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CARDIAC HYPERTROPHY 

OVERVIEW 


Hearts increase in mass either by progressive myocardial cell (cardiac myocyte) enlargement (hypertrophy) or by an increase in number of myocardial cells (hyperplasia). During development, the heart normally grows by a combination of hyperplastic and hypertrophic growth. The capacity for hyperplasia of heart muscle cells only continues for a short period of time after birth (3 or 4 weeks in the rat, 3 months in the human). Adult cardiac myocytes, like neurons in the central nervous system, are terminally differentiated, meaning they no longer have the capacity to divide. As a consequence, any form of growth after the initial neonatal period is achieved by hypertrophic growth. 


Cardiac hypertrophy is very common in our society. Up to 7% of adults under 50 years of age and 12 to 40% of those aged 50-80 years, have cardiac hypertrophy, as detected by echocardiography. Furthermore, over 90% of patients in hospital with diseases of the heart and blood vessels have cardiac hypertrophy. These observations are not surprising as up to 25% of the adult population has systemic arterial hypertension (elevated levels of blood pressure), a major cause of cardiac hypertrophy in our society.


It is now well recognized that patients with cardiac hypertrophy are more likely to die suddenly (sudden cardiac death), develop heart failure and suffer ill-effects from diseases of the coronary arteries (myocardial infarction, myocardial dysfunction following ischemia and reperfusion). 

GENERAL ADAPTATION OF THE HEART TO ↑HEMODYNAMIC WORKLOAD 


A heart whose mass increases in response to increased workload is not simply a "big, normal heart”. Changes in all three structural compartments (myocardial cells, interstitium, and coronary circulation) occur during this response. Furthermore, these changes are also evident at biochemical, cellular, molecular and functional levels. 


The hypertrophic response appears to be an adaptation by the heart to ”normalize” myocardial wall tension or stress. Recall the Law of Laplace (see below) in which wall tension is proportional to pressure and diameter but inversely proportional to wall thickness. In response to ↑ pressure or ↑ cavity diameter, wall thickness ↑, thereby, reducing wall stress. Note that the response may be adaptive, as in physiologic cardiac hypertrophy of exercise conditioning, or maladaptive, as in pathologic cardiac hypertrophy of pressure or volume overload. 

Law of Laplace

Tα (P*r)/h

T, wall tension: P left ventricular pressure; r, left ventricular cavity radius; h, myocardial wall thickness 

CELLULAR & MOLECULAR ADAPTATIONS: ”Return to a Previous Life” 


In order to hypertrophy, heart muscle cells increase protein synthesis to produce new mitochondria, the major site of energy production and sarcomeres, the major contractile unit of the cardiac myocyte. At the same time, DNA synthesis is also increased. However, since adult cardiac myocytes no longer have a capacity to divide, DNA content in these cells increases which accounts for the morphologic appearance of hypertrophied myocyte nuclei, nuclear enlargement and hyperchromatism (i.e., darker staining). In addition to these quantitative changes, very important qualitative changes also occur within the heart muscle cells. Interestingly, as a result of these changes, adult heart muscle cells take on many characteristics of heart muscle cells seen in fetal hearts. 


Changes observed in contractile proteins are typical of the overall pattern of alterations in this setting. In general, contractile properties of the myocardium are dependent upon the number and composition of the sarcomere(s), the major contractile unit of striated muscle. A number of proteins constitute the sarcomere including myosin, actin, tropomyosin and troponin. These proteins each typically exist in the several different structural and functional forms ( i.e., isoforms). Combinations of these different isoforms results in production of sarcomeres with differing physiological properties. Expression of the different isoforms is regulated according to type of tissue (i.e., atrial vs. ventricular) and stage of development (i.e., fetal vs. adult). Pathophysiologic states such as overload hypertrophy also alter their expression. 


Myosin, a major component of the thick filament of the sarcomere, is comprised of two distinct types of myosin heavy chain proteins, alpha (α) and beta (β), and four myosin light chains. Myosin exists in three different protein isoforms according to myosin heavy chain composition; V1 (α / α), V2 (α / β) and V3 (β / β). The relative distribution of α and β myosin heavy chain has been shown to correlate with contractile function of the heart (e.g., V1, fast rate of contraction; V3, slow rate of contraction). In the rat, β -myosin heavy chain predominates in fetal ventricular myocardium while α -myosin heavy chain is the abundant form in that of young adults. In response to ↑ workload, there is increased expression of β myosin heavy chain with a shift in myosin isoforms toward the V3 type. Although less dramatic, similar changes occur in human myocardium, particularly atrial myocardium. The shift in isoform pattern toward that seen in the fetal heart appears to be a generalized phenomenon and occurs with many different myocyte proteins. 

SPECIFIC FORMS OF CARDIAC HYPERTROPHY 


Although cardiac hypertrophy is a typical response to increased workload (i.e., ↑ pressure, ↑ volume), the particular pattern of hypertrophy is determined by the form of increased workload present (see Fig 1). 


Concentric Hypertrophy - the typical response to a pressure overload; seen in patients with hypertension, aortic valve stenosis or aortic coarctation. In this form of hypertrophy, there is an increase in wall thickness without significant dilatation. 


Eccentric Hypertrophy - typically seen in response to a volume overload which may occur with cardiac valve regurgitation and congenital or acquired lesions associated with vascular shunts. In this form of hypertrophy, the hypertrophy of the myocardium keeps pace with the increased dilatation so that there may be no significant alterations in wall thickness. The term ”eccentric” refers to the location of the heart relative to the midline of the chest cavity. Eccentric hypertrophy is a uniform process affecting all walls of the involved cardiac chamber and should not be confused with "asymmetric" hypertrophy of hypertrophic cardiomyopathy. 


Note that the hypertrophic process may selectively affect the left ventricle or the right ventricle. Isolated right ventricular hypertrophy is typically a consequence of pulmonary disease and its name is a reflection of that, Cor Pulmonale. 

Cor Pulmonale 


Refers to right ventricular enlargement secondary to pulmonary artery hypertension caused by diseases that affect either the structure (parenchyma, vasculature) or the function of the lung. By definition, this change excludes diseases of the left side of the heart and congenital heart disease. Any disorder that leads to acute or chronic pulmonary hypertension may cause cor pulmonale. Acute cor pulmonale refers to right ventricular dilatation following massive pulmonary embolism. Chronic cor pulmonale usually implies right ventricular hypertrophy due to prolonged overload. Chronic cor pulmonale is surprisingly common due to its association with chronic obstructive lung disease. It has been suggested that up to 10-30 % of admissions to hospital for cardiac failure are a consequence of this condition. 

STAGES OF CARDIAC ADAPTIVE RESPONSE TO ↑ WORKLOAD 


Traditionally, the heart’s response to increased workload has been considered to occur in three separate stages (see Table 1); 




adaptation → compensation → decompensation 

HEART FAILURE 

DEFINITION 


Heart failure is a clinical syndrome (i.e., a constellation of signs and symptoms) in which impaired pumping decreases ejection of blood from and impedes return of blood to the heart. Historically, the heart’s inability to meet the metabolic requirements of the tissues and organs of the body has been emphasized. More recently, emphasis has been directed toward abnormalities in the myocardium such as its capacity to contract and relax, and underlying alterations in myocardial cells, interstitium and vasculature, and gene expression that may be responsible. 

OVERVIEW & SIGNIFICANCE 

Symptomatic heart failure affects more than 200,000 Canadians and every year up to 40,000 new individuals are diagnosed. Heart failure is an increasingly significant health problem, primarily because of our aging population. More than 1% of people over age 50 years are afflicted and the incidence of new onset of heart failure increases with advancing age (~10% of individuals 80 to 89 years have heart failure). It is the most common reason for hospitalization of the elderly. Importantly, since 1970, the number of Canadians dying from heart failure has increased 60%. 

HEMODYNAMICS OF HEART FAILURE 


The heart functions primarily as a pump. As such, the heart only has two major ways to fail; either reduced ejection of blood into the aorta or pulmonary artery (forward failure) or inadequate emptying of the venous reservoirs (backward failure). Since failure may affect primarily the right or left ventricle, there are really four types of heart failure (see Table 2). 

Table 2 


Hemodynamics of Heart Failure                                                   

Site of failure 

Backward failure
Forward failure

Right heart failure
↑ systemic venous pressure
↓ ejection into pulmonary

Left heart failure 
↑ pulmonary venous pressure
↓ ejection into aorta 

from Katz, AM, Physiology of the Heart, 2nd edition, Raven Press 1992 


It is important to recognize that since blood flows in a circle and that the right and left ventricles function in series, these types of failure do not occur in pure form. It is nevertheless useful to consider left heart failure and right heart failure separately in order to better understand the pathophysiologic consequences of their respective failures. 

LEFT HEART FAILURE 

Left heart failure is most often caused by; 


1. Ischemic heart disease 


2. Hypertension 


3. Valvular Heart disease (rheumatic heart disease, calcific aortic stenosis) 


4. Myocardial disease. 


According to statistics from the Framingham study, ischemic heart disease accounts for 54%, hypertension for 24%, and valvular heart disease for 16% of cases of heart failure (Ho, KKL et al, Circulation 1993;88:107-115). Left heart failure affects primarily the lungs although renal and brain function are also significantly affected. 

Lungs 


Pulmonary congestion and edema develop as a consequence of "backward" left heart failure. As failure becomes progressively more severe, fluid accumulates in the extravascular compartment; 

congestion → perivascular cuffing of transudate → edematous widening of alveolar septae → accumulation of edema fluid in airspaces. 


Transudate also accumulates in the pleural spaces, especially the left, producing a pleural effusion. 

These anatomic changes account for the following clinical manifestations; 


dyspnea - breathlessness 


orthopnea - dyspnea on lying down 


paroxysmal nocturnal dyspnea - related to orthopnea; consists of attacks of extreme dyspnea that occur at night 


cough - a common accompaniment of left heart failure 

Kidneys 


A reduction in renal perfusion results from the ↓ ejection of blood ("forward failure") accompanying left heart failure and has a number of consequences including; 


activation of renin-angiotensin-aldosterone system - retention of salt and water with expansion of blood and interstitial fluid volumes. 


prerenal azotemia - impaired excretion and accumulation of nitrogenous wastes 


acute tubular necrosis - necrosis of tubular epithelial cells may occur in kidneys already suffering impaired perfusion, such as those with hypertension-induced arterial and arteriolar narrowing. 

Brain 


In cases of advanced heart failure, reduced perfusion of the brain may give rise to hypoxic encephalopathy and numerous symptoms such as irritability, restlessness, reduced levels of consciousness including coma. 

RIGHT HEART FAILURE 


Right heart failure is usually a consequence of left heart failure or congenital abnormalities of the heart and vessels which cause a shunting of blood from left to right. Pure right heart failure most often occurs with cor pulmonale (right ventricular strain due to intrinsic disease of lungs or pulmonary vessels). Rarely, diseases of tricuspid or pulmonary valves may cause right heart failure. Diseases of the pericardium, such as constrictive pericarditis (inflammatory fibrous scarring of the pericardium), may interfere with heart function despite normal myocardial function to mimic changes typical of right heart failure. While pulmonary congestion and edema are major consequences of left heart failure, these changes tend to be minimal in right heart failure. Engorgement of systemic and portal venous systems is more pronounced and affects the following organ systems; 

Liver 


Congestion of the liver leads to ↑ size and weight. Several distinct morphologic alterations may be seen; 


Chronic Passive Congestion - on section the liver displays a distinct "nutmeg" pattern (i.e., resembles the cut surface of nutmeg) which is composed of central congestion with atrophy of centrilobular hepatocytes surrounded by paler, often fatty, regions. 


Centrilobular Necrosis - when failure is severe, the central regions may become necrotic. If failure is also rapid in development, Central Hemorrhagic Necrosis may occur. 


"Cardiac Sclerosis" - when heart failure is of long-standing, the central regions may become substantially fibrotic. 

Spleen 


Chronic engorgement may result in a significantly enlarged spleen (500 to 600 grams, instead of the normal 150 grams) with fibrosis, hemorrhage and hemosiderin deposits. 
Kidneys 


Congestion and poor perfusion tend to be more marked in right than left heart failure. As such, fluid retention and prerenal azotemia are more marked. 

Subcutaneous Tissues and the Extravascular Compartment 


Accumulation of fluid in the extravascular, interstitial compartment (peripheral edema) typically occurs to some extent in dependent portions of the body. Edema of the ankles is a hallmark of heart failure. When heart failure is severe and of longstanding, massive and generalized edema may result (anasarca). As with left heart failure, pleural effusions may occur, especially on the right. 

Brain 


Symptoms identical to those seen in left heart failure may occur. 

Portal System 


In addition to splenic congestion, congestion and edema of gut may cause intestinal disturbances. Fluid may also accumulate in the peritoneal cavity giving rise to ascites. 


It is important to note that the signs and symptoms of heart failure may also occur in settings where myocardial function per se in unimpaired. Good examples are severe fluid retention in patients with end-stage renal disease, disease of the pericardium (e.g., constrictive pericarditis) or infusion of large amounts of saline intravenously. Furthermore, although the cause of heart failure is obvious in many situations (e.g., loss of functional heart muscle mass due to a myocardial infarction), in others the exact mechanisms responsible are not understood (e.g., heart failure due to long-standing hypertension). This is currently an intense area of research activity. 

COMPENSATORY MECHANISMS IN RESPONSE TO ↓ HEART FUNCTION 


Alterations in the circulation and myocardium occur allowing the patient to adapt to reduced heart function. In the short term, these alterations, which are similar to those seen following severe blood loss due to hemorrhage, maintain perfusion of essential organs (heart, brain). When these adaptations are required on a chronic basis, they may in fact be detrimental (see Table 3). 

THERAPY FOR HEART FAILURE 


Current therapy for heart failure, which ranges from use of drugs to heart transplantation, attempts to improve survival, relieve symptoms, halt or reverse disease progression and prevent complications. Despite significant advances in therapy for many of the diseases responsible for heart failure, overall survival of patients has not improved over the last 40 years. Nearly 50% of patients with symptomatic heart failure will die within 5 years of diagnosis. 

Table 1

Stages of Cardiac Adaptive Response to Increased Workload

Stage
Duration
Symptoms/Adaptation



Adaptation
days to weeks
Early myocardial hypertrophy with increased proliferation of mitochondria relative to that of the myofibrils.

Compensation
weeks to months to years
Established compensated hypertrophy with an increases density of myofibrils relative to that of mitochondria.  Wall stress normalized

Decompensation 
months to years
Development of cardiac failure.  Hypertrophy increases and is accompanied by progressive fibrosis and myocardial cell loss.

after Katz, AM, N Engl J Med 1990: 322: 100-110

Table 3

Compensatory Mechanisms in Response to ↓ Heart Function

Response
Short-term effects 

(mainly Adaptive)
Long –term effects

(mainly deleterious)

Salt & water retention
↑ preload
pulmonary congestion/edema, anasarca

Vasoconstriction
maintain BP for vital organs
↓ pump function

↑ energy expenditure

Sympathetic Stimulation

· desentization
↑ heart rate, ejection


↑ energy expenditure energy sparing

Hypertrophy

· mitochondria

· ↑ collagen

· altered myosin

· altered sarcplasmic reticulum


unloads individual cells (↓ wall stress)

↑; help meet energy requirements may ↓ dilation


eventual deterioration of cells "cardiomyopathy of overload"

↓; energy starvation

↓ relaxation

↓ contraction

energy sparing

↓ relaxation

modified from, Katz, AM, Physiology of the Heart, 2nd edition, Raven Press 1992

Specific Forms of Cardiac Hypertrophy
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from Opie LH, THE HEART Physiology and Metabolism, 2nd edition, Raven Press, 1991 

In response to increased intraventricular pressure, as occurs with arterial hypertension or valvular stenosis, concentric hypertrophy normalizes wall stress. Volume overload, as seen with valvular regurgitation, leads to increased left ventricular cavity diameter. Hypertrophy normalizes wall stress leading to eccentric hypertrophy where wall thickness is not appreciably increased. 


LV Pressure ↑





Wall Stress ↑


Stress = (Pr ↑ x R)/h








Concentric Hypertrophy





Wall stress normalized


Stress = ( Pr ↑ x R ↓)/h↑↑








Value Regulation





Wall stress = (Pr xR)/2h








Dilated Hypertrophic Myocardium





Wall Stress normalized


Stress = (Pr x R ↑)/h ↑











