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is a predictor of, and a precursor to,
diastolic heart failure, or heart failure with normal ejection
fraction (EF), a growing clinical syndrome that has reached
epidemic proportions (17, 24, 41). Critical to the diagnosis and
management of diastolic heart failure is quantitative diastolic
function assessment. Although left ventricular (LV) hemodynamics constitute the gold standard for characterizing diastolic
function, echocardiography remains the preferred method clinically. Acknowledged limitations of current echo-derived clinical diastolic function indexes justify the continued quest for
novel, physiological, mechanism-based rather than merely
echocardiographic waveform phenomenology-based diastolic
function indexes that correlate with dysfunction.
In previous work, we have developed and validated novel
mechanism-based indexes of diastolic function via a kinematic
modeling approach, called the parameterized diastolic filling

(PDF) formalism (13, 19, 20). The PDF formalism models the
kinematics of suction-initiated filling as the recoil, from rest, of an
equivalent damped oscillator. Model-predicted velocity and clinical E-wave contours have shown superb agreement. Using any
clinically recorded E-wave as input and suitable mathematical
methods, unique chamber stiffness (k), viscoelasticity/relaxation
(c), and load (xo) parameters are generated as output, thereby
solving the “inverse problem of diastole” (13). The three PDF
parameters (k, c, and xo) can be used to generate indexes with
rigorous physiological analogs, such as the peak instantaneous
pressure gradient (kxo), among others (1).
Although previous work has shown that subjects with diastolic dysfunction may have stiffer chambers (30) or altered
values for chamber viscoelasticity/relaxation (30) relative to
controls, the physiology of diastole, and early rapid filling in
particular, has not been fully elucidated in thermodynamic
terms. Indeed, while both systolic and diastolic energies may
be calculated from pressure-volume (P-V) loops, it is not
known whether P-V loop-derived measures of energy have a
direct noninvasive E-wave-derived analog. Thus, in this work,
we derived an E-wave-based expression for the energy associated with early rapid filling and hypothesized that, in accordance with the first law of thermodynamics, the energy of
filling computed from Doppler echocardiography (a relative
measure) should be linearly related to energy calculated from
simultaneously acquired P-V data (an absolute measure).
METHODS

Patient Selection
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Data sets from 12 patients (mean age: 64 yr, 8 men and 4 women)
were selected from our existing cardiovascular laboratory database of
simultaneous echocardiographic high-fidelity hemodynamic (Millar
conductance catheter) recordings (6, 22). Subjects underwent elective
cardiac catheterization to determine the presence of coronary artery
disease at the request of their referring physicians. The data selection
criteria for the study included a broad range of LV end-diastolic
pressures (LVEDP) representative of a patient population encountered
clinically, normal LV EF (⬎50%), normal sinus rhythm, clearly
discernible E-waves followed by a diastatic interval, and normal
valvular function. Before data acquisition, subjects provided signed
Institutional Review Board-approved informed consent for participation in accordance with Washington University Human Research
Protection Office-approved criteria. The method of simultaneous
echocardiographic transmitral flow and P-V data recording is well
established and has been previously detailed (3, 21, 23). Among the
12 data sets, 5 data sets had LVEDP ⬍ 15 mmHg, 4 data sets had 15
mmHg ⬍ LVEDP ⬍ 20 mmHg, and 3 data sets had LVEDP ⬎ 20
mmHg. A total of 205 cardiac cycles of simultaneous echocardiographic high-fidelity hemodynamic (conductance catheter) data was
analyzed. The clinical descriptors of the 12 subjects and their hemodynamic and echocardiographic indexes are shown in Table 1.
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(P-V) loop-based analysis facilitates thermodynamic assessment of
left ventricular function in terms of work and energy. Typically these
quantities are calculated for a cardiac cycle using the entire P-V loop,
although thermodynamic analysis may be applied to a selected phase
of the cardiac cycle, specifically, diastole. Diastolic function is routinely quantified by analysis of transmitral Doppler E-wave contours.
The first law of thermodynamics requires that energy (ε) computed
from the Doppler E-wave (εE-wave) and the same portion of the P-V
loop (εP-V E-wave) be equivalent. These energies have not been previously derived nor have their predicted equivalence been experimentally validated. To test the hypothesis that εP-V E-wave and εE-wave are
equivalent, we used a validated kinematic model of filling to derive
εE-wave in terms of chamber stiffness, relaxation/viscoelasticity, and
load. For validation, simultaneous (conductance catheter) P-V and
echocadiographic data from 12 subjects (205 total cardiac cycles)
having a range of diastolic function were analyzed. For each E-wave,
εE-wave was compared with εP-V E-wave calculated from simultaneous
P-V data. Linear regression yielded the following: εP-V E-wave ⫽
␣εE-wave ⫹ b (R2 ⫽ 0.67), where ␣ ⫽ 0.95 and b ⫽ 6e⫺5. We
conclude that E-wave-derived energy for suction-initiated early rapid
filling εE-wave, quantitated via kinematic modeling, is equivalent to
invasive P-V-defined filling energy. Hence, the thermodynamics of
diastole via εE-wave generate a novel mechanism-based index of
diastolic function suitable for in vivo phenotypic characterization.

H515

THERMODYNAMICS OF DIASTOLE

Table 1. Clinical descriptors of the 12 subjects including
hemodynamic and echocardiographic indexes
Parameter

12
64 ⫾ 13
8/4
62 ⫾ 8
75 ⫾ 12
18 ⫾ 6
145 ⫾ 35
15 ⫾ 5
2.2 ⫾ 0.7
9.3 ⫾ 4.6
211 ⫾ 84
17.3 ⫾ 12

Values are means ⫾ SD. The left ventricular (LV) ejection fraction was
determined by ventriculography. E/A, ratio of the peak E-wave to peak
A-wave.

Data Acquisition
The simultaneous high-fidelity, P-V, and echocardiographic transmitral flow data recording method has been previously detailed (3, 21,
23). Briefly, LV pressure and volume were acquired using micromanometric conductance catheter (SPC-560, SPC-562, or SSD-1043,
Millar Instruments, Houston, TX) at the commencement of elective
cardiac catheterization before the administration of iodinated contrast
agents. Pressure signals from the transducers were fed into a clinical
amplifier system (Quinton Diagnostics, Bothell, WA, and General
Electric). Conductance catheterization signals were fed into a custom
personal computer via a standard interface (Sigma-5, CD Leycom).
Conductance-volume data were recorded in five channels. Data from
low-noise channels providing physiological readings were selected,
suitably averaged, and calibrated using absolute volumes obtained by
calibrated ventriculography during the same procedure.
Doppler E-Wave Analysis
For each subject, ⬃1–2 min of continuous transmitral flow data
were recorded in the pulsed-wave Doppler mode. Echocardiographic
data acquisition was performed in accordance with published American Society of Echocardiography (27) criteria. Briefly, immediately
before catheterization, patients are imaged in a supine position using
a Philips (Andover, MA) iE33 system. Two-dimensional images in
apical two- and four-chamber views were obtained. In accordance
with convention, the apical four-chamber view was used for Doppler
E-wave recording with the sample volume located at the leaflet tips.
Averages of 17 beats/subject were analyzed (205 cardiac cycles total
for the 12 subjects). All E-waves were analyzed via PDF formalism
(see APPENDIX A) via model-based image processing to yield E-wavespecific kinematic parameters (k, c, and xo) (19, 21).
Hemodynamic Analysis
Hemodynamics were determined from the high-fidelity Millar LV
pressure and volume data from each beat. A custom MATLAB
program was used to find the end-systolic and diastatic P-V data
points. Diastatic points were defined by ECG P-wave onset, and,
according to convention, mitral valve opening pressure on the continuous LV pressure tracing was estimated to be equal to LVEDP (4,
15, 25, 26).
Definition of the P-V Area During the E-Wave
The diastolic P-V area, as shown in Fig. 1, represents the work
done by the recoiling chamber during early rapid filling (E-wave).
This area was computed numerically from P-V data directly and was
AJP-Heart Circ Physiol • VOL

Fig. 1. Schematic pressure-volume (P-V) loop defining the P-V area as a
measure of energy, from mitral valve opening (MVO) to diastasis, encompassing the suction-initiated early rapid filling (Doppler E-wave) interval. AVC,
aortic valve closure; AVO, aortic valve opening; MVC, mitral valve closure.
See text for details.

defined in the P-V plane as the area under the P-V curve from mitral
valve opening to diastasis.
Derivation and Calculation of the Kinematic Energy
For a damped simple harmonic oscillator, with spring constant k
and initial displacement xo recoiling from rest, the potential energy
before recoil is 1/2kx2o. Because the oscillator is damped, only a
fraction of the total potential energy is available as external work
during the E-wave. Work is defined as 兰Fdx, where F is force and dx
is displacement. By expressing the result in terms of PDF parameters,
we obtain the following:

兰 Fdx ⫽

冉 冊
1

2

kx2o KFEI

(1)

where the kinematic filling efficiency index (KFEI; always ⬍1) is the
proportionality constant that determines what fraction of the total
potential energy 1/2kx2o is delivered as external {Fdx} work (38).
To gain more insight into the physiological determinants of E-wave
energy and since the PDF formalism provides closed-form algebraic
expression for transmitral flow velocity [v(t)] as a function of time, we
expressed LV pressure in terms of v(t) and acceleration [dv(t)/dt]
using Bernoulli’s equation for nonsteady flow (35, 37). We obtained
the area under the E-wave portion of the P-V loop by integrating the
Bernoulli equation-derived expression for LV pressure (P) in 兰PdV, as
a function of volume (V), from mitral valve opening to diastasis. This
yielded the following expression for diastolic kinematic energy
(εE-wave) in terms of PDF parameters (c, k, and xo):

冉 冊冋 冉 兹 冊 冉
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冊册
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where  is the density of blood, MVA is the effective (constant) mitral
valve area, DT is the deceleration time of the E-wave, and C= is the
constant of integration. For simplicity, MVA was constant (4 cm2)
and  was 1.060 g/ml. See APPENDIX B for mathematical details.
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No. of subjects
Age, yr
Sex (men/women)
Heart rate, beats/min
LV ejection fraction, %
LV end-diastolic pressure, mmHg
LV end-diastolic volume, ml
Pressure at diastasis, mmHg
E/A
Parameterized diastolic filling parameters
Load (xo), cm
Chamber stiffness (k), 1/s2
Viscoelasticity/relaxation (c), 1/s
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Fig. 3. Correlation between the experimentally measured P-V area as the
ordinate and model-predicted kinematic energy (εE-wave) as the abscissa. See
text for details.

RESULTS

all 12 subjects showed that the P-V area strongly correlated
with kinematic energy (R2 ⬎ 0.60). Individual linear regressions for the subjects are shown in Table 3. For all subjects,
kinematic energy versus the P-V area, analyzed using
ANOVA, yielded P values of ⬍0.05 and were statistically
significant.

P-V Area Versus Energy as

(1/2kx2o)KFEI

The P-V area and potential energy of the damped simple
harmonic oscillator were highly correlated (R2 ⫽ 0.62) for all
analyzed beats (Fig. 2).
When analyzed on an individual basis, the high correlation
between P-V area and potential energy (R2 ⬎ 0.69) was
maintained. Individual linear regression for each data set is
shown in Table 2. We compared potential energy versus the
P-V area (as the reference). ANOVA-derived P values of
⬍0.05 were considered statistically significant.
P-V Area Versus Kinematic Energy E-wave
In accordance with the derivation, the P-V area and kinematic energy εE-wave were highly correlated (R2 ⫽ 0.67) for all
analyzed beats (Fig. 3). When analyzed individually, data for

DISCUSSION

Echocardiography is the preferred method of diastolic function assessment. To provide a more complete set of causalitybased diastolic function indexes, we used thermodynamic principles. We determined the E-wave-derived analog of invasively measured (P-V loop derived) diastolic energy. While
stroke work is a familiar energy-based index, the energy
associated with diastolic recoil, a necessary component for
total energy balance, has not been fully appreciated. Elastic
Table 3. Individual least-mean-square linear regression
slopes and intercepts for pressure-volume area versus
kinematic energy E-wave (Eq. 2) incorporating the Bernoulli
equation and near-constant volume physiology for 12
subjects

Table 2. Individual least-mean-square linear regression
slopes and intercepts for pressure-volume area-derived
versus kinematic model-derived potential energy expressed
as (1/2kx2o)KFEI for 12 subjects
Subject

Linear Fit Slope

Linear Fit Intercept

R2 Value

Subject

Linear Fit Slope

Linear Fit Intercept

R2 Value

1
2
3
4
5
6
7
8
9
10
11
12

0.03
0.05
0.09
0.12
0.02
0.05
0.06
0.04
0.03
0.06
0.07
0.03

2 e⫺3
1 e⫺4
1 e⫺1
2 e⫺2
6 e⫺2
2 e⫺2
3 e⫺2
4 e⫺2
5 e⫺2
2 e⫺2
3 e⫺2
4 e⫺2

0.79
0.75
0.83
0.80
0.77
0.75
0.81
0.83
0.76
0.69
0.87
0.77

1
2
3
4
5
6
7
8
9
10
11
12

0.92
1.19
1.69
3.58
0.62
1.41
1.46
1.20
0.57
1.76
1.50
0.74

5 e⫺2
5 e⫺2
9 e⫺5
2 e⫺2
7 e⫺2
4 e⫺2
4 e⫺2
6 e⫺2
8 e⫺2
5 e⫺2
4 e⫺2
6 e⫺2

0.69
0.67
0.85
0.78
0.80
0.77
0.60
0.88
0.69
0.69
0.87
0.79

εE-wave, energy computed from the Doppler E-wave.

KFEI, kinematic filling efficiency index.
AJP-Heart Circ Physiol • VOL

300 • FEBRUARY 2011 •

www.ajpheart.org

Downloaded from http://ajpheart.physiology.org/ by 10.220.33.1 on August 19, 2017

Fig. 2. Correlation between the experimentally measured P-V area as the
ordinate and E-wave-determined potential energy (1/2kx2o ⫻ KFEI, where k is
chamber stiffness, xo is load, and KFEI is the kinematic filling efficiency index)
as the abscissa. See text for details.
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The KFEI differentiated E-waves of normal LV EF diabetic
hearts from E-waves of normal LV EF nondiabetic controls
more robustly than traditional clinical parameters such as
deceleration time (38). KFEI’s connection to E-wave energy
provides valuable insights into the current work. In analogy to
KFEI, the potential energy of the oscillator (1/2kx2o) can also be
considered in the ideal lossless (c ⫽ 0) setting and the actual in
vivo (c ⫽ 0) setting. In the lossless setting, KFEI ⫽ 1, all of the
oscillator’s potential energy is converted to kinetic energy
(velocity), and no energy is lost as viscous dissipation. In the
actual in vivo setting, some energy is always lost to dissipation,
and only a fraction of the initial 1/2kx2o energy is delivered as
the kinetic energy of filling. Because KFEI is a dimensionless
index of kinematic filling efficiency, it is appropriate to estimate the actual delivered energy powering filling as the product of KFEI and ideal energy powering filling (1/2kx2o).

Thermodynamics and the Heart

Theoretical P-V Loop

The total LV generated external work (stoke work) per
cardiac cycle (in J) is given by 兰PdV around the P-V loop. The
systolic P-V area, a measure of total mechanical energy generated by ventricular contraction, closely correlates with cardiac O2 consumption under a variety of loading conditions for
a given contractile (inotropic) state (32–34). Similarly, the
tension-time integral or force-time integral (11) can convey
work done by the chamber. Efficiency of the chamber has been
computed as the ratio of output or external work (in J) divided
by input (myocardial O2 consumption) (18). These measurements typically yield an efficiency of ⬃25%. Instead of the
entire cycle, we consider the external work during diastole,
since diastolic energy, a component of 兰PdV, has not, to our
knowledge, ever been specifically calculated or analyzed.
By considering the early rapid filling phase of diastole, we
define the diastolic P-V area as the measure of external work
done by the chamber during the E-wave. We obtained this
experimentally from the area of the P-V loop (兰PdV) from
mitral valve opening to diastasis (see Fig. 1). This area represents the absolute (invasive) measure of external PdV work of
the chamber during the E-wave (εP-V E-wave).
An independent transmitral flow-based relative measure of
E-wave energy can be obtained via kinematic modeling of
suction-initiated filling (εE-wave). Thermodynamic laws require
that relative and absolute measurements of the same event be
linearly related and differ by a constant of integration (C=).

Using the nonsteady Bernoulli equation and PDF formalismderived expressions for flow (E-wave) velocity [v(t)] and
acceleration [dv(t)/dt], expressions for LV pressure and volume
as a function of time can be derived. Eliminating time provides
pressure as a function of volume. This yields kinematic and
fluid mechanics-based modeling-derived algebraic expressions
for the early filling portion of the P-V loop in terms of PDF
parameters (k, c, and xo). To find the area under the P-V loop
during early filling, the derived P(V) expression is integrated
from mitral valve opening to diastasis, coinciding with E-wave
duration.
In previous work we have modeled the P-V loop kinematically and demonstrated that the model-derived analog of maximum elastance (Emax) was a function only of intrinsic model
parameters rather than initial conditions, and, therefore, the
analogous Emax relationship was load independent (28). However, that approach relied on modeling the entire cardiac cycle.
In this work we instead focused on the early rapid fillingrelated portion of the P-V loop, and we did this by applying the
nonsteady Bernoulli equation.

KFEI
Systole stores elastic strain energy (potential energy), which
is unmasked by relaxation and powers the mechanical recoil/
ventricular suction process. The PDF formalism provides a
simple expression, 1/2kx2o, for energy available to power an
idealized, lossless, and symmetric (about its peak) E-wave.
However, actual E-waves must be asymmetric, and the extent
of asymmetry reflects filling-related energy losses. We have
previously computed KFEI as actual E-wave volume (parameterized by xo, c, and k) divided by the maximum possible
(idealized) E-wave volume, parameterized by identical xo and
k but generated in the absence of viscous losses (c ⫽ 0
kinematics) (38). KFEI therefore incorporates viscous losses/
relaxation effects associated with the balance between chamber
damping (c) and chamber stiffness (k).
AJP-Heart Circ Physiol • VOL

Application of the Nonsteady Bernoulli Equation
Previous work has demonstrated the importance of including
both convective and inertial terms in the Bernoulli equation
when modeling transmitral flow (9). By approximating the
inertial term as the product of mitral inertiance and acceleration
and applying the proper limit, we are able to derive an expression for the atrioventricular pressure gradient in terms of PDF
parameters (Eq. B6). In constructing a P-V loop from this
expression, we treated the atrial pressure term as an unknown
constant to extract ventricular pressure alone. This introduces a
systematic offset in our final expression and in the area under
the theoretically constructed P-V loop. Thus, the nonzero
asymptote shown in Fig. 3 is primarily the result of treating the
atrial pressure term as an unknown constant. This linear offset
is the expected consequence of comparing an absolute catheterization-based measure (P-V area) to a relative measure
(theoretical P-V loop area derived from the E-wave alone), and
the correlation shown in Fig. 3 is expected to be stronger and
have an intercept closer to zero if the atrial pressure recording
was available and contributed to ⌬P in the construction of the
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strain energy, stored during the prior systole, is unmasked
during relaxation and drives diastolic recoil. It results in the
mechanical suction of atrial blood by generating an atrioventricular pressure gradient resulting in the E-wave (12, 14, 16,
29). Using complementary methods and mathematical modeling, we derived two expressions for diastolic energy in terms of
parameters obtained from the E-wave alone. We tested the
validity of our derived energy expressions for the same physiological event by determining the correlation between values
obtained using simultaneous invasive (P-V loop) versus noninvasive (echo) data in 12 subjects. In accordance with thermodynamic requirements, we found a strong correlation. This
represents the first study where expressions for diastolic energy
have been derived from first principles and validated using
simultaneous invasive and noninvasive data acquisition methods.
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final expression. The value of the intercept shown in Fig. 3 was
consistent across subjects (see Table 3).
Determining Diastolic Recoil Energy in the Context of
“Absolute” Versus “Relative” Measurement

Future Studies
This initial work is focussed on deriving and validating the
predicted relationship between invasive and noninvasive measures of diastolic energy. Broader clinical application should
include a spectrum of suitably selected pathophysiological
states such as heart failure with normal EF, hypertension,
diabetes, infiltrative disease, etc. Furthermore, energy-based
indexes are suitable for studies where each subject serves as
their own control and the response to selected therapies for
diastolic dysfunction are assessed using conventional methods
and in terms of repeated measures of recoil energy. Although
expected to be load dependent, diastolic recoil energy indexes
can be trended in concert with a previously derived and
validated load-independent index of diastolic function obtained
by suitable analysis of the E-wave (31).
Limitations
Conductance volume. The conductance catheter method of
volume determination has known limitations related to noise,
saturation, and calibration that we have previously acknowledged (1, 3, 22). In this study, the channels that provided
physiologically consistent P-V loops were selected and averaged. However, since there was no significant drift of volume
signal during recording, any systematic offset related to calibration of the volume channels did not affect the result when
the limits of conductance volume were calibrated via quantitative ventriculography.
P-V measurements. Our assumption that mitral valve opening pressure approximates LVEDP has limitations. It has been
AJP-Heart Circ Physiol • VOL

Conclusions
By deriving thermodynamics-based and kinematic modeling-based expressions for the work of suction-initiated
filling (E-wave) and using in vivo, human, simultaneous
P-V and transmitral echocardiographic data for validation,
we showed (to within an additive constant of integration)
the predicted equivalence between echo-derived (relative)
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Diastolic recoil energy from the P-V loop shown graphically
in Fig. 1 can be computed in alternate ways. For the P-V loop
shown in Fig. 1, atmospheric zero is, by convention, the
fiducial reference. However, for the E-wave-derived expression for energy (see Eq. B12), the offset relative to atmospheric
zero or any fiducial value cannot be specified (it is C= in Eq.
B12).
Indeed, when we compared diastolic recoil energies determined from the invasive (an “absolute” measure) and noninvasive (a “relative” measure) approaches (Fig. 3), we observed
a nonzero intercept. The nonzero intercept is the experimental
equivalent of C= in Eq. B12 in APPENDIX B. It is the result of the
alternate choice of atmospheric zero versus mean atrial pressure or diastatic pressure as the reference fiducial pressure
relative to which energy variation is computed. Using the
diastatic P-V curve as a reference constitutes another option
(39). We tested the extent to which choice of fiducial pressure
(atmospheric vs. zero reference) affects the regression between
E-wave-derived and P-V-derived energies. The correlations
between kinematic energy using zero as the constant of integration versus actual P-V area were unaltered. Therefore, the
observed offset introduced by the choice of reference pressure
has no effect on the expected linear correlation between invasive (“absolute”) versus noninvasive (“relative”) measures of
recoil energies.

shown (36) that this assumption is valid in the setting of normal
physiology. In an abnormal case (abnormal valve function and
LV EF) where mitral valve opening pressure and end-diastolic
pressure are significantly different, the use of end-diastolic
pressure in the P-V area will introduce a systematic error but
will still represent a reasonable estimate of energy during early
filling; it will also affect the offset of the correlation of P-V
area and εE-wave. To minimize any systematic difference between mitral valve opening pressure and LVEDP in our analysis of 205 heart beats in 12 subjects, we selected data sets only
for subjects with normal valve function and normal LV EF (4,
15, 26, 40).
E-wave selection. Although the PDF formalism is applicable
to all E-waves, the most robust analysis is achieved for Ewaves that have a clear termination and are followed by
diastasis. E-wave analysis becomes less reliable when the
A-wave merges with the E-wave and covers more than twothirds of the E-wave deceleration portion. This typically occurs
at heart rates of ⬎90 beats/min (2). In the present study, we
used data sets with clearly discernible E-waves followed by a
diastatic interval (average heart rate ⫽ 62 beats/min).
Choosing the limits of the integral in Bernoulli’s equation.
We assumed simultaneous E-wave and E=-wave onsets in
deriving kinematic energy (see APPENDIX B). It is possible that
some E=-waves are slightly delayed (by a few milliseconds)
beyond E-wave onsets (5). For simplicity and consistency and
for ease of the integration, we assumed that E=-wave duration
and deceleration time are comparable. This assumption only
affects the magnitude of εE-wave for every single beat and has
no significant effect on the slope and correlation between εP-V
E-wave and εE-wave.
Application of Bernoulli’s equation. In deriving the expression for kinematic energy (εE-wave), we applied a form of
Bernoulli;s equation for an ideal fluid, where fluid viscosity is
ignored. This approach has been applied by previous investigators (35, 37), and studies have demonstrated its validity (8,
9). Recall that the PDF model (damped oscillation) accounts
for energy loss in kinematic terms via the parameter c; hence,
by using the PDF-derived expression for velocity in the Bernoulli equation, we automatically include the effects of losses
in the system (damping) as part of the kinetic energy term in
the Bernoulli equation. In effect the expression for fluid velocity and acceleration includes the parameter c and therefore
already includes energy losses as part of the resulting expression for pressure. This insures that energy conservation is
maintained in accordance with Bernoulli’s law and includes the
dominant form of energy loss due to kinematic modelingderived viscoelastic losses rather than (negligible) fluid viscosity losses.
Sample size. The number of data sets (n ⫽ 12) is a minor
limitation to the study, because the total number of cardiac
cycles analyzed (n ⫽ 205) mitigates it to an acceptable degree.
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were also recorded. To synchronize the hemodynamic data with the
Doppler data, a fiducial marker in the form of a square wave was fed
from the catheter-transducer control unit. LV and aortic pressure, LV
volume from the conductance catheter, and one ECG channel were
also simultaneously recorded on disk. Simultaneous Doppler data, LV
pressure, and conductance volume were obtained for a minimum of 30
consecutive heart beats during quiet respiration. After data acquisition, the diagnostic catheterization procedure was performed in the
usual manner.
PDF Formalism
PDF formalism models the kinematics of early rapid LV filling in
analogy to the motion of a damped simple harmonic oscillator (19,
40). The governing equation of motion is as follows:

Fig. 4. Correlation between potential energy (1/2kx2o ⫻ KFEI) and kinematic
energy εE-wave (theoretical P-V area). See text for details.

and P-V loop-derived (absolute) measures of diastolic energy. These results establish energy (1/2kx2o) as a legitimate,
mechanism-based, echo-derived diastolic function index obtainable via kinematic modeling-based analysis of clinically
recorded E-waves. Figs. 4 and 5.

d 2x
dt

v(t) ⫽ ⫺

Before arterial access, in the catheterization laboratory, a full
two-dimensional echo-Doppler study was performed by an American
Society of Echocardiography-certified sonographer in accordance
with American Society of Echocardiography criteria (27). After an
appropriate sterile skin preparation and drape, local anaesthesia (1%
xylocaine) was given, and percutaneous right or left femoral arterial
access was obtained in preparation for catheterization and angiography using a valved sheath (6-F, Arrow, Reading, PA). After arterial
access and placement of a 64-cm sheath (Arrow), a 6-Fr micromanometer-tipped pigtail (triple pressure transducer) P-V conductance
catheter (models 560-1 or 560-5, Millar Instruments, Houston, TX)
was directed into the mid-LV in a retrograde fashion across the aortic
valve under fluoroscopic control. Before insertion, the manometertipped catheter was calibrated against “zero” by submersion just
below the surface of a normal saline bath at 37°C and again after
insertion relative to hydrostatic “zero” using the lumen with respect to
the midthoracic fluid-filled transducer (HP). It was balanced using a
transducer control unit (model TC-510, Millar Instruments), and
pressure was fed to the catheterization laboratory amplifier (Quinton
Diagnostics, Bothell, WA, or GE Healthcare, Milwaukee, WI) and
simultaneously into the input ports of the physiological amplifier of
the Doppler imaging system for synchronization (iE33, Philips). With
the patient in the supine position, apical four-camber views using a
2.5-MHz transducer were obtained by the sonographer, with the
sample volume gated at 1.5–5 mm directed between the tips of the
mitral valve leaflets and orthogonal to the mitral valve plane. Continuous wave Doppler was used to record aortic outflow and mitral
inflow from the apical view for the determination of isovolumic
relaxation time using a sweep speed of 10 cm/s. Doppler tissue
imaging of the medial and lateral mitral annulus and M-mode images
AJP-Heart Circ Physiol • VOL

⫹c

dx
dt

⫹ kx ⫽ 0

(A1)

The formalism solves the “inverse problem” by providing (mathematically) unique parameters c, k, and xo that determine each Doppler
E-wave contour (19, 20, 40). The initial displacement of the oscillator
xo (in cm) is linearly related to the E-wave velocity-time integral (i.e.,
a measure of volumetric preload) and chamber stiffness (⌬P/⌬V) is
linearly related to the model’s spring constant k (in g/s2) while the
oscillator’s damping constant or chamber viscoelasticity/relaxation
index c (in g/s) characterizes the resistance (relaxation/viscosity) and
energy loss associated with filling (20, 40). E-waves with long
concave up deceleration portions (“delayed relaxation pattern”) have
high c values, whereas E-waves that approximate symmetric sine
waves have low c values. The contour of the clinical E-wave is
predicted by the (underdamped) solution for the velocity of a damped
oscillator, given by the following:

APPENDIX A

Simultaneous Acquisition of Echocardiographic and High-Fidelity
Hemodynamic Data

2

x ok


exp(⫺ct ⁄ 2) sin(t)

(A2)

where  ⫽ 兹4mk⫺c2/2m.
PDF parameter values for c, k, and xo were determined using the
Levenberg-Marquardt algorithm to fit to the E-wave maximum velocity envelope via a custom LabView (National Instruments, Austin,
TX) interface (3, 7, 20, 30, 40). By setting mass m ⫽ 1, we can
calculate the parameters per unit mass.
APPENDIX B

Derivation of Kinematic Energy
To incorporate the near perfect constant-volume attribute of the
four-chambered and two- chambered heart, left heart atrioventricular

Fig. 5. Schematic diagrams showing the E-wave and E=-wave. AT, acceleration time; DT, deceleration time. See text for details.

300 • FEBRUARY 2011 •

www.ajpheart.org

Downloaded from http://ajpheart.physiology.org/ by 10.220.33.1 on August 19, 2017

m

H520

THERMODYNAMICS OF DIASTOLE

external geometry was modeled as a right circular cylinder having a
fixed height (L) and fixed cross-sectional area (A). It was subdivided
into upper and lower chambers representing the left atrium (LA) and
LV, respectively.
vE and vE= are the Doppler-derived mitral inflow velocity and
Doppler tissue imaging-recorded mitral annulus velocity. With the
constraint that LV mass is conserved between systole and diastole and
noting that the combined atrial and ventricular blood volume remains
essentially constant between systole and diastole, we obtain the
following (10):
MVA ⫻ vE ⫽ A ⫻ vE⬘

(B1)

The volume of the heart and volume of the LV (VLV) can be written
as A ⫻ L and L ⫻ x, respectively. By taking derivative of LV volume
and using Eq. B1, we obtain the following:

LV

⭸ v(s, t)

LA

⭸t

兰

冉

1
2
M⫽⫺

ⱍ
ⱍ

dvE
dt

where

dt

t⫽DT

vE2

t⫽DT

dvE

1
⫽ xo
2

冏

E-wave ⫽

再

c

exp ⫺

冉 冊冤
1

2

kx3o

4
3(1 ⫹ 8y 2)

冉 冊冉
1

2

kx3o

4
3

⫹

1
4y

cDT
2

(B5)

冤

关1 ⫺y(5 ⫹ 8y2)兴 exp

再

⫹ LAP (B6)

1
⫽⫺ 
2

LVP ⫻ dVLV

兰


V( )

V(0)

冉

vE(t)2 ⫹ xo

冎 冊

⫻ dVLV ⫹

兰


V( )

V(0)

冉冊
1

2y

LAP ⫻ dVLV (B7)

Ç

Since dVLV was originally equal to A ⫻ vE=dt, limits can be determined by the duration of the E=-wave [0 ⫺ (/=)] and LAP is treated
as a constant of integration:
1
E-wave ⫽ ⫺ 
2

再



0

冉

vE(t)2 ⫹ xo

冉冊
1

2y

冎 冊

y 关 ⫺cos ⫺1(y)兴
exp ⫺
v̇E(t) ⫻ MVA ⫻ vE(t)dt ⫹ C⬘ (B8)
兹1 ⫺y2

冉兰

1
E-wave ⫽ ⫺  ⫻ MVA
2



0

vE(t)3dt ⫹ xo

⫺

冎冊

冎兰

冉冊
1

2y


vE( )
 vE(t)dvE
vE(0)

冊

⫹ C⬘ (B9)

where vE, the E-wave velocity from PDF model, is given by v(t) ⫽
⫺(xok/) exp(⫺ct/2) sin(t).
Since the specific relation between E-wave and E=-wave (see Fig. 5)
PDF parameters depends on chamber geometry, the useful approximation
for the upper limit of both integrals is t ⫽ DT, the time of E-wave
inflection. After taking the integrals, we obtain the following:

冉兹 冊冥
冉 再
兹

3y arctan

3y 关 ⫺cos (y)兴
exp ⫺
兹1 ⫺y2
⫹ C⬘ (B11)
⫺1

兰

再

For E-waves whose contours are well fit by the underdamped oscillation
regime (兹4k⫺c2 ⬎ 0) or y ⬍ 1, the equation becomes the following:
E-wave ⬇  ⫻ MVA


V( )

V(0)

y 关 ⫺cos ⫺1(y)兴
exp ⫺
兹1 ⫺y2

t⫽DT

E-wave ⫽  ⫻ MVA

兰

y 关 ⫺ cos ⫺1(y)兴
exp ⫺
v̇E(t)
兹1 ⫺y2

t⫽DT

冉兹 冊 冉 冊
k

冎 冊

兹

By integrating Eq. B6 over VLV, we can derive the P-V area (kinematic energy εE-wave) in term of PDF parameters. The result is as
follows:

(B4)

where M can be obtained by noting that at t ⫽ deceleration time (DT),
the time of pressure crossover, LAP ⫽ LVP (40). Thus,
⫹M

c

C⬘

dvE
1
⫹ LAP
LVP ⫽ ⫺ vE2 ⫺ M
2
dt

冏

2

arctan

冉冊 再

(B3)

where LAP is LA pressure, LVP is LV pressure, and s is distance
along a streamline.
The integral can be rewritten as M(dvE/dt), where M (a constant) is
the mitral inertiance (35, 37, 40). Equation B3 thus becomes the
following:

1
⌬P ⫽ 0 ⫽ vE2
2

冉 冊

1


y 关 ⫺ cos ⫺1(y)兴
1
1
exp ⫺
v̇E(t)
LVP ⫽ ⫺  vE(t)2 ⫹ xo
2
2y
1 ⫺ y2

(B2)

ds

⫺

By substituting y ⫽ c(2兹k), LVP at any time t (Eq. B4) is as follows:

The following relation between kinematic energy εE-wave and PDF
parameters can be derived from Bernoulli’s equation for nonsteady
flow:
1
⌬P ⫽ LAP ⫺ LVP ⫽ vE2 ⫹ 
2




1 ⫺y 2
y

⫹

1 ⫺y 2

3y 关 ⫺cos ⫺1(y)兴
exp ⫺
4y
兹1 ⫺y2
1

冎冊冥

⫹ C⬘
(B10)
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