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Abstract
Echocardiography has emerged as the preferred modality by which diastolic function (DF) is assessed
for clinical or research purposes. Echocardiographic indexes and parameters of diastolic function
(DF) such as E/A, DT, E/E′, etc. deteriorate with advancing age. Whether the efficiency of filling
depends on age is unknown.

To better characterize the filling process and DF in causal rather than correlative terms, we have
previously modeled diastole kinematically. We introduced and validated a dimensionless measure
of DF termed the kinematic filling efficiency index (KFEI).

In the current study, we determined the effect of aging on DF in terms of KFEI in 72 control subjects
without cardiovascular related diseases or pathologies. We also evaluated the age dependence of
other conventional parameters of DF. In concordance with other noninvasive DF measures known
to decrease with age, KFEI decreases and correlates very strongly with age (R2=0.80). Multivariate
analysis showed that age, is the single most important contributor to KFEI (p=0.003).

We conclude that KFEI provides novel insight into DF impairment mechanisms due to aging. These
results support the clinical value of KFEI and advance our ability to characterize DF in mechanistic
and quantitative terms based on the efficiency of filling.
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Introduction
The epidemic of heart failure with normal ejection fraction (Redfield 2002; Redfield 2004;
Zile et al. 2002) reveals that about half of these subjects have normal left ventricular ejection
fraction (LVEF) (Bhatia et al. 2006; Owan et al. 2006). Accordingly, these subjects are referred
to as having heart failure with normal ejection fraction (HFNEF) or as having diastolic heart
failure (DHF). As a consequence, the importance of quantitating diastolic function (DF) and
of diagnosing DHF is increasingly recognized. Concomitantly, both the quantitative (Kovács
et al. 2000), and the descriptive (Lester et al. 2008) characterization of DF has gained
importance in clinical cardiology and cardiovascular physiology.
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Diastolic Function Characterization
Currently, echocardiography is the preferred and most widely used non-invasive DF
characterization method (Appleton et al. 2000; Lester et al. 2008). Conventional
echocardiographic indexes of DF include the ratio of the transmitral E- and A- wave peaks and
their velocity time integrals (Epeak/Apeak, VTIE/VTIA), E- wave deceleration time (DT),
isovolumic relaxation time (IVRT), atrial filling fraction (AFF). DTI derived features related
to (lateral or septal) mitral annular motion, such as its amplitude (E′) and velocity time integral
(VTIE′) (Appleton et al. 2000) are also used to characterize DF. Recently, the presence or
absence of longitudinal ‘ringing’ of the chamber as evidenced by annular oscillations after the
initial E′-wave has been noted to provide information about relaxation related DF (Riordan et
al. 2007). The gold standard for characterizing DF is cardiac catheterization which allows
determination of LV end-diastolic pressure (LVEDP), isovolumic relaxation time constant
(τ), and the end-diastolic pressure-volume relationship (EDPVR) (Kass 2000).

Diastolic Function and Normal Aging
While it is established that myocardial function changes with advancing age (Kitzman 2000;
Lakatta 1993), mechanistic aspects of the change of DF with age are not well characterized.
Although measured in various ways, DF becomes impaired during the course of normal aging
(Benjamin et al. 1992; Downes et al. 1989; Gates et al. 2003; Hees et al. 2004; Kitzman
2000; Klein et al. 1994; Sveälv et al. 2006; Yang et al. 1999), the age associated change of
isovolumic relaxation time constant (τ) remains controversial (Downes et al. 1989; Spirito et
al. 1988; Yamakado et al. 1997).

The long axis motion of the mitral annulus determined via tissue Doppler imaging decreases
(Sveälv et al. 2006) with age. End-diastolic pressure and ventricular chamber stiffness is higher
in older humans and in animals (Pacher et al. 2004). The aging associated changes in DF also
depend on gender (Hayward et al. 2000; Sveälv et al. 2006), but its onset may be delayed due
to caloric restriction (Meyer et al. 2006).

Kinematic Modeling of Diastolic Filling
All human LVs initiate early, rapid-filling by functioning as a mechanical suction-pump (Katz
1930; Kovács et al. 1987; Zhang et al. 2008). As for any physical device, efficiency is a
characteristic that conveys a measure of output relative to input. Though much work has been
devoted to characterizing how E- and A- waves (and their features) change in both disease and
normal aging, the effect of age on diastolic filling efficiency has not been considered.

Characterizing early rapid filling in efficiency terms is facilitated by the utilization of a
parameterized diastolic filling (PDF) formalism by which the kinematics (i.e. how things move)
of filling (Kovács et al. 1987; Kovács et al. 2001; Kovács et al. 2000) is modeled. Using this
paradigm, a dimensionless kinematic filling efficiency index (KFEI) can be calculated (Zhang
et al. 2007).

Hypothesis
In the current work, we investigated the effect of aging on the efficiency of early rapid filling.
We hypothesized that KFEI decreases with age, in concordance with other invasive and
noninvasive DF indexes. We tested our hypothesis by determining KFEI as well as other
noninvasive and invasive DF parameters in 72 subjects.

Methods
This study was a cross sectional study where subjects of different ages were studied only once,
rather than a longitudinal study where the same subjects were studied repeatedly as they aged.
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Subject Selection
Seventy-two subjects were selected from the existing Cardiovascular Biophysics Laboratory
database (Chung et al. 2008; Lisauskas et al. 2001).

Subjects were referred by their cardiologist for catheterization to rule out the presence of
suspected coronary artery disease. The subjects selected are free from coronary artery disease
or other cardiac pathologies. Additional selection criteria for inclusion were: normal LVEF
(LVEF ≥ 55%), normal sinus rhythm, clearly discernible E-waves, and normal valvular
function. None of the 72 subjects had previously diagnosed myocardial infarction, peripheral
vascular disease, bundle branch block, ischemia, congestive heart failure or any other
discernible cardiovascular co-morbidities. All subjects were normotensive at the time of data
acquisition, although some of them have been treated for hypertension.

The 72 subjects were divided into 8 age groups, and the parameter values were averaged within
the groups and compared. Unless otherwise stated, the parameter values refer to the average
values. The numbers of subjects in each age group ranged from 5 to 16. This is a reflection of
the cross-sectional and the retrospective nature of the study. The overall sample therefore
reflects the age distribution encountered in clinical practice.

All subjects provided informed consent prior to the procedure in accordance with a protocol
approved by the Washington University Human Research Protection Office (HRPO).

Data Acquisition
The method of simultaneous high fidelity, in-vivo pressure-volume and echocardiographic
transmitral flow data recording has been previously detailed (Chung et al. 2006; Lisauskas et
al. 2001; Lisauskas et al. 2001).

Immediately before the catheterization, a complete two-dimensional/Doppler examination was
performed in the catheterization laboratory with a standard clinical imaging system (Acuson,
Mountain View, CA and Philips, Eindhoven, the Netherlands) including DTI of the lateral
mitral annulus and transmitral Doppler inflow according to American Society of
Echocardiography criteria (Gottdiener et al. 2004).

Acquired data reflected steady-state physiology, and load was not varied, other than normal
respiratory variation, in accordance with the HRPO approved protocol.

Kinematic Modeling of Diastolic Filling and the definition of KFEI
We have previously modeled and validated the kinematics of filling in terms of the motion of
a damped simple harmonic oscillator (SHO), where the model predicted velocity of the SHO
corresponds to the velocity contour of the clinically recorded E-wave (Kovács et al. 1987).
From this paradigm, the kinematic filling efficiency index (KFEI) can be defined and calculated
for each E-wave (Zhang et al. 2007). The kinematic model and KFEI are detailed in the
Appendix.

Data Analysis
For each subject, approximately 1–2 minutes of continuous transmitral flow data were recorded
by pulsed-wave Doppler. An average of 5 (continuous) beats per subject were selected and
analyzed to minimize the effect of respiratory variation.

All E- and A- waves were first analyzed using the conventional, triangle shape approximations
(Appleton et al. 2000) providing the peak E-wave velocity (Epeak), E-wave acceleration and
deceleration times (AT and DT), E-wave duration and velocity-time integral (Edur and VTIE),
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peak A-wave velocity (Apeak), and A-wave velocity-time integral (VTIA). The ratios of
Epeak to Apeak (E/A) and VTIE to VTIA (VTIE/VTIA) were also calculated for all analyzed
beats. Furthermore, the peak velocities of tissue Doppler E′- and A′- waves (E′peak, A′peak)
were measured at the lateral segment and E/E′ for all the subjects was computed.

The presence or absence of the mitral annular oscillation was determined in all subjects. Since
the presence or absence of annular oscillation in a particular patient is consistent, for each
subject this value is either 1 (present) or 0 (absent). The percentages of the subjects having
mitral annular oscillation among all subjects in each age group were computed.

All E-waves were also subjected to model-based image processing (MBIP) using the
Parametrized Diastolic Filling (PDF) formalism to yield three PDF parameters (relaxation/
viscoelasticity parameter c, stiffness parameter k, initial load parameter xo). Each E-wave
velocity contour is uniquely defined by these parameters (Kovács et al. 1987; Kovács et al.
2000). The Model Based Image Processing (MBIP) method by which PDF parameters are
obtained from digitized recordings of transmitral flow has been previously described (Kovács
et al. 1987; Kovács et al. 2000) and is briefly reviewed in Appendix 1. Individual k, c, and xo
(PDF) parameters were determined for each analyzed E-wave. The kinematic filling efficiency
index (KFEI, see Appendix for details), a dimensionless parameter defined by the E-wave
filling volume normalized to an idealized lossless filling volume, was computed for all E-waves
according to Equation A1.3 (Zhang et al. 2007). In order to investigate the gender dependence
of KFEI, the data was analyzed according to gender. The dependence of KFEI on age, τ, and
LVEDP was also determined.

In addition, hemodynamic parameters were determined from the simultaneous high-fidelity
Millar LVP data for each beat. A custom LABVIEW (National Instruments, Austin, TX)
program was used to measure the end-diastolic pressure (LVEDP), peak-positive dP/dt (+dP/
dtmax) and peak-negative dP/dt (−dP/dtmax). The time-constant of isovolumic relaxation (t)
was calculated for all analyzed beats using previously reported methodology (Weiss et al.
1976).

LV mass was computed using short axis M-mode data according to established criteria
(Devereux et al. 1986).

Statistical Analysis
The normality of parameters of interest was checked using one sample Kolmogorov-Smirnov
test using SPSS (SPSS, Chicago, IL). In this analysis, the parameter values from all subjects
were used together for all the parameters other than the numbers of subjects and the oscillation
ratio. For these two parameters, the tests were performed on the binned data for all age groups.

The relations between age and DF parameters were evaluated using linear regression. The
significance of the slope, the R2 value for the linear regression, and the 95% confidence
intervals of the slopes and intercepts were also obtained. All linear regresion analyses were
performed using SPSS (SPSS, Chicago, IL)..

The dependence of KFEI on age and gender was evaluated in all individual patients (n=72)
using a multivariate linear model performed by SAS (GLM procedure) (SAS Institute, Cary,
NC). The model used was KFEI = a1× Age + a2 Gender. The significance of the parameters
a1 and a2 was evaluated. The order by which age and gender enters the model was changed
and the corresponding significance was also evaluated.
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Results
Subject Groups

The clinical descriptors for the group are shown in Table 1. For each DF parameter, the
measurements from each subject were averaged for each age group to generate the average
parameter value for the corresponding age group. The parameter values in this manuscript all
refer to the averaged values.

Conventional Echocardiographic Measurements vs. Age
In concordance with previous findings, E/A (p<0.01) and VTIE/VTIA (p<0.05) decrease with
age. Deceleration time (DT) lengthens with advancing age (p=0.033). IVRT increases with
age (R2= 0.69, p=0.011). See Table 2.

Hemodynamic Parameters vs. Age
LVEDP and isovolumic relaxation time constant (τ) are relatively age insensitive (p=0.22,
0.69, respectively). The magnitude of +dP/dtmax increases with age (p=0.02), and the
magnitude of −dP/dtmax increase, but not significantly (p=0.098), with age. See Table 2.

Kinematic DF Parameters and KFEI vs. Age
E/E′ remains fairly constant as age increases (p=0.44). However, the fraction of subjects with
annular oscillation in each age group decreases with advancing age (p<0.01), as shown in
Figure 1A and B and Table 2.

The damping/viscoelasticity parameter c in the PDF formalism increases with age (p<0.01),
as shown in Figure 2A. The potential energy available to power the suction process, defined
in kinematic modeling terms by 1/2kxo

2, increases with age (p<0.01), as shown in Figure 2B.
However, the volume that is delivered during early filling per unit amount of potential energy
(EVTI/(1/2kxo

2)) at the onset of diastole decreases (p<0.01), as shown in Figure 2C. Also, the
peak atrio-ventricular pressure gradient that drives the blood flow during early filling (in terms
of the PDF derived expression kxo) increases with age (p<0.05), as shown in Figure 2D.

KFEI showed a very strong negative correlation with age (R2 = 0.80, p=0.003), as shown in
Figure 3A. When broken down according to gender, the correlations between KFEI and age
are similar (Figure 3B).

LV Mass vs. Age
LV mass determined according to established criteria does not change with age (p=0.78,
R2=0.02). The LV mass value (153±37g) was within the normal range published in the
literature (Lang et al. 2006; Weyman 1994).

The Normality of the Parameter Values
The result indicates that other than VTIE/VTIA and +dP/dtmax, all the distributions of the
parameter values are indistinguishable from a normal distribution, as shown in Table 3. The
analysis of patient number (N) and oscillation ratio were done on the binned 8 groups.

Multivariate Analysis of the Dependence of KFEI on Age and Gender
Multivariate analysis using age and gender as two independent variables showed (by type I
sum of squares) that age is the main contributor to the change of KFEI regardless of the order
that the parameters entered the model (p<0.001 for age and p=0.53 for gender if age enters
first. p<0.001 for age and p=0.82 for gender if gender enters first).
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Discussion
The major novel findings of the current study are: age significantly affects the (kinematic model
based) PDF parameters and the kinematic filling efficiency index (KFEI) (R2 = 0.80, p=0.003);
there was no gender effect on KFEI. These findings reveal the effect of aging on DF indexes,
and shed mechanistic light on how diastolic function changes with age.

The Effect of Age on Kinematic DF Parameters
The kinematic filling efficiency index (KFEI) decreases with age (p<0.01). This implies the
chamber aspirates less blood volume relative to the ideal scenario when the same (idealized)
chamber recoils without energy loss. This decrease due to the increase in the relaxation/
viscoelasticity parameter c as a function of age provides mechanistic insight as to how DF
becomes impaired in filling efficiency terms.

No significant gender dependence of KFEI was observed. KFEI for both gender groups
changed significantly among the low age groups (see Figure 3B) likely attributable to the fact
that the sample sizes in these age groups were relatively small.

The relaxation/viscoelasticity PDF parameter c characterizes the energy loss in the system.
This parameter differentiates between normal LVEF non-diabetic vs. diabetic animal and
human subjects by being higher in diabetic ventricles (Dent et al. 2001; Riordan et al. 2005)
indicating an increased viscous loss during filling (Riordan et al. 2005). Parameter c is also an
important component of KFEI (Zhang et al. 2007) and E-wave deceleration time (DT)
(Shmuylovich et al. 2007). The increase of the PDF parameter c with age provides, in part, the
mechanistic and causal reason for the observed prolongation in DT and the associated decrease
in KFEI.

In kinematic modeling terms, the potential energy (in ergs), defined by 1/2kxo
2, represents the

stored elastic energy available at end systole (Kovács et al. 2000) to power the early (suction
initiated) filling. The decrease in early filling volume delivered per unit potential energy
indicates that as the ventricle ages, it consumes more energy per unit of delivered filling
volume. This is also consistent with the decrease of KFEI.

Importantly the PDF analog of the peak atrio-ventricular pressure gradient that drives the blood
flow during early filling (kxo) increases with age indicating that the chamber requires greater
recoil force to overcome the resistive/viscosity effects in order to deliver the same amount of
blood.

We have previously proposed and validated the presence and absence of mitral annulus
oscillation as an index for relaxation related diastolic dysfunction (Riordan et al. 2007). In the
current study, the proportion of the subjects with mitral annular oscillation decreases with age.
This implies increased prevalence of relaxation related diastolic dysfunction with aging
(Riordan et al. 2007).

The Effect of Age on Noninvasive DF Indexes
We found that the conventional echocardiographic E- and A-wave parameters, E/A, VTIE/
VTIA, both decrease with age. IVRT also lengthens with age. The relative contribution of atrial
filling increases and ventricular relaxation becomes worse, as reflected by the age related
prolongation of E-wave deceleration time (DT). All these result are consistent with the
impairment of relaxation with aging (further discussed in the discussion).
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The Effect of Age on Invasive DF Indexes
The age dependence of the isovolumic relaxation time constant τ is controversial (Downes et
al. 1989; Spirito et al. 1988; Yamakado et al. 1997). In the current study, we found that LVEDP
and τ are relatively insensitive to advancing age.

We found moderate correlations between +dP/dtmax, −dP/dtmax and age (R2=0.63, 0.39,
p=0.019 and p=0.098, respectively), as shown in Table 2. These correlations suggest that the
surrogate of contractility (+dP/dtmax) or of relaxation (−dP/dtmax) increase with age. The
change in +dP/dtmax, −dP/dtmax, together with the decrease of early filling volume delivered
by unit amount of initial potential energy at the onset of diastole (VTIE/(1/2kxo

2)), suggests
less efficient utilization of the energy available.

Relationship between Current Findings and Previous Work
We found that some echo based, kinematic parameters were age sensitive. It is established in
the literature that filling related relaxation (E/A, EVTI/AVTI, IVRT) becomes impaired by aging
(Appleton et al. 2000; Benjamin et al. 1992; Gardin et al. 1987; Klein et al. 1994; Miyatake et
al. 1984; Prasad et al. 2005; Prasad et al. 2007; Spirito et al. 1988). We also observe this trend
in our kinematic parameters, for example, the decrease of filling efficiency (KFEI), the increase
in the PDF parameter c, the impairment of energy utilization (EVTI/(1/2kxo

2)), the increase of
the magnitude of +dP/dtmax indicating a stronger contraction is needed to deliver similar
amount of stroke volume.

We found isovolumic relaxation time constant τ does not change with age. This finding was
consistent with previous work by Yamakado et al. (Yamakado et al. 1997). It has also been
shown that τ is causally determined jointly by stiffness (k-analog) and relaxation (c-analog)
(Chung et al. 2008). Hence, due to confounding factors, τ may remain relatively age insensitive
even though relaxation properties (c) during early filling worsen with aging. The kinematic
approach has also been shown to be more sensitive than some of the classical echo derived DF
parameters (Riordan et al. 2005; Zhang et al. 2007). So it is not surprising to see some kinematic
parameters change with age while other conventional parameters remain fairly constant. The
result that IVRT increases with age is in reminiscent to the previous work (Prasad et al.
2005; Prasad et al. 2007; Spirito et al. 1988).

In contrast to previous findings (Arbab-Zadeh et al. 2004; Downes et al. 1989; Templeton et
al. 1979) which suggest LV passive stiffness increase with age, we found that chamber stiffness
measured by the PDF stiffness parameter k, a validated invasive average stiffness analog
(Lisauskas et al. 2001) remains relatively age insensitive in this sample of subjects. The
differences between our findings and the literature can be attributed to two reasons. First, in
the work done by Arbab-Zadeh et. Downes et al. and Templeton et al. stiffness measurements
from a group of young subjects were compared with those from a group of elder subjects. In
the current study, all patients were binned into 8 age groups and the dependence of stiffness
on age was evaluated. Also, the sample sizes were larger than the current study (close or above
10 in each group vs. 5–6 in the elder group in the current study). Second, in the work mentioned
above, end-diastolic pressure volume relationship (EDPVR) was used to characterize LV
stiffness, which was not a feature of the current study. Rather, we used a noninvasive stiffness
analog which correlates to an invasive average stiffness measurement, is different from
EDPVR.

We also found that E/E′, an LVEDP surrogate (Nagueh et al. 1997; Ommen et al. 2000), is also
relatively age insensitive. This is consistent with studies that showed no change in pulmonary
capillary wedge pressure (LVEDP surrogate) with age (Popović et al. 2006; Prasad et al.
2005). However, it contradicts some literature showing an increase in LVEDP with age
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(Downes et al. 1989). The difference is likely to be attributed to the methods as described
above.

In summary, consistent with published work, we found that relaxation properties, evaluated
by most of the conventional noninvasive parameters and the kinematic parameters (PDF
parameter c), decrease with age. The stiffness properties, measured invasively (LVEDP, E/E
′) and noninvasively (PDF parameter k), do not change with age in this sample of subjects.
However, we don’t think that the age dependence of some parameters is artifact because
relaxation and stiffness jointly (mathematically) determine filling efficiency (KFEI) and other
kinematic parameters (kxo, EVTI/(1/2kxo

2)). Their clinical or predictive values are evident
because they provide insight into DF that may not be easily assessed by LVEDP or τ.

Mechanisms of Age-related Alterations of DF
The ventricle undergoes anatomical and structural changes with increasing age (Kitzman
2000). These changes alter the myocardial composition and structure and affect connective
tissue (Eghbali et al. 1989; Villari et al. 1997), ventricular mass and thickness (Gardin et al.
1979; Gardin et al. 1995; Scholz et al. 1988; Shub et al. 1994), LV and LA chamber sizes
(Gardin et al. 1979; Klein et al. 1994; Waller et al. 1983). These anatomical and structural
changes together with reduced β-adrenergic tone (Gerstenblith et al. 1976) and calcium
sequestration (Froehlich et al. 1978; Lye et al. 2000; Wei et al. 1984) result in increased
ventricular stiffness (Miller et al. 1986; Miyatake et al. 1984) and the impairment of relaxation
(Gardin et al. 1998). It is worth noting that relaxation/viscoelasticity parameter c is a lumped
parameter so that any biologic component that slows relaxation is a possible contributing factor
to c.

Limitations
Data acquisition was conducted while subjects were in physiologic steady-state during
catheterization and alteration of load was not part of the HRPO approved protocol.
Accordingly, the load dependence of KFEI cannot be assessed. Future studies will need to be
performed to evaluate possible load dependence.

All the patients included in this study were normotensive at the time of data acquisition. It is
true that some of them have been treated for hypertension. However, we found that LV mass
didn’t change significantly with age (Table 2). The lack of age dependence of LV mass suggests
that treatment of hypertension was effective. The LV mass values in this study were within the
normal range published in the literature.

It is accepted that pulmonary venous flow and the difference in mitral A-wave and pulmonary
venous A-wave duration are used for diastolic function characterization. Previous work
indicates that these measures correlate with chamber stiffness, LVEDP, and relaxation
properties (Appleton et al. 1988; Garcia et al. 1998; Gilbert et al. 1989; Nishimura et al.
1989; Rokey et al. 1985). Since we directly measured LVEDP and τ via a Millar catheter, the
inclusion of other echocardiographic correlates as previously reported by others, provides
minimal additional information.

It has been noted that the association between age and DF indexes are non-linear (Benjamin
et al. 1992). An association, as characterized by linear, least-squares regression can be viewed
as the dominant term in an association that is actually somewhat nonlinear. We selected linear
regression because of its simplicity and the ease of comprehension.

In the current work, we only evaluated the gender dependence of KFEI. The gender
dependences of other parameters have been addressed previously by other investigators
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(Hayward et al. 2000; Mitoff et al. 2007; Sveälv et al. 2006), hence were not included in this
work.

Conclusion
Kinematic modeling can characterize DF and permits the derivation of new indexes. In this
study, we determined the value of a filling-efficiency index (KFEI) and its dependence on age
and gender in a large patient group (n=72). We also determined the change in noninvasive and
invasive DF indexes associated with human aging with normal LV function. KFEI decreases
monotonically with age with very high correlation (R2=0.80, p<0. 01). These results reinforce
the clinical relevance of KFEI and the kinematic approach to the characterization of DF. KFEI
provides mechanistic insight into age related diastolic dysfunction and can be used clinically
to characterize the presence and severity of diastolic dysfunction in filling efficiency terms.
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Figure 1.
Mitral annular motion via DTI as a DF index. A) E/E ′ vs. age. B) The percentage of subjects
in each age group demonstrating mitral annular oscillation for all groups vs. age. See text for
details.
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Figure 2.
The relationship of selected PDF parameters and indexes computed from them vs. age. A) The
PDF parameter c increases monotonically with age. B) Initial potential energy, defined by
1/2kxo

2, increases with age. C) The volume delivered during early filling per unit amount of
potential energy at the onset of diastole decreases with age. D) The peak atrio-ventricular
pressure gradient during early filling (kxo) increases with age. See text for details
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Figure 3.
A) The kinematic filling efficiency index (KFEI) decreases with age in all subjects. B) The
correlations between KFEI and age do not show significant difference between genders. Gray
solid circle, male. Gray straight line, linear regression for the male subjects. Black solid circle,
female. Black straight line, linear regression for female subjects. See text for details.
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Table 3
Result of the one sample Kolmogorov-Smirnov test on all parameters of interest
in all patients.

Parameter Significance (2- tailed)

Clinical Descriptors

N 0.672

Age (years) 0.657

HR (bpm) 0.626

LVEF* (%) 0.210

LVEDV (ml) 0.778

LV mass (g) 0.897

Noninvasive DF parameters

E/A 0.769

VTIE/VTIA 0.018

DT (ms) 0.446

Epeak (cm/s) 0.396

Apeak (cm/s) 0.328

E/E ′ 0.101

AFF** (%) 0.367

IVRT (ms) 0.389

Invasive DF parameters

LVEDP (mmHg) 0.980

τ (ms) 0.740

+dP/dtmax (mmHg/s) 0.009

−dP/dtmax (mmHg/s) 0.367

Kinematic DF parameters

Oscillation ratio 0.928

c (1/s) 0.225

k (1/s2) 0.684

1/2kxo
2 (cm2/s2) 0.098

EVTI/(1/2kxo
2) (s2/cm) 0.768

kxo (cm/s2) 0.361

KFEI 0.203
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