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EVERAL years ago Guyton and his associates velopment by Abbott and Mommaerts* and Son-

developed a useful construct for describing nenblick®® of methods for studying isolated car-
the steady-state balance between overall cardiac diac muscle mechanics. However, as has recently
—-function-and the state-of the peripheral-circulation--—---been-suggested,”:8..in- the intervening years extrap.. . ___
by relating the cardiac output curve to the venous olation* of such experiments to.studies of the
return curve.! The relative positions and the in- diseased human heart may have gone too far; in
tersection of these two curves as they relate to the particular, attempts to calculate the characteristics
mean right atrial pressure (Fig. 1) define a given of the “contractile elements” of the whole heart
circulatory state. Thus cardiac pumping capability from left ventricular pressure tracings, while theo-
(as determined by such factors as preload, con- retically atiractive, have outdistanced understand-
tractility, aortic pressure, hypertrophy) and the ing of the appropriate muscle model and the elastic
magnitude of the venous return (as affected by constants necessary for such derivations.”® On the
peripheral vascular resistance, blood volume, over- other hand, considerable data have now been ob-
all vascular tone) interact to determine the equi- tained in the whole hearts of experimental animals,
librium level of the cardiac output. Simultaneous and in man, that do not depend on such assump-
cardiac output curves and venous return curves for tions for their interpretation. These have primarily
both ventricles also can be constructed to provide involved direct measurements of the shortening
a composite hemodynamic picture of the entire characteristics of the left ventricular wall during
circulation, just as ventricular function curves ventricular ejection.
can depict the hemodynamic performance of each It will be the purpose of this analysis to use such
chamber in the isolated heart preparation.® Guy- data from experimental and clinical observations
ton’s methods, while accounting for the interplay within a simple two-dimensional framework that
of multiple factors, employ experimental interven- allows consideration of the interplay between the
tions that cannot conveniently be obtained in the several major determinants of ventricular wall
conscious subject. Other techniques therefore seem shortening extent and velocity under acutely and.
necessary for a quantitative analysis of ventricular chronically altered loading conditions. Important
function in intact animals and in the clinical to this construct is the finding in controlled prep-
setting. warations in experimental animals that the inverse
An alternative approach emerged with the de- relationship between shortening velocity and force

(or afterload) on the muscular wall of the ejecting
" left ventricle is shifted in characteristic ways both
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Fig. 1. Relationships between. cardiac output and ve-
nous return (after Guytonl;2). A given venous return
curve (which reflects the ability of blood to flow through
the peripheral circulastion) intersects a cardiac output
curve (the ability of the heart to pump blood) at point A,
the solid lines indicating a normal basal state. The venous
return curve can be shifted upward or downward without
a change in the intercept on the pressure axis by an
siteration in the resistance to venous return, which is in-
fluenced by the total peripheral vascular resistance. The
effect of an increased resistance is shown by the lower,
dotted venous return curve. Changes in venous return aiso
can be mediated by siterations in the mean systemic pres-
sure (the right atrial pressure when flow equals zero),
which are produced by alterations in overall vascular tone
or in blood volume. The effect of an increased blood vol-
ume is shown by the upper, dotted venous return curve.
Point B indicates how depression of the cardiac output
curve by increased afterioad, with a simuitaneous lowering
‘of the venous return curve, can result in a substantially
jowered cardiac output. At point C, with marked depres-
sion of myocardial inotropic state, the cardiac output may
be maintsined by incressed blood volume. For further
discussion see text.
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identify a depressed basal level of inotropic state
after the ventricle has adapted to a chronic sus-
tained volume or pressure overload, provided the
preload reserve has not been exceeded.

Acute Alterations in Loading

During acute alterations in cardiac loading condi-
tions an afterload mismatch can develop in re-
sponse to an acute increase in cardiac afterloading,
at any given level of inotropic state, either if the
change in afterload is inadequately compensated
for by an accompanying change in preload or if the
limit of the preload reserve is reached. The re-
sponse to a reduction in afterload will also be de-
termined by the matching between the afterload
and level of inotropic state, as modulated by the
accompanying change in preload. '

These two concepts link experimental data and
clinical observations and may usefully be examined
under several conditions: (1) in the normal heart
both in the basal state and after acute increases in
preload and afterload, (2) after the normal heart
has adapted to a chronic volume or pressure over-
load, (3) in the heart with a depressed level of ino-
tropic state, and (4) in normal and diseased hearts
subjected to decreases in afterload.

Normal Heart in Basal State and After Acute
Alterations in Loading

In the basal state, at a normal level of systemic
arterial pressure and venous return, the normal
human left ventricle exhibits rather consistent wall -
shortening characteristics when corrected for heart

exasucmts—oﬁhﬁsmted—mmlrﬂweﬁew—smﬂﬁm 2). The mean velocity of circumferen-

lated contractile element responses depend upon
knowledge of the appropriate constants.'®

Based on such observations in the whole heart,
and other observations to be discussed subse-
quently, some basic premises can be proposed at
the outset concerning afterload mismatch and pre-
load reserve.'®

Basal State

In the basal state in the conscious resting subject
the venous return (preload) is presumed to be non-

limiting. Therefore a mismatch between afterload -

and level of inotropic state (afterload mismatch) is
identified by a reduced basal mean velocity of wall
shortening (VcF), percentage of wall shortening,
or other normalized measure of function (such as
the ejection fraction). Such measures also serve o

tial shortening (Vcr) at the minor equator of the
left ventricle corrected for end-diastolic circumfer-
ences,!®'1% the ejection fraction and the mean
systolic ejection rate corrected for end-diastolic
volume'#:1¢:17 represent such measures.* Under
such normal loading conditions these values must,
in fact, represent the mechanical expression of a
normal basal level of function and inotropic state
per unit of muscle, and hence they are useful in

T

*End-diastolic circumference or end-diastolic volume
should be taken into account when comparisons are made
between individuals or species of greatly differing body
and heart sizes in the basal state,18 gince the absolute
values of ejection phase measures such as the stroke vol-
ume and the extent and velocity of wall shortening must
be dependent upon the relative number of muscle units
(or sarcomeres) in series.
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Fig. 2. Relationships between force (afterload) and
velocity (Vo = mean velocity of shortening of the cir-
cumferential fibers of the left ventricle) during ventricular
ejection in the normal heart. Under acutely changing con-
ditions the relationship betwsen systolic aortic pressure
and_stroke. volume (SV) also can_be employed. The solid
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the extent of shortening and stroke volume relate
inversely to the level of afterload. When stroke
volume is related to aortic pressure at a constant
end-diastolic pressure, this relationship is nearly
linear.2"2®  Force-velocity relationships deter-
mined in the isotonically contracting heart show
that the curve is shifted by modest alterations in
preload, but a relatively constant intercept (V,45)
appears to be maintained on the velocity axis.?
The force-velocity curve of ejecting beats is shifted
upward or downward in a parallél manner by posi-

_ tive and negative inotropic influences, respectively,

at any given end-diastolic volume.**'?® Thus in a
controlled setting an afterload mismatch can read-
ily be induced at any level of inotropic state, pro-
vided venous return is not allowed to vary; this
mismatch is the expression of the force-velocity-

lines indicate the effect on the force-velocity relationship

of increasing end-diastolic volume or preload, the asterisk
indicating the limit of the Frank-Starling (preload) reserve
at a normal level of inotropic state. The dashed vertical
and horizontal lines around point A, which are extrapo-
lated to the afterload and velocity axes, indicate the rela-
tively narrow, normal ranges of afterload and V. When
afterioad is increased while preload is constant, Vg falls
{point B); and when both preload and afterload are in-
creased V¢ may be maintained constant (point C). How-
ever, when the limit of the preload reserve is reached in
the normal heart, any further increase in afterload results
in a fall in Vo and stroke volume (point D). The preload
reserve is enhanced when the force-velocity curve is
shifted by a positive inotropic stimulus; an even larger in-
creass in afterload may then result in no fall in V¢g
{point E).

the experimental animal and in man as a reference
against which to define abnormal left ventricular
function.'®

However, measures of the ejecting phase are
sensitive to acute afterload changes—responses that
in turn are modulated by alterations in the preload.
Therefore, before examining how an afterload mis-
match can be induced in the normal heart of con-
scious animals and in man it will be useful to con-
sider briefly the responses of the left ventricle
under controlled experimental conditions.!* The
level of afterload has been known since Otto

Frank’s experiments® to mechanically affect ven-

tricular performance,?!*?? exclusive of the possible
role of the Anrep effect (now believed to be due to
recovery from subendocardial ischemia®®). When
the ventricular end-diastolic volume (preload) is
held constant at any level and the whole left ven-
tricle is allowed to eject normally*® or isotoni-
cally,® the velocity of wall shortening as well as

Tetigth relationship itself (Fig- 2;-point-B)r— —— - —....

On the other hand, in open-chest dogs an acute
afterload mismatch is difficult to produce when
venous return is artificially maintained by in-
fusions®® (Fig. 2, point C). However, at very high
left ventricular filling pressures (in excess of
30 mm Hg) when.the sarcomeres are fully ex-
tended and the Frank-Starling reserve is ex-
hausted,?®:?* the stroke volume becomes exqui-
sitely sensitive to alterations in afterload, dropping
sharply with any further increase in aortic pres-
sure?® (Fig. 2, point D).

The responses when loading conditions are
acutely changed in the intact unanesthetized dog
are somewhat more complex. During acute volume
loading, when aortic pressure also increases to
some degree, Vcr and wall shortening remain
nearly constant, presumably because any effects
due to increased systolic heart size and aortic pres-
sure (and hence afterload) tend to be offset by use
of the Frank-Starling mechanism. Thus no after-
load mismatch appears with acute volume load-
ing.*® However, in the conscious dog the Ve, the
extent of shortening, and the stroke volume fall to

> some degree when aortic pressure is raised by in-

fusion of phenylephrine at a constant heart rate.3°
When compared to the findings described above
when venous return is artificially maintained,2®
this response in the normal conscious dog suggests
that some limitation of venous return is primarily
responsible for the afterload mismatch. It is pos-
sible, for example, that peripheral effects of the
pressor agent could limit the venous return under
these conditions? (Fig. 1, point B). A mild reflex
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negative inotropic effect on the heart also cannot
be excluded.® It is of interest that such induced
reductions in V¢p,} the extent of shortening, and
the stroke volume? in response to phenylephrine
infusion are largely prevented by prior administra-
tion of isoproterenol or digitalis,'3:3%:3% indicating
that the afterload mismatch can be modified by
enhancing the inotropic state above the normal
level (Fig. 2, point E). Such a shift in the curve not
only augments velocity and extent of shortening
at any afterload but also increases preload reserve
by reducing end-diastolic volume.*®

In contrast, the infusion of angiotensin in rela-
tively normal human subjects to produce significant
increases in systemic arterial pressure has been as-
sociated with little change or even an increase in
the stroke volume.?® Echocardiography in normal
human subjects studied by phenylephrine infusion
after atropine has shown little change in the per-
centage shortening of the left ventricular internal
diameter, but a moderate decrease from control in
Ver (still within normal limits) has been observed
during the pressor effect.>* Thus Vf appears to
be somewhat more responsive to a pressor stress
than the percentage shortening or stroke volume
in the normal human subject, although this point
deserves further study.

In summary, when the normal heart is in 2 basal
state, and venous return and preload are presum-
ably normal, the levels of afterload and inotropic
state are matched. The appropriateness of this
match is expressed as a normal Vg (corrected for
end-diastolic circumference), percentage shorten-
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what variable, but any observed afterload mis-
match (a fall in Vcp or stroke volume) suggests
that preload reserve has not been fully utilized, or
that it has been exceeded. If the individual is non-
basal prior to the pressor infusion, a reflex with-
drawal of sympathetic tone also might be antici-
pated to participate in any fall in Vog. Such an
acute afterload mismatch can be prevented or cor-
rected by prior enhancement of the inotropic state
by a cardiotonic agent to a level above normal, and
an even higher afterload thereby tolerated.

Adaptations to Chronic Volume and
Pressure Overload

In contrast to acutely produced alterations in
preload and afterload, the normal heart adapts
slowly by dilatation or hypertrophy or both to
chronically applied volume and pressure overloads.

With chronic severe volume overloading in the
conscious dog the early response consists of in-
creased preload with near-maximum use of the
Frank-Starling mechanism and some increase in
systolic aortic pressure; the interplay between
these two factors results initially in no substantial
change in Vcp—stroke volume increasing and ejec-
tion fraction being maintained® (Fig. 3, A-B).
However, . as the volume overload persists for a
number of weeks, the left ventricle dilates progres-
sively®® by eccentric hypertrophy (adding sarco-
meres in series), which together with a shape
change and a slight increase in wall thickness may
result in little change in mean wall stress.3?8 This
allows further augmentation of the stroke volume,

——————ing;-and-ejectionfraction. In the intact circulation

of the conscious animal and in normal man the re-
sponse to an acute increase in afterload is some-

T’l'heoxetically, acute changes in diastolic volume mainly
alter sarcomere length (that is, the length of each unit of
circumference) rather than the number of units, and hence
correction for end-diastolic volume or circumference dur-
ing such acute changes may be inappropriate. Such con-
siderations have led us to analyze the response of ejection
phase measures (Vcp, extent of shortening, stroke vol-
ume) to acute interventions uncorrected, as well as cor-
rected, for end-diastolic size.30

In the intact animal, over a fairly wide range of cardiac
filling, the extent of shortening is linearly related to
changes in the stroke volume.3! Also, during acute changes
in afterload the systolic aortic and left ventricular pres-
sures are almost linearly related to the associated inverse
changes in stroke volume,26-28 5o that pressure and stroke
volume can be usefully employed to characterize such
acute responses (Fig. 2).

but a normal Vg and extentof shortening-per——————

unit of the enlarged circumference are main-
tained®>*3® (Fig. 3, B-C). It should be noted in
Fig. 3 that the rightwardly displaced curves under
acute and chronic conditions overlap when force
and velocity are corrected to per-unit muscle, but
in the chronic state (point C) and the left ventricle
is substantially larger and hypertrophied. There-
fore when the heart is fully compensated to a large
chronic volume overload a normal level of ino-
tropic state is expressed as a normal V¢ per unit
circumference, although performance is enhanced
and there is essentially maximum use of preload.
That is, a perfect match exists between afterload
and inotropic state, but with substantial encroach-
ment on the Frank-Starling reserve. This conclu-
sion is supported by the finding of normal func-
tion in isolated cat papillary muscles excised after
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EDV 8V
BASAL A 40 24
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18 60

ACUTE B 60 40 18 60
CHRONIC C

100 60 18 60

Fig. 3. Acute and chronic responses to sustained voi-
ume overloading. The stippled circles represent diagram-
matically a cross section of the left ventricle showing the
chamber and wall. The normal basal relationship between
wall shortening velocity (normalized per unit circum-
ference) or Vg and afterload is shown at point A. With
acute volume overioading in the intact circulation the
curve is shifted to the right by increased preload without a
substantial change in inotropic state—V ¢ remaining rela-
tively constant (point B) because of the counterbalancing
effect of a slight increase in afterload (a slight increase in
sortic pressure occurs, together with some increase in
heartsize and thinning of the left ventricular wall). Several
weeks later, after chronic dilatation and hypertrophy have
occurred, there is further enlargement of the left ventricu-
lar chamber with return of the left ventricular wall thick-
ness to near normal (point C). Thus when force is cor-
racted to per-unit cross-sectional area and velocity to
per-unit circumference, the force-velocity curve after the
chronic adaptation overiaps that associated with the acute
response {point C), sithough the heart is larger and the
stroke volume (SV) has markedly increased. Early ven-
tricular unloading during ejection due to a wide puise
pressure in the face of an arteriovenous fistula35 also
sorves to maintain mear wall force normal. Hypothetical
response of the end-diastolic volume (EDV) and ejection
fraction (EjF%) also are shown.

chronic volume overloading was maintained on the
right ventricle.®

With severe chronic pressure overloading, isolated
muscles taken from markedly hypertrophied hearts
in some studies have shown a depressed level of
inotropic state.**"*?> However, recent studies indi-
cate that, as with volume overloading, the level of
inotropic state may remain normal in isolated mus-
cles taken from hypertrophied hearts after pro-
longed pulmonary artery constriction,* and it also

remains normal in the whole left ventricle of the

conscious dog.** In contrast to chronic volume

e - AFTERLQAD__ . . . .
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loading, the early period after sustained pressure
overloading on the left ventricle in the unanesthe-
tized dog by supravalvular aortic constriction is
characterized by a marked reduction in the Vg
and the extent of shortening in the basal state,
despite use of the Frank-Starling mechanism.®
That is, an acute afterload mismatch exists (Fig. 4,
A-B) which may be related to the severity of the
acute zfterload increase, as well as to subendocar-
dial ischemia.?® However, over several weeks pro-
gressive hypertrophy of the left ventricular wall
occurs, the left ventricular end-diastolic volume
returns to normal, and the afterload (calculated
wall force) falls, despite a persistently high level of
systolic pressure.** With the afterload restored to
normal Vg per unit circumference returns to nor-
mal, indicating a normal level of inotropic state;
“the afterload mismatch is corrected (Fig. 4, B-C).
Therefore the compensated curve in Fig. 4, when
force and velocity are expressed per unit of muscle,

EDV SV V¢ EjF%

BASAL A 40 24 18 60
ACUTE B 60 20 09 33

CHRONIC C 40 24 18 60

AFTERLOAD

Fig. 4. Acute and chronic responses to sustained pres-
sure overloading. Symbols as in Fig. 3. Again the force-
velocity relationship in the basal state and a cross section
of the left ventricle are shown diagrammatically at point

BA. During acute severe aortic constriction, despite use of
the Fraric-Starling mechanism, the limit of the Frank-
Starling reserve is exceeded, the increased volume and

_ thinning of the left ventricular wall associated with the

systolic pressure rise cause 2 marked afterload increase,

and Vg drops substantially {point B). The sjection frac-
tion (EjF%) also falls. Several weeks later, after a success-
ful adaptation to the sustained systolic pressure overioad,
the force-velocity curve has returned to normal when cor-
rected tc per-unit of muscle, although the left ventricle
now has a much thicker wall {point C). The left ventricu-
lar end-diastolic volume {EDV) also is again normal, and
the stroke volume (SV) and ejection fraction (EjF%) are
restored.
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overlaps the control curve, but the left ventricle
has a much thicker wall. It differs further from the
compensated state after chronic volume overload-
ing (Fig. 3) in that early use of the Frank-Starling
mechanism is not maintained and the end-diastolic
size in compensated hearts returns in normal .4-42

Depression of Inotropic State

With mild depression of the inotropic state,
despite slight downward depression of the force-
velocity curve, Vop may lie within the normal
range in the basal state through use of the Frank-
Starling mechanism*® (Fig. 5, left panel, point B).
However, the use of a stress test such as the infu-
sion of a peripheral vasoconsttictor can be usefui
in this setting. If some preload reserve remains in
such hearts, successful adaptation to a mild in-
crease in aortic pressure with maintenance of
stroke volume could occur (Fig. 5, left panel,
point C). This type of response was observed in
- some patients during angiotensin infusion;>® how-

ever, Vep and stroke volume would be expected

to fall to below normal levels in response to a

somewhat larger increase in aortic pressure, since
" the preload reserve is limited (Fig. 5, left panel,

point D). Such an afterload mismatch might be
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prevented by pretreatment with a positive ino-
tropic agent such as digitalis. Thus as is shown in
Fig. 2 the force-velocity curve would then be
shifted upward, and through an accompanying
reduction in end-diastolic volume more Frank-
Starling reserve would become available to meet

_ the same pressor stress. Under these conditions a

mismatch between afterload and inotropic state
might not become apparent.

When the inotropic state is severely depressed in
the basal state, whether as a result of chronic myo-
cardial disease, scarring due to coronary heart
disease, or long-standing dilatation and hyper-
trophy secondary to pressure or volume overload-
ing, it seems likely that preload reserve will be
maximally utilized even under resting conditions.
The left ventricle then operates on a depressed
force-velocity curve, maximally shifted in relation
to preload (Fig. 5, right panel, point B). Thus a
mismatch between afterload and inotropic state
exists in the basal state even at a normal level of
aortic pressure, and it is expressed by low V¢ and
ejection fraction.!*!® Cardiac output can never-
theless be maintained (Fig. 1, point C). Under these
circumstances the response to an acute pressor
stress should resemble that discussed earlier in the

CHRONIC MYOCARDIAL FAILURE
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Fig. 5. Alterations of force-velocity relationships during afterload changes in the presence of left ventricular failure.
Left-hand panel: A normal force-velocity curve is indicatec by the dashed line, and the normal basal state by point A. With
mild depression of inotropic state in the basal state, through some encroachment on the Frank-Starling reserve, VcE can
be maintained near normal (point B). Some preload reserve may remain, and a mild pressor stress produced by infusion of
a peripheral vasoconstrictor may cause little reduction in Vg (point C). However, a more marked increase in afterload witl
result in a substantial drop in V. and the stroke volume {point D). Right-hand panel: With severe depression of myo-
cardial inotropic state, Vg is depressed under basal conditions to below the normal range (point B). Since the preload re-
serve has been fully utilized in the basal state, any afterioad increase of even moderate degree will then result in a marked
drop in Vo and stroke volume {point C). A reduction in afterload with preload maintained constant resuits in a restora-
tion of Vo or stroke volume to near normal (point D}, but if preload is aliowed to fall substantially such an afterload re-
duction may result in no change or even a fall in Vo and stroke volume (point E).






