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LEFT VENTRICULAR FUNCTION AT REST AND DURING EXERCISE*
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(From the Cardiopulmonary Laboratory, Department of Internal Medicine, The University of Texas
Southwestern Medical School, Dallas, Texas)

(Submitted for publication December 29, 1958; accepted February 24, 1959)

The principle that the degree of ventricular
filling at the end of diastole is a determinant of
the work done during the succeeding contraction
(in the isolated frog heart) stems from Frank (1).
Further clarification was achieved by Rohde (2)
who noted that . . . the warm blooded heart
is constructed in so complex a manner . . . that
it seems hopeless to search for relations between
heart volume and length of single muscle fibers.
. . . We must [therefore] rearrange the Frank
formula . . . so that we can use volume instead
of fiber length.” Straub (3) was no less explicit
when he wrote: ‘‘As a specific indication of the
length of the muscle elements the volume curve
is used as suggested by Frank, and for the repre-
sentation of tension the pressure curve is used.”

Patterson, Piper and Starling (4), acknowl-
edging all the above contributions, concluded
that ‘“‘the increased energy of the heart’s con-
traction under conditions of increased pressure
or increased inflow must be ascribed to altera-
tions in the length of the muscle fibres at the
beginning of and during their state of excitation,
and not to changes in the tension on the fibres.”
They supported their conclusions relative to iso-
lated canine and tortoise hearts by using a car-
diometer for measuring change in ventricular
volume and, in effect, used volume as an index
to fiber length. The British workers were, there-
fore, basically in agreement with their German
predecessors and colleagues. All seem to have
agreed, in addition, that ventricular diastolic
pressure was an unreliable guide to ventricular
diastolic volume and that the latter, not the
former, should be used in the study of intrinsic
myocardial responses to stress.

The lack of a method for following changes in
ventricular volume in the intact animal or in
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man made it impossible to test satisfactorily the
general applicability of the Frank-Starling prin-
ciple. Starling, however, thought it might ex-
plain the response of the mammalian heart to
physical exercise. In his Linacre Lecture (5) he
says: ‘‘As a result [of exercise] the heart is over
filled during diastole, and is impeded from emp-
tying itself in systole: Its volume both in systole
and diastole enlarges progressively until by the
lengthening of the muscle fibres so much more
active surfaces are brought into play within the
fibres that the energy of the contraction becomes
sufficient to drive on into the aorta during each
systole the largely increased volume of blood
entering the heart from the veins during the
diastole.”” This logical extension to intact ani-
mals of a physiological fact established only for
isolated heart preparations was, however, dubi-
ous even at the time it was written. Ortho-
diagraphic and other radiographic techniques,
applied to human subjects at rest and during
exercise, had in some instances already indicated
that total cardiac volume probably decreased as
a result of exercise (6-10). Also of more than
passing interest in connection with the Frank-
Starling principle was von Anrep’s finding (11)
that adrenalin causes the canine heart to contract
more forcibly with no prior increase, or even a
decrease, in end-diastolic volume. Such results
suggested that the Frank-Starling concept might
require modification, if not outright rejection,
insofar as the intact mammal is concerned. von
Anrep’s study certainly raised the possibility that
the following concept, as defined by Patterson,
Piper and Starling (4), might be an oversimpli-
fication: ‘“The output of the heart is a function
of its filling, the energy of its contraction depends
on the state of dilatation of the heart’s cavities.”

Subsequently Nylin (12), using more refined
roentgenologic methods than had previously been
available, showed that cardiac size is maximal
when the normal human subject is at rest and
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recumbent ; changing from the recumbent to the
standing position caused marked reduction in
cardiac size. Still later, Liljestrand, Lysholm
and Nylin (13) showed that at no time during
exercise at increasing loads on a bicycle ergometer
did heart size reach the maximum found by
Nylin in comparable normal recumbent subjects.
They did note, however, that as workloads in-
creased so did cardiac size ; but the augmentation
of cardiac volume was never as much as would
be expected in view of the associated increase in
cardiac output per minute. These findings have
recently been marshalled by Hamilton (14) as
evidence against the general applicability of the
Frank-Starling principle.

To this point, all available studies on intact
human subjects utilized roentgenologic methods
of questionable validity to determine fotal cardiac
volume. None attempted or claimed to deter-
mine ventricular volume. The development by
Rushmer of techniques for using certain left ven-
tricular diameters in intact, unanesthetized dogs
as indexes to volume change (15) permitted a
more precise scrutiny of left ventricular response
to exercise. He found that exercise usually
caused a decrease in both systolic and diastolic
left ventricular diameters and was of the opinion
that the phenomenon was independent of rate
changes within the physiologic range.

It has not been possible, to the present time,
to follow change in the internal volume of the
left ventricle at rest or during exercise in the
intact animal or human being. For this reason,
a biplane version of a uniplane cinefluorographic
technique employed earlier by Rushmer and Thal
(16) was adapted for estimation of left ventricu-
lar volume. The following study was designed
for the purpose of examining the relation between
left ventricular end-diastolic volume and stroke
work of the succeeding contractions in the intact
dog at rest and during exercise.

METHOD

A. Determination of left ventricular volume. The details
of the method have been published elsewhere (17). In
brief, a biplane cinefluorographic unit of the type devised
by Ramsey and co-workers (18) was used to record left
and right anterior oblique images of the canine heart at
30 frames per second during the transcardiac passage of
radiopaque material. Ventricular images were then pro-
jected, using a still projector and the original 35 mm. films,
so that the sizes of the images corresponded exactly to that
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of the actual chamber. Tracings of each pair of images
were made, questionable boundaries and valve planes being
checked by constant reference to 16 mm. reduction prints
of the original 35 mm. films as viewed with a special motion
analysis projector. Two methods of calculation were used:
One involved inserting the products of the planimetrically
determined areas of corresponding left ventricular images
into a regression equation developed from studies of casts
and models of left ventricular cavities!; the other required
measurement of corresponding diameters of the two ven-
tricular images at 1 mm. intervals from top to bottom.
On the assumption that the left ventricular cavity is ellip-
tical or circular in cross-section, the diameters were then
used to calculate the volume of each 1 mm. section of the
ventricular cavity:

v=rh(D‘xE),

2772
where

V = volume in ml.,

h = 1.0 mm.,

D; = ventricular diameter from left anterior oblique
view and

D, = corresponding diameter from right anterior oblique
view.

Total ventricular volume was taken as the sum of the
sectional volumes. The volume calculations in the present
study were done by use of area products and the regression
equation.

Since no independent means of measuring ventricular
volume in the living intact animal has been devised, resort
was made to elaborate model experiments for validation of
the technique. These tests are also presented in detail in
the previous description (17). An average error of less
than 10 per cent seems likely although the tests, in some
respects, are overly severe. Other tests show that under
average conditions the technique always stops motion up
to 80 cm. per sec.; under optimal conditions, blurring is
not encountered until a speed of 110 cm. per sec. is reached.

B. Material and preparation. Six healthy mongrel
dogs were employed. They were anesthetized with a mix-
ture of chlorolose (0.05 Gm. per Kg.) and urethane (0.5
Gm. per Kg.) and tracheal cannulation or intubation was
carried out as rapidly as possible. A No. 9 cardiac catheter
with birdseye tip was then passed into the inferior vena
cava just proximal to its junction with the atrium, or into
the main pulmonary artery. No. 7 cardiac catheters were
then inserted into the femoral or carotid artery and passed
retrograde into the left ventricle or aorta (just distal to
the aortic valve). In some instances pressures were re-
corded from both sites through a double lumen catheter.
The natural frequency of the system employing a No. 7
catheter (50 cm. long) and a P23D transducer (Statham)
is about 12 cps. A slight extension of usable range is
obtained by use of mechanical damping. The best system
available to us in the present work gives a virtually flat
response to 20 cps. It was used to record left ventricular
pressures in a few instances.

llogy = —0.3256 4 0.8062 log x, where x = product of
2 ventricular areas and y = ventricular volume.
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C. Procedure. The prepared dog was suspended hori-
zontally, feet down, in front of the two fluoroscopic screens,
using a special canvas body sling, so that both anterior
oblique views of the heart could be recorded. The tracheal
tube or cannula was then connected to a Douglas bag via
a two-way valve. Arterial and ventricular catheters were
connected to transducers which, in turn, were fed into a
multichannel photographic electronic recorder. Exercise
was administered with a galvanic stimulator the electrodes
of which were attached to the upper portions of the hind
limbs and to the pelvic region.

The injection catheter was then attached to a pneumatic
injector loaded with 90 per cent Hypaque® solution (1.5
ml. per Kg.). Injection of the radiopaque medium was
timed, with relation to filming, so that optimal visualiza-
tion of the left ventricle could be achieved.

Resting runs were done 10 to 15 minutes after the dog
was suspended in position. Mild rhythmic exercise was
then administered for about 10 minutes. The amount of
exercise was such as to cause resting oxygen consumption
to increase three to four times. In order to eliminate the
effects of body motion on the cinefluorograms, exercise

was usually stopped at the instant the cameras were acti-

vated. In no instance did filming begin more than two
seconds after cessation of exercise.

The two cameras usually are perfectly synchronized.
Under some circumstances, however, one camera leads the
other by one-sixtieth of a second. When this happens, a
warning circuit is activated so that the leading camera can
be identified. Corrections are then introduced so that the
ventricular images are made synchronous. The photo-
graphic pressure tracings’ bear markings indicating the
precise instant at which one of the cameras records its
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image. In this way, the pressures corresponding to each
ventricular volume figure can be identified.

D. Calculations. Ventricular volume and pressure curves
are first plotted together (Figures 1 and 2, Tables I and
II). Ejection curves are then plotted separately and, if
necessary, smooth curves are drawn, in lieu of directly
connecting the actual points (Figures 3 and 4). From
these, the volume in ml. ejected for each one-thirtieth of a
second (AV in Tables I and II) can be read off. Aortic
cross-sectional area is calculated for each ejection incre-
ment by measuring aortic diameters 2 cm. above the aortic
valve and applying the equation for the area of a circle or
an ellipse. Adjacent values for aortic cross-sectional area
are averaged and mean velocity for the interval between
each two points on the ejection curve is then calculated.
Plots of ejection velocity are thus made possible (Figures 3
and 4). A somewhat similar method utilizing an aortic
distensibility curve (and thus taking change in aortic
cross-sectional area with pressure into account) was used
to construct aortic velocity curves by Remington and
Hamilton (19).

Pressure work (W) for each stroke is first calculated
from the conventional work equation:

W, = PV,
where
P = mean ejection pressure in Gm. per cm.? and
V = total stroke volume in ml.

By plotting left ventricular pressure at each one-thirtieth

2 The terms pressure work, potential energy and pressure-
volume work are by common usage synonymous insofar as
the work of the heart is concerned.
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of a second interval against the corresponding left ven- perpendiculars) corresponds to integrated pressure work
tricular volume, one obtains a pressure-volume work loop per stroke:
(Figure 5). The area under the ejection portion of the 4
. .. W, = PdV.
loop (connected to the zero pressure line by dropping t

TABLE 1
Values obtained during one cycle in a normal resting anesthetized dog *

Aortic
L.V. L.v. X-sect. v
Frame pressure volume AV area (velocity) A Power
number (mm. Hg) (ml.) (ml.) (cm.2) (cm./sec.) (Gm. cm.[sec.)
165 0 140 - 10
166 0 144 Z 1o
167 0 145 1S
168 0 144 e
169 0 145 ~ 1o
i 106 118 - 10 ~11,000
9.0 2.8 95 48,000
172 150 139
22.5 31 218 142,000
173 157 105
17.0 3.2 161 118,000
174 163 99
10.5 3.2 100 72,000
176 169 80
5.8 4.1 42 40,000
177 169 71
2.8 4.1 20 17,000
178 134 72
0.8 3.8 6 3,000
179 65 71
— 4.0 — 8,000
180 39 74
—14.0 —14,000
181 11 88
—23.5 —10,000
182 11 112
—19.3 — 8,000
183 11 131 1y ~ 1000
184 11 133 0 !
185 11 131 0.5
186 11 131 — 02
187 8 129 Zos
188 8 131 Z o3
189 8 134 Z 10
190 8 142 :

* These data are the basis on which Figures 1, 3, 4, 5 and 6 are constructed.
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TABLE II
Values during one cycle in a normal exercising anesthetized dog *

Aortic
LV. L.V. X-sect. v
Frame pressure volume AV area (velocity) A Power
number (mm. Hg) (ml.) (ml.) (cm.2) (cm.[sec.) (Gm. cm./[sec.)
30 3 105
31 3 105 Y
32 3 107 - 30
33 3 105 Ey
34 3 104 B 3'0
% 2 1H - &0 —2,000
37 161 109 5.5 2.3 72 16,000
38 171 99 10.0 2.6 116 52,000
39 168 70 26.5 3.2 249 161,000
40 164 44 32.0 3.5 272 198,000
16.0 3.9 123 81,000
41 158 25 25 38 % 11000
42 135 22 : . )
1.2 3.6 10 2,000
43 0 21 _ &
44 0 31 :
—13.0
45 0 41 —290
46 0 69 2510
47 0 88 —“30
48 0 95 _ 1‘5
49 0 99 1
50 0 99 Z 10
S1 0 92 B 1'0
52 0 96 Z 10
53 0 99 _ 1‘0
54 0 102 _ 1'0
55 6 99 '

* These data are plotted in Figures 2, 3, 4, 5 and 6.

In actual practice, volume in ml. is plotted on the abscissa  planimetrically and correcting factors are applied to reduce
and pressure (in mm. Hg) is plotted on the ordinate. The the area to fundamental terms. The factor 1.355 is intro-
area under the ejection portion of the loop is measured duced in order to convert mm. Hg to Gm. per cm.2.  The
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The observed ejection curve is represented by the solid line. The broken line rep-
resents the curve, fitted free hand to the available data, from which velocity was calcu-
lated (see Table I).
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final value is in Gm. cm. units (Gm. per cm.? X cm.?
Gm. cm.). For example, W, was calculated from the
resting loop in Figure 5 by plotting volume on the abscissa
so that 10 ml. = 1.0 cm. paper, and pressure on the ordi-
nate so that 10 mm. = 1.0 cm. paper. The area under
the ejection portion of the loop was 119.68 cm.2. This,
multiplied by 135.5 (1.355 X 100), gives 16,217 Gm. cm.
The data on which the loop is based are given in Table 1.

Kinetic work (Wx)® per stroke may also be calculated
from mean values:

mv?
\Vk = 2—g y
where
m = total stroke mass in Gm. (total stroke volume in

ml. X 1.06),
v = mean stroke velocity in cm. per sec. and
g = 980 cm. per sec..

In order to obtain the value

t1 vZdm
Wk = j; 2g ’

v2? for each one-thirtieth of a second interval must be
plotted against mass ejected during the same interval.
The area under the resulting curve, when appropriately
converted to absolute units, yields integrated kinetic work
in Gm. cm. For example, Wi for the cycle shown in

3 Also known as kinetic energy, acceleration work or energy
of velocity.

Figure 6 is obtained by plotting v2 (Table I) against mass
ejected for each one-thirtieth of a second during ejection.
Mass, on the abscissa, is plotted so that 10 Gm. = 1 cm.
Velocity squared, on the ordinate, is plotted so that 5,000
cm.? per sec.2 = 1 cm.  The area under the curve is 34.0

cm.2. This value is multiplied by 5,000 X 10/1,960, or
25.51, to yield Wy in Gm. cm. In this case, the answer is
867.3 Gm. cm.

Total stroke work is, of course, the sum of W, and Wy,
whether calculated from mean or integrated values.

A power curve representing the rate at which work is
done during the cardiac cycle is obtained if total work
(Wp 4 Wi) done on blood in each one-thirtieth of a second
interval during ejection is plotted against elapsed time
from the beginning of ejection. The course of power de-
velopment and the relation between pressure and kinetic
power at rest and during exercise are shown in Figure 7.
Power may also be obtained as the first derivative of the
cumulative work curve. The fundamental difference be-
tween work and power is made apparent by comparing
Figures 6 (work) and 7 (power).

E. Possible sources of error. The error inherent in the
method itself, as defined previously (17), is small enough
to be acceptable for present purposes. The most serious
remaining objection to the technique is the cardiovascular
effect of highly concentrated contrast medium, delivered
very rapidly into the vena cava or pulmonary artery. It
has been shown by Muirhead, Lackey, Bunde and Hill
(20) that rapid injection of highly concentrated solutions
into the heart often produces bradycardia, an effect which
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on the right, the corresponding value is

fv-uo
V=20

is abolished by vagotomy, as shown by Deyrup and
Walcott (21). Some degree of arterial hypotension has

The area under the ejection portion of the resting loop corresponds to the value

fV-=145
V=15

PdV;

PdVv.

occurred most frequently when injection was into the pul-
monary artery and sometimes abolished the usual increase
It occurred almost
immediately after contrast medium reached the pulmonary
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artery. Fall in arterial blood pressure, however, was in-
variably delayed and, as a rule, several measurable cycles
had taken place before the effect became noticeable. There
is reason to believe that the hypotensive effect is attrib-
utable, as suggested by Muirhead, Lackey, Bunde and Hill,
to decline in left ventricular stroke volume, itself dependent
on the arrival at the coronary capillaries of a sizable
concentration of the contrast medium. The effect does
not vitiate the present results, however, since cycles taking
place after the beginning of the fall in arterial blood pres-
~sure were deleted. Enough unaffected cycles remained

(three to 10) to permit adequate comparisons between
resting and exercising conditions in the same dog. The
bradycardic effect could not be eliminated but was marked
in only two dogs. In actual fact, the effect fortuitously
provided evidence that the effect of exercise on left ven-
tricular function is not wholly dependent on increase in
pulse rate. The volume of contrast medium, delivered
relatively suddenly into some portion of the central cardio-
vascular system, must also be taken into account. What-
ever the effect of this factor on left ventricular function,
it was common to both resting and exercising states. It
is also probable that the increase in volume return to the
left ventricle was not as sudden as might be surmised from
the total volumes of contrast medium injected; since injec-
tion required 1.5 to 2.0 seconds, the increased return to the
left ventricle was spread over several cycles.

RESULTS

Table III shows pulse rates and mean values
for left ventricular end-diastolic, stroke and
minute volumes at rest and during exercise. The
pulse rates are those that obtained as the actual
cycles that were used for volume calculations
took place.

Stroke work and minute work, calculated by
both methods (using mean values, on the one
hand, and the integration procedure, on the
other), are shown in Table IV. The pulse rates
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given in Table III were used to convert stroke
to minute work.

A sample plot of total stroke work at rest
against end-diastolic volume is set out in Figure
8. A similar plot, showing both resting and
exercising values in a normal dog, without left
ventricular failure, is seen in Figure 9. Identical

TABLE III
Left ventricular end-diastolic, stroke and minute volume for entire normal group *

End—diastolic volume Stroke volume Minute volume
Dog Wi (ml.) (ml.) Pulse rate (L./min.)
number (Kg:) Rest Exercise Rest Exercise Rest Exercise Rest Exercise
13 15.6 80+ 2.8 68k S.0 28+ 2.7 34+ 6.6 125 160 32+03 51409
14 17.3 66+ 9.1 564148 29 +10.8 28+ 1.8 136 210 39+14 56403
15 17.3 83k 54 714 6.5 27+ 4.6 33+ 7.2 160 160 4.0+0.7 51+1.1
26 22.3 126 = 14.0 107 + 6.8 77 £13.0 73+ 8.3 90 84 69+16 544+1.0
29 24.6 138 & 5.2 107 + 44 84+ 4.7 8% 54 66 82 5012 62+09
30 20.2 126 = 42 96+ 6.2 MM+ 9.7 72& 7.8 55 99 42+13 69+09
Mean 100 +-28.2 89 +19.9 49 264 59 224 4.6 +17 59+1.2
n 37 32 3 32 37 © 32
op 5.8 5.9 0.35

* The n refers to total cycles used to derive the mean values.
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LEFT VENTRICULAR FUNCTION AT REST AND DURING EXERCISE
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F16. 8. RELATION BETWEEN LEFT VENTRICULAR END-
DiastoLic VOLUME AND STROKE WORK DURING 10 CoN-
SECUTIVE CYCLES IN A RESTING, ANESTHETIZED DoG WITH
No EVIDENCE OF LEFT VENTRICULAR FAILURE

qualitative relations prevailed in five other dogs.
Attempts to relate left ventricular end-diastolic
pressure and stroke work, at rest or during exer-
cise, were unsuccessful. In Dog 15, for example,
end-diastolic pressure was zero for 10 successive
resting cycles, yet stroke work varied from 3.6
to 7.2 thousand Gm. cm. Owing, however, to
the fact that variations in intrapleural pressures
were not measured, the figures shown are not
effective pressures. It is therefore not possible
to use the data to establish or deny a direct
relation in the intact animal between end-
diastolic pressure and work done in the succeed-
ing contraction.

DISCUSSION

The data presented confirm the basic Frank-
Starling hypothesis for the intact resting dog:
A definite relation exists, between left ventricular
end-diastolic volume and the work of the stroke
immediately following, provided conditions are
held reasonably constant while the observation
is being made. The plot shown in Figure 8 is
representative of the relationship as disclosed by
the method in resting, intact, anesthetized dogs.
Spontaneously occurring changes in ventricular
function under these conditions provide a suffi-
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cient range of end-diastolic volume and stroke
work to show that a linear or gently curvilinear
relation exists between the two variables.

The effect of mild exercise in the nonfailing,
intact, anesthetized dog is well shown in Figure 9
and Table III. The pattern in Figure 9 was
seen in six animals; in each, the resting values
fall to the right and are quite low (with reference
to the ordinate), while the exercising values are
to the left (lower end-diastolic volume) and
higher (in terms of stroke work). In other
words, exercise usually produces a decrease in
both end-diastolic and end-systolic left ventricu-
lar volume; stroke work and usually stroke
volume are, at the same time, increased. In
general, the findings are in keeping with the
older orthodiagraphic studies and closely parallel
the results of Rushmer’s elegant experiments
(15), using left ventricular diameters as indexes
to volume.

It seems clear, therefore, that the basic Star-
ling relation prevails under resting conditions
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and that it may also be operative during mild
exercise. But the fact that end-diastolic volume
during exercise is normally less than at rest, at a
time when stroke work is actually increased,
indicates that exercise imposes some basic func-
tional difference on the nonfailing ventricle.
The data reported may conceivably represent
segments of ventricular function curves, the ex-
ercise curve lying above and to the left of the
resting. If thisis true, the results are in keeping
with Sarnoff and Berglund’s ingenious concept
(22, 23) of a “family of curves,” each one repre-
senting a different set of conditions under which
the ventricle is operating. The results do not
actually define a curve of any sort but clearly
show that the ventricle is operating at different
functional levels, as defined by the relation be-
tween end-diastolic volume and stroke work, at
rest and during exercise. The data fit equally
well on the set of curves as drawn by Hamilton
(14) but provide no information concerning a
descending limb.

The ultimate role of the basic Frank-Starling
principle in ventricular function remains to be
fully defined but it cannot be dismissed as a
phenomenon observable only in the heart-lung
or open chest preparation. Insofar as the intact
organism is concerned, it must be interdigitated
with other known control mechanisms. It may
be that the Frank-Starling feedback mechanism
is the fundamental mechanism by which the
ventricle responds to changing demands and that
various neural or neurohumeral control systems
operate primarily to shift the ventricular function
curve, whatever its shape, upward or downward.
With further refinements in techniques for meas-
uring change in ventricular volume, remaining
questions concerning the Frank-Starling mecha-
nism should become approachable.

As a by-product of the study it was found that
use of mean instead of integrated values for cal-
culating stroke work regularly yielded values
that were too small. At rest, however, the size
of the underestimate was not serious. During
exercise the error introduced by use of mean
values becomes more consequential, especially
when one considers the kinetic work category
(Figure 7). The strong probability is that for
any but resting conditions it is hazardous to
follow the usual practice of calculating pressure
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work only (ignoring kinetic work altogether) and
of using mean values (minute volume divided
by pulse rate for stroke volume; systolic plus
diastolic divided by 2 for mean pressure). Use
of the work convention, borrowed from hy-
draulics, is probably not justified unless the
correct items are actually measured and the data
are integrated where necessary.

CONCLUSIONS

1. The basic Frank-Starling principle, relating
end-diastolic volume and stroke work, is valid
for the intact anesthetized dog.

2. End-diastolic and end-systolic volumes reg-
ularly decrease with the onset of mild exercise
in the same preparation. Stroke work usually
increases during exercise.

3. Pressure and kinetic work are usually under-
estimated when calculated from mean values for
pressure, volume and velocity instead of from
integrated data.
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