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1983.-We
developed a framework of analysis to predict the stroke volume (SV)
resulting from the complex mechanical
interaction
between the
ventricle and its arterial system. In this analysis, we characterized both the left ventricle and the arterial system by their end
systolic pressure (P,)-SV relationships
and predicted SV from
the intersection
of the two relationship
lines. The final output
of the analysis was a formula that gives the SV for a given
preload as a function of the ventricular
properties
(E,,, VO, and
ejection time) and the arterial impedance properties
(modeled
in terms of a 3-element
Windkessel).
To test the validity
of
this framework
for analyzing the ventriculoarterial
interaction,
we first determined
the ventricular
properties
under a specific
set of control arterial impedance conditions.
With the ventricular properties
thus obtained, we used the analytical
formula
to predict SVs under various combinations
of noncontrol
arterial impedance conditions
and four preloads. The predicted SVs
were compared with those measured while actually imposing
the identical set of arterial impedance
conditions
and preload
in eight isolated canine ventricles. The predicted SV was highly
correlated
(P c 0.0001) with the measured one in all ventricles.
The average correlation
coefficient was 0.985 $- 0.004 (SE), the
slope 1.00 & 0.04, and the y-axis intercept
1.0 & 0.2 ml,
indicating
the accuracy of the prediction.
We conclude that the
representations
of ventricle and arterial system by their P,-SV
relationships
are useful in understanding
how these two systems determine
SV when they are coupled and interact.
ventriculoarterial
ume relationship;

coupling; end-systolic
pressure vs. stroke volventricular
model; arterial model

GUYTON AND HIS ASSOCIATES (1, 2, 4) in the 1950s

the hydraulic loop of the circulatory system at
the junction of the vena cava and the right atrium. They
graphically showed that the changes in cardiac output in
the closed circulatory system could be explained as the
shift of intersection (i.e., the equilibrium point) between
the cardiac output curve and venous return curve, both
of which were functions of mean right atria1 pressure.
This approach has been very useful in understanding the
roles of various factors that determine cardiac output.
However, the specific roles of the right vs. left sides of
the heart and of the systemic vs. pulmonary vascular bed
in determining the cardiac output were obscure in their
analysis. Subsequently Herndon and Sagawa (3) divided
opened
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the circulatory loop in two sections, the heart-lung secand the systemic vascular bed section, and gave an
empirical description of the cardiac output through the
heart-lung section as a function of mean right atria1
pressure and mean systemic arterial pressure. Although
this analysis showed the influence of systemic arterial
pressure on cardiac output, it was still unclear how
individual components of the heart-lung section, such as
the cardiac chambers and the pulmonary vascular system
parameters, interact with each other to determine the
cardiac output.
Piene (5) and Piene and Sund (6) recently analyzed
the coupling of the right ventricle with the pulmonary
arterial system. Using an iterative
algorithm, they computed instantaneous
right ventricular pressure, pulmonary arterial pressure, and flow, representing the mechanical properties of the right ventricle with its instantaneous pressure-volume (P-V) relationship and those of
the pulmonary arterial system by its hydraulic impedance. The instantaneous
flow and pressures thus computed agreed with experimental
data obtained in an
isolated feline right heart preparation.
This suggested
that the P-V relationship and the hydraulic impedance
used could adequately represent ventricular and arterial
system mechanical properties, respectively, for the purpose of describing the ventriculoarterial
coupling. Since
this analysis was numerical, it did not clarify the interrelationship
among individual determinants
of cardiac
output nor did it add any conceptual insight into the
mechanism by which each of the component parameters
affect the interaction.
If, on the other hand, one can
analytically derive an equation that relates cardiac output or stroke volume to the properties of the ventricle
and of the vascular system, this would be more helpful
in understanding
the ventriculoarterial
interaction.
The purpose of the present investigation
was to examine, in isolated canine ventricles, the accuracy of a
model that analytically describes the stroke volume resulting from the complex ventriculoarterial
coupling for
a given set of ventricular and arterial system parameters.
tion

THEORETICAL CONSIDERATIONS

A series of experiments on canine ventricles in our (10,
laboratories (16-18)
indicated that the
end-systolic pressure-volume relationship (ESPVR) was
approximately
linear over a physiological
range and,
12) and other
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where AP is arterial pressure averaged over one cardiac
cycle. Since mean arterial flow equals SV/T, and mean
arterial pressure equals the total area (AT) under the
arterial pressure curve (Fig. 3B) over one cardiac cycle
divided by T, Eq. 2 can be rewritten as

sv
-=T

Therefore,
K as

&IT

(3)

R, + R

stroke volume can be related to AT and R, +

sv = &/(Rc

+ R)

(4)

The end-systolic pressure in Eq. 1 is in general slightly
different from the end-ejection pressure (7). However, if
we disregard this small difference and denote both the
end-ejection pressure and the end-systolic pressure by
P,, the diastolic pressure area Ad in Fig. 3B can be
approximated
by

A: = Ps7[1
where td is the duration

-

exp(-tdh)]

of “arterial

(5)

diastole”

Tree

sv
FIG. 2. Representation
of the proposed
approach
of
ventricle
with
the arterial
load. Mechanical
characteristics
ventricle
are expressed
by an end-systolic
pressure
(P,)
volume
(SV)
relationship
(left middle panel). Similarly,
characteristics
of arterial
system
are expressed
by P,,-SV
(right middle panel). Equilibrium
SV when the ventricle
is
the arterial
system is obtained
as an intersection
between
SV relationship
lines (bottom panel).
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where Ved is the end-diastolic volume and Vo the volume
axis intercept of the ESPVR. Therefore, for a given V&t
Pes varies inversely with SV in a linear way (left middle
panel in Fig. 2).
If we also express the arterial system properties by a
Pes-SV relationship
(right middle panel of Fig. 2), then
the SV that results when the ventricle is actually coupled
with the arterial system is given as the intersection
between the ventricular P,,-SV relationship and the arterial Pes-SV relationship (bottom panel of Fig. 2). Therefore the question is whether we can analytically describe
the Pes-SV relationship
of the arterial system. If the
arterial system properties are approximated
by a threeelement Windkessel model consisting of characteristic
impedance (R,), peripheral resistance (R), and arterial
compliance (C) as shown in Fig. 3A, arterial flow (AF)
averaged over the duration (T) of one cardiac cycle is
obtained as
AF --
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while its slope (E,,) varied greatly in response to changes
in contractility,
the ESPVR was insensitive to changes
in loading conditions (Fig. 1). Thus Suga and co-workers
(10,12) described the relation of the left ventricular endsystolic pressure (P,,) to stroke volume (SV) as

P es = EesWed - SV - V,)
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FIG. 3. A: electrical
analog of 3-element
Windkessel
R,, characteristic
impedance;
C, arterial
compliance;

arterial

model.
resistance. B: schematic
diagram
of arterial
pressure
curve.
Area under
pressure
curve during
systole (A,) is approximated
by the product
of P,
and ejection
time (t,). Area under pressure
curve during arterial
diastole
(Ad) is obtained using Ep. 3. td, Diastolic
interval;
T, 1 cardiac
period.

R, arterial

time constant of the diastolic arterial pressure decay,
which is equal to the product of the arterial resistance
(R) and compliance (C). The asterisk indicates that Eq.
5 is an approximation
of the true Ad. Approximating
the
systolic pressure area (A,) by the rectangle shown in Fig.
3 yields an approximation
of A, as

A *=

and 7 is the

8

Pt86

(6)

where t, is the ejection time. Adding Eqs. 5 and 6 yields
an approximation
of AT (= A, + Ad) as

A; =

Volume
FIG. 1. Schematic
diagram
of end-systolic
pressure-volume
(P,,-V,,)
relationship.
SV, stroke
volume;
Vd, end-diastolic
volume;
V,,, endsystolic
volume;
VO, volume
axis intercept
of P,,-SV relationship.

P&s

+

7[1

-

exp(-td/7)1)

(7)

The asterisk will be dropped hereafter. Substituting
the
approximate
AT described by Eq. 7 into the true AT in
Eq. 4 .yields an approximated
P,-SV relationship of the
arterial system

P

R, + R
S-

t, + T[l

-

exp(-td/~)]

sv

(8)
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The equation states that P, increases linearly with SV
(as shown in the middle right panel of Fig. 2) if the
vascular parameters (Rc, R, and c) and & and td remain
constant. If we denote the slope of the P,-SV relationship
by E, (effective arterial elastance), i.e., E, = (R, + R)&
+ T[l - exp(-t&)]
1, Eq. 8 becomes
P s = E, SV

(9)

Since the analytical relationship
of the P, to SV in the
left ventricle is described by Eq. 1 and that in the arterial
system by Eq. 9, the equilibrium SV in the ventriculoarterial-coupled
system can be obtained by simultaneously
solving these two equations as
V - V
sv (10)
1 +“E./EO,,
The validity of this approximate
relation was tested in
isolated canine left ventricles that ejected into a simulated arterial impedance system.
METHODS

Preparation. The surgical preparation of an isolated
canine ventricle has been described elsewhere (9, 11).
Briefly, a pair of mongrel dogs weighing 20-22 kg was
used in each experiment
under anesthesia with pentobarbital sodium (30 mg/kg iv). The chest of the heart
donor was opened under artificial ventilation.
The subclavian artery and right atrium were cannulated
and
connected to the femoral arteries and veins, respectively,
of a support dog. After ligation of the azygos vein, superior and inferior venae cavae, brachiocephalic
artery,
descending aorta, and pulmonary
hili, the heart was
removed from the chest. The pericardium was removed,
and the left and right ventricles were vented. The chordae tendinae were cut. A thin balloon mounted on a
plastic adaptor was fitted into the left ventricle, and the
adaptor was sewn into the mitral valve annulus. The
balloon adaptor was then connected to a ventricular
volume control servo pump system (11, 14). A constant
volume of tap water filled the pump and balloon. Therefore, absolute volume changes in the balloon were precisely controlled
and measured by the volume servo
pump. A disk oxygenator (Pemco model 7109) was placed
in parallel with the support dog so that oxygenated blood
could be received either from the support dog or from
the oxygenator
as desired. Coronary arterial pressure
was measured by a catheter placed via the brachiocephalic trunk in the aortic root. A servo controlled perfusion pump (Harvard Apparatus
model 1215) maintained mean coronary arterial pressure at 100 mmHg.
Coronary arterial blood temperature was maintained approximately
at 37°C with a heat exchanger. The left
ventricular pressure was measured in the balloon with a
catheter tip micromanometer
(Millar model PC-380).
Ventricular P-V loops were monitored on-line on an XY storage oscilloscope and photographed
by a Polaroid
camera. Ventricular
pressure, volume, coronary arterial
pressure, and arterial pressure of the support dog were
recorded on an eight-channel
chart recorder.
Impedance loading s-ystem. A schematic diagram of the
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FIG. 4. Schematic
diagram
of the impedance
loading
system
(14).
Volume
servo control
pump,
which
consists
of a linear
motor
and a
piston pump, enables us to control
and measure
instantaneous
ventricular volume
precisely.
Excised
left ventricle
is attached
to this volume
servo pump.
Loading
system
computes
instantaneous
flow into or out
of the ventricle
in real-time
in response
to given instantaneous
ventricular
pressure.
Computed
flow is integrated
and integral
is used as
command
signal to the volume
servo pump. Control
system consists
of
a digital
computer
that lets experimenter
set the parameter
values
in
the loading system.

Resistance
0.5 x Co&d

COflfXd

mmHg &ml
2 x Control

FIG. 5. Example
of a typical
set of data. Multiple
pressure-volume
(P-V)
loops were obtained
by varying
resistance
and compliance
from
50 to 200% of their control
values at 4 different
end-diastolic
volumes
under each combination
of the resistance
and compliance
values. Characteristic
impedance
was kept at control.
A solid line in center
panel
indicates
end-systolic
P-V relationship
line under
a control
loading
condition.
Dashed lines in other panel indicate transcribed
end-systolic
P-V relationship
line from control.
Although
there were some variations
in the end-systolic
P-V relationship
under
a wide variety
of loading
conditions,
they were rather
small quantitatively.

impedance loading system (13) is shown in Fig. 4. We
used a three-element
Windkessel model (Fig. 3A) as the
afterload system (Ejection in Fig. 4) and a simple DC
pressure source coupled with a filling resistance in series
as the preload system (Filling in Fig. 4). We programmed
the simulated afterload and preload system models on
an analog computer to calculate in real-time the instantaneous flow out of or into the ventricle that should occur
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in response to the actual instantaneous ventricular pressure of the isolated heart. This calculated instantaneous
flow was integrated, and the integral was used as the
command signal to the volume servo pump. With this
loading system, the ejection pattern and stroke volume
were dependent on the interaction
between the real
ventricle and the afterload system parameters (Rc, R,
and C) set in the analog computer model by the experimenter through a digital computer (Radio Shack TRS80) based on Z-80 (Zilog).
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Protocol. We first obtained P-V loops under control
afterload condition at four different end-diastolic volumes as shown in the central “control” panel of Fig. 5.
Control values chosen for the characteristic impedance,
resistance, and compliance of the arterial model were 0.2
mmHg so ml-‘, 3.0 mmHg so ml-‘, and 0.4 ml/mmHg,
respectively. We then changed the values of the afterload
resistance and/or compliance from 50 to 200% of their
control values in a random sequence and obtained the
left ventricular P-V loops at four different end-diastolic
l

l

FIG. 6. Flow chart of validation
procedure of proposed framework of ventriculoarterial coupling (see text).
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volumes under each of eight different afterload condicontrol while the compliance was maintained at control.
tions (Fig. 5). Finally, we obtained the P-V loops under
The plotted points represent measured P,-SV relationthe control afterload condition again. If the E,, value ship data, whereas the solid lines indicate the P,-SV
obtained from these loops changed more than 10% com- relationship generated by &. 8 incorporating the specific
pared with that from the first control loops, we discarded
vascular parameter values while keeping ts value at conthe data set. Heart rate was kept constant in each ven- trol. First, it is clear that the slope of the measured
tricle (127 t 9 beats/min) by pacing from either the right
arterial P,-SV relationship is highly dependent on the
or left atrium.
arterial resistance. The slope increased with increases in
arterial resistance. Second, the predicted P,-SV relationData analysis. Presented in Fig. 6 is a flow chart that
explains how we tested the validity of the proposed
ships by Eq. 8 were very close to those actually measured,
framework of analysis of ventriculoarterial
interaction.
indicating that Eq. 8 is a good approximation
of the P,The most important hypothesis is that the end-systolic
SV relation in the arterial loading system. Figure 7B
pressure-volume relationship is independent of a specific
shows the arterial P,-SV relationship under arterial comarterial impedance condition under which the relationpliance values of 50, 100, and 200% of control while the
ship was determined. As shown in the top left corner of resistance was fixed at control value. The slope of the
the chart in Fig. 6, the control afterload and four preloads
measured arterial P,-SV relationship decreased with inwere imposed on a given heart. The heart generated four
creases in the arterial compliance. However, for compaP-V loops from which the values for E,,, Vo, and t, were rable changes in the values of resistance and compliance,
determined. This set of values was assumed to be valid
the slope changes with resistance (Fig. 7A) were far
for other end-systolic P-V relations under noncontrol
greater than those with compliance (Fig. 7B). Again the
afterloads. With this hypothesis, the E,, and V0 values predicted arterial P,-SV relationship
lines with these
were plugged in the ventricular
model shown in the compliance values are very close to those actually measmidleft part of the chart. Imposing the same four pre- ured.
loads on the ventricular model, we obtained a,set of four
Figure 8 shows an example of the relationship between
ventricular P,-SV relation lines that were combined with
the predicted and measured stroke volumes under various
eight arterial P,-SV relation lines by Eq. 10 to predict
values of arterial resistance, compliance and end-diastroke volumes under the eight afterloads.
stolic volume. All the data in this plot were obtained
As shown in the center Pati of the chart, the arterial
from a single ventricle. Each different symbol represents
P,-SV relation lines (i.e., E, value) were calculated by data with different combinations
of arterial resistance
feeding the t, value from the given heart (determined
and compliance. The correlation coefficient in this exunder the control afterloading condition) and eight af- I ample was 0.993 (P < O.OOOl), and the linear regression
terloads (shown in upper right corner), which have values
equation was Y = 1.06X + 0.3. The slope of the regression
of R, R,, and C different from the control set, into Eq. 8. line was close to unity with a very small y-axis intercept
F&member that a simplifying
assumption was used in indicating the accuracy of the prediction. Figure 9 shows
deriving Eq. 8. Therefore, the validity of this assumption
the relationship between the predicted vs. measured SVs
was also tested when the predicted and measured stroke
in the seven other ventricles. The average correlation
volumes were compared as described later. A total of 32 coefficient was 0.985 t 0.004 (SE), the slope 1.00 t 0.04,
stroke volumes was calculated from Eq. 10 for a given
and the v-axis intercept 1.0 t 0.2 ml. Thus our model
heart.
was ableYto predict the’ stroke volume reasonably well in
The same heart, redrawn in the right upper corner of all the left ventricles studied.
the chart, had the same four preloads and eight noncontrol afterloads imposed on it, and a total of 32 stroke
DISCUSSION
volumes was measured. These measured stroke volumes
Coupling model framework. We have shown that the
were plotted against the predicted stroke volumes calproposed model that coupleE i the left ventricle to the
culated under the identical preload and afterload conditions to generate a scatter diagram shown at the bottom
of the chart. Since we studied eight left ventricles, eight
such scatter diagrams were obtained (see Figs. 8 and-g).
We applied linear regression analysis of the predicted
stroke volume on actual stroke volume to judge the
accuracy of the prediction.
RESULTS

We obtained the complete data sets (Fig. 5) under nine
afterloading conditions in eight isolated canine ventricles. The mean E,, value from all the data in all ventricles
was 5.4 t 1.0 mmHg/ml (SE), the mean Vo was 8.2 t .2.3
ml, and the mean ejection time was 160 t 12 ms. Figure
7 shows a represe ntative example of the arterial P,-sv
relationship. Figure 7A indicates the P,-SV relationship
under arterial resistance values of 50, 100, and 200% of

Stroke

Wume

(111))

FIG. 7. End-systolic
pressure
vs. stroke
volume
relationship
of the
arterial
system.
Solid lines represent
relationships
predicted
by Eq. 7.
Plotted symbols
represent
actual data obtained
from an experiment.
A:
slope of the line markedly
increased
with increases
in arterial
resistance. B: slope of the relationship
line only mildly
increased
with
decreases
in arterial
compliance.
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arterial system can accurately predict the stroke volume.
This coupling was made possible by representing the
functions of both the ventricle and the arterial system
in terms of their P,-SV relationships (Fig. 1OA). Since
the slopes of both these P,-SV relationships have the
dimension of volume elastance (mmHg/ml), we are treating the arterial system as if it is an elastic chamber that
has the volume elastance E, just as we treat the ventricle
I
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as an elastic chamber with the end-systolic elastance E,,.
With such representations, our prediction of the equilibrium stroke volume when the ventricle is coupled to the
arterial system is similar to asking: How much volume
will be transferred if one couples an elastic chamber (left
ventricle) with a known volume elastance, dead volume,
and initial volume, to a second elastic chamber (arterial
system) with a known volume elastance (Fig. lOB)?
Obviously, the distribution
of the volume between the
two chambers will be determined by the ratio of their
volume elastance values. The slope of the arterial P,-SV
relationship represents neither the physical elastance nor
compliance of arterial system but an “effective” arterial
elastance. As shown in Fig. 7, the effective arterial elast-

Y-l.
06X+0.3
f-0.
993
pe0.0001
STROKE VOLUME

0

20

10

30

40
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FIG. 8. Representative
example
of predicted
and measured
stroke
volume
(SV) relationship
obtained
in one ventricle.
C, compliance
(ml/
mmHg);
R, resistance
(mmHg
s ml-‘).
Different
symbols
represent
different
loading conditions.
Despite
a wide range of loading conditions,
data were tightly
distributed
along the identity
line (dashed
line),
indicating
accuracy
of prediction.
l

l

FIG. 10. A: graphical
determination
of equilibrium
stroke
volume
when ventricle
with a volume
elastance
E, is coupled
to the arterial
system
with a volume
elastance
E,. Stroke
volume
is obtained
as the
abscissa
of the intersection
between
these 2 lines. B: physical
meaning
of the proposed
ventriculoarterial
coupling
model. Both ventricle
and
arterial
system
are considered
as elastic chambers
with known
volume
elastances
(E, and E,, respectively).
Stroke
volume
is determined
as
the amount
of fluid transferred
from the ventricle
to the arterial
system
when the two are connected.
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9. Summary
of the predicted
vs. measured
stroke
(SV) correlationship
from the other 7 ventricles.
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ante changes more with changes in physical arterial
resistance than with changes in physical arterial compliance. The greater effect of resistance contributed to the
physiological
observation
that, within the scope of
change from 50 to 200% of their control, the arterial
resistance was far more important than the arterial compliance in determining SV.
The following examples may illustrate how this simplified approach to coupling enables us to quickly evaluate the specific contributions of ventricular end-systolic
properties and the arterial system parameters in determining SV. If V,d is increased, the ventricular P,-SV
relationship will shift rightward (thick arrow, Fig. 1lA)
without a change in the slope (Eq. I) because- E,, is
insensit ive to cha nges in preload. The abscissa of the
intersec t ion between the ventricular and arterial P,-SV
relation lines represents the equilibrium
SV. With an
increase in Ved, the ventricular P,-SV relation line shifts
rightward, and the SV increases from control equilibrium
value (open circle) to a new equilibrium
value (closed
circle). If the contractility
of th .e ventricle is augmented
(i.e., if E,, increases), the slope of the ventricular P,-SV
relationship will increase without changes in the SV-axis
intercept (thick arrow, Fig. 1lB) as long as the V,d is
held constant (Eq. 1). If there is no change in the arterial
P,-SV relationship, SV will increase from a control equilibrium value (open circle) to a new equilibrium
value
(closed circle). Similarly, if the arterial resistance is
increased, only the slope of the P,-SV relationship will
increase (t hick arrow, Fig. UC) without change in the
ventricular P,-SV relationship. Therefore, the SV under
this condition will decrease from control value (open
circle) to a new equilibrium (closed circle).
Potential sources of error in the coupling model. There
appear to be two major sources of error in the proposed
coupling model. One is the approximation
of the endsystolic p ressure by the end-ejection pressure. The other
is the error associated with the approximation
of the
area under arterial pressure curve during systole. We
have. previously defined the end-systolic pressure as the
pressure at which the time-varying
ventricular volume
elastance becomes maximum (10, 12), whereas the endejection pressure is defined as the pressure at which
ventricular ejection is completed. These two pressures
are not necessarily the same. However, it has been shown
that under physiological or quasi-physiological
loading
conditions, these two pressures are in fact very close (8,
9). Therefore, the quantitative contribution of the difference to the stroke volume estimation seems insignificant.
In the estimation of A,, two types of errors are potentially involved. One is the error resulting from the assumption of constant ejection time t, regardless of the
loading conditions. Since the ejection time can vary with
changes in loading conditions, this variability could affect the accuracy of the estimation. The other is the error
associated with the approximation
of A, by a rectangular
area. The accuracy of this approximation
certainly depends on the contour of arterial pressure curve during
systole. Since changes in loading conditions can vary the
contour of arterial pressure curve, even though most of
the area under the systolic arterial pressure curve would

End-Diastolic V&me

Arterial Resistance

stmkewufne
11. A: effects of changes
in end-diastolic
volume
on equilibrium
stroke volume
(SV). Ventricular
P,-SV relationship
line (VPSVR)
will
shift rightward
(thiciz arrow)
with increases
in end-diastolic
volume.
Arterial
P,-SV relationship
line (APSVR)
will not change with changes
in ventricular
preload.
Equilibrium
stroke
volume
will increase
(thin
arrow)
from control
(open circle) to the new steady state (closed circle)
with an increase
in &d-diastolic
volume.
B: effects
of changes
in
contractility
on equilibrium
SV. Ventricular
P,-SV
relationship
line
becomes
steeper
(thick arrow)
with increases
in contractility.
Equilibrium SV will increase
as indicated
by the shift in intersections
(thin
arrow)
from control
(open circle) to the new steady state (closed circle).
C: effects
of increase
in arterial
resistance
on SV. Arterial
P,-SV
steeper
(thick
arrow)
with
increases
in arterial
relationship
line
resistance,
while tre ventricular
P,-SV is unchanged.
Equilibrium
SV
decreases
as shown
by the shift in intersections
(thin- arrow)
from
control
(open circle) to the new steady state (closed circle)
FIG.

be represented by the rectangle, the accuracy of A, estimation is, to some extent, loading-condition
dependent.
However, under physiological heart rate and contractility, the contribution
of these errors in A, est imation to
the total area estimation (Eq. 7) may be attenuated
beta use A is usually a minor fract ion of the total area
Therefore, the mi nute variation of the ejection time
(AT)*
and t #hat of contour of arterial pressure curve associated
with changes in the loading condition did not appear to
influence substantially the accuracy of the stroke volume
prediction. This indicates that the proposed coupling
model could have a relatively large error in estimating
stroke volume when the A, becomes a large fraction of
AT (e.g., at high heart rates)
Another possible source of error is sensitivity of the
ESPVR to loading conditions. Although some minor
dependence of the ESPVR on loading conditions has
been shown (9), the resultant error on SV estimation
will be reasonably small from a quantitative
point of
view.
After-load system. In this analysis, we used the threeelement Windkessel model (19) as an approximation
of
the arterial system. Despite the simplicity of the model,
its input impedance is reasonably similar to that of the
natural arterial tree. The similarity is better in the lowfrequency range than in the high-frequency range. Since
most of the oscillatory power of arterial flow and pressure
reside in the first several harmonics, the similarity of the
impedance spectrum in the low-frequency range is more
crucial than that in the high-frequency
range. For the
graphical coupling of the ventricular contractile function
with the arterial load system using the P,-SV relationship, a specific arterial model is not needed. However,
for an a nalytic or quasi-analytic expression of the arterial
P,-SV relationship, a model is needed. Thanks to the
simplicity of the three-element
Windkessel model, we
could derive an analytical equation (Eq. 7) to express SV
S

H780
for a given set of the ventricular
and arterial system
parameters. The equation clearly illustrates how the
lumped arterial system parameters (i.e., resistance and
compliance) affect stroke volume. Such a global view is
quite helpful in understanding
the major mechanisms
that determine the stroke volume through the ventriculoarterial interaction.
Limitations.
The framework proposed was tested in
isolated, blood-perfused
canine left ventricles ejecting
into a simulated arterial impedance. We maintained
coronary arterial pressure constant throughout the experiments regardless of the ventricular loading conditions. In the real ventriculoarterial-coupled
system, coronary arterial pressure is determined as the result of
hydraulic interactions of the ventricle with the arterial

SUNAGAWA,

MAUGHAN,

BURKHOFF,

AND SAGAWA

impedance. Because coronary arterial pressure can modulate the ESPVR, particularly when it is low (15), stroke
volume resulting in the natural circulatory system will
be determined by a somewhat more complex mechanism
than analyzed here. Therefore the proposed framework
is valid only when the ventricle is operating, as it normally does, in a range of arterial pressures over which
the ESPVR is relatively insensitive to changes in coronary perfusion pressure.
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