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Chapter 23. Disorders of 
Cardiac Function. Heart Failure

The main function of the circulatory system, which consists of the heart and 
blood vessels, is transport. The circulatory system delivers oxygen and nutri-
ents needed for metabolic processes to the tissues, carries waste products from 
cellular metabolism to the kidneys and other excretory organs for elimination, 
and circulates electrolytes and hormones needed to regulate body function.

The circulatory system can be divided into two parts: the pulmonary circu-
lation, which moves blood through the lungs and creates a link with the gas 
exchange function of the respiratory system, and the systemic circulation, 
which supplies all the other tissues of the body (Fig. 43). The blood that is in 
the heart and pulmonary circulation is sometimes referred to as the central cir-
culation, and that outside the central circulation as the peripheral circulation.

Regulation of cardiac performance

The effi ciency of the heart as a pump often is measured in terms of cardiac 
output or the amount of blood the heart pumps each minute. The cardiac 
output (CO) is the product of the stroke volume (SV) and the heart rate (HR) 
and can be expressed by the equation: CO = SV × HR. 
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Pathophysiology of cardiovascular and respiratory system 461Unit 6

The average cardiac output in normal adults ranges from 3.5 to 8.0 L/min. 
The cardiac reserve refers to the maximum percentage of the increase in 

cardiac output that can be achieved above the normal resting level. The nor-
mal young adult has a cardiac reserve of approximately 300 % to 400 %. 

The heart’s ability to increase its output according 
to body needs mainly depends on four factors: 

• the preload, or ventricular filling;
• the afterload, or resistance to ejection of blood from the heart;
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Pathophysiology of organs and systemsPart 2462

• cardiac contractility;
• the heart rate. 

The preload represents the volume work of the heart. Preload represents 
the amount of blood that the heart must pump with each beat and is largely 
determined by the venous return to the heart and the accompanying stretch 
of the muscle fibers. 

The maximum force of contraction and cardiac output is achieved when ve-
nous return produces an increase in left ventricular end-diastolic filling (i.e., 
preload) such that the muscle fibers are stretched approximately two and 
one-half times their normal resting length 

The increased force of contraction that accompanies an increase in the 
ventricular end-diastolic volume is referred to as the Frank – Starling mecha-
nism or Starling’s law of the heart (heterometric mechanism). The Frank – 
Starling mechanism allows the heart to adjust its pumping ability to accom-
modate various levels of venous return. 

The afterload is the pressure or tension work of the heart (homeometric 
mechanism). 

The systemic arterial blood pressure is the main source of afterload work 
on the left heart and the pulmonary arterial pressure is the main source of af-
terload work for the right heart. For example, in the late stages of aortic steno-
sis, the left ventricle may need to generate systolic pressures up to 300 mm 
Hg to move blood through the diseased valve.

Cardiac contractility refers to the ability of the heart to change its force of 
contraction without changing its resting (i.e., diastolic) length. The contractile 
state of the myocardial muscle is determined by biochemical and biophysical 
properties that govern the actin and myosin interactions in the myocardial 
cells. An inotropic influence is one that modifies the contractile state of the 
myocardium independent of the Frank – Starling mechanism.

The heart rate determines the frequency with which blood is ejected from 
the heart. At a heart rate of 75 beats per minute, one cardiac cycle lasts 0.8 sec-
ond; of which approximately 0.3 second is spent in systole and approximately 
0.5 second in diastole. As the heart rate increases, the time spent in systole 
remains approximately the same, whereas that spent in diastole decreases. 
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Pathophysiology of cardiovascular and respiratory system 463Unit 6

This leads to a decrease in stroke volume; at high heart rates, it may cause 
a decrease in cardiac output. 

Heart failure

The term heart failure denotes the failure of the heart as a pump. 
The physiology of heart failure involves an interplay between two factors: 

the inability of the failing heart to maintain sufficient cardiac output to support 
body functions and the recruitment of compensatory mechanisms designed 
to maintain the cardiac reserve.

Classifications of the heart failure

Heart failure at first divided on acute when insufficiency of the heart develops 
quickly (in myocardial infarction, arrhythmias, etc.) and chronic when the 
symptoms appears during long time (ischemic heart disease, dilated cardio-
myopathy, valvular heart disease, hypertension). 

Heart failure can be divided into compensative when manifestations de-
velop only in situations with physical activity of the patients and decompen-
sative when manifestations are present at rest.

Heart failure may by systolic and diastolic. Both systolic and diastolic 
heart failure result in a decrease in stroke volume. This leads to the activation 
of peripheral and central baroreflexes and chemoreflexes that are capable of 
eliciting marked increases in sympathetic nerve traffic. The ensuing elevation 
in plasma norepinephrine directly correlates with the degree of cardiac dys-
function and has significant prognostic implications. Norepinephrine, while 
directly toxic to cardiac myocytes, is also responsible for a variety of signal-
transduction abnormalities, such as downregulation of beta1-adrenergic re-
ceptors, uncoupling of beta2-adrenergic receptors, and an increased activity 
of inhibitory G-protein. Changes in beta1-adrenergic receptors result in over-
expression and may be one of the factors of myocardial hypertrophy develop-
ment. Also heart failure may affect the left, right or both sides of the heart.
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Pathophysiology of organs and systemsPart 2464

Right-Sided Heart failure 

The right heart pumps deoxygenated blood from the systemic circulation into 
the pulmonary circulation. Consequently, when the right heart fails, there is 
accumulation or damming back of blood in the systemic venous system. 

A major effect of right-sided heart failure is the development of peripheral 
edema, hepatomegaly and ascites.

In severe right-sided failure, the external jugular veins become distended 
and can be visualized when the person is sitting up or standing. 

The causes of right-sided heart failure include conditions that restrict blood 
flow into the lungs. Stenosis or regurgitation of the tricuspid or pulmonic 
valves, right ventricular infarction, cardiomyopathy, and persistent left-sided 
failure are common causes. Acute or chronic pulmonary disease, such as 
severe pneumonia, pulmonary embolus, or pulmonary hypertension, can also 
cause right heart failure. 

Left-Sided Heart failure

The left side of the heart pumps blood from the low-pressure pulmonary cir-
culation into the high-pressure arterial side of the systemic circulation. With 
the impairment of left heart function, there is a decrease in cardiac output; an 
increase in left atrial and left ventricular end-diastolic pressures; and conges-
tion in the pulmonary circulation. 

When the pulmonary capillary filtration pressure (normally approximately 
10 mm Hg) exceeds the capillary osmotic pressure (normally approximately 
25 mm Hg), there is a shift of intravascular fluid into the interstitium of the 
lung and development of pulmonary edema. 

The most common causes of left-sided heart failure are acute myocardial 
infarction and cardiomyopathy. 

Stenosis or regurgitation of the aortic or mitral valves also creates the 
level of left-sided backflow that results in pulmonary congestion. Pulmo-
nary edema also may develop during rapid infusion of intravenous fluids or 
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Pathophysiology of cardiovascular and respiratory system 465Unit 6

blood transfusions in an elderly person or in a person with limited cardiac 
reserve.

Symptoms of heart failure

Symptoms of heart failure may begin suddenly,  
especially if the cause is a heart attack.  
The most common symptoms are: 

• Cyanosis.
• Fluid retention and edema.
• Respiratory manifestations (tachypnoe).
• Tachycardia.
• Fatigue and limited exercise tolerance.
• Myocardial hypertrophy.

Right-sided heart failure and left-sided heart failure produce different 
symptoms. Although both types of heart failure may be present, the symp-
toms of failure of one side often predominate. Also left-sided heart failure 
causes right-sided failure.

The main symptoms of right-sided heart failure are fluid accumulation and 
swelling (edema) in the feet, ankles, legs, liver, and abdomen (Fig. 44). Where 
the fluid accumulates depends on the amount of excess fluid and the effects 
of gravity. If a person is standing, fluid accumulates in the legs and feet. If 
a person is lying down, fluid usually accumulates in the lower back. If the 
amount of fluid is large, fluid also accumulates in the abdomen. 

Left-sided heart failure leads to fluid accumulation in the lungs, which 
causes shortness of breath. At first, shortness of breath occurs only during 
exertion, but as heart failure progresses, it occurs with less and less exertion 
and eventually occurs even at rest. People with severe left-sided heart failure 
may be short of breath when lying down (a condition called orthopnea), be-
cause gravity causes more fluid to move into the lungs. 
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Comparison of manifestations in heart failure with adaptive mechanisms 
showed that the most important symptoms are the result of compensatory 
mechanism development (Table 28).

Table 28. The comparative characteristic of manifestations and compensatory 
mechanisms in heart failure

Manifestations Compensatory mechanisms

Tachypnoe Increase breathing rate

Tachycardia Increase heart rate

Fig. 44. Mechanism of edema formation in heart insuffi ciency 

Cardiac Insuffi ciency

Increase in venius pressure

Arterioles, precapillaries 
efective hydrodynamic pres-
sure (EHP)↑ effective oncotic 

resorptive force (EORF)↓

Venules, postcapillaries
EHP > EORF

Impaired resorption of 
fl uid from the interstitium

Increased fi ltration of 
fl uid into the inter-

stitium

Edema
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Pathophysiology of cardiovascular and respiratory system 467Unit 6

Manifestations Compensatory mechanisms

Fluid Retention and Edema Renin-Angiotensin mechanism activation

Myocardial Hypertrophy Frank – Starling mechanism, activation of 
neurohumoral mechanisms, myocardial 
remodeling 

Pathogenesis and compensatory mechanisms 
in heart failure

The body has several mechanisms to compensate for heart failure. The body’s 
first response to stress, including that due to heart failure, is to release the 
fight-or-flight hormones, epinephrine (adrenaline) and norepinephrine (nor-
adrenaline). For example, these hormones may be released immediately after 
a heart attack damages the heart. The increase of the sympathetic nervous 
system activity leads to systemic vasoconstriction, stimulation of heart rate, 
cardiac contractility and cardiac metabolism.

Epinephrine and norepinephrine cause the heart to pump faster and more 
forcefully. They help the heart increase the amount of blood pumped out (car-
diac output), sometimes to a normal amount, thus initially help compensate 
for the heart’s impaired pumping ability. On the other side, another syte, the 
release of epinephrine and norepinephrine, along with the vasoactive sub-
stances endothelin-1 (ET-1) and vasopressin, causes vasoconstriction, which 
increases afterload, and, via an increase in cyclic adenosine monophosphate 
(cAMP), causes an increase in cytosolic calcium entry. The increased calcium 
entry into the myocytes augments myocardial contractility and impairs myo-
cardial relaxation.

The reduction of cardiac output following myocardial injury sets into 
motion a cascade of hemodynamic and neurohormonal derangements that 
provoke activation of renin-angiotensin-aldosterone system (RAAS). The 
activation of the RAAS leads to salt and water retention, resulting in an 
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Pathophysiology of organs and systemsPart 2468

increased preload and further increases in myocardial energy expenditure. 
Increases in renin, mediated by decreased stretch of the glomerular af-
ferent arteriole, reduced delivery of chloride to the macula densa and in-
creased beta1-adrenergic activity is a response to decreased cardiac out-
put. This results in an increase in angiotensin II and aldosterone levels. 
Angiotensine II, along with ET-1, is crucial in maintaining the effective 
intravascular homeostasis mediated by vasoconstriction and aldosterone-
induced salt and water retention. Retaining salt and water instead of ex-
creting it into urine increases the volume of blood in the bloodstream and 
helps maintain blood pressure. However, the larger volume of blood also 
stretches the heart muscle, enlarging the heart chambers, particularly the 
ventricles. 

Angiotensine II also may mediate myocardial cellular hypertrophy and 
promote progressive loss of myocardial function. The neurohumoral factors 
above lead to myocyte hypertrophy and interstitial fibrosis, resulting in in-
creased myocardial volume and increased myocardial mass, as well as myo-
cyte loss. As a result, the cardiac architecture changes, which in turn leads to 
further increase in myocardial volume and mass. 

As heart failure advances, there is a relative decline in the counterregula-
tory effects of endogenous vasodilators, including nitric oxide (NO), prosta-
glandins (PGs), bradykinin (BK), atrial natriuretic peptide (ANP), and B-type 
natriuretic peptide (BNP). This occurs simultaneously with the increase in 
vasoconstrictor substances from the RAAS and adrenergic systems. This 
fosters further increases in vasoconstriction and thus preload and afterload, 
leading to cellular proliferation, adverse myocardial remodeling, and antin-
atriuresis with total body fluid excess and worsening congestive heart failure 
symptoms.

ANP and BNP are endogenously generated peptides activated in response 
to atrial and ventricular volume/pressure expansion. ANP and BNP are re-
leased from the atria and ventricles and both promote vasodilation and natri-
uresis. Their hemodynamic effects are mediated by decreases in ventricular 
filling pressures, owing to reductions in cardiac preload and afterload. BNP, 
in particular, produces selective afferent arteriolar vasodilation and inhibits 
sodium reabsorption in the proximal convoluted tubule. BNP inhibits renin 
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Pathophysiology of cardiovascular and respiratory system 469Unit 6

and aldosterone release and, therefore, adrenergic activation as well. Both 
ANP and BNP are elevated in chronic heart failure. 

In the pathogenesis of heart failure, other vasoactive systems which include 
the endothelin receptor system, adenosine receptor system, vasopressin, and 
tumor necrosis factor-alpha (TNF-alpha), play role. Endothelin, a substance 
produced by the vascular endothelium, may contribute to the regulation of 
myocardial function, vascular tone, and peripheral resistance in heart failure. 
Elevated levels of endothelin-1 closely correlate with the severity of heart fail-
ure. ET-1 is a potent vasoconstrictor and has exaggerated vasoconstrictor 
effects in the renal vasculature, reducing renal plasma blood flow, glomerular 
filtration rate, and sodium excretion.

TNF-alpha has been implicated in response to various infectious and in-
flammatory conditions. Elevations in TNF-alpha levels have been consistently 
observed in heart failure and seem to correlate with the degree of myocardial 
dysfunction. Experimental studies suggest that local production of TNF-alpha 
may have toxic effects on the myocardium, thus decrease myocardial systolic 
and diastolic function.

Enlargement of the muscular walls of the ventricles (myocadial hyper-
trophy) is also an important compensatory mechanism of the heart. When 
the heart must work harder, the heart’s walls enlarge and thicken. At first, 
the thickened heart walls can contract more forcefully. However, the thick-
ened heart walls eventually become stiff, causing or worsening diastolic 
dysfunction.

myocardial Hypertrophy

Myocardial hypertrophy is a long-term compensatory mechanism. Cardiac 
muscle, like skeletal muscle, responds to an increase in work demands by 
undergoing hypertrophy. Hypertrophy increases the number of contractile 
elements in myocardial cells as a means of increasing their contractile perfor-
mance. The process of progressive cardiac enlargement and hypertrophy is 
called myocardium remodeling.
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The types of hypertrophy that develops in persons 
with heart failure are: 

• symmetric increase in muscle length and width named concentric hy-
pertrophy; 

• disproportionate increase in muscle length, as occurs in persons with 
dilated cardiomyopathies named eccentric hypertrophy. 

Also it’s possible to say about physiologic and pathologic hypertrophy. 
On physiologic hypertrophy, the accumulation of actomyosin and growth 

of apparatus of cardiomyocyte’s energetic and plastic provision are equal. In 
this case, the adaptability of the heart is increased.

On pathologic hypertrophy, the weight of the hypertrophied myocardium 
mostly consists of contractile protein – actomyosin. On pathologic hypertro-
phy, actomyosin is accumulated much quicker then the apparatus of cardio-
myocyte’s energetic and plastic provision (vessels, nerves, mitochondria, ribo-
some, and lysosomes). In this case, myocardiodystrophy develops very soon. 

Myocardial hypertrophy may development with or without cardiac chamber 
dilatation, in which the mass of contractile tissue is augmented. Cardiac dilation 
have two mechanisms of development: tonogenic and myogenic dilation. At 
first there develop tonogenic cardiac chamber dilation (Frank – Starling mecha-
nism). When the heart becomes overfilled to the extent that actin and myosin 
filaments cannot produce an effective contraction myogenic dilation takes place.

molecular mechanisms of hypoxic and 
degenerative myocardial injury

In the failing heart, increased myocardial volume is characterized by larger 
myocytes approaching the end of their life cycle. As more myocytes drop 
out, an increased load is placed on the remaining myocardium and this 
unfavorable environment is transmitted to the progenitor cells responsible 
for replacing lost myocytes. Progenitor cells become progressively less 
effective as the underlying pathologic process worsens and myocardial 
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Pathophysiology of cardiovascular and respiratory system 471Unit 6

failure accelerates. These features, namely the increased myocardial vol-
ume and mass, along with a net loss of myocytes, are the hallmark of 
myocardial remodeling. This remodeling process leads to early adaptive 
mechanisms, such as augmentation of stroke volume (Frank – Starling 
mechanism) and decreased wall stress (Laplace mechanism), and later, 
maladaptive mechanisms such as increased myocardial oxygen demand, 
myocardial ischemia, impaired contractility, and arrhythmogenesis.

Ischemia is the most common mechanism of myocardial injury (Fig. 45). 
Myocardial ischemia leads to two most important consequences which de-
pend on the activation of anaerobic metabolism. There are energy deficiency 
and acidosis. Energy deficiency develops in the stages of production ATP, 
transportation of energy by creatin-phospate and using of energy in the pro-
cess of contraction. As more important consequences of energy deficiency, 
ions imbalance develops. Acidosis results in the activation of free radical pro-
cesses and leads to the cellular membrane destruction. 

The calcium overload may also induce arrhythmias and lead to sudden 
death. The increase in afterload and myocardial contractility (known as inot-
ropy) and the impairment in myocardial relaxation (known as lusitropy) lead 

Fig. 45. Hypoxia, membrane destruction and ion imbalance in cardiomyocites dysfunction
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to an increase in myocardial energy expenditure and a further decrease in 
cardiac output. The increase in myocardial energy expenditure leads to myo-
cardial cell apoptotic death, which results in heart failure and further reduc-
tion in cardiac output, perpetuating a cycle of further increased neurohumoral 
stimulation and further adverse hemodynamic and myocardial responses.

An important process in the development of heart failure is the generation 
of arrhythmias. While life-threatening rhythms are more common in ischemic 
versus nonischemic cardiomyopathy, arrhythmia imparts a significant burden 
in all forms of heart failure. Some arrhythmias even perpetuate heart fail-
ure. The most significant of all rhythms associated with heart failure are the 
life-threatening ventricular arrhythmias. Structural substrates for ventricular 
arrhythmias common in heart failure, regardless of the underlying cause in-
clude ventricular dilatation, myocardial hypertrophy, and myocardial fibrosis. 
At the cellular level, myocytes may be exposed to increased stretch, wall ten-
sion, catecholamines, ischemia, and electrolyte imbalance. The combination 
of these factors contributes to an increased incidence of arrhythmogenic sud-
den cardiac death in patients with heart failure.

ischemic Heart Disease

Myocardial ischemia occurs when the ability of the coronary arteries to supply 
blood is inadequate to meet the metabolic demands of the heart. Limitations 
in coronary blood flow most commonly are the result of atherosclerosis, with 
vasospasm and thrombosis as contributing factors. The metabolic demands 
of the heart are increased with the every-day activities such as mental stress, 
exercise, and exposure to cold. Coronary heart disease is commonly divided 
into two types of disorders: chronic ischemic heart disease and the acute 
coronary syndromes. There are three types of chronic ischemic heart disease: 
chronic stable angina, variant or vasospastic angina, and silent myocardial 
ischemia. The acute coronary syndromes represent the spectrum of ischemic 
coronary disease ranging from unstable angina through myocardial infarction.

Angina pectoris is a symptomatic paroxysmal chest pain or pressure sen-
sation associated with transient myocardial ischemia. Chronic stable angina 
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is associated with a fixed coronary obstruction that produces a disparity 
between coronary blood flow and metabolic demands of the myocardium. 

Angina pectoris usually is precipitated by situations that increase the work 
demands of the heart, such as physical exertion, exposure to cold, and emo-
tional stress. The pain typically is described as a constricting, squeezing, or 
suffocating sensation. It usually is steady, increasing in intensity only at the 
onset and end of the attack. The pain of angina commonly is located in the 
precordial or substernal area of the chest; it is similar to myocardial infarction 
in that it may radiate to the left shoulder, jaw, arm, or other areas of the chest. 

Angina that occurs at rest, is of new onset, or is increasing in intensity or 
duration denotes an increased risk for acute myocardial infarction (AMI) and 
should be evaluated using the criteria for acute coronary syndromes.

The pathogenesis of AMI can include:

Occlusive intracoronary thrombus – a thrombus overlying an plaque 
causes 75 % of myocardial infarctions, with superficial plaque erosion pres-
ent in the remaining 25 %.

Vasospasm – with or without coronary atherosclerosis and possible as-
sociation with platelet aggregation. It should be noted that vasoconstriction 
in AMI development often has relative character. Predominating in coronal 
vessels beta-adrenergic receptors can result in their dilation in action of cat-
echolamine’s. But the same level of catecholamine in blood leads to the more 
intensive increases of the myocardium metabolism with oxygen use than the 
increases of blood coronary flow (Fig. 46) If atherosclerosis takes place in a 
coronal vessel, a more intensive disproportion between an increased blood 
flow and metabolism developst. 

Emboli – from left sided mural thrombosis, vegetative endocarditis, or par-
adoxic emboli from the right side of the heart through a patent foramen ovale.

Hypoxia, acidosis, and increase of extracellular concentration of K+ ions in 
the myocardium are consequences of coronary insufficiency. The molecular 
events during AMI relate to the initial ischemic event, reperfusion, and sub-
sequent inflammatory response. Up to 6 hours following the initial ischemic 
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event, most cell losses occur via apoptosis. After that, necrosis predomi-
nates. Ischemic endothelial cells express adhesion molecules that attract neu-
trophils that subsequently migrate into damaged myocardium.

Among the complications of AMI are sudden death, heart failure and cardio-
genic shock, pericarditis and Dressler’s syndrome, thromboemboli, rupture of 
the heart, and ventricular aneurysms. Depending on its severity, myocardial 
infarction has the potential for compromising the pumping action of the heart. 
Heart failure and cardiogenic shock are dreaded complications of AMI.

Cardiogenic shock

Cardiogenic shock (pump failure) is an extreme type of cardiac failure with a 
high mortality of approximately 90 %. Its most common cause is myocardial 
infarction and it complicates up to 10 % of AMI. Other causes are acute mas-
sive pulmonary embolus, pericardial tamponade and sudden-onset valvular 
regurgitation. Cardiogenic shock is diagnosed when the critical impairment of 
tissue perfusion occurs despite an adequate or elevated pulmonary capillary 
wedge pressure and in the absence of mechanical circulatory obstruction. 
An essential element in this diagnosis is the measurement of the pulmonary 
capillary wedge pressure. In cardiogenic shock the wedge pressure is nor-
mal or elevated. The mortality rate in cardiogenic shock is high, estimated at 

Fig. 46. Action of hypercatecholemia on cardiomyocites and coronary circulation
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80 %, because of the vicious downward spiral that occurs: hypotension due 
to pump failure results in a reduction of coronary flow, which results in the 
further impairment of pump function, and so on. 

Pathogenic medical care: initial therapy for acute MI is directed toward 
restoration of perfusion in order to salvage as much of the jeopardized myo-
cardium as possible. This may be accomplished through medical or mechani-
cal means, such as angioplasty or coronary artery bypass grafting.

The further treatment is based on:

1) restoration of the balance between the oxygen supply and demand to 
prevent further ischemia;

2) pain relief;
3) prevention and treatment of any complications that may arise.

Cardiomyopathy, defined by WHO as “heart muscle disease of unknown 
cause”, generally referred to as primary or idiopathic cardiomyopathy. Car-
diomyopathy frequently causes profound and often fatal heart failure. Three 
types of cardiomyopathy are distinguished:

• Dilated (90 %).
• Hypertrophic.
• Restrictive.

The term ischemic cardiomyopathy is often used clinically to describe 
chronic ischemic heart disease. 

Dilated cardiomyopathy is the most common type of the disease and af-
fects the heart’s ventricles and atria. The disease often starts in the left ven-
tricle. The heart muscle begins to dilate (stretch and become thinner). When 
the chambers dilate, the heart muscle doesn’t contract normally. Over time, 
the heart becomes weaker and heart failure can occur. 

Hypertrophic cardiomyopathy when the walls of the ventricles (usually the 
left ventricle) thicken. Despite this thickening, the ventricle size often remains 
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normal. Hypertrophic cardiomyopathy may block blood flow out of the ven-
tricle. When this happens, the condition is called obstructive hypertrophic 
cardiomyopathy. 

In restrictive cardiomyopathy ventricles become stiff and rigid. This is due 
to abnormal tissue, such as scar tissue, replacing the normal heart muscle. 
As a result, the ventricles can’t relax normally and fill with blood, and the atria 
become enlarged. Over time, blood flow in the heart is reduced. This can lead 
to problems such as heart failure or arrhythmias.

valvular Heart Disease

Dysfunction of the heart valves can result from 
a number of disorders, including:

• congenital defects;
• trauma;
• ischemic damage;
• degenerative changes;
• inflammation.

mitral valve Stenosis

Mitral valve stenosis represents the incomplete opening of the mitral valve dur-
ing diastole with left atrial distention and impaired filling of the left ventricle. 

Mitral valve stenosis most commonly is the result of rheumatic fever. 
The normal mitral valve area is 4 to 5 cm2. Narrowing of the valve area to 

less than 2.5 cm2 must occur before symptoms begin to develop. 
As the resistance to flow through the valve increases, the left atrium be-

comes dilated and left atrial pressure rises. 
The increased left atrial pressure eventually is transmitted to the pulmo-

nary venous system, causing pulmonary congestion. 
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Pulmonary venous pressure remains stable for a long time, that depends 
on work of 2 compensatory mechanisms:

• 1-st – constriction of pulmonary arteries;
• 2-nd – opening of bronchial shunts.

Constriction of pulmonary arteries (Kitaev’s reflex) decrease blood flow 
from arteries to viens (compensative pathway), but leads to the pulmonary 
vascular resistance increases with the development of pulmonary hyperten-
sion (pathological pathway). 

This increases the pressure against which the right heart must pump and 
eventually leads to cor pulmonale (hypertrophy of right ventricle) and right-
sided heart failure.

Manifestations of decompensative right-sided heart failure are peripheral 
edema, hepatomegaly and ascites.

Opening of bronchial shunts. Compensation – Blood shunt from the pul-
monary to the systemic circulation

Pathology – fluids and cells comes to the bronchial space. When eryth-
rocytes come to the bronchi, they are phagocytized by macrophages and in 
sputum there are accumulated siderophages (cells of valve dysfunction). 

As the condition progresses, symptoms of decreased cardiac output oc-
cur during extreme exertion or other situations that cause tachycardia and 
thereby reduce diastolic filling time. 

mitral valve Regurgitation

Mitral valve regurgitation is characterized by incomplete closure of the mi-
tral valve, with the left ventricular stroke volume being divided between the 
forward stroke volume that moves into the aorta and the regurgitant stroke 
volume that moves back into the left atrium during systole. 

The degree of left ventricular enlargement reflects the severity of regurgita-
tion. As the disorder progresses, left ventricular function becomes impaired, 
the forward (aortic) stroke volume decreases, and the left atrial pressure in-
creases, with the subsequent development of pulmonary congestion. 
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Aortic valve Stenosis

Aortic stenosis is characterized by increased resistance to the ejection of blood 
from the left ventricle into the aorta. Because of the increased resistance, the 
work demands on the left ventricle are increased, and the volume of blood 
ejected into the systemic circulation is decreased. The most common causes 
of aortic stenosis are rheumatic fever and congenital valve malformations. 

Aortic valve Regurgitation

Aortic regurgitation is the result of an incompetent aortic valve that allows 
blood to fl ow back to the left ventricle during diastole. As a result, the left 
ventricle must increase its stroke volume to include blood entering from the 
lungs as well as that leaking back through the regurgitant valve. 

Chapter 24. Disorders of 
Blood Pressure Regulation

Blood pressure (BP) is a force exerted by circulating blood on the walls of blood 
vessels, and is one of the most important vital signs. During each heartbeat, 
BP varies between a maximum (systolic) and a minimum (diastolic) pressure. 
Blood pressure (BP) can be viewed as the product of the cardiac output (CO) 
and the total peripheral resistance (TPR) and can be represented by the equa-
tion, BP = CO × TPR. The blood volume also plays an important role. 

The term blood pressure usually refers to the pressure measured at a per-
son’s upper arm. It is measured on the inside of an elbow at the brachial 
artery, which is the upper arm’s major blood vessel that carries blood away 
from the heart. A person’s BP is usually expressed in terms of the systolic 
pressure and diastolic pressure. In healthy adults, the pressure at the height 
of the pressure pulse, called the systolic pressure, normally is approximately 
120 mm Hg, and the lowest pressure, called the diastolic pressure, is ap-
proximately 80mm Hg. The difference between the systolic and diastolic pres-
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sure (approximately 40 mm Hg) is called the pulse pressure. The regulation 
of arterial blood pressure includes short-term and long-term mechanisms. 

Short-Term regulation

Neural mechanisms. The neural control of blood pressure is mediated by the 
autonomic nervous system (ANS) through control mechanisms that include in-
trinsic circulatory reflexes, extrinsic reflexes, and higher neural control centers. 

Humoral mechanisms. A number of hormones and humoral mechanisms 
contribute to blood pressure regulation, including the renin-angiotensin-aldo-
sterone mechanism and vasopressin. 

Long-Term regulation

Renal-Body fluid system 
When the body contains too much extracellular fluid, the arterial pressure 

increases; when too little fluid is present, the blood pressure decreases. 
Circadian variations of blood pressure (Dippers vs. Nondippers). 
Blood pressure tends to the highest values in the early morning, shortly 

after arising from sleep, then decreases gradually throughout the day, reach-
ing its lowest point at approximately 2 to 5 am. 

The term dippers is used to refer to persons with a normal circadian blood 
pressure profile in which blood pressure falls during the night, and nondip-
pers for persons whose 24-hour blood pressure profile is flattened. 

Hypertension

Hypertension, or high blood pressure, is probably the most common of all health 
problems in adults and is the leading risk factor for cardiovascular disorders. 

Hypertension commonly is divided into the categories of primary and sec-
ondary hypertension. In primary hypertension, often called essential hyper-
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tension, the chronic elevation in blood pressure occurs without evidence of 
other disease. In secondary hypertension, the elevation of blood pressure 
results from some other disorders. 

Blood pressure levels:

• systolic pressure of less than 120 mm Hg and diastolic pressure less 
than 80 mm Hg is optimal; 

• systolic pressure less than 130 mm Hg and diastolic pressure less than 
80 mm Hg is normal; 

• systolic pressure of 130 to 139 mm Hg and diastolic pressure of 85 to 
89 mm Hg is high-normal. 

A diagnosis of hypertension is made if the systolic blood pressure is 140 
mm Hg or higher and diastolic blood pressure is 90 mm Hg or higher. 

Hypertension is further divided into stages 1, 2, and 3 based on systolic 
and diastolic blood pressure measurements.

Hyper-, hypo- and eukinetic types of hypertensions depend on cardiac 
output changes. An increase of blood pressure at the normal level of CO is 
named the eukinetic type. In situations with an increased CO, the hyperki-
netic type develop, and in situations with a decreased CO – the hypokinetic 
type.

Contributing Factors
Although the cause or causes of essential hypertension are largely unknown, 

several factors have been implicated as contributing to its development. 

These risk factors include: 

• family history of hypertension; 
• race; 
• age-related increases in blood pressure. 
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Lifestyle factors can contribute to the development of hypertension by 
interacting with the risk factors. 

These lifestyle factors include: 

• high sodium intake; 
• excessive calorie intake and obesity;
• physical inactivity; 
• excessive alcohol consumption; 
• low intake of potassium;
• stress. 

Oral contraceptive drugs also may increase blood pressure in predisposed 
women. 

Hyperinsulinemia
Insulin resistance and an accompanying compensatory hyperinsulinemia 
have been suggested as possible etiologic links to the development of hyper-
tension and associated metabolic disturbances such as hyperlipidemia and 
obesity. Hypertension, insulin resistance, dyslipidemia, and obesity often oc-
cur concomitantly. Associated abnormalities include microalbuminuria, high 
uric acid levels, hypercoagulability, and accelerated atherosclerosis. This 
cosegregation of abnormalities, referred to as the insulinresistance syndrome 
or the metabolic syndrome, increases cardiovascular disease risk.

Pathogenic pathways of hypertension

Many pathophysiologic factors have been implicated in the genesis of essential 
hypertension: increased sympathetic nervous system activity, perhaps related to 
heightened exposure or response to psychosocial stress; overproduction of so-
dium-retaining hormones and vasoconstrictors; long-term high sodium intake; 
inadequate dietary intake of potassium and calcium; increased or inappropriate 

Nov
a K

ny
ha

 20
17



Pathophysiology of organs and systemsPart 2482

renin secretion with resultant increased production of angiotensin II and aldo-
sterone; deficiencies of vasodilators, such as prostacyclin, nitric oxide (NO), and 
the natriuretic peptides; alterations in expression of the kallikrein – kinin system 
that affect vascular tone and renal salt handling; abnormalities of resistance ves-
sels, including selective lesions in the renal microvasculature; diabetes mellitus; 
insulin resistance; obesity; the increased activity of vascular growth factors; al-
terations in adrenergic receptors that influence the heart rate, inotropic proper-
ties of the heart, and vascular tone; and altered cellular ion transport. The novel 
concepts are included in pathogenesis of hypertension structural and functional 
abnormalities in the vasculature such as endothelial dysfunction, increased oxi-
dative stress, vascular remodeling, and decreased compliance.

In most cases, hypertension results from a complex interaction of genetic, 
environmental, and demographic factors. Improved techniques of genetic 
analysis, especially genome-wide linkage analysis, have enabled a search 
for genes that contribute to the development of primary hypertension in the 
population. Application of these techniques has found statistically significant 
linkage of blood pressure to several chromosomal regions, including regions 
linked to familial combined hyperlipidemia. These findings suggest that there 
are many genetic loci, each with small effects on blood pressure in the general 
population. Overall, however, identifiable single-gene causes of hypertension 
are uncommon, consistent with a multifactorial cause of primary hypertension.

Cardiovascular risk factors, including hypertension, tend to cosegregate more 
commonly than would be expected by chance. Approximately 40 % of persons 
with essential hypertension also have hypercholesterolemia. Genetic studies 
have established a clear association between hypertension and dyslipidemia. 
Hypertension and type 2 diabetes mellitus also tend to coexist. Hypertension is 
approximately twice as common in persons with diabetes as in persons without 
diabetes. Since 35 % to 75 % of the cardiovascular complications of diabetes 
are attributable to hypertension, diabetic patients need aggressive antihyperten-
sive treatment, as well as treatment of dyslipidemia and glucose control. 

Increased sympathetic nervous system activity increases blood pressure and 
contributes to the development and maintenance of hypertension through stim-
ulation of the heart, peripheral vasculature, and kidneys, causing increased car-
diac output, increased vascular resistance, and fluid retention. In addition, au-
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tonomic imbalance (increased sympathetic tone accompanied by reduced para-
sympathetic tone) has been associated with many metabolic, hemodynamic, 
trophic, and rheologic abnormalities. The mechanisms of increased sympathetic 
nervous system activity in hypertension are complex and involve alterations in 
baroreflex and chemoreflex pathways at both peripheral and central levels.

Peripheral vascular resistance is characteristically elevated in hyperten-
sion because of alterations in structure, mechanical properties, and func-
tion of small arteries. Remodeling of these vessels contributes to high blood 
pressure and its associated target organ damage. The elevated resistance 
in hypertensive patients is related to the rarefaction (decrease in number of 
parallel-connected vessels) and narrowing of the lumen of resistance vessels. 
The examination of gluteal skin biopsy specimens obtained from patients with 
untreated essential hypertension has uniformly revealed reduced lumen areas 
and increased media-lumen ratios without an increase in medial area in resis-
tance vessels (inward, eutropic remodeling).

Systolic blood pressure and pulse pressure increase with age mainly be-
cause of reduced elasticity (increased stiffness) of the large conduit arter-
ies. Arteriosclerosis in these arteries results from collagen deposition and 
smooth-muscle cell hypertrophy, as well as thinning, fragmenting, and frac-
ture of elastin fibers in the media. In addition to these structural abnormali-
ties, endothelial dysfunction, which develops over time from both aging and 
hypertension, contributes functionally to increased arterial rigidity in elderly 
persons with isolated systolic hypertension. Reduced NO synthesis or release 
in this setting, perhaps related to the loss of endothelial function and reduc-
tion in endothelial NO synthase, contributes to increased wall thickness of 
conduit vessels. The functional importance of NO deficiency in isolated sys-
tolic hypertension is supported by the ability of NO donors, such as nitrates 
or derivatives, to increase arterial compliance and distensibility and reduce 
systolic blood pressure without decreasing diastolic blood pressure.

Nitric oxide is a potent vasodilator, inhibitor of platelet adhesion and aggre-
gation, and suppressor of migration and proliferation of vascular smooth-mus-
cle cells. Nitric oxide is released by normal endothelial cells in response to vari-
ous stimuli, including changes in blood pressure, shear stress, and pulsatile 
stretch, and plays an important role in blood pressure regulation, thrombosis, 
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and atherosclerosis. The cardiovascular system in healthy persons is exposed 
to continuous NO-dependent vasodilator tone, but NO-related vascular relax-
ation is diminished in hypertensive persons. The observation that in vivo deliv-
ery of superoxide dismutase (an enzyme that reduces superoxide to hydrogen 
peroxide) reduces blood pressure and restores NO bioactivity provides further 
evidence that oxidant stress contributes to the inactivation of NO and the de-
velopment of endothelial dysfunction in hypertensive models. It has been sug-
gested that angiotensin II enhances the formation of the oxidant superoxide 
at concentrations that affect blood pressure minimally. An increased oxidant 
stress and endothelial dysfunction may thus predispose to hypertension. 

Endothelin is a potent vasoactive peptide produced by endothelial cells that 
has both vasoconstrictor and vasodilator properties. Endothelin is secreted 
in an abluminal direction by endothelial cells and acts on underlying smooth-
muscle cells to cause vasoconstriction and elevate blood pressure without 
necessarily reaching increased levels in the systemic circulation. Endothelin 
receptor antagonists reduce blood pressure and peripheral vascular resis-
tance in both normotensive persons and patients with mild to moderate es-
sential hypertension, supporting the interpretation that endothelin plays a role 
in the pathogenesis of hypertension.

An important role is also played by the activation of renin-angiotensin-
aldosteron system. Angiotensin II increases blood pressure by various mech-
anisms, including constricting resistance vessels, stimulating aldosterone 
synthesis and release, renal tubular sodium reabsorption, stimulating thirst 
and release of antidiuretic hormone. Angiotensin II also induces cardiac and 
vascular cell hypertrophy and hyperplasia directly by activating the angioten-
sin II type 1 (AT1) receptor and indirectly by stimulating release of several 
growth factors and cytokines. The activation of the AT1 receptor stimulates 
various tyrosine kinases, which in turn phosphorylate the tyrosine residues in 
several proteins, leading to vasoconstriction, cell growth, and cell prolifera-
tion. Activation of the AT2 receptor stimulates a phosphatase that inactivates 
mitogen-activated protein kinase, a key enzyme involved in transducing sig-
nals from the AT1 receptor. Thus, activation of the AT2 receptor opposes the 
biological effects of AT1 receptor activation, leading to vasodilation, growth 
inhibition, and cell differentiation.
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Secondary hypertansion

Only 5 % to 10 % of hypertensive cases are classified as secondary hyperten-
sion (i.e., hypertension due to another disease condition). 

Among the most common causes of secondary hypertension are kidney 
disease (i.e., renovascular hypertension), adrenal cortical disorders, pheo-
chromocytoma, coarctation of the aorta and some others. 

Renal hypertension
Renovascular hypertension refers to hypertension caused by a reduced renal 
blood flow and the activation of the renin-angiotensin-aldosterone mecha-
nism. It is the most common cause of secondary hypertension, accounting 
for 1 % to 2 % of all cases of hypertension. The reduced renal blood flow 
that occurs with renovascular disease causes the affected kidneys to release 
excessive amounts of renin, increasing circulating levels of angiotensin II. 

Disorders of adrenocorticosteroid hormones
Increased levels of adrenocorticosteroid hormones also can give rise to hy-
pertension. Primary hyperaldosteronism excess production of aldosterone due 
to adrenocortical hyperplasia or adenoma and excess levels of glucocorticoid 
(Cushing’s disease or syndrome) tend to raise the blood pressure. These hor-
mones facilitate salt and water retention by the kidney; the hypertension that ac-
companies excessive levels of either hormone probably is related to this factor. 

Pheochromocytoma
Like adrenal medullary cells, the tumor cells of a pheochromocytoma produce 
and secrete the catecholamines epinephrine and norepinephrine. The hyperten-
sion that develops results from the massive release of these catecholamines. 

Coarctation of the aorta
Coarctation represents a narrowing of the aorta. In the adult form of coarc-
tation, the narrowing most commonly occurs just distal to the origin of the 
subclavian arteries. Because of the narrowing, blood flow to the lower parts 
of the body and kidneys is reduced. 
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An increase in cardiac output may result from the renal compensatory 
mechanisms. The ejection of a large stroke volume into a narrowed aorta with 
a limited ability to accept the runoff results in an increase in systolic blood 
pressure and blood flow to the upper part of the body. 

Target-Organ damage in hypertension 
Target-organ disease – the cardiac, cerebrovascular, peripheral vascular, re-
nal, and retinal complications associated with hypertension.

Hypertension is a major risk factor for atherosclerosis; it predisposes to 
all major atherosclerotic cardio vascular disorders, including heart failure, 
stroke, coronary artery disease, and peripheral artery disease. 

As the workload of the heart increases, the left ventricular wall hypertrophies 
Despite its adaptive advantage, left ventricular hypertrophy is a major risk 

factor for ischemic heart disease, cardiac dysrhythmias, sudden death, and 
congestive heart failure. 

Hypertension also can lead to nephrosclerosis, a common cause of renal 
insufficiency. 

Pulmonary hypertension and Cor pulmonale

Pulmonary hypertension (PH) is a condition in which blood pressure in the 
arteries of the lungs (the pulmonary arteries) is abnormally high. The pres-
sure in a normal pulmonary artery is about 15 mmHg at rest. In hyperten-
sion, blood pressure increases up to 25–30 mmHg and in some cases may 
increase up to 100–120 mmHg. 

The classification of pulmonary hypertension is based on the main underly-
ing cause of pulmonary hypertension. 

This system classifies the pulmonary hypertension 
on 5 groups:

• PH dependent on left sided heart disease; 
• PH dependent on lung disease; 
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• PH dependent on blood clots formation (tromboembolism more common); 
• PH dependent on constriction of arteries due to any reasons (including 

primary pulmonary hypertension); 
• PH dependent on obstruction from the outside of the blood vessel (for 

example, from diseases of the chest wall compressing the blood vessels). 

The constriction of pulmonary arteries (Kitaev reflex) is main mechanism 
which leads to pulmonary hypertension dependent on left sided heart dis-
ease. This reflex is activated as the compensatory mechanism when the ve-
nous blood pressure is increased in pulmonary veins. The constriction of the 
pulmonary resistance vessels increases pulmonary vascular resistance and 
decreases blood flow from arteries to veins (compensation). 

Lung disorders can also lead to pulmonary hypertension. One of the 
most common conditions is chronic obstructive pulmonary disease. When 
the lungs are impaired by a disorder, more effort is needed to pump blood 
through them. But a more important mechanism is the constriction of the 
arterial vessels in pulmonary circulation (Euler – Liljestrand’s reflex). This 
reflex is activated when decrease partial pressure of oxygen in the alveolar air 
and leads to the normalization of ventilation-perfusion ratio. The increase of 
the peripheral resistance leads to pulmonary hypertension.

A cause of sudden pulmonary hypertension is pulmonary embolism, a con-
dition in which blood clots become lodged in the arteries of the lung.

The development of the pulmonary hypertension results in more hard work 
of the right side of the heart to push the blood through the pulmonary arteries 
into the lungs. Over time, the right ventricle becomes thickened and enlarged. 
The enlargement of the right ventricle of the heart is named Cor pulmonale.

Cor pulmonale is caused by any factors which cause pulmonary hyperten-
sion. Massive pulmonary embolization is the main reason of acute cor pulmo-
nale development. Chronic heart and lung diseases are the main mechanisms 
of chronic cor pulmonale development.

The main consequences of cor pulmonale decompensation depend on the 
congestion in veins of systemic circulation. Blood backs up into the systemic 
venous system, including the hepatic vein. Chronic congestion in the cen-
trilobular region of the liver leads to hypoxia and fatty changes of more pe-
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ripheral hepatocytes, leading to situation named nutmeg liver. Congestion at 
first leads to the development of legs edema, than liver enlargement, portal 
hypertension and ascites.

Hypotension

If the blood pressure in the organism becomes lower than the normal level, it 
is called low blood pressure or hypotension.

Blood pressure is continuously regulated by the autonomic nervous sys-
tem, using an elaborate network of receptors, nerves, and hormones to bal-
ance the effects of the sympathetic nervous system, which tends to raise 
blood pressure, and the parasympathetic nervous system, which lowers it.

For this reason, low blood pressure causes can be due to hormonal chang-
es, widening of blood vessels, medicine side effects, anemia, heart and endo-
crine problems. 

Reduced blood volume, called hypovolemia, is the most common mecha-
nism which leads to hypotension. This can result from hemorrages, or blood 
loss; insufficient fluid intake, as in starvation; or excessive fluid losses from 
diarrhea or vomiting. Hypovolemia is often induced by excessive use of di-
uretics. 

Another reason of hypotension decreased cardiac output despite normal 
blood volume, due to severe congestive heart failure, myocardial infarction, 
or bradicardia. This situation often can rapidly progress to cardiogenic shock. 

Excessive vasodilation, or insufficient constriction of the resistance blood 
vessels, also causes hypotension. This can be due to decreased sympathetic 
nervous system output or to increased parasympathetic activity occurring as 
a consequence of injury to the brain or spinal cord. Excessive vasodilation can 
also result from some extreme medical conditions, sepsis, acidosis. 

Hypotension may have some specific forms. Orthostatic hypotension, also 
called “postural hypotension”, is a common form of low blood pressure. It 
occurs after a change in body position, typically when a person stands up 
from either a seated or lying position. Simple blood pressure and heart rate 
measurements while lying, seated, and standing (with a two-minute delay 
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in between each position change) can confi rm the presence of orthostatic 
hypotension. Orthostatic hypotension is indicated if there is a drop in 20 
mmHg of systolic pressure (and a 10 mmHg drop in diastolic pressure in 
some facilities) and a 20 bpm increase in heart rate. It is usually transient 
and represents a delay in the normal compensatory ability of the autonomic 
nervous system. 

Collapse is a sudden and often unannounced loss of vascular tone, often 
but not necessarily accompanied by a loss of consciousness. If the episode is 
accompanied by a loss of consciousness, the term syncope is used. The main 
causes are cardiac (e.g., due to irregular heart beat, low blood pressure), 
seizures or a psychological cause. 

Neurocardiogenic syncope is a form of dysautonomia characterized by an 
inappropriate drop in blood pressure while in the upright position. Neuro-
cardiogenic syncope is related to vasovagal syncope in that both occur as a 
result of increased activity of the vagus nerve, the mainstay of the parasym-
pathetic nervous system. 

The cardinal symptom of hypotension is lightheadedness or dizziness. The 
pathogenic treatment of hypotension depends on its cause. Mane principals 
of treatment include blood volume resuscitation, blood pressure support, en-
sure adequate tissue perfusion, treatment of the underlying problem. 

Chapter 25. Cardiac Conduction 
and Rhythm Disorders

The normal electrical conduction of the heart allows effi cient contraction of 
all four chambers of the heart, thereby allowing selective blood perfusion 
through both the lungs and systemic circulation. Time ordered stimulation 
of the myocardium allows signals arising in the SA node stimulate the atria 
to contract (Fig. 47). In parallel, action potentials travel to the AV node via 
internodal pathways. After a delay, the stimulus is conducted through the 
bundle of His to the bundle branches and then to the purkinje fi bers and the 
endocardium at the apex of the heart, then fi nally to the ventricular myocar-
dium.
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For the diagnostic the electrical activity of the heart in exquisite detail the 
electrocardiogram (ECG) is used. A typical ECG tracing of the cardiac cycle 
(heartbeat) consists of a P wave, a QRS complex, a T wave, and a U wave 
which is normally visible in 50 to 75 % of ECGs. (Fig. 48).

Abnormalities of excitable cardiac tissue can lead to abnormalities of hear 
rhythm which are called arrhythmias or disrhythmias.

Arrhythmia is any cardiac rhythm different from the normal sinus 
rhythm. Sinus rhythm is the automaticity elicited from the normal cardiac 
pacemaker, the sinus node. The sinus node depolarises spontaneously with 
a frequency between 60 and 100 beats per min (bpm) at rest. Normally, 
the parasympathetic tone predominates, whereby the heart rate is reduced 
from 100 to 60–70 bpm at rest. Any reduction in parasympathetic tone or 
increase in sympathetic tone results in tachycardia (ventricular pumping 
frequency above 100 bpm). Reduction in sympathetic tone or increase of 
the parasympathetic tone leads to bradycardia (ventricular pumping rate 
below 60 bpm).

Fig. 47. Conduction system of the heart
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Cardiac arrhythmias are divided into two groups:

I.  Pacemaker abnormalities.
II. Conduction abnormalities (cardiac block).

Causes:

1. Ischemia.
2. Inflammation.
3. Degeneration changes.
4. Toxic defeat.

I. Pacemaker abnormalities arise in the sinus node (sinus tachycardia, 
sinus bradycardia or sinus arrhythmia) or outside the node (ectopic beats, 
tachycardia, and fibrillation and shifting pacemaker). These arrhythmias are 
disorders of rhythmogenesis.

Fig. 48. Normal ECG
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Sinus node disease is a mixture of conditions with insufficient discharge of 
signals from the sinus node. The sick sinus syndrome is caused by damage of 
the nodal tissue. Sinus pauses lead to sinus bradycardia, tachycardia, tachy-
brady-cardia syndrome, ectopic beats or atrial arrest (sinus arrest) (Fig. 49).

Fig. 49. Electrocardiographic variants of sinus node rhythms. A) Normal sinus rhythm (60-
100 bpm); B) Sinus bradycardia (≤ 60 bpm); C) Sinus tachycardia (≥100 bpm); D) Respira-
tory sinus dysrhythmia
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Sinus tachycardia (heart rate above 100 bpm) is caused by psychological 
(panic, anxiety) or physical stress (anemia, hypoxia, exercise, fever, intoxica-
tion, shock). Any condition with an increased sympathetic tone results in tach-
ycardia. Adrenergic β-blockers are effective in slowing down the heart rate.

Reentry mechanism

The most common mechanism of tachyarrhythmias is reentry. Reentry is an 
abnormality of impulse propaga tion where an impulse returns to tissue that 
was already excited and reexcites it, causing the electrical wave front to be-
come a continuous loop or circuit. The three reentrant circuit are: 

1) a barrier around which the circuit travels; 
2) a region of unidirectional block where the impulse can travel in one di-

rection but not in the other; 
3) a region of slow conduction to allow the pails of the reentrant loop to re-

cover excitability before the reentrant wave front passes that way again.

Sinus bradycardia (heart rate below 60 bpm) is a normal phenomenon 
in well-trained people and in elderly persons. Athletes at rest have a high 
stroke volume and a low pulse, because they are dominated by vagal tone in 
this condition. All persons react with sinus bradycardia, during hypothermia, 
hypothyroidism, jaundice, increased intracranial pressure, treatment with di-
goxin or β-blockers, and in sinus node disease. 

Sinus arrhythmia is a normal phenomenon. There is a rise in heart rate 
during inspiration followed by a fall during expiration. During inspiration, the 
low intrathoracic pressure improves the venous return, which – with a delay 
through the pulmonary circulation – increases the stroke volume of the left 
ventricle. The resulting increase in aortic intravascular pressure combined 
with the low intrathoracic pressure around the aorta leads to an increased 
transmural pressure over the aortic wall and thus to a strong stimulation of 
the aortic baroreceptors. This is why the vagal tone falls and the sinus node 
discharge quickens. The reflex and circulation delay explains why the fall in 
heart rate manifests itself during expiration and not during inspiration.
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Ectopic beats originate in pacemaker cells outside the sinus node. The 
abnormal pacemaker tissue is triggered by ischemia, mechanical or chemical 
stimuli. Cardiac catheterisation can trigger ectopic beats. Ectopic beats are 
either of atrial or ventricular origin. 

1. Atrial ectopic beats appear as early (premature extrasystoles) and abnor-
mal P-waves in the ECG; they are usually followed by normal QRS-com-
plexes. Following the premature beat there is often a compensatory interval. 
A premature beat in the left ventricle is weak because of inadequate venous 
return, but after the long compensatory interval, the post-extrasystolic con-
traction (following a long venous return period) is strong due the Starling’s 
law of the heart. Adrenergic β-blockers are sometimes necessary. 

2. Ventricular ectopic beats (extrasystoles) are recognized in the ECG by 
their wide QRS-complex (above 0.12 s), since they originate in the ven-
tricular tissue and slowly spread throughout the two ventricles without 
passing the Purkinje system. The ventricular ectopic beat is recognized by 
a double R-wave. The classical tradition of simultaneous cardiac ausculta-
tion and radial artery pulse palpation eases the diagnosis. Now and then a 
pulsation is not felt, and an early frustraneous beat is heard together with 
a prolonged interval. A beat initiated in the vulnerable period may release 
lethal ventricular tachycardia, since the tissue is no longer refractory.

After a period with high cardiac frequency from activity of an ectopic focus 
(overdrive), there often follows a period with a remarkable fall in frequency (over-
drive suppression). During the overdrive, the Na+-K+-pump is extremely active in 
order to extrude Na+ from the myocardial cells. Hereby, the cell becomes hyperpo-
larised in the end, which may stop the high frequency and turn it into suppression.

Tachycardia occurs in paroxysms and is either 
of atrial or ventricular origin:

1. Atrial tachycardia is elicited in the atrial tissue outside the SN as an atri-
al frequency around 200 bpm. Often only every second impulse passes 
the AV-node to the ventricles. 
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2. Ventricular tachycardia is elicited from one focus in the ventricular tis-
sue with a frequency around 200 bpm (more than 120 bpm) and abnor-
mal intraventricular impulse conduction (disturbed QRS complexes). Of 
course, there are no P-waves in the ECG, and the QRS-complexes are 
broad and irregular. 

fibrillation is either atrial or ventricular in origin

1. Atrial fibrillation is a condition in which the sinus node no longer con-
trols the rhythm and the atrial muscle fibres undergo a tumultuous rapid 
twitching. A total irregularity of ventricular contractions characterise the 
fibrillation. An excitation wave with 400–600 cycles per min, courses con-
tinuously through the atrial wall over a circular pathway about the origin of 
the great veins (the circus motion theory). There is a continuous activation 
with more than 400 P-waves per min, where regular atrial contraction is 
impossible. It is difficult to see and count the P-waves of the ECG. Because 
of the refractoriness of the AV-bundle, only some of the excitation waves 
result in ventricular beats. The pulse of the patient is therefore irregular as 
the occurrence of QRS-complexes in the ECG. The many P-waves (also 
called f-waves for fluctuations) are characteristic for atrial fibrillation. Un-
treated atrial fibrillation has a QRS-frequency of 150–180 bpm. 

Most cardiac disorders can lead to atrial fibrillation or flutter (Fig. 50).
Atrial flutter is related to atrial fibrillation, but the atrial frequency – count-

ed from the P-waves – is much lower than 400 bpm – usually around 300 
bpm and the AV-conduction is more regular. The consequences to the patient 
depend upon the number of impulses conducted from the atria through the 
AV-node to the ventricles (recorded as QRS-complexes). Often every second 
impulse reaches the ventricles, so the ratio of AV-blocks is 2 : 1, but the ratio 
can also be 3 : 1, 4 : 1, etc. Atrial flutter is recognized in the ECG as sawtooth-
like P-waves.

2. Ventricular fibrillation is a tumultuous twitching of ventricular mus-
cle fibres, which are ineffectual in expelling blood. The condition is 
lethal without effective resuscitation. The irregular ventricular rate 
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is 200–600 twitches/min. Without contractile co-ordination the force is 
used frustraneously. Actually, the heart does not pump blood, so within 
5 s unconsciousness occurs, because of lack of blood to the brain. In 
patients with coronary artery disease, ventricular fibrillation is a cause 
of sudden death. The trigger is anoxia (with an ineffective Na+-K+-pump) 
and the impulses arise from several foci in the ventricular tissue. There 
is no regular pattern in the ECG. Ventricular fibrillation is initiated when 
a premature signal arrives during the downslope of the T-wave (vul-
nerable period). Electrical shock (electrocution) also triggers ventricular 
fibrillation (Fig. 51).

Ventricular fibrillation is the most serious cardiac arrhythmia. It must be 
converted to sinus rhythm at once by the application of a large electrical shock 
to the heart (ventricular defibrillation) or the patient will die. Alternating cur-
rent is applied for 100 ms or 1000 volts direct current is applied for a few mil-
liseconds. The vulnerable period is dangerous, because an electrical shock, 
when given during this period, will cause in itself ventricular fibrillation.

Here sinus rhythm and one ectopic beat followed by ventricular fibrillation are 
shown. The only effective treatment is rapid institution of electrical defibrillation.

Shifting pacemaker is a condition where the impulse originates in shifting 
locations inside the SN, or the pacemaker shifts from the SN to the AV-node. 
In the first case, the P-wave changes size from beat to beat, and in the second 
case the P-wave is found either in front of the QRS-complex or behind.

II. Conduction abnormalities
1) sino-atrial block;
2) atrioventricular block;
3) bundle branch block;
4) WPW-syndrome;
5) the long QT-syndrome.

1. Sino-atrial block (SN disease) is characterized by long intervals between 
consecutive P-waves, and caused by blockage of the formation or con-
duction of the stimulus from the SN to the atrial tissue (ischaemia or 
infarction of the SN).
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Fig. 50. Electrocardiographic variants of 
atrial dysrhythmias. A) Atrial flutter; B) Atrial 
fibrillation; C) Paroxysmal atrial tachycar-
dia (PAT); D) Premature atrial contractions 
(PAC)

Fig. 51. Electrocardiographic variants of 
ventricular dysrhythmias. A) Premature 
ventricular contractions (PVC); B) ventric-
ular tachycardia; C) ventricular fibrillation
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2. Atrioventricular block is block-
age of the conduction from the 
atria to the AV-node (Fig. 52). 

The first-degree AV block is a 
prolongation of the PQ (PR)-inter-
val (above 0.2 s) implying a delay 
of the conduction – not a real block. 
All beats are conducted, so there is 
a QRS-complex following each P-
wave, although with delay.

The second-degree AV block 
occurs when some signals are not 
conducted to the AV-node, so some 
of the P-waves are not followed by 
QRS-complexes. The ventricles ac-
tually drop some beats. A typical 
example is Mobitz type I block or 
Wenchebach block, which is a pre-
dictive loss of a QRS-complex. The 
PQ-interval is increased progres-
sively until a P-wave is not followed 
by a QRS-complex. Mobitz type II 

block occurs without warning. Suddenly, a QRS-complex falls out.
The third degree AV block (complete AV-block) is a total block of the con-

duction between the SN and the ventricles. Also blocked Hiss bundle con-
duction results in an AV-block. An AV- or ventricular pacemaker maintains 
life with a spontaneous escape rhythm around 40–50 bpm, or cardiac arrest 
occurs with the fainting paroxysms of Adam-Stokes syndrome.

The Adam-Stokes syndrome is a clinical disorder caused by a partial AV-
block, with a long P-Q interval and a wide QRS complex in the ECG, suddenly 
becoming a total bundle block. The condition results in unconsciousness and 
cramps caused by brain hypoxia and sometimes resulting in universal cramps 
(grand mal) due to violent activity in the motor cortex. The keyhole is the AV 

Fig. 52. Electrocardiographic variants of 
atrioventricular (AV) node conduction altera-
tions. A) AV block 1st degree; B) AV block 2nd 
degree; C) AV block 3rd degree
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node and the bundle of His. Disease processes here elicit the Adam-Stokes 
syndrome. Therapy is to provoke sinus rhythm by a few forceful strokes in the 
precardial area of the thorax, accompanied by mouth-to-nose-resuscitation 
and external heart massage. 

3. Bundle branch block is a block of the right or the left bundle branches. 
The signal is conducted first through the healthy branch and then it is 
distributed to the damaged side. This distribution takes more time than 
usual, so the QRS-complex is wider than normal (more than 0.12 s). 

In right bundle branch block, the right ventricle is activated late, which is 
shown by a tall double R-wave in V1 (the second late R-wave is from the right 
side), and a deep wide S-wave in leads I and V6. 

The left bundle branch block is characterized by a late activation of the left 
ventricle from apex towards basis. This results in a solid R-wave in the left pre-
cardial leads (V5 and V6), whereas there is a deep broad S-wave in V1 and III.

4. WPW-syndrome or Wolf-Parkinson-White block is not a direct block of 
the conduction through the Hiss bundle and branches, but is caused by 
a short cut through an extra conduction pathway from the atria to the 
ventricles. This abnormal conduction pathway is congenital and called the 
bundle of Kent. Due to this short-cut, the slow conduction through the AV-
node is bypassed and the ventricles are depolarised faster than normal. 
The WPW-syndrome is recognized in most ECG leads as a short PQ (PR)-
interval followed by a wide QRS-complex with a delta wave. The patients 
often have paroxysmal tachycardia or they may develop atrial fibrillation. 

5. The long QT-syndrome. This is frequently a genetic condition, where 
fast repolarised cells are restimulated by cells that have not repolarised. 
When acquired, the condition is caused by myocardial ischaemia, by 
drugs or by a low serum [Ca2+] – below 2 mM. Normally, the QT-interval 
is less than 50 % of the preceding RR-interval. The long QT-interval 
symbolises a long ventricular systole. Actually, the ST-interval is simul-
taneous with the phase 2 plateau of the ventricular membrane action 
potential. Here, the slow Ca2+-Na+-channels remain open for more than 
300 ms as normally. The net influx of Ca2+ and Na+ is almost balanced 
by a net outflux of K+. Hereby, a long phase 2 plateau or isoelectric seg-
ment is formed.
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