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Abstract

Although the electrophysiologic derangement responsible for atrial fibrillation (AF) has been elucidated, how AF remodels the ventricular
chamber and affects diastolic function (DF) has not been fully characterized. The previously validated Parametrized Diastolic Filling (PDF)
formalism models suction-initiated filling kinematically and generates error-minimized fits to E-wave contours using unique load (xo),
relaxation (c), and stiffness (k) parameters. It predicts that E-wave deceleration time (DT) is a function of both stiffness and relaxation.
Ascribing DTs to stiffness and DTr to relaxation such that DT=DTs+DTr is legitimate because of causality and their predicted and observed
high correlation (r=0.82 and r=0.94) with simultaneous (diastatic) chamber stiffness (dP/dV) and isovolumic relaxation (tau), respectively.
We analyzed simultaneous echocardiography-cardiac catheterization data and compared 16 age matched, chronic AF subjects to 16,
normal sinus rhythm (NSR) subjects (650 beats). All subjects had diastatic intervals. Conventional DF parameters (DT, AT, Epeak, Edur, E-VTI,
E/E’) and E-wave derived PDF parameters (c, k, DTs, DTr) were compared. Total DT and DTs, DTr in AF were shorter than in NSR (p<0.005),
chamber stiffness, (k) in AF was higher than in NSR (p<0.001). For NSR, 75% of DT was due to stiffness and 25% was due to relaxation
whereas for AF 81% of DT was due to stiffness and 19% was due to relaxation (p<0.005).
We conclude that compared to NSR, increased chamber stiffness is one measurable consequence of chamber remodeling in chronic,
rate controlled AF. A larger fraction of E-wave DT in AF is due to stiffness compared to NSR. By trending individual subjects, this method
can elucidate and characterize the beneficial or adverse long-term effects on chamber remodeling due to alternative therapies in terms of
chamber stiffness and relaxation.

Introduction

Atrial fibrillation (AF) is a known correlate of heart failure
(HF) and affects millions of patients worldwide. Investigators have
demonstrated that AF and HF are concordant and increase overall
mortality rate.1-4 Significant progress has been made in the diagnosis,
electrophysiologic mechanism, and treatment of AF.1-10 However, the
mechanistic consequences of AF on left ventricular (LV) function,
chamber stiffness and relaxation, and global LV diastolic function
(DF) in particular, remain incompletely characterized.
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The instantaneous slope of the left ventricular (LV) pressurevolume relation, dP/dV, defines chamber stiffness and serves as one
of the two main parameters (the other is relaxation) by which global
diastolic function (DF) is quantitated.11-14 Traditionally, LV chamber
stiffness is determined invasively from the slope (ΔP/ΔV) of the
end-diastolic pressure volume relationship (EDPVR). However, due
to the lack of atrial contraction, end-diastole in AF and NSR are
different physiologic states. Hence the EDPVR cannot be used to
compare the chamber stiffness in AF with that in NSR. Therefore,
the diastatic pressure volume relationship (D-PVR) provides the
appropriate physiologic metric for AF vs. NSR chamber stiffness
comparison. It has been established that (passive) diastatic chamber
stiffness, i.e. the slope of D-PVR, is significantly elevated in AF
compared to NSR.15
Chamber stiffness (ΔP/ΔV) is a ‘relative’ index and can be
determined using ‘relative’ (echo), rather than ‘absolute’ (cath)
measurement methods. Little et al16 used physiologic modeling
to predict that E-wave DT is determined by stiffness (KLV ) alone.
However, for E-wave contours well fit by underdamped oscillatory
kinematics, the PDF formalism17 parameter k is the algebraic
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AT, DT, and Edur determined by approximating E-wave shape as a
triangle in NSR group (16 subjects) and AF group (16 subjects).
Figure 1: Significant differences between DT and Edur are denoted by
asterisk (*). (DT: p<0.001, Edur: p<0.001) between groups. See
Table 2 and text for details.

equivalent of KLV.
Clinicians know that tall, narrow E-waves having a short DT,
referred to as the ‘constrictive-restrictive’ pattern, are associated with
stiff chambers. Similarly, long DT is referred to as a manifestation of
the ‘delayed relaxation’ pattern. Therefore, from an intuitive clinical
perspective it is self-evident that both stiffness and relaxation must be
DT determinants. This intuitive role of stiffness and relaxation as DT
determinants has been made physiologically precise by Shmuylovich
et al who have shown that two subjects having echocardiographically
indistinguishable DT can have significantly distinguishable values of
chamber stiffness and relaxation (tau) on simultaneous hemodynamic
analysis. Using PDF-based analysis, the derived algebraic expression
for DT was shown to be a function of both stiffness (PDF parameter
k) and relaxation (PDF parameter c).18 The aforementioned naturally
justifies decomposition of E-wave DT into its stiffness (DTs) and
relaxation (DTr) components such that DT = DTs + DTr.19 The
expected causal relationship between DTs and DTr and simultaneous
stiffness (ΔP/ΔV) and relaxation (tau) has been firmly established
by the high observed correlation (r=0.82 and r=0.94 respectively).19
We hypothesized that AF LVs are stiffer than NSR LVs.
Consequently, decomposition of E-wave DT into stiffness (DTs) and
relaxation (DTr) components will show that, compared to NSR, DTs
is shorter in AF and a larger percentage of E-wave DT in AF is due
to stiffness than to relaxation.

Material And Methods

Subject Selection
Thirty two datasets (mean age 61, 22 men) were selected from
the Cardiovascular Biophysics Laboratory database.20 Subjects
underwent elective cardiac catheterization to determine presence
of suspected coronary artery disease at the request of their referring
physicians. All participants provided informed consent prior to the
procedure using a protocol approved by the Washington University
Human Research Protection Office (HRPO).
Sixteen datasets of subjects in NSR, were selected so they were
aged matched with the 16 subjects of the chronic AF group (average
duration 7.3±4.1 years). All were in AF during data acquisition.
Selection criteria for the NSR group were: no active ischemia,
normal valvular function, normal LV ejection fraction (LVEF≥50%),
no history of myocardial infarction, peripheral vascular disease, or
bundle branch block, and clear diastatic intervals following E-waves.
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Selection criteria for the AF group were similar, with the exception
that four of the 16 AF subjects had LVEF somewhat < 50%. Among
the 16 NSR datasets, 9 had normal LV end-diastolic pressure
(LVEDP<14 mmHg), 3 had 15 mmHg < LVEDP < 20 mmHg and
4 had elevated LVEDP (>21 mmHg). The distribution of LVEDPs
in the 15 AF group datasets were: 3 with LVEDP<14, 9 with
15<LVEDP<20 mmHg and 4 with LVEDP>21. A total of 650 cardiac
cycles (20 beats/subject) of simultaneous echocardiographic-high
fidelity hemodynamic (conductance catheter) data were analyzed.
The clinical descriptors of the 32 subjects and their hemodynamic
and echocardiographic indices are shown in Table 1 and 2.
Data Acquisition
The high fidelity, simultaneous echocardiographic transmitral
flow and pressure-volume (P-V) data recording method has been
previously described [17,20-24]. Briefly, immediately prior to arterial
access a complete 2-D echo-Doppler study in a supine position
using a Philips (Andover, MA.) iE33 system is performed according
to American Society of Echocardiography (ASE) criteria.25 After
arterial access and placement of a 64-cm, 6-Fr sheath (Arrow,
Reading, PA), a 6-Fr micromanometer conductance catheter (SPC560, SPC-562, or SSD-1034, Millar Instruments, Houston, TX) was
directed across the aortic valve under fluoroscopic control. Pressure
and volume signals were processed through clinical amplifier systems
(Quinton Diagnostics, General Electric, CD Leycom) and recorded
by a custom personal computer via a standard interface (Sigma-5).
Simultaneous transmitral Doppler images were obtained [25] using
a clinical imaging system (Philips iE33, Andover, MA). Following
data acquisition, end-systolic and end-diastolic volumes (ESV, EDV)
were determined by calibrated quantitative ventriculography.
Doppler E-Wave Analysis
For each subject, approximately 1-2 minutes of continuous
transmitral flow data were recorded in the pulsed-wave Doppler
mode. Echocardiographic data acquisition is performed in accordance
with published ASE26 guidelines. In accordance with convention,
the apical 4-chamber view was used for Doppler E-wave recording
with the sample volume located at the leaflet tips. An average of 20
beats per subject were analyzed (650 cardiac cycles total for the 32
subjects).
Doppler transmitral E-wave contours were analyzed using the
conventional triangle shape approximation,27,28 yielding peak E-wave
velocity (Epeak), acceleration time (AT), deceleration time (DT),

PDF parameters (k, c, and xo) in NSR group (16 subjects) and AF
group (16 subjects). Significant (p<0.001) differences between
Figure 2: groups for k are denoted by asterisk (*) indicating that AF
chambers at diastasis are stiffer than NSR chambers at diastasis.
See text
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Medications
The classes of prescribed medications among the 16 subjects of the
AF group were as follows: 14 on anticoagulants/antithrombotics, 9
on beta blockers, 7 on lipid lowering agents, 7 on ACE inhibitor or
ARB, 6 on calcium channel blockers, 6 on diuretics, and 5 on digoxin.
Statistical Analysis
For each subject, parameters were averaged for the beats selected.
Comparisons of diastatic stiffness, AT, DT, Edur, PDF parameters,
and other parameters between NSR and AF groups were carried out
by Student’s t-test using MS-Excel (Microsoft, Redmond, WA).

A) Comparison of stiffness (DTs), relaxation (DTr) components of
total DT according to group. Asterisk (*) indicates DTs and DTr are
both significantly shorter in AF than in NSR.
Figure 3: B) Comparison of total DT between groups indicates significant
difference (*). When DT is decomposed into its DTs, DTr components
in NSR and AF groups, significant intergroup differences in
components persist as shown in Panel A. See text for details.

velocity-time integral (E-VTI), E/E’.
Each E-wave was also analyzed via the Parametrized Diastolic
Filling (PDF) formalism (see Appendix 1) to yield, mathematically
unique PDF parameters for each E-wave (stiffness parameter (k),
chamber viscoelasticity/relaxation parameter (c), load parameter
(xo)).23,29,30
Stiffness (DTs) and relaxation (DTr) components of DT were
computed via the fractionation method employed previously19 (see
Appendix 2) such that DT=DTs+DTr. By determining DTs and DTr
of each E-wave, the total DT can be expressed as the fraction due
to stiffness (S=DTs/DT) and the fraction of DT due to relaxation
(R=DTr/DT) for each E-wave analyzed.
Determination Of Diastatic Stiffness From P-V Data
Hemodynamics were determined from the high-fidelity Millar
LV P-V data from each beat. The quantitative ventriculography was
used to determine end-systolic and end-diastolic volumes which
defined the limits of volume tracing of conductance catheter has
been previously detailed.23,24,31,32 After calibration of conductance
volume, LV pressure and volume at diastasis were measured beatby-beat using a custom MATLAB program. End-diastasis points
were defined by ECG P wave onset.24,31-33 As previously24,32 for each
subject, diastatic P-V data points generated by load varying cardiac
cycles were fit via linear regression, to provide diastatic chamber
stiffness as the slope (K) of D-PVR.

A) Least mean square determined linear fit of stiffness component
Figure 4: of DT (DTs) vs. diastatic stiffness (K) in A) 16 NSR subjects, B) 16 AF
subjects. See text for details.
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Results

Diastatic Stiffness And Other Invasive Measurements In NSR And
AF
LV (passive) chamber stiffness measured as the slope of the D-PVR
is significantly higher in the AF group than that in the NSR group
(0.18±0.08 mmHg/ml vs. 0.11±0.05 mmHg/ml, p<0.01). In contrast
to NSR, (where diastatic pressure and volume is different than enddiastolic pressure and volume at end atrial systole), in AF, diastatic
pressure and volume is the same as end-diastolic pressure and volume
since there is no atrial contraction in AF. In AF diastatic pressure
and volume are similar to the diastatic pressure and volume in NSR
(18 ± 4 mmHg for AF vs. 17 ± 5 mmHg for NSR, p=0.48 and 167 ±
55 ml for AF vs. 159 ± 12 ml for NSR, p=0.59).
Triangle Method Measurements Of E-waves In NSR And AF
Figure 1 shows that E-wave DT and E-wave duration (Edur) are
significantly shorter in the AF group than NSR group (DT: 153 ±
22 msec vs. 192 ± 19 msec, p<0.001, Edur: 236 ± 26 msec vs. 281 ± 27
msec, p<0.001). E-wave acceleration time (AT) is not significantly
different between the two groups (84 ± 8 msec vs. 89 ± 11 msec,
p=0.13).
PDF Measurements In NSR And AF
Results from PDF analysis show (Figure 2) that PDF stiffness
parameter (k) in AF group is higher (stiffer) than NSR group (274 ±
70 1/sec2 vs. 191 ± 41 1/sec2, p<0.001). PDF parameters c, xo are not
significantly different between AF and NSR groups (c: 15.7±3.0 1/
sec vs. 16.3±3.5 1/sec, p=0.65 and xo: 10.2±2.5 cm vs. 10.1±2.9 cm,
p=0.93).
Fractionation Of Deceleration Time Into Stiffness And Relaxation
Components In NSR And AF
Figure 3 shows the stiffness and relaxation components in both
groups and their contribution to DT. The relaxation (DTr) component

A) Least mean square determined linear fit of relaxation
Figure 5: component of DT (DTr) vs. time constant of isovolumic relaxation (τ)
in A) 16 NSR subjects, B) 16 AF subjects. See text for details.

Apr-May, 2014 | Vol-6 | Issue-6

16

Journal of Atrial Fibrillation

Intergroup comparison of normalized DT showing percentage due
Figure 6: to stiffness (S) and relaxation (R). A significantly larger percentage
of total DT is due stiffness in the AF group. See text for details.

of DT in AF is shorter than in NSR (DTr AF=30±12 vs. DTr
NSR=50±10, p<0.001). The stiffness (DTs) component of DT in AF,
which is inversely related to chamber stiffness, is shorter than in NSR
(DTs AF=123±20 vs. DTs NSR=142±14, p<0.005). The shorter DTs
in AF and the known inverse relation between DTs and (diastatic)
stiffness indicates that AF chambers are stiffer than NSR chambers.
DTs and diastatic stiffness derived from P-V data (K) were highly
correlated in both NSR and AF groups (NSR: DTs = -0.21 K + 0.16,
R2=0.57, AF: DTs = -0.19 K + 0.16, R2=0.56) (Figure 4). DTr and
time constant of isovolumic relaxation (τ) were highly correlated in
both NSR and AF groups (NSR: DTr = 1.30 τ - 0.03, R2=0.84, AF:
DTr = 1.11 τ - 0.03, R2=0.77) (Figure 5).
For the 16 NSR datasets 75% of total DT is due to stiffness and
25% is due to relaxation. For the 16 AF datasets 81% of DT is due
to stiffness and 19% is due to relaxation (Figure 6). These differences
are significant (p<0.005). If the four AF subjects with LVEF <50%
are removed from the intergroup comparison, all of the conclusions
remain unaltered.

Original Research
In addition to invasive approaches, the stiffness of the LV chamber
can also be estimated noninvasively. The PDF parameter k obtained
from echocardiographic E-wave analysis is mathematically17 and
experimentally related to the invasively measured chamber stiffness
(ΔP/ΔV) during early rapid filling.23 E-wave deceleration time (DT)
has also been correlated with stiffness as proposed by Little et al.16 It
was shown that an inverse square relationship exists between stiffness
and E-wave DT.
Both the triangle based (DT) and PDF model based (k) noninvasive estimates of chamber stiffness showed significant difference
between the AF and NSR groups, consistent with the invasive
chamber stiffness findings between groups at diastasis.15 The
significantly shorter DT in the AF group is not likely to be explained
by the higher average HR of the AF group since it is known that in
the presence of a diastatic interval, E-wave DT remains essentially
unchanged when HR increases.37
Deceleration Time Of E-wave Correlation With Chamber Stiffness
And Relaxation
Average left ventricular (LV) chamber stiffness, ∆P/∆V, is
an important diastolic function (DF) metric. An E-wave based
determination of ∆P/∆V by Little et al predicted that deceleration
time (DT) is related to stiffness according to ∆P/∆V = A/(DT)2.16
This implies that if the DTs of two LVs are indistinguishable, their
stiffness should be similarly indistinguishable. Shmuylovich et
al.18 have shown that two subjects with indistinguishable E-wave
determined DTs can have distinguishable catheterization-determined
values of chamber stiffness, because of differences in relaxation, i.e.
the viscoelastic parameter (PDF parameter c) in the two subjects. We
found E-wave DT and its stiffness component are significantly (DT:
p<0.001, DTs: 0.005) shorter in the AF group (DT=153±22 msec,
DTs=123±20) than NSR group (DT=192±19 msec, DTs=142±14).
The shorter DT in AF group is primarily an effect of stiffness because
the relaxation parameter c is similar in the two groups (p=0.65).

Discussion

Invasive And Non-Invasive Measurements Of AF Chamber Stiffness
Although multiple methods for LV chamber stiffness determination
using echocardiography have been proposed,16,23,34,35 one of the most
important methods for characterizing passive chamber stiffness has
been the end-diastolic pressure volume relation (EDPVR), defined by
the locus of points inscribed by end-diastolic pressures and volumes
at varying loads.11 Considering the EDPVR in the setting of chronic
AF raises a concern, however. Because there is no atrial contraction,
end-diastole in (rate controlled) AF is the hemodynamic equivalent
of diastasis. During diastasis the ventricle is in static equilibrium
(for a brief period), atrial and ventricular pressures are equal and net
transmitral flow is absent.36 This equivalence between end-diastole
and diastasis does not exist in NSR, and previous work [32] has
shown that in the same NSR heart, the D-PVR and EDPVR are
physiologically distinct relations, with significantly different slopes
and therefore different values for chamber stiffness. Hence, the
D-PVR is the only physiologically justified invasive method available
for chamber stiffness determination in AF. The use of D-PVR
requires the determination of load-varying diastatic pressure and
volume points.
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Overview of DTs and DTr computation. A) A typical Doppler velocity
profile. Note diastatic interval between E- and A-waves. B) AT and
DT determination using triangle method. C) PDF model-predicted
fit to E-wave (green) provides numerically unique PDF parameters
c=21.8/s, k=248/s2, xo=11.2cm for each analyzed E-wave. D)
Model predicted E-wave (red) having same xo, k values as original
Figure7: (green) E-wave but with PDF parameter c=0, assumes relaxation
plays no role in determining waveform. The effect of relaxation
(where c≠0) is to lengthen DT and decrease E-wave amplitude.
Hence, green DT is longer and its amplitude is less than red
waveform. The numerical difference between actual green (c≠0)
DT minus red DT (c=0) equals DTr. DTs = DT – DTr. DT=0.206 s,
DTr=0.077 s and DTs=0.129 s. See text for details.
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Table 2: Hemodynamic and echocardiographic data in NSR and AF groups

Table 1: The clinical descriptors of NSR and AF groups.
Clinical Descriptors

NSR Group

AF Group

Significance

NSR

AF

Significance

N

16

16

N.A.

Hemodynamic Parameters:

Age (y)

61±8

61±9

0.92

LVEDP (mmHg)

17±5

18±4

0.48

Gender (M/F)

10/6

12/4

N.A.

Gender (M/F)

10/6

12/4

N.A.

Heart Rate (bpm)

62±9

76±9

<0.001

LVEDV (ml)

159±12

167±55

0.59

0.11±0.05

0.18±0.08

<0.01

59±7

50±10

<0.01

Ejection Fraction (LVEF) (%)

73±8

55±17

<0.01

Diastatic stiffness (mmHg/ml)

Height (cm)

172±10

178±10

N.S.

τ (msec)

Weight (kg)

89±14

99±18

N.S.

Echocardiographic Parameters
Peak E-wave velocity (Epeak) (cm/s)

71±15

89±26

<0.05

Female gender

6

4

N.A.

E-wave acceleration time (AT) (ms)

89±11

84±8

0.13

Heart failure

0

4

N.A.

E-wave deceleration time (DT) (ms)

192±19

153±22

<0.001

Hypertension

7

13

N.A.

E-wave duration time (Edur) (ms)

281±27

236±26

<0.001

4.7±1.8

6.0±1.9

<0.05

CHA2DS2-VASc factors

Age 65 to < 74 years

4

5

N.A.

E/E’(dimensionless)

Age > 75

2

1

N.A.

xo (cm)

10.2±2.5

10.1±2.9

0.93

Diabetes mellitus

0

0

N.A.

k (1/sec2)

191±41

274±70

<0.001

Stroke

0

0

N.A.

c (1/sec)

15.7±3.0

16.3±3.5

0.65

Vascular disease

0

0

N.A.

DTr (msec)

50±10

30±12

<0.001

DTs (msec)

142±14

123±20

<0.005

R = DTr / DT (%)

25±3

19±7

<0.005

S = DTs / DT (%)

75±3

81±7

<0.005

Data are presented as mean ± standard deviation.
LVEF
left ventricular ejection fraction (via calibrated ventriculography)
NSR
normal sinus rhythm.
AF
atrial fibrillation.
N.S.
not significant
N.A.
not applicable

Decomposition Of E-wave Deceleration Time To Stiffness And
Relaxation Components
Because E-wave DT depends on both stiffness (k) and relaxation
(c) we have previously proposed19 a method by which E-wave
DT can be decomposed to stiffness (DTs) and relaxation (DTr)
components. We have shown19 that DTs was highly correlated
(r=0.82) with (simultaneous) invasively determined (passive) diastatic
chamber stiffness, and DTr and the time-constant of IVR (τ) from
simultaneous high fidelity pressure data and IVRT determined by
echocardiography were highly correlated (r=0.94, r=0.89).
In the current study we analyzed simultaneous LV P-V and
transmitral flow (echo) data and decomposed E-wave DT in to
stiffness (DTs) and relaxation (DTr) components in NSR and AF
groups. As expected diastatic stiffness and PDF stiffness parameter
k were higher in AF group compared to NSR group and AF E-wave
DT was shorter than in NSR. Figure 6 shows the fraction of DT
accounted for by stiffness (S) in the AF group is significantly higher
than in the NSR group (p<0.005), and the fraction of DT due to the
relaxation (R) in the AF group is significantly lower than in the NSR
group (p<0.005). Although the numerical value of the PDF relaxation
parameter c is similar in NSR and AF, the fraction of the total DT due
to relaxation (R = DTr / DT (%)) is less in AF than in NSR because
DT and DTr in AF group is shorter (See Fig. 3) than in NSR. This is
underscored by the difference in stiffness parameter k, being higher
(stiffer) in AF vs NSR. This method is totally general. It fractionates
total DT into its stiffness and relaxation components and thereby
reflects actual chamber properties. As such, the method allows for
longitudinal assessment and trending of beneficial vs. adverse effects
of alternative treatment strategies on chamber properties of stiffness
and relaxation in clinical settings where echocardiography is utilized.

Limitations

Conductance Volume
The conductance catheter method of volume determination has
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Data are presented as mean ± standard deviation.
LVEDP
left ventricular end-diastolic pressure
LVEDV
left ventricular end-diastolic volume
τ
time constant of isovolumic relaxation
E/E’
ratio of Epeak and E’peak
E-VTI
E-wave velocity-time integral
k
PDF stiffness parameter
c
PDF relaxation parameter
DTr
relaxation component of DT
DTs
stiffness component of DT

known limitations related to noise, saturation and calibration that
we have previously acknowledged.17,20-24,32 In this study, the channels
which provided physiologically consistent P-V loops were selected
and averaged. However, since there was no significant volume signal
drift 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.
HR Limitation
The D-PVR is defined by a linear, least mean-squared error fit
to the load varying locus of points at which diastasis is achieved.
At elevated heart rates diastasis is usually eliminated. In this study
datasets were selected such that for every analyzed cardiac cycle
in AF or NSR a clear, diastatic interval was present after E-wave
termination, prior to the onset of the next systole in AF, or prior to
the onset of the Doppler A-wave in NSR.
Sample Size
Although the number of subjects (n=32) is modest, and may be
viewed as a minor limitation regarding statistics, the total number of
cardiac cycles analyzed (n=650) mitigates the sample size limitation
to an acceptable degree.

Conclusions

We used the PDF formalism to decompose E-wave deceleration
time into its stiffness and relaxation components in NSR and AF
groups where E-waves were always followed by a diastatic interval. We
found that AF chambers have increased (diastatic) stiffness compared
to NSR chambers at diastasis. In addition, a larger percentage of
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E-wave DT in AF is due to stiffness than to relaxation compared
to NSR. This novel method allows clinicians to track and trend the
effect of alternative pharmacologic therapies in terms of DTs and DTr
not only as DF determinants, but as metrics of beneficial vs. adverse
remodeling and as determinants of prognosis and rehospitalization
in clinical settings where echocardiography is employed.
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Appendix 1

The PDF Formalism
The kinematics of filling is modeled using the Parameterized
Diastolic Filling (PDF) formalism which uses a linear, bi-directional
spring to approximate early filling in accordance with the velocity
of a damped SHO.29 In accordance with Newton’s second law, the
equation of motion is:

dx
d2x
+ c + kx = 0
2
dt
dt

[A.1]
Because the E-wave has zero initial velocity, the model’s initial
velocity is zero (v(0)=0). However, the SHO has a non-zero initial
spring displacement, xo. Systole stores elastic strain in tissue, which
at mitral valve opening, is available to power mechanical recoil
and the ventricular suction process. Equation 1 allows calculation
of parameters c and k per unit mass. The predicted contour of the
clinical E-wave is obtained from the solution for the SHO velocity.
The underdamped solution is:

xk
~

Original Research
TX) interface.38 In addition to providing parameter values the
algorithm also provides a simultaneous measure of goodness of fit.
Additional PDF-derived indexes include the stored elastic strain
energy available for ventricular suction (1/2kxo2) at the onset of
filling, and the peak atrio-ventricular pressure gradient (kxo).21,24
As in previous work,19,39 interobserver variability in applying the
PDF formalism for E-wave analysis was ≤ 8%.

Appendix 2

Determination of stiffness and relaxation components of E-wave
deceleration time
PDF model predicts that E-wave deceleration time (DT) is a function of both stiffness and relaxation.18 PDF-based E-wave analysis
provides a method for fractionating total DT into its stiffness (DTs)
and relaxation (DTr) components such that DT=DTs+DTr. The fractionation method has been previously validated with DTs and DTr
correlating with simultaneous stiffness (dP/dV) and relaxation (tau)
with r=0.82 and r=0.94 respectively.19

The duration of the E-wave, AT, and DT are measured as usual
from Doppler echo images using a triangle to approximate E-wave
shape (Figure 7). The effect of delayed relaxation on an ideal (generated by recoil only) E-wave is to decrease its peak amplitude and
lengthen its DT. Accordingly, DTr is determined by using the same
xo and k as the original E-wave but setting c=0 and thereby providing the PDF generated ideal contour. Subtracting the ideal E-wave
duration from actual total duration yields DTr (See Figure 7). Therefore, E-wave DT is decomposed into its determinants as DT = DTs
+ DTr. It is known that DTs, DTr are only weakly load and heart rate
dependent.19
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