10. PATHOPHYSIOLOGY OF HEART FAILURE

John E. Strobeck
Edmund H. Sonnenblick

Introduction

Congestive heart failure has been considered a
syndrome characterized by pulmonary and/or
systemic venous congestion accompanied by a
low cardiac output. Recently, however, it has
become clear that a broad definition of this sort
has confused understanding of this syndrome.
The term congestive itself ensures that venous
congestion is present, but we now know that
severe heart failure may exist with normal or
even low ventricular filling pressures. Also, pul-
monary or systemic venous congestion may be
severe in some patients with perfectly normal
hearts. Thus, drawing a distinction between
myocardial failure, on the one hand, and conges-
tive failure, on the other, has provided a clearer
understanding of the syndrome.

In this discussion of the pathophysiology of
heart failure, particular emphasis is placed on the
primary deficiencies of cardiac contraction that
initiate the heart’s compensatory mechanisms.
These mechanisms result in chamber dilatation,
myocardial hypertrophy, and alterations in
adrenergic nervous system activity. It is ulti-
mately the failure of these compensatory mech-
anisms that causes heart failure to lead to conges-
tion. However, before theories of the
pathogenesis of the deficiency of cardiac contrac-
tion leading to heart failure are presented, it is
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necessary to understand the determinants of
ventricular performance, how they relate to
component muscle function, and how they are
altered by disease.

Determinants of Stroke Volume

PRELOAD

Starling’s observation that “‘the mechanical en-
ergy set free on passage from the resting to the
contracted state is a function of the muscle fibers’
length, i.e., the area of chemically active sur-
faces,” underlies our current concepts of the
length—active tension curve in isolated muscle
and the effect of end-diastolic pressure on stroke
volume or stroke work in the intact ventricle
(the Frank-Starling relationship). Shifts in the
ventricular function curve, as shown in figure
10-1, can also be used to demonstrate changes
in contractility of the ventricle. Thus, the con-
cept of ventricular function is useful in evaluat-
ing clinical changes due to either load or con-
tractility. In the intact heart, ventricular
end-diastolic wall stress is analogous to the pre-
load of isolated muscle and within physiologic
loads ultimately determines the resting length of
sarcomeres in the ventricular wall. However,
unlike the relation between muscle length and
developed force in isolated muscle, where de-
veloped force reaches a maximum at a particular
length and then declines, in the normal ventricle
the ascending limb of ventricular function con-
tinues above the range of normal end-diastolic
pressures (12-14 mmHg). Also, at end-diastolic
pressures greater than 20 mmHg, or in certain
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FIGURE 10-1. Diagrammatic representation of ven-
tricular function curves expressed as the relation be-
tween left ventricular end-diastolic pressure and
stroke work. Note that increasing or decreasing un-
derlying myocardial contractility shifts the entire
curve as well as changes its shape. It should be noted
that the afterload, which can also change the shape
and position of these curves, was kept constant during
the experimental determination of these curves. (Re-
produced by permission [1].)

disease states, the predicted relation between
midwall sarcomere lengths and diastolic wall
stress is not always found [1, 2].

The increases in preload that are associated
with increases in both the extent and velocity of
midwall shortening combine to produce an in-
crease in stroke volume. If end-diastolic volume
is plotted against stroke volume to describe ven-
tricular function, the slope of the ventricular
function curve is the ejection fraction [3] (figure
10-2). However, the relation between end-dias-
tolic pressure and stroke volume is nonlinear.
Therefore, ejection fraction is dependent on
lower end-diastolic pressure (figure 10-3).
Thus, the usefulness of ejection fraction as a pre-
load-independent index of ventricular function
is limited.

The relationships between stroke volume or
stroke work versus end-diastolic pressure or vol-
ume have been used to describe ventricular
function curves [4]. Clinically the most useful
relationship is between end-diastolic pressure
and stroke volume. These relationships, which
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FIGURE 10-2. The relation between stroke volume
and end-diastolic volume (both in ml) for a normal
and a depressed left ventricle (solid lines). The slope
of each line, SV/EDV, approximates the ejection
fraction (EF) and is reduced from 60 to 30%. How-
ever, the EF is not a constant number since the linear
relation does not intersect the origin. The nonlinear
relation between end-diastolic pressure (EDP) and
EDV is also shown (dashed line and right ordinate).
At higher filling pressures, filling pressure rises subs-
tantially without significant increments in diastolic
volume.

describe the response of the ventricle to changes
in preload and contractile state, are also altered
by changes in aortic pressure (afterload). Thus,
multiple factors can participate in changes in
stroke volume and stroke work.

A properly timed atrial contraction augments
ventricular filling and preload. This elevates
end-diastolic pressure and volume prior to ven-
tricular contraction and thus importantly con-
tributes to the magnitude of the stroke volume.
Conditions associated with ineffective atrial con-
traction (atrial fibrillation) or improperly se-
quenced atrial contraction (complete heart
block or atrioventricular dissociation) result in a
reduction of the portion of preload contributed
by atrial contraction. :

Thus, alterations in preload, operating
through changes in end-diastolic sarcomere
length, serve as an important determinant of in-
tact ventricular performance and provide the
basis of wall force-midwall length relations and
end-diastolic pressure-stroke volume curves.
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FIGURE 10-3. The relation between ejection fraction
(EF) and left ventricular end-diastolic pressure. The
data are derived from those shown in figure 10-2.
The EF is only slightly dependent on end-diastolic
pressure at high filling pressures but is highly depen-
dent on end-diastolic pressure at lower ones. The
upper limits of the normal end-diastolic pressure is
approximately 12 to 14 mmHg.

The mechanism underlying the response of
heart muscle to changes in preload provides a
functional reserve capable of balancing the out-
puts of two ventricles under conditions of acute
stress, exercise, hypovolemia, or cardiac failure,
or during normal maneuvers such as respira-
tion.

AFTERLOAD

Afterload is the stress (force per unit area) dis-
tributed in the ventricular wall during ventricu-
lar ejection. In the intact heart, viscous and iner-
tial properties of the blood, ventricular volume,
and wall thickness, as well as the peripheral vas-
cular resistance, contribute to the stress main-
tained in the ventricular wall during ejection.
The wall force developed during ejection, the
afterload, - influences the quantity of blood
ejected by the ventricles. For example, abrupt
increases or decreases in peripheral vascular re-
sistance inversely alter the stroke volume and do
so even when end-diastolic volume is indepen-
dently controlled [5]. Afterload is never con-
stant during ventricular ejection but continually

declines as ventricular volume and midwall ra-
dius decrease, as predicted by the Laplace rela-
tion (T = P .r/2h, where P is pressure, r
is radius, and / is wall thickness of the ventri-
cle). This type of contraction with continuously
varying load is termed an auxotonic contrac-
tion.

Increasing the afterload results in a reduction
of stroke volume as well as the extent in velocity
of wall shortening (figure 10-4). If the afterload
is rapidly varied during the course of a single
ejection, an instantaneous force-velocity-length
relation can be determined. Decreasing or in-
creasing afterload causes an immediate inverse
change in the velocity and extent of midwall
shortening as well as the ejected volume. Also,
in a manner analogous to what occurs in isolated
muscle, the intact left ventricle reaches a point at
end-systole that is near the isovolumetric
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FIGURE 10-4. Effects of changes in afterload, created
by increasing impedance to ejection, on the midwall-
radius—wall force relations during normal contraction
with preload held constant. Lines C-D, B-E, and A-F
show decreasing midwall radius and wall force during
ejection at three levels of afterload. This is the basic
principle underlying the concept of E,, . There is an
inverse relation between wall force during ejection
and the extent of midwall shortening. Not shown, but
occurring simultaneously, are reciprocal changes in
the rate of midwall shortening with load (force-
velocity relation). Note that at end-ejection (points
D,E,F), wall force and radius coincide with the isovo-
lumic radius-wall force line, describing underlying
myocardial contractility.
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length—active tension curve regardless of the im-
posed afterload (figure 10—4). This relationship
has recently been explored as a specific index of
ventricular contractility [5].

The low impedance to ventricular ejection
produced by mitral regurgitation, a patent duc-
tus arteriosus, a ventricular septal defect, or an
arteriovenous shunt can result in an increased
ejection fraction through a reduction in ven-
tricular afterload in the patient with normal ven-
tricular contractility. Increases in afterload, such
as that produced by an infusion of angiotensin to
elevate the systemic blood pressure, lead to com-
pensatory alterations in both preload and the
contribution of ventricular volume to afterload,
which result in the maintenance of stroke vol-
ume in the normal heart [6]. In diseased hearts,
however, stroke volume and stroke work fall
with similar elevations in afterload. This re-
sponse of the diseased heart depends on the de-
gree of reduction of ventricular contractility as
well as the capability of making adjustments in
preload. Thus, in the intact circulation when
there is relative hypovolemia and/or a de-
pressed ventricular contractility, a given in-
crease in afterload will cause a reduction in
stroke volume that does not occur when contrac-
tility is higher or when preload can increase ade-
quately.

An understanding of the effects of afterload is
crucial to an appreciation of the effects of
chronic systemic or pulmonary arterial hyper-
tension, the consequences of obstruction to ven-
tricular ejection by valvular disease such as aor-
tic or pulmonic stenosis, or the effects on
hemodynamics of mitral or aortic regurgitation.
Pharmacological or surgical manipulation of aft-
erload in these conditions constitutes the pri-
mary modes of therapy.

VENTRICULAR CONTRACTILITY

Ventricular contractility is a concept derived
from isolated cardiac muscle studies and reflects
the intensity of activation of the myofibrils dur-
ing contraction. In mechanical terms, contrac-
tility can be described in isolated heart muscle as
a surface that is generated during contraction by
the interrelated variables of muscle force, veloc-
ity, and length, at any instant. Thus, for any fiber
length and instantaneous total load on the mus-

cle, there is a unique velocity of shortening; the
greater the contractility, the greater this velocity
will be. From another point of view, at a given
level of contractility and total load, the muscle
can shorten to a particular end-systolic length.
When load is changed, velocity and extent of
shortening change reciprocally, but the limits to
mechanical performance (i.e., maximum force
development or rate of shortening) are set by
the level of contractility. Thus, the term ventricu-
lar contractility has a different connotation from
the term ventricular performance, and it is useful
to identify a change in contractility as an altera-
tion in cardiac function that is independent of
changes in ventricular performance, such as
those caused by alterations in either preload,
afterload, or both.

Under conditions where preload, afterload,
and contraction frequency are controlled, the ad-
ministration of a positive inotropic agent such as
norepinephrine shortens the duration of contrac-
tion and increases the velocity and extent of wall
shortening and increases stroke volume. These
changes are depicted in figure 10-5, where wall
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FIGURE 10-5. Effects of augmentation of contractility
on the radius-wall force relation during contraction.
Shown are two isovolumic radius-wall force lines
defining normal (line A-B) and increased contractility
(line C-D). The effects of this contractility change on
the extent of midwall shortening at two different lev-
els of afterload are shown. Note that extent of short-
ening is increased at both levels of afterload, but
proportionately more at the higher afterload. Not
shown, but also occurring with increased contractility,
is a rise in the rate of wall shortening and a fall in the
total duration of systole.
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force-radius loops derived from two levels of aft-
erload and a normal and increased level of con-
tractility are shown. As can be seen, with aug-
mentation of contractility the line relating
end-systolic radius and wall force is shifted up-
ward and to the left of normal. This results in an
improvement of the rate and extent of wall short-
ening during ejection, leading to improvement
in indices of ventricular performance, such as the
ejection fraction. Acute administration of nega-
tive inotropic agents such as pentobarbital and
propranolol has been shown to produce opposite
effects. A wide variety of intrinsic and extrinsic
factors have been shown to alter the level of ino-
tropic state of the ventricles. These include auto-
nomic nerve impulses, drugs such as sympa-
thomimetic amines, beta-adrenergic blocking
agents, the cardiac glycosides, theophylline
derivatives, anesthetic agents, and hormones
such as glucagon and thyroid hormone.

In the intact ventricle, a premature depolariza-
tion in the form of an atrial or ventricular ex-
trasystole results in a contraction whose strength
decreases with increasing prematurity of the ex-
trasystole. The contraction following the ex-
trasystole is more forceful than normal due to an
increase in the level of contractility. This phe-
nomenon, postextrasystolic potentiation, has
been shown to be independent of variations in
diastolic filling of the ventricle [7]. Use has been
made of this phenomenon in the cardiac cathet-
erization laboratory where the application of
timed premature beats has demonstrated motion
in previously motionless areas of the ventricular
wall, where contractility is reduced but not ab-
sent. This technique gives a reliable estimate of
the myocardial contractility reserve and it pro-
vides useful prognostic information in condi-
tions associated with regional abnormalities of
myocardial contractility such as ischemic heart
disease.

HEART RATE

Heart rate can be considered the fourth major
determinant of cardiac performance. Increasing
the frequency of contraction exerts a positive
inotropic effect through operation of the inter-
val-strength relation, although this effect is less
prominent in the intact conscious state than in
the anesthetized animal or depressed heart. In

the normal subject, artificially varying the heart
rate between 60 and 160 beats per minute has
little effect on the cardiac output despite increas-
ing contractility. Tachycardia produces a reduc-
tion in the duration of diastolic filling, but in-
creases of contractility, induced by the
frequency change, tend to restore normal filling
dynamics through contractility-mediated reduc-
tion in the duration of systole.

WALL STRESS-RADIUS-FLOW
RELATIONSHIPS

The ventricle, in addition to ejecting a stroke
volume from a given end-diastolic volume,
delivers this stroke volume with a velocity deter-
mined by the instantaneous volume of the ven-
tricle and resistance to ejection [8]. Thus, when
the end-diastolic volume is augmented, there is
an increase in stroke volume as well as in the rate
at which the blood leaves the ventricle. When
the arterial pressure is increased, the velocity of
ejection of blood and the extent of ventricular
emptying are reduced. Furthermore, an ino-
tropic intervention will increase both the stroke
volume and the velocity of ejection. The stroke
power, which is the product of the stroke vol-
ume and the aortic pressure divided by the dura-
tion of ejection (i.e., stroke work per unit time),
is also increased at any end-diastolic volume; but
as with stroke work, stroke power remains pres-
sure dependent.

DIASTOLIC PROPERTIES OF THE
VENTRICLE

Before considering the diastolic properties of
the intact ventricle, it is essential to define the
terms that are used to describe it. Stress is the
force per unit cross-sectional area; strain results
from the application of a stress and is the frac-
tional or percentage change in dimension or size
from the unstressed dimension; elasticity is a
property of recovery of a deformed material
after removal of a stress. Use of the terms
stress and strain allows normalization of values so
that the property of tissues obtained from organs
of different sizes and shapes can be compared.
Isolated cardiac muscle, like most biological
materials, exhibits a curvilinear relation between
diastolic stress and strain and does not obey
Hooke’s law (linear stress-strain relation); this
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property is responsible for the nonlinear pres-
sure-volume curve of the intact ventricle. Elastic
stiffness defines the instantaneous ratio of stress
to strain at any given point on the curve relating
stress to strain. The stiffness constant is the slope
of the straight line relating these stress-strain
ratios to the corresponding stress. The term
stiffness has also been used when referring to the
stiffness of the whole ventricular chamber and
may be expressed in its simplified form as the
ratio of change in pressure (dP) to change in
volume (dV).

The term compliance, which has been used in-
terchangeably with the term distensibility, repre-
sents the inverse of elastic stiffness. That is, it
refers to the ratio of a change in strain relative
to a change in stress. Simplifying this, ventricular
compliance may be referred to as the ratio of dV
to dP.

The diastolic pressure-volume curve for the
normal ventricle is typically curvilinear, having
a relatively small slope at low ventricular end-
diastolic pressures and becoming steeper at the
upper limit of normal end-diastolic pressure and
above (10 to 20 mmHg). It approximates an
exponential relation, and as the chamber
becomes progressively filled during each dias-
tole, instantaneous ventricular compliance
(dV/dP) decreases. The slope of the line relat-
ing dV/dP to P represents the elastic stiffness
constant of the whole chamber, and while it does
not represent the stiffness constant of the muscle
of the ventricular wall, its slope has been shown
to be relatively independent of ventricular shape
and therefore may be useful for detecting
changes in wall stiffness.

Although instantaneous compliance varies as
the heart fills, an alteration in the compliance of
the whole chamber can be identified by a change
in the shape and position of the entire curve
relating ventricular diastolic volume to pressure.
It has been demonstrated, when incomplete re-
laxation due to tachycardia is excluded, that
acute interventions that alter myocardial con-
tractility (other than myocardial ischemia) do
not significantly shift the pressure volume rela-
tion of the left ventricle. Volume loading and
elevation of arterial pressure cause no apparent
shift in the ventricular diastolic pressure-diame-
ter relationship during the slow phase of ven-

tricular filling. However, during the rapid
phases of filling, under some circumstances, in-
ertial and viscous properties appear to influence
compliance significantly.

In the intact heart, alterations in the filling of
one ventricle can substantially alter the diastolic
pressure-volume relation of the opposite ventri-
cle [9, 10, 11, 12]. Therefore, when right ven-
tricular volume is changing significantly,
changes in left ventricular end-diastolic pressure
may not be a reliable guide even to directional
changes of the diastolic pressure-volume curve
of the ventricle. Studies in which the pericar-
dium is left intact have shown that not only the
end-diastolic pressure, but also the shape of the
left ventricle, is altered by increased right ven-
tricular filling with encroachment of the inter-
ventricular septum on the left ventricular cavity.

MUSCLE MECHANICS IN THE INTACT
HEART

Since all of the determinants of ventricular per-
formance reflect the properties of the underly-
ing myocardium, indexes of performance have
been derived using principles of muscle mechan-
ics obtained in studies of isolated cardiac muscle.
The hemodynamic parameters of pressure, flow,
and volume reflect to a degree the activity of the
underlying myocardial force velocity and
length. In table 10-1, these variables have been
portrayed with the measurements that are made
during the preejection and ejection phases of
systole. As noted, the hemodynamic measure-
ments reflect one or more of these variables but
no single measurement encompasses them all,
and no one reflects only two of three, indepen-
dent of the third. In general, these indices have
been developed to describe the contractility of
the intact heart independent of its performance.
However, it should be appreciated that these
indices are only approximations dependent on
oversimplified assumptions and difficult meas-
urements. While the principles may appear clear
from isolated muscle, the direct translation into
unstable tools of the intact heart is difficult.

Heart Fatlure

For the purpose of this discussion, heart failure
will be considered as the pathophysiologic state
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TABLE 10-1. The usefulness of various measures of function in the intact heart as contractility indices

Contractility Variables

Load dependence*

Volume Pressure
Index Force Velocity Displacement (Preload) (Afterload)
Stroke volume + 0 + + +
Ejection fraction + 0 + + +
Ejection time 0 + 0 + +
Ejection rate (SV/time) + + + + +
Rate of pressure development + + 0 + +
Rate of fiber shortening (Vcf) + + 0 + +
Vinax 0 ++ 0 0 0
Peak Vg + + 0 + 0

*Zero indicates load independence and therefore theoretically greater usefulness.

Vimax = maximum velocity of shortening.

in which an abnormality of myocardial function
is responsible for the failure of the heart to
pump blood at a rate commensurate with the
body’s metabolic requirements during exercise.
Reductions in myocardial function leading to
depression of the cardiac output may result
from a primary abnormality in the heart muscle
(i.e., cardiomyopathy) or may be secondary to
ischemia produced by obstructive coronary ar-
tery disease. Also, myocardial failure may re-
sult secondarily from anatomic lesions of the
cardiac valves or pericardium that interfere
with cardiac filling or emptying, or from severe
or prolonged disorders of cardiac rate or
rhythm.

In the presence of a defect in myocardial con-
traction induced by one or more of the factors
outlined in table 10-2, the heart is dependent on
three principal compensatory mechanisms to
maintain its normal function as a pump (figure
10-5). First, the Frank-Starling phenomenon is
activated and an increased preload (i.e., elevated
end-diastolic volume) acts to sustain cardiac
stroke volume. Second, myocardial hypertrophy
occurs, which increases the mass of contractile
tissue. Third, increased catecholamines are
released by adrenergic cardiac nerves and the
adrenal medulla, augmenting myocardial con-
tractility (table 10-3). These compensatory
mechanisms have a limited potential and ult-
mately fail. The development of the syndrome
of heart failure, thus, is a direct consequence of
the limited ability and ultimate failure of these
compensatory mechanisms [13].

CONTRACTILITY OF HYPERTROPHIED

AND FAILING MYOCARDIUM

When an excessive load, either a volume or a
pressure load, is imposed on the ventricle, the
development of myocardial hypertrophy pro-
vides for the reduction of stress per unit area of
muscle toward normal values through an in-
crease in myocardial mass, and permits the ven-
tricle to sustain the burden. However, with pro-
longed overloads and greater degrees of
hypertrophy, the ventricle ultimately fails. Re-
sults of early studies of myocardial contractility
in patients and experimental animals with vari-
ous forms of ventricular overload were variable
and inconclusive because of limitations inherent
in assessing intrinsic contractility of the intact

TABLE 10-2. Primary etiology of myocardial failure

Work Overloads
Increased Pressure Load
-High “‘central” resistance eg.
valvular stenosis
-High “peripheral” resistance
eg. hypertension
Increase Volume Load
-Valvular regurgitation
-High output: A-V shunt,
Thyrotoxic

Oxygen Deprivation Akinesis
Hypoxia and Ischemia Asynergy
Dysynergy
Infarction and/or fibrosis
Myocardopathy
Idiopathic: hereditary or acquired
Viral

Metabolic: eg. EtOH, Cobalt
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TABLE 10-3. Secondary compensations of
myocardial failure

Compensation Mechanism Limit
Volume Length— Structure of
Tension Sarcomere
Curve
Sarcomere “Fibril
Slippage”
Laplace
Relation (T
=P X r)
Hypertrophy Muscle Mass Total force, but
force/unit
mass.
Actomyosin
ATPase
Sympathetic Norepinephrine NE depletion
Drive Release tyrosine
hydroxylase

heart [14-19]. For this reason there has been
substantial interest in the analysis of isolated
muscle behavior in experimental models of pres-
sure or volume overload.

Pulmonary artery banding in a variety of
mammalian species, producing right ventricular
pressure overload and hypertrophy with pro-
gression to overt ventricular failure, has been
studied extensively [20, 21]. Right ventricular
hypertrophy and failure both reduced the maxi-
mum velocity of shortening (V.. ) and index of
contractility below values obtained in muscles
from normal animals. The changes were more
marked in muscles from animals with heart fail-
ure than in those that had hypertrophy alone
(figure 10-6). Heart failure clearly depressed
maximum isometric tension, but hypertrophy
without failure produced only mild depressions
of peak force. Thus, ventricular hypertrophy in
the absence of failure in this experimental model
was associated with a depression of contractility
per unit area of myocardium. Ventricular com-
pensation preventing development of signs of
heart failure was maintained by an increase in
muscle mass. The precise alterations in subcellu-
lar function regulating myocardial contraction
during the development of hypertrophy and fail-
ure have been studied in detail [22-26]. Multi-
ple defects appear to occur, which include de-
fects in energy production, calcium metabolism,
and membrane function [27].
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FIGURE 10-6. Force-velocity relations of three groups
of cat papillary muscles: normal, right ventricular hy-
pertrophy without failure (RVH), and right ventricu-
lar hypertrophy with congestive heart failure (CHF).
Velocity is expressed in muscle lengths per second
(Lo /sec). Note the parallel depression of the lower
load velocity with the development of hypertrophy
and failure.

The contractile performance of the intact
right ventricle of the same animals revealed
depressions of function that paralleled the mus-
cle function studies [21]. Wall force develop-
ment by the right ventricle at equivalent end-
diastolic fiber lengths was significantly lower
than normal in animals with heart failure. Re-
ducing or augmenting the end-diastolic volume
in the heart failure group demonstrated that the
relation between end-diastolic volume and
stroke volume or stroke work was shifted down-
ward and to the right of the normal curves, in-
dicating a depression of performance. Thus, dur-
ing the development of heart failure, ventricular
volume increases and the performance of the
ventricle returns to near normal values through
movement to the right and upward along a de-
pressed ventricular function curve. Ventricular
performance is thus preserved in the face of a
reduction in over-all contractility at the expense
of an increased end-diastolic pressure, volume,
and fiber length.

More recently, experimental models of pres-
sure-overload hypertrophy and failure have
been reexamined, and the results of muscle stud-
ies related to the type, duration, and severity of
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the overload as well as to the degree of abrupt-
ness with which it was applied to the ventricle.
Newer models, such as renovascular hyperten-
sion in rats, provide more clinically relevant
temporal relationships between the application
of the overload and the development of myocar-
dial hypertrophy, consequent alterations in ven-
tricular function, and their reversibility upon re-
lief of the overload [28, 29].

In studies of muscle removed from animals
with chronic volume overload (atrial septal de-
fect), contractility was normal and exhibited
none of the changes in the force-velocity or
length-tension curves noted in muscles obtained
from animals with pressure-overload hypertro-
phy [30]. Thus, the nature of the stress responsi-
ble for inciting the hypertrophy appears to play
a critical role in determining whether or not
‘hypertrophy is detrimental to myocardial con-
tractility. Following the development of an ar-
teriovenous fistula, the left ventricular end-dias-
tolic pressure rises and stabilizes while the left
ventricular end-diastolic diameter increases
progressively and the wall thickens. With
chronic adjustment to the shunt and to the ele-
vated diastolic filling, myocardial function, as
reflected in measurements of mean velocity of
circumferential fiber shortening, remains nor-
mal. However, worsening of the shunt and
hence the development of signs of congestive
failure are uniformly associated with depressions
of myocardial contractility. Thus, the develop-
ment of hypertrophy with primary chamber en-
largement in volume overload alters ventricular
geometric relations in a way that allows mainte-
nance of normal wall stress as well as optimal
sarcomere length, permitting an enhancement
of overall myocardial performance while con-
tractility remains normal [31-33]. With further
overload, however, these mechanisms of com-
pensation are inadequate [33].

As a result of the compensatory mechanisms
serving the heart, ventricular performance usu-
ally is not markedly affected until the develop-
ment of signs and symptoms of congestive heart
failure. Therefore, indices of ventricular con-
tractility, reflecting the intrinsic state of the myo-
cardium itself, have been sought to define more
precisely the course of myocardial deterioration
in various myocardial diseases as well as to pro-

vide an early indication of the need for either
pharmacologic or surgical therapy. The search
for the ideal index of ventricular contractility,
defined in mechanical terms, has been hampered
by both incomplete understanding of ventricular
contraction and significant assumptions required
before analysis of ventricular function in terms
of isolated muscle mechanics can be undertaken
[34, 35]. When studied, nearly all indices of
ventricular contractility are performance-
dependent, which means their sensitivity in de-
tecting a change in contractility is diminished to
the extent they are influenced by preload, after-
load, and heart rate, important determinants of
ventricular performance. However, despite
these obstacles, ejection-phase indices such as
the ejection fraction (ratio of stroke volume to
end-diastolic volume) and the velocity of cir-
cumferential fiber shortening have clinical use-
fulness [ 36]. By definition, these indices remain
incomplete and their limitations require contin-
ual consideration when they are applied to a
clinical problem. With more precise information
on ventricular contraction dynamics, it is hoped
that more sensitive indices will emerge, permit-
ting the early detection of myocardial failure,
and allowing therapy to begin before compensa-
tory mechanisms are exhausted.

ADRENERGIC NERVOUS SYSTEM IN HEART
FAILURE

The third form of compensation for failure of
myocardial contraction is augmented sympa-
thetic nervous system activity with increased re-
lease of norepinephrine into the myocardium. It
is well known that an increase in norepinephrine
release augments myocardial contractility and
participates in the regulation of cardiac perform-
ance during acute stress or exercise in the nor-
mal state. During early stages of heart failure,
urinary excretion of catecholamines is elevated
[37]. However, during sustained loads on the
myocardium with developing myocardial fail-
ure, the myocardium becomes depleted of its
catecholamine stores. This depletion is related to
failure of the adrenergic nerves of the heart.
Thus, with chronic failure, the myocardium
becomes effectively denervated due to progres-
sive failure of the sympathetic nerve endings of
the heart to synthesize, store, and release cate-
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cholamines. The myocardial catecholamines are
most depleted in situations where the myocar-
dium is most depressed. This does not mean,
however, that a loss of myocardial catechola-
mine stores per se leads directly to heart failure,
since pharmacologic depletion of myocardial
catecholamines stores in the normal state does
not alter basal contractility [38]. However, in
heart failure with depression of myocardial con-
tractility, the ability to augment contractility by
localized catecholamine release is lost even
though the responsiveness of the myocardium to
circulating catecholamines is normally sustained.
While there is augmentation of the circulating
catecholamines from peripheral nerves and the
adrenal glands in the presence of heart failure,
the degree to which this circulating store of cate-
cholamines serves to support contractility of the
heart is unknown. However, it is now recog-
nized that use of beta-adrenergic blockade in
severe myocardial failure may be limited by fur-
ther depression of the heart, which could be
related in part to blockade of the action of these
circulating catecholamines [29].

Chronic elevations of circulating catechola-
mines also affect the peripheral vascular resist-
ance in patients with congestive heart failure,
often producing a significant increase in order to
maintain blood pressure [39]. This results in an
increased impedance to ventricular ejection,
which in combination with a dilated heart results
in significant elevations of afterload and decreas-
ing ventricular performance.

Pathopbysiology of Heart Failure

Myocardial failure resulting in ventricular dys-
function and ultimate depression of cardiac
pump performance remains a fundamental, un-
solved clinical problem. It invariably leads to a
limitation of normal activities and early death of
the patient. Indeed, the presence of myocardial
failure appears to be the primary determinant of
short-term or long-term patient survival, inde-
pendent of the etiology or whether treatment is
medical or surgical [36].

The syndrome of heart failure may be consid-
ered in relation to two conditions (table 10-4).
The first is myocardial failure, either diffuse or
segmental, characterized by a decrease in speed

TABLE 10-4. The myocardial and systemic
components of heart failure

Myocardial Failure
Decrease in force development and shortening.
2° 1o myocyte loss and hypertrophy - pump
failure (CO on demand).
Congestive Failure
Peripheral effects of failure of pump to meet
peripheral needs.
Sympathetic tone and renin-angiotensin
activity.
Peripheral congestion, edema, and/or fatigue.

and force of muscle contraction. When the
amount of myocardial depression is great
enough, it is translated into a decrease in the
reserves of pump function and ultimately into
pump failure. Pump failure is then defined as the
inability to provide a cardiac output on demand
that is adequate to meet the peripheral needs
during exercise. The second condition is conges-
tive heart failure, which reflects systemic re-
sponses to an inadequate pump, characterized by
augmented sympathetic nervous system activity,
renal vasoconstriction, and activation of the re-
nin-angiotensin system with peripheral conges-
tion and edema (figure 10-7).

Experimental heart failure has been studied in
several animal models, all of which are charac-
terized by hemodynamic pressure or volume
overload. In these models, the time between the
creation of the hemodynamic overload and the
appearance of myocardial failure depends on the
type of overload created (pressure or volume),
the abruptness with which it is applied, and the
severity of the overload created. Whereas initial
hypertrophy in response to the hemodynamic
overload tends to normalize the load per unit of
myocardium and maintain pump performance
early in the course, myocardial failure ultimately
develops in most, but not all, instances. Whether
or not depression of myocardial function ensues
has correlated significantly with the severity of
the overload and the extent of resultant myocar-
dial hypertrophy [40]. The contribution of
other factors—such as age of the host, when the
overload occurs, and concurrent vascular disease
—is not clear.

From early studies of the mechanical corre-
lates of acute pulmonary artery banding in the
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FIGURE 10-7. Systemic response to myocardial and
pump failure. This figure depicts the body response to
a lowered cardiac output and elevated venous pres-
sures. Adrenergic-mediated vasoconstriction leads to
increases in renin production and direct increases in
peripheral resistance. Elevated vascular resistance fur-
ther reduces cardiac output and angiotensin-mediated
aldosterone production leads to Na* accumulation
and worsening pulmonary and venous congestion.

cat [20], it is clear that moderate degrees of
obstruction of the pulmonary artery lead to right
ventricular hypertrophy but not ventricular fail-
ure. With more severe obstruction, a greater
systolic pressure overload is produced and more
severe hypertrophy occurs as well as right ven-
tricular failure. Studies of papillary muscles
removed from hypertrophied hearts without
congestive failure showed decrements in the
maximum velocity of shortening of unloaded
myocardium (V ,,, ), but not in peak force de-
velopment (Pg). Ultrastructural and biochemical
studies done in the same preparation showed
little histologic change aside from cell enlarge-
ment, little or no change in mitochondrial func-
tion, and increase in connective tissue [41] and
a significant decrease in the rate-limiting en-
zymatic step for muscle shortening, namely ac-
tomyosin ATPase [42]. A slowing of calcium
binding by the sarcoplasmic reticulum from such
preparations has also been found [35]. As the

systolic overload was increased further, addi-
tional myocardial failure as well as ventricular
failure occurred, characterized by a fall in force
production as well as a further decrease in veloc-
ity of the isolated papillary muscle [43]. In addi-
tion to a further decline in actomyosin ATPase,
catecholamine depletion occurred in the heart
with failure of cardiac nerves to synthesize,
store, or release norepinephrine [43, 44].

Not all experimental systolic overloads have
resulted in a clear-cut depression of myocardial
function. This may be explained, at least in part,
by variations in the severity and duration of the
overload. Moreover, most studies of hypertro-
phy have involved the acute imposition of the
load. This may produce initial pump failure with
focal myocardial damage and subsequent recov-
ery with residual scarring and hypertrophy. In
studies of a more physiologic model of systolic
pressure overload, renovascular hypertension, it
has been found that V,, falls as a function of
hypertrophy, yet force development is well
maintained [28, 40]. Thus, systolic (renal) hy-
pertension in the rat, which mimics hypertensive
hypertrophy of humans, is associated with
changes in contractile properties of the myocar-
dium characterized by a decrease in V., a pro-
longation of the duration of contraction, and a
decrease in relaxation rate [ 28, 40]. Actomyosin
ATPase rates fall pari passu with these mechani-
cal events [28]. Of greater importance, all of
these contractile changes are reversible when
the hypertension is corrected [63].

It has recently been shown that experimental
diabetes mellitus in the rat leads to contractile
changes characterized by a decrease in V,, and
slowed relaxation [64]. Once again this is as-
sociated with a decrease in actomyosin ATPase
[61] and reduced rates of calcium binding by
isolated sarcoplasmic reticulin [62]. These alter-
ations are reversed by treatment of diabetic rat
with insulin [45].

Diastolic overloads (volume overload) im-
pose a change in diastolic volume without an
increase in the systolic load on the myocardium.
An increase in ventricular mass occurs but does
not produce the same fall in contractility as is
observed following systolic overloads [30, 46].
The reason for this discrepancy is not known,
but one explanation is that diastolic overload
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may not lead to the same degree of cell enlarge-
ment during hypertrophy. However, with sub-
stantial volume overloads, sarcomeres in the
wall of the heart are stretched to the limit of
their length-tension curve and ‘“plastic’’ altera-
tions occur leading to further dilatation [47].
Further, when volume is increased without un-
loading of tension in the wall by increased ven-
tricular emptying, the tension in the wall rises as
a result of the Laplace relation and hypertrophy
ensues. This may then lead to late declines in
contractility from this secondary tension over-
load. All of the changes in mechanics described
are subject to reversal upon removal of the over-
load [48-50].

Of essential pathophysiological importance to
the problem of myocardial failure is the under-
standing of what factors lead to irreversible de-
pression of myocardial function and ultimate
pump failure in the face of a compensatory
hypertrophic response to various pump over-
loads. Recent studies in four different forms of
cardiomyopathy have produced some insight
into this question. These forms of cardiomyopa-
thy include the hereditary cardiomyopathy that
occurs in the Syrian hamster [51]; the cardio-
myopathy that develops in the hypertensive-dia-
betic heart [52] and in human diabetic hearts
[53]; and renovascular hypertension [28, 40].
Histological studies in each type of myopathy
have all shown regions of fibrosis, myocytolysis,
and even calcification adjacent to regions of
severely hypertrophied but normal-appearing
muscle [51].

The hereditary cardiomyopathic Syrian ham-
ster develops focal myocardial necrosis begin-
ning as early as 1 month of age, which leads to
eventual myocardial failure within a year. Stud-
ies of isolated muscle from such hearts have
demonstrated substantial decrements in force
development as early as 50 days after birth with
subsequent restoration of total force develop-
ment as compensatory hypertrophy develops
[54]. In contrast, V,, was preserved early but
later fell as the hypertrophic process progressed.
Such findings are consistent with an early loss of
myocytes producing a fall in force with V_
unchanged, with later changes reflecting pro-
gressive hypertrophy of the remaining cells cha-

racterized by a decline in V,,. Continued pro-
gression of the latter process eventuates in a
congestive cardiomyopathy and death of the ani-
mal. Treatment of young Syrian hamsters with
the calcium channel blocker verapamil, during
the period when the animals normally develop
focal myocardial necrosis (30 to 44 days of age),
prevented the myocytolytic lesions and abol-
ished the microvascular hyperreactivity [55].
Thus, in this case a drug was capable of prevent-
ing the development of a cardiomyopathy.

Although vascular hyperreactivity may pro-
vide a rational explanation for the early pa-
thologic lesions in the Syrian hamster, it is felt
that these microcirculatory lesions are not lim-
ited to this model. Very similar abnormalities
have been demonstrated recently in the hyper-
tensive-diabetic rat, an experimental model of
human disease [53, 56]. The animals in this
model develop focal, discrete areas of fibrosis in
the myocardium, similar to those seen in the
Syrian hamster. Perfusion of these hypertensive-
diabetic rats with silicone rubber solutions in
vivo has also revealed a multiplicity of constric-
tions, tortuousities, and true microaneurysms
[56, 571 (figure 10-8). Whether or not these
lesions can be prevented with a calcium channel
blocker such as verapamil is currently under
study. Microvascular constriction has also been
demonstrable with postmortem perfusions of
human diabetic hearts [ 53 ]. In this investigation,
typical microaneurysms similar to those seen in
diabetic retinas were observed, but in addition,
focal vascular constrictions, identical to those re-
ported in the Syrian hamster studies, were also
seen. Constricted lesions following microfill in-
jection have also been demonstrated in renal
hypertensive rats [57].

Since microvascular hyperreactivity is present
in the Syrian hamster, the hypertensive diabetic
rat, the human diabetic heart [ 56], and the reno-
vascular hypertensive rat, and leads in all models
to focal cell necrosis and subsequent fibrosis, it
has been speculated whether such circulatory le-
sions are a feature of congestive cardiomyopathy
in general (figure 10-9). Most human forms of
cardiomyopathy have focal myocardial fibrosis
as their most significant pathological feature [ 58,
59]. Thus, since adult myocardial cells do not
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FIGURE 10-8. High-powered micrograph of myocar-
dium removed from a hypertensive-diabetic rat after
silicone-rubber solution was perfused into the coro-
nary circulation in vivo. Note the many constrictions,
tortuousities, and true microaneurysms, as noted by
arrows, in the coronary arterioles.

proliferate, microvascular spasm with focal
myocytolytic necrosis will result in decreased
numbers of ventricular myocytes. This will in-
crease the load borne by the remaining myo-
cytes, leading to their compensatory hypertro-
phy. Subsequently, in later stages of the
cardiomyopathy, one would expect to find areas
of focal necrosis and fibrosis intermingled with
hypertrophied myocardium. Severe hypertro-
phy that results from this underlying microvas-
cular process and the persistent hemodynamic
overload result in extremely large cells in which
activation is impaired and actomyosin ATPase
activity is reduced. Widespread fibrosis also has
substantial effects on overall ventricular compli-
ance. Dilatation of the heart may then be super-
imposed in an attempt to compensate for de-
creased myocardial function. Thus, what began
as widespread focal and even unrecognized
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FIGURE 10-9. The concept of hypertrophic myopa-
thy. Hypothesis showing relation of etiologic entities
of coronary disease, diabetes, hypertension, cardio-
myopathy, and myocarditis to the ultimate loss of my-
ocardial cells, which in these pathologic states is the
stimulus for secondary myocardial hypertrophy and
loss of contractility of the remaining cells to develop.

myocyte necrosis, secondary to microvascular
hyperreactivity and spasm, may terminate as
hypertrophic myopathy characterized by large
ventricular myocytes with impaired contractility,
ultimately producing myocardial failure (figure
10-9).

Conclusion

The current concept of the systemic response to
myocardial failure is summarized in figure 10-7.
Myocardial failure eventually ensues after car-
diac compensatory mechanisms have been ex-
hausted. An essential consideration relative to
therapy and outcome of the process leading to
myocardial failure depends on what is reversible
and what is irreversible (table 10-5). Reversible
factors include hypertrophy when the load is
removed prior to substantial cell loss. Ischemia is
reversible until necrosis and cell loss occur,
whether the result of large vessel obstruction or
spasms. Once myocyte loss has occurred, an ir-
reversible process develops that depends on the
extent of further cell loss for its progression [ 60 ].
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TABLE 10-5. Reversible and irreversible factors in
heart failure

Reversible
Hypertrophy
Volume increase—elastic
Ischemia*—Large vessel (CAD)
Small vessel (Spasm)
Irreversible
Myocardial cell loss and fibrosis
Segmental
Diffuse focal
Volume increase—dilatation
With “plastic”’ changes (““fiber slippage”’)
Catecholamine depletion (?)

*Ischemia includes both large vessel obstructive disease and mi-
crovascular spasm prior to myocardial necrosis.

Current therapy for the treatment of myocat-
dial failure, as well as the systemic response to
myocardial failure (congestive heart failure),
has traditionally involved medication aimed at
improving the contractile function of myocar-
dial cells as well as relieving the hemody-
namic effects of the systemic response to myo-
cardial failure. However, these medications
provide palliative relief and in no way reverse
the abnormality of the activating system or con-
tractile proteins of the myocardium that are ob-
served in the presence of severe hypertrophy.
Moreover, the process of microvascular spasm
and loss of cardiac cells with further fibrosis
may be proceeding and may even be worsened
by inotropic therapy. Although the need for
palliative therapy in heart failure is not ques-
tioned, we as physicians must remain critically
aware that the initial lesion, namely myocyte
loss, causing an ultimate downhill course for
the myocardium is not being approached di-
rectly by these medications. Alternatively, it is
possible that agents that affect microvascular
spasm and perhaps other yet unknown factors
may ultimately improve myocardial perform-
ance by preventing progression of the primary
disease. These considerations strongly suggest
that interest should shift from continued thera-
peutic attempts to bolster the already irreversi-
bly damaged heart to attempts to identify pa-
tients with certain forms of cardiomyopathy at
an earlier stage of the disease, when an oppor-
tunity to truly affect the long-term outcome ex-
ists.
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