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Chronic cardiac dysfunction with failure to provide a systemic flow 
sufficient to meet metabolic demands induces a complex set of regulatory and 
anatomical adaptations. Initially, these adaptations serve to enhance pump 
performance and to distribute optimally a reduced cardiac output. However, at 
some later stage, they often become counterproductive. 

The primary purpose of this presentation is to review the interactions 
between cardiac and extracardiac adaptations. Exercise is included as a major 
topic for several reasons. Exercise- particularly in the sense of moving one's 
own body around - imposes greater demands on the cardiovascular system than 
other activities during daily life. It is the immediate cause of many of the 
symptoms and signs associated with chronic heart failure (CHF). Measurement of 
the amount of exercise (or the increase in metabolic rate) that is required to 
precipitate symptoms and signs provides an objective means of quantitating the 
degree of CHF. The cardiovascular system in the average young normal individual 
can support at least a 10-fold increase in metabolic rate, i.e. there is a 10:1 
ratio between maximal and basal oxygen uptakes. This ratio approaches 1:1 in 
the Class IV patlen~. 

The complexity of the adaptations to CHF makes it difficult to use simple 
descriptors of cardiac function as estimates of the sever ity of failure. Exercise 
capacity, which translates into the highest rate of oxygen transport that the 
cardiovascular system can sustain, provides a reasonable alternative. Maximal 
oxygen uptake reflects the combined impact of the primary cardiac lesion and the 
compensatory mechanisms. Exercise has also proved to be an important tool for 
the study of CHF in applications ranging from pathophysiology to evaluation of 
therapy. 

Natura l history. 

Chronic heart failure is a major health problem. Gorlin (1983) has reviewed 
current data on incidence. There were in the United States in 1980 more than 
400,000 hospital discharges with a diag nosis of CHF, corresponding to a rate of 
1.8/1,000 population. The incidence of CHF increases with increasing age and is 
higher among men than women . Table 1 presents recent data from the Framingham 
study (Kannel et al., 1982). 

Table 1. Annual Incidence of CHF. 

Data from a 20-year follow-up study in the Framingham populat ion 
(Kannel et al., 1982). 

RATE PER 1 ,000 

AGE MEN WOMEN 

45-54 1 . 8 0.8 
55-64 4.3 2 .7 
65-74 8.2 6.8 
Total 3 .7 2.5 
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Hypertension was identified as the dominant precursor of CHF. Definite 
hypertension was documented in 75% of all subjects prior to the onset of CHF. 
Concurrent hypertension was the rule also in those subjects who had coronary or 
rheumatic heart disease. Clinical series are likely to show different distri
butions, reflecting special interests and facilities. Sixty-five per cent of 
the patients in Cohn's (1982) referral population had significant coronary 
artery disease. The remaining 35 % represented a mixture of alcoholic and other 
forms of cardiomyopathy and corr.ected valvular lesions. Patients with angina or 
correctable valve disease were excluded. 

Two-year survival in Cohn's series of patients, mostly with severe CHF, was 
only 30 %. The Framingham data (Kannel et al., 1982) are less alarming with a 2-
year survival rate of 70 % in men and 75 % in women. The corresponding 8-year 
rates were 20 and 35% with little or no difference between patients with and 
without coronary disease. Califf et al. (1982) have analyzed a large series of 
patients with coronary disease and CHF, who had been studied at Duke University. 
The prognosis was similar among patients in NYHA Functional Classes 1-1 I I with 
2-year survival rates of about 70 % compared to 25% in Class IV patients (Fig. 1). 
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Pathophysiology of CHF - Overview. 

Multiple compensatory mechanisms are activated in CHF (Zelis et al., 1981; 
Zel is and Flaim, 1982). The progression may be viewed as having three phases: 

1. Maintenance of cardiac output. 

A reducltion in contractile performance and stroke volume is 
compensated for by relative tachycardia and increased heart size 
with ventricular dilatation and hypertrophy. Ventricular filling 
is enhanced by fluid retention and blood volume expansion. 
Cardiac output is adequate, at least at rest. 
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2. Maintenance of arterial pressure and perfusion of critical organs. 

The mechanisms listed under (1) continue to be operative during 
Phase 2 but cardiac output can no longer be maintained at normal 
levels. Vasoconstriction is the hallmark of the second line 
response which serves to distribute optimally a reduced cardiac 
output. Perfusion of the brain and myocardium is maintained at 
the expense of the renal, splanchnic and cutaneous circulations, 
particularly during exercise ; Both neurogenic (alpha-adrenergic) 
and humoral (circulating catecholamines, angiotensin, vasopressin) 
mechanisms contribute. Vasoconstriction may also be enhanced by 
structural changes in the resistance vessels (increased salt and 
water content of the arteriolar wal ls) . 

3. Inappropriate vasoconstriction. 

At some point, the degree of vasoconstriction becomes inappro
priate. The failing ventricle faces an increased resistance to 
ejection, i.e. increased aortic impedance. Stroke volume. and 
cardiac output decrease. A vicious circle is established in 
which increased vasoconstriction leads to further ventricular 
dysfunction. 

This sequence is characteristic of patients with chronic congestive heart 
failure, e.g. end-stage ischemic heart disease, congestive cardiomyopathy, or 
chronic mitral regurgitation. The response is modif ied in certain other forms 
of heart disease, primarily by different patterns of ventricular hypertrophy and 
of neurogenic control of the circulation. Patients with severe pressure over
load, e.g. aortic stenosis, rarely reach an end-stage characterized by ventricular 
dilatation and systemic vasoconstriction. They often succumb to sudden death. 

Lesion-specific differences in the rate of afferent impulse traff ic origi
nating in arterial and cardiac receptors affect hemodynamic conditions. The 
carotid and aortic baroreceptors and the cardiopulmonary receptors, including 
receptors in the ventricular wa l 1, respond to distension with increased impulse 
flow. This activation of the receptors produces s ympathetic inhibition with 
bradycardia, decreased contractile state, and vasodilatation. Increased vagal 
tone contributes to the bradycardia. Decreased wall tension and degree of 
deformation of the receptors, as with falling arterial pressures or decreased 
cardiac chamber size, cause increased sympathetic outflow with tachycardia and 
vasoconstriction. 

Activation of arterial and ventricular baroceptors with reflex-induced 
sympathetic inhibiti,on explains the vasodilatation that occurs in certain forms 
of heart failure. This mechanism has been referred to as e nd ogenous impedance 
(or afterload) reduction (Zelis and Flaim, 1982), Systemic vasodilatation is 
often present in slowly progressing chronic ao rti c regurgitation that is asso
ciated with a wide arterial pulse pressure and a rapid rate of change in arterial 
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pressure during ejection. A reflex-induced dilator response may also occur 
during the early phase of CHF when fluid retention and blood volume expansion 
have produced cardiac enlargement and activated atrial and ventricular receptors. 
Activation of ventricular receptors by deformation may also be responsible for 
the vasodilatation and bradycardia that sometimes is seen in acute myocardial 
infarction, particularly inferior infarction. The ventricular receptors are 
concentrated to the inferoposterior left ventricular wall. 

Schmid et al. (1981) have demonstrated (Fig. 2) that non-neurogenic vaso
constrictor mechanisms, e.g. increased vascular responses to circulating norepi
neph l·ine, angiotensin, and other vasoconstrictor agents, dominate in right heart 
failure (RHF) produced by banding of the pulmonary artery. 

Fl;;ure 2. 
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On the other hand, neurogenic mechanisms are preeminent in left heart failure 
caused by banding of the ascending aorta (LHFA). Reduced arterial baroceptor 
stimulation with a reflex-induced increase in sympathetic activity in aortic but 
not in pulmonary artery constriction is the likely explanation. 

The modulating effects of the arterial and cardiopulmonary receptors are 
attenuated with progression of CHF. Decreased activity of the cardiac afferent 
nerves is a feature of , l ate CHF (Abboud et al., 1982). 
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Determinants and descriptors of cardiac pump performance. 

In current clinical practice, ventricular ejection fraction (the ratio 
stroke volume/end-diastolic volume) is by far the most widely used of all 
Indices of cardiac performance. Ejection fraction has many attractive features, 
including simplicity. Comparable measurements may be obtained with relative 
ease both during catheterization and non-invasiveiy by radionucl ide ventricu
lography or echocardiography : However, - ejection fraction is by itself a poor 
index of ventricular contract! le state and of the severity or the degree of 
impairment in failure. 

Figure 3 is a surMlary of data from a series of patients l<~ith CHF studied at 
U.C. San Diego (Ross, i983). 

Figure 3. 
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Exercise capacity was used as a measure of the overall functional capacity of 
the cardiovascular sy~tem and ranged from> 7 mets to < 3 mets. Patients were 
divided into 4 classes. The classes corresponded to average exercise capacities 
of about 25, 50, 75 and 100% of normal. left ventricular ejection fraction was 
similarly depressed in all groups at approximately 35 %. Measurement of left 
ventricular end-diastolic diameter also showed no significant differences 
between groups but there were significant correlations between loss of exercise 
capacity and the severity of symptoms and the severity of pulmonary congestion. 

Simple geometrical relationships limit the power of ejection fraction to 
serve as a comprehensive index of cardiac pump function. The normal left 
ventricular end-diastolic volume is about 120 ml. A typical ejection fraction 
of 67% produces a stroke volume of 80 ml. A two-fold increase in diastolic size 
enables a pat ient with myocardial dysfunction to achieve a normal 80 ml stroke 
volume at an ejection fraction of only 33%. The effect of increased chamber 
size becomes even more dramatic when viewed in terms of the degree of circumfer
ential fiber shortening that is required to achieve a normal stroke volume. 
Fractional shortening in these examples is 30% in the normal heart compared to 
only 13 % in the dilated heart (data derived from an ellipsoid left ventricular 
model in which the short axis is d, the long axis 2d, and volume approximates d3 
(Pombo et al., 1971). 

Table 2. Relation Between 
Shorteninll. 

Ventricular Volumes 2 Stroke Volume 2 and Fiber 

Normal CHF 

Stroke volume, ml 80 80 
End-diastolic volume, ml 120 240 
End-systolic volume, ml 40 160 
Ejection fraction, % 67 33 
Shortening fraction, % 30 13 

A consideration of the general features of myocardial performance will also 
make apparent other reasons why ejection fraction and other simple variables are 
unable to measure accurately cardiac contractile performance. 

The principles of skeletal muscle mechanics were known at the turn of the 
century. Starling's classical papers were published 1912-20 (and are available 
in facsimile reprints with an analysis and commentary by Chapman and Mitchell 
(1966)) . They are based on an application of these principles to the anal ysis 
of cardiac function. The fundamental relationship between fiber length and 
cardiac performance is express~d by Starl inll's ~: "The output of the heart is 
a function of its fi 11 ing, the energy of its contraction depends on the state of 
dilatation of the heart's cavities" (Patterson, Piper, and Starling, 1914). 
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Figure 4a shows a Starling curve taken from the 1914 paper by Patterson and 
Starling. Right atrial _pressure (isolated dog heart preparation) is given as a 
function of cardiac output. Reversal of the ordinate and abscissa produces the 
more familiar form of the function curve (Fig. 4b). Note that there is a 
prominent descending limb at high right atrial pressures. Patterson and Starling 
identified the responsible mechanisms: increased arterial pressure with increasing 
resistance to ejection at high fi !ling pressures and increasing diastolic 
stiffness with little change .in fiber length with further increases in right 
atrial pressure. In addition, the A-V valves eventually become incompetent with 
mit ra 1 and --~_r_ i cusp i 9 _ _regurgitation. 

Figure 4a. Figure 4b. 
u 

1'-
;} 

"H. ·-. v 
II\ ~· 

,. v .-· .. )'... _.,.. 
r:' ::;, v v [/ v 

.. -.. - ~ ~ v . ·::: .• r ' 

1 

\\ 
II--1-- J 

IJ ' ,..,._ h -· 
lL 'IX' 1\ I / 

. ' .' . 
I t .11 -:-~~ [\ 

/ J:'' \ 
Jf-

L~:>; 
I 

11 ;J 
.. / 
.' 

I I .-: 
r- :. 

~ . . . - - - - - .. : I 
j--1--

CARiliAC llJTPUT 
. 

I 
\ 

I I J I I ' RIG/iT ATRIAL PRESSURE 

Figure 4. Relation between right atrial pressure and cardiac output . 
A. Original, B. X- and Y-axis reversed. 

Fcom Patterson and Starling (1914). 

Starling also (Patterson, Piper, and Starling, 1914; Starling, 1918) 
applied to the i ntact heart the basic length-tension relationship that Blix 
(1895) had described in isometrically contracting isolated skeletal muscle 
(Fig. 5). 
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This was translated into the ventricular volume-pressure relationship (Fig. 6), 
which now is the principal framework for the analysis of ventricular function. 
Similar concepts had been developed by Frank in Germany and Starling used 
Frank's data In a pressure-volume diagram. 

Figure 6. 
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The important introduction of muscle mechanics to cardiology was largely 
ignored until quite recently. The impact of Starling's work through the mid 
1960's has been reviewed by Chapman and Mitchell (1966). Starling's law was 
initally viewed strictly as a statement of the relationship between right atrial 
pressure and cardiac output. It became apparent during the 1930's and 1940's 
that In the intact human and animal factors other than right atrial pressure 
have major effects on cardiac output. The basic concept that diastolic fiber 
length is a principal physiological determinant of systolic function was rejected. 
Resurrection began when McMichael (1952) suggested on theoretical grounds (Fig. 7) 
and Sarnoff and Berglund (1954) experimentally showed (Fig. 8) that the relation
ship between diastolic fiber length and systolic performance is characterized 
not by a single curve but rather by a family of Starling curves. 

Figure ]. 
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The function relating end-diastolic pressure to stroke work may change with 
experimental conditions, e.g. after inotropic stimulation, but its basic shape 
remains the same. This crucial concept, which is implicit in Starling's series 
of papers, was firmly establIshed by a series of publications by Sarnoff's group 
and extended to man by Braunwald and his associates at NIH. Drs. Chapman, 
Mitchell, Bonte and others at this institution pioneered quantitative ventriculog
raphy and were able to study for the first time pressure-volume relationship in 
the intact heart. · -

It is difficult to translate the family of Star! ing curves into a clinically 
useful index of contractile state. The optimal clinical measurement should 
describe intrinsic contractile function, i.e. be independent of loading conditions, 
and be based on measurements that can be easily obtained by standard clinical 
techniques and procedures. 

A large number of simple and composite measurements of cardiac performance, 
derived during the isovolumic phase of contraction or during ejectio_n, have been 
described but no satisfactory simple expression of intrinsic contractile state 
has been found (Grossman, 1982). 

Approaches to the cli~ical evaluation of ventricular function include 
isovolumic phase indices such as dp/dt (rate of change of ventricular pressure), 
dp/dt at a given pressure, and do/dt (rate of change of wall stress). All these 
measurements require high-fidelity recording systems . Only measurements of the 
rate of wall stress development, which requires simultaneous accurate measurements 
of pressure, chamber radius, and wall thickness, accurately reflects intrinsic 
contractile state if the basic requirement of load independence is made more 
stringent by ·requiring also independence of muscle mass. 

Ejection phase indices, among which are ejection fraction, mean normalized 
systolic ejection rate, and velocity of circumferential fiber shortening are 
markedly sensitive to afterload and also, to some extent, to preload (G rossman, 
1982). However, mean velocity of circumferential fiber shortening, which can 
easily be derived by echocardiographic techniques, is independent of preload 
(Nixon et a I . , 1982). 

Mitchell and Wi ldenthal (1972) noted that end-systolic volume at a given 
end-systolic pressure is independent of preload but varies with contractile 
state. Thus, end-systolic volume may be used as an index of contractile state 
if there are no significant changes in afterload. Suga et al. (1973) demonstrated 
experimentally that the instantaneous pressure/volume ratio is load independent. 
Grossman et al. (1977) showed that contractile state can be evaluated clinically 
from end-systolic pressure-volume relationships. The after load effect is taken 
into account by determination of the slope of the pressure-volume curve, i.e. 
the P/V or pressure volume ratio. However, as is evident from Figure 9, a 
depression of myocardial function is also likely to alter the X-axis intercept 
of the P/V relationships. A minimum of two, preferably three, paired observations 
of pressure and volume are therefore required. Pressure is usually altered by 
infusion of a pure vasoconstrictor agent. 
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Figure 9. 
wo 

-a 
~ 120 
f. 

.. eJ'OO 

"' ~80 
:3 
f 
~,~oo 

~ 
~40 

~20 

0 20 

--~-- -- - .. -----

GROUP A 

t GfiO(P 8 

1 
or.'DIJPC 

7 
I I 
I /~ 1~1 ~ 1 I 

I 
/ A ' ~ ·o n I 

I 

// 
I 8 '"" ~ 

I I 0) I I 
I / P"• I'T!\V .. · V0 j I I 

I 

// I 
I v. ·...,.,.. • P. · o I 

I I 
I 

40 80 au 100 1(0 'Ill() 180 200 

END SYSTOUC VOlUME MlfX. Yo. lcc,M'I 

A vuage valueJ for lef t \Wflricular end·.fyJtolic vo/11m~ 
Offd prt'.uurf' ul two lrvr/.f of fl '.ffnlu· lnnd an plotlrd f or TWh/""16 
'ltl/th normal cuntraclllt f um·tiun (gruup A. tjatwtt frac· 
liOif ~ 0.60}, intnmediau ft.~nct ion (group 8, ej ection frac
tion a 0 .41-0.59}. and poor conlracule function (group C. ejulion 
/racrion S 0.40}. Points uprtunt average values for preJsurt a1td 
volume from tahlt I, and brackets indicatt Jtandard urors of tht 
mtaiU. Volumes art inde:ud for boJy Jurfaa area in square mtUrJ 
(nt'). 
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The development of radionuclide angiography has made it feasible to determine 
non-invasively pressure-volume relationships. Peak systolic pressure is taken 
as a measure of end-systolic pressure. Measurements of the P/V ratio during 
exercise have proved to be a useful predictor of prognosis in ischemic heart 
disease (Corbett et al., 1981) but this P/V ratio expresses manifest rather than 
intrinsic contractile state. Intrinsic or basal contractility is modulated by 
inotropic stimulation (beta-adrenergic activation) and also by the development 
of ischemia. 

Major conceptual advances in the analysis of the function of the intact 
heart followed the introduction of instantaneous ventricular pressure-volume 
diagrams (Suga and Sagawa, 1974; Sagawa, 1978; Weber and Janicki, 1977; Weber et 
al ., 1982). An example is shown in Figure 10. 

Figvr-c LO. 

____., 

VOLUME 

Figure 10. Left ventricular pressure-volume relationships in a normal subject 
(n) and a patient with ischemic heart disease and depressed myocardial 
function (i). The 1 ine defining the maximal end-systolic pressure 
that can be achieved at any given volume also defines contractile 
state. Downward and rightward displacement characterizes depressed 
contractility. The four corners of the loop represent (clockwise 
from upper left) end-systole, onset of ejection, end - diastole , and 
onset of diastolic filling. The distance between the two vertical 
limbs equals stroke volume. Diastolic pressure/volume characteristics 
are also defined. They are non-linear with a progressively larger 
increase in pressure for any further increase in volume. 

From Weber and Janicki (1977). 
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The principal advantage of the instantaneous pressure-volume 
loop is that it contains within a single frame most of the essential 
information on ventricular performance and its determinants, 
including the diastolic properties of the heart. 

The falling ventricle has a limited pre-load reserve. The basic diastolic 
pressure-volume relationship, i.e. diastolic stiffness , is usually not signifi
cantly altered in patients with failure due to volume overload or loss of 
myocardial cells in cardiomyopathy but the heart is likely to operate on or ~ear 
the steep portion of the pressure-volume curve. This means that any increase in 
ventricular fil.ling is less likely to produce a significant increase in fiber 
length and performance and more likely to cause symptoms and signs of congestion . 
Increased diastolic stiffness is a prominent feature of the hypertrophy induced 
by pressure overload and often is a major factor limiting stroke volume (Grossman, 
1982). 

An increased contract! le state, e.g. after beta-adrenergic stimulation, is 
manifest as an upward and leftward displacement of the 1 ine def i ning .end-systolic 
pressure-volume relationship. A higher end-systolic pr-essure can be developed 
from any given end-systolic volume. There is an increase in slope, intercept, 
or both. A depressed contract! le state is reflected by a da~nward and rightward 
d i sp 1 a cement. 

Figure 11 diagrams the methods by which stroke volume can be increa sed: 
(1) Decreased afterload or end-systolic pressure, (2) Increased preload or end
diastolic volume, and (3) Increased contract\ le state. 

Figure 11. 
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Figure 11. Effect of afterload / end-systolic pressure (left panel), 
preload (middle), and altered contract! le state (right) 
on stroke volume (fi volume). 

Adapted from Weber et al. (1982). 
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As a whole, the instantaneous pressure volume relationship is the most 
satisfactory of the current approaches to the analysis of ventricular funct ion 
but there are major limitations. The method is primarily conceptual and experi
mental. Only the analysis of the end-systolic pressure-volume relationship is 
readily appl icable to clinical situat i ons. 

The stimulus to myocardial hypertrophy is more closely related to wall 
stress than to pressure. It is extremely difficult to quantitate accurately the 
forces developed by the intact heart. Average wal 1 tension, which is balanced 
by the force produced by the myocardium, i s a function of chamber size, shape, 
and pressure. The force exerted by any fiber will also vary with i ts orientation 
relative to the chamber. The myocardial muscle fibers are arranged in complex 
patterns. Total circumferential force is proportional to the product of chamber 
pressure (P) and surface area. Thus, the total force developed by a ventricle 
of a shape approximated by a hemisphere is proport ional toP x ~R 2 where R is 
the internal radius. 

Wall stress is defined as force per crossectional area of myocardium. 
Circumferential wal l stress is non-uniform across the thickness of the ventricular 
wall but a si-mplified model can provide some very important insights. A modification 
of LaPlace' law states that circumferential wa.ll stress is directly proportional 
to the product of pressure (P) and internal radius (R) and inversely proportional 
to wa II thickness (h) : 

Wall stress= P x R/2h . 

Chronic pressure or volume overload produces changes in wall thickness that 
tend to keep wall stress within normal limits. To maintain constant force per 
unit crossectional area, wall thicknes s has to increase in proportion to the 
increase in the product of pressure and volume. The normal growth during 
childhood and adolescence, as well as the response to physical training and 
chronic volume overload, are conditions characterized by increased ventricular 
chamber size and mass but a norma 1 ratio bet\.Yeen chamber wa 11 thickness and 
radius (h/R). The mass/volume ratio of the ventricle also tends to remain 
normal (Ford, 1976; Grossman et al., 1975; Grossman, 1980). 

Pressure overload produces increases in total mass and h/R and mass/volume 
ratios (Fig. 12). 

Fi~ure 12. 
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However, peak systolic wall stress is similar in normal subjects and in patients 
with compensated pre ssure or volume overload (Fig . 13). 

Figure 13. 
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Myocardial performance, normal ized with respec t to we ight or volume initially 
remains within normal limits in hypertroph y caused by moderate, graduall y applied 
stress. Peak systolic wall stress is also normal. This classifies the hyper
trophy as physiologi cally appropriate. At lea st in some patients, hypertrophy 
eventually fails to keep up with the increased load. Wal 1 stress become s 
chronically high and pathological hyper t r oph y develops with depressed myocardial 
function and progressive pump f ailu re. At this stage the depres s ion of contractile 
performance is irreversible. 

Grossman (1980) has recentl y reviewed the diff iculties t hat are encountered 
when attempts are made to separate physiological from pathological hypertroph y . 
Such a separation is important not only for theoretical reasons but al so holds 
the solution to a crucial clin~cal problem, i.e . the proper timing of corrective 
surgery in valvular (and some forms of congenital) heart disease, particularl y 
in lesions with volume overload such as mitral or aortic regurgitation . 
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It is essential to take loading conditions into account when evaluating 
contract! le performance in patients with pressure overload. Figure 14 shows the 
relationship between ejection fraction and mean systolic wall stress in a series 
of patients with aortic stenosis and varying degrees of clinical severity. 

Figure 14. 
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Figure 14. Relationship between LV ejection fraction and mean systolic 
stress (a). Values for 14 patients with aortic stenosis and 
varying d~grees of heart failure are plotted together with 
values from normal subjects and patients with congestive 
cardiomyopathy. 

From Gunther and Grossman (1979). 

EF was strongly, linearly, and negatively related to wall stress and varied 
from 0.19 to 0 . 85. Ho.-~ever, the patients all fell on the same regression line 
that applies to normal subjects ;.1hereas patients with cardiomyopathy consistently 
fell belo.-~ this line. Thus, the depressed pump performance in patients with 
aortic stenosis may be viewed as being caused by an inadequate amount of hyper
trophy rather than by a depression of intrinsic myocardial contract! le state 
(Grossman, 1980). This view· is consistent with the generally favorable results 
of corrective surgery with marked post-operative improvement in pump function 
after rei ief of the pressure overload. A true depression of intrinsic contractile 
state is often seen after long-standing severe pressure overload. Cellular 
damage may occur either as a direct consequence of the overload or be caused by 
ischemia. 
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In contrast, patients with chronic volume overload and depressed myocardial 
function according to simple conventional measurements, e.g. ejection fraction, 
often do poorly after surgical correction. This has usually been attributed to 
an irreversible depression of intrinsic contractile performance but may at least 
partially reflect persistently abnormal and irreversible loading conditions. 
Systolic wall stress is relat·ively low rn patients with uncorrected mitral 
regurgitation due to unloading of the ventricle into the left atrium against a 
low pressure •. Ejection fraction often falls after surgery when the mitral valve 
becomes competent. Furthermore, the increase in diastolic volume and fiber 
length (as opposed to the increase in cell diameter which dominates in pressure 
overload) may be irreversible in volume overload. As a consequence, systolic 
wall stress may remain abnormally high post-operatively which will keep ejection 
fraction and stroke volume at a low level (Grossman, 1980). 

Cellular mechanisms in hypertrophy and depressed intrinsic contract! le state. 

Hypertrophy. The Increase in myocardial mass that occurs both during 
normal growth and in response to hemodynamrc overload represents hypertrophy 
rather than hyperplasia. In man, hyperplasia only occurs durrng fetal life and 
during the first three months after birth. Increases in chamber size and vial! 
thickness are accomplished by an increase in cell diameter by parallel addition 
of myofibrils and by serial additions of sarcomeres. The mechanisms that induce 
hypertrophy are sti II unknown but are generally thought to be under hemodynamic 
or mechanical rather than hormonal control (Grossman, 1980; Zelis eta!., 1981). 

The progression of structural and ultrastructural changes during hypertrophy 
is often assumed to follow a pattern originally described by Meerson. There is 
an initial stage of adaptation, characterized by transient breakdovm of myocardial 
cells. This is followed by a period of compensated hypertrophy with normal 
function. A final stage of degeneration features disruption of cellular and 
subcellular structures, loss of myofibl'i Is and increased collagen content, and 
interstitial fibrosis (Ferrans, 1983). The structural changes that occur 
during the early stages vary with the stimulus but their functional significance 
is largely unknown. The correlations between the morphological abnormalities 
and the depressed systolic function and increased stiffness during the final 
stage of hypertrophy are obvious. The initial stage with cellular damage is 
probably present only in acute and massive hemodynamic overload, e.g. primarily 
in experimentally induced pressure overload. 

Contractile state. The cellular basis for Starling's law unti 1 recently 
thought to be Huxley's sliding filament theory according to which the force of 
contraction is proportional to the degree of overlap between actin and myosin 
filaments. Force development is then greatest at a sarcomere length of about 
2.2u. This mechanism would explain both the ascending and descending limb of 
the Starling curve (Sonnenblick and Skelton, 1974). However, sarcomere length 
is not increased beyond 2.2u in dilatation and failure due to chronic volume 
overload (Sagawa, 1978) and other studies have failed to demonstrate a wei 1 
defined optimal sarcomere length (Pollack et al., 1978). The increase in 
developed tension that occurs with increasing fiber length is at least partially 
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linked to an increased activation of sarcomeres ~calcium ions (Fabiato and 
Fabiato, 1975; Maughan et al., 1979T. 

Willerson (1983) and Tilton et al. (1983) have recently reviewed the 1:-io
chemical determinants of the depressed contractile state in CHF with pathological 
hypertrophy. Contractile dysfunction may be caused by abnormalities in any of 
three different areas: (1) Myocardial ~utilization, (2) Mitochondrial 
membrane function, and, (3) Excitation- contraction ·coupling. 

Several groups have 1 inked the depres~ed function to a depressed myosin 
ATPase activity, perhaps related to a change in myosin isoenzyme distributions. 
It is not yet known whether the decreased myosin ATPase activity is a cause or 
consequence of failure. Changes in mitochondrial respiration and calcium kinetics 
occur but their significance is unknown. Other abnormalit ies affecting intra
cellular calcium transport at the level of the sarcolemma and the sarcoplasmic 
reticulum have also been described but, again, it is not known whether these 
changes are primary or secondary. 

Relationship between cardiac pump function and the peripheral circulation. 

The preceding section has demonstrated that cardiac pump performance is 
dependent on intrinsic myocardial contract! le state but also greatly affected by 
loading conditions, i.e. preload and afterload. It follows that the pump 
performance under normal conditions as well as in failure will be influenced by 
the state of the peripheral vasculature. 

There is no simple approach to the analysis of the coupling between the 
heart and the circulation. Recent efforts (Ross , 1976; Weber et al., 1982) have 
been based on Guyton ' s methods (Guyton, 1963) of describing the balance between 
overall cardiac function and the state of the peripheral circulation. Cardiac 
output and~ return are viewed as functions of ..!:..!.s!!.!. atrial pressure. The 
characteristics of the cardiac and the venous function curve and their inter
section define a given circulatory state. 

Similar concept s can also be applied to the coupling of the heart to t he 
arterial and venous circulations. On the arterial side, fiber shorten i ng, 
stroke volume, and cardiac output are inversely proportional (Fig. 15) to 
afterload, expressed as the resistance to ejection offered by peak or mean 
systolic arterial pressure. A failing heart produces a subnormal cardiac output 
against any given afterload. Arterial loading conditions are characte r ized by a 
positive and 1 inear relationship between cardiac output and arterial pressure . 
The slope of this relationship, which is equal to the ratio pressure/flow, 
represents peripheral re s istance. In the absence of reflex regulation, any 
increase in ca rdiac output will produce an increase in blood pressure that is 
larger in CHF than under normal conditions. Therefore, persisting vasocon
striction will limit the benefits that can be achieved by improving contract! le 
state. 
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Figure 15. 
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Figure 15. Functional coupling of the heart to the arterial and venous 
circulation . Solid lines represent normal conditions, dashed 
1 ines CHF. For further explanation, see text. 

Adapted from Weber et al. (1982). 

It may also be argued that pressure is an inadequate measure of afterload. 
Pressure is the product of resistance and flow . This approach is str i ctly valid 
only for systems with a steady, non-pulsatile flow. A pulsatile flow requires 
the use of impedance rather than resistance, i.e. measurements of the ratio 
pressure/How over a range of frequencies combined with an estimate of any phase 
shift between pressure and flow. Measurement of impedance requires high fidelity 
pressure and flow tracings and Fourier analysis. Under normal conditions, most 
of the total impedance is accounted for by the pressure/flow ratio at the basic 
frequency of oscillation of the system, i.e. heart rate, and impedance is not 
materially differen t from resistance. Increased stiffness of the arterial 
system, which is a feature of CHF, is likel y to increase the contribution of the 
high-frequency terms and impedance will differ significantly from resistance. 
However, the clinical value of impedance measurements is stil 1 undetermined. 
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Conditions on the venous side are more complex. Equilibrium is defined by 
the intersection between the curves relating right atrial pressure to cardiac 
output (the original Starling curve) and to venous return. Venous return is a 
term that is often misused and misunderstood. Excluding transient conditions 
that may persist over a few heart beats, venous return always must equal cardiac 
output. To attribute a decrease in cardiac output to a decrease in venous 
return is as informative as to state that the fall in cardiac output is caused 
by a decrease in systemic flow. · 

The venous return curve has two components (Fig. 15 and 16), a plateau that 
reflects collapse of large capacitance veins when venous pressure falls below a 
critical limit, and a linear inverse relationship between right atrial pressure 
and systemic venous flow. This relationship reflects that the fact that the X
axis measures the gradient between right atrial pressure and mean circulatory 
pressure, i.e. the pressure that prevai Is throughout the circulatory system 
shortly after cardiac arrest. This pressure defines the X-axis intercept of the 
venous return curve and is determined by the balance between blood volume and 
vascular capacity. The ascending portion of the venous return curve states that 
flow is I inearly related to the pressure gradient betweeri the right atrium and 
the mean circulatory pressure, i.e. the driving force for venous return. 

Blood volume expansion or venoconstriction displaces the venous return 
curve to the right without any changes in shape (Fig. 16). Changes in systemic 
resistance (Fig. 16) affect the slope of the venous return curve. Vasocon
striction decreases the slope. Thus, the benefits derived from blood volume 
expansion in CHF are minimized if associated with systemic vasoconstriction 
(Fig. 15). 

Figure 16. 
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Figure 16. Effect of changes in systemic resistance (right) and in 
effective blood volume (left) on venous return. 

From Guyton (1963). 
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This analysis emphasize s further the crucial role of systemic 
resistance in CHF. The increased systemic resistance and increased 
afterload depress stroke volume and cardiac output. The potential 
effect of inotropic agents is minimized unles , combined with vaso
dilatation. Systemic vasodilatation also has favorable effects on 
venous return. This means that the classification of vasodilator 
agents as affecting primarily the venous or the arterial system at 
least to some extent is artificial. An agent with a primary 
arterial in vitro effects wil 1 also significantly alter the function 
of the venous system. 

The close coupling bet..,·een the heart and the periphery may explain why 
descriptors of cardiac function that are highly sensitive to loading conditions 
(and consequently poor descriptors of intrinsic myocardial contractile state) 
are po.-:erful predictors of prognosis, e.g. ejection fraction (Fig. 17). 

Figure 17. 
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Three-year survival probabilities in 236 patients with 
CHF and coronary disease according to left vcntriculor ejection 
fraction . From Califf et al. (1982). 

Califf et al. (1982) have described a strong relationship between ejection 
fraction and survival in patients ~ii th ischemic heart disease. Preoperative 
ejection fraction also predicts long-term prognosis (Forman et al. (1980)) 
following valve replacement in patients with aortic regurgitation but not aortic 
stenosis. 
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A low ejection fraction expresses . the combined effects of deteriorating 
contract! le state, increasing afterload, and decreasing preload reserve. 
Similarly, pressure/volume ratios determined during exercise (Corbett et al ., 
1981) measure manifest rather than intrinsic contract! le state. However, failure 
of the myocardium to , respond normally to endogenous beta-adrenergic stimulation 
and any development of exercise-induced ischemia are factors that are likely to 
have an adverse effect on the prognosis. 

Cardiovascular response to exercise in normal subjects and in patients with CHF. 

The essence of the present therapeutic approach to heart failure is to 
regulate preload and afterload to minimize symptoms and signs of congestion and 
to maximize cardiac output and tissue perfusion. Exercise places greater demands 
on the cardiovascular system than other physiological conditions. Many patients 
with significantly depressed myocardial function are symptomatic only during 
exercise. An understanding of the mechanisms that regulate the cardiovascular 
response to exercise is therefore a prerequisite for a rational approach to the 
treatment of chronic CHF. 

Normal response. 

The outstanding feature of the normal cardiovascular response to dynamic 
exercise is an increase in cardiac output and rate of oxygen transport that 
matches on a one-to-one basis the increase in peripheral oxygen demand and 
systemic oxygen uptake. The oxygen-carrying capacity of arterial blood at 
normal hemoglobin levels is about 200 ml/liter. Cardiac output increases by 
approximately 5 liters/min for each liter increase in oxygen uptake (Fig. 18). 
Other hemodynamic and metabolic characteristics of the normal response are shown 
i n F i gu re 19. 

Figure 18. 
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Figure 19. Blood 
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From Blomqv ist (1979). 

The increase i n metabolic rate and demand f or oxygen tran s port is satisf ied 
by a complex set of ad j ustment s tha t af f ects both t he central and per ipheral 
components of the cardiovascular sy stem. 

Reflex regulation. The neurogenic mechani sms that govern the cardiovascular 
response to exercise have recently been reviewed by Shepherd et al. (1981). A 
summary is presented in Figure 20 . Similar mechanisms operate during static and 
dynamic exercise. 

With onset of skeletal muscle contraction, s ignals are received by the 
cardiovascular centers f rom the motor areas of the brain where the voluntary 
contraction is initiated (central command) , and from receptors which sense the 
degree of activity of the contracting muscle $ . Receptors in the muscles are 
stimulated by the chemical changes during contraction. The afferent impulses 
reach the spinal cord via slowly conducting smal 1 medullated (group I I I or Acr) 
and nonmedul lated fibers (group IV or C-fibers ) and ascend in the sp'nothalamic 
tract to the cardiovascular centers in the brain . As a result of these inputs 
to the cardiovascular centers, the vagal act ivit y to the heart decreases and the 
heart rate increases. The increased sympathetic noradrenergic outflow leads to 
increased cardiac contractility, increased tone of the splanchnic , renal, and 
other resistance ve $Sels, constriction of the splanchnic capacitance vessels, 
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and release of catecholamines, mainly epinephrine, from the adrenal medulla. 
Beta-adrenergic stimulation contributes to the heart rate response. As the 
arterial blood pressure begins to increase, the mechanoreceptors of the carotid 
sinus and aortic arch are activated, and presumably also those in the heart 
subserved by vagal afferents. These baroreceptors ma y modify the increase in 
s ystolic arterial blood pressure, heart ~ate , and cardiac output . 

Figure 20 . 

Figure 20. 

Arousal 

Afferents 

EfferenU 

\t~ 
1 Muscle. 

~--·-<NEO Kidney a. 
I Splonc hn'C 
1 Arttrioln 
1 0 Sp/anctlnic 
lr-- --•-<NE Capac11 ance 
: Vuuls 
I . 

1~--':.(NE o Cutan~u• 
Veins 

I 
I 

~ ::<~ Adrenal -----+ .. ···"· 
EpintpNint 

Neurogenic mechanisms involved in the cardiovascular 
response to exercise. See text for detail s. 

From Shepherd et al . (1981). 

-22-



The activation of the sympathetic nervous system is manifest as elevated 
plasma catecholamines (Fig. 21). The magnitude of the i ncrease is related to 
relative intensity of work (actual oxygen uptake as a fraction of the individ
ual's maximum) and to absolute oxygen uptake (Blomqvist et al., 1981; Lewis et 
al., 1983). 

Figure 21 . 
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Figure 21. Plasma catecholamine levels during one-arm, one-leg, 
and two-leg submaximal and maximal bicycle exercise. 
Mean values ± SE, N = 6. 

From Blomqvist et al. (1981). 

Vasoregulatory mechanisms. Most of the circulating norepinephrine is 
thought to constitute overflow from vascular receptors. Exe rcise also activates 
local vasoregulatory mechanisms. There is a strong metabolic vasodilator drive. 
In a young normal subject, the transition from rest to maximal exercise is 
typically associated with a 3-fold reduction in systemic resistance. Thus, at 
the $ystemic level the metabolic vasodilator activity overrides the neurogenic 
vasoconstrictor drive. Systemic resistance is minimal under conditions when the 
neurogenic constrictor drive is maximal (Fig. 22), i.e. during maximal exe rcise 
involving both legs. Metabolic stimuli during submaximal exercise do not co~
pletely abolish the effects of the alpha-mediated vasoconstrictor drive in blood 
vessels supplying working muscle (Remensnyder et al., 1962), but there is no 
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Figure 22. 
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From Lewis et a 1. (1983). 

evidence for alpha-mediated constrictor activity during maximal one-leg quadri
ceps exercise (Gaffney FA and Saltin B, personal communication). lt has been 
widely accepteo that maximal exercise always produces a metabolic vasodilator 
activity that is of sufficient strength to override the alpha-mediated vasocon
striction. However, studies in normal subjects have clearly demonstrated that 
there is significant residual vasoconstrictor activity also during maximal 
exercise if it involves large muscle groups and requires rates of oxygen uptake 
and transport that equal or exceed maximal systemic capacity. Leg blood flow 
and conductance decrease when two-leg exercise is combined with arm exercise and 
when the maximally active muscle mass increases from one leg to two legs (Clausen 
et al., 1973; Salt in et al., 1976; Klausen et al., 1982). This adjustment is 
analogous to the vasoregulation in CHF, i.e. a systemic flow that is inadequate 
relative to metabolic demands is redistributed to provide optimal perfusion. 

Olsson (1981) has recently reviewed the regulation of blood flow in skeletal 
muscle. ln his generalized control system, the primary error signal is muscle 
activity rather than oxygen use and local p02 . Carbon dioxide and potassium fit 
the role as principal vasodilator agents better than other agents. They have 
release rates proportional to the contractile activity and the magnitude of 
exercise-induced concentration changes is consistent with a physiologically 
important role. Neither can explain all features of the exercise response but 
these agents, combined with decreases in p0 2 and increases in osmolarity, 
markedly reinforce each other's vasodi latory effects. Adenosine is an important 
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regulator of coronary flow but its role in skeletal muscle may be limited to 
conditions associated with ischemia. There is no current support for prosta
glandins as major physiological vasodi later agents during exercise (Ko~ 
1975; Johnson, 1975; Olsson, 1981). 

The role of potassium as .a principal metabolic vasodi later agent is intri
guing. There is strong evidence that potassium release during exercise activates 
muscle afferents (Groups I I I and IV) with reflex-induced increases in heart 
rate, cardiac output, contractile state, and arterial pressure (Wildenthal et 
al., 1968; McCloskey and Mitchell, 1972; Tibes et al., 1977). The time course 
of the cardiovascular exercise response parallels potassium release (Saltin et 
al., 1981). Similar interstitial tissue concentration of potassium (as measured 
with a ion-specific electrode) during exercise and after intraarterial potassium 
infusion produce similar cardiovascular responses (Rybicki, Mitchell et al., 
work in progress). Thus, the same agent may serve as a vasodilator (local 
effects) and a vasoconstrictor (reflex-induced alpha-adrenergic stimuJation). 

The combined effects of the local vasod.ilator and systemic vasoconstrictor 
drives is a redistribution of cardiac output (Fig. 23). 

Figure 23. 
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From Zel is and Flaim (1982). 
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The fraction going to skeletal muscle increases markedly during exercise. 
Virtually the total increase in cardiac output is directed to the working 
muscles. Total fl<M to tissues other than active skeletal muscle remain s 
constant but there is a redistribution with in the~e regions. There is increased 
flow to the myocardium and - as in severe CHF at rest - decreased flow in the 
renal, splanchnic and cutaneou~ circulations. Cerebral flow remains constant. 
Regional variations in the density of post-ganglionic alpha-receptors and basal 
vascular tone as well as differential dist~ibution of signals in efferent 
sympathetic nerves account for these regional flow differences (Zelis and Flaim, 
1982). 

Cardiac performance duri-ng exercise. The normal exercise response of the 
left ventricle is illustrated in Figure 24. 

Figure 
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From Pol iner et al. (1980). 

Systolic pressure was 125 mmHg at rest in the upright position and 204 during 
maximal exercise. Corresponding values in the supine position were 125 and 206. 
End-diastolic volume, stroke volume, and ejection fraction i ncreased in both 
body positions and end-systo 1 i c vo 1 ume decreased. These resu 1 ts indicate that 
the Starling mechanism was operative and that contractility increased . The 
decrease in end-systolic volume and increase in ejection fraction and stroke 
volume at a time when systolic blood pressure increased is evidence for enhanced 
contractility. that is also manifest as a marked increase in the end-systolic 
presr.ure/volume raLio (Fig. 25). 
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Figure 25 . 
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Figure 25. Pressure/volume index at rest and during maximal exercise 
in normal subjects and in patients with aortic regurgitation 
with (II B) and ~Jithout ·(II A) symptoms, cardiomegaly, and 
signs of pulmonary congestion. 

From Dehmer et al. (1981). 

The presence of a diastolic reserve and the role of the Starling mechanism 
have been matters of considerable controversy . It has been suggested that- at 
least in the supine position- the normal left ventricle operates at or near its 
maximal effective diastolic volume, i.e. on the steep portion of the volume
pressure relationship. Most recent studies have shown an exercise-induced 
increase in end-diastolic volume al s o during supine exercise (Pol iner et al., 
1980). This increase is consistent with the significant rise in end-diastolic 
pressure (Fig. 26) that occurs also in normal subjects. Echocardiographic 
studies (Nixon et al., 1983) further support the presence of a significant 
diastolic reserve. 

Figure 26. 
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Figure 26. Left ventricular end-diastolic pressure (LVEDP) in the 
supine and sitting positions at rest and during exercise. 

From Thadani and Parker (1978 ) . 
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Cardiovascular adaptations after physical training. In a discussion of the 
pathoph ysiology of CHF it is pertinent to consider the cardiovascular adaptations 
induced by physical training in normal indi viduals. A detailed review has 
recently been published by Blomqvist and Sal tin (1983). 

High levels of physical activity impose an intermittent volume overload, 
combined with markedly increased metabolic rate and high levels of sympathetic 
stimulat ion. The morphological characteristics of the left ventricle of a 
marathon runner are similar to those of the volume overloaded ventricle illustrated 
in Figure 12, i.e. a large increase in total myocardial mass and chamber size 
with only a modest increase in wall thicknes!. Neither the early stages of 
volume overload (caused by aortic or mitral regurgitation), nor physical training 
produces significant changes in intrinsic contractile characteristics. Both 
physical training and hemodynamic volume overload cause an expansion of total 
blood volume. However, the cardiac responses to increased preload are different. 
Patients with CHF generally have a decreased diastolic reserve whereas one of 
the principal adaptations to phy!ical training is an increase in the ability to 
utilize the Starling mechanism. In a sedentary individual blood volume expansion 
of 1-1.5 liters produces a large increase in central venous pressure but no 
change in maximal stroke volume or maximal cardiac output. A f i t individual 
with large basal stroke volume is able to achieve an even larger maximal stroke 
volume and cardiac output after volume expansion. It is not known v;hether this 
difference i s caused b ~: altered diastolic properties of the myocardium r.r is 
related to pericardia! effects on cardiac diastolic compl lance. 

There is a striking difference between the afterload effects of CHF and 
phy!ical training. CHF is characterized by : asoconstriction and physical fitness 
by an increased capacity for vasodilatation. The average young normal subject 
is likely to have a maximal oxygen uptake of 3 liters/min and a maximal cardiac 
output of 20 1 iters/min. Corresponding values in a champion endurance athlete 
may reach, respectively, 6 and 40 liters/min. Yet, arterial pre~sures during 
maximal exercise are similar in both, and consequently, the athlete's ·systemic 
vascular resistance is only half as large as that of the average individual. 
The reduc t ion in systemic re ~ istance is a prerequisite for the increase in 
cardiac output. 

A strong inverse relationship between oxygen uptake and systemic vascular 
resistance during maximal exercise has been established, but the mechanisms are 
poorly defined. Training produces an increased density of capillaries in skeletal 
muscle but the capillaries contribute very little to systemic resistance. 
However, recent studies in our laboratory (Snell et al., 1983) have 1 inked 
maximal oxygen uptake to arteriolar capacity, estimated as maximal conductance 
after ischemic exercise. As previously discussed, data on skeletal muscle flow 
strongly suggest that significant neurogenic vasoconstrictor tone normally is 
present also during maximal exercise. The strength of the constrictor drive is 
a function of the relation between peripheral oxygen demand and the capacity of 
the cardiovascular system to satisfy this demand. Release of vasoconstrictor 
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activity and increased arteriolar capacity are crucial training-induced adapta
tions, but the potential for vasodilatation cannot be effect ivel y utilized 
unless there is a simultaneous improvement in cardiac pump performance. The key 
to a better understanding of the cardiovascular effects of training is likely to 
be a better definition of how the local vasodi latory and central vasoconstrictor 
mechanisms interact. The mechanisms that operate at the cellular level are 
unknown. 

Response to exercise in CHF. 

The normal one-to-one relationship between oxygen demand and oxygen transport 
is disrupted in severe CHF. Patients with mild lesions are able to compensate 
for a depressed stroke volume by relative tach ycardia. Cardiac output remains 
within normal limits at submaximal levels of exercise whereas ma x imal cardiac 
output and oxygen uptake are depressed in proportion to the decrease in stroke 
volume (Fig. 27). In severe CHF, a more prominent reduction in str.oke volume 
combines with regulatory abnormalitie5 , including an attenuated heart rate 
response, to produce a subnormal cardiac output (Fig. 28). 

Figure 27 . 

20 

c15 

t 
10 

-o 

5 

0 

Figure 28. 

2 

79 

OXYGEN UPTAKE 
(Lit-/min) 

...,._.... Norm~l Men ( N : g ) 

o--~ IHO Pat•ent=. (N : 17) 

·5-21·32'1.) 
p<.0001 

J.o 

Figure 27 . The relationsh i p 
of cardiac output (Q, L/ min) . 
t o oxygen consumption (~0 2 , 
L/min ) in normal men and in 
patients with ischemic heart 
disease. 

From Bruce et al . (1973). 

Figure 28. The re lati onsh ip of cardiac outpu t 
to oxy gen uptake during bicycle exercise af ter 
myocardial infarction. Dashed line : relation
ship in normal sub j ects; outer lines; two 
standard deviations. Closed circles: data 
point s from the patients . 

Data fr om Wohl et al. (1977). 
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Other features of the exercise response in CHF are illustrated in 
Figure 29. 

Figure 29 . 
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Patients with severe failure have not only a low stroke volume at rest but 
are also unable to achieve the normal exerc ise-induced increase above resting 
levels. Filling pressures are elevated at rest and increase steeply during 
exercise, particularly in patients with severe CHF. However, irrespective of 
the degree of failure, patients retain a normal ability to extract the available 
oxygen. The heart rate response to exercise and other forms of stress, e.g. 
changes in posture, is blunted (Goldstein et al., 1975). Maximal heart rate in 
normal middle-aged subjects is 170-180 beats/min. The three groups of patients 
studied by Weber et al. (1982) and shown in Figure 29 had maximal rates of 158, 
154, and 140 beats/min. Systemic resistance during exercise in CHF remains high 
even in patients who have normal levels at rest (Fig. 30). 

Figure 30. 
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Effects of dynamic lee exercise on cardiac output CCO} and systemic vascular 
resistance (SVR) in normal subjects and in patients with heart failure in supine position. 
•Significant (P < 0.05) effect of exercise CR, rest; Ex. exercise). 

From Abboud et a 1. (1981). 

Reflex regulation. The attenuated heart rate responses in CHF suggest 
autonomic dysfunction. Dysfunction may be caused by changes affecting the basic 
functional characteristics of the autonomic nervous system or by abnormal 
patterns of activation of normal reflexes. Both mechanisms are important in CHF 
and they affect the responses mediated by both the sympathetic and parasympathetic 
systems (Eckberg et al., 1971; Schmid et al., 1981; Abboud et al., 1981) . 

Chidsey et al. (1964) demonstrated that the fai 1 ing heart has depleted 
stores of catecholamines. Rece"nt studies (Schmid et al., 1981; Sole, 1982) have 
revealed abnormal turnover rates of norepinephrine and its precursors. At least 
in some forms of CHF, the end stage with depleted stores is preceded by increased 
turnover rates of norepinephrine (which serve as an indicator of overall sympa
thetic activity}. Turnover rates may remain high even in the depleted stage and 
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approach maximal rates of synthesis under basal conditions. This leaves 1 ittle 
or no sympathetic reserve and may account for the apparent paradox of beneficial 
effects of long-term treatment 1dth beta-adrenergic blacking agents in some 
patients with ~;evere cardiomyopathy (Swedberg et al., 1980). 

Chronically increased levels of adrenergic activity could be expected to 
cause down-regulation with decreased density of the adrenergic receptors. 
However, studies of responses to exogenous -adrenergic agonists reveal no consis
tent pat tern. Ti 1 ton et a 1. ( 1983) have recent 1 y rev i e~1ed receptor character
istics in CHF. They concluded that end-stage CHF is associated with abnormal 
receptor density and responsiveness but that it is uncertain whether simi Jar 
dysfunction occurs also during the early stage;, of CHF. 

The manner in which normal neurogenic control mechanisms may affect the 
cardiovascular regulation in various forms of CHF was discussed briefly in the 
introduction. Studies of specific receptor systems indicate that reflex often 
is modified in CHF. Cardiovascular, renal, and hormonal effects of atrial and 
ventricular distension are attenuated (Abboud et al., 1981; Zucker and Gilmore, 
1981) foll~ling an initial phase during which the atrial distension suppresses 
the renin-angioten~in-aldosterone system. The beneficial effects of sodium 
restriction, diuresis, and digitalis administration in CHF can ~e partially 
explained by restoration of normal activity of the cardiopulmonary receptors. 

The interactions between abnormalities affecting the afferent, efferent, 
and central integrative functions are complex and sti 11 poorly defined. At 
least the dysfunction that affects the parasympathetic system has a central 
component (Sole, 1982). 

Patients with CHF definitely manifest a hyperadrenergic state at rest. 
Plasma catecholamines are elevated and levels correlate with the degree of 
failure and ventricular dysfunction (Markham e~ al., paper in print) . An early 
paper b\' Chidsey et al. (1962) also established the concept that the respon!:e to 
exercise is hyperadrenergic. Pla.sma norepinephrine levels in CHF are markedly 
elevated at intensities of exercise that produce little change in normal subjects. 
However, the rate of release of norepi·nephrine is determined by relative (per 
cent of individual maximum) rather than absolute work load as shown in Figure 31. 
Oxygen uptakes during exercise at 2-4 X resting levels correspond to loads wel 1 
below 50% of maximal capacity in normal subjects but are maximal in patients 
with severe CHF. 

Figure 31. 
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rine during exercise in congestive heart 
fa i 1 u re. Oxygen consumption during the 
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range is represented by the stippled 
area. 

From Chidsey et al. (1962). 



Markham et al. showed that patients with advanced CHF actually have sub
normal catecholamine levels during maximal exercise. Furtrermore, they found 
strong correlations between e xerci~e capacity and the magnitude of the increase 
in norepinephrine and heart rate above resting levels. Their data (presented in 
Table 3) suggest that patients with severe CHF have an attenuated rather than an 
excessive adrenergic response to exercise. The combination of high resting and 
low maximal levels of norepinephrine is consistent with Sole's (1982) concept -
based on norepinephrine kinetics in the failing heart- of a diminished~
thetic reserve. 

Table 3. Plasma catecholamines (ng/ml) and heart rate (beats/min) at rest 
sitting and during maximal upright exercise i n patients with severe 
CHF (n=16) and in normal subjects (n=6). Data fromMarkhamet al. 
(paper in print) and Le1-1is et al. (1983 ) . 

Epinephrine Norepinephrine Heart Rate 

Rest CHF 0.07 0.75 90 
Norma 1 s . 0.04 0.38 80 

Exercise CHF 0. 16 1.92 136 
Norma Is 0.46 3.67 194 

Ratio Exercise/Rest CHF 2.4 2.6 1.5 
Normals 11.5 9.7 2.4 

Vasoregulatory mechani sms . Several mechani sms contribute to the vaso
constriction in CHF. Skeletal muscle vascular re~istanc e , which is a major 
determinant of systemic resistance during exercise, is influenced by a t least 
three IT'.ajor fac.tors, all of which ma y 1::-e modified by the presence of CHF: (1) 
neurohumoral vasoconstrictor activit~, (2) metabolic vasodilator activity, and 
(3) basal physical properties of the arterial s y£tem. 

Increased a 1 -st imulat i on is the principal neurohumoral factor. Neurogenic 
vasoconstrictor responses to exerci~e are normall y buffered by vasodilator 
stimuli originating in arterial baroreceptors and atrial receptors but the 5e 
reflexe 5 are blunted in CHF (Abboud et al., 1982). Relative s keletal muscle 
i schem ia and increased afferent impulse traffic from metabolic muscle receptors 
may enhance sy mp~thetic tone and vasoconstrictor drive in CHF (Zelis and Flaim, 
1982). . 

Humoral mechanisms are also important. Most of the circulating norep i
nephrine probably represents overflow from vascular receptors but the~ 
levels recorded during exercise in many patients ·with CHF ma y have hormonal 
effects (Silverberget al., 1978). Angiotensin contributes significantly to the 
increased systemic resistance in several ways, including facil i tation of the 
release of norepinephrine from neurovascular junctions . Salt and 1.-:ater retention 
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is promoted by renal vasoconstriction and activation of the renin-angiotensin
aldosterone s ystem. Several studies (Zelis and Flaim, 1982) suggest that the 
abnormal sodium and water balance in CHF increases tre stiffness of the arterial 
system and effectively limits the degree of vasodilatation that can be achieved 
by local release of metabolic vasodilators. Hyperemic limb flow as measured 
after arterial occlusion at rest is reduced in CHF and does not increase after 
alpha-blockade. Diuretics enhance and mineralocorticoids reduce conductance. 
Recent clinical data also suggest that tr~atment with diuretics improves hemo
dynamics and exercise capacity primarily by reducing afterload (Wilson et al., 
1981). 

Little or no thought has been given to the possibility that the metabolic 
vasodi later activity may be impaired in CHF because of mechanisms other than 
increased vascular stiffness. However, the rate of release of metabolic vaso
dilator agents may be proportional to the level of contractile activity and 
energy transformation in skeletal muscle (Olsson, 1981) which is reduced in CHF. 
Potassium concentrat ions in the femoral vein during submaximal and maximal 
treadmi 11 exercise are strong! y and 1 i nearly re Ia ted to oxygen uptake •. Ma x ima 1 
release rates are higher after training (Sal tin et al., !968). Po tassium may 
not be the only or even the principal metaboLic vasodi later but may at least be 
regarded as an indicator of the strength of the vasodi later activity. 

The low levels of metabolic activity during exercise in patients with CHF 
may also affect neurogenic control mechanisms. Many aspects of the hemodynamic , 
neuroendocrine, and metabolic responses to 2-leg exercise in patients with CHF 
are similar to the responses to e xercise with a much smaller active muscle mass 
in normal subjects, e . g. one-arm cranking (Blomqvist et al., 1981; Lewis et al . , 
1983). Systemic resistance remains high and the heart rate during maximal 
exercise is more than 50 beats/min below the normal level during maximal tread
mi I 1 or 2-leg bicycle exercise. These findings are consistent wi th reduced 
levels of metabolic vasodi later activity and afferent impul se traffic from 
skeletal muscle rece.-tors relative to exercise involving a larger muscle mass. 

There is little direct evidence to support the conventional concept (Zelis 
and Flaim, 1982) that skeletal muscle ischemia during exercise in CHF produces 
increased afferent traffic from metabolic skeletal muscle receptors and thereby 
activates neurogenic vasoconstrictor mechanisms. Blood lactate levels during 
exercise in CHF follow a pattern analogous to that of the plasma catecholamines. 
Lactate levels are high when related to absolute work load and oxygen uptake but 
normal or low in relation to the relative intensity of work. Levels during 
maximal exercise are subnormal, particularly in patients with severe CHF (Weber 
et al., 1982; Wi I son and Ferraro, 1983) . Blood lactate levels are imperfect 
measures of the rate of anaerobic metabolism in muscle but the combination of 
low lactates and low oxygen uptake suggest that the impulse flow from the 
metabolic receptors is reduced rather than increased in CHF. A reduced impulse 
flow may combine with the abnormalities in neurotransmitter metabolism and 
receptor function to limit further the heart rate response to exercise. A 
negative feed-back system with subnormal heart rate and metabolic vasodi later 
respon$eS may operate when a low capacity for oxygen transport makes the patient 
unable to support exercise at normal rates of energy turnover. 
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Cardiac function . There is general agreement that the degree of functional 
impairment in CHF (determined from measurements of maximal oxygen uptake) cannot 
be predicted from data characterizing hemodynamics and ventricular function at 
rest (Franciosa et a!., 1981) . Markham et a!. (paper in print) were also unable 
to demonstrate any significant correlation between exercise capacity and any of 
several measurements of ventricular performance during exercise. Table 4 
provides a summary of their results and corresponding data from normal subjects. 

Table 4. Left ventricular volumes and ejection fraction at rest sitting and 
during maximal upright bicycle exercise in patients with severe CHF 
(n=16) and in normal subjects (n=?). Radionucl ide ventriculography 
data from Markham et al. (paper in print) and Poliner et al. (1980). 

EDV I ESVI SVI EF 

Rest CHF 125 99 27 .27 
Norma 1 s 46 17 30 .72 

Exercise CHF 130 101 29 .24 
Normals 64 10 54 .91 

Ratio Exercise/Rest CHF 1 .04 1. 02 1. 07 0 .89 
Norma 1 s 1. 39 0.59 1.80 1. 38 

EDV I and ESV I = end-systolic and end-diastolic volume indices, 
SVI = stroke volume index, EF =ejection fraction. 

Simi Jar results have been presented by Higginbotham et al. (1983 ) . The main 
feature of the patient data is the lack of functi onal reserve . The normal 
subjects shm-1 a significant enhancement of contractile performance and a uti 1 i
zation of the Starling mechanism whereas there is little or no change from rest 
to exercise in any of the parameter s characterizing the patient group. It is 
not surprising that under these circumstances the magnitude of the· heart rate 
response becomes the principal determinant of exercise capacity. However , the 
apparent lack of exercise-induced changes in ventricular function ma y have been 
overemphasized by the technical limitations inherent in radionuclide vent r icu
lography of large hearts with severely depressed function (Firth eta! . , 1982). 

Patients with lesser degrees of failure (Fig. 25) are likel y to s how larger 
changes in ventricular performance during exercise but a relati ve lack of 
diastolic reserve and inability to respond to sympathetic stimulati on with 
enhanced contractility is still evident (Dehmer et al., 1981). Univariate 
correlations between indices of ventricular function and exercise capacity are 
poor also in moderately severe CHF. This should not be surprising. One would 
expect to find differences with respect to ventricular performance between 
groups of patients with different degrees of severity of CHF according to clinical 
criteria. Such differences are also present (Fi g . 25). However, e xercise 
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capacity is strongly related to card iac output, i . e. t he product of s t roke 
volume and heart rate . A patient with poor cont ractile performa nce may st i ll 
achieve a relatively h igh cardiac output if {1) sys temic resistance is rela
tively low, (2) the end-diastolic volume i s large, a nd, (3) the heart rate 
response is adequate. 

Effects of vasodi lators and inotropi c agents on exercise capacity in CHF. 
I t has been wei 1 established that short-term treatme nt with vasodi later and 
inotrop i c agents often improves ca rdiac output and reduces elevated fi l li ng 
pressures without affecting maximal oxygen upta ke or exercise capacity (Fig . 32). 

Figure 32. 
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Data f rom 5 s tudies , compiled by 
Franciosa (1982). 

The increased flow is directed to regions other than ac tive skeletal muscle and 
the systemic A-V 02 difference decrea se s (F ra nci osa, 1982) . It is not c lear t o 
what extent the mode of action of the agent determines the effect on exercise 
perfo rma nce (Franciosa, 1982; Packer and Jemte l , 1982; Weber et a l., 1981; 
Web er, 1983), i . e. direct-acting vs. receptor- depen dent vasodilator s, 81 
specific vs . o ther inotropic agents (Tabl e 5) . 

\ 
I 
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Table 5. 

EFFECTIVF.:NESS OF VARIOUS PHARMACOLOGIC 
THERAPIES: RESPONSE IN AEROBIC CAPACITY 

Drug N . % AC Increase 

Hydralazine 19 0% in 19 of 19 
···. (nonspecific 

vasodilator) 
Trimazosin • :. ·· 27 ·"· 20% in 23 of 27 

(o:,-receptor 
antagonist) 

Pirbuterol* 16 0% in 16 of 16 
(~-receptor 
agonist) 

Amrinone• - 16 27% in 16 of 16 
. (inotropic agent ... 
· of unclear ac-
·tion) 

• Not approved for use by the U.S. Food and Drug Administra-
tion. . . . . 
Data from placebo-controlled clinical trials at the Univers1ty of 
Pennsylvania Hospital. 1977-1982. . j 
AC a aerobic capacity. · · . · 

From Weber (1983). 

The effects of long-term treatment are more consistent with improvements of 
both hemodynamics and exercise capacity (Fig. 33) . 

Figure 33. 
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ptaeebo on exercise capacity in patients with left ventricu-
lar failure. · ·· · 

Data from 7 studies, compiled by 
Franc i osa (1982). 
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The systemic A-V 02 difference is wider than in the untreated conditions or 
after acute administration of the drug which implies an improved distribution of 
flow (Franciosa, 1982; Packer and Jemtel, 1982; Weber et al., 1981; Weber, 
1983). The delayed onset of the beneficial effects suggests that secondary 
adaptations are important. Such adaptations may at least partially be related 
to an increased physical activity after the initiation of treatment and represent 
a training effect. Other potential explanations include (1) improved renal 
perfusion which causes (a) decreased renin,-angiotensin activity, (b) a diuresis 
with decreased salt and water content and decreased stiffness of the arteriolar 
walls (which improves the responsiveness to metabolic vasodilator agents), and 
decreased interstitial edema with improved capillary exchange, (2) decreased 
pulmonary congestion with decreased shortness of breath and improved gas exchange. 

Role of physical training in CHF. Exercise therapy in patients with severe CHF 
may at first thought seem as irrational as treatment witr beta-blocking agents. 
There are, however, reasons to believe that a carefully controlled exercise 
training program may be beneficial in some patients with CHF. As previously 
stated, increased capacity to vasodilate is one of the principal effects of 
physical training in normal subjects. Both the decrease in systemic resistance 
and the improved oxygen extraction after training in normal subjects are due to 
a relative increase in blood flow to active muscle, produced by a combination of 
an increased maximal vascular conductance, increased metabolic vasodilator 
drive, and decreased residual neurogenic vasoconstrictor activity. Training may 
well produce similar adaptations in CHF. 

There is only limited clinical experience but the results are generally 
favorable. Carefully conducted programs appear to be safe and effective in 
terms of improving exercise capacity and symptoms. Vasoregulatory mechanisms 
have not been studied but the avai Table results are consistent with an improve
ment due to peripheral and regulatory adaptations rather than to any primary 
changes in ventricular function (Letac et al., 1978; Lee et al ., 1979; Conn et 
a 1., 1982). 
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