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The end-diastolic pressure–volume relation (EDPVR) is an important descriptor of passive cardiac pump properties. However, clinical

utility has been limited by the need for measurement of pressures and volumes over relatively large ranges. In this protocol, we

describe an algorithm to estimate the entire EDPVR in humans from a single measured pressure–volume (P–V) point. This algorithm

was developed from observations made from accurately measured EDPVRs of human hearts, which indicated that when normalized by

appropriate left ventricular volume scaling (to arrive at volume-normalized EDPVRs, EDPVRn) EDPVRns were nearly identical in all

patients. In this protocol, we demonstrate how to use EDPVRns to predict a second P–V point on the EDPVR, in which case the entire

EDPVR can then be predicted. With recent advances for accurate noninvasive measurement of end-diastolic pressure and volumes, this

protocol permits the assessment of passive properties in a broader range of research and clinical settings.

INTRODUCTION
The end-diastolic pressure–volume relationship (EDPVR) is one of
the most important means of characterizing the passive ventricular
properties of an individual heart. In particular, the EDPVR
indicates the physiologic determinant of preload by indicating
the amount of diastolic filling that will occur for a specified filling
pressure1,2. In addition, assessment of this relationship is funda-
mental to the study of ventricular remodeling in heart failure, and
especially to study the effect of surgical, pharmacologic or device-
based treatment strategies on reverse remodeling3–6.

The most accurate measurement of EDPVRs in human and
animal hearts is performed ex vivo in a straightforward manner by
placing a volume-compliant balloon into the left ventricle (LV) of the
heart; volume is then varied by a calibrated syringe while pressure
is measured7–9. Because this is an artificial setting, volumes and
pressures can easily be varied over wide ranges for direct assessment
of the EDPVR over extended physiologic range. In contrast, in vivo
assessment of the EDPVR requires use of a means of continuous
pressure and volume measurement, such as a conductance catheter
or multidimensional sonomicrometry, over a range of pressures and
volumes induced by transient inferior vena cava occlusion
(IVCO)10,11. Since sonomicrometry is not feasible in humans, the
conductance catheter technique is the only practical technique that
can be used for this purpose. However, this technique is very
invasive. In addition, the need of transient vena cava occlusion
requires additional instrumentation of the patient and is not a
familiar procedure to a majority of clinical investigators. Thus,
widespread use of this technique is limited by the invasiveness of
this procedure and the need for highly specialized equipment.

In recent years, noninvasive techniques for the measurement of
ventricular pressures and volumes became available. Some approaches
that continue to evolve for these measurements include Doppler-
echocardiography12–15, radionuclide ventriculography16,17 and MRI18.
The utility of these approaches will become more and more evident,
because it obviates the need to perform an IVCO to define the EDPVR.

Similar to the relatively precise and useful approach for
estimation of the entire end-systolic pressure–volume relationship

(ESPVR) from end-systolic pressure and volume measured from
a single beat19–21, recently we were able to generate and validate
a method for predicting the entire EDPVR from a single measured
end-diastolic pressure–volume point22. With this publication, we
want to make our approach widely available so that others may
embark on this technique.

Algorithm
This single-beat EDPVR estimation algorithm is based on the
premise that the EDPVR can generally be described by a common
nonlinear analytical expression with coefficient values that are
reasonably well linked with the size of the heart23. This suggests
that overall these EDPVRs share a common underlying shape. The
present algorithm is intended to facilitate the use of EDPVR in
clinical and research settings in humans and animals where assess-
ment of changes in passive ventricular properties are important,
such as in certain disease states and after therapeutic interventions.

Despite large differences in sizes and geometries, EDPVRs of hearts
of different species (human, canine, rat) in normal or diseased states
can all be described by common nonlinear analytical expressions,
such as EDP ¼ a � EDVb or EDP ¼ a � eb � EDV, with different
coefficient values represented by a and b23. This suggests that
EDPVRs of different species and disease states may share a common
underlying shape. In all species and states of health, EDPVRs generally
span the same and relatively limited range of pressures, from 0 mmHg
to a maximum of 30 or 40 mmHg. The major difference in the
EDPVRs of such different hearts is the range over which volume varies
to achieve this same range of pressures. All these features suggested
that if an appropriate method of scaling ventricular volume could be
arrived at and was used to normalize volumes, we could arrive at a
volume-normalized EDPVR (EDPVRn) that would be very similar for
the hearts of different species and states of health.

To test this hypothesis, in our recent paper 22 we reported the
measurement of ex vivo EDPVRs from human and rat hearts where
we normalized (EDPVRn) in the volume dimension to account for
the unstressed volume (V0, volume at which EDP is approximately
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0 mmHg) and V30, the volume in milliliter at which EDP equals
30 mmHg, according to the following equation:

EDVn ¼
ðEDV � V0Þ
ðV30 � V0Þ

ð1Þ

Representative examples of EDPVRs measured from ex vivo human
and rat hearts are shown in Figure 1. As shown in these examples,
EDPVRs from different types of hearts and different diseases
spanned very wide ranges of volumes. Some hearts reached filling
pressures of 30 mmHg at as little as approximately 80 ml and other
reached this same pressure at more than 300 ml. In the rat hearts,
the same filling pressures were reached with a volume of 0.4–0.8 ml.
These same EDPVRs are shown in Figure 2 after volumes were
normalized according to Equation 1. As suggested, the curves
revealed a high degree of concordance. Figure 3 shows data from
all human EDPVRns superimposed on each other to visually
determine their degree of similarity. As shown, there is relatively
little deviation of these normalized data around a common curve
and could be described well by the equation:

EDP ¼ AnEDVBn
n ð2Þ

where values for EDP are in mmHg, EDV in milliliter, An in mmHg
and Bn is unitless. Optimal An and Bn values (± SD) obtained from

the group of human hearts as a whole were 27.78 ± 0.3 mmHg and
2.76 ± 0.05 (unitless), respectively.

After establishing that Equations 1 and 2 resulted in EDPVRns in
a variety of hearts with a common set of parameter values, our
strategy was to devise a means of using the common EDPVRn and
EDP and EDV measured from a single beat to ascertain values
of a and b in the equation:

EDP ¼ aEDVb ð3Þ

to optimally predict the original EDPVR. This, in turn, was
based on a strategy to estimate values of V0 and V30 to insert
into Equation 1.

The overall approach, presented in more detail in the following
paragraphs, relies on a few key analytical relations and empiric
assumptions:

Begin with the measurement of EDP and EDV on a single beat
(Pm in mmHg and Vm in milliliter, respectively). These values can
be measured invasively (e.g., with conductance catheter) or non-
invasively (e.g., echocardiographic volume measurement, Doppler
estimation of left atrial pressure based on pulmonary vein flow
velocity or E to E¢ measurements derived with tissue Doppler
echocardiography).

  
p

u
or

G  
g

n i
h si l

b
u

P er
u ta

N 700 2
©

n
at

u
re

p
ro

to
co

ls
/

m
oc.er

ut a
n.

w
w

w//:
ptt

h

40a

b

Normal
ICM (LVAD)

ICM
DCM

DCM (LVAD)

30

20

20
E

x 
vi

vo
 p

re
ss

ur
e 

(m
m

H
g)

10

0

40

30

E
x 

vi
vo

 p
re

ss
ur

e 
(m

m
H

g)

10

0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Normalized volume

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Normalized volume

Normal
CHF

Figure 2 | The same end-diastolic pressure–volume relations (EDPVRs) from

Figure 1 normalized to volume and superimposed on each other. Measured

from (a) ex vivo human hearts and (b) ex vivo rat hearts. Despite different

diseases and different heart sizes, the volume-normalized shape of the curves

is the same. Used with permission from ref. 22.
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Figure 1 | Examples of end-diastolic pressure–volume relations (EDPVRs).

Measured from (a) ex vivo human hearts and (b) ex vivo rat hearts. These

EDPVRs spanned very wide ranges of volumes from as little as approximately

0.4 ml to greater than 300 ml at filling pressures of 30 mmHg. Used with

permission from ref. 22. ICM, ischemic cardiomyopathy; DCM, idiopathic dilated

cardiomyopathy; LVAD, hearts supported with a left ventricular assist device.
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Based on Equation 1, normalized measured volume (Vm,n,
unitless number) is defined as follows:

Vm;n ¼ ðVm � V0Þ
ðV30 � V0Þ

ð4Þ

The resulting Vm,n�Pm point would fall on the curve:

Pm ¼ AnV
Bn
m;n ð5Þ

Solving Equation 5 for Vm,n, substituting the result into Equation 4
and solving for V30 (in milliliter) yields:

V30 ¼ V0
ðVm � V0Þ

Pm

An

� �ð1=BnÞ ð6Þ

Thus, to predict the EDPVR, a reasonable
estimate of V0 is required. The relative
constancy of the shape of the normalized
EDPVR suggested a relatively consistent
relationship between the volume at a certain
pressure and V0. To test this, we determined
the volumes from human ex vivo hearts that
provided pressures of 10, 15, 20 and 25
mmHg. These volumes designated V10,
V15, V20 and V25, respectively, where each
separately plotted versus the V0 determined
from each measured EDPVR (Fig. 4). For
each plot, we determined the linear regres-
sion equation forced through the origin:

V0 ¼ kVm ð7Þ

The value of k (a unitless constant) obtained
at each pressure level was then plotted as
a function of Pm, and linear regression
analysis was applied with the following result:

k ¼ 0:6 � 0:006Pm ð8Þ

Substitution of Equation 8 into Equation 7
yields:

V0 ¼ Vmð0:6 � 0:006PmÞ ð9Þ

We previously showed that the correlation between measured and
predicted V0 using this method was nearly equal to the line of
identity with a correlation coefficient of 0.92 (Fig. 5A of ref. 22). In
addition, we further showed that the shape and position of the
predicted EDPVR is not influenced greatly unless large errors are
made in the prediction of V0 (ref. 22). The entire EDPVR of an
individual heart can then be predicted from the analytical deter-
mination of a and b for Equation 3 to force the curve through the
measured point on the EDPVR and the predicted V0 (Equation 9)
and V30 (Equation 6) according to the following:

b ¼
Log Pm

30

� �� �
Log Vm

V30

� �n o ð10Þ

a ¼ 30

Vb
30

" #
ð11Þ

After establishing the validity of this approach from the data
obtained from ex vivo human hearts, we prospectively applied
the approach to compare the EDPVRs measured from human
hearts in vivo, normal and failing canine hearts in vivo and normal
and failing rat hearts in vivo and ex vivo22. In these studies, we
examined Pm values ranging up to approximately 25 mmHg.

It was realized that when Pm approaches 30 mmHg, a singularity
is encountered in Equation 11, and the value for a becomes
indeterminate. To overcome this singularity, we derived an alter-
nate set of equations that calculate values of a and b based on the
predication ofV15 (EDV to achieve a pressure of 15 mmHg) instead
of V30, which is based on simple analytical calculations (no further
assumptions required).
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Figure 3 | All ex vivo human volume-normalized end-diastolic pressure–

volume relation (EDPVR) data shown superimposed on each other revealing an

An value of 27.78 and a Bn value of 2.76. Used with permission from ref. 22.
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Based on the equation for the universal EDPVRn, it is analytically
determined that the Vn that provides a pressure of 15 mmHg equals
0.8 (see Fig. 3). From this fact, we can calculate V15 as follows:

V15 ¼ 0:8ðV30 � V0Þ+V0 ð12Þ
Then, similar to Equations 10 and 11, the entire EDPVR of an
individual heart can be predicted from the analytical determina-
tion of a and b to force the curve through the measured point on
the EDPVR and the predicted V0 (Equation 9) and V15 (Equation 12)
according to the following equation:

b ¼
Log Pm

15

� �� �
Log Vm

V15

� �n o ð13Þ

a ¼ Pm

Vb
m

ð14Þ

Equation 13 has a singularity when Pm approaches 15 mmHg. Thus, it
is recommended to use Equations 10 and 11 when Pm r 22 mmHg,
and to use Equations 13 and 14 when Pm 4 22 mmHg. However, in
the range between 15 and 22, the EDPVRs predicted from these two
sets of equations are essentially the same (see PROCEDURE).

Methods used to obtain data in our proof of principle paper
The foundation of this approach was established in the studies of ex
vivo human hearts as described in detail previously22. In brief, human
hearts obtained at the time of cardiac transplantation were obtained
for this study. Hearts were from normal subjects not suitable for
transplantation, transplant patients with cardiomyopathy and with
end-stage cardiomyopathy supported with a LV assist device (LVAD,
TCI HeartMate, Thoratec Corp., Pleasanton, CA). Hearts were

perfused with cold cardioplegia solution at the time of explant. The
aortic root and, in case of the LVAD-supported hearts, the LVAD
inflow cannula were clamped occluded. A metal adapter was attached
to the mitral annulus and a compliant water-filled latex balloon was
placed within the LV chamber. Pressure within each balloon was
measured with a high-fidelity micromanometer as volume was
progressively increased. The pressure was then plotted as a function
of volume at each step. All data were recorded with the data acquisition
program Chart 5.1 (ADInstruments Inc., Colorado Springs, CO).

In vivo human experiments
Single-beat estimation of EDPVR was tested using the data
obtained from in vivo human hearts of normal patients and
patients with heart failure. The in vivo EDPVRs were assessed by
conductance catheter technique using transient IVCO as described
in detail previously19,20.

Animal experiments
Data were also obtained from in vivo open chest dogs and
chronically instrumented awake dogs in a normal state in following
induction of heart failure by repeated coronary microembolization.
All animals were instrumented with an indwelling pressure gauge
(Konigsberg, CA), sonomicrometer crystals and a balloon occluder
around the IVC as described previously24.

In addition, data were obtained from normal rats and in rats with
experimentally induced heart failure state. For in vivo assessment of
the EDPVR, a Millar conductance catheter (Millar Instruments,
Houston, TX) and the technique of IVCO was used. For ex vivo
assessment, a thin latex balloon was inserted into the LV and LV
pressure was measured using a 5-F Millar micromanometer as
volume was infused into the balloon at 0.025-ml increments.

MATERIALS
REAGENTS
A single end-diastolic pressure–volume point from the LV of the heart of any
species (see REAGENT SETUP) ! CAUTION All procedures involving human
hearts must conform to National and Institutional regulations. Our initial
work was approved by the Institutional Review Board of Columbia University
(ex vivo human experiments) and the John Hopkins Medical Institutions
(in vivo human experiments). ! CAUTION All experiments involving animals
must conform to National and Institutional regulations. The animals used in
our initial work received humane care in compliance with the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of Health
(NIH publication No. 85-23, revised 1996). All animal studies were approved
by the Institutional Animal Care and Use Committee of Columbia University.
EQUIPMENT
Any commercially available computational and scientific graphing program, see
EQUIPMENT SETUP.
REAGENT SETUP
Single end-diastolic pressure–volume point from the LV of the heart of any species.
The algorithm requires as input the measured EDV and EDP form the LV.
EDV and EDP can be measured invasively with pressure catheters, sonomicro-
metry of conductance catheter, or noninvasively, for example, by Doppler-

echocardiography or magnet resonance tomography as described in the
INTRODUCTION. Our procedure was evaluated in ex vivo in human heart,
and tested afterward in human subjects and a rat and canine model (see the
section entitled Methods used to obtain data in the INTRODUCTION and
ref. 22). The algorithm has been shown to apply equally to hearts of normal
subjects (animals or humans) or in subjects with different diseases, such as
systolic or diastolic heart failure. This protocol might have limitations in
subjects with pericardial constraints. ! CAUTION Invasive or noninvasive
measurements for using this algorithm in human subjects for research
purposes require approval by the appropriate Human Subjects Ethics Committee
or Institutional Review Board. In addition, experiments on animals should be
approved by the appropriate Institutional Animal Care and Use Committee.

EQUIPMENT SETUP
Graphing program Any commercially available computational and scientific
graphing program. We used for our analysis IgorPro 4.01 (WaveMetrics Inc.,
Lake Oswego, OR) but any other analysis environment that can be programmed
to compute the output of analytical equations from specified parameters can be
used (e.g., Matlab, The MathWorks Inc., Natick, MA or Microsoft EXCEL,
Microsoft Corp, Seattle, WA).

PROCEDURE
Subjects
1| Obtain informed consent following the established institutional guidelines.

Obtain measurements
2| Measure a single set of Pm (EDP measured) and Vm (EDV measured) either by invasive or noninvasive means.

Calculations
3| Calculate V0 from Equation 9.

  
p

u
or

G  
g

n i
h si l

b
u

P er
u ta

N 700 2
©

n
at

u
re

p
ro

to
co

ls
/

m
oc.er

ut a
n.

w
w

w//:
ptt

h

NATURE PROTOCOLS | VOL.2 NO.9 | 2007 | 2155

PROTOCOL



4| Calculate V30 from Equation 6, with
An value of 27.78 mmHg and Bn value
of 2.76.

5| At this stage, two options are
available for determining the entire
EDPVR; option A allows determination
of the EDPVR for measured Pm values
up to 22 mmHg, whereas option B
allows determination of the EDPVR for
measured Pm values above 22 mmHg.
(A) Determining EDPVR for measured
Pm up to 22 mmHg

(i) Calculate b from Equation 10.
(ii) Calculate a from Equation 11.

(B) Determining EDPVR for measured
Pm over 22 mmHg

(i) Calculate V15 from Equation 12.
(ii) Calculate b from Equation 13.
(iii) Calculate a from Equation 14.

6| Use the estimates of a and b to
specify the entire EDPVR by EDP ¼ aEDVb. The complete algorithm is available in a Supplementary Tutorial.

ANTICIPATED RESULTS
A representative screenshot from the analyzing program is shown in Figure 5. The overall accuracy of this approach to predict
V30 (Equation 6) is generally very high. As shown in Figure 6, the measured versus predicted V30 points fall nearly on the line of
identity over the large range of volumes tested, indicating a good correlation (r2 ¼ 0.98; P o 0.001). The predictive power of
the algorithm and the overall general applicability of this approach were tested prospectively using the data obtained from
in vivo human and animal studies, using the An and Bn values obtained from the ex vivo human experiments. For these tests,
the baseline values of EDP–EDV (i.e., values obtained before the start of IVCO) were the designated Pm and Vm values for EDPVR
prediction. Representative examples from human and rat data are shown in Figure 7. With the same parameter values for An
and Bn, the accuracy of predictions were nearly identical despite marked difference in heart size.

An extensive quantitative analysis was performed to define the accuracy with which this approach was able to predict the EDPVR
in the different experimental settings (summarized in Table 1). Ex vivo studies in rat and human hearts yielded nearly identical
values of An and Bn. Also shown in Table 1 are the average (± SD) values for the root mean square error (RMSE) differences between
measured and predicted EDPVRs in different settings. As seen in Table 1, on average, the measured and predicated EDPVRs deviated
by a maximum of only 3 mmHg.

Interestingly, though developed primarily based on the data
from human hearts, the approach appears to be generally appli-
cable to normal and diseased hearts of different species. Values
of RMSE ranging between 0.5 and 6 mmHg among all these
hearts indicate that on average the predicted EDPVR falls within
1.8 mmHg of the actual EDPVR over a range of conditions.

The LV EDPVR can be reasonably estimated from a single
pressure–volume point, and the predicted relationships are
generally well correlated with directly measured data. The results
obtained are most accurate when applied to groups of hearts
rather than to individual hearts. This new and novel method
could enhance the utility of using the EDPVR in clinical and
research settings where assessment of the differences in passive
ventricular properties between groups of patients or assessing
changes in such properties in response to interventions were
performed. The potential for noninvasive application is particu-
larly appealing and is complementary to the recently proposed
approach to single-beat estimation of the ESPVR.
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Limitations
This protocol in experimental ex vivo settings offer ideal
conditions in which confounding factors (e.g., controlling
respiration) are minimized and volumes and pressures can be
varied over a broad range. The values of An and Bn were obtained
from normal and dilated idiopathic and ischemic cardiomyopathic
hearts. This may limit the applicability of the approach to other
disease states. Nevertheless, the approach appeared to apply well
in vivo to patients that have different cardiac disease states (e.g.,
heart failure and normal ejection fraction due to hypertensive
and/or idiopathic hypertrophic cardiomyopathies). This again
speaks to the general applicability of the underlying observation
that the EDPVR generally has a common shape. Special
considerations should be given to the effects of right-sided filling
pressures, pericardial pressures and ventricular interdependence.
This is especially important in the data generated by caval
occlusion in which these pressures are changing and can influence
the resulting EDPVR. Although such effects can be eliminated in
the studies performed ex vivo (i.e., by completely unloading the
right ventricle), these effects are difficult (sometimes impossible)
to discern in vivo without the use of special instrumentation
(e.g., pericardial pressure measurements). However, even when

measured invasively with a conductance catheter or by sonomicrometry, interpretation of an EDPVR measured in vivo during caval
occlusion is subject to these same limitations.

In addition, this analysis was not tested in noninvasively acquired pressure–volume points (e.g., by echocardiography), and
caution should be taken with implementing this analysis uncritically; validation of specific techniques of predicting the EDPVR
from noninvasively estimated Pm and Vm should be undertaken in the future. In our previous study, we also provided a sensitivity
analysis showing the degree to which the prediction would be influenced by inaccuracies in measurement of EDPs and EDVs22. In
the end, the concordance of the prediction to the real EDPVR can only be as good as the measurements of Pm and Vm.

Finally, the present analysis has focused on confirming the accuracy of the ability of this algorithm to predict pressures
at various EDVs, or estimation of capacitance (i.e., volumes required to achieve certain pressures). Frequently, however, there is
interest to quantify diastolic compliance, which is the slope of the EDPVR. Because the EDPVR is nonlinear, compliance varies
with the degree of filling. The algorithm described in this procedure has not been validated for quantifying compliance, which
may require a prediction with a significantly greater degree of accuracy.

Note: Supplementary information is available via the HTML version of this article.

COMPETING INTERESTS STATEMENT The authors declare no competing financial
interests.
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Figure 7 | Two examples of the single-beat estimation of the entire

end-diastolic pressure–volume relation (EDPVR). From (a) in vivo human and

(b) in vivo rat data. Overall, a high prediction capability was observed with the

same equation and parameter values from the human hearts, despite different

species and heart sizes. The small open circles show the end-diastolic pressure–

volume points measured from the in vivo human hearts. The large open square

shows the end-diastolic pressure–volume point selected for prediction. The

dotted line shows the curve fit from the raw data using a nonlinear analytic

expression. The solid line shows the entire EDPVR with parameter values

predicted from Equation 2. Used with permission from ref. 22.

TABLE 1 | An and Bn values derived from each experimental setting
along with root mean square error values and correlation coefficient
between measured and predicted V30. All values are mean ± SD.

An
(mmHg)

Bn
(unitless)

RMSE
(mmHg)

R2

(V30)

Ex vivo human 27.8 2.76 1.74 ± 1.19* 0.99546
Ex vivo rat 28.3 2.67 1.76 ± 0.79* 0.99786
In vivo human 2.99 ± 1.72 0.89058
In vivo chronic dog 3.02 ± 1.44 0.97833
In vivo acute dog 1.07 ± 0.65* 0.88961
In vivo rat 1.02 ± 0.66* 0.96741

RMSE, root mean square error in the estimate of pressures.*P o 0.05 versus in vivo human and chronic dog.
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