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There is general agreement that the force of
contraction developed by strips of cardiac muscle
is a function of the length of the fibers at the on-
set of contraction (1-3). Similarly, in the isolated
heart (4), the heart-lung preparation (5) and in
the open-chest, anesthetized dog (6-8), the energy
of contraction, as reflected by the external work
performed by the ventricle, has been shown to be
dependent upon the ventricular end-diastolic fiber
length or pressure. These observations have been
interpreted to be consistent with the concept enun-
ciated by Starling in his Linacre lecture on “The
Law of the Heart (9).

However, no such general agreement exists re-
garding the applicability of Starling’s law of the
heart to the circulation of human subjects. This
lack of information regarding the relationship be-
tween left ventricular end-diastolic pressure (and
fiber length) and the characteristics of ventricular
contraction in man is understandable when it is
considered that only recently have methods been
developed which are suitable for the direct meas-
urement of left ventricular pressure in subjects
without cardiovascular disease (10). One of the
experimental approaches which has been employed
to test the validity of Starling’s law has been a
study of the hemodynamic response resulting from
acutely induced hypervolemia (11-15). A va-
riety of fluids has been infused in attempts to
simulate in man the increase in venous return to
the Starling heart-lung preparation. In several
such investigations an augmentation of the total
blood volume has not been associated with a sig-
nificant elevation of cardiac output (13-15).

The purpose of the present investigation was
to define the relationships between left ventricular
end-diastolic pressure and the characteristics of
left ventricular contraction in a group of subjects
without cardiovascular disease. Acutely induced
hypervolemia was combined with continuous gang-
lionic blockade in order to produce significant

variations in ventricular filling and thus to permit
an examination of Starling’s law of the heart.

METHOD

Six male subjects averaging 25 years in age were stud-
ied. All had provided informed consent for these stud-
ies. Five of these subjects were referred to the National
Heart Institute for cardiac catheterization because of the
presence of systolic heart murmurs. Clinical examina-
tion was otherwise negative, chest roentgenograms and
electrocardiograms were within normal limits, and these
murmurs were considered to be functional in origin.
The sixth subject, J.M., a 32 year old male, was studied
three months after repair of a small ventricular septal
defect. He had never experienced symptoms of diminished
cardiac reserve, had not had cardiac enlargement on roent-
genographic examination and his pulmonary arterial
pressure was within normal limits (16) prior to opera-
tion as well as at the time of this study. Three or four
phlebotomies were performed on each subject over a pe-
riod of 7 to 10 days and the 1,500 ml of blood so obtained
was stored in solutions of sodium citrate, citric acid and
dextrose. The studies were carried out 2 to 4 days after
the last phlebotomy; the subjects were in a basal, post-
absorptive state and had received 100 mg of pentobarbi-
tal orally 30 minutes before their arrival in the labora-
tory. Local anesthesia was applied to the pharynx by
means of a Pontocaine (tetracaine) spray; a small rub-
ber balloon of the type described by Schilder, Hyatt and
Fry (17) was attached to a plastic catheter and intro-
duced into the midesophagus. The right saphenous vein
was then exposed and a right heart catheterization was
carried out. The pressures in the right side of the heart
and pulmonary artery were within normal limits (16) in
all six subjects and an inhaled radioactive krypton test
(18) carried out with the catheter tip in the pulmonary
artery confirmed the clinical impression that a left-to-
right shunt was not present. It was then decided to pro-
ceed with the remainder of the study; the catheter em-
ployed for the right heart catheterization was removed
and transseptal left heart catheterization was carried out
in a manner described in detail elsewhere (10). After
introduction of the transseptal needle into the left atrium,
a polyethylene catheter was passed through this needle
into the left ventricle.

A 75 cm polyethylene catheter (PE no. 50) was in-
troduced through an antecubital vein by means of per-
cutaneous puncture, and was advanced into the superior
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vena cava or right atrium. The ganglionic blockade was
then induced by an intravenous infusion of a thiophanium
derivative, Arfonad (trimethaphan), a drug which also
has some direct vasodilatory action (19, 20). The tri-
methaphan was administered into a peripheral vein by
means of an infusion pump at a rate which was constant
for each subject and which ranged from 0.6 to 3.8 mg
per minute, with an average rate of 1.7 mg per minute;
it was continued at this rate for the entire study. These
infusion rates lowered systolic arterial pressure by 31 to
51 mm Hg, with an average decline of 42 mm Hg (Table
I). The effectiveness of the reduction of reactivity of
the vascular system which had been achieved by the tri-
methaphan was tested by means of the cold pressor test;
the response of systemic arterial pressure to the im-
mersion of a foot into ice water for 1 minute was ex-
amined both before and after the infusion of trimethaphan
had been begun. In all instances the elevation in ar-
terial pressure which occurred before the trimethaphan
infusion was eliminated when the cold pressor test was
repeated during the trimethaphan infusion.

Cardiac output and pressures in the brachial artery,
left ventricle and esophagus were then measured. Then
the 1,500 ml blood, which had been warmed to body
temperature, was infused during a period of 30 to 50
minutes. Cardiac output and pressure measurements
were carried out at intervals of approximately 10 to 15
minutes during the infusion. In five of the subjects a
total of four measurements and in one subject three
measurements of cardiac output and pressures were made.

Brachial arterial pressure was measured through an
indwelling needle by means of a Statham P23A pressure
transducer. A model P23D transducer was employed for
the measurement of left ventricular pressure. A Sta-
tham transducer, model P.M.131T, was utilized for the
measurement of intraesophageal pressure (17). Cardiac
output was determined by the indicator dilution technic
and was calculated in the manner described by Hamilton,
Moore, Kinsman and Spurling (21). Indocyanine green
dye was injected into the vena cava or right atrium via
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the polyethylene catheter. Arterial blood was sampled
through the indwelling arterial needle and pulled through
a cuvet densitometer (22) by a motor-driven syringe at
a rate of 20 ml per minute. The response of the densi-
tometer to an instaneous change in density is 95 per cent
in 1 second (23). The validity of these technics em-
ployed in the measurement of the cardiac output had
first been demonstrated by a comparison with flowmeter
measurements in the open-chest dog (24). In another
study, utilizing identical technics, cardiac output was
measured in duplicate on 20 occasions. The standard
deviation of the differences between these determinations
was 182 ml per minute or 6 per cent of the mean value
of the cardiac output (25).

Minute work of the left ventricle in kilogram-meters
per minute was calculated as the product of mean arterial
pressure in centimeters of H,0O, and the cardiac output in
liters per minute divided by 1,000. Left ventricular stroke
work in kilogram-centimeters was calculated as the
product of mean arterial pressure in centimeters of H,O
and the stroke volume in milliliters divided by 100. The
tension-time index in millimeters Hg X seconds was cal-
culated from the area under the systolic portion of the ar-
terial pressure pulse, as described previously (26). Left
ventricular power in watts was calculated in five sub-
jects by dividing left ventricular stroke work by the
duration of systole. The conversion factor utilized was:
1 watt =10,180 g-cm per second. The duration of sys-
tole was calculated as the time interval between the onset
of the isometric contraction period of the left ventricle
and the time of aortic valve closure; the latter was de-
termined by noting the instant at which the left ventricu-
lar pressure pulse reached the level of the dicrotic notch
of the brachial arterial pressure pulse. The mean rate of
left ventricular ejection could be determined in three sub-
jects; it was calculated by dividing the stroke volume by
the duration of ejection. In some tracings, artifacts in
the pressure pulses prevented accurate estimation of these
time intervals. Left ventricular end-diastolic pressure
was determined as the difference between left ventricular

TABLE I
Blood pressure and heart rate before and after trimethaphan adminisiration

Pretransfusion Post-transfusion

Control
Subject Hematocrit BAP BAP HR BAP HR
% mm Hg mm Hg mm Hg

J.Ma. 35.2 134/80 101/69 91 95/59 86
.M. 34.5 125,71 77/48 112 115/81 106
D.B. 28.7 138/70 107/67 88 105/89 103
B.E. 35.0 144 /64 93/53 86 108/70 92
M.R. 35.0 145/82 104/60 107 121/73 110
J.B. 38.0 131/69 80/47 76 122/71 100
Average 34.8 136/73 94 /57 93 111/71 99

* The control BAP refers to the brachial arterial pressure (systolic/diastolic) which existed at the onset of the study,

after the placement of catheters but before the infusion of trimethaphan was begun.

The BAP and HR (heart rate per

minute) determined simultaneously with the first dilution curve, i.e., after stabilization of the circulation on trimethaphan

but before the blood transfusion, are listed under “pretransfusion.”

Measurements under “post-transfusion’ refer to

observations made simultaneously with the final dilution curve, at the time of completion of blood transfusion.
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and intraesophageal pressure at the end of diastole. All
values of pressure and of time intervals reported were
the average of the beats occurring during two respira-
tory cycles. The mean arterial pressure was obtained
by electrical integration.

RESULTS

All subjects were mildly anemic as a result of

the repeated phlebotomies.

Their hematocrits at
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the time of study ranged from 34.5 to 38.0 per
cent, except for D.B. in whom it was 28.7 per
cent. At the time that cardiac output was meas-
ured for the first time, that is, just before transfu-
sion, the brachial arterial pressure had been de-
pressed by trimethaphan and ranged between
77/48 and 107/67, with an average level of 94/67
mm Hg. In spite of the hypotension, these sub-
jects did not present the clinical appearance gen-
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erally associated with shock; before transfusion
the cardiac index exceeded 2.0 L per minute per
m? in all subjects and averaged 3.15 L per minute
per m?.

As a result of the transfusion the arterial pres-
sure rose significantly in four of the subjects, de-
clined in one (J.Ma) and showed little change in
one (D.B.). Heart rate changed only slightly in
four subjects and increased significantly in two
(D.B. and ].B.) (Table I). The results obtained
in each subject are shown in Figure 1.

The left ventricular end-diastolic pressure at
the onset of the blood infusion ranged from 1.2 to
7.6 cm H,O and the average level was 4.8 cm H,O.
A significant elevation of left ventricular end-dia-
stolic pressure occurred; at the completion of
the infusion these pressures ranged from 17.0 to
33.1 with an average level of 222 cm H,O.
There were only slight alterations of intraesopha-
geal pressure during the course of the blood in-
fusions. The maximal change of this pressure in
any subject was 3.0 cm H,O and the reported
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changes of “effective” end-diastolic pressure re-
sulted primarily from alterations of the recorded
intraventricular pressure. Representative pres-
sure tracings are reproduced in Figure 2. In
every instance the cardiac output rose along with
the left ventricular end-diastolic pressure. The
left ventricular work per minute and the left ven-
tricular stroke work, the tension-time index per
minute and per beat, the left ventricular power,
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duration of ejection and mean rate of left ventricu-
lar ejection also rose as the transfusion continued
and as the effective left ventricular filling pressure
rose (Figure 1). In five subjects stroke volume
became elevated as left ventricular diastolic pres-
sure rose. In the sixth subject (Figure 1 F) the
stroke volume rose substantially at the beginning
of the infusion, but declined slightly as it was
continued.
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Fi1c. 2. SIMULTANEOUS PRESSURES RECORDED FROM

THE LEFT VENTRICLE (L.V.), BRACHIAL ARTERY

(B.A.) AND ESoPHAGUsS (E.B.) BEFORE TRANSFUSION (LEFT) AND DURING TRANSFUSION (RIGHT).

DISCUSSION

It is clear from the studies of Sarnoff and his
collaborators, carried out on open-chest, anesthe-
tized dogs, that humoral (8) and neurogenic (27,
28) influences are capable of profoundly altering
myocardial contractility, i.e., of elevating or de-
pressing the ventricular function curve. Chap-
man, Baker and Mitchell have shown that the
Frank-Starling principle applies to the closed-
chest, anesthetized dog at rest and that during
mild exercise the left ventricle operates at differ-
ent “functional levels,” i.e., with elevated ventricu-
lar function curves (29). Observations in this
laboratory have demonstrated that norepinephrine
is capable of markedly elevating the ventricular
function curve in the closed-chest, unanesthetized
dog (30). As has recently been indicated by
Chapman (31), it would appear likely that hu-
moral and neurogenic factors also exert similar
influences in the intact human subject and that
these factors may sometimes obscure the under-
lying relationship between ventricular end-diastolic
pressure and the force of ventricular contraction.
The purpose of the present investigation was not
to assess the relative importance of these neuro-
humoral influences and of the Frank-Starling
mechanism in the control of cardiac function in

the intact organism; rather, it was designed to
determine whether the Frank-Starling mecha-
nism applies to the human heart when alterations
of the neurohumoral factors are reduced to a
minimum,

In order to accomplish this purpose, it would
appear essential to relate ventricular end-diastolic
fiber length or end-diastolic volume to the charac-
teristics of ventricular contraction. Recent obser-
vations in the dog have demonstrated that the
relationship between effective left ventricular end-
diastolic pressure and segment length is unaf-
fected by stimulation of the cardiac sympathetic
nerves or of the vagi (32) and by large changes
of systemic arterial pressure and of cardiac output
(33). It has also been shown in man that in the
absence of tachycardia, changes in the effective
left ventricular end-diastolic pressure may be uti-
lized to indicate alterations in left ventricular di-
mensions (34). Thus, without the availability
of a suitable technic capable of providing accurate
serial measurements of left ventricular volume in
man, left ventricular and intraesophageal pres-
sures were measured in order to permit measure-
ment of changes in effective left ventricular end-

diastolic pressure.
It is well recognized that when the intraesopha-
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geal pressure is determined with the subject in the
supine position, it does not provide an accurate
measurement of the absolute level of intrapleural
pressure (35, 36). However, as is evident in
Figure 3 of the paper by Mead and Gaensler (35),
even in this position, changes in the intraesopha-
geal pressure satisfactorily reflect alterations in
the intrapleural pressure. Accordingly, the dif-
ference between the left ventricular end-diastolic
pressure and the intraesophageal pressure was
measured during this study. Although no claim
is made that the absolute effective end-diastolic
pressure was provided by these measurements, it
is felt that the magnitude of changes in effective
left ventricular end-diastolic pressure which oc-
curred as a result of the infusion could be deter-
mined with accuracy in this manner,

The importance of reflexes mediated through
the autonomic nervous system in the control of
myocardial contractility (27), as well as of the
tone of the venous (37, 38) and arteriolar (39)
beds is now well established. Rapid expansion of
the blood volume could be expected to stimulate
baroreceptors in the carotid sinuses, the aortic
arch, the heart and lungs, as well as in the ve-
nous beds. As a consequence, it would be antici-
pated that a decline in ventricular and atrial con-
tractility (27), bradycardia, venodilatation (37)
and arteriolar dilatation (39) would occur. In
this manner, reflex depression of the circulation
could be expected to limit any augmentation of
cardiac performance which might result from an
increase in left ventricular end-diastolic fiber
length, if the Frank-Starling mechanism were op-
erative. In support of this hypothesis, it has been
shown that the infusion of 1,500 ml of blood into
intact subjects did not result in an augmentation
of the central blood volume, of cardiac output and
of cardiac work. It was postulated that the trans-
fusion led to reflex venodilatation which, in turn,
resulted in a tendency for the infused blood to
pool in the venous system and thereby to diminish
the volume of blood in the heart and lungs. How-
ever, when in the same subjects the activity of the
autonomic nervous system was reduced by means
of a ganglionic blocking agent, the transfusion of
1,500 ml of blood resulted in a striking augmenta-
tion of central blood volume and of cardiac output
and work (15). Accordingly, with these obser-
vations in mind, it was considered that in order

BRAUNWALD, FRAHM AND ROSS

to ascertain whether the left ventricular end-
diastolic pressure is a fundamental determinant of
left ventricular performance, the blood should be
infused after inhibition of the autonomic nervous
system. The present investigation was there-
fore performed with the subjects receiving a con-
tinuous infusion of trimethaphan. The dose of
this drug was sufficient to lower the arterial pres-
sure significantly and to abolish the elevation of
arterial pressure which normally occurs during
the cold pressor test (40). It was thought that
these hemodynamic alterations were produced by
the ganglionic blocking activities of the drug (19,
40). Since there was no evidence of coronary
artery disease in any of the subjects studied, it is
considered unlikely that the moderate hypotension
induced by the trimethaphan interfered sufficiently
with coronary perfusion to depress cardiac func-
tion. This view is also supported by the observa-
tion that electrocardiographic alterations associated
with myocardial ischemia did not occur.

In all six subjects studied the blood transfu-
sion resulted in a striking elevation of left ven-
tricular end-diastolic pressure. The magnitude of
this increase in pressure is presumably related to
the large increase in ventricular diastolic volume
which is believed to have accompanied the trans-
fusion. This was accompanied by an augmenta-
tion of left ventricular performance; the latter was
evidenced by the increases which occurred in the
cardiac output per minute and per stroke, the left
ventricular work per minute and per stroke, the
power (work per systolic second) of the left ven-
tricle and the mean rate of left ventricular ejection
(Figure 1). In addition, the tension-time index
per minute and per beat also rose along with left
ventricular end-diastolic pressure. The tension-
time index has been shown in previous studies
(26) to be the hemodynamic parameter which cor-
relates most closely with myocardial oxygen con-
sumption. These results then are in accord with
the concept that Starling’s law of the heart ap-
plies to the human subject.

An abbreviation of left ventricular systole gen-
erally accompanies the augmentation of cardiac
performance which results from sympathetic stim-
ulation (28); in these experiments, however, the
duration of left ventricular systole increased (Fig-
ure 1; B, Cand F). These results are not unex-
pected, since the observations were carried out
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during ganglionic blockade and are compatible with
the view that the hemodynamic changes observed
reflected properties inherent in the cardiac muscle.
It was demonstrated in earlier studies carried
out in this laboratory that marked alterations in
left ventricular end-diastolic segment length and
pressure occur as a consequence of variations in
the duration of filling in the presence of atrial
fibrillation (34) or as a result of variations in the
effectiveness of atrial contraction in atrioventricu-
lar dissociation (41); the force of left ventricu-
lar contraction was found, in each instance, to be
a function of the left ventricular end-diastolic seg-
ment length and, in the absence of tachycardia, of
the left ventricular end-diastolic pressure as well.
These results are entirely in accord with those ob-
tained in the present investigation in which a dif-
ferent technic for varying ventricular filling was
utilized. Evidence has also been presented re-
cently that the force of atrial contraction in man
is a function of the atrial pressure existing at the
onset of atrial contraction (41), suggesting that
the atria as well as the ventricles behave in ac-
cordance with Starling’s law of the heart.

SUMMARY

This investigation was designed to determine
whether Starling’s law of the heart is applicable to
man. Changes in effective left ventricular end-
diastolic pressure were determined by measuring
left ventricular pressure with a catheter introduced
through the atrial septum, and intraesophageal
pressure with a balloon. The activity of the au-
tonomic nervous system was reduced with an in-
fusion of Arfonad (trimethaphan), which was con-
tinued at a constant rate throughout the study.
The reduction in circulatory reactivity produced by
this drug was indicated by the absence of an ar-
terial pressure elevation during the cold pressor
test. Measurements of cardiac output, stroke vol-
ume, left ventricular work, power, tension-time in-
dex, and of the duration and mean rate of left
ventricular ejection were carried out before, dur-
ing the course of, and upon completion of a trans-
fusion of 1,500 ml of the subject’s own blood.
This transfusion resulted in a significant eleva-
tion of left ventricular end-diastolic pressure in
each subject, the average level rising from 4.8 to
222 cm H,0. In each subject, as the left ven-
tricular end-diastolic pressure rose, left ventricu-
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lar performance, as reflected in the parameters
listed above, also became augmented. These data
are consistent with the hypothesis that under the
conditions of these experiments the end-diastolic
pressure is an important determinant of the char-
acteristics of ventricular contraction and that Star-
ling’s law of the heart is applicable to man.
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