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BURKHOFF, DANIEL, SEIRYO SUGIURA, DAVID T. YUE, AND 
KIICHI SAGAWA. Contmctility-dependent curvilinearity of end- 
systolic pressum-volume relations. Am. J. Physiol. 252 (Heart 
Circ. Physiol. 21): H1218-H1227,1987.-The shape of the end- 
systolic tension-length relationship (ESTLR) changes when 
contractile state is changed, whereas the end-systolic pressure- 
volume relationship (ESPVR) remains linear despite changes 
in contractility. To investigate this disparity, the ESPVR was 
determined with contractility altered extensively by dobutam- 
ine, BAY K 8644, nifedipine, lowering coronary blood flow, and 
the introduction of extrasystolic and postextrasystolic stimu- 
lations. The ESPVRs were fitted by nonlinear regression anal- 
ysis to the parabolic equation P, = aV,* + bV, + c, where P, 
is end-systolic pressure, VI is end-systolic volume, and a, b, 
and c are parameters. There was a negative, statistically signif- 
icant correlation between u, which serves as a shape index of 
the ESPVR, and EL, the slope of the ESPVR in a low volume 
range. When EL wa8 large a was negative, indicating increas- 
ing concavity of the ESPVR to the volume axis at high con- 
tractility. When E A was small a w8s positive, indicating con- 
vexity of the ESPVRs to the volume axis at low contractility. 
Within the average range of EL between 3.4 and 7.8 mmHg/ 
ml, however, the parabolic fit to the data was not staGtically 
better than a linear fit over the range of volumes testable in 
the isolated heart. We conclude that the shape of the ESPVR 
measured in the isolated canine heart changes with contractile 
state. In accordance with previous interpretations of shape 
changes in the muscle ESTLR, these results are consistent with 
the existence of length-dependent activation of cardiac muscle 
in the intact heart. 

dobutmnine; BAY K 8644; coronary perfusion pressure; postex- 
trasystolic potentiation; nifkdipine; length-dependent activa- 
tion 

RECENT STUDIES PERFORMED on isolated mammalian 
cardiac muscle have led to the concept that the extent of 
myofilament activation achieved on a beat is dependenb 
not only on the amount of calcium supplied to the 
myofilaments but also on the length of the muscle. This 
phenomenon, known as length-dependent activation, 
was first described for skeletal muscle (3) and then for 
cardiac muscle by Allen et al. (1) and Jewel1 (11), who 
noted that the shape of the end-systolic tension-length 
relation (ESTLR) of isolated cat papillary muscle was 
different when contractile state was altered by varying 
the calcium concentrations of the bathing solution. Evi- 
dence for length-dependent activation has since been 
obtained in numerous experimental preparations with 
contractile state varied by different methods (2, 4, 7, 9, 

10,X, 16,21,31). Although the mechanisms responsible 
for length-dependent activation are not completely un- 
derstood, the available experimental data suggest two 
possibilities. The first is that the affinity of the force- 
generating machinery for Ca2+ increases when cardiac 
muscle is lengthened (9). The second possibility is that 
the amount of calcium released to the myofilaments on 
a beat depends (in the steady state) on muscle length (2, 
5). Both of these mechanisms are believed to underlie, 
in part, not only the length dependence of activation but 
also the Frank-Starling relation as well. 

Despite numerous studies of length-dependent acti- 
vation in isolated muscle preparations, very little is 
known about the significance of this phenomenon for a 
more intact situation. In fact, previous studies of isolated 
canine hearts have shown that, in the physiological 
range, the shape of the ventricular end-systolic pressure- 
volume relationship (ESPVR) (the ventricular level 
counterpart of the ESTLR) is linear, independent of 
contractile state (26, 28). These findings raise the ques- 
tion of whether evidence for the existence of length- 
dependent activation is observable under conditions 
closer to those encountered physiologically than in ex- 
cised pieces of ventricular muscle. 

The purpose of the present study, therefore, was to 
investigate whether the shape of the ventricular ESPVR 
changes with large alterations in contractile state as has 
been observed for the ESTLR in isolated heart muscle. 
Specifically, we tested the hypothesis that with marked 
enhancements of the contractile state the ESPVR would 
become concave to the volume axis and that with marked 
reductions in contractile state it would become convex 
to the volume axis. We employed an isolated canine 
heart preparation, which allows for precise measurement 
of ventricular volume. In contrast to previous studies in 
isolated hearts (26, 28), we varied the ventricular con- 
tractile state over a very wide range by different inotropic 
agents, alterations in coronary perfusion pressure and 
the introduction of extrasystolic and postextrasystolic 
stimulations. The results indicated that at high and low 
contractile states the ESPVR deviates from linearity in 
a manner predicted from isolated muscle studies. 

METHODS 

Surgical preparation. The procedures used to isolate 
and support a canine heart were similar to those de- 
scribed by Suga and Sagawa (26). A pair of mongrel dogs 
was anesthetized with pentobarbital sodium (30 mg/kg 
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iv). The femoral arteries and veins of one dog (support 
dog) were cannulated and connected to a perfusion sys- 
tem that was used to supply oxygenated blood to the 
isolated heart. The chest of the second dog (donor dog) 
was opened under artificial respiration, and the heart 
was removed while metabolically supported by arterial 
flow from the support dog. The left atrium was opened, 
and all chordae tendineae were freed from the mitral 
valve leaflets. A metal adapter that held the isolated 
heart to the ventricular volume servo-pump system (de- 
scribed below) was sutured to the mitral ring. When the 
surgical preparation was complete, the isolated heart was 
positioned such that a water-filled latex balloon was 
inside the left ventricular cavity. The metal adapter 
sutured to the mitral annulus has a flange that extended 
under the aortic valve and prevented hemiation of the 
intraventricular balloon into the aorta. Accumulation of 
blood in the space between the balloon and ventricular 
wall was avoided by venting. 

infusion during the experiment (in this and the protocols 
described below), we assessed changes in isovolumic de- 
veloped pressure at a ventricular volume of -25 ml. 
Coronary perfusion pressure was set between 80 and 100 
mmHg at the start; the speed of the pump controlling 
arterial blood flow to the heart was held constant so that 
drug delivery to the left ventricle (LV) was constant 
during each ESPVR determination. 

2) Coronary perfusion pressure (CPP) was lowered to 
reduce contractile state. The control value was set be- 
tween 100 and 80 mmHg and was lowered to values 
between 50 and 30 mmHg on experimental runs. 

Coronary perfusion pressure was controlled at a con- 
stant level by a perfusion pump that regulated the flow 
rate of arterial blood from the support dog (more detail 
presented below). The blood temperature was main- 
tained between 37 and 38°C. 

3) BAY K 8644, a calcium-channel agonist [a new 
positive inotropic agent (24)], was administered as de- 
scribed above for dobutamine (typical infusion rates pro- 
viding concentrations between -0.5 x low8 and 2.5 x 
low8 M). In addition, it was necessary to simultaneously 
infuse adenosine (1 mg/min) to counteract the potent 
coronary vasoconstricting effects of this agent. The net 
result of infusing this combination was a slight reduction 
in coronary resistance. The speed of the pump controlling 
coronary blood flow was adjusted as described in 1 above, 
so that drug delivery was constant during each ESPVR 
determination. 

Ventricular volume servo-system. A servo-pump sys- 
tem was used to control ventricular volume. Details of 
its design and performance have been reported by Suga 
and Sagawa (27) and Sunagawa et al. (30). Briefly, a 
linear motor controls the position of the piston within a 
rolling diaphragm cylinder. A latex balloon is secured to 
a tube connected to the outflow tract of the cylinder 
forming a closed system that is filled with water. A linear 
displacement transducer senses the position of the pis- 
ton, thus producing a signal proportional to the balloon 
(and therefore ventricular) volume. This signal is used 
in a negative-feedback loop for comparison with a volume 
command signal that represents the desired ventricular 
volume. The error signal resulting from this comparison 
is supplied to a power amplifier, which in turn drives the 
linear motor. 

Protocols. All data were collected with the ventricles 
contracting isovolumically. The hearts were paced at a 
constant rate between 100 and 130 beats/min. Data for 
determining ESPVRs were recorded the same way during 
each experimental intervention. Left ventricular volume 
was set to the highest value at which steady pacing could 
be achieved without arrhythmia; this was typically be- 
tween 40 and 45 ml (with corresponding end-diastolic 
pressure between 20 and 30 mmHg). After a steady state 
was established, recordings of ventricular pressure and 
volume were made. Ventricular volume was then reduced 
by 2-3 ml, and new recordings were made after a new 
steady state was reached. Volume was decreased to a 
minimum between 5 and 10 ml. ESPVR data were ob- 
tained under control conditions and then after contrac- 
tile state was changed in one of the following five ways. 

4) Nifedipine, a calcium-channel antagonist (negative 
inotropic agent), was infused at two or three different 
rates, the maximal rate titrated to reduce contractile 
state to less than one-half of control (typical infusion 
rates providing concentrations between 1 x lo-’ and 6 x 
10” M). Nifedipine reduces coronary resistance, and the 
perfusion pump speed was adjusted as in 1 above. 

5) Finally, contractile state was varied by introducing 
extrasystolic (ES) and postextrasystolic (PES) stimuli. 
Heart rate was set between 100 and 120 beats/mm. After 
a steady mechanical state was established at a given 
volume, two test stimuli were introduced. The first was 
at a test pulse interval TPIl less than the steady-state 
beat-to-beat interval, and the second was at an interval 
TP12 chosen to create a “compensatory pause” (i.e., TPIz 
was chosen such that the sum of TPIl and TPIz was 
twice the steady-state pacing interval). ES and PES beats 
were measured over the same wide range of volumes as 
described above for the other interventions. By short- 
ening TPI1, the ES beat becomes progressively weaker 
than the steady-state beat, and the PES beat becomes 
progressively more potentiated [see dohnson (13), for a 
review of the interval dependence of contractile 
strength]. Several combinations of TPII and TPIz values 
were studied in each heart. CPP was set between 80 and 
100 mmHg and held constant during each ESPVR deter- 
mination. 

It was not possible to test each of these interventions 
in every heart due to the limited duration of viability of 
the experimental preparation (typically between 3 and 5 
h). The actual number of hearts in which each interven- 
tion was used are presented in Table 1. 

1) Dobutamine, a positive inotropic agent, was infused 
into the coronary perfusion line. Two or three different 

Data analysis. Ventricular volume and pressure, CPP, 

infusion rates were used in each heart to enhance the 
and bipolar epicardial electrogram were recorded on a 

contractile state to two- or threefold the control level 
strip-chart recorder (Gould model 2800), digitized at a 

(approximate infusion rates between 5 and 20 pg/min). 
sampling rate of 200 Hz, and stored on magnetic tape for 

To judge changes in contractile state resulting from drug 
off-line analysis. The end-systolic pressure (PJ (which 
for isovolumic contraction is equal to the peak systolic 
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TABLE 1. Summary of number of experknents 

Intervention No. of Expts 

Dobutamine 5 
Decreased CPP 6 
Nifedipine 2 
BAY K 8644 5 
ES/PES pacing 8 

CPP, coronary perfusion pressure; ES, extrasystolic; PES, postex- 
trasystolic. 

pressure) and end-systolic volume (V,,) of each beat 
measured during an experimental run was determined. 
From a set of preliminary data, we conceived the end- 
systolic pressure-volume relation to be of the parabolic 
form 

P 8% = aV& + bV,, + c (1) 

In this equation the weighting factor for V&, a, served as 
a quantitative measure of the curvilinearity of the 
ESPVR. If the ESPVR is linear, then a will have a value 
of zero. For an ESPVR convex to the volume axis, a will 
have a positive value. For an ESPVR concave to the 
volume axis, a will have a negative value. In general, the 
larger the absolute value of a, the more strongly curvilin- 
ear the ESPVR. For each set of end-systolic pressure- 
volume data, the values of the parameters a, b, and c that 
provided the best least-squared fit to the data were 
determined by multiple regression analysis. 

With the nonlinear representation of the ESPVR pro- 
posed in Eq. 1, contractility cannot be quantified simply 
by the conventional parameter “Emer,” which is the slope 
of the (assumed) linear ESPVR (26). However, to test 
whether the ESPVR changes shape with contractility, 
we obviously need to be able to quantify contractility 
reliably. Therefore, contractility was indexed by the slope 
of the ESPVR at low volumes and was designated EL,. 
The value of this index was obtained by evaluating the 
derivative of Eq. 1 at P, equal to 0 mmHg, with the 
parameters a, b, and c determined by regression analysis 
to the data as outlined above 

E ’ max = dp,,/dv,, 1 P-4 

= 2aV + b 1 pwmO 

Solving Eqs. 1 and 2 simultaneously yields 

E / 
max = (b 2- 44 ‘h 

(2 ) a 

cw 

(3) 

Thus, with a linear ESPVR (i.e., with a = 0), EL, is 
equal to b, which is precisely the same as the previously 
defined slope of the linear ESPVR, Ema,. 

Similarly, the volume-axis intercept of the ESPVR, 
designated VO, was determined by setting P = 0 in Eq. 1 
and solving for V by the quadratic formula 

V o = [-b + (b2 - 4ac)“]/2a (4) 

For the case of ESPVRs determined when contractile 
strength was greatly reduced, these definitions of EL,, 
and V. (i.e., Eqs. 3 and 4) frequently became problematic 
due to the shallow approach of the end-systolic pressure- 
volume data points to the volume axis, which resulted in 
a large statistical uncertainty in the predicted volume- 
axis intercept of the regression line. Therefore, for 

ESPVRs measured under reduced contractile states EL, 
and Vo were defined alternatively as the slope and vol- 
ume-axis intercept, respectively, resulting from linear 
regression analysis applied to the end-systolic pressure- 
volume data obtained below a low volume of 20 ml. 
Although the definitions of E&a, and Vo based on linear 
regression are not ideal, they provide a reliable means of 
quantifying these parameters when meaningful applica- 
tion of the analytic definition (i.e., Eqs. 3 and 4) was 
obviated by statistical uncertainty in the setting of low 
contractility. In fact, when applied to data obtained at 
higher levels of contractility, the alternate sets of defi- 
nitions provide estimates of EL, and Vo that were not 
significantly different from those provided by Eqs. 3 and 
4. (See APPENDIX for further details.) The quantification 
of the shape of the ESPVR by the parameter a was the 
same under all levels of contractile state. 

To determine the statistical significance of curvilin- 
earity of each ESPVR, we employed a Student’s t test to 
test the null hypothesis that there was no statistically 
significant difference in a from zero. If P resulting from 
this test was ~0.05, then the value of a was considered 
to be different from zero and the ESPVR was deemed 
nonlinear. Conversely, for P > 0.05, the difference, if 
any, of a from zero was considered insignificant, and the 
ESPVR was deemed linear. 

A total of 151 end-systolic pressure-volume relation- 
ships from eight hearts were analyzed in this manner. 

To demonstrate the shape dependence of the ESPVR 
on contractility, we plotted the resulting values of a as a 
function of EL, for every ESPVR measured in each 
heart; data from different hearts were plotted and ana- 
lyzed separately. Linear regression analysis was used to 
quantify the trend of the relation between a and Ek, in 
each heart; however, it is not our intention to prove or 
even imply, that the relationship between a and E& is 
linear. Data from different hearts were not pooled for 
these analyses due to the lack of suitable normalization 
procedures for EL, and a to account for differences in 
ventricular mass and geometry. A plot was also made of 
V. against EL, to determine whether any significant 
shifts in the ESPVR could be identified. 

RESULTS 

Examples of original experimental recordings of iso- 
volumic left ventricular pressure (LVP), left ventricular 
volume (LVV), and CPP, taken from a typical experi- 
ment are shown in Fig. 1. For the experimental run 
shown, the contractile state was altered by introducing 
ES and PES stimulations as described in METHODS. 
These records, obtained at three different volumes, were 
part of an experimental run in which data were collected 
at a total of seven different volumes. In this example the 
steady-state heart rate was set at 110 beats/min (corre- 
sponding to a steady-state beat-to-beat interval of 550 
ms), TPIl was set at 350 ms and TP12 was set at 750 ms. 
Peak isovolumic LVP was less on the prematurely intro- 
duced ES than on the steady-state beats and greater on 
PES. LVV was varied between 5.9 and 37.2 ml while 
pacing with the same pattern. Peak LVP decreased with 
decreases in LVV, but the trends in alterations of LVP 
with altered pacing intervals were the same at each 
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FIG. 1. Original experimental recordings from a 
typical experiment. LVP, left ventricular pressure; 

3 3 LVV, left ventricular volume; CPP, coronary per% 
sion pressure. These records were obtained with extra- 

I and postextrasystolic pacing. 

0 

1 $ec 

volume. Note that the CPP tracing (measured in the 
aortic root) was not influenced by the high intraventric- 
ular pressures, indicating that the metal ring sutured to 
the mitral annulus did not permit herniation of the 
balloon into the aorta. From these data we determined 
the end-systolic (i.e., peak) pressures of the steady-state, 
ES, and PES beats at each of the volumes studied. These 
were then plotted as a function of ventricular volume, 
resulting in ESPVRs. The ESPVRs corresponding to the 
tracings in Fig. 1, including the rest of the data collected 
in this run, are presented in Fig. 2, with solid circles 
corresponding to steady-state data, triangles correspond- 
ing to ES data, and squares corresponding to PES data. 
The solid lines are the parabolic fit to the data (i.e., Eq. 
1) by nonlinear regression analysis (see METHODS). The 

0 

FIG. 2. End-systolic pressure-volume relations for data presented 
in Fig. 1. Solid circles, control data; triangles, extrasystolic data; squares, 
postextrasystolic data. Solid fines are best-fit quadratic relations (P, 
= aVL + b, + c) to data as determined by nonlinear regression analysis. 
Dotted line is linear regression to data on extrasystolic beat obtained 
below 20 ml. See text for further details. 

dotted line represents the linear extrapolation of the 
ESPVR measured on the ES beat and was obtained by 
linear regression analysis applied to the data below the 
cutoff point of 20 ml as outlined in METHODS and AP- 
PENDIX. The three regression lines intersect the volume 
axis within 3 ml of each other, indicating very little 
variation in Vo (Eq. 4) with contractile state. In this 
example, the steady-state ESPVR had an EL, of 5.3 
mmHg/ml and a small a value of -0.017 mmHg/m12, 
resulting in an essentially linear relation. On ES con- 
tractions, EL,, was 2.02 mmHg/ml with an a value of 
0.0506 mmHg/m12. The PES EL, was 12.4 mmHg/ml 
with an a value of -0.152 mmHg/m12. The nonlinearities 
in the regressions to the ES and PES ESPVRa were 
statistically significant (P < 0.001). Thus these data 
demonstrate ESPVRs that deviated from linearity when 
contractile state was markedly depressed and enhanced. 

Typical ESPVRs obtained while altering the contrac- 
tile state with the various interventions described in 
METHODS are presented in Fig. 3; data in a given panel 
are from a single heart, and the interventions are speci- 
fied in the graph inserts. Those interventions, which 
enhanced contractile state (dobutamine, BAY K 8644, 
and PES pacing), provided ESPVRs that were concave 
to the volume axis and had parabolic regressions with 
negative values of a. Note that with the positive inotropic 
interventions, peak isovolumic pressures at large vol- 
umes reached values in excess of 200 mmHg. 

In contrast, those interventions that depressed con- 
tractile state (nifedipine, decreased CPP, and ES pacing) 
provided ESPVRs that were convex to the volume axis 
and had parabolic regressions with positive values of a. 
With depressed contractility at large volumes, peak iso- 
volumic pressures were typically below 75 mmHg even 
at large volumes. 
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FIG. 3. End-systolic pressure-volume relations obtained with contractile state varied by the different interventions. 
Data in each panel is from a single heart with different drug dosages, different coronary perfusion flows, or different 
values of pacing intervals. Solid lihes are best-fit quadratic equations. TPI1, TP12, test pulse interval 1 and 2, 
respectively; CPP, coronary perfusion pressure. 

It is also seen in each panel that VO, the volume-axis 
intercept of the ESPVR, was not significantly influenced 
by changes in contractile state. 

The results of the quantitative analysis of data from a 
typical heart are summarized in Fig. 4. The relation 
between contractile state and curvilinearity is illustrated 
in Fig. 4A, where values of a are plotted as a function of 
EL for all the EsPVRs measured in this heart. Differ- 
ent symbols indicate the different interventions used to 
alter the contractile state. As shown, with EL decreas- 
ing below ~6 mmHg/ml there is a trend toward increas- 
ing positive values of a, indicating an increasing degree 
of convexity of the ESPVRs to the volume axis. With 
E f increasing above ~6 mmHg/ml there is a trend 
tcZY&d increasing negative values of a, indicating an 
increasing degree of concavity of the ESPVRs to the 
volume axis. For this heart, a = -0.021 EL + 0.131. 

The results of the analysis to assess statistical signif- 
icance of nonlinearity in the ESPVR in this ventricle are 
presented in Fig. 4B, where we plotted P, as a function 
of EA. P > 0.05 (indicated by the dotted line) means 
that the value of a is not statistically different from 0; 
that is, a nonlinear fit to the data is not better than a 
linear fit. Conversely, P < 0.05 indicates that the nonlin- 
ear fit to the data is better than the linear fit. Thus, for 
the data of Fig. 4, those ESPVRe with EL between ~4 
and 10 mmHg/ml can be considered to be linear over the 
range of volumes tested The ESPVRs outside this range, 
however, should be -ted as nonlinear. 

In Fig. 4C, we plot the relation between E&,, and V0 
from the same experiment. The solid line was obtained 
by linear regression. There was no statistical significance 
to this relation (P > O.l), indicating that Vo was essen- 
tially independent of contractile state. 

The results obtained from all eight hearts are sum- 
marized in Table 2, where we present the parameters of 
the lines of regression between a and EL, and between 
V0 and E A, and the range of EL over which the 
ESPVR can be considered linear within the range of 
volumes tested. In each case there was a negative corre- 
lation between a and EL, indicating a convex ESPVR 

at low contractile states and a concave ESPVR at high 
contractile states. The relation between EL and a was 
statistically significant in all but one heart (heart 2). 
The relation between EL,, and Vo was only statistically 
significant in one heart (heart 8). The average range 
over which the ESPVR could be considered linear was 
3.4-7.8 mmHg/ml. It should be noted that the results of 
the statistical analysis performed to assess linearity are 
dependent not only on the volume range over which the 
pressure-volume data is collected but also on the actual 
number of data points measured to define the ESPVR. 
To minimize this problem we collected data at small 
intervals of ~3 ml and covered a wide volume range at 
each contractile state. 

In Fig. 5 we have constructed hypothetical nonlinear 
ESPVRs based on the average results presented in Table 
2. For this analysis we assumed that Vo was 5 ml and 
constant. Ek, was set between 1 and 13 mmHg/ml as 
indicated in Fig. 5. For a given value of EL, a was 
determined by the average relationship: a = -0.019 EL 
+ 0.073 presented in Table 2. If the values of EL, VO, 
and a are fixed, calculation of the parameters b and c in 
Eq. 2 can be made, thus defining the parabolic ESPVR. 
This plot provides a graphic summary of the results of 
the present study. 

DISCUSSION 

We measured ESPVRs in isolated canine hearts in 
which the contractile state was varied over a very wide 
range by several different interventions (Table 1). The 
end-systolic pressure-volume data were fit by nonlinear 
regression analysis to a parabolic equation (Eq. 2 ), and 
the quality of this fit was compared with that obtained 
by linear regression analysis. We quantified contractility 
bY Kax, the elope of the ESPVR at low volumes (Eq. 3 
and APPENDIX). The curvilinear&y of the ESPVR was 
quantified by a, the coefficient of the second-order term 
in the parabolic equation. There was a statistically sig- 
nificant negative correlation between contractile state 
and curvilinearity. With high values of EL, a was neg- 
ative, indicating concavity of the ESPVRs (over the 
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FIG. 4. A: relation between EL, index of contractility, and CL, index 
of curvilinearity, for a typical heart (heart 4 in Table 2). Different 
symbols represent data obtained with different inotropic interventions. 
SoM line was obtained by linear regression to data to assess trend in 
data. Positive vaIues of a indicate convexity of end-systolic pressure- 
volume relation (ESPVR) to volume axis, whereas negative values of a 
indicate concavity. B: results of analysis to determine statistical sig- 
nificance of nonlinearity for data of A. If  P < 0.05 (dotted kvizontd 
fke), then value of a is artistically different than zero, indicating a 
nonlinear relation. Data indicates that end-systolic pressure-volume 
relation (ESPVR) can be considered linear when EL is between 4 and 
10 mmHg/ml. C: relation between EL and Vo, volume-axis intercept 
of ESPVR, for same data presented in A. Solid line determined by 
linear regression indicate8 no statisticaI.Iy significant influence of con- 
tractile state on Vo (P > 0.1). 

range of volumes tested) to the volume axis at high 
contractile states. With low values of EL,, a was positive, 
indicating convexity of the ESPVRs to the volume axis 
at low contractile states. On average, for E,‘,, between 
3.4 and 7.75 mmHg/ml, the parabolic fit to the data was 
not statistically better than that provided by linear 
regression over the range of volumes tested. Thus the 
shape of the ESPVR measured in the isolated canine 

TABLE 2. Sum?nury of resuh 
from eight hearts 

Em EL VB. a EL w. V,, Range of 

No. Linear 
Slope Int Slope Int ESPVR 

1 -0.025* 0.145 -0.139 12.0 4-11 
2 -0.012 0.035 0.395 0.79 3-6 
3 -0.028* 0.182 -0.101 2.57 5-9 
4 -0.021* 0.131 0.216 5.53 4-10 
5 -0.019* 0.088 0.786 6.93 4-6 
6 -0.0171 0.063 0.006 1.51 3-6 
7 -0.024* 0.072 -0.351 15.4 l-6 
8 -0.013* 0.044 -0.7w 9.9 3-7 

Avg -0.020 0.094 -0.035 6.67 3.4-7.8 
SD 0.003 0.019 -0.249 1.40 

Slope and intercept (Int) between specified parameters obtained by 
linear regression analysis. EL, slope of end-systolic pressure volume 
relationship (ESPVR) at low volumes; u, index of cu&inearit&; V& 
volume-axis intercept. + P < 0.05, statistically significant relation. 
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FIG. 5. Hypothetical parabolic end-q&&c pressure-volume rela- 
tions (ESPVR). Volume-axis intercept (Vo) is eet at 5 ml and is 
constant. For a chosen value of slope of end-systolic pressure-volume 
relationship (ESPVR) at low volumes (Ea (indicated in graph) value 
of a in Eq. 1 was determined by average results presented in Table 2. 
Afterspecifyingthese3paramete~,thevaluesofbandcin~.Iare 
determined These curves graphically illustrate average amount ef 
curvilinear&y identified in ESPVRs. See text for further dim&on. 

heart changes when contractile state is varied over a wide 
range. This finding was observed with each of the meth- 
ods used to alter contractile state. 

The ESPVR has been studied extensively in the iso- 
lated canine heart preparations (22, 26, 28). Results of 
those previous studies indicated that the ESPVR is lin- 
ear, independent of the contractile state. There m, 
however, several differences between the present study 
and previous works. First, the range of contractile states 
investigated in the present study is much greater than in 
previous studies. Second, with enhanced contractile 
states, ventricular volume was varied over a range wide 
enough so that peak isovolumic pressure could reach 
values in excess of 2OO mmHg, thus more powerMy 
revealing the nonlinearity of the relation; i.e., curvilin- 
earities observed in ESPVRs were most apparent when 
contractile states and end-systolic pressures were out&b 
the range typically investigated in isolated canine hearts. 
However, because isolated canine hearts have depressed 
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contractile states compared with in situ hearts, it is 
possible that the in situ ESPVR may have significant 
nonlinearity under physiological conditions. In fact, cur- 
vilinear ESPVRs have recently been recorded from in 
situ canine hearts at their base-line state (6). Under 
pathophysiological conditions, such as those possibly 
existing in certain human heart diseases, nonlinear 
ESPVRs might also be apparent in the working range of 
the ventricle. Finally, in no previous study has the as- 
sumption of contractile state-independent linearity of 
the ESPVR been tested rigorously by statistical analysis 
as in the present study. 

Recently, Suga et al. (29) investigated the ESPVR in 
a (canine) puppy preparation and found significant non- 
linearities under base line, enhanced and depressed con- 
tractile states. However, the range of contractile states 
investigated was again somewhat limited. In contrast to 
the results of the present study, curvilinearity was found 
to be in the same direction (always concave to the volume 
axis) under each of the tested conditions and occurred 
in a relatively low-pressure range with significant non- 
linearity observed when peak isovolumic pressures was 
in the range of 120 mmHg. Suga et al. (29) cited seven 
mechanisms that might underlie a difference in the 
ESPVR between the adult and immature heart: 1) dis- 
orientation of myofibrils, 2) lower density of myofila- 
ments and contractile proteins, 3) irregularity of sarco- 
mere length, 4) lower myofibrillar ATPase activity, 5) 
lower density of sarcoplasmic reticulum, 6) immaturity 
of excitation contraction coupling, and 7) lower sensitiv- 
ity of the myocardium to inotropic agents. Thus the 
changes in shape observed in the adult canine heart 
ESPVR with changes in contractility are not likely to 
result from the same mechanisms as the nonlinearity in 
the puppy heart ESPVR. 

Implications for length dependence of activation. The 
quantitative relation between the ventricular ESPVR 
and the ESTLR of cardiac muscle in a given heart is 
complex. Factors that are important in determining this 
interrelationship include muscle mass, the arrangement 
of muscle fibers, activation sequence of the muscles, and 
the geometry of the ventricular chamber. Since changes 
in inotropy are not believed to significantly alter any of 
these factors, the finding of changes in the shape of the 
ventricular ESPVR with altered contractile state can be 
considered to result from changes in the shape of the 
ESTLRs of the muscles comprising the ventricular wall. 

Previous studies in isolated cardiac muscle have shown 
that the shape of the ESTLR changes with changes in 
inotropic state created by altering bathing Ca*+ concen- 
tration (16, 31) and with the use of paired pulse stimu- 
lation (1, 11). Shape changes in the ESTLR, which are 
independent of changes in the magnitude of the curves, 
have been interpreted as evidence that the extent of 
myofilament “activation” is modulated by muscle length 
(1, 12, 16, 31). The reason why changes in shape of the 
ESTLR imply length dependence of activation is most 
easily understood by consideration of the ESTLRs nor- 
malized to peak force at &a= (the length at which force 
development is maximal) presented by Allen et al. (1) 
and discussed more extensively by Jewel1 (12). Briefly, 
these authors have argued that “if muscle length and 

inotropic state are independent regulators of tension 
production, then the normalized length-tension curves 
[obtained at different contractile states] should be su- 
perimposable.” In reality, however, the normalized 
length-tension curves obtained at different contractile 
states were not superimposable. The reader is referred 
to these original studies for more details (1, 12, 31). 

High levels of contractility have been associated with 
ESTLRs concave to the length axis, and low levels of 
contractile state have been associated with ESTLRs 
convex to the length axis. The results of the present 
study demonstrate exactly the same trends in the 
ESPVRs. 

The length dependence of activation is believed to 
result in part from length-dependent changes in the 
affinity of the contractile proteins for Ca*+ (9) and, in 
part, from length-dependent changes in the amount of 
calcium released to the myofilaments (2, 4). The results 
of the present study provide no further insight into the 
mechanisms underlying length dependence of activation 
but do indicate that this change in the shape of the 
ESTLR originally identified in isolated muscle prepara- 
tions is also observable in the more intact situation of 
the whole ventricle as well. Evidence for length depend- 
ence of activation in the intact canine ventricle has also 
been provided earlier in one study (32). 

E,, as an index of contractile state. Controversy has 
existed for many years over the definition and quantifi- 
cation of ventricular “contractility” (23, 25, 33). Re- 
cently, E,,,, defined as the slope of the ESPVR, has 
gained wide acceptance as an index of contractility (8, 
19, 22, 26) based on I) linearity of the ESPVR, 2) 
sensitivity of the ESPVR to changes in inotropic stimu- 
lation, and 3) relative insensitivity of the ESPVR to 
changes in pre- and afterload conditions (18). In view of 
proposed theories of length dependence of activation of 
heart muscle, one can question whether this parameter, 
derived from a relation measured by changing ventricular 
volume, could serve as an ideal index of contractility 
when volume may modulate contractility. This impor- 
tant question has been raised previously by Jewel1 (12). 
Furthermore, the results of the present study suggest 
that under some circumstances the ESPVR is nonlinear 
and therefore not totally indexed by a single slope factor. 
The average extent of nonlinearity of the ESPVR pro- 
duced by inotropic interventions in the present study is 
illustrated in Fig. 5 and summarized in Table 2. Statis- 
tical analysis revealed that on average, the ESPVR was 
linear when EL,, was between ~3.4 and 7.8 mmHg/ml 
(within the range of volumes tested). This range appears 
to correspond to the normal, “unperturbed” contractile 
state of the isolated heart reported in previous studies 
(26-28). However, as discussed above, the contractility 
of the isolated heart is most likely depressed compared 
with that of the heart in situ, and therefore the normal 
ESPVR of the intact heart may not necessarily fall 
within this linear range. Thus the assumption of a linear 
ESPVR under physiological conditions requires further 
justification. Furthermore, for ESPVRs measured in 
hypo- or hyperkinetic states (e.g., dilated cardiomy- 
opathy, myocarditis, during exercise, or hypertrophy), 
the assumption of linearity is challenged by the results 
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of the present study. 
In the intact animal and humans, the range over which 

end-systolic pressure and volume can be varied is limited 
and the number of pressure-volume points that can be 
measured is also limited (8, 14, 17, 19). E,,, and V0 are 
often determined by linear regression analysis applied to 
a small number of data points collected over this limited 
range. With a nonlinear ESPVR, this could result in 
rather large errors in estimation of the true V0 and 
provide misleading estimates of E,,, depending on the 
pressure-volume range studied. Other problems could 
arise when assessing the influence of agents that alter 
inotropic state as illustrated in Fig. 6. As shown in Fig. 
6, when the range over which volume can be varied is 
relatively limited and fixed (shaded region), it is possible 
~lxd Knax, calculated by linear regression analysis to data 
obtained within that range (dashed lines), could exhibit 
little change (as in going from the depressed, convex 
ESPVR to the midline, linear ESPVR) or even decrease 
(as in going from the midline, linear ESPVR to the 
enhanced, concave ESPVR) as contractility is increased. 
One way to circumvent such misleading results is not to 
expect E,,, by itself to quantify contractility but to also 
take into consideration changes in the extrapolated Vo 
as well. Similar problems have been shown to exist when 
the ESPVR is measured when afterload is increased by 
methoxamine hydrochloride (6). Clearly, interpretation 
of V0 values obtained by linear extrapolation of the 
ESPVR outside of the measured range of pressures and 
volumes in terms of changes in the true physiological Vo 
should be made with caution. 

Limitations and alternative explanations. There are a 
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FIG. 6. Schematic illustration of how contractility-dependent cur- 
vilinearity of end-systolic pressure-volume relation (ESPVR) could 
cause misleading changes in slope of linear ESPVR (E,,,) when linear 
regression analysis is applied to data within a relatively limited volume 
range. Solid lines represent “true” ESPVRs; shaded area indicates 
volume range over which data can be measured; open symbols represent 
hypothetical data points; dashed lines show linear regression through 
those data points. There is relatively little change in E,,, when con- 
tractility is increased from convex ESPVR to linear ESPVR. Emaxgoes 
down when contractility is increased from linear ESPVR to enhance 
ESPVR. See text for further discussion. 

number of limitations of the present study, and alterna- 
tive explanations for the results should be considered. 
First, CPP was held constant during each ESPVR deter- 
mination and thus uncoupled from LVP generation. 
Therefore regional myocardial perfusion (i.e., endocar- 
dial-to-epicardial flow ratio) may have varied when ven- 
tricular volume was changed (especially at high volumes 
and contractile states), a situation that may have caused 
volume-dependent changes in contractile state, indepen- 
dent of the mechanisms discussed above. We believe that 
this played a relatively insignificant role in the present 
study, since similar contractile state-dependent changes 
in curvilinearity were observed whether contractile state 
was altered in a steady fashion by pharmacological agents 
or in an instantaneous fashion created by pacing interval 
alterations, during which time such mechanisms most 
likely could not develop. Second, although it has been 
shown by Olsen et al. (20) that inotropic state does not 
influence the dynamic geometry of the heart, the range 
over which they varied contractility was smaller than in 
the present study. Therefore, it is possible that, with the 
greatly enhanced and depressed states we obtained, there 
may have existed some alterations in ventricular geom- 
etry. If that were the case then the dependence of pres- 
sure-volume relations on length-tension relations could 
be different at these extremes and conceivably create 
changes in the shape of the ESPVR. 

Furthermore, a few aspects of the experimental design 
caution against immediate extrapolation of our results 
to in vivo conditions. First, studies were performed under 
the influence of pentobarbital anesthesia, which itself is 
known to have a negative inotropic effect. Second, all 
experiments were performed under isovolumic conditions 
and therefore the influences of afterloading conditions 
on the shape of the ejecting ESPVRs were not assessed. 
Therefore further work is required to assess the role of 
ventricular volume in modulating contractile properties 
in the conscious animal. 

We have demonstrated that the shape of the ventric- 
ular ESPVR changes with contractile state in a manner 
consistent with changes in the ESTLR observed earlier 
under comparable conditions in isolated ventricular mus- 
cle preparations. Along the line of interpretations of 
these changes offered by investigators of heart muscle, 
we submit that the data of the present study provide 
evidence for length dependence of muscle activation in 
the intact left ventricle. 

APPENDIX 

The use of a polynomial to fit the ESPVR became problem- 
atic in some of the relations measured under low contractile 
states. This is illustrated in Fig. 7, in which end-systolic pres- 
sure-volume data from a typical experiment are plotted; note 
the expanded pressure scale in relation to Figs. 2 and 3. The 
solid circles are the end-systolic pressure-volume points mea- 
sured with contractile state depressed by lowering CPP. The 
solid line is of the form of Eq. 1 with the parameters obtained 
by nonlinear regression analysis. As shown, this regression line 
comes close to, but does not intersect the volume axis. There- 
fore, it is impossible to define EL,, or V0 for this set of data 
using Eqs. 3 and 4, respectively. For these data, we applied 
linear regression analysis to the data obtained below the arbi- 
trary cutoff volume of 20 ml, and defined EL,, as the slope of 
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FIG, 7, fits are data from a typkd experiment in which contractile 
state, was depreaed by reducing coronary petiion pressure. Note 
expanded premule ~4; corn+ with tho& of previous figures. S&d 
hii is panibolic 233gfwwion to-ilata. As &own, thisiine &es nd intersect 
volume axis, making it imwble to define sIope of end-By&ok pres- 
sure-volume relaticmhip at low volumes (E&& and volume-axis inter- 
cept (Vo) by analytytical-expressionsr of Eq. 3 and 4, respectively. For 
such curves, ET L and Vb were determined by applyiq linear regression 
todiatapokti collected below arbitrary cutoff volume of 20 ml indicated 
by dcJttid liw. 

thh regression and VO as its volume-axis intercept. The result 
of this analysis is’presented in Fig. 7 by the dotted line. This 
problem is due to the shallow approach of the data to the 
volume axis and the need to extrapolate the ESPVR to lower 
volumes than were actually measured. Although this problem 
wa13 not apparent for all the ESPVRa measured under depressed 
contra&~ state, we did me this procedure to define VO and 
EL for all these cases so as to maintain consistency and avoid 
introducing bias into our analysis. For completeness, we also 
analyzed the data obtained under control and enhanced con- 
tractile states in this same manner and compared these deter- 
minations of EL and V0 with those obtained by the analytic 
expressions of Eqs. 3 and 4. There was no significant difference 
in either EL or V0 determined by these two methods. The 
value of the cutoff volume we used in the present study ob- 
viouely cannot be applied to a heart whose size is significantly 
different than that of a 204~ dog (e.g., it would no&e appr& 
priate for human hearts). Thus the analytic definitions of EL 
and V0 are preferable. 

We are! grateful to Kenneth Rent for his excellent technical assist- 
ance thmu&at this rberim of experiments. We are also grateful to Dr. 
A&n Kimball for his advice on stati&kal methods. Dr. Cynthia Sue 
aided in the atatisticd analysis. 

This work was supported by National Institutes of Health Grant 
ROl-HL-14903. 

Address for reprinta requests: D. Burkhoff, Dept. of Biomedical 
Engineering, The Johns Hopkine School of Medicine, Traylor Building, 
Room 223,720 Rutland Ave., Baltimore, MD 21205. 

Received 18 August 1986; accepted in final form 12 January 1987. 24. 

REFERENCES 

1. hAEN, D. G., B. R. &WELL, AND J. W. MURRAY. The contribution 
of activation processes to the length-tension relation in cat ven- 
tricular muscle. Nm Land. 248: 606=GO7,1974. 

2. ALLEN, D. G., AND S. KURIHARA. The effects of muscle length on 
intramitular calcium tranaienti in mammalian cardiac muscle. J. 
Phyaid Land. 327: 79-94,1982. 

3. ENDO, M. Length dependence of activation of skinned muscle 
fibers by calcium. COM Spring Harbor Sump. w. BioC 37: 505- 
510.1973. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

25. 

26. 

27. 

28. 

FABIATO, A., AND F. FABIATO. Dependence of the contractile acti- 
vation of akinned cardiac muscle cells on the sarcomere length. 
Nature Lmd. 256: 54-56,1975. 
FABIATO, A., AND F. FABIATO. Dependence of calcium release, 
tension generation and restoring forces on sarcomere length in 
skinned muscle cell. Eur. J. Cardiol. 4: 13-27,1976. 
F’REEMAN, G. L., W. C. LXITLE, R. A. O’ROURKE, AND A. MURPHY. 
The effect of vasoactive agents on the left ventricular end-systolic 
pressure-volume relation in closed chest dogs. Circulation 74: 1107- 
1113,1986. 
GORDON, A. M., AND G. H. POLLACK. Effects of calcium on the 
sarcomere length-tension relation in rat cardiac muscle: implica- 
tions for the Frank-Starling mechanism. Circ. Res. 47: 610619, 
1980. 
GROSSMAN, W., E. BRAUNWALD, T. MANN, L. M&AWN, AND 
L. GREEN. Contractile state of left ventricle in man as evaluated 
from end eystolic pressure-volume relations. Circulation 56: 845 
977,1977. 
HIBBERD, M. G., AND B. R. JEWELL. Calcium- and length-depend- 
ent force production in rat ventricular muscle. J. PhysioL Land. 
329: 527~54Ql982. 
HUNTSMAN, L. L., AND D. K. STEWART. Length-dependent calcium 
inotropism in cat papillary mu8cle. Circ. Res. 40: 366-371,1977. 
JEWELL, B. R. The changing face of the length-tension relation. 
Ciba Found. $ymp. 24: 7-12,107-111,1977. 
JEWELL, B. R. A reexamination of the influence of muscle length 
on myocardial performance. Circ. Res. 40: 221-230,1977. 
JOHNSON, E. A. Force-interval relationship of cardiac muscle. In: 
Handbook of Physiology. The Cardiovascular System. The Heart. 
Beth&, MD: Am. Physiol. Sot., 1979,88ct. 2, vol. I, &apt. 13, p. 
475-496. 
KASS, D. A., T. YAMAZAKI, D. BURKHOPF, W. L. MAUGHAN, AND 
K. SAGAWA. Determination of left ventricular end-systolic pres- 
sure-volume relationships by the conductance (volume) cathetir 
technique. Circulation 73: 586-595,1986. 
LAB, M. J., D. G. ALLEN, AND C. ORCHARD. The effects of shorten- 
ing on myoplaamic calcium concentration and on the action poten- 
tial in mammalian ventricular muscle. Circ. Res. 55: 825-829,1984. 
LAKATTA, E. G., AND B. R. JEWELL. Length-dependent activation; 
its effect on the length-tension relation in cat ventricular muscle. 
Circ. Res. 40: 251~257,1977. 
LEE, J.-D., T. TAJIMI, J. PATRTTI, AND J. Ross, JR. Preload 
reserve and mechRnisms of afterload mismatch in normal conscious 
dog. Am. J. PhpiuL 250 (Heart Circ. Physiol. 19): H464-H473, 
1986. 
MAUGHAN, W. L., K. SUNAGAWA, D. BURKHOFF, AND K. SAGAWA. 
Effect of arterial impedance changes on the end-systolic preeeure- 
volume relation. Circ. Re8. 54: 595-602,1984. 
MEHMEL, H., B. STOCKINS, K. RUFPMAN, K. OLSHANSEN, G. 
S~HULER, AND W. KUBLER. The linearity of the end-systolic 
pressure-volume relation in man and its sensitivity for assessment 
of left ventricular function. Circulation 63: 12%1222,198l. 
OLSEN, C. O., J. S. RANKIN, C. E. ARENTZEN, W. S. RING, P. A. 
MCHALE, AND R. W. ANDERSON. The deformational characteris- 
tics of the left ventricle in the conscious dog. Circ. &s. 49: 843- 
855, 1981. 
PARMLEY, W., AND L. CHUCK. Length-dependent changes in myo- 
cardial contractile state. Am. J. PhysioL 224: 119~1199,1973. 
SAGAWA, K. End-systolic pressure-volume relationship in retro- 
spect and prospect. Federation Pnwl. 43: 2399-2401,1984. 
SAGAWA, K. The end-systolic pressure-volume relation of the ven- 
tricle: definition, modifications and clinical use. Circulation 63: 
1223-1227,1981. 
SCHRAMM, M., G. THOMAS, R. TOWART, AND G. FRANCKOWIAK. 
Novel dihydropyridines with poeitive inotropic action through ac- 
tivation of Ca*+ channels. Nature Land. 303: 535-537,1983. 
SONNENBLICK, E. Contractility in the intact heart: progress and 
problems. Eur. J. Cardiol. 3: 319-324, 1974. 
SUGA, H., AND K. SAGAWA. Instantaneous preaaure-volume rela- 
tionship and their ratio in the excised, supported canine left 
ventricle. Circ. Res. 35: 117-126,1974. 
SUGA, H., AND K. SAGAWA. End-diastolic and end-systolic ventric- 
ular volume clamper for isolated canine heart. Am J. Physiol. 233: 
71&722,1977. 
SUGA, H., K. SAGAWA, AND A. A. SHOUKAEL Load independence of 
the instantieous nressure-volume ratio of the canine left ventricle 



ESPVRs WITH LARGE CHANGES IN CONTRACTILITY H1227 

and effects of epinephrine and heart rate on the ratio. Circ. Res. 
32: 314-322,1973. 

29. SUCA, H., 0. YAMADA, Y. GOTO, AND Y. IGARASHI. Peak isovol- 
umic pressure-volume relation of puppy left ventricle. Am. J. 
PhysbC 250 (Heart Circ. PhysioL 19): H167-H172,1986. 

30. SUNACAWA, K., K. 0. LIM, D. BURKHOPF, AND K. SAGAWA. 
Microprocessor control of a ventricular volume servo-pump. Ann. 
&med. Eng. lo: 145-159,1983. 

31. TER KEURS, H. E. D. J., W. H. RIJNSBURGER, R. VAN HEUNINGEN, 

32. 

33. 

AND M. J. NAGELSMIT. Tension development and sarcomere length 
in rat cardiac trabeculae. Evidence of length-dependent activation. 
Circ. Res. 46: 703-714,198O. 
Tucc~, P. J. F., E. A. BREGANGNOLLO, J. SPADARO, A. C. CICOGNA, 
AND M. C. L. Rumno. Length dependence of activation studied 
in the isovolumic blood-perfueed dog heart. Ck Rea 56: 59-66, 
1984. 
VAN WINKLE, W. B., AND A. SCHWARZ. Ions and inotropy. Annu. 
Rev. Physid 3&247-272,1976. 


