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A B S T RA C T The effects of acute volume loading
were examined on indices of left ventricular (LV) func-
tion in conscious, unrestrained and intact, tranquilized
baboons. Experiments were conducted 1-3 mo after
implantation of ultrasonic transducers to measure LV
internal diameter and wall thickness, and miniature LV
pressure gauges and aortic and left atrial catheters. In
10 intact, tranquilized baboons, rapid volume loading
with saline increased LV end-diastolic pressure by 23.7
±2.6 mmHg, LV end-diastolic diameter by 7.8±1.5%,
LV stroke work by 37.5±7.8%, while mean arterial pres-
sure and peak LV wall stress did not change significantly.
Despite the increase in preload and activation of the
Frank-Starling mechanism, LV dPldt mar and the maxi-
mumvelocity of myocardial fiber shortening (LV dD/
dtmax) did not change. Volume loading afterf/-adrenergic
or combined 3-adrenergic and cholinergic blockades or
volume loading with blood instead of saline also failed
to augment LV dP/dt max and LV dDIdt max despite the
increase in preload. In order to volume load the baboons
in the conscious state, a radiofrequency (RF) interrogator
system was devised, which upon receipt of a radio
command, activated a battery operated pump to infuse
1,000 ml of saline i.v. to the baboons. In these
experiments, preload rose, i.e., LV end-diastolic diameter
increased by 13.9±2.1% and the Frank-Starling
mechanism could be demonstrated, i.e., stroke work
rose by 42.8±7.4%, but LVdPIdtmar and LVdDIdt ma, did
not change. After preload was depressed by hemorrhage,
the rapid infusion of either blood or saline increased LV

Dr. Zimpfer was a research fellow from Wien, Austria
supported by a grant from the Max Kade Foundation. Address
reprint requests to Dr. Vatner, NewEngland Regional Primate
Research Center.

Received for publication 31 August 1979 and in revised
form 1 October 1980.

430

dPldtmax by 92.7±18.5% and LV dDIdtmax by 64.3
±10.1%. Thus, acute volume loading in the conscious
baboons increased LV end-diastolic size and even
stroke work substantially. However, preload depend-
ency of LV dPldtmax and the maximum velocity of
myocardial fiber shortening was only encountered at
low levels of LV preload.

INTRODUCTION

The maximum rate of left ventricular (LV)l pressure
rise, dPldtmax, and the maximum velocity of myocardial
fiber shortening, LV dDIdtmax, are widely used as in-
dices of myocardial contractility. However, the utility
of these indices is limited, due to sensitivity to changes
in preload and afterload. It is generally recognized that
LV dDIdtntar is more sensitive to changes in afterload
(1), while LV dPldt mar is thought to be more sensitive
to changes in preload (2). The concept of preload de-
pendency of LV dPldt max is based on numerous studies
in isolated cardiac muscle (3-6), isolated hearts (6-11),
anesthetized dogs (11-16) and even intact, conscious
dogs (17), and man (18). The conceptual basis for the
preload dependency of LV dPldtmar is that an increase
in preload activates the Frank-Starling mechanism,
which in turn, increases LV dP/dt mar

The objective of the present study was to examine
the effects of acute increases in LV preload on cardiac
performance in a model phylogenetically close to man,
i.e., the intact, instrumented baboon. The specific hy-
pothesis to be tested was to determine if an acute in-
crease in preload would elicit the Frank-Starling mech-
anism, and secondly if under these conditions, LV
dPldt,mar and LV dD/dtm,ar rose.

IAbbreviations used in this paper: LV, left ventricular;
RF, radiofrequency.
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METHODS

Implantation of Transducers

12 baboons (papio anubis), 20-26 kg, were tranquilized
with ketamine hydrochloride, 10 mg/kg i.m., mechanically
ventilated, and anesthetized using either halothane 1.5 vol%
or pentobarbital, Na, 15 mg/kg. Through a left thoracotomy
in the fifth intercostal space, a miniature pressure transducer
(Konigsberg P22, Konigsberg Instruments, Inc., Pasadena,
Calif.) was implanted in the left ventricle through a stab
wound in the apex. A pair of ultrasonic transducers were
implanted on opposing endocardial surfaces of the left ven-
tricle. In six of these baboons another pair of ultrasonic trans-
ducers was implanted across the anterior LV wall, while in
one baboon a third pair of ultrasonic transducers was im-
planted on opposing epicardial surfaces of the long axis of
the LV wall. In all baboons Tygon catheters were implanted
in the left atrium and the aorta. The transducer wires were
run subcutaneously and buried in the interscapular area.

Measurements

Experiments in tranquilized baboons. LV pressure was
measured with the implanted miniature pressure gauges.
These gauges were calibrated against a mercury manometer
in vitro both before implantation and after their recovery from
the animals. The LV pressure gauges were also cross-calibrated
in vivo against the measurements of arterial and left atrial
pressures. These latter pressures were measured using the
implanted catheters and Statham Db strain gauge manometers
(Statham Instruments, Inc., Oxnard, Calif.).

LV diameter and wall thickness were measured with an
improved multichannel ultrasonic dimension gauge (19, 20).
The instrument generates a voltage linearly proportional to
the transit time of acoustic impulses traveling at the sonic
velocity of _1.5 x 106 mm/s between the 3-MHz piezoelectric
crystals, thus giving a record of instantaneous internal LV
diameter and wall thickness. At a constant room temperature
the thermal drift of the instrument is minimal, i.e., <0.01 mm
in 6 h. The frequency response is flat to 60 Hz. Any drift in
the measurement system, in the instrument electronics, the
data tape recorder, and the oscillograph that displayed data
were eliminated during the experiment by periodic calibra-
tions. This involved substitution of pulses of precisely known
duration from a crystal-controlled pulse generator having a
basic stability of 0.001%.

Experiments in conscious, unrestrained baboons. For these
studies the equipment was carried by the animals in a back-
pack, tailored for baboons (Fig. 1). The backpack included
telemetry systems that provided internal LV diameter meas-
urements on a 220-MHz frequency modulated radiofrequency
(RF) carrier, LV pressure measurements and a pilot tone of
62.5 kHz for synchronization of the receiving electronics on a
second RF carrier of 90 MHzusing FM-FMmodulation. To
accomplish the volume loading experiments in the conscious
baboons, an RF interrogator system was used to activate a
motor driven pump, which then emptied the contents of a
1,000-ml saline bag into the animal via a venous catheter that
was previously implanted in the jugular vein, when the elec-
tronics was installed in the backpack before each experiment
(Fig. 1). The interrogator system was a simple on-off switch
controlled by a 10.7-MHz RF carrier, which was tone modu-
lated to afford selectivity against inadvertent activation or in-
activation of the electronics system.

Protocols
Experiments in tranquilized baboons. 1-3 mo postopera-

tively, the animals were again tranquilized with ketamine,
10 mg/kg i.m. initially, and with supplemental doses (3 mg/kg
i.m.) as required. Transducer leads were connected to the
instrumentation as described above. Volume loading, by ad-
ministering 1,000 ml of saline (37°C) over -5 min through
intracaths (14 gauge, Deseret Pharmaceuticals, Sandy, Utah)
placed into two peripheral veins, was accomplished on
separate days, under the following conditions: (a) in 10
baboons, without any other intervention; (b) in 3 baboons,
blood was infused; (c) in 4 baboons after f3-adrenergic receptor
blockade (propranolol, 1 mg/kg i.v.) tested with isoproterenol
challenge, 0.5 ,ug/kg, and (d) in 3 baboons after combined ,B-
adrenergic and cholinergic (atropine, 0.2 mg/kg i.v.) blockades,
tested with acetylcholine challenge, 40 utg/kg; (e) in 6 baboons
volume loading was carried out after a hemorrhage of 30 ml/kg.
In four of these baboons the blood was reinfused first and then
followed by 1,000 ml of saline. In two of these baboons the
saline was administered first and then followed by the
reinfusion of blood. In two animals the procedure was
repeated on a separate day after 3-adrenergic receptor
blockade.

Experiments in conscious baboons. In six conscious un-
restrained baboons sitting in a large outdoor enclosure 1,000
ml of saline was administered i.v. using the RF interrogator
system described above (Fig. 1). It is important to note that
sham volume loading experiments were carried out by activat-
ing the pump, but not infusing the saline.

Data processing
The data were collected on magnetic tape for subsequent

playback for data analysis. Parameters derived from the signals
included LV dPldtma, and LV dDIdtmar, i.e., the velocity of
myocardial fiber shortening, using analog operational ampli-
fiers. Expanded LV pressure was used to determine LV end-
diastolic pressure. The frequency responses of differentiators
was 700 and 140 Hz for dPldtmax and dDIdtmaz, respectively.
Heart rate was derived using a cardiotachometer, triggered
by the LV pressure pulse. LV wall stress was calculated for a
thick-walled elliposidal model using the formulas suggested
by Mirsky (21, 22). These formulas require knowledge of the
relationship between the short and long axis of the left ven-
tricle. This information was collected in one baboon, in which
both measurements, i.e., LV long and short axis were recorded.
During volume loading from the preload depressed base line,
this relationship varied due to the assumption of a more
spherical shape by the ventricle. During volume loading from
the non-preload depressed base line, the ratio of the short
to long axis remained - at 0.62. Peak LV wall stress was calcu-
lated only for these latter experiments, and a value of 0.62
was used for the ratio of LV short to long axis. Peak LV wall
stress was evaluated using a PDP-11/34 computer (Digital
Equipment Corp., Marlboro, Mass.), which sampled LV pres-
sure, minor axis LV diameter and LV wall thickness signals
through an analog-to-digital converter and calculated the
stress at 7-ms intervals. For the calculation of LV external
cardiac work in tranquilized baboons, LV stroke volumes, de-
rived from the LV end-diastolic and end-systolic diameter
values assuming a spherical shape of the left ventricle, were
multiplied by the mean arterial pressure. For the calculation
of internal stroke work in the conscious baboons (since arterial
pressure was not measured in these experiments) instantane-
ous LV pressure and diameter signals were digitized into the
PDP 11/34 computer at 250 Hz, and the area inscribed by

Effects of Acute Increases in Left Ventricular Preload 431



BACKPACK INSTRUMENTATION

LV DIAMETER

LV WALL THICKNESS
-- LV PRESSURE

r MHz Corouirri6rw
*1, osmritt e

90 MHZ FM

* R eceive

2220 MHz AMKA
Receiver

DATA STATION INSTRUMENTATION

Sobcar rier
** Dscri-niriator

scimntor- _ Instrumentatiol) Str ip Char
Tape Recorder

-'[ _RecorderL
Dinrensioil

Coliditioruitrg
Cijrcu try

)scilloscope

Fi(iua 1 The instrumiiienitationi carried by the baljoonis in a backpack is shown schematically.
The backpack contaiined the dual dimension/pressure telemetry apparatus plus batteries, which
wvere used to power the system. An RF controlled interrogator was used to activate a motor driven
ptump to infuse 1,000 ml saline. The electroniic instrumentation in the remote data station, used to
receive and(l process the electroniic signals, is schemiiatically depicted at the bottom.

tile LN7Lprcssmc-(lialmeter loop1)was compute(d ats ani inldex
of \vork.

Restults are expressed as miiean ±SEM. Signiificant chaniges
f'romi l)ase line were determiinied usinig the paired t test, with
the excepltiom of the mutltiple (eatch 5-miml Hg inierement in
left atrialt pressuire) responses to volume loading in the trani-
ritilizecl i)alboons. These latter (lata were comppare(d to control
usinig anialysis of variance (23).

RESULTS
Values liste(d are statistically signiificaint, unless noted
otherwise. Specific confidenee vailues are in the tables
anid figures.

Volumize loading in intact, tranquilized baboons
The data for these experiments are tabulated for

each 5-mm Hg increase in left atrial pressure that
occurred with volume loading (Table I). Volume load-
ing increased LV end-diastolic diameter by 7.8+1.5%,
LV stroke shortening by 22.6+3.8%, and heart rate
by 36.1+4.4%, whereas LV systolic pressure did not
change significantly (Fig. 2). With volume loading the
increases in LV end-diastolic diameter were associ-
ated with a progressive elevation in LV stroke work
(37.5+7.8%) (Fig. 3). Mean arterial pressure and peak
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TABLE I
Effects of Volume Loading for Each 5-mmn Hg Increment in Left Atrial Pressuire

Change from control with increase in left atrial presstire

it Control 5 10 15 20

mmHg

Heart rate, beats/min 11 87.4+3.7 9.9± 1.5* 20.9+2.3* 27.2±2.4* 30.6+3.3*
LV systolic pressure, mmHg 11 137.7+4.0 -0.6±+1.0 -1.3±+1.5 -4.0±3.2 -4.9+3.2
LV end-diastolic pressure, mmHg 11 9.3+0.8 6.3±0.6* 12.9±1.3* 19.1±1.9* 23.7±2.6*
LV end-diastolic diameter, mm 11 40.0±1.5 1.5±0.3* 2.3±0.5* 2.6±0.5* 3.0±0.5*
LV end-systolic diameter, mm 11 29.8±2.7 0.6±0.2 0.7±0.2 0.7±0.3 0.9±0.4*
LV stroke shortening, mm 11 10.2±1.7 1.0±0.2* 1.5±0.4* 1.8±0.4* 2.0+0.3*
LV end-diastolic wall thickness, mlmm 6 10.6±0.8 0.0±0.0 0.0±0.1 0.1±0.1 0.1±0.1
LV end-systolic wall thickness, mm 6 14.2+0.7 0.2+0.1 0.4+0.1* 0.5±0.1* 0.7±0.2*
LV stroke wall thickening, mm 6 3.6±1.0 0.2±0.1* 0.4±0.1* 0.5±0.2* 0.6±0.2*
LV dP/dt max, mmHg/s 11 2,357±235 -134±57 -122±59 -42±62 -135±115
LVdD/dtmaz, mm/s 11 57.4±3.4 0.6±1.1 0.3±1.2 1.8±1.7 1.2±2.0
Mean arterial pressure, mmHg 11 108.1±5.7 0.5±0.6 1.3±+1.4 -0.3±2.6 -2.4±3.4
LV stroke work, g-cm 11 2,600±210 419±67* 703±135* 779+140* 838±127*
LV wall stress, g/cm2 6 243±71 6.6±5.2 1.0±5.9 -0.3±7.7 -8.4± 12

* Change from control significant, P < 0.01.

LV
DIAMETER
(mm)

LV
VELOCITY
(minis)

LV
PRESSURE
(mm Hg)

(mm Hg)

(mm Hgs)

MEANLARTERIAL
PRESSURE
(mm Hg)

MEA L. 'ATR:I.L

HEART
RATE
(beats/min)

0.55,mi 0.5 s

FIGURE 2 The effects of volume loading are shown on meas-
urements of LV diameter, velocity of fiber shortening (dD/dt),
pressure, end-diastolic pressure, dP/dt, mean arterial pressure,
mean left atrial pressure and heart rate in baboon tranquilized
with ketamine. Volume loading consistently increased LV
end-diastolic diameter, did not affect mean arterial pressure,
and failed to increase either LV dPIdt or dDIdt.

LV wall stress did not chanige signiificanitly despite the
marked preload stress (Fig. 3). Actute voltumne loading
with saline also failed to elicit significant chaniges in
LV dP/dt,,,(Ix, and LV dD/dt,,,i, (Fig. 4). In the baboons
given lblood instead of salinie, a simiiilar pattern was
observed. Arterial blood gases were analyzed using
a radiometer acid-base analyzer (PHM 71 MK2) and
blood microsystem (BMS 3 MK3) (Radiometer Co.,
Copenhagen, Denmark). In experiments with saline,
infusion arterial PO2 (78+3.0), pCO2 (39±1.7), and pH
(7.42) did not change significantly, whereas hematocrit
fell fronm 37+1.2 to 29+1.3. In experiments with blood
infusion, neither arterial blood gases nor hematocrit
changed significantly.

Autontiomic blockades. Control values after 8-
adrenergic receptor blockade with propranolol are noted
in Table II.

After ,8-adrenergic receptor blockade, volume loading
increased LV end-diastolic pressure (187.0±14.1%), LV
end-diastolic diameter (2.0±0.3%), heart rate (22.5±7.6%),
LV stroke shortening (15.7±3.5%) and stroke work
(15.9±4.4%) (Fig. 5), while mean arterial pressure, LV
dP/dt,,mar and LV dD/dt mar did not change (Fig. 5). Af-
ter combined 8-adrenergic and cholinergic blockades,
when heart rate remained constant with acute elevation
in IV preload, volume loading still failed to elicit in-
creases in LV dPldt,ar and LV dDIdtmax.

Depressed preload. Preload was depressed by hem-
orrhage, 30 ml/kg. Volume loading in the presence of
depressed preload increased markedly LV end-diastolic
diameter (37.0±8.1% from 28.6±2.5 mm), LV stroke
shortening (185.2±42.0% from 2.8±0.3 mm), and LV
stroke work (1,176±379% from 207±54 g-cm). In these
experiments LV dP/dtmax rose significantly (Fig. 6),
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FIGuRE 3 The average±SEM percent changes in LV end-
diastolic pressure (EDP), LV end-diastolic diameter (EDD),
LV stroke shortening, mean arterial pressure (AP), and peak
LV wall stress are shown for responses to volume loading
in tranquilized baboons. Significant changes are noted by
asterisks. Volume loading elicited the Frank-Starling mecha-
nism, i.e., it increased LV end-diastolic diameter, stroke
shortening and stroke work, but failed to alter afterload signifi-
cantly, i.e. either mean arterial pressure or peak LV wall stress.

i.e. by 92.7±18.5% from 1,360± 130 mmHg/s. LV-
dD/dtmax rose by 64.3±10.1 from a control of 58.0±3.6
mm/s. Reinfusion from the depressed preload state
after /8-adrenergic blockade still resulted in increases
in LV dP/dtmax of 56 and 100% in the two experi-
ments conducted.

Volume loading in conscious, unrestrained
baboons (Fig. 7)
Base-line values for volume loading are included

in Table III and Fig. 7.
Whenthe mechanism for volume loading was activated,

but saline was not infused, effects on cardiovascular
dynamics were not observed. However, volume load-
ing increased LV end-diastolic pressure by 196±41%,
LV end-diastolic diameter by 13.9±2.1%, heart rate by
41.3±9.9%, LV stroke work by 42.8±7.4%, while LV

*1

* *_I......

* .e-- LVdP/dt
D w..........i-- LV MIocity

.. LVStroke Work
* P<O.O1

--- ---
------

0 5 10 15 20
A Left Atnal Pressure (mm Hg)

FIGuRE 4 The average±SEM percent changes in LV stroke
work (A), LV dD/dtmaxr (U), and LV dP/dtmax (0) are shown
for the tranquilized baboons in response to volume loading
for each 5-mm Hg increment in left atrial pressure. Signifi-
cant changes from control are noted by asterisks. Volume
loading increased stroke work substantially but failed to alter
either LV dP/dtmax or the maximum velocity of myocardial
fiber shortening.

systolic pressure was not changed significantly. Despite
the relatively large increases in LV end-diastolic di-
ameter and stroke work, which occurred because these
experiments were conducted in baboons in the upright
posture, LV dPIdtmax and the velocity of myocardial
fiber shortening (LV dDIdtmaz) failed to increase.

DISCUSSION

The maximum rate of pressure rise in the left ventricle,
dP/dtmax, could be extremely useful as an index of myo-
cardial contractility in man and experimental animals,
if it was not suspected of being preload dependent
(2). Studies demonstrating an influence of preload on
LV dP/dtma,, have been conducted in isolated cardiac
muscle (3-6), isolated hearts (6-11), intact anesthe-
tized animals (11-16), conscious animals (17), and man
(18). More recently, results from studies in man have

TABLE II
Base Line Values after ,-Adrenergic Blockade in

Four Intact, Tranquilized Baboons

Heart rate, beats/min 90.0±1.0
LV systolic pressure, mmHg 137.3±5.9
LV end-diastolic pressure, mmHg 10.8±0.9
LV end-diastolic diameter, mm 41.7±1.5
LV end-systolic diameter, mm 34.6±1.4
LV stroke shortening, mm 7.2±0.9
LV dP/dtmax, mmHgls 2,367±325
LV dDIdt.ma, mm/s 50.3±4.7
Mean arterial pressure, mmHg 100.3±5.6
LV stroke work, g -cm 2,217±279
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FIGURE 5 The average±SEM percent changes in LV stroke
work (A), LV dDldtm,,a (U), and dP/dtma, (0) are shown for the
tranquilized baboons in response to volume loading after /8-
adrenergic blockade. Significant changes from control are
noted by asterisks. After,8-adrenergic blockade volume loading
still increased stroke work and still failed to alter either LV
dPldt,nax or LV dDIdtmax, indicating that reflex mechanisms
were not masking the preload sensitivity of these indices.

(luestioned the concept of preload dependence of LV
dPldtmnax (24-26). However, human studies are limited
because of the inability to stress the left ventricle
severely due to ethical considerations. For example,
in the study of Quinones et al. (26) the volume load
was 10-20% of that utilized in the present investigation,
i.e., roughly one-third the volume was administered
to patients with body mass roughly threefold larger
than the baboons. On the other hand, studies in isolated
cardiac muscle, isolated hearts and open-chest anes-

REINFUSION .
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FIGURE 6 The average-SEM\ percent changes in stroke work
(A) and LV dPldt,,,ax (@) are compared with infusion of either
blood or saline from the depressed preload state (left panel)
and in the normal physiological state (right panel). The meas-
uremiients are plotted against changes in both left atrial pressure
(LAP) and LV end-diastolic diameter (LV EDD). Significant
changes are indicated by the asterisks. In both situations
increasing preload enhanced LV stroke work but only vith
depressed preload did LV dPldt,,,ar rise significantly vith
volume loading.
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FIGURE 7 The average±SEM percent changes in response
to acute volume loading for LV end-diastolic pressure (LV
EDP), end-diastolic diameter (LV EDD) and stroke work,
dPldt,,,ma and LV velocity of fiber shortening (LV dDIdt,,.,)
are shown for six conscious baboons studied in the upright
posture. Control values prior to volume loading are shown
at the base of the bars. Volume loading increased LV EDP
markedly and also increased LV EDDand stroke work, but
failed to alter LV dPIdt.,.a or LV dDIdt max significantly.

thetized preparations can be criticized on the basis
that they are unphysiological. Indeed, directionally
opposite results are found when the effects of volume
loading are examined in open-chest anesthetized and
intact, conscious dogs (27). However, extrapolation
from experimenits in conscious dogs to man is limited
by virtue of species difference. The present investiga-
tion attempts to overcome many of the above mentioned
limitations in experimental design, by examining the
control of cardiac performance in a primate model
of man.

Since the mechanism for preload dependence of LV
dPldt mar and the maximum velocity of fiber shortening

TABLE III
Base Line Values int Six Conscious,

Unrestrained Baboons

Heart rate, beats/min 96.5±+-6.3
LV systolic pressure, mmHg 141.8+3.8
LV end-diastolic pressure, mmHg 9.4±1.2
LV end-diastolic diameter, mm 35.0+1.5
LV end-systolic diameter, mm 28.3± 1.8
LV stroke shortening, mm 6.7±+0.4
LV dP/dt max, mmHg/s 2,726+292
LV dDIdt,nax, In in/s 66.5± 1.8
LV stroke work, mmHg-mm 1,355+265
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is thought to be related to the Frank-Starling mecha-
nism, it was important to first determine whether the
Frank-Starling mechanism could be demonstrated in
the baboons. Volume loading in tranquilized baboons
elicited increases in left atrial and LV end-diastolic
pressures, LV end-diastolic diameter, stroke shortening,
and external cardiac work, indicating that the Frank-
Starling mechanism could be activated. The increases
in LV end-diastolic diameter were relatively small,
compared with increases in cardiac dimensions with
volume loading in anesthetized animals with an open-
chest (27), but were slightly greater than those
observed in conscious, reclining dogs, since reflex
increases in cardiac rate, which oppose increases in LV
end-diastolic dimensions, were less in the baboons
than previously observed in dogs (27). Moreover,
increases in LV stroke-shortening were greater in the
baboons than previously observed in conscious dogs
(27). In part this was due to the difference in effect on
afterload; in baboons afterload did not rise, whereas in
dogs the significant increases in afterload prevented
increases in stroke-shortening. In contrast to both
conscious and anesthetized dogs, despite the acute and
distinct elevation in LV preload, LV dPIdtmax, and the
maximum velocity of fiber shortening, LV dDIdtmax,
failed to change significantly with volume loading in
the baboon.

Many prior studies on this topic in either anesthe-
tized (27) or conscious (17, 27) animals are limited by
the fact that afterload also changes with volume load-
ing. Serendipitously, in the baboon, acute volume load-
ing does not result in a significant increase in afterload,
whether this determinant of cardiac function is evalu-
ated on the basis of mean arterial pressure measure-
ment or of peak LV wall stress calculation. Thus, in the
present investigation the conclusion that an increase in
preload from base line levels is not associated with an
increase in either LV dP/dtmax or LV dD/dtmar is not
complicated by changes in afterload.

Volume loading experiments were also conducted
with blood, suspecting that the hemodilution induced
by saline, might skew the results. However, volume
loading with blood elicited similar results, i.e., LV dPI
dtmax and maximum velocity of myocardial fiber short-
ening failed to rise despite the increase in preload and
activation of the Frank-Starling mechanism.

It was also conceivable that a reflex negative inotropic
effect, mediated through either high or low pressure
baroreceptors, attenuated the rise in LV dP/dtmax and
LV dDIdt wax induced by an increase in preload. This is
unlikely, since experiments either after f3-adrenergic
receptor blockade alone or after combined ,8-adrenergic
and cholinergic blockades, failed to demonstrate an
increase in LV dP/dtmax, or LV dDIdtmax with vol-
ume loading.

It is important to note that heart rate rose with volume
loading. This should not counter the conclusions of
the present study, since tachycardia, per se, should
if anything increase LV dPldtmax and LV dDIdtmax
through the Bowditch mechanism. However, in these
experiments, as was observed previously in conscious
dogs, the Bowditch mechanism appears to be of little
importance in controlling myocardial contractility (28).
The data in the present study were not affected signifi-
cantly by the modest rise in heart rate. Furthermore,
after combined ,-adrenergic and cholinergic blockades,
acute volume loading was neither associated with an
increase in heart rate nor increases in LV dPIdtma.a or
LV dD/dtmax.

It was felt particularly important to examine the re-
sponse to volume loading in conscious, unrestrained
baboons, since tranquilization could affect the control
of cardiac performance. To do this, a 1,OOO-ml bag of
saline was attached to a venous line and a motor driven
pump, carried in the backpack of the animal. In the
conscious, unrestrained baboons, acute volume loading
elicited a similar response to that observed in the tran-
quilized animals, i.e. with an increase in preload, LV
end-diastolic diameter and stroke work rose, indicating
that the Frank-Starling mechanism could be activated.
The increases in LV end-diastolic diameter were larger
in the conscious as opposed to the tranquilized baboons
because the conscious, unrestrained baboons were sit-
ting and not reclining, and thus had a slightly depressed
preload due to the different posture. Despite this larger
increase in preload, LV dPIdt max and LVdDIdtmax failed
to change significantly. It is important to note that no
hemodynamic changes were observed when the sys-
tem was activated but saline was not infused.

It may be speculated that many prior experiments
in lower species, particularly those with an open chest,
were conducted with the preload artificially depressed.
Therefore, baboons were also studied on separate days
when LV preload was artificially depressed by acute
hypovolemia. Acute hemorrhage was followed by re-
infusion of the blood or by infusion of saline. Under
these conditions, i.e., with depressed LV preload, a
striking increase in LV stroke work was associated with
a pronounced preload dependency of LV dPldtmax and
LV dDIdtmax. It is important to note that at very low
arterial pressure levels as occurs with hemorrhage,
increases in LV dPldtmax with reinfusion do not only
reflect changes in preload, but also are associated with
increases in afterload. The increases in LV dP/dt max
and LV dD/dtmax with volume loading in the pres-
ence of depressed preload were not due to reflex
mechanisms, since they still were observed after f8-
adrenergic blockade.

It is important to note that preload (LV end-diastolic
diameter) rose significantly more for a given increment
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in LV end-diastolic pressure in the experiments con-
ducted from a depressed preload (left side, Fig. 6) as
compared with those experiments conducted from the
normal l)ase line (right side, Fig. 6). It is conceivable
that the greater preload stress, per se, cotuld explain
why LV dP/dt,,,, rose significantly more from the
preload-depressed base line. In order to examine this
possil)ility, responses of LV dP/dt, ,max were normalized
for changes in LV end-diastolic diameter. The entire
inierease in LV end-diastolic diameter that was ob-
served with volume loading from the normal base line
was 3.3 mmn (Fig. 6, right side). This increase in LV
enid-diastolic diamiieter was not significantly different
fromii the fouir inidividual increases in LV end-diastolic
liameter, which varied from 1.7 to 3.9 mmnn, wheni vol-

umiiie loadIinig was carried out from the preload-depressed
base linie (Fig. 6, left side). However, each of these
four increases in LV dPldt,,na, that occured with 3 mm
Hg inicremiients in left atrial pressure with volume load-
inig in the presence of depressed preload, were sig-
niificantly greater (P < 0.05) than what was observed
with the entire increase in preload from the normal
base linie.

In conclusion, in both conscious, unrestrained and
intact tran(luilized baboons, volume loading with blood
or saline elicited the Frank-Starling mechanism with-
ouit affecting afterload substantially. The acute eleva-
tioin of LV preload from physiological base line levels
failed to augment either LV dPldt,,nx or the maximum
velocity of mlyocardial fiber shortening. On the other
hand, in accordance with experiments in lower species
with artificially depressed preload levels, activation
of the Frank-Starling miiechanism after volume deple-
tioni vas associated with substantial increases in LV
dIP/dt,,,na and LV dDIdt,,i,,. The results of the present
investigation indicating insensitivity of LV dP/dtn,,ax
to increases in preload, suggest that this index, also
because of its relative insensitivity to changes in after-
load and to moderate changes in heart rate, should
be useful in human as well as animal studies to de-
fine myocardial contractility as long as base line pre-
load is not depressed. With this in mind it is important
to note that the majority of patients studied at car-
diac catherization exhibit normal or elevated levels
of preload.
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