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Recent investigations have yielded new insights into the interaction o f  the left ven- 
tricle with the arterial system. These studies have employed a variety o f  coupling 
frameworks to quantify this interaction, and each makes several simplifying assump- 
tions. In this article, we review these frameworks, their major findings, assumptions, 
and clinical applications, and examine future directions for  this research. 
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INTRODUCTION 

Eight years ago, in this journal, a series of review articles presented theoretical 
models and experimental results from studies of ventriculo-arterial interaction 
(42,52,57). These papers posed a number of key questions: (a) Could coupling frame- 
works be designed that characterized both ventricular and vascular properties, and 
provide accurate predictions of integrated function variables such as stroke volume, 
stroke work, or mean arterial pressure and flow? (b) If so, then how did the ventri- 
cle couple to the arterial system in vivo under varying conditions? Specifically, did 
coupling occur such that ventricular power (or stroke work) or energetic efficiency 
was optimized? (c) What determined or controlled the equilibrium working point of 
ventriculo-arterial coupling in intact systems? (d) How was coupling altered by acute 
pharmacologic interventions or disease conditions? 

Since the appearance of these reviews, numerous studies have examined these and 
other issues relevant to ventriculo-vascular coupling. With new insight has come an 
increasing appreciation for the complexity of both ventricular and arterial properties 
and their characterizations, raising concerns over the applicability of the simplified 
models generally employed. Recent data in intact animals and human subjects are test- 
ing many of these coupling concepts and hypotheses within more meaningful and clin- 
ically relevant physiologic settings; both normal and diseased. In this review, we will 
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critically examine the major coupling frameworks and their assumptions, and report 
on studies that have sought to answer the questions posed above. 

COUPLING MODELS 

"Although this may seem a paradox, all exact science is dominated by the idea of 
approximation." 

Bertrand Russell 

From the outset, linking the ventricle with the vasculature presents a language 
problem. Due to the anatomic complexities of  the vascular tree and the pulsatile na- 
ture of  aortic flow, it is generally agreed that characterization of  the vascular load is 
most complete in the frequency domain in the form of impedance spectra (33,41). 
Furthermore,  to provide as much frequency content as possible, the spectra should 
ideally be derived from pressure and flow data driven by white noise, i.e., random 
cardiac cycle lengths (5,54). While it may arguably be more difficult to agree on 
a "best" way to characterize ventricular properties, a description in the frequency 
domain f rom data obtained during random pacing would not be among those 
considered. 

To describe and predict the behavior of  the coupled system, investigators have 
therefore simplified the problem primarily by de-emphasizing the pulsatile nature of  
pressure/flow, and thus reducing the impedance spectra information to a mean to- 
tal resistance (RR). In the framework of Van den Horn, Elzinga, and Westerhof (56- 
58), this resistance is coupled to a ventricular "source resistance" (Rs determined 
from a mean ventricular pressure-flow function curve). Coupling requires a constant 
relation between mean arterial (mABP) and mean ventricular (mLVP) pressure, which 
was first reported for the open chest cat (58), thereby enabling the vascular line (mean 
pressure vs. flow) to be plotted on the same ventricular pump function graph. The 
intersection of  ventricular and vascular relations determines the system working point 
(Fig. la). This approach has the advantage of utilizing readily measurable function 
parameters (pressures and flows) and has yielded many insights regarding coupling 
and power optimization. However, there are disadvantages. The mean pressure-flow 
relation is influenced by preload volume (10,31) and changes in characteristic imped- 
ance (31) and it is nonlinear, making the "source" resistance, itself a function of flow. 
It is also less able to incorporate aspects of  diastolic function and energetics into the 
overall coupling schema. 

An alternative approach based on pressure-volume relations was proposed by 
Sunagawa et al. (50,51,53). Vascular impedance is distilled into an effective arterial 
elastance (Ea) (31), which can be easily coupled with ventricular pressure-volume 
loops and relations. The approach approximates mean and end-ejection arterial pres- 
sure by the ventricular end-systolic pressure. Employing a 3-element Windkessel vas- 
cular model, it predicts that the ratio of  end-systolic pressure (Pes) to stroke volume 
(SV) is constant under a given steady state vascular impedance load, and is given by: 

Pe~/SV-~ RT/[ts  + 7"(1 -- e-ta/~)] = Ea (1) 

with ts, td, and r the systolic and diastolic time periods and diastolic pressure decay 
time constant ( =RC product of the 3-element Windkessel electrical analogue), respec- 
tively. Under normal operating conditions, the predominant factors influencing Ea 
are total series resistance (RT) and heart rate (Ea -~ R T . H R ) .  Drawn as a line with 
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FIGURE 1. (a) Pressure-flow coupling framework. Mean ventricular pressure-flow relation at a given 
end-diastolic volume, heart rate, and contractility. Arterial load is varied and the resulting mean LV 
pressure and flow which are inversely related are obtained. The working point of the heart (W) is the 
intersection of the arterial resistance line (with a conversion factor a relating mean ventricular to mean 
arterial pressure) with the pump function curve (56). (Reprinted by permission of The American Phys- 
iological Society.) 

slope ( -Ea )  starting at the point (EDV,0), this vascular relation intersects the end- 
systolic pressure-volume relation at a given Pes, which is the ventriculo-arterial cou- 
pling point (Fig. lb). A hybrid approach, proposed by Myhre and Piene et al. (36), 
relates pressure-volume data to mean arterial resistance in an analagous manner. 

While the specifics differ, there are several underlying assumptions common to 
these approaches. Each assumes that the model parameters are state variables, i.e., 
descriptions of ventricular and vascular properties that are essentially independent of 
each other. Thus, in the pressure-volume framework, the end-systolic elastance (Ees), 
the slope of the end-systolic pressure-volume relation, is assumed to be relatively lin- 
ear and independent of altered vascular loading (volumes or impedance changes); such 
that changes in this parameter primarily reflect ventricular contractile performance. 
A similar statement holds for the source resistance derived from ventricular mean 
pressure-flow function curves. Vascular properties are also assumed to be "linear" so 
that mean resistance (or arterial elastance) is independent of operating pressures or 
flows. Pulsatile behavior is ignored in models using mean resistance as the coupling 
variable, whereas the effective arterial elastance is influenced to a small but definite 
degree by vascular compliance and characteristic impedance changes (51) (see Eq. 1). 
Rather than being a disadvantage (36), this may be helpful when coupling is studied 
in aging or hypertensive subjects with frequently prominent pulsatile components. 
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FIGURE 1. (b) Pressure-volume coupling framework. Ventricular systolic function is assessed by the 
end-systolic pressure-volume relation (solid symbols) obtained from pressure-volume loops at varying 
loads. The steady state effective vascular elastance (Ea) is equal to the ratio of end-systolic pres- 
sure (Pes) to stroke volume, and is shown by the diagonal dotted line. The intersection of both points 
at a common Pss is the equilibrium point. 

While most ventriculo-vascular coupling studies have used simplified impedance 
models, it should be noted that a few investigators have attempted to link frequency 
domain descriptions of the vasculature with pressure-volume descriptions of ventric- 
ular function (5,26,43). Until recently, this was performed using data obtained at 
steady state heart rates (26,43), however the resulting limited frequency information 
has prevented straightforward calculation of the impulse response function (IRF), 
used to predict pressure and flow waveforms in the time domain. In a recent part- 
experimental, part-modeling study, Burkhoff et al. (5) obtained high resolution im- 
pedance spectra during random pacing and used this to derive an impulse response 
function (relating arterial pressure response to a single flow "pulse"). By this ap- 
proach, the vascular load could be imposed by convolution on a model heart (time- 
varying elastance) to predict pump function. We discuss the results of this study later, 
but it is important to note that this coupling analysis was based on predicted responses 
of a model heart. How real impedance loads impact on real beating hearts, particu- 
larly loads with abnormal reflections and hearts with myocardial disease, remains 
unknown. 

TESTING THE ASSUMPTIONS 

"Seek simplicity and distrust it." 
Whitehead 

L Ventricular Properties 

Load Interactions. Assessment of cardiac systolic performance by the end-systolic 
pressure-volume relationship (ESPVR) obtained from multiple pressure-volume loops 
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under varying loads has been extensively and successfully employed in isolated (45) 
and intact animal studies (21,47) as well as in humans (20,32). In models of ventriculo- 
vascular coupling, this relation is often used to represent the contractile performance 
of the heart. Thus, a key question is whether the ESPVR itself is influenced by 
changes in chamber volumes or vascular impedance loading. In isolated blood per- 
fused canine hearts contracting against a simulated arterial load (3-element Windkes- 
sel), Maughan e t  al. (30) found that four fold variations in arterial compliance or 
characteristic impedance had little effect on the ESPVR. Changes in arterial resis- 
tance, however, led to a small but consistent left or rightward shifts (with increased 
or decreased resistance, respectively) of the entire end-systolic pressure relation. Sim- 
ilar shifts were subsequently reported by Freeman et  al. (12) in v ivo .  This effect was 
ascribed to a negative influence of ejection on systolic performance due to an inter- 
nal ventricular resistance (29,46), i.e., 

P ( t )  = E ( t ) ( V ( t )  - Vo) - R . d V ( t ) / d t  . (2) 

Greater ejection and thus higher flow rates would lower the end-systolic ventricular 
pressure below the level achieved with less or no ejection, resulting in a rightward 
ESPVR shift. 

More recently, however, several studies have reported opposing positive effects of 
ejection on the end-systolic pressure and pressure-volume relation. In one study, 
Hunter (13) compared the end-systolic pressure of  ejecting beats to the first beat af- 
ter a sudden switch to isovolumic contraction mode, maintaining the end-systolic vol- 
ume the same for both beats. An internal resistance would always lower Pes for 
ejecting beats; yet, the data frequently revealed the opposite. The extent of positive 
ejection influence depended on the amount of the ejection and the end-diastolic vol- 
ume (EDV) of the ejecting beat. For beats with ejection fractions greater than 50- 
60O7o (starting at larger end-diastolic volumes),/Des exceeded that of the isovolumic 
beat at the identical end-systolic volume (Ves), whereas those with small ejection 
fractions (and smaller EDVs) had a lower P~s than isovolumic contraction. Among 
the explanations for the positive ejection effect was that ejecting beats started at a 
higher EDVs (fiber lengths), and enhanced length dependence of calcium activation 
resulted in greater contractile performance. 

We have recently extended these observations to the entire ESPVR (6). Steady state 
beats at four randomly chosen preload volumes were obtained under isovolumic and 
ejecting conditions, with arterial resistance varied for the ejecting beats. Our results 
also revealed a positive effect of ejection particularly for beats with physiologic ejec- 
tion fractions (Fig. 2, upper panel). In addition to mechanical effects, we also found 
ejection had an interesting favorable effect on myocardial energetics (Fig. 2, lower 
panel). Specifically, using the relation described by Suga e t  al. (48) between oxygen 
consumption and pressure-volume area to assess myocardial efficiency, we found 
small but significant improvement in efficiency for ejecting versus isovolumic con- 
tractions, which was also magnified at physiologic EFs. Thus, in addition to having 
potentially complex influences on the ESPVR, ejection also appears to alter energet- 
ics making prediction of efficiency and work optimization from coupling relations a 
more complex problem. 

At the present time, it is difficult to know whether these effects observed under ex- 
treme conditions in isolated heart preparations pertain to normal (or abnormal) in- 
tact physiologic conditions. In an attempt to examine ejection history effects on 
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FIGURE 2. Effect of physiologic afterload on end-systolic pressure-volume relation (top panel) and 
myocardial  oxygen consumpt ion--pressure-volume area relation (bot tom panel) in isolated canine 
heart. Switching from isovolumic contract ion (dashed relations) to ejection at an effect ive ejection 
fraction of 58% (EFeff = S V / ( V e d  - -  Vo)), produced an increase in the slope of the ESPVR and a down- 
ward displacement of the MVO2-PVA relation. Thus, ejection favorably influenced both contracti le 
performance and eff iciency. 

ESPVRs in human subjects, we determined pressure-volume relations during transient 
preload reduction (balloon occlusion of  the inferior vena cava, IVC) versus afterload 
increase (sudden maximal isometric handgrip). In 7 out of  13 patients there was vir- 
tually no difference in ESPVRs, and we have previously presented a typical example 
of this response (18). For the overall group, mean ESPVR slope by IVC occlusion was 
2.3 mm Hg/ml  versus 3.3 mmHg/ml  by handgrip. However, handgrip also led to a 
significant increase in heart rate from 82 ___ 15 to 91 ___ 16 min -1 (p  < .05) (IVC oc- 
clusion did not), and thus reflex effects likely complicated the comparison. 
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There is also little or no data regarding the impact of  abnormal vascular loads such 
as accompany aging or arteriosclerosis on ventricular mechanics and efficiency. Such 
vascular changes can pose additional loads on the heart due to late systolic wave re- 
flections and reduced vascular compliance, and could also influence ventricular per- 
formance. One isolated heart study performed using a single tube model for the 
impedance load found little influence of  wave reflections on the ESPVR (14), how- 
ever, whether more realistic abnormal loads affect ventricular function remains to be 
studied. Further work is clearly needed. 

E S P V R  Curv i l inear i t y .  Another complicating factor regarding use of  the ESPVR and 
particularly its slope ( E e s )  in ventriculo-vascular coupling analysis is nonlinearity of 
the relation. Contractility dependent ESPVR nonlinearity has been reported in the iso- 
lated (8) and in  v i v o  heart (16). Certainly, substantial nonlinearity poses a problem 
for coupling analyses, since the pump function variable Ees itself becomes a function 
of  operating pressure and thus vascular loading conditions. This problem, however, 
is no different from that posed by the parabolic mean ventricular pressure-flow re- 
lation (10,57), which also leads to load-dependent estimation of  the ventricular source 
resistance. 

While a linear systolic function relation is certainly convenient, it is not essential 
to coupling analysis, and equations for nonlinear ESPVRs analogous to those derived 
for the linear case can be obtained. For example, in the linear ESPVR model, the ven- 
tricle is represented by: 

Pe~ = E e s ( V ~  - Iio) = EeS(Ved -- Vo -- S V )  (3) 

and the arterial system by: 

Pes = E a . S V  . (4) 

The coupled system operates at a given Pes, thus the two equations are equated and 
solved for stroke volume: 

S V =  E e s ( V e d -  Vo) 
E e s  + E a  (5) 

or stroke work (approximated by the product of  S V  and end-systolic pressure): 

S W  = P e s ' S V =  E a . S V  2 = E a [ E e s ( V e d  - V o ) / ( E e s  + Ea)] 2 . (6) 

Using this last expression, for a given E e s ,  one can predict that maximal SW will oc- 
cur when E e s  = E a  (differentiating Eq. 6 with respect to E a ,  setting the result = 0, 
and solving). 

Suppose now the ESPVR relation is nonlinear, but can be approximated by the 
parabolic expression (8,16): 

Rewriting as 

Pe~ = a(Ve~ - Vo) 2 + b(V~s - Vo) . (7) 

P e s  : a ( V e d  - -  Vo - -  S V )  2 "[" b(V~a - 1Io - S V )  = E a . S V  (8) 
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substituting V '  = (Vea - Vo) and rearranging, we get 

a . S V  2 - ( E a  + b + 2 V ' a ) . S V  + ( a V  '2 + b V ' )  = 0 (9) 

This quadratic equation can be solved for S V  enabling prediction of stroke work, 
ejection fraction, etc. It can be easily shown that maximal work will still occur at the 
point at which the local ESPVR slope is equal to Ea.  This applies to the parabolic fit 
used above, and in fact for any arbitrary monotonically increasing function Pes = 

f(V~s), (Appendix A). It should be noted that while the ESPVR may be nonlinear 
when determined over a very broad loading range, data obtained in v ivo spanning 
physiologic operating ranges is often linear (20,28). Thus, for purposes of  coupling 
analysis over similar load ranges before and after interventions, a linear model is often 
reasonable. However, coupling predictions should be viewed more cautiously when 
they are extrapolated beyond measured overlapping data. 

II.  Vascular P r o p e r t i e s  

"Only in the case of young children do we find that the elasticity of the arteries 
is so perfectly adapted to the requirement of the organism as it is in the case of the 
lower animals." 

C.S. Roy, 1880 (44) 

Since measurements of  vascular impedance accurately describe the properties of 
the vasculature distal to the point of measurement, calculation of ascending aortic in- 
put impedance is accepted as being the most complete description of  the hydraulic 
load faced by the left ventricle (33,41). The advantage of impedance as a descriptor 
of  hydraulic load is that it characterizes the properties of the vascular bed indepen- 
dently of  the cardiac input (2,41,54). Despite its many advantages, however, it is dif- 
ficult to use impedance in models of  coupling since it is a complex quantity and, 
hence, not expressed as a single real number whose value may increase or decrease 
with various interventions. In addition, indices of  ventricular function are most of- 
ten expressed in the time domain making it difficult to interface with vascular param- 
eters in the frequency domain.  While some workers have at tempted to model 
ventricular function in the frequency domain (11), the most fruitful approach to 
studying coupling has been to approximate impedance measures of  the vasculature 
by a three-element Windkessel model. This latter model has been further simplified 
to deal solely with total resistance (peripheral resistance and characteristic impedance) 
(50). 

There are several levels of assumptions made in the use of  these simpler models to 
describe vascular properties. Studies of coupling assume that the vascular parameters, 
like the ventricular properties, are linear and are independent of changes in cardiac 
parameters. This will be addressed further below. The important feature of any Wind- 
kessel model is that its properties are lumped into discrete variables since it is assumed 
that all events occur in the elastic chamber simultaneously. Such a model cannot in- 
corporate a finite velocity of wave propagation or the effects of wave reflection. The 
utility of  such a model of  the systemic vasculature in studies of coupling was tested 
by Burkhoff  et  al. (5). They showed that in dogs the three-element Windkessel model 
predicts stroke volume, stroke work, oxygen consumption, and systolic and diastolic 
aortic pressures reasonably close to those found with a true impedance when model 
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or actual impedance were loaded onto a computer simulated left ventricle. However, 
the Windkessel model could not accurately predict aortic pressure and flow wave- 
forms since these were largely determined by the timing of  wave reflections. Never- 
theless, in this study, a Windkessel load embodied sufficient information to predict 
many of  the typical variables used in coupling studies. 

There are several important limitations. Firstly, the impedance data were obtained 
in anesthetized, open-chest, reflex-blocked dogs in which vascular distensibility was 
high and wave reflections minimal. This makes the applicability to human studies less 
clear. In human subjects impedance patterns differ from such experimental animals 
(35,40), due to the increased stiffness of the adult human vasculature compared to 
adult canine vessels and to increased effects of wave reflections. Such differences have 
been shown in applications of  a T-tube model of  the systemic circulation to canine 
(38,41) versus human (40) aortic impedance data. The higher frequencies of  imped- 
ance minima found in human aortic impedance plots have been related to asymptom- 
atic arterial degeneration particularly in the descending aorta (4). Similarly, the 
ascending aortic pressure wave contour in human adult subjects shows a late systolic 
peak which is not found in canine studies. This pressure wave contour has been shown 
to be due to effects of  wave reflection (35). Finally, as discussed by Burkhoff  et al. 
(5), the aortic input impedance pattern and amount of  wave reflection is known to 
be modified not only by the normal aging process (35) but also in disease states such 
as hypertension (55) and congestive heart failure (24). It may therefore be unwise to 
extrapolate results of comparisons between true impedance and Windkessel afterloads 
in the canine model to ventriculo-vascular coupling in adult humans or pathophysi- 
ological states. 

The further reduction of  the 3-element Windkessel model to a pure resistance load 
is made when coupling is modeled in terms of  mean pressure and flow. These approx- 
imations assume that the pulsatile component of arterial load is small compared with 
peripheral resistance. Such assumptions may be valid for normal canine ventriculo- 
arterial coupling but pulsatile load becomes a significant part (up to 50%) of the to- 
tal external ventricular load when the aortic impedance indicates significant effects 
of  arterial stiffening and wave reflection (35). 

As mentioned above, more complex modeling of ventriculo-arterial interaction has 
loaded impedance data directly onto models of ventricular function using the impulse 
response as a time-based equivalent representation of  arterial impedance (5,26). Al- 
though such an approach circumvents the assumptions made using lumped models 
of the circulation and takes into account the effects of wave reflections, it still assumes 
that vascular impedance is linear (that is not dependent on mean pressure or flow) and 
not effected by cardiac performance. Such assumptions have been tested theoretically 
and in animal studies (1,27,28,37,41,54). Aortic impedance has been shown to be 
clearly independent of heart rate (5,37,54). Several studies have shown independence 
of  impedance from alterations in ventricular flow waves induced pharmacologically 
or by efferent vagal stimulation (1,27,41), and from effects of  changes in primary 
mean arterial pressure (2). In this latter study performed in anesthetized open-chest 
reflex-blocked dogs, Alexander et al. showed that Windkessel parameters of  imped- 
ance were not altered by changes in mean arterial pressure over a range of 120 mmHg. 
However, indices of  wave reflection were altered by mean pressure as a consequence 
of  changes in pulse wave velocity. Again, whether these results are applicable to hu- 
man impedance data is unknown, as the stiffer vasculature in human subjects may 
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exhibit more load-dependent nonlinearities than found with the compliant animal vas- 
culature. In Latham's study of hypertensive baboons (25), the variation in coupling 
data may have been due to such nonlinearities. 

Despite potential limitations in the assumptions used, the simplicity of the 3-ele- 
ment Windkessel model has facilitated many coupling studies. In particular, the use 
of Ea as a vascular parameter has great applicability in interfacing with the time-vary- 
ing elastance model of ventricular function. Studies in the isolated canine hearts have 
confirmed the equivalence between Ea derived from the ventricular Pes/S V ratio and 
Ea derived from Windkessel parameters of impedance (Eq. 1). In open-chest, auto- 
nomically blocked dogs the approximation of Pes/S V by impedance parameters is ex- 
cellent: Pe~/SV= 1.05Ea + 0.26 (r 2 = 0.988) (Fig. 3). Somewhat analogously to the 
mean pressure influence on impedance spectra, we have tested whether Ea is altered 
by changes in systolic pressure. Loading was varied in six open chest dogs by left atrial 
hemorrhage, with pressure-volume data determined by the conductance catheter tech- 
nique (20,21). Ea was determined for each beat by the P~/SV ratio where Pe~ was de- 
fined as the point of maximal elastance [ P / ( V  - Iio)] for each P-V loop. The data 
were obtained before and after sympathetic blockade by i.v. propranolol, and nor- 
malized such that each run started at high preload with Ea = Pe~ = 1.0. The results 
(Fig. 4) showed that, with intact reflexes, Ea was little changed with as much as 20% 
reduction in P~s (via lowered preload), however, additional Pe~ reduction resulted in 
as much as a 100%0 increase in Ea. With reflex blockade, Ea was virtually constant 
despite nearly 50-60% reductions in end-systolic pressure. 

But what of the applicability of the Ea concept to studies of coupling in adult hu- 
mans or those with hypertension? Experience from previous studies of impedance and 
pressure waveforms (see above) would seem to indicate that the effects of vascular 
stiffening and increased wave reflection would invalidate the underlying assumptions 
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FIGURE 3. Comparison of Ea estimated from the ratio of Pes/SVversus that obtained from the im- 
pedance parameters using Eq. 1. See text for details. The two estimates correlated very well with 
a slope near 1.0. 
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anesthetized dogs. Baseline values for Ea and Pes were normalized to 1.0, and average data from six 
animals are shown. Prior to/~-blockade, reduction of preload lowered Pes by 4 0 - 5 0 %  and led to 
nearly a doubling of Ea. After blockade, however, there was essentially no change in Ea over a broad 
range of operating pressures. 

in the use of Ea. We recently addressed this issue in a study of eight human subjects 
at cardiac catheterization (22). Ea comparisons were made using the same two esti- 
mates (ventricular Pes/SV ratio, and ratio obtained from 3-element Windkessel im- 
pedance parameters [Eq. 1]) as displayed in Fig. 3. Aortic impedance was measured 
by micromanometer-flow catheter with simultaneous pressure-volume loops obtained 
by conductance catheter in eight human subjects aged 19 to 60 years. The patient 
group included both normal and aged, hypertensive vasculatures. In the older, hyper- 
tensive subjects, the loop contour displayed a characteristic rise during ejection to a 
late systolic peak. With rapid preload reduction (by IVC occlusion), the loops no lon- 
ger manifested this late peak (Fig. 5), consistent with changes in the magnitude and/or 
timing of wave reflections and load dependence of arterial compliance. Ea estimates 
were compared before and after such loading change, as well as with pharmacologic 
intervention (captopril and verapamil). Despite evidence of arterial stiffening and 
wave reflections in these subjects, the two Ea estimates agreed very well: Pes/SV = 
0.98Ea + 0.1 (r 2 -- 0.98, p < .0001), falling along the identity line. Thus, both ca- 
nine studies and preliminary results in normal and hypertensive human studies sug- 
gest that despite the approximations, Ea remains a useful description of arteriat load 
in vivo for coupling studies. 

PREDICTING INTEGRATED CARDIOVASCULAR FUNCTION 

"The value of a principle is the number of things it will explain" 
Emerson 

A principal focus of ventriculo-vascular coupling analysis, and certainly one with 
direct clinical applicability, is the ability to predict integrated cardiovascular perfor- 
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FIGURE 5. Influence of load range on pressure-volume loop shape in a hypertensive human subject. 
At  normal preload, the loop displays systolic pressure rise with a late peak at end-systole. This con- 
tour can be rapidly changed by preload reduction (IVC occlusion) to a square loop, Since loop shape 
correlates with vascular impedance loads, this suggests that impedance spectra also vary as a func- 
tion of volume load in such patients, complicating coupling analysis. 

mance based on separate changes in either ventricular or vascular properties. Frame- 
works matching ventricular-to-arterial elastances or resistances describe mean 
behaviors, and thus can only predict integrated variables such as stroke volume, 
stroke work, ejection fraction, or mean pressure and flow. To more precisely predict 
ventricular and vascular pressure/flow waveforms, a complex impulse response de- 
rived from impedance spectra is required. However, even the ability to predict mean 
parameter change from pharmacologic interventions, for example, would be of great 
practical value. Again, we will focus the discussion on pressure-volume analysis, how- 
ever, it is noted that anlogous data has been presented using mean pressure-flow 
relations. 

In isolated hearts "ejecting" into a simulated 3-element Windkessel arterial system, 
it is easy to test the model framework expressed in Eqs. 3-6 above. This was first done 
by Sunagawa et al. (50), using Eq. 5 to predict stroke volume, and then comparing 
this value to measured stroke volume under a variety of loading conditions. Predicted 
and observed data agreed very well. The model was also successful in predicting 
stroke work by Eq. 6. Comparisons between predicted and measured stroke work in 
isolated hearts have also shown remarkable agreement (Fig. 6). Similar favorable 
comparisions have been obtained for in situ hearts (SWmeasured ~-- 0 . 9 .  SWpredicte d -4- 128 
mmHg.ml, r = .85, n = 256, p < .001). 

In another study, Kass et al. (19) experimentally determined the loading and ino- 
tropic sensitivity of multiple indices of chamber systolic function. Experimental data 
for parameters such as ejection fraction, dP/dtmax and maximal velocity of circum- 
ferential shortening were obtained from pressure-volume data in isolated ejecting ca- 
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FIGURE 6. Predicted stroke work (using Eq. 6 modified to include assessment of area under the 
diastolic pressure-volume relation) and measured SW in isolated canine hearts, Comparisons were 
made over a wide range of contractile states and afterloads (Ees from 2.1 to 31.8, and Ea from 2.6 
to 11.0 mmHg/ml), and the two values correlated very well. 

nine left ventricles. The results were compared to predicted responses based on a 
theoretical analysis of the preload, afterload, and inotropic sensitivities of each in- 
dex derived by pressure-volume coupling analysis. Both the experimental data and 
theoretical predictions compared very well for all indices studied. In addition to dem- 
onstrating the interrelationships between many systolic performance variables, these 
results further confirmed the usefulness of the pressure-volume coupling approach. 

We have recently employed this framework to assess vascular versus ventricular ef- 
fects of the pharmacologic agent amrinone in the intact dog (17). Since this drug has 
both vasodilator and positive inotropic effects, integrated responses (in flow or ejec- 
tion fraction) are difficult to interpret in intact animals and man. By characterizing 
contractile state change by Ees, and arterial resistance change by Ea (heart rate was 
fixed and animals were autonomically blocked), both effects were easily separated and 
quantified. We assumed that each variable primarily reflected changes in its respec- 
tive system, but accepting this premise, the drug clearly was shown to have marked 
effects on both. In a further (and first in vivo) test of the coupling approach, we used 
Eq. 5 (for stroke volume) divided by EDV to predict ejection fraction. The starting 
values of Ees, Ea, Vo, and EDV were entered into the equation, and then percent 
changes in Ees and Ea, observed after drug administration, were used to predict net 
EF changes for comparison to the actually measured EF changes. The coupling 
framework also enabled estimation of the separate contributions to the net EF change 
due to cardiac versus vascular changes. The results (Fig. 7) showed excellent agree- 
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FIGURE 7. Comparison of predicted versus measured ejection fraction from seven closed-chest 
anesthetized dogs before and after i.v. amrinone bolus. Combined afterload reduction and contractile 
enhancement resulted in the net EF change, and the coupling model was used to predict the net 
change as a result of measured percent changes in Ees and Ea respectively. The result compared 
closely with the measured EF data (see [17]). 

ment between experimental and predicted EF response. To date, these data represent 
the most direct evidence that the ventriculo-vascular coupling model can be used to 
take data obtained in vivo under one set of operating conditions, and use it to pre- 
dict the response under an entirely new set of conditions. 

OPTIMIZATION 

Given a characterization of  ventricular and vascular properties in terms that are 
easily coupled and which can accurately predict integrated pump performance, the 
next question regards how these variables actually couple in vivo. Theoretically, 
ventriculo-vascular interaction could be such that maximal work or power is gener- 
ated, maximal myocardial efficiency (work/oxygen consumption) achieved, or 
neither. 

Two studies published at almost the same time examined this issue from two dif- 
ferent model perspectives. In a systematic analysis of isolated hearts, Sunagawa et al. 

(51) varied the arterial resistance (R) over a wide range under a variety of steady state 
conditions to determine the R value at which stroke work (SW) was maximal. 
Changes in inotropic state which increased the slope of the ESPVR also increased the 
R value at maximal SW, whereas changes in EDV did not. Increasing compliance (of 
the computer simulated 3-element Windkessel circuit) also led to a small but signifi- 
cant increase in arterial resistance at optimal SW. These results were very consistent 
with the ventriculo-arterial elastance coupling model outlined above in Eqs. 1 and 3-6. 
The prediction was that optimal stroke work would occur when Ees = Ea. Since, for 



Ventriculo-Arterial Coupling 55 

example, changes in EDV did not alter either ventricular or arterial elastance values 
(in the isolated heart preparation), the resistance at optimal coupling was not changed. 
On the other hand, since Ees increased with inotropic stimulation, Ea (and R) in- 
creased at optimal SW. 

The prediction of matched elastances also leads to prediction of an ejection frac- 
tion (EF) of ~ 50%. Since from Eq. 3 

E F -  S V  _ EeS(Ved -- Vo)/(Ees + Ea) (10) 
Ve~ Ve~ 

and if 1Io is small (i.e., near 0) and Ees = Ea, then 

E F  = E e s ( V ~ d - O ) / ( E e s  + Ees) 1 
Fed 2 (11) 

While it is recognized that normal intact human subjects have EF values generally 
greater than 50%% this value is typical of anesthetized animals. Thus, it is perhaps less 
surprising that in the in situ heart study of open chest cats (58), that appeared at about 
the same time as the above mentioned isolated heart study, the equilibrium coupling 
point was indeed similar. The framework used in this latter study involved mean ven- 
tricular pressure-flow relations and matched ventricular source resistance to arterial 
resistance to predict mean power. Under baseline conditions, matching was found 
near optimal power (equivalent to optimal SW at a given heart rate). As in the iso- 
lated heart study, increasing heart rate did not significantly alter the working point. 
However, in neither study were heart rate changes physiologic (120-160 in the isolated 
heart, and 180-200 rain -1 for the cat study). Heart rate effects on coupling in nor- 
mal physiologic ranges may be greater. 

While altering volumes or heart rate did not appear to move the coupling point 
away from that predicted for optimal power (or work), acute inotropic changes had 
a different effect. In one study, norepinephrine markedly increased the coupling work 
point (Rp/Rs,  analogous to Ea/Ees) ,  moving it away from optimal power (56). 
Myhre et al. (36) similarly showed that depression of ventricular function also shifted 
the coupling set point away from optimal work. Thus, if in fact normal resting phys- 
iologic controls are such that the operating coupling point is at or near maximal power 
(or stroke work), these data indicated that such coupling is not tightly controlled by 
some "optimizing" feedback circuit, but could be acutely over-ruled by various inter- 
ventions. However, these drugs could represent extreme and unbalanced interventions 
(i.e., heart vs. vasculature). Under more normal physiologic conditions, such as ex- 
ercise, optimal coupling appears preserved (49). 

These series of studies and observations raise several questions. First, since match- 
ing of Ea and Ees (or Rp and Rs) predicts an ejection fraction near 50%, and intact 
human (and animal) EFs are generally higher (60-70%0), is it possible that something 
other than power or work is optimized in intact systems? This issue was raised and 
theoretically examined by Burkhoff and Sagawa (7). Using a linear ESPVR, Ea, and 
the linear relation between oxygen consumption (MVO2) and pressure-volume area 
(PVA), these authors generated equations to predict coupling ratios at optimal work 
as well as optimal efficiency (SW/MVO2) (Appendix B). Using "typical" left heart 
data (Ees = 7 mmHg/ml, Vo 5 ml, EDV = 35 ml) and normal values for slope and 
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intercept of  an MVO2-PVA relation (2.4.10 -5 m l O J b e a t / m m H g . m l ,  and 0.04 
mlOE/beat respectively) the model predicted optimal work at an Ees/Ea ratio of  1.0, 
but optimal efficiency at a ratio of  2.0. With a ratio of 2.0, EF is predicted to be be- 
tween 60-70~ consistent with human data, and thus the authors suggested that ef- 
ficiency rather than work or power may be optimized in intact systems. 

There are a few problems with the analysis, however. The equation for efficiency 
derived by Burkhoff  is a function of  Ees, Ea, Fed, and 1Io. Using this expression, one 
can obtain an analytic solution for the Ees/Ea ratio at maximal efficiency (Appen- 
dix B). However, rather than being a constant at Ees/Ea -- 2.0, the result is nonlin- 
ear and itself a function of  both Ees and ~d (Fig. 8). The value of  2.0 results from 
the particular (albeit representative for normal heart) numbers used in the modeling 
study (7), but could vary depending on preload or myocardial function. Thus, while 
it is intriguing that recent values for this coupling ratio in both conscious animals and 
humans have been reported near 1.5 (3,59) or more, it is less clear whether this ac- 
tually represents efficiency optimization. 

Ultimately, determining what is optimized by studying the numeric ratio of  cou- 
pling parameters is unlikely to be very fruitful. In experimental studies of  work and 
efficiency optimization, and indeed as predicted from theoretical analyses of these re- 
lations (7,51), "opt imum" coupling points fall on curves that are rather shallow over 
a broad range. Thus, coupling ratios can be varied over a wide range while still re- 
maining at 95~ or more of both maximal work and efficiency (15). 

One interesting side issue is how nonlinear ESPVRs might effect the peaked na- 
ture of  optimization curves. Figure 9 shows results of a theoretical analysis for both 
SW and efficiency as functions of  coupling ratio for linear and nonlinear cases. Each 
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FIGURE 8.  Theoretical model result showing the influence of Ees and Ved on the Ees/Ea coupling ra- 
tio at optimal efficiency. Rather than always being 2.0, this ratio varies as a function of both Ees and 
Veal. At the parameter values used by Burkhoff (7), this results in a ratio of 2,0. However, for larger 
or depressed hearts, the ratio could be different and still be at optimal efficiency. 
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variable is normalized to a value of 1.0 at maximum. Curves lying above the dotted 
line (95%) are within 5% of  optimal work or efficiency respectively. For stroke work, 
ESPVR nonlinearity has the effect of  broadening out the optimal range to almost 
double that for the linear model. This in vivo nonlinearity would be expected to make 
optimal (or near optimal) work obtainable over an even broader range of  coupling 
ratios. As noted previously, and shown in Appendix A, optimal work is achieved at 
the identical coupling ratio for both linear and nonlinear ESPVRs. Efficiency is less 
affected by a nonlinear ESPVR, and although the optimal point is shifted slightly, 
there is little physiologic impact as both relations are quite flat. 

Another more intriguing issue centers on what controls coupling in vivo. Is the ob- 
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is very broad and overlaps the optimal work ratio of 1.0. 
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servation that coupling in vivo is near optimal power (or efficiency) serendipitous, or 
is a control system involved? Recent reports on conscious animals undergoing tread- 
mill exercise indicate that ventriculo-arterial coupling is matched at near maximal 
work (or power) and remains matched throughout exercise (49). This seems remark- 
able since it implies that during a complex event such as exercise in which heart rate, 
fluid shifts, contractility, and vascular properties are all altered, optimal coupling for 
maximal work is maintained. As noted by Van den Horn et al. (56), it is unlikely that 
there are power (or work) receptors, certainly none have been described, nor are ef- 
ficiency receptors known to exist. Looking to well characterized mechanoreceptors, 
both cardiac stretch receptors and vascular baroreceptors are potential controllers. 
In a recent intriguing study (23), random noise pressure perturbations were imposed 
on an isolated carotid sinus in anesthetized dogs, and the transfer function between 
coronary sinus pressure (CSP) and ventricular and arterial elastances determined. The 
results showed that a step response of CSP produced an instantaneous ratio of Ea/Ees 
of 0.93 + 0.21, not significantly different from 1.0, thus maintaining optimal work 
or power. It would appear that feedback control on both heart and vasculature dur- 
ing normal exercise may well maintain coupling at near optimal ratios. 

The third and last question, which is only beginning to be explored, is whether cou- 
pling and/or coupling control mechanisms are altered in disease states. In a baboon 
study, Latham et al. (25) found that chronic hypertension (increased Ea) induced by 
perinephritis led to ventricular hypertrophy and increases in end-systolic elastance. 
However, the coupling between these parameters was complex, and highlighted a 
problem facing investigators of disease conditions: that characterization of coupling 
and the assessment of vascular properties often varies with the mean level of systolic 
arterial pressure. While vascular properties are more constant over physiologic op- 
erating ranges in normal vaseulatures, hypertension increases late systolic wave reflec- 
tions and pushes the operating point to a less compliant range. From this baseline, 
increases or decreases in mean arterial pressure or volume are more likely to alter the 
compliance or magnitude of reflections (see Fig. 5) making impedance (and Ea) de- 
pendent on ventricular properties (i.e., pressures or stroke volume), and coupling 
analysis more difficult. 

In another recent study, Asanoi et al. (3) reported on coupling ratios in normal hu- 
man subjects and in subjects with ventricular dysfunction. They found Ees/Ea was 
approximately 2.0 for normals (EF 66%), 1.0 for patients with mild cardiac depres- 
sion (EF 50%), and 0.5 in heart failure patients (EF 29%). The authors suggested that 
normal coupling may work at optimal efficiency, whereas in mild heart failure, op- 
timal work is achieved. However, our analysis above suggests this differentiation may 
not be very meaningful. One can conclude that with clinical myocardial depression 
(as true of animal data [36]), coupling is no longer maintained at optimal work (or 
efficiency), but responds to demands for adequate peripheral perfusion pressure. 
Given data that have shown abnormalities of baroreflex control during exercise in 
heart failure patients (9,34), it is interesting to speculate that coupling ratios might 
deteriorate further under stress. Increasing impedance mismatch with exercise could 
be one source of integrated cardiovascular compromise in patients with such diseases. 
This question is as yet unexplored. 

S U M M A R Y  

As a tool for understanding integrated cardiovascular performance, studies of 
ventriculo-vascular coupling have already proven to be very valuable. As an approach 
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for predicting system performance under  an  entirely new set of  operat ing condit ions,  
da ta  f rom isolated or autonomical ly  blocked hearts show excellent agreement between 
measured  and  predicted responses.  However ,  da ta  f rom intact  an imals  with n o r m a l  
closed-loop physiological  feedback controls  present  a far more  complex test, and  
more study is needed. Examina t ion  of a variety of  questions regarding coupling in hu- 
mans  is only  beg inn ing  but  looks to be promis ing.  Given the development  of  fast 
computers  and  thus greater ease of coupling more  comprehensive descriptions of vas- 
cular  properties in the f requency d o m a i n  with ventr icular  propert ies in the t ime do- 
main ,  we may look to studies on the in terac t ion  between physiologically relevant 
vascular loading abnormali t ies  and ventricular  performance.  Improvements  in under-  
s tanding the interactions between vascular load and  ventricular funct ion will undoubt -  
edly lead to greater insights and  abil i ty to predict  responses in intact  systems. We 
expect that  by the t ime another  review on  this topic appears in this journa l ,  many  of  
the complexities affecting both  ventr icular  and  vascular character izat ion,  and the in- 
fluences of intact  control  systems on  these parameters  and their coupling,  will be bet- 
ter unders tood .  
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A P P E N D I X  A 

F o r  a n o n l i n e a r  end - sys to l i c  p r e s su re  v o l u m e  r e l a t i o n ,  it c an  be  eas i ly  s h o w n  tha t  

m a x i m a l  s t roke  w o r k  will  be  ach ieved  w h e n  Ea ( the ar te r ia l  e las tance  line) has  a s lope 

e q u a l  a n d  o p p o s i t e  to  the  i n s t a n t a n e o u s  s lope  o f  t he  n o n l i n e a r  E S P V R .  

Le t  t he  E S P V R  be d e f i n e d  by  the  r e l a t i o n  

Pes = f (Ves)  

w h e r e  f is a m o n o t o n i c a l l y  i nc r ea s ing  f u n c t i o n  o f  V~s. T h e n  the  loca l  s lope  o f  the  

E S P V R  (Eesv~s) at  a g iven  Ves is f ' (Ves ) .  T h e  Ea is the  ra t io  o f  Pes /SV  as de f ined  fo r  
t he  l inear  case.  T h e n  we h a v e  

E a -  Pes  _ Pes  _ f ( V e s )  (A1) 
SV Vee-Ve~ Ved--Ve~ 

a n d  

SW-..~ P e s ' S V =  f (Ves)"  (Ved -- lies) �9 (A2)  
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For a given end-diastolic volume (Veal), the V~s that maximizes SW is: 

d S W  

d ~  
- f ' (Ves)(Vea - Ves) -- f (Ves)  = 0 (A3) 

or 

f(Ves) f ' (  Ves) - -  (A4) 
V~e - V~ 

Since, f ' (Ves)  = Eesve,; and f (Ves) / (V~a - Ves) = Ea,  then Eq. A4 indicates that op- 
timal SW occurs when Eesve, = Ea.  

A P P E N D I X  B 

As presented by Burkhoff  and Sagawa (7), an analytic expression for optimization 
of  efficiency can be derived from Eqs. 2, 3, and 6, and the energetics relation: 

M V O  2 = a P V A  + b (B1) 

where a and b are constants. PVA is the pressure-volume area defined as the sum of 
stroke work and a potential energy approximately equal to 

P V A  = S W  + P E  = Pe~ 'SV  + Pe~" (V~ -- Vo)/2 (B2) 

and M V O  2 is myocardial oxygen consumption. Myocardial efficiency is defined by 
the ratio of  stroke work to M V 0 2 .  Adding stroke work (Eq. 6) to the equation for 
potential energy yields P V A  (Eq. B2) which is substituted into Eq. B1 to predict 
M V 0 2 .  Dividing SW by predicted M V 0 2  yields the following expression for 
efficiency: 

b(1 + ( E a / E e s )  a) ]-1 
EFF= a(1 + (Ea/2Ees)) + E ~ V ~ - -  (B3) 

For a fixed Ees,  Eq. B3 can be differentiated with respect to Ea and set equal to zero 
in order to solve for the value of  Ea (and thus E e s / E a  ratio) which optimizes effi- 
ciency. The result is: 

E e s / E a  @ EFFmax = ~ [ a ( V e d -  Vo)2Ees/2 + b ] / b  . (B4) 

For typical canine data parameter values as used in the model study of Burkhoff and 
Sagawa (7), (Ees  = 7.0 mmHg/ml ,  Veal = 45 ml, Vo = 5 ml, b = .05 ml O2/beat, 
a = 2.6.10 -5 ml O2/bea t /mmHg.ml) ,  Eq. B4 yields a coupling ratio of 2.0. How- 
ever, clearly for  larger volumes and different  contractile states, the predicted 
ventriculo-vascular coupling point at optimal efficiency will vary, and might be 
greater or less than 2.0 (see Fig. 8). 


