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Value of Ventricular Stiffness Index and Ventriculoarterial

Interaction in Patients With Nonischemic
Dilated Cardiomyopathy

Ae Young Her, MD*-**; Jong-Youn Kim, MD, PhD**; Eui-Young Choi, MD, PhD;
Sung-Ai Kim, MD*; Rhee Sang Jae, MD*; Chi Young Shim, MD*;
Seok-Min Kang, MD, PhD*; Jong-Won Ha, MD, PhD*; Namsik Chung, MD, PhD*

Background: Whether echo-Doppler-derived index of ventricular elastance or ventriculoarterial interaction can
reliably reflect circulatory efficiency in various conditions was investigated in the present study and whether they
can be helpful in predicting exercise capacity in patients with dilated cardiomyopathy (DCM).

Methods and Results: The 25 patients with DCM, 25 age- and gender-matched hypertensive patients, and 25
marathon runners underwent symptom-limited graded supine bicycle exercise echocardiography after resting
echo-Doppler evaluation. Echo-Doppler-derived left ventricular (LV) diastolic elastance index (Ed), ventricular—
vascular coupling index (10xEa/Ees), based on arterial elastance index (Ea) to LV end-systolic elastance index
(Ees), and hemodynamic parameters were measured during rest and exercise. DCM patients had lower Ees,
higher Ed and Ea/Ees with blunted exercise responses of Ees than the other groups, and the hypertensive patients
had lower Ees and AEes compared with the marathon runners. Resting Ed, Ea/Ees, and total stiffness index (10X
EdxEa/Ees) correlated with exercise duration independent of age and gender. A stiffness index of 0.8 could

reliably predict impaired exercise capacity.

Conclusions: Echo-derived elastance is predictive of exercise capacity in patients with DCM. (Circ J 2009;

73: 1683-1690)
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intolerance,! and exercise capacity, as measured by

oxygen consumption and total exercise duration, has
been shown to be an important determinant of prognosis
and has been used for the identification of optimal cardiac
transplantation candidates.23 In patients with markedly
decreased left ventricular (LV) systolic function, increased
vascular resistance,* restricted ventricular filling or dyssyn-
chronous contraction,b rather than the LV ejection fraction
(LVEF) itself, has been shown to be associated with a poor
prognosis. Actually, in patients with the same systolic func-
tion, the prognosis can vary depending on their vulnerability
to a loading change, such as an increased preload or after-
load. The vulnerability to an acute loading change is deter-
mined by ventricular stiffness and the end-systolic ventricu-
loarterial interaction.”8 These parameters can be measured
in an invasive manner using a pressure—volume curve, but
in the clinical practice and in the monitoring of treatment
effectiveness, the invasive approach to measuring this
parameter is impossible. Recent studies have introduced
the concepts of single beat-derived ventricular diastolic
elastance (Ed), ventricular end-systolic elastance (Ees) and
effective arterial elastance (Ea).9-!! In this study, we sought

Patients with congestive heart failure have exercise

to investigate whether these echo-Doppler derived indices
can be used reliably in various groups of subjects, and
whether there is any difference in the ventricular stiffness or
ventriculoarterial interaction between dilated cardiomyopa-
thy (DCM) patients, hypertensive patients, and healthy
controls at rest and during exercise. In addition, we sought
to investigate whether these parameters can provide impor-
tant information regarding exercise capacity.

Methods

Study Population

We prospectively enrolled 25 patients diagnosed with long-
standing (>6 months) nonischemic DCM with advanced
systolic dysfunction (LVEF <40%). All the patients were
enrolled after controlling for acute loading changes, such as
pulmonary edema or termination of dobutamine infusion.
As the positive control, age- and gender-matched, uncom-
plicated hypertensive patients were enrolled, and for healthy
controls, we enrolled marathon runners who had completed
a full marathon course. We excluded patients who were
>75 years old to exclude the effects of age-related aortic
stiffening or those who had a previous history of ischemic

(Received January 19, 2009; revised manuscript received April 14, 2009; accepted April 22, 2009; released online July 15, 2009)
Cardiology Division, Gangnam Severance Hospital, *Yonsei Cardiovascular Center and Cardiovascular Research Institute, Seoul, South Korea

**The first two authors equally contributed to this study.

This study was presented in part at the Annual Scientific Session of the American Heart Association, November, 2008, New Orleans, LA, USA.

Mailing address: Eui-Young Choi, MD, PhD, Cardiology Division, Gangnam Severance Hospital, Yonsei University College of Medicine,
Gangnam-gu, Dogok-dong, Seoul 146-92, South Korea. E-mail: choi0928 @yuhs.ac

All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: ¢j@j-circ.or.jp

Circulation Journal Vol.73, September 2009



1684

HER AY et al.

Table 1. Schematic Presentation of Hemodynamic Indexes Used in This Study

Parameter Conceptual framework Conceptual formula
Ed LVEDP/SV (E/E’)/SV
Ees Pulsed-wave Doppler of LVOT flow Peak velocity/acceleration time
ESP (2xSBP+DBP)/3
Total systemic afterload ~ Pulsatile component + nonpulsatile component
Ea Pulsatile + nonpulsatile component at end-systole ESP/SV

Pulsatile component
Nonpulsatile component

Total arterial compliance
Systemic vascular resistance

SV/pulse pressure
80x(MAP-RAP)/CO

VVI Ratio of effective arterial elastance to LV end-systolic elastance 10X (Ea/Ees)

Total stiffness index

Product of preload and afterload indices

EdxVVI

Ed, left ventricular (LV) diastolic elastance; LVEDP, LV end-systolic pressure; SV, stroke volume; Ees, LV end-systolic elastance;
LVOT, LV outflow tract; ESP, end-systolic blood pressure; Ea, effective arterial elastance; MAP, mean arterial pressure; RAP, right
atrial pressure; CO, cardiac output; VVI, ventricular-vascular coupling index.

heart disease, valvular heart disease, other than functional
mitral or tricuspid regurgitation, or atrial fibrillation. We
also excluded patients who could not perform the exercise,
had coronary artery stenosis >70% on conventional or
magnetic resonance coronary angiography, or who had
suspected infiltrative heart disease. All enrolled patients
provided informed consent, and the institutional review
board approved this study.

Conventional Echocardiography

All of the enrolled subjects underwent comprehensive
echo-Doppler evaluation. Standard 2-dimensional echo
measurements were obtained with M-mode quantification.
The LVEF was measured by modified Quinone’s method.
The left atrial volume index (LAVI) was measured by a
prolated ellipsoidal method, and the LV outflow tract
diameter was measured in the parasternal long-axis view.
From the apical window, a 1-2-mm pulsed Doppler sample
volume was placed at the mitral valve tip, and mitral flow
velocities through 5-10 cardiac cycles were recorded. Of
them, 3 consecutive beats were measured and the average
value was used for further calculations. The mitral inflow
velocities were traced, and the following variables were
obtained: peak velocity of early (E) and late (A) filling and
deceleration time of the E wave velocity. The tricuspid
regurgitant jet velocity was also obtained to estimate pul-
monary artery systolic pressure using continuous-wave
Doppler, if measurable. Mitral annular velocity was mea-
sured by Doppler tissue imaging. Early diastolic (E’) and
systolic (S’) velocities of the mitral annulus were measured
from the apical 4-chamber view with a 5-mm sample
volume placed at the septal corner of the mitral annulus.

Echo-Doppler-Derived Hemodynamic Parameters

To provide a continuous variable that might estimate Ed
(LV end-diastolic pressure/SV, Ed), E/E’ was divided by
the volume of filling during diastole (stroke volume: SV),
as used in a previous study.!2 Right atrial pressure was
measured using the inferior vena cava diameter and the
presence of its respiratory variation in the subcostal view.!3
Blood pressure (BP) was measured on the left arm using
an oscillometric monitoring device (Solar 8000 patient
monitoring device, GE Medical Systems). End-systolic pres-
sure was estimated as (2xsystolic pressure +diastolic pres-
sure)/3.911 SV was calculated as 0.785%(LV outflow tract
diameter)2x (time velocity integral at LV outflow tract), and
this value was used to calculate cardiac output (SV xheart
rate). As a pulsatile component of arterial afterload, total
arterial compliance was calculated as SV/pulse pressure.

In addition, as a nonpulsatile component of afterload, the
systemic vascular resistance index was calculated as 80X
(mean arterial pressure—right atrial pressure)/cardiac
index.!4 The effective Ea was estimated as the end-systolic
pressure/SV.%:11 LV Ees index (m/s2), was calculated using
atrans-LV outflow tract pulsed wave Doppler as peak veloc-
ity (cm/s)/accelerating time (ms) as validated in a previous
study.!0 To see the interaction between peripheral resistance
and LV systolic stiffness, the ventricular—vascular coupling
index (VVI, 10xEa/Ees) was calculated (Table 1).

Exercise Echocardiography

After obtaining the rest images from the standard para-
sternal and apical views, multistage supine bicycle exercise
testing was performed with a variable load bicycle ergom-
eter (Medical Positioning, Inc, Kansas City, MO, USA).
Patients pedaled at a constant speed beginning at a workload
of 25 W, and then the workload increased 25 W every 3 min.
Echocardiography was performed using a GE Vivid 7 ultra-
sound system with a 2.5-MHz transducer during rest, each
stage of exercise, and recovery. During the exercise and
recovery periods BP was measured at the end of each stage
on the left arm using an oscillometric monitoring device.
Mitral inflow velocities and mitral annular velocities were
measured during exercise stages and recovery phases. At
each exercise stage and recovery phase, an LV outflow pulsed
Doppler image was obtained, and this image was used for
the measurement of Ees and SV. To improve the accuracy
of the measurements at peak exercise, the LV outflow accel-
eration time was measured immediately after peak exercise,
and it was used for further calculations. The filter was set to
exclude high-frequency signals, and the Nyquist limit was
adjusted to a range of 15-20cm/s. Gain and sample volume
were minimized to allow for a clear tissue signal with
minimal background noise. At each stage, Ed, Ees, Ea, total
arterial compliance, and the systemic vascular resistance
index were measured in the same way as in the resting stage.
All data were stored digitally, and measurements were made
at the completion of each study. To improve the accuracy
of each parameter, parameters obtained from 3 consecutive
beats were averaged and used for further calculations. To
improve the accuracy of the acceleration time of the LV
outflow tract Doppler, the sweep speed was increased to
200mm/s in the post-processing analysis. To assess the
interobserver variability, 2 independent investigators mea-
sured resting and immediate peak exercise values. To assess
the intra-observer variability, an investigator measured
each echo-Doppler value twice. As a measure of exercise
capacity, the total exercise duration was used.
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Table 2. Baseline Clinical Characteristics and Echo-Doppler Indices
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Marathon runners Hypertension DCM P value
(n=25) (n=25) (n=25)
Age (years) 43.948.3 58.0£10.17%* 58.2£11.2%* <0.001
Female (%) 1(4) 12 (48)** 12 (48)** 0.001
Body mass index (kg/cm?) 23.711.8 25.012.8 24.413.1 0.234
Hypertension (%) 0 25(100)** 11 (41)#*t <0.001
Diabetes (%) 0 0 4 (16)%#:1f 0.015
End-systolic pressure (mmHg) 111.2+14.2 115.3+14.8 102.0£17.8 0.006
Heart rate (beats/min) 61.416.9 62.0£9.9 70.3£13.8%* 0.006
Pulse pressure (mmHg) 46.448.0 52.5£14.0 45.5£14.9 0.112
Systemic vascular resistance index (dyne-s~!- m2-cm) 2,910.9£572.9  3,053.3%695.3  3,083.74£872.9 0.668
Total arterial compliance (ml/mmHg) 1.5610.26 1.36+0.41 1.20+0.35%* 0.002
Ea (mmHg/ml) 1.60£0.32 1.77£0.34 2.08+0.49*%F  <0.001
LV end-diastolic dimensional index (mm/m2) 28.5+2.4 27.843.5 37.344.6%%1  <0.001
LV end-systolic dimensional index (mm/m?) 19.0+2.1 18.1+2.2 32.245.2%k1 <0001
LV mass index (g/m?2) 100.4+20.4 90.1+14.1 131.9£27.1%%%  <0.001
LV ejection fraction (%) 65.4+4.8 67.1£5.9 26.0£7.8**  <0.001
Stroke volume (ml) 71.4+12.4 67.3+11.5 51.5£12.9%%%F  <0.001
Left atrial volume index (ml/m?) 20.3+4.9 242452 43.7450.8*F 0.014
Early mitral inflow velocity (cm/s) 72.3%13.9 64.6+17.1 61.4+21.3 0.090
Late mitral inflow velocity (cm/s) 52.249.7 65.7+14.9% 72.44+23.8%* <0.001
Early diastolic mitral annular velocity (cm/s) 9.4+1.6 7.311.7%* 4.4+1.5%%f  <0.001
Late diastolic mitral annular velocity (cm/s) 8.1£1.5 8.512.0 6.2+1.4%*F  <0.001
Ed (1/ml) 00.11+0.03 0.13+0.06 0.304£0.15%*+%  <0.001
Ees (m/s2) 13.2434 10.543.1* 7.342.6%* <0.001
Systolic mitral annular velocity (cm/s) 7.7£1.6 6.611.6* 4.3£1.0%*t  <0.001

Data are presented as mean standard deviation, *P<0.05, **P<0.001 vs marathon runner, P<0.05, 7P<0.001 vs hypertension.
DCM, dilated cardiomyopathy. Other abbreviations see in Table 1.
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Figure 1. Inter-observer variability of echo-Doppler indices in patients with dilated cardiomyopathy. Correlation and

Bland-Altman analysis of total stiffness indices measured by 2 independent investigators at rest (A,B) and after peak
exercise (C,D).
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Figure 2. Comparison of resting Ed, Ees, Ea and ventriculoarterial coupling index between the 3 groups. Solid bar in
the box represents median value. See text for explanation of abbreviations.
Statistical Analysis Inter- and Intra-Observer Variability

Continuous variables are summarized as mean=standard
deviation. Categorical variables are summarized as a
percentage of the group total. To compare continuous and
categorical variables, we used the ANOVA test with Tukey
post hoc analysis and chi-square analysis, respectively.
To assess the inter- and intra-observer variability of echo-
Doppler indices, Pearson’s correlation and Bland-Altman
analysis were performed with each measured value. Dif-
ferences in hemodynamic variables and Doppler indices
between rest and each exercise stage were compared with
repeated-measures ANOVA. The degree of correlation
between hemodynamic parameters and exercise duration
was analyzed by Pearson’s correlation method. Multiple
linear regression analysis was performed for exercise dura-
tion with covariates of age and gender to exclude their
effects. Statistical significance was defined as P<0.05.

Results

Baseline Clinical Characteristics

The mean age of the DCM patients was 58 years, and 13 of
them were male. The mean LVEF for the DCM patients
was 26%; 18 patients had functional class Il symptoms and
7 had class Il symptoms with right ventricular systolic
pressures of 27.8£14.0mmHg. Other baseline clinical and
hemodynamic parameters of the DCM patients, hyperten-
sive patients, and healthy controls are described in Table 2.

In patients with DCM, the interobserver correlation coeffi-
cient was 0.998 for resting Ed, 0.916 for resting Ea/Ees,
0.935 for Ed after peak exercise and 0.876 for Ea/Ees after
peak exercise. The correlation coefficient of the total stiff-
ness indices measured by 2 independent investigator was
0.988 in the resting stage and 0.917 after peak exercise
(Figure 1). The intra-observer correlation coefficient of
total stiffness index was 0.975 in the resting stage and
0.942 after peak exercise. In 5 DCM patients, Ed at peak
exercise could not be measured because of summation of
the E and A waves as a result of tachycardia.

Ventricular Mechanics and Ventriculoarterial
Interaction

The resting echo-Doppler indices of each group are de-
scribed in Table 2. DCM patients had significantly higher
Ed (0.30£0.15 vs 0.13£0.06 vs 0.11£0.03 ml, P<0.001) and
lower Ees (7.342.6 vs 10.523.1 vs 13.243.4m/s2, P<0.001)
compared with age- and gender-matched hypertensive
patients and marathon runners. The Ees of hypertensive
patients was lower than that of the healthy controls (P<0.05),
despite no significant differences in LVEF. Regarding
afterload, DCM was associated with a higher Ea (2.08£0.49
vs 1.7710.34 vs 1.60+0.32mmHg/ml, P<0.001) and lower
total arterial compliance (1.2020.35 vs 1.3610.41 vs 1.56t
0.26 ml/mm, respectively, P<0.001). However, the systemic
vascular resistance index did not differ between the groups.
The VVI of DCM patients was significantly higher than
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Figure 3. Exercise-induced changes in systolic mitral annular velocity (A), Ees (B) and Ea (C) in each group. Compari-
sons of their change at peak exercise between each group. Data are described as the meanz*standard error. ¥*P<0.05
between 3 groups, TP<0.05, 77P<0.001 in the patients with DCM. See text for explanation of abbreviations.

that of the hypertensive patients or marathon runners (3.21+
2.56 vs 1.8620.77 vs 1.33%0.55, respectively, P<0.001)
(Figure 2). In all subjects, the Ees significantly correlated
with LVEF (r=0.595, P<0.001) and S’ (r=0.639, P<0.001),
and inversely correlated with LAVI (r=-0.330, P<0.001)
and Ed (r=-0.521, P<0.001). Resting VVI was also signifi-
cantly but inversely correlated with LVEF (r=-0.619,
P<0.001), S’ (r=-0.741, P<0.001) and correlated with LAVI
(r=0.702, P<0.001) and Ed (r=0.692, P<0.001). However,
their correlation coefficients were higher with VVI than
with Ees alone. In the subgroup analysis of DCM, Ees also
significantly correlated with LVEF (r=0.438, P=0.029),
and resting VVI significantly correlated with Ed (r=0.525,
P=0.007), LAVI (r=0.798, P<0.001) and the deceleration
time of early mitral inflow (r=—0.464, P=0.023).

Circulation Journal Vol.73, September 2009

Change of Each Parameter During Exercise

The mean exercise duration of DCM patients was 438.9t
155.5s (612.4£162.7s in hypertensive patients and 981.0t
159.3 s in marathon runners, P<0.001). During exercise, the
systemic vascular resistance index and total arterial com-
pliance decreased in all 3 groups. The Ea, which represents
total afterload, of DCM patients did not significantly change
during exercise, despite a significant increase in the mara-
thon runners. S* and Ees also significantly increased during
exercise in all groups, but the degree of increase in DCM
patients was significantly lower than that of the hyperten-
sive patients or marathon runners (AS’ to immediately after
peak exercise: 1.7911.60 vs 3.8212.39 vs 6.1623.33 cm/s,
P<0.001; AEes to immediately after peak exercise: 5.5+4.6
vs 10.2£5.3 vs 13.3£8.3m/s2, respectively, P<0.001). The
AEes in hypertensive patients was significantly lower than
that of marathon runners (Figure 3). In addition, resting Ees
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Figure 5. Prediction of impaired exercise capacity (<400s) with
total stiffness index using receiver operating characteristic analysis.

correlated with AS’ to 25 W, representing contractile reserve
to low-grade exercise, (r=0.561, P=0.004) despite no signifi-
cant correlation with resting LVEF. The correlation between
VVI and Ed was also maintained during exercise (at 25 W,
r=0.510, P=0.047).

Determinants of Exercise Capacity in Patients With DCM
Multiple linear regression analysis including age and
gender, resting Ed (3=-0.597, P=0.003) and VVI (5=
—-0.523, P=0.010) correlated with exercise duration, inde-
pendent of age and gender (Figure 4). The combination of
the preload index and afterload index, called the total stiff-
ness index (EdxVVI), had a better correlation coefficient
(=-0.647, P=0.001) with exercise duration. However,
the resting SV (r=0.303, P=0.141), cardiac output (r=0.085,
P=0.685), LVEF (r=-0.088, P=0.675), S’ (r=0.180, P=
0.388), E/E’ (r=-0.288, P=0.163) and LAVI (r=-0.303,
P=1.41) did not significantly correlate with exercise dura-
tion in this study. A total stiffness index of 0.811 could
reliably predict impaired exercise capacity (<400s, 69%
sensitivity and 75% specificity with area under the curve of
0.74, P<0.05) (Figure 5).

Discussion

In this study, we found that the echo-Doppler derived
ventricular elastance index and ventriculoarterial coupling
index could be reliably used as an index of overall cardio-
vascular function in various group of subjects. Accordingly,
we found that DCM patients had a higher ventricular elas-
tance index, a lower ventricular Ees and more impaired
ventriculoarterial interaction than hypertensive patients and
marathon runners. The LV Ees index of hypertensive
patients was also lower than that of the marathon runners,
despite no significant differences in LVEF. We finally
found that Ed and VVI were closely correlated at various
exercise stages, and both can serve as independent determi-
nants of exercise capacity in patients with DCM.

Ventricular Ed

In patients with heart failure, increased ventricular stiffness
induces restrictive ventricular filling, thereby inducing an
elevation of pulmonary capillary wedge pressure and
increasing vulnerability to an acute loading change.!5 Echo-
Doppler-derived E/E’, a reliable index of ventricular filling,
is significantly correlated with the LV end-diastolic pres-
sure. 16 In the absence of significant aortic regurgitation, SV
can be used as an indicator of ventricular filling volume. So,
the combination of these 2 parameters as E/E’/SV repre-
sents the LV end-diastolic pressure/LV filling volume and
can be used as the Ed index.%12 According to our results, Ed
is a better determinant of exercise capacity than E/E’ alone,
independent of age and gender.

Ventriculoarterial Interaction

Another important pathophysiology of heart failure is
increased afterload because of overactivation of the renin—
angiotensin—aldosterone system or an increase in the periph-
eral catecholamine level.!” Afterload has 2 components: a
pulsatile component of central aortic mechanics and a
nonpulsatile peripheral vascular resistance. The effective
Ea can be used as the total arterial afterload, containing
both components of afterload. These parameters can be
measured noninvasively.%-18-20 In this study, we found these
indices of afterload were closely related to the ventricular
diastolic functional indices at various exercise stages. Inter-
estingly, despite no significant differences in the systemic
vascular resistance index between the 3 groups, total arte-
rial compliance and the pulsatile component of afterload
significantly differed, thereby leading to differences in Ea.
This finding suggests the importance of central arterial
compliance, even in the patients with advanced systolic

Circulation Journal  Vol.73, September 2009



Ventricular Stifthess in Nonischemic DCM

heart failure. A normal response to afterload elevation is
concomitant with an increase in LV contractility. However,
the failing heart is very sensitive to afterload during ejec-
tion, and mismatched afterload—contractility can make an
inefficient circulating system vulnerable to an acute loading
change. The ventricular response to afterload, called Ees, is
the most reliable index of ventricular end-systolic stiffness,
representing load independent contractility.2! The results of
this study showed that both resting and exercise-induced
Ees were significantly correlated with S’, which represents
a sensitive index of LV systolic function. We found that the
echo-Doppler-derived Ees of the DCM patients was lower
than that of the other groups. Interestingly, the Ees of the
hypertensive patients was also significantly lower than that
of the healthy controls, despite no significant differences in
LVEF. In addition, resting Ees was related to contractile
reserve for exercise in patients with DCM, with a blunted
response of Ees increase in DCM patients compared with
the controls. These findings suggest that echo-Doppler-
derived Ees is a sensitive index of LV contractility.

Incorporation of Preload and Afterload Indexes

We also found that the combination of Ea/Ees, which rep-
resents ventriculoarterial stiffening or afterload-adjusted
contractility of the cardiovascular system, and Ed can be
a predictor of exercise capacity in DCM patients. Despite
the fact that SV is a core component of VVI and Ed, SV
did not correlate solely with exercise capacity in this study.
The Ed, which represents preload, is closely related to the
VVI, which represents the contractility—afterload interac-
tion. By combining the resistance of ventricular filling and
outflow with contractility, we devised a new index of total
ventricular stiffness based on EdxVVI. This index can
provide information regarding the overall efficiency of the
cardiovascular system. With the combination of these
preload and afterload indices, we obtained a better cor-
relation coefficient with exercise duration in this study.
However, its predictive value for exercise intolerance has
not been proved to be better than traditionally accepted pre-
dictive indices, such as ventricular filling indices or skeletal
muscle mass, in a large-scale study. Future study should
deal with this point.

Study Limitations

First, despite the fact that noninvasive measurement of Ees
and Ea has been validated, Ed has not yet been validated.
However, several previous studies used E/E’/SV as a reflec-
tor of ventricular elastance.%12 In the nature of this study,
measurements of echo-Doppler-derived Ed had some clini-
cal value regarding risk stratification. Secondly, the indices
used for ventricular stiffness or ventriculoarterial coupling
came from multiple calculation steps, which may cause the
values to vary from those obtained by invasive measure-
ment. Several previous studies have validated the use of
echo-Doppler indices, and in clinical practice there is a need
for easy and noninvasive measurement to assess prognosis
and exercise capacity, and to monitor specific treatments.
Therefore, it is very useful to have these noninvasively
measured indices. Thirdly, although Doppler-derived Ees
has been validated in the resting state, its accuracy during
exercise has not. However, in this study, Ees during exer-
cise was closely correlated with S” on exercise, which is a
sensitive index of LV systolic function; therefore, Doppler-
derived Ees could be used as an index of contractility
during exercise. Several studies also used noninvasively
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measured Ea during exercise.!8.22.23 Furthermore, we think
that the main result of our study, which is that the resting
VVI can predict exercise capacity, might not be significantly
affected by this limitation. Future study should validate
Doppler-derived Ees during exercise. Fourthly, we did not
measure the LV end-systolic volume for the calculation of
Ees because of the poor border delineation during exercise.
Instead, we used LV outflow tract pulse-wave Doppler for
the measurement of the Ees index because of its clearer
image quality. The concept of Ea/Ees represents afterload-
adjusted cardiac contractility, which reflects the efficiency
of the cardiovascular system. Although the timing of Ea and
LV outflow tract flow acceleration was different, the Ees
index measured by LV outflow acceleration was invasively
validated. We think the original concept of this coupling
index would be preserved when we used LV outflow tract
acceleration.

Conclusion

Arterial mechanics are associated with ventricular func-
tional indices. In addition, echo-Doppler-derived ventricular
stiffness and the VVI can be used to predict the exercise
capacity of patients with nonischemic DCM. Therefore, in
clinical practice the measurement of these indices can
provide physiological insight, and may be helpful in the
triage of patients according to risk stratification.
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None.

References

1. Swedberg K, Cleland J, Dargie H, Drexler H, Follath F, Komajda M,
et al. Task Force for the Diagnosis and Treatment of Chronic Heart
Failure of the European Society of Cardiology: Guidelines for the
diagnosis and treatment of chronic heart failure: Executive summary
(update 2005). Eur Heart J 2005; 26: 1115-1140.

2. Pina IL, Apstein CS, Balady GJ, Belardinelli R, Chaitman BR,
Duscha BD, et al. Exercise and heart failure: A statement from the
American Heart Association Committee on Exercise, Rehabilitation,
and Prevention. Circulation 2003; 107: 1210-1225.

3. Corra U, Mezzani A, Bosimini E, Giannuzzi P. Cardiopulmonary
exercise testing and prognosis in chronic heart failure: A prognosti-
cating algorithm for the individual patient. Chest 2004; 126: 942—
950.

4. Tokmakova M, Solomon SD. Inhibiting the renin-angiotensin system
in myocardial infarction and heart failure: Lessons from SAVE,
VALIANT and CHARM, and other clinical trials. Curr Opin Cardiol
2006; 21: 268 -272.

5. Grayburn PA, Appleton CP, DeMaria AN, Greenberg B, Lowes B,
Oh J, et al. Echocardiographic predictors of morbidity and mortality
in patients with advanced heart failure: The Beta-blocker Evaluation
of Survival Trial (BEST). J Am Coll Cardiol 2005; 45: 1064—1071.

6. Bader H, Garrigue S, Lafitte S, Reuter S, Jais P, Haissaguerre M, et
al. Intra-left ventricular electromechanical asynchrony: A new inde-
pendent predictor of severe cardiac events in heart failure patients.
J Am Coll Cardiol 2004; 43: 248 -256.

7. Neumann T, Vollmer A, Schaffner T, Hess OM, Heusch G. Diastolic
dysfunction and collagen structure in canine pacing-induced heart
failure. J Mol Cell Cardiol 1999; 31: 179-192.

8. Ishihara H, Yokota M, Sobue T, Saito H. Relation between ven-
triculoarterial coupling and myocardial energetics in patients with
idiopathic dilated cardiomyopathy. J Am Coll Cardiol 1994; 23:
406-416.

9. Redfield MM, Jacobsen SJ, Borlaug BA, Rodeheffer RJ, Kass DA.
Age- and gender-related ventricular—vascular stiffening: A commu-
nity-based study. Circulation 2005; 112: 2254-2262.

10. Bauer F, Jones M, Shiota T, Firstenberg MS, Qin JX, Tsujino H, et al.
Left ventricular outflow tract mean systolic acceleration as a surrogate
for the slope of the left ventricular end-systolic pressure-volume rela-
tionship. J Am Coll Cardiol 2002; 40: 1320—1327.



1690

11.

12.

14.

16.

17.

Kelly RP, Ting CT, Yang TM, Liu CP, Maughan WL, Chang MS,
et al. Effective arterial elastance as index of arterial vascular load in
humans. Circulation 1992; 86: 513-521.

Ha JW, Lee HC, Park S, Choi EY, Seo HS, Shim CY, et al. Gender-
related difference in left ventricular diastolic elastance during exercise
in patients with diabetes mellitus. Circ J 2008; 72: 1443 —1448.
Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E,
Pellikka PA, et al. Recommendations for chamber quantification: A
report from the American Society of Echocardiography’s guidelines
and standards committee and the chamber quantification writing
group, developed in conjunction with the European Association of
Echocardiography, a branch of the European Society of Cardiology.
J Am Soc Echocardiogr 2005; 18: 1440-1463.

Borlaug BA, Melenovsky V, Redfeld MM, Kessler K, Chang HJ,
Abraham TP, et al. Impact of arterial loading sequence on left
ventricular tissue velocities in humans. J Am Coll Cardiol 2007, 50:
1570-1577.

Pinamonti B, Zecchin M, Di Lenarda A, Gregori D, Sinagra G,
Camerini F. Persistence of restrictive left ventricular filling pattern
in dilated cardiomyopathy: An ominous prognostic sign. J Am Coll
Cardiol 1997; 29: 604-612.

Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quifiones MA.
Doppler tissue imaging: A noninvasive technique for evaluation of
left ventricular relaxation and estimation of filling pressures. J Am
Coll Cardiol 1997; 30: 1527-1533.

Kawasaki D, Kosugi K, Waki H, Yamamoto K, Tsujino T, Masuyama

18.

19.

20.

21.

22.

23.

HER AY et al.

T. Role of activated renin-angiotensin system in myocardial fibrosis
and left ventricular diastolic dysfunction in diabetic patients: Reversal
by chronic angiotensin II type 1A receptor blockade. Circ J 2007; 71:
524-529.

Park S, Ha JW, Shim CY, Choi EY, Kim JM, Ahn JA, et al. Gender-
related difference in arterial elastance during exercise in patients with
hypertension. Hypertension 2008; 51: 1-7.

Rerkpattanapipat P, Hundley G, Link KM, Brubaker PH, Hamilton
CA, Darty SN, et al. Relation of aortic distensibility determined by
magnetic resonance imaging in patients 260 years of age to systolic
heart failure and exercise capacity. Am J Cardiol 2002; 90: 1221—
1225.

Bitigen A, Tiirkyilmaz E, Barutcu I, Kahveci G, Tanboga IH, Aung
SM, et al. Aortic elastic properties in patients with hypertensive
response to exercise. Circ J 2007; 71: 727-730.

Park RC, Little WC, O’Rourke RA. Effect of alteration of left
ventricular activation sequence on the left ventricular end-systolic
pressure-volume relation in closed-chest dogs. Circ Res 1985; 57:
706-717.

Najjar SS, Schulman SP, Gerstenblith G, Fleg JL, Kass DA, O’Connor
F, et al. Age and gender affect ventricular-vascular coupling during
aerobic exercise. J Am Coll Cardiol 2004; 44: 611-617.

Abraham MR, Olson LJ, Joyner MJ, Turner ST, Beck KC, Johnson
BD. Angiotensin-converting enzyme genotype modulates pulmonary
function and exercise capacity in treated patients with congestive
stable heart failure. Circulation 2002; 106: 1794—1799.

Circulation Journal  Vol.73, September 2009



