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Role of Ventriculovascular Coupling in Cardiac Response
to Increased Contractility in Closed-Chest Dogs
Gregor L. Freeman and James T. Colston
University of Texas Health Science Center at San Antonio, and Audie Murphy
Memorial Veterans Hospital, San Antonio, Texas 78284

Abstract

While both dobutamine and pacing tachycardia augment left
ventricular (LV) contractility, whether overall cardiovascular
response to these stimuli is comparable is not known. To ad-
dress this question we studied seven dogs previously instru-
mented with three LV diameter gauges and LV pressure ma-
nometers. After ganglionic blockade and sedation, caval occlu-
sions were performed at heart rates of 120, 160, and 200 bpm
before (C), and 160 and 200 bpm after administration of 10
ag/kg per min dobutamine, i.v. (D). The effective arterial elas-
tance (E.) went up from 14.2±4.5 mmHg/ml at C120 to
19.6±8.8 (P < 0.025 vs C120) and 24.2±10.4 (P < 0.001 vs
C120) mmHg/ml at C160 and C200. E", the slope of the
end-systolic pressure-volume relation, increased with pacing
from 9.7±4.6 to 11.7±43 (P < 0.02), and 13.2±5.7 (P < 0.02)
mmHg/ml at 160 and 200 bpm. With dobutamine infusion E.
went down, and E., was further increased to 37.0±20.9
mmHg/ml at 160 bpm (P < 0.002 vs C160), and 53.0±22.6
mmHg/ml at 200 bpm (P < 0.002 vs C200). Comparison of
stroke work and pressure-volume area from single beats with
matched LV end-diastolic volumes showed that these were
both increased by dobutamine, but not by pacing tachycardia.
While increased heart rate after dobutamine markedly in-
creased contractility, E. was not changed, and neither stroke
work nor pressure-volume was further increased. Thus, how
well an increase in contractility is transmitted to the periphery
is determined in part by arterial behavior. Assessment of both
the arterial system and cardiac contractility is necessary to
fully evaluate the overall impact of an inotropic stimulus. (J.
Clin. Invest. 1990. 86:1278-1284.) Key words: dobutamine-
force-frequency effect * elastance * cardiac mechanics

Introduction

Under ordinary conditions in the intact heart, ventricular
myocardium does not function at its maximal level of con-
tractile performance. Thus the organism has reserves available,
and contractility can be augmented when demand for cardiac
performance is increased. Two mechanisms by which this can
occur are adrenergic stimulation and increased heart rate, or
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(1-3) and in intact hearts (4-6) have shown that both of these
stimuli increase the inotropic state of the myocardium. How
effectively this increase in myocardial performance is trans-
mitted to the systemic circulation may be, however, deter-
mined to some extent by the vascular bed through the process
of ventriculovascular coupling.

By analyzing hemodynamic data in the pressure-volume
plane it is possible to gain information on the performance of
both the left ventricle (LV) and the circulatory bed. For the
LV, contractile performance has been characterized by means
of the end-systolic pressure-volume (Pc,,-V,) relation (7), as
well as the relation between stroke work (SW) and LV end-dia-
stolic volume (8, 9). As an extension of the Pes-Ves relation,
Suga and colleagues have shown in isolated supported hearts
that the area bounded by the Pt-Ves relation and the pres-
sure-volume loop, which they term the pressure-volume area
(PVA), is linearly related to myocardial oxygen consumption
(10, 1 1). These investigators have also shown in intact dogs
that the fraction of the PVA comprised of stroke work is an
index of the efficiency of mechanical transfer from the LV to
the circulatory bed (12). Thus, the pressure-volume plane
allows evaluation of the performance of the muscle (contractil-
ity) as well as the LV as a pump supplying output to the
systemic circulation.

Pressure-volume plane analysis is also useful for assess-
ment of the mechanical behavior of the circulatory bed. Suna-
gawa and colleagues have shown that effective arterial elas-
tance (Ea) can be estimated from the LV pressure-volume
loop (13, 14). This parameter allows a measure of how much
the aortic pressure will rise for a given degree of cardiac ejec-
tion. Since the pressure-volume construct provides data on
both LV performance and circulatory performance it may be
ideal for assessing ventriculovascular responses to stimuli in
the intact circulation.

The purpose of this study was to evaluate changes of LV
contractility and ventriculovascular coupling that occur in in-
tact, closed-chest dogs after inotropic stimulation by increased
stimulation frequency, before and after dobutamine infusion.
The results demonstrate that these stimuli have additive effects
on LV contractility. The overall circulatory response to each
stimulus differed considerably because of different effects on
Ea. In particular, the increase in contractility due to tachycar-
dia was only partly transmitted to the arterial circulation be-
cause of the accompanying arterial response. Thus, in addition
to how stimuli affect the heart, their effects on the vascular
system should be considered when assessing how they alter
overall cardiovascular behavior.

Glossary

C control
D dobutamine

1278 G. L. Freeman and J. T. Colston

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/90/10/1278/07 $2.00
Volume 86, October 1990, 1278-1284



DAP

DLA
DSL
dP/dt
Ea
Ems
EDV
LV

MW
PVA
SW
TransPvA

anterior-posterior LV diameter
long axis LV diameter
septal-lateral LV diameter
rate of change of pressure with respect to time
effective arterial elastance
slope of the end-systolic pressure-volume relation
end-diastolic volume
left ventricular
slope of the stroke work end-diastolic volume relation
pressure-volume area
stroke work
percentage of PVA transferred to the circulatory bed

Methods

All studies were carried out according to the NIH Guide for the Care
and Use of Laboratory Animals (15). Seven conditioned mongrel dogs
of either sex were used. Our surgical preparation has been previously
described in detail (16, 17). In brief, after administration of 1-2%
halothane anesthesia and under sterile conditions, three sets of piezo-
electric crystals were implanted in the endocardium of the LV. These
permitted continuous assessment of anterior-posterior (DAp), septal-
lateral (DSL), and long axis (DLA) diameters. A micromanometer
(Konigsberg Instruments, Inc., Pasadena, CA) and a 1.1-mm i.d.
fluid-filled catheter for calibration of the micromanometer were placed
through the LV apex and held in place by a purse-string suture. Pacing
electrodes were sewn to the epicardium of the left atrium. Balloon
occluder cuffs were positioned around both the superior and inferior
venae cavae, and the chest was closed in multiple layers, with leads
exiting from the base of the neck. The animals were studied after full
recovery from surgery, a period of at least 10 d, during which time they
were trained to lie quietly in a sling.

Each dog was studied while lying on its side after sedation with
intravenous fentanyl (0.03-0.06 mg/kg) in combination with droperi-
dol (1.5-3.0 mg/kg) and after intubation. Autonomic blockade was

produced by the intravenous administration of hexamethonium
(20-25 mg/kg).

To minimize the influence of fluctuations in intrathoracic pressure,
data were recorded over 10-s-periods while the dogs were apneic after a

brief period of hyperventilation. During the recording period, the en-

dotracheal tube was held open to the atmosphere and the dogs were

observed to make certain they made no respiratory efforts. Steady state
data were recorded after atrial pacing to a rate of 120 bpm(C120), then
caval occlusions were performed to reduce LV pressure and volume.
Next, the pacing rate was increased to 160 bpm(C160) and steady state
and caval occlusion data again recorded; this was repeated after heart
rate was increased to 200 bpm (C200).

At this point dobutamine infusion was begun at a rate of 10 sg/kg
per min. After a 5-10 min equilibration time data were again recorded
at atrial pacing rates of 160 bpm (D160) and 200 bpm (D200).

Analogue recordings were made on an 8-channel, forced ink oscil-
lograph (Beckman Instrumentsinc., Palo Alto, CA) at a paper speed of
25 mmper s. The following measurements were obtained: LV pressure
(P), the first derivative of LVP with respect to time (dP/dt), ECG, and
the three dimensions DAP, DSL, and DLA. These parameters were also
simultaneously converted from analogue to digital at a sampling rate of
200 Hz using a PC (IBM Corp., Danbury, CT), and stored on floppy
disks.

Data analysis. The digitized data were analyzed using computer
algorithms developed in our laboratory. Pressure and diameter data
were analyzed without the use of digital filters. dP/dt was calculated
using a running 5-point linear fit of the LV pressure values. LV
volume was calculated from the three orthogonal diameters,
assuming the ventricle was an ellipsoid, using the equation: VLV
= wr/6(DAp* DSL DLA). End-diastole was defined at the z point of the
LV pressure curve, which is the pressure nadir after atrial systole, prior
to the rapid rise in LV pressure. End-systole was considered to occur at

the left upper corner of the LV pressure-volume loop (18). The volume
at the onset of ejection (V~j) was defined as the right upper corner of the
LV pressure-volume loop. Stroke volume (SVOL) was defined as Vej-
Ve,. Stroke work (SW) was defined as the area of the LV pressure-
volume loop for each cardiac cycle, described by the equation: SW
=f PdV.

The Pfi-V,, relation data were fit applying a linear least-squares
algorithm to the equation: P4,,, = Es(VV - VO), where E is the slope of
the relation, and V0 its volume axis intercept. To avoid problems that
could arise from extrapolation of the Pes- V. relation substantially
beyond the data range, the volume at an end-systolic pressure of 100
mmHg,termed V100, was determined from the coefficients defining the
linear relation.

The slope and volume axis intercepts of the SW-EDVrelation were
determined by linear least-squares algorithm using the equation: SW
= Mw(EDV- Vw), where Mwis the slope of the relation, and Vw its
volume intercept. Again, to avoid errors which could arise from ex-
trapolating beyond the data range, end-diastolic volume at SWof
1,000 mmHg-ml was determined from the linear coefficients, and
termed VwIowo

The PVA was defined as described by Suga et al. (10), and was
calculated for each beat of a caval occlusion run. The efficiency of
energy transfer from PVA to external mechanical work was evaluated
following the method of Nozawa et al. (12), using the equation:
TransPVA = (SW/PVA) * 100, where TransPvA represents the percentage
of the PVA transferred to the circulatory bed.

To avoid confusion which could arise due to interactive effects of
changes in both slope and intercept values, the data set was analyzed in
a second fashion. For each dog, heart beats with closely matched
LVEDV(within 1 ml) were chosen from the five caval occlusion runs.
Since the relation between SWand LV end-diastolic volume is linear
(8), comparison of single beat SWand PVA at matched EDVallows
assessment of how the heart responded to increased heart rate before
and after dobutamine infusion. Also, dP/dtm,, at matched LVEDV
was compared, since it has been shown (19) that these parameters are
related in a linear fashion.

Effective arterial elastance was defined following the approach of
Sunagawa (13), as PCS/SVOL. For each run, Ea was determined from
the first beat of the caval occlusion, before changes from steady state
had occurred.

Statistical analysis. Data are presented as mean± I SD. The accu-
racy of the linear fits for the three constructs were assessed by the
Pearson correlation coefficient. Comparisons under the five sets of test
conditions were made by repeated measures ANOVA, and when dif-
ferences were found they were evaluated by the Student-Newman-
Keuls test. The level of significance was taken as P < 0.05.

Results

Effects ofpacing and dobutamine on myocardial performance.
Typical analogue recordings under the five test conditions
from one dog are shown in Fig. 1. The results of the caval
occlusion runs and for dP/dtmax at matched LVEDVare
shown in Table I. Results for E,, and Mware shown in Fig. 2.
The correlation coefficients for the P,,- Ve regressions aver-
aged 0.989, ranging from 0.904 to 0.999. For the SW-EDV
relation the average value was 0.989, with a range from 0.866
to 0.999. As previously shown in our lab (6), increased heart
rate caused a monotonic increase in contractility, as reflected
by E,:. E, was progressively larger with each increase in rate
before the administration of dobutamine; the addition of do-
butamine caused a further marked increase of contractility.
The value of E.> for D160 was greater than that for C160 (P
< 0.002), and the value for D200 was greater than that for
C200 (P < 0.002). Also, the contractile response to pacing and
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Figure 1. Analogue tracings recorded during each of the test conditions. LVP, left ventricular pressure; dP/dt, rate of change of pressure with re-

spect to time; DAP, anterior-posterior LV diameter; DSL, septal-lateral LV diameter; DLA, long axis LV diameter.

dobutamine appeared to be additive, since Es was larger for
D200 than it was for D160 (P < 0.01).

The values for V100 demonstrate that this parameter was

very similar at different heart rates before addition of dobuta-
mine, but was smaller at both rates after the addition of dobu-
tamine. Thus, not only does the relation have a steeper slope at
any given heart rate after the addition of dobutamine, but it
also is shifted to the left in the range of pressures measured in
the experiment. Increased heart rate after dobutamine infusion
does not further shift the relation to the left.

The dP/dtma,, data show that before dobutamine infusion
dP/dtmax tended to increase with increased rate; these differ-
ences were not statistically significant. Dobutamine increased
dP/dtmax at both heart rates tested, and the values for D200
were significantly greater than those of D160 (P < 0.01), sug-
gesting an additive effect of heart rate and dobutamine on this
parameter.

Unlike the other indexes of contractility, Mwdecreased as

heart rate increased. The value at C200 was lower than the
values at either C120 or C160 (P < 0.01 and P< 0.002, respec-
tively). The value at D160 was lower than any of the control
runs, and was not further reduced by pacing to a rate of 200.
Vwwoo was higher at C200 when compared to either C120 or

C160 (P > 0.02 for both comparisons). Thus, under control
conditions increasing heart rate moved this relationship to the
right, indicating reduced performance in terms of stroke work,
or work done ejecting blood into the circulatory bed. Vw1ooo
was smaller at both D160 and D200 when compared to all of

the heart rates under control conditions (P < 0.02 for all com-
parisons). This indicates that dobutamine, unlike pacing
tachycardia, increased performance in terms of stroke work.

Table L Contractility Data

HR Ees V100 dP/dtm Mw VWIOoo

C120 Mean 9.7 22.9 1503 55.9 34.7
SD 4.6 9.6 272 8.8 9.0

C160 Mean 11.7* 22.6 1534 52.3 36.6
SD 4.6 9.8 352 4.7 9.1

C200 Mean 13.2* 23.0 1593 45.7*t 40.8
SD 5.7 9.7 337 9.8 9.7

D160 Mean 37.0§ 14.9§ 3014 83.9§ 27.7§
SD 20.9 4.5 818 12.3 6.6

D200 Mean 53.011" 14.611 385311 83.111 27.4"
SD 22.6 4.3 1197 24.2 5.6

E,,, slope of the Pft-Va, relation, mmHg/ml; V100, volume intercept
of the P01-VV relation at 100 mmHg,ml; dP/dt,,, maximal rate of
change of LV pressure, mmHg/s; Mw, slope of the SW-EDVrela-
tion, mmHg-ml/ml; Vwjow, volume intercept of the SW-EDVrela-
tion at 1,000 mmHg-ml.
* P < 0.02 vs C120.
tP<0.02vsC160.
§ P < 0.002 vs C160.
P < 0.002 vs C200.
PP<0.01 vsD160.
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Effects of dobutamine and pacing on LV chamber perfor-
mance. The values for PVA, SW, and TransPVA under the five
test conditions are shown in Table II. Single beats with closely
matched LVEDPwere chosen from runs under the different
conditions in each dog. SWfrom a given LVEDVwas progres-
sively reduced by increasing heart rate: the value at C160 was
smaller than that at C120 (P < 0.004), and fell further at C200
(P < 0.002 vs C160). Stroke work was increased at any heart
rate by dobutamine infusion (P < 0.002 for comparisons at
160 and 200 bpm). Also, increasing heart rate during dobuta-
mine infusion led to an increase in SW(P < 0.02), as opposed
to the decrease in SWthat occurred with increased heart rate
under control conditions.

The PVA from a given LVEDValso decreased with in-
creased heart rate under control conditions. The values for
C160 and C200 were both lower than those for C120 (P
< 0.004). PVAwas, however, increased at any heart rate dur-

Table II. Data from Beats with Matched LVEDV

LVEDV SW PVA TransPvA

C120 Mean 23.4 357 745 49.3
SD 11.9 226 472 7.8

C160 Mean 23.2 302* 599* 50.1
SD 12.2 208 382 8.6

C200 Mean 23.3 268* 534* 48.6
SD 12.0 201 329 12.1

D160 Mean 23.2 641§ 899§ 73.6§
SD 12.4 478 700 5.8

D200 Mean 22.9 72411' 92911 79.41'
SD 12.4 552 727 5.4

LVEDV, left ventricular end-diastolic volume, ml; SW, stroke work,
mmHg-ml; PVA, pressure-volume area, mmHg-ml; TransPVA, effi-
ciency of energy transfer from PVA to SW, %.
*P < 0.004 vs C120.
0P<0.002 vsC160.
§P < 0.002 vs C160.
P < 0.002 vs C200.
P < 0.02 vs D160.

ing dobutamine infusion (P < 0.002). After dobutamine infu-
sion PVAwas not reduced by increasing heart rate.

TransPvA, reflecting the percentage of PVA transferred to
the peripheral circulation as SW, was not affected by increased
heart rate under control conditions. TransPvA was increased at
both heart rates after the addition of dobutamine (P < 0.002).
Also, TransPvA was increased further by increased heart rate
after dobutamine infusion, from 73.6±5.8 to 79.4±5.4% (P
< 0.02).

Effects ofpacing and dobutamine on effective arterial elas-
tance. Fig. 3 shows the Ea data under the five sets of test
conditions. Ea increased from 14.2±4.5 mmHg/ml at C120 to
19.6±8.8 and 24.2+±10.4 mmHg/ml at C160 and C200 respec-
tively (P < 0.25 and P < 0.001). The addition of dobutamine
reduced Ea at any heart rate. Ea at D160 was 16.0±8.1
mmHg/ml (P < 0.025 vs C160), and was 17.7±7.3 mmHg/ml
at D200 (P < 0.025 vs C200). Of note, the value at D200 was
not significantly higher than that at D160, indicating that do-
butamine blunted the effect of increased rate on Ea seen under
control conditions.

Fig. 4 shows the relation between Ea and TransPvA. Under
control conditions an increase in heart rate increased Ea, with
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no substantial effect on TransPvA. After the addition of dobu-

tamine, however, Ea was lower at each heart rate, and TransPVA

was markedly increased. Comparing TransPvA at roughly equal

Ea before and after dobutamine administration (C 160 vs

D200) it is seen that this inotropic agent markedly improves

efficiency of energy transfer from PVA to SW, even when the

effective arterial elastance is not substantially altered.

Discussion

The results of this study indicate that while both increased

heart rate and dobutamine infusion increase myocardial con-

tractility, they have substantially different effects on overall

cardiovascular performance because of divergent effects on the

vasculature. These two inotropic stimuli have different effects

on arterial elastance and on the efficiency of energy transfer

from PVA to SW. Thus, vascular properties play an important

role in modulating how changes in contractility will be trans-

mitted to the circulation.
As previously shown (6), increasing heart rate from 120 to

200 bpm produces a moderate and incremental increase in
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contractility, reflected by Ees. In addition, increased heart rate
causes an increase in the effective elastance of the systemic
arterial bed, quantified as Ea. The vascular response we mea-
sured is predicted by the model of Sunagawa et al. (20) in
which Ea is inversely related to cardiac cycle length. Ea, the
ratio of end-systolic pressure (P.S) to stroke volume, depends
not only on the material properties of the arterial system, but
also on the arterial pressure when the aortic valve opens. Dur-
ing tachycardia, when the time for diastolic decay of the arte-
rial pressure wave is shortened, the pressure at aortic valve
opening will be higher, thus Pa and Ea will be increased.

Changes in the total peripheral resistance also affect E.: if
vascular resistance increases, so will Ea (20). Mangel et al. (2 1)
have shown in rabbits that the aorta has rhythmic contractile
activity, which is synchronized with the pulse pressure waves.
They found that the aorta relaxes during the rise in pulse pres-
sure, a response that would tend to reduce Ea. It is possible that
at heart rates markedly higher than those normally present in
the animal this mechanism is saturated, and full relaxation
does not occur. This could have added to the increase in Ea
noted during rapid tachycardia in our experiments.

In contrast to the effect of heart rate on E(S,, another index
of contractile performance, Mw, was reduced at higher heart
rates. Since Mw is based on stroke work, which may be sensi-
tive to alterations in arterial properties of the magnitude seen
in this study, the reduction of Mw concurrent with an elevation
in E. is not surprising.

How vascular changes determine if increased contractility
will translate into improved overall cardiac performance can
be seen by assessing the performance of the LV in terms of
PVA and SWfrom a common LVEDVbefore and after in-
creasing heart rate. Although contractility went up, both PVA
and SWwere decreased (Fig. 5). It is clear that the single beat
mechanical output of the LV, expressed as either PVA or SW,
is reduced when Ea is increased. Thus, increased heart rate is
effective at eliciting the reserve of contractility available to the
myocardium, but this is not fully transmitted to the circulatory
bed due to concomitant vascular changes.

Dobutamine caused a marked increase in myocardial con-
tractility, reflected by a greater than threefold increase in E. at
matched heart rates. Dobutamine also led to lower effective
arterial elastance, reducing Ea from 19.6±8.8 mmHg/ml at
C160 to 16.0±8.1 mmHg/ml at D160. Additionally, after do-
butamine infusion arterial elastance did not go up in response
to increases in heart rate. In fact, rapid pacing after dobuta-
mine infusion led to an increase in PVA and SW, not a de-
crease. Thus, in addition to increasing contractility, dobuta-
mine has important effects on the vasculature which augment
its effect on LV performance. These effects likely result from
the known vasodilatory properties of this agent, which result
from peripheral beta adrenergically mediated smooth muscle
relaxation (22).

It is interesting that these two contractile stimuli appear to
be additive. A body of data supports the notion that contractil-
ity is dependent on levels of free intracellular calcium (see 23
for review). During increases in heart rate this may in part
result from augmented sodium-calcium exchange, not related
to slow-channel-mediated calcium influx (24). Also, while ac-
tion potential duration for each beat is shorter at faster rates,
the total time spent in the depolarized phase per minute rises
(25). Since this phase of the action potential corresponds to the
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influx of calcium via slow channels (26) it would in turn lead
to increased [Ca2]j, and augmented contractility. Morgan and
Blinks (27), using the photoprotein aequorin, have directly
demonstrated an increase in the calcium transient of isolated
cat papillary muscle segments during increased stimulation
frequency.

The mechanisms by which [Ca2+]i increases after catechol-
amine stimulation are related to both increased transsarco-
lemmal calcium movement and altered intracellular calcium
handling. Catecholamine stimulation has been shown to in-
crease intracellular cAMP, which leads to an increase in the
number of slow calcium channels available for transsarcolem-
mal calcium transport during the slow action potential (28).
cAMPalso increases calcium triggered calcium release from
the sarcoplasmic reticulum (29). Wespeculate that pacing
during dobutamine infusion led to increased transsarcolem-
mal calcium movement by channel and nonchannel mediated
pathways. These increments in calcium flux would heighten
the increased calcium triggered calcium release due to dobuta-
mine, hence the additive effect of increased frequency and
dobutamine on contractility.

Our results must be viewed in the light of several potential
limitations. The first is the assumption that the Pe,- Ve, relation
is linear. Burkhoffet al. (30) have shown in isolated hearts that
the relation is curvilinear, and that the magnitude and direc-
tion of curvilinearity is dependent on contractile state. Little et
al. (31), on the other hand, studied the same model used in this
study, and showed a modest, but consistent level of curvilin-
earity of the relation over a wide range of contractile states.
While the correlation coefficients of the linear regressions were
high in every case in this study, extrapolation needed to deter-
mine PVAmay entail some error. If the degree of curvilinear-
ity is consistent, as shown by Little et al. (31), while our results
may have consistently overestimated PVA and underesti-
mated TransPvA, they should be qualitatively correct.

A second potential problem is the use of Ea from a single
beat to assess the systemic vasculature. Weused the first beat
of each occlusion, since this beat is measured before substan-
tial change in loading conditions occurs. While beats at various
points in the caval occlusion were used to compare dP/dtmI,,
PVA, and SW, use of Ea based on a single LV pressure-volume
loop during caval occlusion (nonsteady state) may not accu-
rately represent arterial elastance (20). We reasoned that
steady state Ea provides a reasonable estimate of the arterial
parameters and related it to the composite index of contractil-
ity, E,,, as well as to single beat estimates of LV performance
during the caval occlusions. A more precise estimate of arterial
elastance during individuaflbeats may provide a more accurate
way to evaluate instantaneous ventriculovascular coupling.

Finally, it should be pointed out that these studies were
carried out after autonomic blockade with atropine and hexa-
methonium, and after anesthesia. While these data provide an
insight into myocardial and vascular response to two inotropic
stimuli, in conscious, autonomically intact animals further
factors may play a role.

In summary, our data confirm that both increased heart
rate and dobutamine lead to increased myocardial contractil-
ity, and that these stimuli are additive. Howwell this increase
in contractility is transmitted to the circulatory bed is modu-
lated by the response of the vasculature. Thus, ventriculovas-
cular coupling plays an important role in determining the re-

sponse of the heart to inotropic stimulation. An assessment of
pump performance, reflective of the effects of such stimuli on
both the heart and the vasculature will provide the best mea-
sure of their overall effect on cardiac function.
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