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ABsTrRACT A study was performed in five normal
men in whom left ventricular volume was measured by
thermodilution in the supine and 60° head-up postures,
in the control state, and then during steady-state response
to isoproterenol. The mean rate of circumferential short-
ening of the left ventricle was calculated for each of the
postures in both inotropic states and was found to re-
main constant in the control state at 12.5 #0.6 cm/sec
in the supine posture and 13.3 +£0.5 cm/sec in the tilted
posture. Similarly, mean rate of circumferential short-
ening remained constant in response to the positive ino-
tropic effect of isoproterenol at 20.9 *0.5 cm/sec in the
supine position and 20.7 #0.5 cm/sec in the tilted pos-
ture. It is concluded that the constancy of mean rate of
circumferential shortening over the relatively broad
physiologic range of left ventricular end-diastolic vol-
ume and mean force of ejection during a given state of
myocardial contractility represents the coupled recipro-
cal influences of ventricular wall tension and myocardial
fiber length on the velocity of ventricular wall shortening.
Unlike stroke work, stroke power, and mean rate of left
ventricular ejection, which are volume-dependent param-
eters of myocardial performance, the mean rate of cir-

Dr. McDonald was a Lederle International Fellow and
a San Francisco Heart Association Fellow in the Cardio-
vascular Research Institute, University of California Medi-
cal Center, San Francisco. Dr. Blumenthal was a U. S.
Public Health Service Postdoctoral Research Fellow of
the National Heart Institute (7-F2-HE-24,496-03). Dr.
" Mailhot was a San Francisco Bay Area Heart Association
Fellow.

Received for publication 5 April 1971 and in revised form
28 June 1971.

The Journal of Clinical Investigation Volume 50 1971

cumferential shortening appears to be a reasonable index
of left ventricular contractility, which in steady-state
conditions is independent of left ventricular end-diastolic
volume and mean ventricular wall force of ejection. In
this study, changes in mean rate of circumferential
shortening associated with changes of heart rate were
small and variable.

INTRODUCTION

Studies of the mechanics of contraction of isolated papil-
lary muscle (1-5) have shown that the relationships be-
tween force development, velocity of muscle shortening,
and muscle length apply to cardiac muscle in much the
same way as has been defined in isolated skeletal muscle
(6, 7), and that cardiac muscle has the additional capa-
bility of altering its force-velocity relationships (1). In
the most recent investigations, techniques of utilizing
these observations in the analysis of left ventricular per-
formance in the intact animal heart have been developed
(8-12). However, these methods require control of ven-
tricular filling pressure and end-diastolic volume, arterial
blood pressure, and heart rate. In the study of left ven-
tricular function in man, it is impractical to control many
of the determinants of ventricular performance. Conse-
quently, various indirect approaches to the measurement
of left ventricular contractility have been devised. Most
prominent among these has been the measurement of
the rate of pressure development during the isovolumic
contraction period (dp/dt). Gleason and Braunwald
(13) have used the peak value of this measurement with-
out correction. Frank and Levinson (14) have corrected
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peak dp/dt for fiber length of the left ventricular wall
determined by measurement of left ventricular end-dia-
stolic volume using thermodilution. Mason and cowork-
ers, (15, 16) have extrapolated the calculated values
of contractile element velocity from measurements of
dp/dt at a series of points during the pressure-velocity
descending limb of isovolumic tension development to
zero load, the theoretical value for maximum velocity of
shortening of the contractile element (Vma:). Siegel and
Sonnenblick (17) have corrected peak dp/dt by dividing
the latter value by the integrated isometric tension, IIT,
to provide an index independent of fiber length. It is
also possible in such studies to construct indices of ven-
tricular wall force and of velocity of ventricular wall
shortening during systole utilizing measurements of left
ventricular volume and pressure (18-21). The present
investigation was undertaken to determine whether or
not it is feasible, utilizing thermodilution to measure left
ventricular end-diastolic (LVEDV) and end-systolic
(LVESV) volumes (22-25), to apply the concepts of
force-velocity and length-velocity relations of isolated
cardiac muscle to the assessment of left ventricular
adaptation in conscious normal human subjects. In this
study, mean left ventricular wall force (MFE) and
mean rate of circumferential shortening (MRCS) dur-
ing ejection were calculated, assuming that the ventricle
behaves as a contracting, thin-walled sphere. To evalu-
ate the effects of variations of ventricular wall force
and initial length (end-diastolic volume) on velocity
of ventricular wall shortening, observations were made in
subjects in the supine position in which heart size and
MFE are relatively large, and in the 60° head-up tilted
posture in which LVEDV and, consequently, MFE are
reduced. Observations were then repeated during steady-
state response to isoproterenol (I) infusion to assess the
additional influence of a positive inotropic intervention.

METHODS

Five male volunteers? without evidence of heart disease,
ranging in age from 24 to 40 yr, were given 100 mg pento-
barbital orally 2 hr after a light breakfast and were pre-

1 Abbreviations used in this paper: AEDP, end-diastolic
aortic pressure; AESP, end-systolic aortic pressure; AC,
circumferential charge during ejection; I, isoproterenol;
IIT, integrated isometric tension; LVEDC, left ventricu-
lar end-diastolic circumference; LVEDYV, left ventricular
end-diastolic volume; LVESC, left ventricular end-systolic
circumference ; LVESYV, left ventricular end-systolic volume;
LVET, left ventricular ejection time; MAP, mean aortic
pressure; MFE, mean left ventricular wall force; MRCS,
mean rate of circumferential shortening; MRLVE, mean
rate of left ventricular ejection; peak ASP, peak aortic
pressure; SP, stroke power; SW, stroke work.

2 Subjects utilized in this study were from the inmate pop-
ulation of San Quentin Penitentiary (Department of Cor-
rections, State of California). Informed consent was obtained
in the form of a signed statement from each subject.
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pared for study in the following manner. A small poly-
ethylene catheter (PE 50) was introduced through a No. 17
Cournand needle into the right basilic vein and was ad-
vanced until its tip rested in the right atrium. A polyethylene
catheter (PE 160), 15 cm in length was introduced percu-
taneously into the left brachial artery. From this catheter
arterial pressure was obtained, and blood was withdrawn
through a Gilford densitometer for recording indicator di-
lution curves after the injection of indocyanine green through
the right atrial catheter. Cardiac output was determined by
the Stewart-Hamilton method (26, 27). Another polyethyl-
ene catheter (PE 160) with a specially preformed tip was
introduced percutaneously into the right femoral artery and
was advanced until the tip traversed the aortic valve enter-
ing the left ventricle. A few ectopic beats generally occurred
as the catheter entered the ventricle, but were uncommon
during the remainder of the study. Through this catheter,
left ventricular pressure was recorded, and cooled normal
saline was injected to obtain thermodilution. A thin catheter
with a thermistor bead mounted at its tip® was introduced
through a short polyethylene “sleeve” (PE 160) which had
been inserted into the left femoral artery percutaneously.
The “sleeve” prevented bleeding which would otherwise have
occurred around the thermistor catheter. The “sleeve” was
repeatedly flushed and filled with heparinized saline to pre-
vent clotting. A special fitting (B-D 615A) made this pos-
sible. The thermistor bead was positioned approximately 2
cm above the aortic valve and was connected as one arm of
a Wheatstone bridge and was balanced through a carrier
amplifier. Thermodilution curves were recorded after injec-
tion of 5-7 ml of cold saline into the left ventricle over a
period of several heart beats. This method of injection was
chosen because with it there is increased statistical prob-
ability of thorough left ventricular mixing before “washout”
utilized in calculations. 5-10 such curves, free of ectopic
beats, were obtained in each condition of the study. Special
precautions were taken to eliminate the risk of embolism:
(a) a single hole was made at the tip of the ventricular
catheter, (b) the system was kept filled with heparinized
saline, (¢) cooled saline was injected by a senior member of
the team with meticulous attention to eliminate bubbles, and
(d) each study was under the constant supervision of a
senior member of the study team. Strain gauge transducers
were positioned at the level of the fourth intercostal space
5 cm posterior to the “angle of Lewis.” Left ventricular
ejection time (LVET) was measured from the “external
carotid pulse tracing.”” Weissler, Peeler, and Roehll (28)
have shown this method of measuring the duration of left
ventricular ejection to be nearly identical with that mea-
sured from the undamped curves obtained through fluid-filled
catheters positioned in the aortic roots of five resting sub-
jects. This has been confirmed by Whittaker, Shaver, Gray,
and Leonard (29), who compared measurements from ex-
ternal carotid pulse tracings with those recorded simultane-
ously from the central aortic pulse obtained with a catheter
tip manometer. The latter authors showed the variations in
ejection periods measured by the two methods to be prac-
tically identical in response to methoxamine and amyl ni-
trite. More recently, Bush, Lewis, Leighton, Fontana, and
Weissler (30) have shown that systolic time intervals mea-
sured by the noninvasive external method and with catheter
tip manometers are practically identical. In our study, mea-
surements for each state were made over a period of ap-
proximately 5 min and, wherever possible, in random order

* Specially prepared by Victory Engineering Corp., Spring-
field N. J., model AX-1212A.
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to minimize systematic error. Observations were made un-
der control conditions, with subjects in the supine posture,
and in the 60° head-up tilted position, and were then repeated
in the same positions during I infusion (1-1.5 ug/min).
No more than 150 cc of blood was withdrawn for study dur-
ing the procedure. Recordings were made on an Electronics
for Medicine, Inc. (White Plains, N. Y.) multichannel os-
cilloscopic research recorder. Each subject served as his
own control, and statistics were calculated utilizing the ¢
test for paired variates (31).

CALCULATIONS

To obtain left ventricular circumference, ventricular wall
forces during ejection, and MRCS, calculations were
made, assuming that the left ventricle behaves as a con-
tracting thin-walled sphere. Ross, Covell, Sonnenblick,
and Braunwald (10), assuming the intact left ventricle
of the dog to be spherical, have shown that the shape of
the basic force-velocity relationship and its alteration by
inotropic influences are not affected by the method used
for calculating tension. Consequently, the spherical model
has been utilized as a logical basis for the calculation of
indices of ventricular wall force and velocity of shorten-
ing in this study. It is emphasized that values derived
in this manner should be regarded as reasonable indices
rather than absolute values. LVEDV and LVESV were
calculated from the ratio of ESV to EDV (obtained
from thermodilution curves) and from the stroke volume
(23, 25, 32). Although the validity of the indicator di-
lution method of determining left ventricular volume has
been questioned (33, 34), Hugenholtz, Wagner, and
Sandler (35) have shown a close correlation between
values for LVEDV derived from fiberoptic indicator
dilution and from left ventriculography. Although vol-
umes obtained by the former method were systematically
somewhat larger than those obtained by the radiographic
technique, those investigators found that the relationship
of values of LVEDYV obtained by the two methods re-
mains consistent regardless of ventricular size, stroke
volume, or heart rate. Carleton, Bowyer, and Graettinger
(36), while noting a similar systematic discrepancy
between values obtained by the two methods, have ob-
served that indicator dilution is useful in providing an
index of left ventricular volume as well as of variations
therein. Frank and Levinson (14) have also concluded
that indicator dilution provides reliable measurements of
end-diastolic volume in the normal left ventricle, es-
pecially for purposes of assessing changes induced by
various interventions.

From the ventricular volumes, end-diastolic circum-
ference (LVEDC) and end-systolic circumference
(LVESC) were calculated. The difference between the
circumferences, i.e. the magnitude of circumferential
shortening (AC) during left ventricular ejection, was

Velocity of Left Ventricular Contraction in Man

divided by the duration of left ventricular ejection
(LVET) to obtain MRCS.

AC = LVEDC — LVESC centimeters.

MRCS = centimeters per second.

AC
LVET

Ventricular wall tension was calculated for a thin-
walled sphere as the product of the force per umit cir-
cumference (Pressure X Radius/2) and the circum-
ference (2 = X Radius) and is expressed as that force
acting perpendicular to the radius of the ventricle in
grams. Thus,

13.6 .
F=Pr/2 X2rr X — = —
P2 X X g = P X
where P is the pressure in millimeters of Hg and r is
the radius in centimeters.
Accordingly, force at the onset of ejection,

R 13.6
Foe = Pogmrog® X —,
10
was calculated as the product of the radius of the ven-
tricle at the onset of ejection and the aortic end-dia-
stolic pressure (that pressure acting on the ventricular
wall at the onset of ejection). The force at the end of
ejection,

13.6
Fgg = Pgerreg? X ——,

10

was derived as the product of the end-systolic radius
and the aortic pressure at the instant of aortic valve
closure. The difference between For and Fee in this
study averaged about 109 of For and never exceeded
25%. It has been predicted that the ejection phase of
contraction of the normal left ventricle is not strictly
isotonic and that the force in the left ventricular wall
should fall during ejection (37). Moreover, there is evi-
dence in dogs demonstrating a peak force early during
ejection followed by a decline which is slight relative to
the peak force (38). A similar linear fall in ventricular
wall tension was observed in the normal human heart
by Gault, Ross, and Braunwald (39), though in that
study the magnitude of force decrement was relatively
large. Mean force during ejection was, therefore, cal-
culated in this study as

Foe + FEE.

MFE = 2

This expression of ventricular wall tension was
chosen to represent “circumferential load” during ejec-
tion to correspond with “total load” in afterloaded con-
traction of the isolated papillary muscle.

2285



Stroke work (SW) was calculated as the product of
mean arterial pressure, in millimeters of Hg, and stroke
volume, in cubic centimeters, and was corrected to be ex-
pressed in gram meters.

[ SW = MAP X SV 136
= XSV X 1000 °
The quotient of stroke work and LVET yielded stroke
power (SP),

SP = T gram meters per second.

SwW
LVE

Mean rate of left ventricular ejection (MRLVE) was
calculated by the quotient,

SV . .
MRLVE = iVET cubic centimeters per second.
RESULTS

The results in each of the five subjects studied are shown
in Table I, with statistical statements in Table II.
Mean values are expressed as *=SEM.

Control state

Effect of posture change on left veniricular end-dia-
stolic volume, left ventricular end-systolic volume, stroke
volume, and ejection fraction (Fig. 1). In each of the
five subjects studied, LVEDV diminished in the 60°
head-up tilted posture as compared with the supine.
The reduction ranged from 21 to 389, with a mean re-
duction of 29 *39, (P < 0.01). There was an associ-
ated reduction of LVESV in each case, ranging from
20 to 369 of supine values with a mean reduction of
25 +39, (P <0.01), and a fall in stroke volume which
varied from 23 to 419, of supine values with a mean
drop of 34 %39 (P <0.01). The ejection fraction
(SV/LVEDYV) decreased slightly on assumption of the
tilted posture (— 7 *2%, P < 0.05).

Effect of posture change on arterial blood pressure and
mean force of ejection. Although LVEDYV diminished,
there were no significant changes in AESP, AEDP,
peak ASP, or MAP between the two positions. As a
consequence, in accordance with the LaPlace principle,
there was a fall in MFE (— 17 %29, P <0.01) associ-

TasBLE I
Summary of Measured and Derived

Peak T
Subject MAP ASP AEDP AESP LVET CO CI HR (T -1 LVSV
mm Hg mm Hg mm Hg mm Hg sec liters/min liters/ beats/ cm?
min per m? min
C.D. (Cs) 93 120 70 96 0.373 6.10 2.96 56 0.55 109
(CT) 89 120 71 98 0.283 5.05 2.45 60 0.56 84
(I8) 92 179 72 96 0.281 10.44 5.07 72 0.41 145
(IT) 96 198 79 109 0.245 9.10 4.42 100 0.45 91
M.J. (CS) 86 119 73 93 0.270 6.54 3.07 80 0.55 82
(CT) 94 119 80 98 0.229 5.00 2.34 88 0.56 57
(IS) 92 132 72 94 0.231 8.97 4.21 96 0.50 93
an) 97 131 78 94 0.179 7.54 3.54 116 0.50 65
J. H. (CS) 81 112 65 87 0.331 4.92 2.22 52 0.58 95
’ (CT) 81 109 62 88 0.244 4.24 1..89 75 0.64 57
as 91 129 66 93 0.261 8.90 3.97 73 0.45 122
(IT) 81 121 67 74 0.197 6.13 2,73 100 0.51 61
F.T. (CS) 113 144 89 © 109 0.311 5.00 2.59 74 0.56 68
(CT) 109 144 91 111 0.222 4.33 2.24 98 0.61 44
(IS) 103 167 87 91 0.188 8.92 4.62 130 0.52 69
aT) 103 160 84 80 0.160 5.14 2.66 154 0.52 33
D.S (CS) 89 122 67 88 0.296 5.23 3.08 74 0.56 71
CT) 84 107 75 84 0.221 4.16 2.45 98 0.58 42
as) 84 123 65 83 0.255 7.73 4.55 87 0.44 89
(aT) 85 113 65 69 0.182 5.18 3.05 129 0.44 40
Average (CS) 92 +6 123 +5 73 +4 95 +4 0.316 +0.017 5.56 :0.32 2.78 £0.17 67 6 0.56 +0.01 85 +8
(CT) 91 &5 120 +£7 76 +5 96 5 0.240 +0.012 4.56 +0.19 2.27 +0.10 84 47 0.59 +0.02 57 £7
(IS) 92 +3 146 +11 72 +4 91 +2 0.243 40.016 8.99 +0.43 4.48 30.19 92 +11 0.46 3-0.02 104 13
aam 92 +4 145 +16 75 x4 85 7 0.193 +0.014 6.62 +0.76 3.28 +0.32 120 £10 0.48 +0.02 58 +10

CS, control supine; CT, control tilt; IS, isoproterenol supine; IT, isoproterenol tilt; MAP, peak ASP, AEDP, and AESP, mean, peak, end-diastolic, and
end-systolic aortic pressures, respectively; LVET, left ventricular ejection time; CO and CI, cardiac output and index, respectively; HR, heart rate;

T .
T thermal ratio of LVESV/LVEDYV; LVSV, stroke volume; LVSV/LVEDYV, ejection fraction; LVEDV and LVESYV, left ventricular end-diastolic

and end-systolic volumes, respectively; LVEDC, left ventricular end-diastolic circumference; AC, circumferential change during ejection; MRCS, mean
rate of circumferential shortening; MRLVE, mean rate of left ventricular ejection; SW, SP, stroke work and power, respectively; Fog, Feg, MFE, ven-
tricular wall force at onset and end of ejection and mean force of ejection, respectively.
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ated with the reduction of left ventricular volume in the
tilted posture (Fig. 1 D).

Effect of posture change on mean rate of circumferen-
tial shorteming, mean rate of left wventricular ejectionm,
stroke work, and stroke power. In the supine position,
MRCS averaged 12.5 *+0.6 cm/sec, ranging from 11.6
to 14.8 cm/sec. In the tilted position, it averaged 13.3
*+0.5 cm/sec, ranging from 11.9 to 14.8 cm/sec. Thus,
the MRCS of each subject in the two positions showed
no significant differences (Fig. 1 E). The constancy of
MRCS over the broad range of LVEDV and MFE ob-
served in the study is shown in Fig. 2. On the other
hand, there was a fall in MRLVE (—13 %49, P <
0.05), SW (— 34 =49, P < 0.01), and SP (— 14 +49,
P < 0.05) in consequence of the reduction of SV in the
tilted posture as compared with the supine. The relation-
ship of each of these extracardial parameters to LVEDV
is shown in Fig. 3.

During isoproterenol infusion

Effect of isoproterenol on left ventricular end-diastolic
volume, left ventricular end-systolic volume, stroke wol-

Data for Each Subject

ume, and ejection fraction (Fig. 1). In the supine pos-
ture during I infusion LVEDYV was practically unchanged
from that in the control supine position in four subjects
(C.D. +29%, M. J. +2%, J. H. —29%, D. S. —19%)
and fell slightly in one (F. T. —7%). However, LVESV
declined in all subjects (— 18 %39, P <0.01). This
encroachment on LVESYV reserve accounted for a marked
increase in SV in four subjects (C. D. 339, M. J. 13%,
J. H. 289, D. S. 25%), with essentially no change in
one (F. T. +19%) in whom I caused the most pronounced
increase in heart rate (76%). The ejection fraction was
increased in all subjects (22 =59, P < 0.02).

In the head-up tilted posture during I infusion, there
was a significant decrease of LVEDV (—21 *79,, P <
0.05) and LVESV (—35 %79, P <0.01) from that
in the control tilted position. SV in the tilted posture
during I infusion was not significantly different from
that observed in the control tilted position. In all sub-
jects, the ejection fraction in the tilted posture during I
infusion was greater than that observed in either of the
postures without I and was approximately the same as
in the supine position with I.

LvVSsv/
LVEDV LVEDV LVESV LVEDC AC MRCS MRLVE SW SP Foe FEE MFE
cm3 cmd cm cm cm/sec cm3/sec gm g m/sec gf ef ef

0.45 242 133 24.3 4.4 11.8 292 138 370 4470 4110 4290

0.44 191 107 22.4 3.9 13.8 297 102 359 3860 3630 3740

0.59 246 101 24.4 6.3 224 516 181 646 4640 3400 4020

0.55 165 74 21.4 5.0 20.4 371 119 485 3920 3170 3540

0.45 182 100 22.1 4.0 14.8 304 96 355 3860 3300 3580

0.44 130 73 19.7 3.4 14.8 249 73 318 3360 2820 3090

0.50 186 93 22.2 4.6 19.9 403 116 504 3840 3150 3500

0.50 130 65 19.7 4.0 22.3 363 86 © 479 3280 2480 2880

0.42 226 131 23.7 3.9 11.8 287 105 316 3950 3690 3820

0.36 158 101 21.1 2.9 119 234 63 257 2990 3150 3070

0.55 222 100 23.6 5.5 21.1 467 151 578 4000 3300 3650

0.49 124 63 19.4 3.9 19.8 310 67 341 2730 1920 2320

0.44 155 87 20.9 3.6 11.6 219 105 336 4210 3520 3860

0.39 113 69 18.8 2.8 12.6 198 65 294 3480 3080 3280

0.48 144 75 20.4 4.0 21.3 367 97 514 3920 2650 3280

0.48 69 36 16.0 3.1 19.4 206 46 289 2330 1440 1880

0.44 161 90 21.2 3.7 12.5 240 86 290 3260 2920 3090

0.42 100 58 18.1 3.0 13.6 190 48 217 2660 2070 2360

0.56 159 70 21.1 5.0 19.6 349 102 399 3130 2330 2730

0.56 71 31 16.1 3.9 21.4 220 46 254 1820 1110 1460

0.44 +0.01 193 17 108 +10 22.4 +£0.7 3.9 +0.1 12.5 +0.6 268 +16 106 +9 333 14 3950 £200 3510 £200 3730 4200

0.41 +0.02 138 +16 82 +10 20.0 0.8 3.2 0.2 13.3 £0.5 234 +19 70 +9 289 424 3270 210 2950 +260 3110 220

0.54 +£0.02 191 +19 88 16 22.3 0.7 5.1 £0.4 209 0.5 420 x£31 129 £16 528 41 3910 £240 2970 200 3440 210

0.52 +£0.02 112 +18 54 49 18.5 1.1 4.0 £0.3 20.7 £0.5 294 +35 73 £14 370 48 2820 +£370 2020 370 2420 370
Velocity of Left Ventricular Contraction in Man 2287



TaBLE 11

Statistical Analyses
Control tilt vs. I tilt vs. I supine vs. I tilt vs.
control supine (STD) I supine (STD) control supine (STD) control tilt (STD)

LVEDV —29 +39% (P < 0.01)  —43 +£5% (P < 0.01) -1 +29 —21 +79 (P < 0.05)
LVESV —25 £3% (P < 0.01) —40 +£69% (P < 0.01) —18 £39%, (P < 0.01) —35 £7% (P < 0.01)
LVSV —34 £39% (P <0.01) —45 59, (P < 0.01) +20 £6% (P < 0.05) 0£7%
LVSV/LVEDV  —7 %29, (P < 0.05) —4 £29, +22 £5% (P < 0.02) +26 £49 (P < 0.01)
MRLVE —13 449, (P < 0.05) —31 469, (P < 0.01) +37 +£89% (P < 0.01) +25 £79% (P < 0.05)
SW —34 4+49, (P < 0.01) —45 £69, (P < 0.01) +21 £99% +2 £9%

SP —14 +49, (P < 0.05) —30 £7% (P < 0.02) +59 £99%, (P < 0.01) +28 +£99% (P < 0.05)
MAP —1 39 -1 £39 +1 +49, +1 £29,

Peak ASP —3 £29, —2 39, +18 £8% +21 £119,

AEDP +4 £39% +3 £29% 019 —1 59

AESP +1 £29% -7 +£69, —3 +49, —11 +79,

Foxr —17 +£29%, (P < 0.01) —29 469, (P < 0.01) —1 429, —17 £79,

FrE —17 £39% (P < 0.01)  —34 +8% (P < 0.02)  —15 £39% (P < 0.01) —33 £99, (P < 0.05)
MFE —17 £29, (P < 0.01) —31 479, (P < 0.02) —8 £29, (P < 0.02) —23 £8% (P < 0.05)
MRCS +7 +39, —1 4359 +69 +£10%, (P < 0.01) +55 £39% (P < 0.01)

Abbreviations as in Table 1.

Effect of isoproterenol on arterial blood pressure and
mean force of ejection. MAP, AEDP, and AESP were
practically no different during I infusion in both the
supine and tilted postures from the values observed in
the same positions without I. Peak ASP tended to be
higher during I infusion in both postures but not signifi-
cantly so. MFE declined during I infusion in both the
supine (— 8 =29, P <0.02) and tilted (— 23 *89%,
P <0.05) postures (Fig. 1).

Effect of isoproterenol on mean rate of circumferential
shortening, mean rate of left ventricular ejection, stroke
work, and stroke power. MRCS increased markedly
during I infusion in both the supine (69 *10%, P <
0.01) and tilted postures (55 *3%, P < 0.01). As in
the control state, there was a constancy of MRCS at
the increased value over the entire range of LVEDV
and MFE observed in the two positions (Fig. 2).

In the supine posture during I infusion, there was an
increase in MRLVE (57 89, P <0.01) and SP

(59 %99, P <0.01). SW increased in four subjects '

(C. D, M. J, J. H, and D. S.) but decreased in the
fifth (F. T.) in whom a marked tachycardia was asso-
ciated with a drop of SV during I infusion. Compared
with the control tilted posture, MRLVE in the tilted
posture during I infusion increased significantly (25
*+7%, P <0.05). SP also showed a significant increase
(28 £99%, P <0.05), but there was no significant dif-
ference in SW. Fig. 3 shows the volume dependency of
MRLVE, SP, and SW.

DISCUSSION

Left ventricular volume, stroke volume, and cardiac
output. The hemodynamic effects of upright posture in
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man have been studied in detail, and several investiga-
tors have shown that assumption of the upright position
results in a decrease of cardiac output and stroke volume
(4048). In addition, it has been demonstrated that a
reduction of heart size, measured from chest roentgeno-
grams, occurs in normal subjects in the sitting posture
as compared with the supine (49-51). Recently, Rapa-
port, Wong, Escobar, and Martinez (52) have shown a
diminution of right ventriclular end-diastolic volume
when patients without congestive heart failure were
tilted to the 60° upright position.

In the present study, when subjects were changed from
the supine to the tilted posture, LVEDV became consid-
erably smaller with a concomitant reduction of cardiac
output and stroke volume, both in the control state and
during steady-state response to I. The left ventricular
stroke fraction was greater during I infusion in both
postures; however, a change of posture from supine to
head-up tilt resulted in a greater reduction of LVEDV
with I than without. This is compatible with the higher
heart rate during I but may also indicate exaggerated
vascular “pooling” due to gravitational influences associ-
ated with infusion with I (53). There was little varia-
tion of LVEDV in response to I when subjects were su-
pine. Only one (F. T.) exhibited a smaller LVEDV dur-
ing I infusion, and in that subject the associated heart
rate response was greater than twice the average of the
other four subjects. This finding differs from that of
Harrison, Glick, Goldblatt, and Braunwald (54), who
have reported that external ventricular wall dimensions
decreased when I was infused into patients in whom
metal clips had been sewn to the epicardial surface at
the time of cardiac surgery. Changes in distance between
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the clips observed by cineradiography were interpreted
to indicate ventricular chamber size reduction. Our find-
ing was further confirmed by a recent study in our lab-
oratory which has shown a slight random variation of
LVEDV, determined by cineventriculography, in re-
sponse to I in subjects in the supine posture (55). Thus,
LVEDYV does not appear to be characteristically reduced
in normal subjects during response to I in the supine
posture.

Relation of MRCS to left ventricular volume and myo-
cardial wall forces. The concept of MRCS as applied
in this study is based on the assumption that this param-
eter reflects, as an index, the integral of the velocity of
shortening of all left ventricular myocardial fibers over
the duration of ejection. The subjects of the investiga-
tion were normal young men without evidence of heart
disease, thus ruling out influences of myocardial and
valvular abnormalities. MRCS is considered analogous
to the velocity of isotonic shortening observed in studies
of isolated papillary muscle, although in the latter,
velocity of fiber shortening has been measured from the
slope of the initial most rapid portion of the time-distance
curve (1, 4, 7) ; however, analysis of such curves from
the work of Sonnenblick (2) demonstrates that the mean
rate of shortening of an isolated papillary muscle segment
bears a highly significant linear relationship to the
velocity of shortening measured from the initial slope.
It is evident from the data in a left ventriculographic
study carried out by Gault et al. (39) that the relation-
ship between maximum velocity and mean velocity of
shortening of the midventricular circumference is similar
in vivo to that observed in isolated cardiac muscle.

It has been shown that in the heart of the normal dog
(38) and of man (39), ventricular wall tension during
systole falls in a nearly-linear fashion after development
of peak force early in the ejection phase. Therefore, ven-
tricular wall force in this study is represented as a mean
tension during ejection, MFE. This method of calcula-
tion probably underestimates the true mean force of
ejection, but the error is considered small and would
tend to be consistent in each subject of this study. Con-
sequently, MFE is utilized as an index of systolic left
ventricular wall tension and with MRCS is used to con-
struct the mean force-velocity relationship of the intact
left ventricle.

This study shows a fall of MFE as a result of a re-
duction of ventricular volume in the upright posture as
compared with supine (Fig. 14, B, D). However,
MRCS remained constant over the entire ranges of MFE
and LVEDV observed in the two positions (Fig. 2).
When a positive inotropic intervention, I, was imposed,
MRCS increased markedly over that of the control state,
but as in the latter, remained constant (at the increased
level) over a similar range of left ventricular size and
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MFE. This observation was unexpected in the light of

the form of the force-velocity relationship observed in
in vitro studies of isolated papillary muscle preparations
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in which the influences of force and initial length of con-
traction are uncoupled and can be studied separately. In
such preparations it has been demonstrated that there
is an inverse relationship between force (load) and
velocity of shortening (1-6). Thus, as load is decreased,
the velocity of shortening increases. Consequently, in
the present study, applying the force-velocity principle
alone, it was anticipated that a reduction of ventricular
wall force associated with the head-up tilted posture
would be associated with an increase of MRCS. How-
ever, as alluded to above, while MRCS increased in re-
sponse to I, it remained constant over the ranges of
LVEDV and MFE induced by changes of posture.
These observations indicate that in the normal intact
heart, while an increase in myocardial contractility is
associated with an increase in the velocity of ventricular
wall shortening during ejection, the effect of variations
of ventricular wall force associated with changes of ven-
tricular volume is somehow nullified.

It has been demonstrated in the isolated muscle prepa-
ration that initial muscle length is an independent de-
terminant of velocity of shortening (1-5). In other
words, without a change of myocardial contractility, an
increase in initial muscle length shifts the force-velocity
relationship to the right and upward, and, conversely, a
decrease in initial muscle length slows the velocity of
shortening. In the intact left ventricle, unlike the iso-
lated papillary muscle preparation, the influences of
myocardial wall force and of initial muscle length on
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velocity of shortening during ejection are coupled.
Thus, as the heart varies in end-diastolic volume, not
only does the ventricular wall force of ejection vary in
accordance with the LaPlace concept (56), but the ini-
tial myocardial fiber length of the ventricular wall varies
as well. In the normal heart, and probably in all hearts
operating on the ascending limb of a ventricular function
curve, each of these two factors, MFE and LVEDYV,
acts in an opposite way in its effect on the velocity of
left ventricular wall shortening, thus tending to main-
tain a constancy of MRCS independent of ventricular
chamber volume,

This concept of the reciprocal effects of the coupled
influences of force and volume in the intact heart is sup-
ported by the observations of Levine and Britman (9),
Sonnenblick (5), and Fry, Griggs, and Greenfield (8),
the latter of whom concluded, “first, that there is a re-
ciprocal relationship between the tension in the muscle
and the velocity with which it is shortening at any in-
stantaneous volume, and, second, for any instantaneous
tensions, the velocity of shortening increases with in-
creased heart volume.” Ross et al. (10) have reached a
similar conclusion in a study of variably afterloaded and
isovolumic left ventricular conditions in dogs. In addition,
examination of the family of force-velocity curves, which
are produced by variations in initial length of contraction
in the isolated papillary muscle preparation, indicates
that for a given state of contractility there are ranges of
both length and load through which appropriate adjust-
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ments of these two factors can yield constant velocities of
shortening (2; 4, 5). Thus, in the intact normal heart,
it is reasonable to anticipate a tendency toward a con-
stancy of MRCS for any given state of myocardial con-
tractility. In this respect, MRCS as an index of myo-
cardial contractility is similar to the theoretical value
for maximal velocity of shortening of the contractile
element of the isovolumically contracting ventricle
(Vmax) which has been shown to be constant for any
given state of myocardial contractility independent of
ventricular wall force and volume (15).

It has been demonstrated that the rate of left ventricu-
lar wall shortening during systole is in part dependent
on the peripheral vascular impedence structure (10, 57,
58). Thus, it is possible that the increase of MRCS in
response to I observed in this study was in part due
to diminished MFE. However, the constancy of MRCS
in the two postures during I infusion over the broad
range of MFE observed in this investigation indicates
that the relative effect of diminished peripheral vascular
impedence was the same in both positions. This is also
suggested by the tendency for the ejection fraction to
maintain a constant value characteristic of each of the
inotropic states in the two postures, indicating that
variations in ventricular filling and the consequent effects
upon stroke volume are accompanied by matching adjust-
ments in peripheral vascular impedence structure. Be-
cause the ejection fraction appears to have a character-
istic value for any given inotropic state over a rela-
tively broad range of ventricular-loading conditions, it
has been suggested as an index of myocardial contrac-
tility (59-65). The slight reduction of ejection fraction
in the control tilted posture observed in this study sug-
gests the possibility of a physical limit to which the
ventricular wall can shorten. A similar tendency during
I infusion was not statistically significant in this study.
MRCS thus appears to represent an index of myocardial
contractility which is independent of variations of ven-
tricular size and wall tension. However, the possibility
that significant increases in afterload above normal lev-
els may cause a decrease in MRCS without a decrease
in myocardial contractility is suggested by: (a) Shaver,
Kroetz, Leonard, and Paley (66) have shown an increase
in systolic ejection time associated with an increase of
LVEDP in patients receiving methoxamine infusion
while heart rate was kept constant by atrial pacing, in-
dicating a reduction of MRCS at an increased LVEDV,
and (b) Mason, Spann, and Zelis (16) have shown a
relatively small increase in Vmax during methoxamine in-
fusion, indicating that methoxamine does not much
change myocardial contractility.

Relation of MRCS to heart rate. In this study,
whereas MRCS increased markedly in response to the
positive inotropic effect of isoproterenol, variations of
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heart rate associated with changes in posture had a small
and variable effect on the mean velocity of left ven-
tricular shortening. In the control state, of the three
subjects whose heart rates increased substantially in
response to the head-up tilted posture, two showed a
slight increase in MRCS (F. T., D. S.) and one had no
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change (J. H.). In the other two subjects who had prac-
tically no change in heart rate when posture was
changed, one showed a slight increase in MRCS (C. D.)
and the other showed no change (M.].). During isopro-
terenol infusion, increases in heart rate due to change
in posture varied from 20 to 42 beats/min. The associ-
ated variations in MRCS were relatively small and in-
consistent, two showing a slight increase (M. J., D. S.)
and three showing a slight decrease (C. D., J. H,, F. T.).
A number of investigators have described an augmenta-
tion in the velocity of shortening of isolated mammalian
cardiac muscle in response to increases of rate of con-
traction, especially at rates below 60/min (1-4, 57, 58,
67). At higher rates, increasing contraction frequency
causes little change or may decrease force of contraction
and velocity of shortening. In the intact areflexic dog
heart, Mitchell, Wallace, and Skinner (68) have shown
those hemodynamic variables which reflect the speed of
myocardial contraction to be increased by augmentation
of heart rate. Covell, Ross, Taylor, Sonnenblick, and
Braunwald (12), in a study in dogs, have shown an in-
crease in isovolumic contractile element-shortening
velocity and in force of contraction associated with in-
creases of heart rate. In both of the latter investigations,
(@) increments of heart rate as well as the absolute lev-
els of heart rate from which those increments were in-
duced were considerably greater than those observed in
the control state of our investigation, and (b) magni-
tude of increases of velocity of ventricular wall shorten-
ing were relatively small. Sonnenblick, Morrow, and
Williams (69) in a study in patients during cardiac op-
erations found no augmentation in the magnitude but
a moderate increase in the rate of force development of
a constant length of right ventricular wall in response
to relatively large increases of heart rate. In another
study, Sonnenblick, Braunwald, Williams, and Glick (70)
showed in man that doubling the heart rate from normal
resting levels by atrial pacing significantly increased
velocity of myocardial wall shortening. The method in-
volved measurement of the length-time slope of the dis-
tance between metal clips sewn to the right ventricle
during prior cardiac surgical procedures. Measurements
were made at isolength points in each condition of the
study, while associated pressure changes in the right
ventricle were small and inconstant. Though the present
study was not designed to investigate the effect of heart
rate alone on MRCS, it is apparent from the data that
changes of MRCS associated with changes of heart rate
observed in this study were small and variable. Addi-
tional studies are being performed to clarify the effect
of heart rate on MRCS.

Comparison of MRCS with volume-dependent pa-
rameters of left venmtricular performance (SW, SP,
MRLVE). The volume-dependent parameters of left
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ventricular performance have been utilized by several
investigators (71-73). When LVEDV and blood pres-
sure can be controlled, SW, SP, and MRLVE represent
useful indications of the velocity of left ventricular wall
contraction. However, in the present study in which it
was impractical to control LVEDYV and blood pressure,
the volume-dependent parameters are only partially ef-
fective in differentiating the changes associated with
the inotropic state induced by I. Consequently, while the
values for SW, SP, and MRLVE are widely different in
the two states of left ventricular myocardial contractility
at the larger LVEDV observed in this study, they con-
verge at smaller heart sizes, thereby obscuring the ino-
tropic differences (Fig. 3). On the other hand, the values
for MRCS in the control state are widely separated from
those seen during response to I over the entire range of
LVEDYV and MFE observed in this study (Fig. 2). This
clearly demonstrates the usefulness of MRCS as an in-
dependent index of left ventricular myocardial contrac-
tility under the conditions of this investigation.
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