q-T interval and ordinarily is about 0.35 

second. 

- Rate of heartbeat as determined from the electrocardiogram. 
The rate of heartbeat can be determined easily from an electrocardiogram because the heart rate is 

the reciprocal of the time interval between two successive heartbeats. If the interval between two beats 

as determined from the time calibration lines is 1 second, the heart rate is 60 beats per minute. The 

normal interval between two successive QRS complexes in the adult person is about 0.83 second. This 

is a heart rate of 60/0.83 times per minute or 72 beats per minute. 

Electrocardiographic Leads: 

(A) Three bipolar limb leads 
Figure below shows electrical connections between the patient’s limbs and the electrocardiograph for 

recording electrocardiograms from the so-called standard bipolar limb leads. The term “bipolar” 

means that the electrocardiogram is recorded from two electrodes located on different sides of the 

heart, in this case, on the limbs. Thus, a “lead” is not a single wire connecting from the body but a 

combination of two wires and their electrodes to make a complete circuit between the body and the 

electrocardiograph. The electrocardiograph in each instance is represented by an electrical meter in 

the diagram, although the actual electrocardiograph is a high-speed recording meter with a moving 

paper. 

Lead I. In recording limb lead I, the negative terminal of the electrocardiograph is connected to the 

right arm and the positive terminal to the left arm. Therefore, when the point where the right arm 

connects to the chest is electronegative with respect to the point where the left arm connects, the 

electrocardiograph records positively, that is, above the zero voltage line in the electrocardiogram. 

When the opposite is true, the electrocardiograph records below the line. 

Lead II. To record limb lead II, the negative terminal of the electrocardiograph is connected to the 

right arm and the positive terminal to the left leg. Therefore, when the right arm is negative with 

respect to the left leg, the electrocardiograph records positively. 

Lead III. To record limb lead III, the negative terminal of the electrocardiograph is connected to the 

left arm and the positive terminal to the left leg. This means that the electrocardiograph records 

positively when the left arm is negative with respect to the left leg. 
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    The Normal Electrocardiogram 
Normal ECG recorded from the three standard bipolar limb leads.  
Figure below shows recordings of the electrocardiograms in leads I, II, and III. It is obvious that the 

electrocardiograms in these three leads are similar to one another because they all record positive P 

waves and positive T waves, and the major portion of the QRS complex is also positive in each 

electrocardiogram. On analysis of the three electrocardiograms, it can be shown, with careful 

measurements and proper observance of polarities, that at any given instant the sum of the potentials 

in leads I and III equals the potential in lead II. Because the recordings from all the bipolar limb leads 

are similar to one another, it does not matter greatly which lead is recorded when one wants to 

diagnose different cardiac arrhythmias, because diagnosis of arrhythmias depends mainly on the time 

relations between the different waves of the cardiac cycle. But when one wants to diagnose damage in 

the ventricular or atrial muscle or in the Purkinje conducting system, it does matter greatly which 

leads are recorded, because abnormalities of cardiac muscle contraction or cardiac impulse 

conduction do change the patterns of the electrocardiograms markedly in some leads yet may not 

affect other leads. Electrocardiographic interpretation of these two types of conditions—cardiac 

myopathies and cardiac arrhythmias. 

 

(B) Chest Leads (Precordial Leads): 
Often electrocardiograms are recorded with one electrode placed on the anterior surface of the chest 

directly over the heart at one of the points shown in Figure above. This electrode is connected to the 

positive terminal of the electrocardiograph, and the negative electrode, called the indifferent 

electrode, is connected through equal electrical resistances to the right arm, left arm, and left leg all at 

the same time, as also shown in the figure. Usually six standard chest leads are recorded, one at a 

time, from the anterior chest wall, the chest electrode being placed sequentially at the six points shown 

in the diagram. The different recordings are known as leads V1, V2, V3, V4, V5, and V6. The table 

below shows their locations. 
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Figure below illustrates the electrocardiograms of the healthy heart as recorded from these six 

standard chest leads. Because the heart surfaces are close to the chest wall, each chest lead records 

mainly the electrical potential of the cardiac musculature immediately beneath the electrode. 

Therefore, relatively minute abnormalities in the ventricles, particularly in the anterior ventricular 

wall, can cause marked changes in the electrocardiograms recorded from individual chest leads. In 

leads V1 and V2, the QRS recordings of the normal heart are mainly negative because, as shown in 

Figure above, the chest electrode in these leads is nearer to the base of the heart than to the apex, and 

the base of the heart is the direction of electronegativity during most of the ventricular depolarization 

process. Conversely, the QRS complexes in leads V4, V5, and V6 are mainly positive because the chest 

electrode in these leads is nearer the heart apex, which is the direction of electropositivity during most 

of depolarization. 

 

(C) Augmented unipolar limb leads 
Another system of leads in wide use is the augmented unipolar limb lead. In this type of recording, two 

of the limbs are connected through electrical resistances to the negative terminal of the 

electrocardiograph, and the third limb is connected to the positive terminal. When the positive 

terminal is on the right arm, the lead is known as the aVR lead; when on the left arm, the aVL lead; 

and when on the left leg, the aVF lead.  Normal recordings of the augmented unipolar limb leads are 

shown in Figure below. They are all similar to the standard limb lead recordings, except that the 

recording from the aVR lead is inverted. 
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Flow of current around the heart during the cardiac cycle 

- Recording electrical potentials from a partially depolarized mass of 

syncytial cardiac muscle 

Figure below shows a syncytial mass of cardiac muscle that has been stimulated at its central most 

point. Before stimulation, all the exteriors of the muscle cells had been positive and the interiors 

negative.  As soon as an area of cardiac syncytium becomes depolarized, negative charges leak to the 

outsides of the depolarized muscle fibers, making this part of the surface electronegative, as 

represented by the negative signs. The remaining surface of the heart, which is still polarized, is 

represented by the positive signs. Therefore, a meter connected with its negative terminal on the area 

of depolarization and its positive terminal on one of the still-polarized areas, as shown to the right in 

the figure, records positively. Two other electrode placements and meter readings are also 

demonstrated below. These should be studied carefully, and the reader should be able to explain the 

causes of the respective meter readings. Because the depolarization spreads in all directions through 

the heart, the potential differences shown in the figure persist for only a few thousandths of a second, 

and the actual voltage measurements can be accomplished only with a high-speed recording 

apparatus. 
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- Flow of electrical currents in the chest around the heart 
Figure below shows the ventricular muscle lying within the chest. Even the lungs, although mostly 

filled with air, conduct electricity to a surprising extent, and fluids in other tissues surrounding the 

heart conduct electricity even more easily. Therefore, the heart is actually suspended in a conductive 

medium. When one portion of the ventricles depolarizes and therefore becomes electronegative with 

respect to the remainder, electrical current flows from the depolarized area to the polarized area in 

large circuitous routes, as noted in the figure. It should be recalled that the cardiac impulse first 

arrives in the ventricles in the septum and shortly thereafter spreads to the inside surfaces of the 

remainder of the ventricles, as shown by the red areas and the negative signs in the figure. This 

provides electronegativity on the insides of the ventricles and electropositivity on the outer walls of the 

ventricles, with electrical current flowing through the fluids surrounding the ventricles along elliptical 

paths, as demonstrated by the curving arrows in the figure. If one algebraically averages all the lines 

of current flow (the elliptical lines), one finds that the average current flow occurs with negativity 

toward the base of the heart and with positivity toward the apex. During most of the remainder of the 

depolarization process, current also continues to flow in this same direction, while depolarization 

spreads from the endocardial surface outward through the ventricular muscle mass.  

 

Methods for Recording Electrocardiograms 
Sometimes the electrical currents generated by the cardiac muscle during each beat of the heart 

change electrical potentials and polarities on the respective sides of the heart in less than 0.01 second. 

Therefore, it is essential that any apparatus for recording ECGs be capable of responding rapidly to 

these changes in potentials. Modern clinical electrocardiographs use computer-based systems and 

electronic display. 
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Pen recorder 
Many modern clinical electrocardiographs use computer- based systems and electronic display, while 

others use a direct pen recorder that writes the electrocardiogram with a pen directly on a moving 

sheet of paper. Sometimes the pen is a thin tube connected at one end to an inkwell, and its recording 

end is connected to a powerful electromagnet system that is capable of moving the pen back and forth 

at high speed. As the paper moves forward, the pen records the electrocardiogram. The movement of 

the pen is controlled by appropriate electronic amplifiers connected to electrocardiographic 

electrodes on the patient. Other pen recording systems use special paper that does not require ink in 

the recording stylus. One such paper turns black when it is exposed to heat; the stylus itself is made 

very hot by electrical current flowing through its tip. Another type turns black when electrical current 

flows from the tip of the stylus through the paper to an electrode at its back. This leaves a black line on 

the paper where the stylus touches. 

Ambulatory Electrocardiography 
Standard ECGs provide assessment of cardiac electrical events over a brief duration, usually while the patient 

is resting. In conditions associated with infrequent but important abnormalities of cardiac rhythms, it may be 

useful to examine the ECG over a longer period, thereby permitting evaluation of changing cardiac electrical 

phenomena that are transient and may be missed with a standard ECG. Extending the ECG to allow assessment 

of cardiac electrical events while the patient is ambulating during normal daily activities is called ambulatory 

electrocardiography. 

Ambulatory ECG monitoring is typically used when a patient demonstrates symptoms that are thought 

to be caused by transient arrhythmias or other transient cardiac abnormalities. These symptoms may 

include chest pain, syncope (fainting) or near syncope, dizziness, and irregular heartbeats. The crucial 

information needed to diagnose serious, transient arrhythmias or other cardiac conditions is a 

recording of an ECG during the precise time that the symptom is occurring. Because the day-to-day 

variability in the frequency of arrhythmias is substantial, detection often requires ambulatory ECG 

monitoring throughout the day. 

There are two categories of ambulatory ECG recorders: 

(1) Continuous recorders, typically used for 24 to 48 hours to investigate the relationship of symptoms 

and ECG events that are likely to occur within that time frame. 

(2) Intermittent recorders, which are used for longer periods (weeks to months) to provide brief, 

intermittent recordings for detection of events that occur infrequently. In some cases a small device, 

about the size of a pack of chewing gum and called an implantable loop recorder, is implanted just 

under the skin in the chest to monitor the heart’s electrical activity intermittently for as long as 2 to 3 

years. The device can be programmed to initiate a recording when the heart rate fall below, or rises 

above, a predetermined level, or it can be activated manually by the patient when a symptom such as 

dizziness occurs. Improvements in solid-state digital technology and recorders equipped with 

microprocessors now permit continuous or intermittent transmission of digital ECG data over phone 

lines, and sophisticated software systems provide rapid “online” computerized analysis of the data as 

they are acquired. 
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Cardiac Arrhythmias and Their 

Electrocardiographic Interpretation 
Some of the most distressing types of heart malfunction occur not as a result of abnormal heart muscle but 

because of abnormal rhythm of the heart. For instance, sometimes the beat of the atria is not coordinated 

with the beat of the ventricles, so that the atria no longer function as primer pumps for the ventricles. The 

purpose of this lecture is to discuss the physiology of common cardiac arrhythmias and their effects on heart 

pumping, as well as their diagnosis by electrocardiography. The causes of the cardiac arrhythmias are 

usually one or a combination of the following abnormalities in the rhythmicity-conduction system of the 

heart: 

1. Abnormal rhythmicity of the pacemaker. 

2. Shift of the pacemaker from the sinus node to another place in the heart. 

3. Blocks at different points in the spread of the impulse through the heart. 

4. Abnormal pathways of impulse transmission through the heart. 

5. Spontaneous generation of spurious impulses in almost any part of the heart. 

Abnormal Sinus Rhythms 

1. Tachycardia 
The term “tachycardia” means fast heart rate, usually defined in an adult person as faster than 100 beats 

per minute. An electrocardiogram recorded from a patient with tachycardia is shown in Figure below. This 

electrocardiogram is normal except that the heart rate, as determined from the time intervals between QRS 

complexes, is about 150 per minute instead of the normal 72 per minute. The general causes of tachycardia 

include increased body temperature, stimulation of the heart by the sympathetic nerves, or toxic conditions 

of the heart. The heart rate increases about 10 beats per minute for each degree Fahrenheit (18 beats per 

degree Celsius) increase in body temperature, up to a body temperature of about 105°F (40.5°C); beyond 

this, the heart rate may decrease because of progressive debility of the heart muscle as a result of the fever. 

Fever causes tachycardia because increased temperature increases the rate of metabolism of the sinus node, 

which in turn directly increases its excitability and rate of rhythm. Many factors can cause the sympathetic 

nervous system to excite the heart. For instance, when a patient loses blood and passes into a state of shock 

or semishock, sympathetic reflex stimulation of the heart often increases the heart rate to 150 to 180 beats 

per minute. Simple weakening of the myocardium usually increases the heart rate because the weakened 

heart does not pump blood into the arterial tree to a normal extent, and this elicits sympathetic reflexes to 

increase the heart rate. 

 

2. Bradycardia 

The term “bradycardia” means a slow heart rate, usually defined as fewer than 60 beats per minute. 

Bradycardia is shown by the electrocardiogram in Figure below. 
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A. Bradycardia in Athletes.  
The athlete’s heart is larger and considerably stronger than that of a normal person, which allows the 

athlete’s heart to pump a large stroke volume output per beat even during periods of rest. When the athlete 

is at rest, excessive quantities of blood pumped into the arterial tree with each beat initiate feedback 

circulatory reflexes or other effects to cause bradycardia. 

B. Vagal Stimulation as a Cause of Bradycardia.  
Any circulatory reflex that stimulates the vagus nerves causes release of acetylcholine at the vagal endings 

in the heart, thus giving a parasympathetic effect. Perhaps the most striking example of this occurs in 

patients with carotid sinus syndrome. In these patients, the pressure receptors (baroreceptors) in the carotid 

sinus region of the carotid artery walls are excessively sensitive. Therefore, even mild external pressure on 

the neck elicits a strong baroreceptor reflex, causing intense vagal-acetylcholine effects on the heart, 

including extreme bradycardia. Indeed, sometimes this reflex is so powerful that it actually stops the heart 

for 5 to 10 seconds. 

3. Sinus Arrhythmia 
Figure below shows a cardiotachometer recording of the heart rate, at first during normal and then (in the 

second half of the record) during deep respiration. A cardiotachometer is an instrument that records by the 

height of successive spikes the duration of the interval between the successive QRS complexes in the 

electrocardiogram. Note from this record that the heart rate increased and decreased no more than 5 per 

cent during quiet respiration (left half of the record). Then, during deep respiration, the heart rate increased 

and decreased with each respiratory cycle by as much as 30 per cent. Sinus arrhythmia can result from any 

one of many circulatory conditions that alter the strengths of the sympathetic and parasympathetic nerve 

signals to the heart sinus node.   
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Abnormal Rhythms: 
Abnormal rhythms that result from block of heart signals within the intra cardiac conduction pathways: 

1. Sinoatrial Block 
In rare instances, the impulse from the sinus node is blocked before it enters the atrial muscle. This 

phenomenon is demonstrated in Figure below, which shows sudden cessation of P waves, with resultant 

standstill of the atria. However, the ventricles pick up a new rhythm, the impulse usually originating 

spontaneously in the atrioventricular (A-V) node, so that the rate of the ventricular QRS-T complex is 

slowed but not otherwise altered. 

 

2. Atrioventricular Block 
The only means by which impulses ordinarily can pass from the atria into the ventricles is through the A-V 

bundle, also known as the bundle of His. Conditions that can either decrease the rate of impulse conduction 

in this bundle or block the impulse entirely are as follows: 

1. Ischemia of the A-V node or A-V bundle fibers often delays or blocks conduction from the atria to the 

ventricles. Coronary insufficiency can cause ischemia of the A-V node and bundle in the same way that it 

can cause ischemia of the myocardium. 

2. Compression of the A-V bundle by scar tissue or by calcified portions of the heart can depress or block 

conduction from the atria to the ventricles. 

3. Inflammation of the A-V node or A-V bundle can depress conductivity from the atria to the ventricles. 

Inflammation results frequently from different types of myocarditis, caused, for example, by diphtheria or 

rheumatic fever. 

4. Extreme stimulation of the heart by the vagus nerves in rare instances blocks impulse conduction through 

the A-V node. Such vagal excitation occasionally results from strong stimulation of the baroreceptors in 

people with carotid sinus syndrome, discussed earlier in relation to bradycardia. 

 Incomplete Atrioventricular Heart Block 

- Prolonged P-R (or P-Q) Interval—First Degree Block.  
The usual lapse of time between beginning of the P wave and beginning of the QRS complex is about 0.16 

second when the heart is beating at a normal rate. This so called P-R interval usually decreases in length 

with faster heartbeat and increases with slower heartbeat. In general, when the P-R interval increases to 

greater than 0.20 second, the P-R interval is said to be prolonged, and the patient is said to have first degree 

incomplete heart block. Figure below shows an electrocardiogram with prolonged P-R interval; the interval 

in this instance is about 0.30 second instead of the normal 0.20 or less. Thus, first degree block is defined as 

a delay of conduction from the atria to the ventricles but not actual blockage of conduction. The P-R interval 

seldom increases above 0.35 to 0.45 second because, by that time, conduction through the A-V bundle is 

depressed so much that conduction stops entirely. One means for determining the severity of some heart 

diseases—acute rheumatic heart disease, for instance—is to measure the P-R interval. 
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-   Second Degree Block.  
When conduction through the A-V bundle is slowed enough to increase the P-R interval to 0.25 to 0.45 

second, the action potential sometimes is strong enough to pass through the bundle into the ventricles and 

sometimes is not strong enough. In this instance, there will be an atrial P wave but no QRS-T wave, and it is 

said that there are “dropped beats” of the ventricles. This condition is called second degree heart block. 

Figure below shows P-R intervals of 0.30 second, as well as one dropped ventricular beat as a result of 

failure of conduction from the atria to the ventricles. At times, every other beat of the ventricles is dropped, 

so that a “2:1 rhythm” develops, with the atria beating twice for every single beat of the ventricles. At other 

times, rhythms of 3:2 or 3:1 also develop. 

 

- Complete A-V Block (Third Degree Block).  
When the condition causing poor conduction in the A-V node or A-V bundle becomes severe, complete block 

of the impulse from the atria into the ventricles occurs. In this instance, the ventricles spontaneously 

establish their own signal, usually originating in the A-V node or A-V bundle. Therefore, the P waves 

become dissociated from the QRS-T complexes, as shown in Figure below. Note that the rate of rhythm of 

the atria in this electrocardiogram is about 100 beats per minute, whereas the rate of ventricular beat is less 

than 40 per minute. Furthermore, there is no relation between the rhythm of the P waves and that of the 

QRS-T complexes because the ventricles have “escaped” from control by the atria, and they are beating at 

their own natural rate, controlled most often by rhythmical signals generated in the A-V node 

or A-V bundle. 
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Stokes-Adams Syndrome—Ventricular Escape.  
In some patients with A-V block, the total block comes and goes; that is, impulses are conducted from the 

atria into the ventricles for a period of time and then suddenly impulses are not conducted. The duration of 

block may be a few seconds, a few minutes, a few hours, or even weeks or longer before conduction returns. 

This condition occurs in hearts with borderline ischemia of the conductive system. Each time A-V 

conduction ceases, the ventricles often do not start their own beating until after a delay of 5 to 30 seconds. 

These results from the phenomenon called overdrive suppression. This means that ventricular excitability is 

at first in a suppressed state because the ventricles have been driven by the atria at a rate greater than their 

natural rate of rhythm. However, after a few seconds, some part of the Purkinje system beyond the block, 

usually in the distal part of the A-V node beyond the blocked point in the node, or in the A-V bundle, begins 

discharging rhythmically at a rate of 15 to 40 times per minute and acting as the pacemaker of the 

ventricles. This is called ventricular escape.  Because the brain cannot remain active for more than 4 to 7 

seconds without blood supply, most patients faint a few seconds after complete block occurs because the 

heart does not pump any blood for 5 to 30 seconds, until the ventricles “escape.” After escape, however, the 

slowly beating ventricles usually pump enough blood to allow rapid recovery from the faint and then to 

sustain the person. These periodic fainting spells are known as the Stokes-Adams syndrome. 

Occasionally the interval of ventricular standstill at the onset of complete block is so long that it becomes 

detrimental to the patient’s health or even causes death. Consequently, most of these patients are provided 

with an artificial pacemaker, a small battery-operated electrical stimulator planted beneath the skin, with 

electrodes usually connected to the right ventricle. The pacemaker provides continued rhythmical impulses 

that take control of the ventricles. 

Incomplete Intraventricular Block— Electrical Alternans 
Most of the same factors that can cause A-V block can also block impulse conduction in the peripheral 

ventricular Purkinje system. Figure below shows the condition known as electrical alternans, which results 

from partial intraventricular block every other heartbeat. 

This electrocardiogram also shows tachycardia (rapid heart rate), which is probably the reason the block 

has occurred, because when the rate of the heart is rapid, it may be impossible for some portions of the 

Purkinje system to recover from the previous refractory period quickly enough to respond during every 

succeeding heartbeat. Also, many conditions that depress the heart, such as ischemia, myocarditis, or 

digitalis toxicity, can cause incomplete intraventricular block, resulting in electrical alternans. 
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Premature Contractions 
A premature contraction is a contraction of the heart before the time that normal contraction would have 

been expected. This condition is also called extrasystole, premature beat, or ectopic beat. 

- Causes of Premature Contractions.  

Most premature contractions result from ectopic foci in the heart, which emit abnormal impulses at odd 

times during the cardiac rhythm. Possible causes of ectopic foci are 

 (1)  Local areas of ischemia; 

 (2) Small calcified plaques at different points in the heart, which press against the adjacent cardiac muscle 

so that some of the fibers are irritated.   

(3) Toxic irritation of the A-V node, Purkinje system, or myocardium caused by drugs, nicotine, or caffeine. 

Mechanical initiation of premature contractions is also frequent during cardiac catheterization; large 

numbers of premature contractions often occur when the catheter enters the right ventricle and presses 

against the endocardium. 

   -  Premature Atrial Contractions 
Figure below shows a single premature atrial contraction. The P wave of this beat occurred too soon in the 

heart cycle; the P-R interval is shortened, indicating that the ectopic origin of the beat is in the atria near 

the A-V node. Also, the interval between the premature contraction and the next succeeding contraction is 

slightly prolonged, which is called a compensatory pause. One of the reasons for this is that the premature 

contraction originated in the atrium some distance from the sinus node, and the impulse had to travel 

through a considerable amount of atrial muscle before it discharged the sinus node. Consequently, the sinus 

node discharged late in the premature cycle, and this made the succeeding sinus node discharge also late in 

appearing. Premature atrial contractions occur frequently in otherwise healthy people. Indeed, they often 

occur in athletes whose hearts are in very healthy condition. Mild toxic conditions resulting from such 

factors as smoking, lack of sleep, ingestion of too much coffee, alcoholism, and use of various drugs can also 

initiate such contractions. 

 

- Pulse Deficit.  

When the heart contracts ahead of schedule, the ventricles will not have filled with blood normally, and the 

stroke volume output during that contraction is depressed or almost absent. Therefore, the pulse wave 

passing to the peripheral arteries after a premature contraction may be so weak that it cannot be felt in the 
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radial artery. Thus, a deficit in the number of radial pulses occurs when compared with the actual number of 

contractions of the heart.    

Ventricular Fibrillation 

The most serious of all cardiac arrhythmias is ventricular fibrillation, which, if not stopped within 1 to 3 

minutes, is almost invariably fatal. Ventricular fibrillation results from cardiac impulses that have gone 

berserk within the ventricular muscle mass, stimulating first one portion of the ventricular muscle, then 

another portion, then another, and eventually feeding back onto itself to re-excite the same ventricular 

muscle over and over—never stopping. When this happens, many small portions of the ventricular muscle 

will be contracting at the same time, while equally as many other portions will be relaxing. Thus, there is 

never a coordinate contraction of all the ventricular muscle at once, which is required for a pumping cycle 

of the heart. Despite massive movement of stimulatory signals throughout the ventricles, the ventricular 

chambers neither enlarge nor contract but remain in an indeterminate stage of partial contraction, pumping 

either no blood or negligible amounts. Therefore, after fibrillation begins, unconsciousness occurs within 4 

to 5 seconds for lack of blood flow to the brain, and irreversible death of tissues begins to occur throughout 

the body within a few minutes. Multiple factors can spark the beginning of ventricular fibrillation—a person 

may have a normal heartbeat one moment, but 1 second later, the ventricles are in fibrillation. Especially 

likely to initiate fibrillation are 

(1) Sudden electrical shock of the heart. 

 (2) Ischemia of the heart muscle, of its specialized conducting system, or both.  

  -  Electrocardiogram in Ventricular Fibrillation 
In ventricular fibrillation, the electrocardiogram is bizarre Figure below and ordinarily shows no tendency 

toward a regular rhythm of any type. During the first few seconds of ventricular fibrillation, relatively large 

masses of muscle contract simultaneously, and this causes coarse, irregular waves in the electrocardiogram. 

After another few seconds, the coarse contractions of the ventricles disappear, and the electrocardiogram 

changes into a new pattern of low-voltage, very irregular waves. Thus, no repetitive electrocardiographic 

pattern can be ascribed to ventricular fibrillation. Instead, the ventricular muscle contracts at as many as 30 

to 50 small patches of muscle at a time, and electrocardiographic potentials change constantly and 

spasmodically because the electrical currents in the heart flow first in one direction and then in another and 

seldom repeat any specific cycle. As already pointed out, because no pumping of blood occurs during 

ventricular fibrillation, this state is lethal unless stopped by some heroic therapy, such as immediate 

electroshock through the heart, as explained in the next section. 

 

- Electroshock Defibrillation of the Ventricles 
Although a moderate alternating-current voltage applied directly to the ventricles almost invariably throws 

the ventricles into fibrillation, a strong high voltage alternating electrical current passed through the 

ventricles for a fraction of a second can stop fibrillation by throwing all the ventricular muscle into 
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refractoriness simultaneously. This is accomplished by passing intense current through large electrodes 

placed on two sides of the heart. The current penetrates most of the fibers of the ventricles at the same time, 

thus stimulating essentially all parts of the ventricles simultaneously and causing them all to become 

refractory. All action potentials stop, and the heart remains quiescent for 3 to 5 seconds, after which it 

begins to beat again, usually with the sinus node or some other part of the heart becoming the pacemaker. 

However, the same re-entrant focus that had originally thrown the ventricles into fibrillation often is still 

present, in which case fibrillation may begin again immediately. 

When electrodes are applied directly to the two sides of the heart, fibrillation can usually be stopped  

through these electrodes on the chest wall, as shown in Figure below, the usual procedure is to charge a 

large electrical capacitor up to several thousand volts and then to cause the capacitor to discharge for a few 

thousandths of a second through the electrodes and through the heart.   

 

-  Cardiopulmonary Resuscitation: 

Unless defibrillated within 1 minute after fibrillation begins, the heart is usually too weak to be revived by 

defibrillation because of the lack of nutrition from coronary blood flow. However, it is still possible to revive 

the heart by preliminarily pumping the heart by hand (intermittent hand squeezing) and then defibrillating 

the heart later. In this way, small quantities of blood are delivered into the aorta and a renewed coronary 

blood supply develops. Then, after a few minutes of hand pumping, electrical defibrillation often becomes 

possible. Indeed, fibrillating hearts have been pumped by hand for as long as 90 minutes followed by 

successful defibrillation. A technique for pumping the heart without opening the chest consists of intermittent 

thrusts of pressure on the chest wall along with artificial respiration. This, plus defibrillation, is called 

cardiopulmonary resuscitation, or CPR. Lack of blood flow to the brain for more than 5 to 8 minutes usually 

causes permanent mental impairment or even destruction of brain tissue. Even if the heart is revived, the 

person may die from the effects of brain damage or may live with permanent mental impairment. 

Atrial Fibrillation 

Remember that except for the conducting pathway through the A-V bundle, the atrial muscle mass is 

separated from the ventricular muscle mass by fibrous tissue. Therefore, ventricular fibrillation often occurs 

without atrial fibrillation. Likewise, fibrillation often occurs in the atria without ventricular fibrillation .The 

mechanism of atrial fibrillation is identical to that of ventricular fibrillation, except that the process occurs 

only in the atrial muscle mass instead of the ventricular mass. A frequent cause of atrial fibrillation is atrial 
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enlargement resulting from heart valve lesions that prevent the atria from emptying adequately into the 

ventricles, or from ventricular failure with excess damming of blood in the atria.   

- Pumping characteristics of the atria during atrial fibrillation. 

For the same reasons that the ventricles will not pump blood during ventricular fibrillation, neither do the 

atria pump blood in atrial fibrillation. Therefore, the atria become useless as primer pumps for the 

ventricles. Even so, blood flows passively through the atria into the ventricles, and the efficiency of 

ventricular pumping is decreased only 20 to 30 per cent. Therefore, in contrast to the lethality of ventricular 

fibrillation, a person can live for months or even years with atrial fibrillation, although at reduced efficiency 

of overall heart pumping. 

- Electrocardiogram in atrial fibrillation.  

Figure below shows the electrocardiogram during atrial fibrillation. Numerous small depolarization waves 

spread in all directions through the atria during atrial fibrillation. Because the waves are weak and many of 

them are of opposite polarity at any given time, they usually almost completely electrically neutralize one 

another. Therefore, in the electrocardiogram, one can see either no P waves from the atria or only a fine, 

high-frequency, very low voltage wavy record. Conversely, the QRS-T complexes are normal unless there is 

some pathology of the ventricles, but their timing is irregular.  

 

- Electroshock treatment of atrial fibrillation.  

In the same manner that ventricular fibrillation can be converted back to a normal rhythm by electroshock, 

so too can atrial fibrillation be converted by electroshock. The procedure is essentially the same as for 

ventricular fibrillation conversion—passage of a single strong electric shock through the heart, which 

throws the entire heart into refractoriness for a few seconds; a normal rhythm often follows if the heart is 

capable of this. 

Atrial Flutter 
Atrial flutter is another condition caused by a circus movement in the atria. It is different from atrial 

fibrillation, in that the electrical signal travels as a single large wave always in one direction around and 

around the atrial muscle mass as shown to the left in figure below. Atrial flutter causes a rapid rate of 

contraction of the atria, usually between 200 and 350 beats per minute. However, because one side of the 

atria is contracting while the other side is relaxing, the amount of blood pumped by the atria is slight. 

Furthermore, the signals reach the A-V node too rapidly for all of them to be passed into the ventricles, 

because the refractory periods of the A-V node and A-V bundle are too long to pass more than a fraction of 

the atrial signals. Therefore, there are usually two to three beats of the atria for every single beat of the 

ventricles.  
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Figure below shows a typical electrocardiogram in atrial flutter. The P waves are strong because of 

contraction of semicoordinate masses of muscle. However, note in the record that a QRS-T complex follows 

an atrial P wave only once for every two to three beats of the atria, giving a 2:1 or 3:1 rhythm. 

 

Cardiac Arrest 

A final serious abnormality of the cardiac rhythmicity conduction system is cardiac arrest. This results from 

cessation of all electrical control signals in the heart. That is, no spontaneous rhythm remains. Cardiac 

arrest is especially likely to occur during deep anesthesia, when many patients develop severe hypoxia 

because of inadequate respiration. The hypoxia prevents the muscle fibers and conductive fibers from 

maintaining normal electrolyte concentration differentials across their membranes, and their excitability 

may be so affected that the automatic rhythmicity disappears. In most instances of cardiac arrest from 

anesthesia, prolonged cardiopulmonary resuscitation (many minutes or even hours) is quite successful in 

reestablishing a normal heart rhythm. In some patients, severe myocardial disease can cause permanent or 

semipermanent cardiac arrest, which can cause death. To treat the condition, rhythmical electrical impulses 

from an implanted electronic cardiac pacemaker have been used successfully to keep patients alive for 

months to years. 

 
 

 



 

 41 

 atief fayadhLDr.                                                                10 Lec. 

Turbulent flow of blood under some conditions.  

When the rate of blood flow becomes too great, when it passes by an obstruction in a vessel, when it 

makes a sharp turn, or when it passes over a rough surface, the flow may then become turbulent, or 

disorderly, rather than streamline (see figure C above). Turbulent flow means that the blood flows 

crosswise in the vessel as well as along the vessel, usually forming whorls in the blood called eddy 

currents. These are similar to the whirlpools that one frequently sees in a rapidly flowing river at a 

point of obstruction. 

When eddy currents are present, the blood flows with much greater resistance than when the flow is 

streamline because eddies add tremendously to the overall friction of flow in the vessel. The tendency 

for turbulent flow increases in direct proportion to the velocity of blood flow, the diameter of the blood 

vessel, and the density of the blood, and is inversely proportional to the viscosity of the blood, in 

accordance with the following equation: 

 
 Where Re is Reynolds’ number and is the measure of the tendency for turbulence to occur, ν is the 

mean velocity of blood flow (in centimeters/second), d is the vessel diameter (in centimeters), ρ is 

density, and η is the viscosity (in poise). The viscosity of blood is normally about 1/30 poise, and the 

density is only slightly greater than 1. When Reynolds’ number rises above 200 to 400, turbulent flow 

will occur at some branches of vessels but will die out along the smooth portions of the vessels. 

However, when Reynolds’ number rises above approximately 2000, turbulence will usually occur even 

in a straight, smooth vessel. Reynolds’ number for flow in the vascular system even normally rises to 

200 to 400 in large arteries; as a result there is almost always some turbulence of flow at the branches 

of these vessels. In the proximal portions of the aorta and pulmonary artery, Reynolds’ number can rise 

to several thousand during the rapid phase of ejection by the ventricles; this causes considerable 

turbulence in the proximal aorta and pulmonary artery where many conditions are appropriate for 

turbulence: 

(1) High velocity of blood flow. 

(2) Pulsatile nature of the flow. 

(3) Sudden change in vessel diameter. 

(4) Large vessel diameter.  

However, in small vessels, Reynolds’ number is almost never high enough to cause turbulence. 

Blood pressure, standard units of pressure.  
Blood pressure almost always is measured in millimeters of mercury (mm Hg) because the mercury 

manometer has been used since antiquity as the standard reference for measuring pressure. Actually, 

blood pressure means the force exerted by the blood against any unit area of the vessel wall. When one 

says that the pressure in a vessel is 50 mm Hg, one means that the force exerted is sufficient to push a 

column of mercury against gravity up to a level 50 mm high. If the pressure is 100 mm Hg, it will push 

the column of mercury up to 100 millimeters.  Occasionally, pressure is measured in centimeters of 

water (cm H2O). A pressure of 10 cm H2O means a pressure sufficient to raise a column of water 

against gravity to a height of 10 centimeters. One millimeter of mercury pressure equals 1.36 cm water 

pressure because the specific gravity of mercury is 13.6 times that of water, and 1 centimeter is 10 times 

as great as 1 millimeter. 
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 High-fidelity methods for measuring blood pressure.  
The mercury in the mercury manometer has so much inertia that it cannot rise and fall rapidly. For this 

reason, the mercury manometer, although excellent for recording steady pressures, cannot respond to 

pressure changes that occur more rapidly than about one cycle every 2 to 3 seconds. Whenever it is 

desired to record rapidly changing pressures, some other type of pressure recorder is needed. 

Nowadays three electronic pressure transducers commonly used for converting blood pressure and/or 

rapid changes in pressure into electrical signals and then recording the electrical signals on a high-

speed electrical recorder. Each of these transducers uses a very thin, highly stretched metal membrane 

that forms one wall of the fluid chamber. The fluid chamber in turn is connected through a needle or 

catheter to the blood vessel in which the pressure is to be measured. When the pressure is high, the 

membrane bulges slightly, and when it is low, it returns toward its resting position. The electrical 

signals from the transducer are sent to an amplifier and then to an appropriate recording device. With 

some of these high-fidelity types of recording systems, pressure cycles up to 500 cycles per second have 

been recorded accurately. In common use are recorders capable of registering pressure changes that 

occur as rapidly as 20 to 100 cycles per second, in the manner shown on the recording paper. 

 
Resistance to Blood Flow 

- Units of Resistance.  

Resistance is the impediment to blood flow in a vessel, but it cannot be measured by any direct means. 

Instead, resistance must be calculated from measurements of blood flow and pressure difference 

between two points in the vessel. If the pressure difference between two points is 1 mm Hg and the flow 

is 1 ml/sec, the resistance is said to be 1peripheral resistance unit, usually abbreviated PRU. 

- Expression of Resistance in CGS Units.  
Occasionally, a basic physical unit called the CGS (centimeters, grams, seconds) unit is used to express 

resistance. This unit is dyne seconds/centimeters5. Resistance in these units can be calculated by the 

following formula: 

 

Total peripheral vascular resistance and total pulmonary vascular 

resistance.  
The rate of blood flow through the entire circulatory system is equal to the rate of blood pumping by the 

heart—that is, it is equal to the cardiac output. In the adult human being, this is approximately 100 

ml/sec. The pressure difference from the systemic arteries to the systemic veins is about 100 mm Hg. 
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Therefore, the resistance of the entire systemic circulation, called the total peripheral resistance, is 

about 100/100, or 1 PRU. In conditions in which all the blood vessels throughout the body become 

strongly constricted, the total peripheral resistance occasionally rises to as high as 4 PRU. Conversely, 

when the vessels become greatly dilated, the resistance can fall to as little as 0.2 PRU. In the pulmonary 

system, the mean pulmonary arterial pressure averages 16 mm Hg and the mean left atrial pressure 

averages 2 mm Hg, giving a net pressure difference of 14 mm. Therefore, when the cardiac output is 

normal at about 100 ml/sec, the total pulmonary vascular resistance calculates to be about 0.14 PRU 

(about one seventh that in the systemic circulation). 

“Conductance” of blood in a vessel and its relation to resistance. 
Conductance is a measure of the blood flow through a vessel for a given pressure difference. This is 

generally expressed in terms of milliliters per second per millimeter of mercury pressure, but it can also 

be expressed in terms of liters per second per millimeter of mercury or in any other units of blood flow 

and pressure. It is evident that conductance is the exact reciprocal of resistance in accord with the 

following equation: 

 

Very slight changes in diameter of a vessel can change its conductance 

tremendously!  
Slight changes in the diameter of a vessel cause tremendous changes in the vessel’s ability to conduct 

blood when the blood flow is streamlined. This is demonstrated by the experiment illustrated in Figure 

below A, which shows three vessels with relative diameters of 1, 2, and 4 but with the same pressure 

difference of 100 mm Hg between the two ends of the vessels. Although the diameters of these vessels 

Conductance Resistance increase only fourfold, the respective flows are 1, 16, and 256 ml/mm, which is 

a 256-fold increase in flow.  

 
Thus, the conductance of the vessel increases in proportion to the fourth power of the diameter, in 

accordance with the following formula: 

 
Poiseuille’s Law.  

The cause of this great increase in conductance when the diameter increases can be explained by 

referring to Figure above B, which shows cross sections of a large and a small vessel. The concentric 

rings inside the vessels indicate that the velocity of flow in each ring is different from that in the 
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adjacent rings because of laminar flow, which was discussed before. That is, the blood in the ring 

touching the wall of the vessel is barely flowing because of its adherence to the vascular endothelium. 

The next ring of blood toward the center of the vessel slips past the first ring and, therefore, flows more 

rapidly. The third, fourth, fifth, and sixth rings likewise flow at progressively increasing velocities. Thus, 

the blood that is near the wall of the vessel flows extremely slowly, whereas that in the middle of the 

vessel flows extremely rapidly. In the small vessel, essentially all the blood is near the wall, so that the 

extremely rapidly flowing central stream of blood simply does not exist. By integrating the velocities of 

all the concentric rings of flowing blood and multiplying them by the areas of the rings, one can derive 

the following formula, known as Poiseuille’s law: 

 
in which F is the rate of blood flow, ΔP is the pressure difference between the ends of the vessel, r is the 

radius of the vessel, l is length of the vessel, and ŋ is viscosity of the blood. 

Note particularly in this equation that the rate of blood flow is directly proportional to the fourth power 

of the radius of the vessel, which demonstrates once again that the diameter of a blood vessel (which is 

equal to twice the radius) plays by far the greatest role of all factors in determining the rate of blood 

flow through a vessel. 

Importance of the vessel diameter “Fourth Power Law” in determining 

arteriolar resistance.  

In the systemic circulation, about two thirds of the total systemic resistance to blood flow is arteriolar 

resistance in the small arterioles. The internal diameters of the arterioles range from as little as 4 

micrometers to as great as 25 micrometers. However, their strong vascular walls allow the internal 

diameters to change tremendously, often as much as fourfold. From the fourth power law discussed 

above that relates blood flow to diameter of the vessel, one can see that a fourfold increase in vessel 

diameter can increase the flow as much as 256-fold. Thus, this fourth power law makes it possible for 

the arterioles, responding with only small changes in diameter to nervous signals or local tissue 

chemical signals, either to turn off almost completely the blood flow to the tissue or at the other extreme 

to cause a vast increase in flow. Indeed, ranges of blood flow of more than 100-fold in separate tissue 

areas have been recorded between the limits of maximum arteriolar constriction and maximum 

arteriolar dilatation. 

Effect of hematocrit and viscosity on vascular resistance and blood flow 

Note   that   the important factors in   the viscosity of the blood. The greater the viscosity, the less the flow 

in a vessel if all other factors are constant. Furthermore, the viscosity of normal blood is about three 

times as great as the viscosity of water. But what makes the blood so viscous? It is mainly the large 

numbers of suspended red cells in the blood, each of which exerts frictional drag against adjacent cells 

and against the wall of the blood vessel. 

- Hematocrit  
The percentage of the blood that is cells is called the hematocrit. Thus, if a person has a hematocrit of 40, 

this means that 40 per cent of the blood volume is cells and the remainder is plasma. The hematocrit of 

men averages about 42, while that of women averages about 38. These values vary tremendously, 

depending on whether the person has anemia, on the degree of bodily activity, and on the altitude at 

which the person resides. Hematocrit is determined by centrifuging blood in a calibrated tube, as shown 

in Figure below. The calibration allows direct reading of the percentage of cells. 
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- Effect of hematocrit on blood viscosity.  
The viscosity of blood increases drastically as the hematocrit increases, as shown in Figure below. The 

viscosity of whole blood at normal hematocrit is about 3; this means that three times as much pressure is 

required to force whole blood as to force water through the same blood vessel. When the hematocrit 

rises to 60 or 70, which it often does in polycythemia, the blood viscosity can become as great as 10 

times that of water, and its flow through blood vessels is greatly retarded.  Other factors that affect blood 

viscosity are the plasma protein concentration and types of proteins in the plasma, but these effects are 

so much less than the effect of hematocrit that they are not significant considerations in most 

hemodynamic studies. The viscosity of blood plasma is about 1.5 times that of water.  

 

- Effects of pressure on vascular resistance and tissue blood fow. 
The increase in arterial pressure   causes a proportionate increase in blood flow through the various 

tissues of the body. However, the effect of pressure on blood flow is greater than one would expect, as 

shown by the upward curving lines in figure below. The reason for this is that an increase in arterial 

pressure not only increases the force that pushes blood through the vessels but also distends the vessels 

at the same time, which decreases vascular resistance. Thus, greater pressure increases the flow in both 

of these ways. Therefore, for most tissues, blood flow at 100 mm Hg arterial pressure is usually four to 

six times as great as blood flow at 50 mm Hg instead of two times as would be true if there were no 
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effect of increasing pressure to increase vascular diameter. Note also in the same figure below the large 

changes in blood flow that can be caused by either increased or decreased sympathetic nerve 

stimulation of the peripheral blood vessels. , inhibition of sympathetic activity greatly dilates the vessels 

and can increase the blood flow twofold or more. Conversely, very strong sympathetic stimulation can 

constrict the vessels so much that blood flow occasionally decreases to as low as zero for a few seconds 

despite high arterial pressure. 
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Cardiac Output & Venous Return  
Cardiac output is the quantity of blood pumped into the aorta each minute by the heart. This is also the 

quantity of blood that flows through the circulation. Cardiac output is one of the most important factors 

to consider in relation to the circulation because it is the sum of the blood flows to all the tissues of the 

body. 

Venous return is the quantity of blood flowing from the veins into the right atrium each minute. The 

venous return and the cardiac output must equal each other except for a few heartbeats at a time when 

blood is temporarily stored in or removed from the heart and lungs. 

Normal values for cardiac output at rest and during activity. 

Cardiac output varies widely with the level of activity of the body. The following factors, among others, 

directly affect cardiac output:  

(1) The basic level of body metabolism. 

(2) Whether the person is exercising. 

(3) The person’s age. 

(4) Size of the body. 

For young, healthy men, resting cardiac output averages about 5.6 L/min. For women, this value is about 

4.9 L/min. When one considers the factor of age as well—because with increasing age, body activity 

diminishes—the average cardiac output for the resting adult, is often stated to be almost exactly 5 L/min. 

- Cardiac index 
Experiments have shown that the cardiac output increases approximately in proportion to the surface 

area of the body. Therefore, cardiac output is frequently stated in terms of the cardiac index, which is the 

cardiac output per square meter of body surface area. The normal human being weighing 70 kilograms 

has a body surface area of about 1.7 square meters, which means that the normal average cardiac index 

for adults is about 3 L/min/m2 of body surface area. 

- Effect of age on cardiac output.  

Figure below shows the cardiac output, expressed as cardiac index, at different ages. Rising rapidly to a 

level greater than 4 L/min/m2 at age 10 years, the cardiac index declines to about 2.4 L/min/m2 at age 80 

years. We will see later that the cardiac output is regulated throughout life almost directly in proportion 

to the overall bodily metabolic activity. Therefore, the declining cardiac index is indicative of declining 

activity with age. 
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Control of CO by VR, role of the Frank-Starling mechanism of the heart. 
When one states that cardiac output is controlled by venous return, this means that it is not the heart itself 

that is the primary controller of cardiac output. Instead, it is the various factors of the peripheral 

circulation that affect flow of blood into the heart from the veins, called venous return, that are the 

primary controllers. The main reason peripheral factors are usually more important than the heart itself 

in controlling cardiac output is that the heart has a built-in mechanism that normally allows it to pump 

automatically whatever amount of blood that flows into the right atrium from the veins. This mechanism, 

called the Frank-Starling law of the heart. Basically, this law states that when increased quantities of 

blood flow into the heart, the increased blood stretches the walls of the heart chambers. As a result of the 

stretch, the cardiac muscle contracts with increased force, and this empties the extra blood that has 

entered from the systemic circulation. Therefore, the blood that flows into the heart is automatically 

pumped without delay into the aorta and flows again through the circulation. Another important factor is 

that stretching the heart causes the heart to pump faster—at an increased heart rate. That is, stretch of 

the sinus node in the wall of the right atrium has a direct effect on the rhythmicity of the node itself to 

increase heart rate as much as 10 - 15 %. In addition, the stretched right atrium initiates a nervous reflex 

called the Bainbridge reflex, passing first to the vasomotor center of the brain and then back to the heart 

by way of the sympathetic nerves and vagi, also to increase the heart rate. Under most normal unstressful 

conditions, the cardiac output is controlled almost entirely by peripheral factors that determine venous 

return. However,   if the returning blood does become more than the heart can pump, then the heart 

becomes the limiting factor that determines cardiac output. 

CO regulation is the sum of blood flow regulation in all the local tissues. 
The venous return to the heart is the sum of all the local blood flows through all the individual tissue 

segments of the peripheral circulation. Therefore, it follows that cardiac output regulation is the sum of 

all the local blood flow regulations. Blood flow increases mainly in proportion to each tissue’s 

metabolism. For instance, local blood flow almost always increases when tissue oxygen consumption 

increases; this effect is demonstrated in different levels of exercise. Note that at each increasing level of 

work output during exercise, the oxygen consumption and the cardiac output increase in parallel to each 

other. To summarize, cardiac output is determined by the sum of all the various factors throughout the 

body that control local blood flow. All the local blood flows summate to form the venous return, and the 

heart automatically pumps this returning blood back into the arteries to flow around the system again. 
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Effect of total peripheral resistance on the long-Term cardiac output level.  
Figure below illustrate an extremely important principle in cardiac output control: Under most normal 

conditions, the long-term cardiac output level varies reciprocally with changes in total peripheral 

resistance. Note that when the total peripheral resistance is exactly normal (at the 100 per cent mark in 

the figure), the cardiac output is also normal. Then, when the total peripheral resistance increases above 

normal, the cardiac output falls; conversely, when the total peripheral resistance decreases, the cardiac 

output increases. One can easily understand this by reconsidering one of the forms of Ohm’s law, the 

meaning of this formula, is simply the following: Any time the long-term level of total peripheral 

resistance changes the cardiac output changes quantitatively in exactly the opposite direction. 

 

The heart has limits for the cardiac output that it can achieve. 

There are definite limits to the amount of blood that the heart can pump, which can be expressed 

quantitatively in the form of cardiac output curves.  Figure below demonstrates the normal cardiac 

output curve, showing the cardiac output per minute at each level of right atrial pressure. This is one type 

of cardiac function curve. Note that the plateau level of this normal cardiac output curve is about 13 

L/min, 2.5 times the normal cardiac output of about 5 L/min. This means that the normal human heart, 
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functioning without any special stimulation, can pump an amount of venous return up to about 2.5 times 

the normal venous return before the heart becomes a limiting factor in the control of cardiac output. 

Shown in the figure below are several other cardiac output curves for hearts that are not pumping 

normally. The uppermost curves are for hypereffective hearts that are pumping better than normal. The 

lowermost curves are for hypoeffective hearts that are pumping at levels below normal. 

 

(A)Factors that can cause hypereffective heart. 
Only two types of factors usually can make the heart a better pump than normal. They are: 

  1. Nervous excitation increase heart pumping.  
In previous lectures we saw that a combination of (1) Sympathetic stimulation and (2) Parasympathetic 

inhibition does two things to increase the pumping effectiveness of the heart: (1) It greatly increases the 

heart rate sometimes, in young people, from the normal level of 72 beats/min up to 180 to 200 beats/min 

and (2) It increases the strength of heart contraction (which is called increased “contractility”) to twice 

its normal strength. Combining these two effects, maximal nervous excitation of the heart can raise the 

plateau level of the cardiac output curve to almost twice the plateau of the normal curve, as shown by the 

25-liter level of the uppermost curve in figure above. 

2. Increased pumping effectiveness caused by heart hypertrophy. 
A long-term increased workload, but not so much excess load that it damages the heart, causes the heart 

muscle to increase in mass and contractile strength in the same way that heavy exercise causes skeletal 

muscles to hypertrophy. For instance, it is common for the hearts of marathon runners to be increased in 

mass by 50 to 75 per cent. This increases the plateau level of the cardiac output curve, sometimes 60 to 

100 per cent, and therefore allows the heart to pump much greater than usual amounts of cardiac output. 

When one combines nervous excitation of the heart and hypertrophy, as occurs in marathon runners, the 

total effect can allow the heart to pump as much 30 to 40 L/min, about 21/2 times normal; this increased 

level of pumping is one of the most important factors in determining the runner’s running time. 

(B)Factors that cause a hypoeffective heart. 
Any factor that decreases the heart’s ability to pump blood causes hypoeffectivity. Some of the factors 

that can do this are the following: 

1. Coronary artery blockage, causing a “heart attack”. 

2. Inhibition of nervous excitation of the heart. 

3. Pathological factors that cause abnormal heart rhythm or rate of heartbeat. 

4. Valvular heart disease. 
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5. Increased arterial pressure against which the heart must pump, such as in hypertension. 

6. Congenital heart disease.  

7. Myocarditis. 

8. Cardiac hypoxia. 

 Role of the nervous system in controlling CO. 

 Effect of the CNS to increase the arterial pressure during exercise.  

During exercise, intense increase in metabolism in active skeletal muscles acts directly on the muscle 

arterioles to relax them and to allow adequate oxygen and other nutrients needed to sustain muscle 

contraction. Obviously, this greatly decreases the total peripheral resistance, which normally would 

decrease the arterial pressure also. However, the nervous system immediately compensates. The same 

brain activity that sends motor signals to the muscles sends simultaneous signals into the autonomic 

nervous centers of the brain to excite circulatory activity, causing large vein constriction, increased heart 

rate, and increased contractility of the heart. All these changes acting together increase the arterial 

pressure above normal, which in turn forces still more blood flow through the active muscles. In 

summary, when local tissue vessels dilate and thereby increase venous return and cardiac output above 

normal, the nervous system plays an exceedingly important role in preventing the arterial pressure from 

falling to disastrously low levels. In fact, during exercise, the nervous system goes even further, providing 

additional signals to raise the arterial pressure even above normal, which serves to increase the cardiac 

output an extra 30 to 100 per cent. 

Pathologically high and pathologically low cardiac outputs. 
In healthy human beings, the cardiac outputs are surprisingly constant from one person to another. 

However, multiple clinical abnormalities can cause either high or low cardiac outputs.   

A) High CO caused by reduced total peripheral resistance 

There are several conditions that commonly cause cardiac outputs higher than normal. One of the 

distinguishing features of these conditions is that they all result from chronically reduced total peripheral 

resistance. None of them result from excessive excitation of the heart itself, which we will explain 

subsequently. For the present, let us look at some of the conditions that can decrease the peripheral 

resistance and at the same time increase the cardiac output to above normal. 

1. Beriberi.  

This disease is caused by insufficient quantity of the vitamin thiamine (vitamin B1) in the diet. Lack of this 

vitamin causes diminished ability of the tissues to use some cellular nutrients, and the local tissue blood 

flow mechanisms in turn cause marked compensatory peripheral vasodilation. Sometimes the total 

peripheral resistance decreases to as little as one-half normal. Consequently, the long-term levels of 

venous return and cardiac output also often increase to twice normal. 

2. Arteriovenous fistula (shunt).  

Whenever a fistula (also called an AV shunt) occurs between a major artery and a major vein, 

tremendous amounts of blood flow directly from the artery into the vein. This, too, greatly decreases the 

total peripheral resistance and, likewise, increases the venous return and cardiac output. 

3. Hyperthyroidism.  

In hyperthyroidism, the metabolism of most tissues of the body becomes greatly increased. Oxygen usage 

increases, and vasodilator products are released from the tissues. Therefore, the total peripheral 

resistance decreases markedly because of the local tissue blood flow control reactions throughout the 

body; consequently, the venous return and cardiac output often increase to 40 to 80 per cent above 

normal. 
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4. Anemia. 

In anemia, two peripheral effects greatly decrease the total peripheral resistance. One of these is reduced 

viscosity of the blood, resulting from the decreased concentration of red blood cells. The other is 

diminished delivery of oxygen to the tissues, which causes local vasodilation. As a consequence, the 

cardiac output increases greatly. Any other factor that decreases the total peripheral resistance 

chronically also increases the cardiac output. 

 

   B) Low cardiac output 
There are several conditions that cause abnormally low cardiac output. These conditions fall into two 

categories:  

(1) Those abnormalities that cause the pumping effectiveness of the heart to fall too low.   

(2) Those that cause venous return to fall too low. 

    - Decreased CO caused by cardiac factors. 
 Whenever the heart becomes severely damaged, regardless of the cause, its limited level of pumping may 

fall below that needed for adequate blood flow to the tissues. Some examples of this include:  

(1) Severe coronary blood vessel blockage and consequent myocardial infarction. 

(2) Severe valvular heart disease. 

(3) Myocarditis. 

(4) Cardiac tamponade.  

(5) Cardiac metabolic derangements. 

   -Decrease in CO caused by non-cardiac peripheral factors. 
Anything that interferes with venous return also can lead to decreased cardiac output. Some of these 

factors are the following: 

1. Decreased blood volume.  

By far, the most common non-cardiac peripheral factor that leads to decreased cardiac output is 

decreased blood volume, resulting most often from hemorrhage. It is clear why this condition decreases 

the cardiac output: Loss of blood decreases the filling of the vascular system to such a low level that there 

is not enough blood in the peripheral vessels to create peripheral vascular pressures high enough to push 

the blood back to the heart. 
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2. Acute venous dilation. 

On some occasions, the peripheral veins become acutely vasodilated. This results most often when the 

sympathetic nervous system suddenly becomes inactive. For instance, fainting often results from sudden 

loss of sympathetic nervous system activity, which causes the peripheral capacitative vessels, especially 

the veins, to dilate markedly. This decreases the filling pressure of the vascular system because the blood 

volume can no longer create adequate pressure in the now flaccid peripheral blood vessels. As a result, 

the blood “pools” in the vessels and does not return to the heart. 

3. Obstruction of the large veins.  

On rare occasions, the large veins leading into the heart become obstructed, so that the blood in the 

peripheral vessels cannot flow back into the heart. Consequently, the cardiac output falls markedly. 

4. Decreased tissue mass, especially decreased skeletal muscle mass.  

With normal aging or with prolonged periods of physical inactivity, there is usually a reduction in the 

size of the skeletal muscles. This, in turn, decreases the total oxygen consumption and blood flow needs of 

the muscles, resulting in decreases in skeletal muscle blood flow and cardiac output. 

Regardless of the cause of low cardiac output, whether it be a peripheral factor or a cardiac factor, if 

ever the cardiac output falls below that level required for adequate nutrition of the tissues, the person is 

said to suffer circulatory shock. This condition can be lethal within a few minutes to a few hours.   
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 Venous return curves 
The entire systemic circulation that must be considered before total analysis of cardiac regulation can 

be achieved. To analyze the function of the systemic circulation, we first remove the heart and lungs 

from the circulation of an animal and replace them with a pump and artificial oxygenator system. Then, 

different factors, such blood volume, vascular resistances, and central venous pressure in the right 

atrium, are altered to determine how the systemic circulation operates in different circulatory states. In 

these studies, one finds three principal factors that affect venous return to the heart from the systemic 

circulation. They are as follows: 

1. Right atrial pressure, which exerts a backward force on the veins to impede flow of blood from the 

veins into the right atrium. 

2. Degree of filling of the systemic circulation (measured by the mean systemic filling pressure), which 

forces the systemic blood toward the heart (this is the pressure measured everywhere in the systemic 

circulation when all flow of blood is stopped). 

3. Resistance to blood flow between the peripheral vessels and the right atrium. 

These factors can all be expressed quantitatively by the venous return curve. 

Normal venous return curve 

In the same way that the cardiac output curve relates pumping of blood by the heart to right atrial 

pressure, the venous return curve relates venous return also to right atrial pressure that is, the venous 

flow of blood into the heart from the systemic circulation at different levels of right atrial pressure. The 

curve in Figure below is the normal venous return curve. This curve shows that when heart pumping 

capability becomes diminished and causes the right atrial pressure to rise, the backward force of the 

rising atrial pressure on the veins of the systemic circulation decreases venous return of blood to the 

heart. If all nervous circulatory reflexes are prevented from acting, venous return decreases to zero 

when the right atrial pressure rises to about +7 mm Hg. Such a slight rise in right atrial pressure 

causes a drastic decrease in venous return because the systemic circulation is a distensible bag, so that 

any increase in back pressure causes blood to dam up in this bag instead of returning to the heart. At 

the same time that the right atrial pressure is rising and causing venous stasis, pumping by the heart 

also approaches zero because of decreasing venous return. 

Both the arterial and the venous pressures come to equilibrium when all flow in the systemic circulation 

ceases at a pressure of 7 mm Hg, which, by definition, is the mean systemic filling pressure (Psf). 
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 Pressure gradient for VR when this is zero, there is no VR.  
When the right atrial pressure rises to equal the mean systemic filling pressure, there is no longer any 

pressure difference between the peripheral vessels and the right atrium. Consequently, there can no 

longer be any blood flow from any peripheral vessels back to the right atrium. However, when the right 

atrial pressure falls progressively lower than the mean systemic filling pressure, the flow to the heart 

increases proportionately, as one can see by studying any of the venous return curves that is, the greater 

the difference between the mean systemic filling pressure and the right atrial pressure, the greater 

becomes the venous return. Therefore, the difference between these two pressures is called the pressure 

gradient for venous return. 

Resistance to venous return 
In the same way that mean systemic filling pressure represents a pressure pushing venous blood from 

the periphery toward the heart, there is also resistance to this venous flow of blood. It is called the 

resistance to venous return. Most of the resistance to venous return occurs in the veins, although some 

occurs in the arterioles and small arteries as well. 

Why is venous resistance so important in determining the resistance to venous return? The answer is 

that when the resistance in the veins increases, blood begins to be dammed up, mainly in the veins 

themselves. But the venous pressure rises very little because the veins are highly distensible. Therefore, 

this rise in venous pressure is not very effective in overcoming the resistance and blood flow into the 

right atrium decreases drastically. Conversely, when arteriolar and small artery resistances increase, 

blood accumulates in the arteries, which have a capacitance only 1/30 as great as that of the veins. 

Therefore, even slight accumulation of blood in the arteries raises the pressure greatly—30 times as 

much as in the veins—and this high pressure does overcome much of the increased resistance. 

Mathematically, it turns out that about two thirds of the so-called “resistance to venous return” is 

determined by venous resistance, and about one third by the arteriolar and small artery resistance. 

Venous return can be calculated by the following formula: 

 
in which VR is venous return, Psf is mean systemic filling pressure, PRA is right atrial pressure, and 

RVR is resistance to venous return. In the healthy human adult, the values for these are as follows: 

venous return equals 5 L/min, mean systemic filling pressure equals 7 mm Hg, right atrial pressure 

equals 0 mm Hg, and resistance to venous return equals 1.4 mm Hg per liter of blood flow. 

Effect of resistance to VR on the venous return curve.  

Figure below demonstrates the effect of different levels of resistance to venous return on the venous 

return curve, showing that a decrease in this resistance to one-half normal allows twice as much flow of 

blood and, therefore, rotates the curve upward to twice as great a slope. Conversely, an increase in 

resistance to twice normal rotates the curve downward to one-half as great a slope. Note also that when 

the right atrial pressure rises to equal the mean systemic filling pressure, venous return becomes zero at 

all levels of resistance to venous return because when there is no pressure gradient to cause flow of 

blood, it makes no difference what the resistance is in the circulation; the flow is still zero. Therefore, 

the highest level to which the right atrial pressure can rise, regardless of how much the heart might fail, 

is equal to the mean systemic filling pressure. 
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 Effect of increased blood volume on CO. 
 A sudden increase in blood volume of about 20 per cent increases the cardiac output to about 2.5 to 3 

times normal. This effect cause immediately infusing large quantity of extra blood, the increased filling 

of the system causes the mean systemic filling pressure (Psf) to increase to 16 mm Hg, which shifts the 

venous return curve to the right. At the same time, the increased blood volume distends the blood 

vessels, thus reducing their resistance and thereby reducing the resistance to venous return, which 

rotates the curve upward. As a result of these two effects, the venous return curve is shifted to the right. 

The cardiac output and venous return increase 2.5 to 3 times, and that the right atrial pressure rises to 

about +8 mm Hg. 

Further compensatory effects in response to increased blood volume. 
 The greatly increased cardiac output caused by increased blood volume lasts for only a few minutes 

because several compensatory effects immediately begin to occur: 

(1) The increased cardiac output increases the capillary pressure so that fluid begins to transude out of 

the capillaries into the tissues, thereby returning the blood volume toward normal. 

(2) The increased pressure in the veins causes the veins to continue distending gradually by the 

mechanism called stress-relaxation, especially causing the venous blood reservoirs, such as the liver 

and spleen, to distend, thus reducing the mean systemic pressure.  

(3) The excess blood flow through the peripheral tissues causes autoregulatory increase in the 

peripheral resistance, thus increasing the resistance to venous return. These factors cause the mean 

systemic filling pressure to return back toward normal and the resistance vessels of the systemic 

circulation to constrict. Therefore, gradually, over a period of 10 to 40 minutes, the cardiac output 

returns almost to normal. 

Effect of sympathetic stimulation on cardiac output.  

Sympathetic stimulation affects both the heart and the systemic circulation:  

(1) It makes the heart a stronger pump. 
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(2) In the systemic circulation, it increases the mean systemic filling pressure because of contraction of 

the peripheral vessels—especially the veins—and it increases the resistance to venous return. In figure 

below, the normal cardiac output and venous return curves are depicted; these equate with each other 

at point A, which represents a normal venous return and cardiac output of 5 L/min and a right atrial 

pressure of 0 mm Hg. Note in the figure that maximal sympathetic stimulation (green curves) increases 

the mean systemic filling pressure to 17 mm Hg (depicted by the point at which the venous return curve 

reaches the zero venous return level).And the sympathetic stimulation also increases pumping 

effectiveness of the heart by nearly 100 per cent. As a result, the cardiac output rises from the normal 

value at equilibrium point A to about double normal at equilibrium point D—and yet the right atrial 

pressure hardly changes. Thus, different degrees of sympathetic stimulation can increase the cardiac 

output progressively to about twice normal for short periods of time, until other compensatory effects 

occur within seconds or minutes. 

 

Effect of sympathetic inhibition on cardiac output.  
The sympathetic nervous system can be blocked by inducing total spinal anesthesia or by using some 

drug, such as hexamethonium, that blocks transmission of nerve signals through the autonomic ganglia. 

The lowermost curves in figure above show the effect of sympathetic inhibition caused by total spinal 

anesthesia, demonstrating that  

(1) The mean systemic filling pressure falls to about 4 mm Hg. 

(2) The effectiveness of the heart as a pump decreases to about 80 per cent of normal. 

 The cardiac output falls from point A to point B, which is a decrease to about 60 per cent of normal. 

  Methods for measuring cardiac output. 
In animal experiments, one can cannulate the aorta, pulmonary artery, or great veins entering the heart 

and measure the cardiac output using any type of flowmeter. An electromagnetic or ultrasonic 

flowmeter can also be placed on the aorta or pulmonary artery to measure cardiac output. 
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In the human, except in rare instances, cardiac output is measured by indirect methods that do not 

require surgery. Two of the methods commonly used are the oxygen Fick method and the indicator 

dilution method. 

1. Measurement of cardiac output using the oxygen Fick principle 
The Fick principle is explained by Figure below. This figure shows that 200 milliliters of oxygen are 

being absorbed from the lungs into the pulmonary blood each minute. It also shows that the blood 

entering the right heart has an oxygen concentration of 160 milliliters per liter of blood, whereas that 

leaving the left heart has an oxygen concentration of 200 milliliters per liter of blood. From these data, 

one can calculate that each liter of blood passing through the lungs absorbs 40 milliliters of oxygen. 

Because the total quantity of oxygen absorbed into the blood from the lungs each minute is 200 

milliliters, dividing 200 by 40 calculates a total of five 1-liter portions of blood that must pass through 

the pulmonary circulation each minute to absorb this amount of oxygen. Therefore, the quantity of blood 

flowing through the lungs each minute is 5 liters, which is also a measure of the cardiac output. Thus, 

the cardiac output can be calculated by the following formula: 

 
 

In applying this Fick procedure for measuring cardiac output in the human being, mixed venous blood 

is usually obtained through a catheter inserted up the brachial vein of the forearm, through the 

subclavian vein, down to the right atrium, and, finally, into the right ventricle or pulmonary artery. And 

systemic arterial blood can then be obtained from any systemic artery in the body. The rate of oxygen 

absorption by the lungs is measured by the rate of disappearance of oxygen from the respired air, using 

any type of oxygen meter.  

 



 

 59 

2. Indicator dilution method for measuring cardiac output 
To measure cardiac output by the so-called “indicator dilution method,” a small amount of indicator, 

such as a dye, is injected into a large systemic vein or, preferably, into the right atrium. This passes 

rapidly through the right side of the heart, then through the blood vessels of the lungs, through the left 

side of the heart and, finally, into the systemic arterial system. The concentration of the dye is recorded 

as the dye passes through one of the peripheral arteries. In each of these instances, 5 milligrams of 

Cardio-Green dye was injected at zero time. In the top recording, none of the dye passed into the 

arterial tree until about 3 seconds after the injection, but then the arterial concentration of the dye rose 

rapidly to a maximum in about 6 to 7 seconds. After that, the concentration fell rapidly, but before the 

concentration reached zero, some of the dye had already circulated all the way through some of the 

peripheral systemic vessels and returned through the heart for a second time. Consequently, the dye 

concentration in the artery began to rise again. The cardiac output can be determined using the 

following formula: 
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  Lec.  13                                                             Dr.Latief fayadh    

Humoral Control of the Circulation 
Humoral control of the circulation means control by substances secreted or absorbed into the body fluids such 

as hormones and ions. Some of these substances are formed by special glands and transported in the blood 

throughout the entire body. Others are formed in local tissue areas and cause only local circulatory effects. 

Among the most important of the humoral factors that affect circulatory function are the following. 

-Vasoconstrictor Agents 
1. Norepinephrine and Epinephrine.  
Norepinephrine is an especially powerful vasoconstrictor hormone; epinephrine is less so and in some tissues 

even causes mild vasodilation. (A special example of vasodilation caused by epinephrine occurs to dilate the 

coronary arteries during increased heart activity.) When the sympathetic nervous system is stimulated in most 

or all parts of the body during stress or exercise, the sympathetic nerve endings in the individual tissues release 

norepinephrine, which excites the heart and contracts the veins and arterioles. In addition, the sympathetic 

nerves to the adrenal medullae cause these glands to secrete both norepinephrine and epinephrine into the 

blood. These hormones then circulate to all areas of the body and cause almost the same effects on the 

circulation as direct sympathetic stimulation, thus providing a dual system of control: 

  (A) Direct nerve stimulation. 

 (B) Indirect effects of norepinephrine and/or epinephrine in the circulating blood. 

  2.  Angiotensin II. 
Angiotensin II is another powerful vasoconstrictor substance. As little as one millionth of a gram can increase 

the arterial pressure of a human being 50 mm Hg or more. The effect of angiotensin II is to constrict powerfully 

the small arterioles. If this occurs in an isolated tissue area, the blood flow to that area can be severely 

depressed. However, the real importance of angiotensin II is that it normally acts on many of the arterioles of 

the body at the same time to increase the total peripheral resistance, thereby increasing the arterial pressure. 

Thus, this hormone plays an integral role in the regulation of arterial pressure. 

3.  Vasopressin.  
Vasopressin, also called antidiuretic hormone, is even more powerful than angiotensin II as a vasoconstrictor, 

thus making it one of the body’s most potent vascular constrictor substances. It is formed in nerve cells in the 

hypothalamus of the brain but is then transported downward by nerve axons to the posterior pituitary gland, 

where it is finally secreted into the blood. 

It is clear that vasopressin could have enormous effects on circulatory function. Yet, normally, only minute 

amounts of vasopressin are secreted, so that most physiologists have thought that vasopressin plays little role 

in vascular control. However, experiments have shown that the concentration of circulating blood vasopressin 

after severe hemorrhage can rise high enough to increase the arterial pressure as much as 60 mm Hg. In many 

instances, this can, by itself, bring the arterial pressure almost back up to normal. 

Vasopressin has a major function to increase greatly water reabsorption from the renal tubules back into the 

blood and therefore to help control body fluid volume. That is why this hormone is also called antidiuretic 

hormone. 

4.  Endothelin—A powerful vasoconstrictor in damaged blood vessels.  
Still another vasoconstrictor substance that ranks along with angiotensin and vasopressin in its vasoconstrictor 

capability is a large 21 amino acid peptide called endothelin, which requires only nanogram quantities to 

cause powerful vasoconstriction. This substance is present in the endothelial cells of all or most blood vessels. 

The usual stimulus for release is damage to the endothelium, such as that caused by crushing the tissues or 
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injecting a traumatizing chemical into the blood vessel. After severe blood vessel damage, release of local 

endothelin and subsequent vasoconstriction helps to prevent extensive bleeding from arteries as large as 5 

millimeters in diameter that might have been torn open by crushing injury. 

-Vasodilator Agents 
1. Bradykinin.  
Several substances called kinins cause powerful vasodilation when formed in the blood and tissue fluids of 

some organs. The kinins are small polypeptides that are split away by proteolytic enzymes in the plasma or 

tissue fluids. A proteolytic enzyme of particular importance for this purpose is kallikrein, which is present in the 

blood and tissue fluids in an inactive form. This inactive kallikrein is activated by tissue inflammation, or by 

other similar chemical or physical effects on the blood or tissues. As kallikrein becomes activated, it acts 

immediately to release a kinin called kallidin that then is converted by tissue enzymes into bradykinin.   

Bradykinin causes both powerful arteriolar dilation and increased capillary permeability. For instance, 

injection of 1 microgram of bradykinin into the brachial artery of a person increases blood flow through the 

arm as much as sixfold, and even smaller amounts injected locally into tissues can cause marked local edema 

resulting from increase in capillary pore size. There is reason to believe that kinins play special roles in 

regulating blood flow and capillary leakage of fluids in inflamed tissues. It also is believed that bradykinin 

plays a normal role to help regulate blood flow in the skin as well as in the salivary and gastrointestinal 

glands. 

2. Histamine.  

Histamine is released in essentially every tissue of the body if the tissue becomes damaged or inflamed or is the 

subject of an allergic reaction. Most of the histamine is derived from mast cells in the damaged tissues and 

from basophils in the blood. Histamine has a powerful vasodilator effect on the arterioles and, like bradykinin, 

has the ability to increase greatly capillary porosity, allowing leakage of both fluid and plasma protein into the 

tissues. In many pathological conditions, the intense arteriolar dilation and increased capillary porosity 

produced by histamine cause tremendous quantities of fluid to leak out of the circulation into the tissues, 

inducing edema. The local vasodilatory and edema-producing effects of histamine are especially prominent 

during allergic reactions. 

Vascular control by ions and other chemical factors. 
Many different ions and other chemical factors can either dilate or constrict local blood vessels. Most of them 

have little function in overall regulation of the circulation, but some specific effects are: 

1. An increase in calcium ion concentration causes vasoconstriction. This results from the general effect of 

calcium to stimulate smooth muscle contraction. 

2. An increase in potassium ion concentration causes vasodilation. This results from the ability of potassium 

ions to inhibit smooth muscle contraction. 

3. An increase in magnesium ion concentration causes powerful vasodilation because magnesium ions inhibit 

smooth muscle contraction. 

4. An increase in hydrogen ion concentration (decrease in pH) causes dilation of the arterioles.  Conversely, 

slight decrease in hydrogen ion concentration causes arteriolar constriction. 

5. Anions that have significant effects on blood vessels are acetate and citrate, both of which cause mild 

degrees of vasodilation. 

6. An increase in carbon dioxide concentration causes moderate vasodilation in most tissues, but marked 

vasodilation in the brain. Also, carbon dioxide in the blood, acting on the brain vasomotor center, has an 

extremely powerful indirect effect, transmitted through the sympathetic nervous vasoconstrictor system, to 

cause widespread vasoconstriction throughout the body. 
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Nervous Regulation of the Circulation  
Nervous regulation of the circulation 
The adjustment of blood flow tissue by tissue is mainly the function of local tissue blood flow control 

mechanisms. We shall see that nervous control of the circulation has more global functions, such as 

redistributing blood flow to different areas of the body, increasing or decreasing pumping activity by the heart, 

and, especially, providing very rapid control of systemic arterial pressure. The nervous system controls the 

circulation almost entirely through the autonomic nervous system.   

Autonomic nervous system 
By far the most important part of the autonomic nervous system for regulating the circulation is the sympathetic 

nervous system. The parasympathetic nervous system also contributes specifically to regulation of heart 

function. 

A- Sympathetic nervous system.  
 The anatomy of sympathetic nervous control of the circulation shows that the sympathetic vasomotor nerve 

fibers leave the spinal cord through all the thoracic spinal nerves and through the first one or two lumbar 

spinal nerves. They then pass immediately into a sympathetic chain, one of which lies on each side of the 

vertebral column. Next, they pass by two routes to the circulation: (1) Through specific sympathetic nerves that 

innervate mainly the vasculature of the internal viscera and the heart. (2) Almost immediately into peripheral 

portions of the spinal nerves distributed to the vasculature of the peripheral areas.   

 Sympathetic innervation of the blood vessels.  
Figure below shows distribution of sympathetic nerve fibers to the blood vessels, demonstrating that in most 

tissues all the vessels except the capillaries, precapillary sphincters, and metarterioles are innervated. The 

innervation of the small arteries and arterioles allows sympathetic stimulation to increase resistance to blood 

flow and thereby to decrease rate of blood flow through the tissues. The innervation of the large vessels, 

particularly of the veins, makes it possible for sympathetic stimulation to decrease the volume of these vessels. 

This can push blood into the heart and thereby play a major role in regulation of heart pumping.  

 

Sympathetic nerve fibers to the heart.  
In addition to sympathetic nerve fibers supplying the blood vessels, sympathetic fibers also go directly to the 

heart. It should be recalled that sympathetic stimulation markedly increases the activity of the heart, both 

increasing the heart rate and enhancing its strength and volume of pumping. 
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B- Parasympathetic control of heart function, especially heart rate.  
Although the parasympathetic nervous system is exceedingly important for many other autonomic functions of 

the body, such as control of multiple gastrointestinal actions, it plays only a minor role in regulation of the 

circulation. Its most important circulatory effect is to control heart rate by way of parasympathetic nerve fibers 

to the heart in the vagus nerves from the brain medulla directly to the heart. The effects of parasympathetic 

stimulation on heart function cause a marked decrease in heart rate and a slight decrease in heart muscle 

contractility. 

Sympathetic vasoconstrictor system and its control by the CNS. 
The sympathetic nerves carry tremendous numbers of vasoconstrictor nerve fibers and only a few vasodilator 

fibers. The vasoconstrictor fibers are distributed to essentially all segments of the circulation, but more to some 

tissues than others. This sympathetic vasoconstrictor effect is especially powerful in the kidneys, intestines, 

spleen, and skin but much less potent in skeletal muscle and the brain. 

Vasomotor center in the brain and its control of the vasoconstrictor system. 
 Located bilaterally mainly in the reticular substance of the medulla and of the lower third of the pons, is an 

area called the vasomotor center. This center transmits parasympathetic impulses through the vagus nerves to 

the heart and transmits sympathetic impulses through the spinal cord and peripheral sympathetic nerves to 

virtually all arteries, arterioles, and veins of the body. Although the total organization of the vasomotor center 

is still unclear, experiments have made it possible to identify certain important areas in this center, as follows: 

1. A vasoconstrictor area located bilaterally in the anterolateral portions of the upper medulla. The neurons 

originating in this area distribute their fibers to all levels of the spinal cord, where they excite preganglionic 

vasoconstrictor neurons of the sympathetic nervous system. 

2. A vasodilator area located bilaterally in the anterolateral portions of the lower half of the medulla. The 

fibers from these neurons project upward to the vasoconstrictor area just described; they inhibit the 

vasoconstrictor activity of this area, thus causing vasodilation. 

3. A sensory area located bilaterally in the tractus solitarius in the posterolateral portions of the medulla and 

lower pons. The neurons of this area receive sensory nerve signals from the circulatory system mainly through 

the vagus and glossopharyngeal nerves, and output signals from this sensory area then help to control activities 

of both the vasoconstrictor and vasodilator areas of the vasomotor center, thus providing “reflex” control of 

many circulatory functions. An example is the baroreceptor reflex for controlling arterial 

Pressure. 
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 Sympathetic vasoconstrictor tone.  
Under normal conditions, the vasoconstrictor area of the vasomotor center transmits signals 

continuously to the sympathetic vasoconstrictor nerve fibers over the entire body, causing continuous 

slow firing of these fibers at a rate of about one half to two impulses per second. This continual firing is 

called sympathetic vasoconstrictor tone. These impulses normally maintain a partial state of contraction 

in the blood vessels, called vasomotor tone. Figure below demonstrates the significance of 

vasoconstrictor tone. In the experiment of this figure, total spinal anesthesia was administered to an 

animal. This blocked all transmission of sympathetic nerve impulses from the spinal cord to the 

periphery. As a result, the arterial pressure fell from 100 to 50 mm Hg, demonstrating the effect of 

losing vasoconstrictor tone throughout the body. A few minutes later, a small amount of the hormone 

norepinephrine was injected into the blood (norepinephrine is the principal vasoconstrictor hormonal 

substance secreted at the endings of the sympathetic vasoconstrictor nerve fibers throughout the body). 

As this injected hormone was transported in the blood to all blood vessels, the vessels once again 

became constricted, and the arterial pressure rose to a level even greater than normal for 1 to 3 

minutes, until the norepinephrine was destroyed. 
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  Lec. 14                                                             Dr.Latief fayadh    

Clinical Methods for Measuring Blood Pressure  
 It is not reasonable to use pressure recorders that require needle insertion into an artery for making routine 

pressure measurements in human patients, although these are used on occasion when special studies are 

necessary. Instead, the clinician determines systolic and diastolic pressures by indirect means, usually by the 

auscultatory method. 

Auscultatory Method.  

Figure below shows the auscultatory method for determining systolic and diastolic arterial pressures. A 

stethoscope is placed over the antecubital artery and a blood pressure cuff is inflated around the upper arm. 

As long as the cuff continues to compress the arm with too little pressure to close the brachial artery, no 

sounds are heard from the antecubital artery with the stethoscope. However, when the cuff pressure is great 

enough to close the artery during part of the arterial pressure cycle, a sound then is heard with each 

pulsation. These sounds are called Korotkoff sounds.  The exact cause of Korotkoff sounds is still debated, 

but they are believed to be caused mainly by blood jetting through the partly occluded vessel. The jet causes 

turbulence in the vessel beyond the cuff, and this sets up the vibrations heard through the stethoscope. In 

determining blood pressure by the auscultatory method, the pressure in the cuff is first elevated well above 

arterial systolic pressure. As long as this cuff pressure is higher than systolic pressure, the brachial artery 

remains collapsed so that no blood jets into the lower artery during any part of the pressure cycle. 

Therefore, no Korotkoff sounds are heard in the lower artery. But then the cuff pressure gradually is 

reduced. Just as soon as the pressure in the cuff falls below systolic pressure, blood begins to slip through 

the artery beneath the cuff during the peak of systolic pressure, and one begins to hear tapping sounds from 

the antecubital artery in synchrony with the heartbeat. As soon as these sounds begin to be heard, the 

pressure level indicated by the manometer connected to the cuff is about equal to the systolic pressure. As 

the pressure in the cuff is lowered still more, the Korotkoff sounds change in quality, having less of the 

tapping quality and more of a rhythmical and harsher quality. Then, finally, when the pressure in the cuff 

falls to equal diastolic pressure, the artery no longer closes during diastole, which means that the basic 

factor causing the sounds (the jetting of blood through a squeezed artery) is no longer present. Therefore, 

the sounds suddenly change to a muffled quality, and then disappear entirely after another 5- to 10-

millimeter drop in cuff pressure. One notes the manometer pressure when the Korotkoff sounds change to 

the muffled quality; this pressure is about equal to the diastolic pressure. The auscultatory method for 

determining systolic and diastolic pressures is not entirely accurate, but it usually gives values within 10 per 

cent of those determined by direct catheter measurement from inside the arteries. 

Normal arterial pressures as measured by the auscultatory method.  
Figure below shows the approximate normal systolic and diastolic arterial pressures at different ages. The 

progressive increase in pressure with age results from the effects of aging on the blood pressure control 

mechanisms. The kidneys are primarily responsible for this long term regulation of arterial pressure; and it 

is well known that the kidneys exhibit definitive changes with age, especially after the age of 50 years. A 

slight extra increase in systolic pressure usually occurs beyond the age of 60 years. This result from 

hardening of the arteries, which itself is an end-stage result of atherosclerosis. The final effect is a bounding 

systolic pressure with considerable increase in pulse pressure, as previously explained 
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Mean Arterial Pressure    
The mean arterial pressure is the average of the arterial pressures measured millisecond by millisecond 

over a period of time. It is not equal to the average of systolic and diastolic pressure because the arterial 

pressure remains nearer to diastolic pressure than to systolic pressure during the greater part of the cardiac 

cycle. Therefore, the mean arterial pressure is determined about 60 per cent by the diastolic pressure and 40 

per cent by the systolic pressure. Note in Figure below that the mean pressure at all ages is nearer to the 

diastolic pressure than to the systolic pressure. 

 

Hypertension: 
Approximately 20% of all adults in the United States have hypertension—blood pressure in excess of the 

normal range for a person’s age and sex. Hypertension that is a result of (secondary to) known disease 

processes is logically called secondary hypertension. Of the hypertensive population, secondary 

hypertension accounts for only about 5%. Hypertension that is the result of complex and poorly understood 

processes is not so logically called primary, or essential, hypertension. Hypertension in adults is defined by 

a systolic pressure greater than 140 mmHg and/or a diastolic pressure greater than 90 mmHg .Diseases of 

the kidneys and arteriosclerosis of the renal arteries can cause secondary hypertension because of high 

blood volume. More commonly, the reduction of renal blood flow can raise blood pressure by stimulating 

the secretion of vasoactive chemicals from the kidneys. Experiments, in which the renal artery is pinched, for 

example, produce hypertension that is associated (at least initially) with elevated renin secretion.   

Hypertension is a sustained elevation of the systemic arterial pressure. Pulmonary hypertension also occurs, 

but the pressure in the pulmonary artery is relatively independent of that in the systemic arteries. 

Hypertension is a very common abnormality in humans. It can be produced by many diseases. It causes a 

number of serious disorders. When the resistance against which the left ventricle must pump (afterload) is 

elevated for a long period, the cardiac muscle hypertrophies. The initial response is activation of   in the 

ventricular muscle; Left ventricular hypertrophy is associated with a poor prognosis. The total O2 

consumption of the heart, already increased by the work of expelling blood against a raised pressure, is 

increased further because there is more muscle. Therefore, any decrease in coronary blood flow has more 
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serious consequences in hypertensive patients than it does in normal individuals, and degrees of coronary 

narrowing that do not produce symptoms when the size of the heart is normal may produce myocardial 

infarction when the heart is enlarged. The incidence of atherosclerosis increases in hypertension, and 

myocardial infarcts are common even when the heart is not enlarged. Eventually, the ability to compensate 

for the high peripheral resistance is exceeded, and the heart fails. Hypertensive individuals are also 

predisposed to thromboses of cerebral vessels and cerebral hemorrhage. An additional complication is renal 

failure. However, the incidence of heart failure, strokes, and renal failure can be markedly reduced by active 

treatment of hypertension, even when the hypertension is relatively mild. 

- Malignant Hypertension: 
Chronic hypertension can enter an accelerated phase in which necrotic arteriolar lesions develop and there 

is a rapid downhill course with papilledema, cerebral symptoms, and progressive renal failure. This 

syndrome is known as malignant hypertension, and without treatment it is fatal in less than 2 years. 

However, its progression can be stopped, and it can be reversed by appropriate antihypertensive therapy. 

- Essential Hypertension: 
In about 88% of patients with elevated blood pressure, the cause of the hypertension is unknown, and they 

are said to have essential hypertension. At present, essential hypertension is treatable but not curable. 

Effective lowering of the blood pressure can be produced by drugs that block -adrenergic receptors, either 

in the periphery or in the central nervous system; drugs that block -adrenergic receptors; drugs that inhibit 

the activity of angiotensin -converting enzyme; and calcium channel blockers that relax vascular smooth 

muscle. Essential hypertension is probably polygenic in origin, and environmental factors are also involved. 

The vast majority of people with hypertension have essential hypertension. An increased total peripheral 

resistance is a universal characteristic of this condition. Cardiac rate and the cardiac output are elevated in 

many, but not all, of these cases. The secretion of renin, which is correlated with angiotensin II production 

and aldosterone secretion, is likewise variable. Although some people with essential hypertension have low 

renin secretion, most have either normal or elevated levels of renin secretion.   

Sustained high stress (acting via the sympathetic nervous system) and high salt intake appear to act 

synergistically in the development of hypertension. There is some evidence that Na+ enhances the vascular 

response to sympathetic stimulation. Further, sympathetic nerve stimulation can cause constriction of the 

renal blood vessels and thus decrease the excretion of salt and water. As an adaptive response to prolonged 

high blood pressure, the arterial wall becomes thickened. This response can lead to arteriosclerosis and 

results in an even greater increase in total peripheral resistance, thus raising blood pressure still more in a 

positive feedback fashion. 

The interactions between salt intake, sympathetic nerve activity, cardiovascular responses to sympathetic 

nerve activity, kidney function, and genetics make it difficult to sort out the cause-and-effect sequence that 

leads to essential hypertension. Current evidence suggests that the inability of the kidneys to properly 

eliminate salt and water is a shared characteristic in all cases of essential hypertension. Further, there is 

evidence that salt intake may be the single most important factor. Chimpanzees with their natural, low-salt 

diet, have low blood pressure. When given human levels of dietary salt, however, their blood pressure rises. 

“Pre-literate” people whose diet is natural and low in salt similarly exhibit low blood pressure. 

 Other Forms of Hypertension: 
In other, less common forms of hypertension, the cause is known. A review of these is helpful because it 

emphasizes ways disordered physiology can lead to disease. Such as: 

1.  Renal hypertension     

2.  Pill hypertension  

3.  Low renin hypertension         4. Monogenic hypertension 
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 Dangers of Hypertension 
If other factors remain constant, blood flow increases as arterial blood pressure increases. The organs of 

people with hypertension are thus adequately perfused with blood until the excessively high pressure causes 

vascular damage. Because most patients are asymptomatic (without symptoms) until substantial vascular 

damage has occurred, hypertension is often referred to as a silent killer. 

Hypertension is dangerous for a number of reasons. First, high arterial pressure increases the afterload, 

making it more difficult for the ventricles to eject blood. The heart, then, must work harder, which can result 

in pathological changes in heart structure and function, leading to congestive heart failure. Additionally, 

high pressure may damage cerebral blood vessels, leading to cerebrovascular accident, or “stroke.” (Stroke 

is the third-leading cause of death in the United States.) Finally, hypertension contributes to the 

development of atherosclerosis, which can itself lead to heart disease and stroke as previously described. 

Treatment of Hypertension 

The first form of treatment that is usually attempted is modification of lifestyle. This modification includes 

cessation of smoking, moderation of alcohol intake, and weight reduction, if applicable. It can also include 

programmed exercise and a reduction in sodium intake. People with essential hypertension may have a 

potassium deficiency, and there is evidence that eating food that is rich in potassium may help to lower 

blood pressure. There is also evidence that supplementing the diet with Ca2+ may be of benefit, but this is 

more controversial. If lifestyle modifications alone are insufficient, various drugs may be prescribed. Most 

commonly, these are diuretics that increase urine volume, thus decreasing blood volume and pressure. 

Drugs that block β1-adrenergic receptors (such as atenolol) lower blood pressure by decreasing the cardiac 

rate and are also frequently prescribed. ACE inhibitors, calcium antagonists, and various vasodilators   may 

also be used in particular situations. A new class of drugs, angiotensin II-receptor antagonists, is now also 

available. 
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Physiology of circulatory shock and hypotension 
Circulatory shock means generalized inadequate blood flow through the body, to the extent that the body 

tissues are damaged because of too little flow, especially because of too little oxygen and other nutrients 

delivered to the tissue cells. Even the cardiovascular system itself—the heart musculature, walls of the blood 

vessels, vasomotor system, and other circulatory parts—begins to deteriorate, so that the shock, once begun, 

is prone to become progressively worse. 

Physiologic causes of shock 

A. Circulatory shock caused by decreased cardiac output 
Shock usually results from inadequate cardiac output. Therefore, any condition that reduces the cardiac 

output far below normal will likely lead to circulatory shock. Two types of factors can severely reduce 

cardiac output: 

1. Cardiac abnormalities that decrease the ability of the heart to pump blood. 

These include especially myocardial infarction but also toxic states of the heart, severe heart valve 

dysfunction, heart arrhythmias, and other conditions. The circulatory shock that results from diminished 

cardiac pumping ability is called cardiogenic shock. Where it is pointed that as many as 85 per cent of 

people who develop cardiogenic shock do not survive. 

2. Factors that decrease venous return also decrease cardiac output because the heart cannot pump blood 

that does not flow into it. The most common cause of decreased venous return is diminished blood volume, 

but venous return can also be reduced as a result of decreased vascular tone, especially of the venous blood 

reservoirs, or obstruction to blood flow at some point in the circulation, especially in the venous return 

pathway to the heart. 

B. Circulatory shock that occurs without diminished cardiac output 

Occasionally, the cardiac output is normal or even greater than normal, yet the person is in circulatory 

shock. This can result from: 

(1) Excessive metabolism of the body, so that even a normal cardiac output is inadequate. 

(2) Abnormal tissue perfusion patterns, so that most of the cardiac output is passing through blood vessels 

besides those that supply the local tissues with nutrition. The specific causes of shock are discussed later in 

the chapter. For the present, it is important to note that all of them lead to inadequate delivery of nutrients 

to critical tissues and critical organs and also cause inadequate removal of cellular waste products from the 

tissues.Table below shows the early and late signs of shock in general. 
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Stages of Shock  
Because the characteristics of circulatory shock change with different degrees of severity, shock is divided 

into the following three major stages: 

1. A nonprogressive stage (sometimes called the compensated stage), in which the normal circulatory 

compensatory mechanisms eventually cause full recovery without help from outside therapy. 

2. A progressive stage, in which, without therapy, the shock becomes steadily worse until death. 

3. An irreversible stage, in which the shock has progressed to such an extent that all forms of known therapy 

are inadequate to save the person’s life, even though, for the moment, the person is still alive. 

 Types of shock: 

1. Hypovolemia—Hemorrhagic Shock 

 Hypovolemia means diminished blood volume. Hemorrhage is the most common cause of hypovolemic   

shock. Hemorrhage decreases the filling pressure of the circulation and, as a consequence, decreases 

venous return. As a result, the cardiac output falls below normal, and shock may ensue. 

2. Hypovolemic Shock Caused by Plasma Loss 

 Loss of plasma from the circulatory system, even without loss of red blood cells, can sometimes be severe 

enough to reduce the total blood volume markedly, causing typical hypovolemic shock similar in almost all 

details to that caused by hemorrhage. Severe plasma loss occurs in the intestinal obstruction and in severe 

burns.  

3. Hypovolemic Shock Caused by Trauma 

One of the most common causes of circulatory shock is trauma to the body. Often the shock results simply 

from hemorrhage caused by the trauma, but it can also occur even without hemorrhage, because extensive 

contusion of the body can damage the capillaries sufficiently to allow excessive loss of plasma into the 

tissues. This results in greatly reduced plasma volume, with resultant hypovolemic shock. 

Various attempts have been made to implicate toxic factors released by the traumatized tissues as one of the 

causes of shock after trauma. However, crosstransfusion experiments into normal animals have failed to 

show significant toxic elements.  

4. Neurogenic Shock—Increased Vascular Capacity 

Shock occasionally results without any loss of blood volume. Instead, the vascular capacity increases so 

much that even the normal amount of blood becomes incapable of filling the circulatory system adequately. 

One of the major causes of this is sudden loss of vasomotor tone throughout the body, resulting especially in 

massive dilation of the veins. The resulting condition is known as neurogenic shock. The role of vascular 

capacity in helping to regulate circulatory function was discussed in Chapter 15, where it was pointed out 

that either an increase in vascular capacity or a decrease in blood volume reduces the mean systemic filling 

pressure, which reduces venous return to the heart. Diminished venous return caused by vascular dilation is 

called venous pooling of blood. 

4. Anaphylactic Shock and Histamine Shock 

Anaphylaxis is an allergic condition in which the cardiac output and arterial pressure often decrease 

drastically. It results primarily from an antigen-antibody reaction that takes place immediately after an 

antigen to which the person is sensitive enters the circulation. One of the principal effects is to cause the 

basophils in the blood and mast cells in the pericapillary tissues to release histamine or a histamine-like 

substance. The histamine causes: 

 (1) An increase in vascular capacity because of venous dilation, thus causing a marked decrease in VR. 

(2) Dilation of the arterioles, resulting in greatly reduced arterial pressure. 

(3) Greatly increased capillary permeability, with rapid loss of fluid and protein into the tissue spaces. The 

net effect is a great reduction in venous return and sometimes such serious shock that the person dies within 
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minutes. Intravenous injection of large amounts of histamine causes “histamine shock,” which has 

characteristics almost identical to those of anaphylactic shock. 

 6. Septic Shock 

A condition that was formerly known by the popular name “blood poisoning” is now called septic shock by 

most clinicians. This refers to a bacterial infection widely disseminated to many areas of the body, with the 

infection being borne through the blood from one tissue to another and causing extensive damage. There are 

many varieties of septic shock because of the many types of bacterial infections that can cause it and 

because infection in different parts of the body produces different effects. 

Septic shock refers to a dangerously low blood pressure (hypotension) that may result from sepsis, or 

infection. This can occur through the action of a bacterial lipopolysaccharide called endotoxin. The 

mortality associated with septic shock is presently very high, estimated at 50% to 70%. According to recent 

information, endotoxin activates the enzyme nitric oxide synthase within macrophages—cells that play an 

important role in the immune response. Nitric oxide synthase produces nitric oxide, which promotes 

vasodilation and, as a result, a fall in blood pressure. Septic shock has recently been treated effectively with 

drugs that inhibit the production of nitric oxide. 

Physiology of Treatment in Shock 

1. Replacement Therapy 

    A. Blood and Plasma Transfusion.   

    B. Dextran Solution as a Plasma Substitute.   

2. Treatment of Shock with Sympathomimetic drugs is a drug that mimics sympathetic stimulation. These 

drugs include norepinephrine, epinephrine.  

3. Other Therapy: 

  A. Treatment by the Head-Down Position.   

  B. Oxygen Therapy.   

  C. Treatment with Glucocorticoids (Adrenal cortex hormones that control glucose Metabolism). 

Circulatory Arrest 
A condition closely allied to circulatory shock is circulatory arrest, in which all blood flow stops. This 

occurs frequently on the surgical operating table as a result of cardiac arrest or ventricular fibrillation.    

Ventricular fibrillation can usually be stopped by strong electroshock of the heart. Cardiac arrest often 

results from too little oxygen in the anesthetic gaseous mixture or from a depressant effect of the anesthesia 

itself. A normal cardiac rhythm can usually be restored by removing the anesthetic and immediately 

applying cardiopulmonary resuscitation procedures, while at the same time supplying the patient’s lungs 

with adequate quantities of ventilator oxygen.  
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Function of the Heart Valves 
Atrioventricular valves.  
The A-V valves (the tricuspid and mitral valves) prevent backflow of blood from the ventricles to the 

atria during systole, and the semilunar valves (the aortic and pulmonary artery valves) prevent 

backflow from the aorta and pulmonary arteries into the ventricles during diastole. These valves, shown 

in figure below for the left ventricle, close and open passively. That is, they close when a backward 

pressure gradient pushes blood backward, and they open when a forward pressure gradient forces 

blood in the forward direction. For anatomical reasons, the thin, filmy A-V valves require almost no 

backflow to cause closure, whereas the much heavier semilunar valves require rather rapid backflow 

for a few milliseconds. 

Function of the papillary muscles.  
Figure below also shows papillary muscles that attach to the vanes of the A-V valves by the chordae 

tendineae. The papillary muscles contract when the ventricular walls contract, but contrary to what 

might be expected, they do not help the valves to close. Instead, they pull the vanes of the valves inward 

toward the ventricles to prevent their bulging too far backward toward the atria during ventricular 

contraction. If a chorda tendinea becomes ruptured or if one of the papillary muscles becomes 

paralyzed, the valve bulges far backward during ventricular contraction, sometimes so far that it leaks 

severely and results in severe or even lethal cardiac incapacity. 

 

Aortic and pulmonary artery valves.  

The aortic and pulmonary artery semilunar valves function quite differently from the A-V valves. 

1. The high pressures in the arteries at the end of systole cause the semilunar valves to snap to the 

closed position, in contrast to the much softer closure of the A-V valves. 

2. Because of smaller openings, the velocity of blood ejection through the aortic and pulmonary valves 

is far greater than that through the much larger A-V valves. 

3. Also, because of the rapid closure and rapid ejection, the edges of the aortic and pulmonary valves 

are subjected to much greater mechanical abrasion than are the A-V valves.  

4. Finally, the A-V valves are supported by the chordae tendineae, which is not true for the semilunar 

valves. It is obvious from the anatomy of the aortic and pulmonary valves (as shown for the aortic valve 
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at the bottom of figure above) that they must be constructed with an especially strong yet very pliable 

fibrous tissue base to withstand the extra physical stresses. 

 Relationship of the heart sounds to heart pumping. 

When listening to the heart with a stethoscope, one does not hear the opening of the valves because this 

is a relatively slow process that normally makes no noise. However, when the valves close, the vanes of 

the valves and the surrounding fluids vibrate under the influence of sudden pressure changes, giving off 

sound that travels in all directions through the chest. When the ventricles contract, one first hears a 

sound caused by closure of the A-V valves. The vibration is low in pitch and relatively long-lasting and 

is known as the first heart sound. When the aortic and pulmonary valves close at the end of systole, one 

hears a rapid snap because these valves close rapidly, and the surroundings vibrate for a short period. 

This sound is called the second heart sound.   
Normal Heart Sounds 

Listening with a stethoscope to a normal heart, one hears a sound usually described as “lub, dub, lub, 

dub.”The “lub” is associated with closure of the atrioventricular (A-V) valves at the beginning of 

systole, and the “dub” is associated with closure of the semilunar (aortic and pulmonary) valves at the 

end of systole. The “lub” sound is called the first heart sound, and the dub” is called the second heart 

sound, because the normal pumping cycle of the heart is considered to start when the A-V valves close 

at the onset of ventricular systole. 

Causes of the first and second heart sounds. 

The earliest explanation for the cause of the heart sounds was that the “slapping” together of the valve 

leaflets sets up vibrations. However, this has been shown to cause little, if any, of the sound, because the 

blood between the leaflets cushions the slapping effect and prevents significant sound. Instead, the 

cause is vibration of the taut valves immediately after closure, along with vibration of the adjacent walls 

of the heart and major vessels around the heart. That is, in generating the first heart sound, contraction 

of the ventricles first causes sudden backflow of blood against the A-V valves (the tricuspid and mitral 

valves), causing them to close and bulge toward the atria until the chordae tendineae abruptly stop the 

back bulging. 

The elastic tautness of the chordae tendineae and of the valves then causes the back surging blood to 

bounce forward again into each respective ventricle. This causes the blood and the ventricular walls, as 

well as the taut valves, to vibrate and causes vibrating turbulence in the blood. The vibrations travel 

through the adjacent tissues to the chest wall, where they can be heard as sound by using the 

stethoscope. The second heart sound results from sudden closure of the semilunar valves at the end of 

systole. When the semilunar valves close, they bulge backward toward the ventricles, and their elastic 

stretch recoils the blood back into the arteries, which causes a short period of reverberation of blood 

back and forth between the walls of the arteries and the semilunar valves, as well as between these 

valves and the ventricular walls. The vibrations occurring in the arterial walls are then transmitted 

mainly along the arteries. When the vibrations of the vessels or ventricles come into contact with a 

“sounding board,” such as the chest wall, they create sound that can be heard. 

 Duration and pitch of the first and second heart sounds. 
The duration of each of the heart sounds is slightly more than 0.10 second—the first sound about 0.14 

second, and the second about 0.11 second. The reason for the shorter second sound is that the 

semilunar valves are more taut than the A-V valves, so that they vibrate for a shorter time than do the A-

V valves. The audible range of frequency (pitch) in the first and second heart sounds, begins at the 

lowest frequency the ear can detect, about 40 cycles/sec, and goes up above 500 cycles/sec. 
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When special electronic apparatus is used to record these sounds, by far a larger proportion of the 

recorded sound is at frequencies and sound levels below the audible range, going down to 3 to 4 

cycles/sec and peaking at about 20 cycles/sec, as illustrated by the lower shaded area in figure below. 

For this reason, major portions of the heart sounds can be recorded electronically in 

phonocardiograms even though they cannot be heard with a stethoscope. The second heart sound 

normally has a higher frequency than the first heart sound for two reasons: 

(1)  The tautness of the semilunar valves in comparison with the much less taut A-V valves. 

(2) The greater elastic coefficient of the taut arterial walls that provide the principal vibrating 

chambers for the second sound, in comparison with the much looser, less elastic ventricular 

chambers that provide the vibrating system for the first heart sound. The clinician uses these 

differences to distinguish special characteristics of the two respective sounds. 

 

Third heart sound.  
Occasionally a weak, rumbling third heart sound is heard at the beginning of the middle third of 

diastole. A logical but unproved explanation of this sound is oscillation of blood back and forth between 

the walls of the ventricles initiated by inrushing blood from the atria. This is analogous to running 

water from a faucet into a paper sack, the inrushing water reverberating back and forth between the 

walls of the sack to cause vibrations in its walls. The reason the third heart sound does not occur until 

the middle third of diastole is believed to be that in the early part of diastole, the ventricles are not filled 

sufficiently to create even the small amount of elastic tension necessary for reverberation. The 

frequency of this sound is usually so low that the ear cannot hear it, yet it can often be recorded in the 

phonocardiogram. 

Atrial heart sound (fourth heart sound).  
An atrial heart sound can sometimes be recorded in the phonocardiogram, but it can almost never be 

heard with a stethoscope because of its weakness and very low frequency—usually 20 cycles/sec or less. 

This sound occurs when the atria contract, and presumably, it is caused by the inrush of blood into the 

ventricles, which initiates vibrations similar to those of the third heart sound. 

Chest surface areas for auscultation of normal heart sounds. 
Listening to the sounds of the body, usually with the aid of a stethoscope, is called auscultation. Figure 

below shows the areas of the chest wall from which the different heart valvular sounds can best be 

distinguished. Although the sounds from all the valves can be heard from all these areas, the 

cardiologist distinguishes the sounds from the different valves by a process of elimination. That is, he or 

she moves the stethoscope from one area to another, noting the loudness of the sounds in different areas 



 

 75 

and gradually picking out the sound components from each valve. The areas for listening to the different 

heart sounds are not directly over the valves themselves. The aortic area is upward along the aorta 

because of sound transmission up the aorta, and the pulmonic area is upward along the pulmonary 

artery. The tricuspid area is over the right ventricle, and the mitral area is over the apex of the left 

ventricle, which is the portion of the heart nearest the surface of the chest; the heart is rotated so that 

the remainder of the left ventricle lies more posteriorly. 

 

Phonocardiogram 
If a microphone specially designed to detect low-frequency sound is placed on the chest, the heart 

sounds can be amplified and recorded by a high-speed recording apparatus. The recording is called a 

phonocardiogram, and the heart sounds appear as waves, as shown schematically in figure below. 

Recording A is an example of normal heart sounds, showing the vibrations of the first, second, and third 

heart sounds and even the very weak atrial sound. Note specifically that the third and atrial heart 

sounds are each a very low rumble. The third heart sound can be recorded in only one third to one half 

of all people, and the atrial heart sound can be recorded in perhaps one fourth of all people. 

 



 

 76 

 ayadhFatief LDr.                                                                    . 16Lec 

Cardiac Failure 
The term “cardiac failure” means simply failure of the heart to pump enough blood to satisfy the needs 

of the body. One of the most important ailments that must be treated by the physician is cardiac failure 

(“heart failure”). This can result from any heart condition that reduces the ability of the heart to pump 

blood. The cause usually is decreased contractility of the myocardium resulting from diminished 

coronary blood flow. However, failure can also be caused by damaged heart valves, external pressure 

around the heart, vitamin B deficiency, primary cardiac muscle disease, or any other abnormality that 

makes the heart a hypoeffective pump.   

Dynamics of the circulation in moderate cardiac failure. 
If a heart suddenly becomes severely damaged, such as by myocardial infarction, the pumping ability of 

the heart is immediately depressed. As a result, two main effects occur: (1) reduced cardiac output and 

(2) damming of blood in the veins, resulting in increased venous pressure. The progressive changes in 

heart pumping effectiveness at different times after an acute myocardial infarction are shown 

graphically in figure below. The top curve of this figure shows a normal cardiac output curve. Point A 

on this curve is the normal operating point, showing a normal cardiac output under resting conditions 

of 5 L/min and a right atrial pressure of 0 mm Hg. Immediately after the heart becomes damaged, the 

cardiac output curve becomes greatly lowered, falling to the lowest curve at the bottom of the graph. 

Within a few seconds, a new circulatory state is established at point B rather than point A, illustrating 

that the cardiac output has fallen to 2 L/min, about two-fifths normal, whereas the right atrial pressure 

has risen to +4 mmHg because venous blood returning to the heart from the body is dammed up in the 

right atrium. This low cardiac output is still sufficient to sustain life for perhaps a few hours, but it is 

likely to be associated with fainting. Fortunately, this acute stage usually lasts for only a few seconds 

because sympathetic nerve reflexes occur immediately and compensate, to a great extent, for the 

damaged heart, as follows. 
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Compensation for acute cardiac failure by sympathetic nervous reflexes.  
When the cardiac output falls precariously low, many of the circulatory reflexes are immediately 

activated. The best known of these is the baroreceptor reflex, which is activated by diminished arterial 

pressure. It is probable that the chemoreceptor reflex, the central nervous system ischemic response, 

and even reflexes that originate in the damaged heart also contribute to activating the sympathetic 

nervous system. But whatever the reflexes might be, the sympathetics become strongly stimulated within 

a few seconds, and the parasympathetic nervous signals to the heart become reciprocally inhibited at 

the same time. 

Strong sympathetic stimulation has two major effects on the circulation: first on the heart itself, and 

second on the peripheral vasculature. If all the ventricular musculature is diffusely damaged but is still 

functional, sympathetic stimulation strengthens this damaged musculature. If part of the muscle is 

nonfunctional and part of it is still normal, the normal muscle is strongly stimulated by sympathetic 

stimulation, in this way partially compensating for the nonfunctional muscle. Thus, the heart, one way 

or another, becomes a stronger pump. This effect is also demonstrated in figure above, showing after 

sympathetic compensation about twofold elevation of the very low cardiac output curve. 

Sympathetic stimulation also increases venous return because it increases the tone of most of the blood 

vessels of the circulation, especially the veins, raising the mean systemic filling pressure which greatly 

increases the tendency for blood to flow from the veins back into the heart. Therefore, the damaged 

heart becomes primed with more inflowing blood than usual, and the right atrial pressure rises still 

further, which helps the heart to pump still larger quantities of blood. Thus, in figure above, the new 

circulatory state is depicted by point C, showing a cardiac output of 4.2 L/min and a right atrial 

pressure of 5 mm Hg. 

The sympathetic reflexes become maximally developed in about 30 seconds. Therefore, a person who 

has a sudden, moderate heart attack might experience nothing more than cardiac pain and a few 

seconds of fainting. Shortly thereafter, with the aid of the sympathetic reflex compensations, the cardiac 

output may return to a level adequate to sustain the person if he or she remains quiet, although the pain 

might persist. 

Chronic stage of failure—fluid retention helps to compensate cardiac 

output 
After the first few minutes of an acute heart attack, a prolonged semi-chronic state begins, characterized 

mainly by two events: 

 (1) Retention of fluid by the kidneys. 

(2) Varying degrees of recovery of the heart itself over a period of weeks to months, as illustrated by the 

light green curve above. 

Renal retention of fluid and increase in blood volume occur for hours to 

days. 
A low cardiac output has a profound effect on renal function, sometimes causing anuria when the 

cardiac output falls to one-half to two-thirds normal. In general, the urine output remains reduced 

below normal as long as the cardiac output and arterial pressure remain significantly less than normal, 

and urine output usually does not return all the way to normal after an acute heart attack until the 

cardiac output and arterial pressure rise either all the way back to normal or almost to normal. 

- Moderate fluid retention in cardiac failure can be beneficial. 
Many cardiologists formerly considered fluid retention always to have a detrimental effect in cardiac 

failure. But it is now known that a moderate increase in body fluid and blood volume is an important 
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factor in helping to compensate for the diminished pumping ability of the heart by increasing the venous 

return. The increased blood volume increases venous return in two ways: First, it increases the mean 

systemic filling pressure, which increases the pressure gradient for causing venous flow of blood toward 

the heart. Second, it distends the veins, which reduces the venous resistance and allows even more ease 

of flow of blood to the heart. 

If the heart is not too greatly damaged, this increased venous return can often fully compensate for the 

heart’s diminished pumping ability—enough in fact that even when the heart’s pumping ability is 

reduced to as low as 40 to 50 per cent of normal, the increased venous return can often cause an 

entirely normal cardiac output as long as the person remains in a quiet resting state. 

When the heart’s pumping capability is reduced still more, blood flow to the kidneys finally becomes too 

low for the kidneys to excrete enough salt and water to equal salt and water intake. Therefore, fluid 

retention begins and continues indefinitely, unless major therapeutic procedures are used to prevent 

this. Furthermore, because the heart is already pumping at its maximum pumping capacity, this excess 

fluid no longer has a beneficial effect on the circulation. Instead, severe edema develops throughout the 

body, which can be very detrimental in itself and can lead to death. 

- Detrimental effects of excess fluid retention in severe cardiac failure.  
In contrast to the beneficial effects of moderate fluid retention in cardiac failure, in severe failure 

extreme excesses of fluid can have serious physiological consequences. They include: 

(1) Overstretching of the heart, thus weakening the heart still more. 

(2) Filtration of fluid into the lungs, causing pulmonary edema and consequent deoxygenation of the 

blood. 

(3) Development of extensive edema in most parts of the body.   

Recovery of the myocardium after myocardial infarction 

After a heart becomes suddenly damaged as a result of myocardial infarction, the natural reparative 

processes of the body begin immediately to help restore normal cardiac function. For instance, a new 

collateral blood supply begins to penetrate the peripheral portions of the infarcted area of the heart, 

often causing much of the heart muscle in the fringe areas to become functional again. Also, the 

undamaged portion of the heart musculature hypertrophies, in this way offsetting much of the cardiac 

damage. The degree of recovery depends on the type of cardiac damage, and it varies from no recovery 

to almost complete recovery. After acute myocardial infarction, the heart ordinarily recovers rapidly 

during the first few days and weeks and achieves most of its final state of recovery within 5 to 7 weeks, 

although mild degrees of additional recovery can continue for months. 

The cardiac output curve after partial recovery.  
Figure above shows function of the partially recovered heart a week or so after acute myocardial 

infarction. By this time, considerable fluid has been retained in the body and the tendency for venous 

return has increased markedly as well; therefore, the right atrial pressure has risen even more. As a 

result, the state of the circulation is now changed from point C to point D, which shows a normal 

cardiac output of 5 L/min but right atrial pressure increased to 6 mm Hg. 

Because the cardiac output has returned to normal, renal output of fluid also returns to normal, and no 

further fluid retention occurs, except that the retention of fluid that has already occurred continues to 

maintain moderate excesses of fluid. Therefore, except for the high right atrial pressure represented by 

point D in this figure, the person now has essentially normal cardiovascular dynamics as long as he or 

she remains at rest. 
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If the heart recovers to a significant extent and if adequate fluid volume has been retained, the 

sympathetic stimulation gradually abates toward normal for the following reasons: The partial recovery 

of the heart can elevate the cardiac output curve the same as sympathetic stimulation can. Therefore, as 

the heart recovers even slightly, the fast pulse rate, cold skin, and pallor resulting from sympathetic 

stimulation in the acute stage of cardiac failure gradually disappear. 

 

 

 

Summary of the changes that occur after acute cardiac failure.   
To summarize the events discussed in the past few sections describing the dynamics of circulatory 

changes after an acute, moderate heart attack, we can divide the stages into: 

(1) The instantaneous effect of the cardiac damage. 

(2) Compensation by the sympathetic nervous system, which occurs mainly within the first 30 seconds to 

1 minute. 

(3) Chronic compensations resulting from partial heart recovery and renal retention of fluid.  

All these changes are shown graphically by the black curve in figure shown above. The progression of 

this curve shows the normal state of the circulation (point A), the state a few seconds after the heart 

attack but before sympathetic reflexes have occurred (point B), the rise in cardiac output toward normal 

caused by sympathetic stimulation (point C), and final return of the cardiac output almost exactly to 

normal after several days to several weeks of partial cardiac recovery and fluid retention (point D). 

This final state is called compensated heart failure. 

Compensated heart failure. 
Note especially in figure above that the maximum pumping ability of the partly recovered heart, as 

depicted by the plateau level of the light green curve, is still depressed to less than one-half normal. 

This demonstrates that an increase in right atrial pressure can maintain the cardiac output at a normal 

level despite continued weakness of the heart. Thus many people, especially older people, have normal 

resting cardiac outputs but mildly to moderately elevated right atrial pressures because of various 

degrees of “compensated heart failure.”These persons may not know that they have cardiac damage 

because the damage often has occurred a little at a time, and the compensation has occurred 

concurrently with the progressive stages of damage.  

When a person is in compensated heart failure, any attempt to perform heavy exercise usually causes 

immediate return of the symptoms of acute failure because the heart is not able to increase its pumping 

capacity to the levels required for the exercise. Therefore, it is said that the cardiac reserve is reduced 

in compensated heart failure.   

Dynamics of Severe Cardiac Failure— Decompensated Heart Failure 

If the heart becomes severely damaged, no amount of compensation, either by sympathetic nervous 

reflexes or by fluid retention, can make the excessively weakened heart pump a normal cardiac output. 

As a consequence, the cardiac output cannot rise high enough to make the kidneys excrete normal 

quantities of fluid. Therefore, fluid continues to be retained, the person develops more and more edema, 

and this state of events eventually leads to death. This is called decompensated heart failure. Thus, the 

main cause of decompensated heart failure is failure of the heart to pump sufficient blood to make the 

kidneys excrete daily the necessary amounts of fluid. 
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