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Objectives, The purpose of this study was to evaluate left
veniricular contractility, arterial loading conditions and the way
thelr interaction affects myocardial energetics.

Background, Ventriculoarterial coupling, defined as the ratio
of effective arterial elastamce to left vemtricular ead-systolic
elastamce, is known to reflect the mechanoenergetic performance
of the heart, However, relations between the coupling and efR-
clencies of emergy transfer from oxygen consumption to hydraulic
energy have not been fully investigated in failing hearts.

Methods. Pressure-volume data were measured in 23 patients
with idiopathic dilated cardiomyopathy by using a conductance
catheter, and myscardial oxygen consumption was obtained si-
multaneously in 16 patients by a double-thermistor coronary sinus
catheter. End.systolic elastance was determined by tramsient
inferior cava ccclusion,

Results. Data are reported as mean value = SE, Ventriculoar-
terial coupling at baseline was 3.24 = 0.28. It decreased from

3,12 & 0.43 to 1.86 = 0.15 (p < 0.05) for the group receiving
dobutamine infusion and from 3.16 £ 045t .78 2022 (p <
0.01) for the group receiving the oral phosphodiesterase inhibitor
18-857. The ratio of pressure-voluie aren to myocardial oxygen
consumption had a positive correletion with ventriculoarterial
coupling. The ratio of external work to pressure-volume area had
a hyperbolic correlation with the coupling. The mechanical effi-
ciency defined as the ratio of externsl work to myocardial oxygen
consumption remained within 2 narrow range (16.4 = 1.2%).
Conclusions. The degree of ventriculoarterial coupling is far
from optimal and the cerdiovesculer performance Is severely
depressed mechanically and energetically in patients with idie-
pathic dilated cordiomyopathy. Although inctropic agents im-
prove the coupling, they have a minimal effect on mechanical
efficiency.
(J Am Coll Cardiol 1994;23:406-16)

Idiopathic dilated cardiomyopathy is a fatal heart disease
that severely compromises cardiac performance. The main
cause of death is progressive congestive heart failure; the
sudden onset of critical arrhythmias is another important
cause of death (1). Various aspects of this disease including
the pathophysiology, hemodynamics and associated mortal-
ity have been analyzed and reported (2-8), but many prob-
lems remain unresolved. One problem is that this disease is
extremely resistant to therapy and no cardiotonic agent has
been reported to decrease its mortality (9-12).

Left ventricular contractility, vascular loading conditions
and their interaction have been investigated recently. Inves-
tigations have focused on how these variables affect myo-
cardial energetics because an understanding of the patho-
physiology of myocardial energetics will permit a better
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appreciation of the mechanism of energy generation in the
heart. Better understanding might promote better treatment
of failing hearts and better use and development of cardio-
vascular drugs.

Recent studies (13-18) on myocardial energetics using
pressure-volume relations have enhanced our understanding
of the efficiency of energy conversion from oxygen con-
sumption to mechanical or hydraulic output and the way that
contractile state and loading conditions influence efficiency.
Mechanical efficiency, a ratio of external work to myocardial
oxygen consumption, is the conversion efficiency from met-
abolic energy to hydraulic energy that the left ventricle
generates against the vascular system. This efficiency can be
divided into two stages: 1) the efficiency from myocardial
oxygen consumption to the pressure-volume area; and 2) the
efficiency from pressure-volume area to external work,
which is called cardiac work efficiency (13-15). Each stage of
energy transfer varies according to changes in contractility
and loading conditions.

By means of left ventricular pressure-volume relations,
we investigated left ventricular contractility, arterial loading
conditions and the way their interaction affects myocardial
energetics in patients with idiopathic dilated cardiomyopa-
thy.
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Methods

Patients. The study group consisted of 23 patients (18
men and 5 women aged 25 to 65 years [mean 53]) with mild
to moderate idiopathic dilated cardiomyopathy. All patients
were in normal sinus rhythm. Idiopathic dilated cardiomy-
opathy was defined as a decreased left ventricular ejection
fraction (<50% as determined by contrast ventriculography)
and a dilated left ventricular cavity in the absence of
coronary of valvular heart discase, arterial hypertension or
cardiac muscle disease caused by any known systemic
disease (19,20). All patients had experienced cardiac failure
at least once. They reported having dyspnea at rest or with
exertion and had an increased cardiothoracic ratio and
pulmonary congestion. All patients had received treatment
and were in stable condition before admission to Nagoya
University Hospital. Prior medications were digitalis in 12,
diuretic drugs in 19, isosorbide dinitrate in 7, angiotensin-
converting enzyme inhibitors in 13, denopamine in 2 and
alpha-adrenergic blocking agents in 1. Their New York
Heart Association functional class ranged from 1 1o 11 at
the time of this study. Some patients had a relatively small
left ventricular cavity (range 90 to 351 ml). The clinical features
of these patients closely resembled those of patients with
typical idiopathic dilated cardiomyopathy and they could be
classified as having mildly dilated cardiomyopathy (21,22).

The study protocol was reviewed and approved by the
Institutional Commiittee on Human Investigations. Each pa-
tient gave written informed consent before entering the study.

Cardiac catheterization. All cardiac catheterization pro-
cedures were begun in the morning with the patients in a
fasting state. All previous medications were withheld for
248 h before the investigation. Right and lett heart catheter-
ization was performed by the femoral approach. A triple-
lumen thermistor Swan-Ganz catheter was positioned in the
pulmonary artery to measure pulmonary artery pressure,
pulmonary artery wedge pressure, right atrial pressure and
cardiac output. The thermodilution method was used to
determine cardiac output. The catheter was connected to a
cardiac output computer (model Ri-SDCP, General Scan-
ning Inc.). A double-thermistor catheter (model CCS/GOK,
Wilton-Webster Laboratories) was placed percutaneously in
the coronary sinus through the brachial or the subclavian
vein to measure myocardial blood flow. After left ventricu-
lography was performed, an eight-electrode volume conduc-
tance catheter with a micromanometer tip (Leycom, Oegst-
geest, The Netherlands) was advanced to the left ventricular
apex to measure left ventricular volume and pressure. A
Fogarty catheter (model 62-080-8/22F, Edwards Laborato-
ries) was placed in the inferior vena cava and was inflated
transiently with 8 to 15 m! of carbon dioxide gas for the
determination of left ventricular end-systolic pressure-
volume relation. Baseline hemodynamic data, including left
ventricular pressure, pulmonary artery pressure, pulmonary
artery wedge pressure and right atrial pressure, were ob-
tained and cardiac output was determined. Myocardial blood
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flow and arterial and coronary sinus blood oxygen saturation
were measured. A left veniricular pressure-volume diagram
was obtained by using a volumetric conductance catheter
during the steady state. Transient preload reduction was
produced by occluding the inferior vena cava to obtain the
end-systolic pressure-volume relation.

To avoid compromising ventricular performance, selec-
tive coronary angiography and right ventricular biopsy were
performed after all study protocols were complete. The
cardiac biopsy was performed to support the diagnosis, and
secondary dilated cardiomyopathy was excluded.

Additional imvestigation. After the basal measurements
were complete, dobutamine was administered intravenously
(2.5 0 5 pg/kg per min) in 10 patients and 10 patients
received 10 to 15 mg of the oral phosphodiesterase inhibitor
MS-857(23,24). Hemodynamic measurements, coronary blood
flow and the pressure-volume diagram were obtained and
blood sampling was performed 1) when the hemodynamic
indexes stabilized 15 min after the continuous infusion of
dobutamine, or 2) 45 min after the oral administration of
MS-857.

Left ventricular pressure-volume relations. The volume
conductance catheter was connected to a volumetric system
(model Sigma 3, Leycom) to measure left ventricular con-
ductance and convert it to left ventricular volume (25-27).
Real time pressure-volume diagram generation and eight-
channel analog/digital conversion (at 200 Hz) were per-
formed by using a 16-bit microcomputer system (PC-
9801VX, NEC Co., Tokyo). The catheter had eight
electrodes spaced at I-cm intervals and was excited by an
alternating current (30 wA, 20 kHz) across the distal and
proximal electrodes. The catheter was placed under fluoro-
scopic guidance. We also confirmed that each individual
segment (sequential electrode pairs) was intracavitary and
that the pressure-volume loops showed counterclockwise
movement. The ventricular volume obtained by conduc-
tance methods was calibrated by using biplane ventriculog-
raphy (area-length methods [28]) as follows. Biplane ven-
triculography was performed immediately before inserting
the conductance catheter. A mesh grid placed at the same
distance from the body to the image intensifier was also
exposed bidirectionally for each case and was used for the
correction factor of ventricular volume. Both the end-
systolic and end-diastolic volumes obtained by the conduc-
tance method were adjusted directly for each case by the
end-systolic and end-diastolic volumes calculated from bi-
plane ventriculography. The example in Figure 1A shows the
close correlation between the angiographic left ventricular
volume and that obtained by the conductance method.

Data analysis. The left ventricular pressure and volume
signals were digitized at 3-ms intervals and analyzed with the
PC-9801VX. An end-systolic pressure-volume line was
drawn on the left upper corners of the pressure-volume loops
of the initial 4 to 15 contractions during the transient
decrease in preload caused by inflation of the Fogarty
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catheter (Fig. 1B). The data points were fit by lincar regres- PVA = EW + 0.5Pes¥/Ees. (3]

sion (r = 0.97 = 0.04, n = 43).

The pressure-volume area was determined as the area
under the end-systolic pressure-volume line and the systolic
pressure-volume trajectory and above the end-diastolic pres-
sure-volume relation curve. External work was determined
as the area within the pressure-volume diagram. Planimetry
was performed on hard copies of the pressure-volume loops
drawn with an X-Y plotter (model DXY-880A, Roland
Digital Group, Hamamatsu, Japan). The units of pressure-
volume area and external work were measured as mm Hg-mi
and were converted to the dimensions of energy as follows:
1 mm Hg'ml = 1.33 x 1074 J (29).

The mechanical efficiency of the heart is defined as the
ratio of external work to myocardial oxygen consumption.
Suga et al. (13-195) have demonstrated that this efficiency can
be divided into two stages: 1) the efficiency of energy
transfer from the myocardial oxygen consumption to the
pressure-volume area; and 2) the efficiency of energy trans-
fer from the pressure-volume area to external work. In this
study, the energy conversion efficiencies of these two stages
and the mechanical efficiency as the overali energy conver-
sion efficiency were determined at baseline and after the
administration of the inotropic agents.

The effective arterial elastance was calculated as the ratio
of the end-systolic pressure to the stroke volume as pro-
posed by Sunagawa et al. (30,31):

Ea = Pes/SV, {1

where Ea is effective arterial elastance, Pes is end-systolic
pressure and SV is stroke volume.

Furthermore, external work (EW) can be approximated
as the stroke work, which is the product of the stroke
volume and the end-systolic pressure:

EW = SV-Pes. 2]

In addition, pressure-volume area (PVA) can be defined as
the sum of external work and the potential energy:

where Ees represents the end-systolic elastance, that is, the
slope of the end-systolic pressure-volume line. Combining
equations 1, 2 and 3, one obtains:

EW/PVA = SV/(SY + 0.5Ea/Ees) [4)
= Ees/(Ees + 0.5Ea)
= 11 + 0.5Ea/Ees).

Equation 4 indicates that the index of ventriculoarterial
coupling Ea/Ees is a powerful predictor of the cardiac work
efficiency EW/PVA. We tested the hypothesis that equation
4 could predict the experimentally obtained resuits.

Myocardial oxygen consumption. Myocardial blood flow
was measured using a double-thermistor catheter (model
CCSIGOK, Wilton-Webster Laboratories). The distal exter-
nal thermistor was advanced to the great cardiac vein, and
the proximal external thermistor was positioned under fluo-
roscopic guidance in the coronary sinus beiween the ostium
and the termination of the middle cardiac vein. Coronary
sinus and great cardiac vein flows were calculated according
to the method of Ganz et al. (32) using a computer system
(Thermo Flow, Goodman Co., Nagoya, Japan). The injec-
tate was a normal saline solution kept at room temperature
and delivered by a Harvard pump (Waters Instruments) at a
flow rate of 40 mi/min. Coronary sinus and great cardiac vein
flows were recorded on a six-channel recorder (Unicorder,
Nippon Denshi Kagaku Co., Kyoto, J-  -)at a paper speed
of 100 cm/min.

A sample of blood for oxygen satura..... was measured in
samples obtained simultaneously from the femoral artery
and coronary sinus while the steady-state measurements
were being collected. The blood oxygen saturation was
determined with a hemoximeter (model ABL3, Radiometer,
Copenhagen, Denmark). Myocardial oxygen consumption
per minute (MVO,/min [ml/min]) was calculated as the
product of myocardial blood flow and the arterial-coronary
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Table 1. Baseline Data
Pt Age {yr¥ LVEF LVEDV Ees Ea MVOZ EW PVA EW/PVA PVAMVO, EW/MVYO,
No. Gender (%) {mi) {mm Hg/ml) (mm Hg/ml) Eo/Bes (Ibeat) (Jbeat) (Jfbeat) %) %) ) (%) ’
1 53 0.41 o0 1.65 3.38 2.05 206 0.27 0.79 34.9 38.2 13.3
2 65/M 0.26 192 6.74 2.94 197 5.08 0.59 2.34 25.4 46.1 1.7
3 60/M 0.37 175 1.53 4.56 2.98 4.18 0.63 1.95 32.1 46.7 15.0
4 61/M 0.39 150 0.97 2.28 2.35 — 0.40 1.05 38.0 - —
s 36/M 0.39 152 0.89 3.30 i 5.16 1.21 2.93 41.5 56.8 235
6 54fF 0.46 235 0.20 £.23 8.15 11.82 1.58 9.16 17.2 7.5 3.3
7 55M .33 20 0.57 1.81 3.18 4.37 0.56 2.88 19.6 63.8 12.9
8 55/ 0.24 296 0.72 2.35 3.26 8.28 0.99 334 29.6 40.3 1.9
9 STM 0.24 214 (.33 1.3 3197 9.00 1.10 5.95 8.5 66.1 2.2
10 49/M 0.22 248 1.01 3.02 2.9% 2.14 0.52 1.24 41.7 58.2 24.2
1 49/M 0.22 267 0.98 3.45 3.52 2.55 0.33 0.94 35.5 kYR 13.1
12 44F 0.23 230 0.81 2.23 278 e 0.59 1.71 34.5 — —
13 25/M 0.52 154 .10 i.18 1.67 — .48 2.58 1.5 p— .
14 84IM 0.46 229 1.29 2.69 2.09 6.47 0.98 1.99 49.0 30.8 5.1
15 S6/M 0.28 196 0.85 2.56 3.00 390 0.73 2.58 28.2 66.0 18.6
6 S9/M 0.22 264 1.37 187 2.82 275 0.66 1.17 56.7 42.5 24.1
17 SUE 0.34 250 1.02 1.79 178 5.07 (B )] 2.26 49.1 44.6 219
18 64/M 0.32 22 1.23 2.21 1.80 4.36 0.69 2.21 31.2 50.7 15.8
19 SUF 0.28 203 0.82 2.67 3.26 4.50 0.59 2147 212 48.2 13.1
20 48 0.19 351 0.22 1.35 6.14 o 0.54 3.33 16.2 — -
21 45/F 0.43 189 0.31 1.73 5.58 — 0.93 4.85 19.2 _ —
22 40/M 0.41 190 0.35 1.14 3.26 4,73 0.88 3.3 28.1 66.2 18.6
23 62/M 0.32 244 0.38 1.13 2.97 — 0.61 2.78 21.9 — —
Mean 53 0.33 216 0.84 2.36 3.24 5.08 0.78 2,75 32.7 519 16.4
* SE 2 0.02 12 0.09 0.20 0.28 0.67 0.09 0.39 26 34 1.2

Ea = cﬂ'eptive arterial elastance; Ees = end-systolic elastance; Ea/Ees = the ratio of effective arterial elustance to end-systolic elastance; EW = external
work; EW/MVQ, = the ratio of external work to myocardial oxygen consumption (MVO,); EW/PVA = the ratio of external work to pressure-volume area (PVA);
F = female; LVEDV = lefi ventricular end-diastolic volume: LVEF = left ventricular ejection fraction; M = male; Pt = patient; PYA/MVQ, = the ratio of

pressure-volume area to myocardial oxygen consumption.

sinus oxygen content difference. Myocardial oxygen con-
sumption per beat (MVO,/beat) was calculated as follows:
(MVO,/beat [J/beat]) = (20 x [MVO,/min}/heart rate),
where 1 ml oxygen = 20 J (33).

Statistical analysis. All data are expressed as mean value
+ SE. Comparison between measurements before and after
the administration of dobutamine and MS-857 were made
with the paired ¢ test. A p value < 0.05 was considered
statistically significant. Linear regression analysis was made
using the ratio of effective arterial elastance to end-systolic
elastance as an independent variable and cardiac work
efficiency, the ratio of pressure-volume area to myocardial
oxygen consumption and the mechanical efficiency as the
dependent variables. The derived regression coefficient and
the regression constant were tested in the derived regression
equation.

Results

Ventricular and effective arterial elastance and ventricu-
loarterial coupling. Baseline data from all 23 patients are
provided in Table 1. The ventricular end-systolic elastance
was 0.84 = 0.09 mm Hg/ml, effective arterial elastance was
2.36 + 0.20 mm Hg/ml and the ratio of effective arterial
elastance to end-systolic elastance was 3.24 + 0.28. For the

group receiving the dobutamine infusion, the baseline end-
systolic elastance increased from 0.80 = 0.12 to 1.31 =
0.13 mm Hg/m! (p < 0.001) and effective arterial elastance
slightly increased from 2.14 = 0.19t0 2.33 + 0.22 mm Hg/ml
(p < 0.05). The ratio of effective arterial elastance to
end-systolic elastance decreased from 3.12 = 0.43 t0 1.86 =
0.15 (p < 0.05, Table 2). For the group receiving MS-857, the
baseline end-systolic elastance increased from 1.03 £ 0.14 to
1.39 = 0.17 mm Hg/ml (p < 0.01), effective arterial elastance
decreased from 2.87 = 0.36 to 2.30 = 0.31 mm Hg/ml (p <
0.05) and the ratio of effective arterial elastance to end-
systolic elastance decreased from 3.16 + 0.45 to 1.78 + 0.22
(p < 0.01, Table 3).

Figure 2 shows representative sets of the pressure-
volume loops, end-systolic elastance, effective arterial
elastance and their changes before and after the administra-
tion of dobutamine (Fig. 2A) or MS-857 (Fig. 2B). End-
systolic elastance increased after the administration of both
dobutamine and MS-857. Effective arterial elastance de-
creased after the administration of MS-857, whereas it did
not change or increased only slightly after dobutamine
infusion. Effective arterial elastance was larger than end-
systolic elastance in each group and the relation between
them suggested that the coupling was not optimal. The ratio
of effective arterial elastance to end-systolic elastance de-
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Table 2. Effects of Dobutamine on Hemodynamics and Energetics

Ees Ea MVO, EW PVA EW/PVA PVA/MVO, EW/MVO,
Pt (mm Hg/m)  (mm Hg/mb) Ea/Ees (Jloeat) (J/beat) {I/beat) (%) %) %)

No. Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
7 057 125 181 179 318 143 437 506 056 048 288 1.55 196 312 658 e 129 9.6
8 072 103 235 248 326 241 828 1197 099 13 3¥M 333 W6 33 403 278 19 109
9 033 056 131 131 397 234 900 1522 110 148 595 542 185 230 661 337 122 98

10 101 145 302 322 299 222 2K 279 052 051 124 LO6 417 574 882 38e 242 218
12 081 099 223 242 275 24 — -— 059 078 171 18 M5 432 - - — —_

14 120 146 269 248 209 L70 647 695 098 092 199 171 00 538 308 246 151 132
17 1.02 168 179 224 175 133 507 58 LU 1.17 22 188 491 626 446 319 219 199
I8 123 185 221 251 180 1.3 431 601 069 076 221 18 312 402 513 314 160 126
19 082 172 267 332 32 193 456 659 059 078 217 18 272 46 462 278 131 L8
p ) 022 109 L35 157 644 144 - — 054 122 333 254 162 B — - — —

Mean 080 131 214 233 %2 186 552 15 077 095 271 227 317 47 07 BT 159 17
+ SE 002 013 019 022 04° 015 086 152 008 OdF 044 039 40 36 47 1.6 1.8 1.8
p value < 0.001 < 0.05 < 0.03 < 0.05 < 0.05 < 0.05 < {.001 < 0.001 < 0.001

Post and Pre = after aﬂd Bet‘orc. respéciivcly. dobutamine administration; other abbreviations as in Table 1.

creased and the ventriculoarterial coupling improved after
the administration of both drugs, but effective arterial
elastance remained far greater than end-systolic elastance.
Thus, the difference between the effects of these drugs en
the hemodynamics can be visualized and distinguished eas-
ily. Both dobutamine and MS-857 have a potent inotropic
effect, and MS-857 reduces the arterial load, whereas dobu-
tamine slightly increases it.

Myocardial oxygen consumption and energy conversion
efficiency. The mean data at baseline from the 23 patients are
provided in Table 1. Myocardial oxygen consumption was
5.08 = (.67 J/beat, the mean external work was 0.78 * 0.09
Jibeat, and the pressure-volume area was 2.75 * 0.39 J/beat.
In addition, cardiac work efficiency was 32.7 * 2.6%, the
ratio of pressure-volume area to myocardial oxygen con-
sumption was 51.9 * 3.4% and the mechanical efficiency was
16.4 = 1.2%.

Tahle 3. Effects of MS-857 on Hemodynamics and Energetics

The effects of dobutamine on the energy conversion
efficiency from 10 patients are provided in Table 2. Myocar-
dial oxygen consumption analysis was available from eight
patients. Myocardial oxygen consumption increased from
5.52 + 0.86 t0 7.56 %= 1.52 J/beat (p < 0.05), external work
increased from 0.77 = 0.08 to 0.95 = 0.11 J/beat (p < 0.05),
and pressure-volume area decreased from 2.71 * 0.44 to
2.27 * 0.39 J/beat (p < 0.05). As a result of these findings,
cardiac work efficiency increased from 31.7 = 4.0% to
44.7 = 3.6% (p < 0.001), the ratio of pressure-volume area to
myocardial oxygen consumption decreased from 50.7 =
4.7% 10 30.7 = 1.6% (p < 0.001) and mechanical efficiency
slightly decreased from 15.9 + 1.8% to 13.7 = 1.8% (p <
0.001).

The effects of MS-857 on the energy conversion efficiency
from 10 patients are provided in Table 3. Myocardial oxygen
consumption analysis was available from eight patients.

Ees Ea MVO,
Pt (mm Hg/ml)  (mm Hg/mb) Ea/Ees (J/beat)

EW bva
(J/beat)

EW/PVA  PVAMVO, EW/MVO,
(Ibeat) (%) %) %)

No. Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Posi Pre Post

1 1.65 217 338 32 205 150 206 289 027 033 079 069 349 473 382 238 132 113
2 074 120 2% 270 397 225 508 58 059 063 234 170 254 372 461 291 17 108
3 153 208 456 328 298 158 418 460 063 068 195 182 321 373 467 395 150 148
4 097 142 228 192 235 135 - - 040 059 105 LU 8O B4 — — - -
5 089 133 330 17 3M 13 si6 0 529 121 L0 293 192 415 570 568 64 235 208
§ 020 034 123 098 615 288 1082 1437 158 182 916 601 172 303 775 418 133 127
H 088 132 345 337 382 255 255 273 033 035 094 085 35S 410 3TN 30 131 127
13 LI0 130 138 094 107 083 - - 148 169 258 229 35715 M8 — —_ - -
15 085 113 25 18 300 64 390 431 073 07 258 166 282 446 660 386 186 172
16 L37 141 387 293 28 208 275 282 066 073 LI7T L8 567 617 425 418 241 258

Mean 103 139 287 230 316 178 469 53 079 086 255 192 367 483 513 352 166 157
*SE 014 017 036 031 045 0.2 L7 145 016 017 082 051 43 44 54 2.5 19 20
p value < 0.0 <0.05 <0.01 NS NS NS < 0.001 <0.01 NS

Abbreviations as in Tables 1 and 2.
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Figure 2. Pressure-volume loops, end-systolic elastance, effective
arteriai elastance and their changes before and after the administra-
tion of dobutamine (A) and MS-857 (B). Dobutamine and MS-857
increased end-systolic elastance but have different effects on effec-
tive arterial elastance. Effective arterial elastance is larger than
end-systolic elastance in each group. The degree of ventriculoarte-
rial coupling is far from optimal and improves after the administra-
tion of both drugs.

Changes in myocardial oxygen consumption, external work
and pressure-volume area were minimal and statistically
insignificant. Nevertheless, the energy conversion efficien-
cies showed significant changes. Cardiac work efliciency
increased from 36.7 + 4.3% t0 48.3 = 4.4% (p < 0.001), the
ratio of pressure-volume area to myocardial oxygen con-
sumption decreased from 51.3 * 5.4% t0 35.2 = 2.5% (p <
0.01) and mechanical efficiency did not change significantly.

Figure 3 shows the scatter diagram of cardiac work
efficiency against the ratio of effective arterial elastance to
end-systolic elastance for all the data obtained (at baseline
and after the administration of both drugs). A hyperbolic
correlation between cardiac work efficiency and the ratio of
effective arterial elastance to end-systolic elastance was
found with a correlation coefficient of §.73 (p < 0.001). The
experimentally obtained regression equation closely resem-
bled equation 4, which was derived theoretically.

Figure 4 shows the close positive correlation between the
ratio of pressure-volume area to myocardial oxygen con-
sumption and the ratio of effective arterial elastance to
end-systolic elastance for ail the data. The correlation coef-
ficiency was 0.74 (p < 0.001).
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Figore 3. The transfer efficiency from pressure-volume area to
external work (EW/PV A) has a hyperbolic correlation with the ratio
of effective arterial elastance to end-systolic elastance (Ea/Ees). The
transfer efficiency from pressure-volume arca to external work
increases when the ratio of effective arterial elastance to end-
systolic elastance decreases (that is, ventriculoarterial coupling
improves). The enhancement of contractility, a reduction in the
arterial load or both of these changes improves cardiac work
efficiency.

The mechanical efficiency remained withic a narrow
range (Fig. 5), depending on the interaction of the first and
second step of energy transfer.

Discussion

This study demonstrated a close relation between ven-
triculoarterial coupling and myocardial energetics in patients
with idiopathic dilated cardiomyopathy. In the first part of
this study, the hemodynamic performance and the efficiency
of energy transfer for each step from the baseline values
were investigated. The second part of this study examined
the influence of inotropic agents on various hemodynamic
and energetic variables. Finally, the interactions between
ventriculoarterial coupling and the efficiencies of energy
conversion were analyzed.

Ventriculoarterial coupling. By combining end-systolic
elastance and effective arterial elastznce in a pressure-
volume diagram, the relation between the inotropic state and
its interaction with afterload can be visualized easily and
becomes useful for its quantitative evaluation (30,31.34).
The ratio of effective arterial elastance to end-systolic
elastance is also a good predictor of the efficieacy of energy
transfer.

This study also showed that a mismatching of the baseline
ventriculoarterial coupling occurred with a large effective
arterial elastance and small end-sysiolic elastance in ail
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Figure 4. The transter efficiency from myocardial oxygen consump-
tion to pressure-volume area (PVA/MVO,) has a close positive
correlation with the ratio of effective arterial clastance to end-
systolic elastance (Ea/Ees). The efficiency, of the transfer efficiency
from myocardial oxygen consumption to pressure-volume area,
which represents the first stage of energy transfer from metabolic
energy to mechanical cnergy, decreases when the ratio of effective
arterial elastance to end-systolic elastance deceeases (2hat is, ven-
triculoarterial ceupling improves).

patients. The patients with idiopathic dilated cardiomyopa-
thy had a large left ventricle with depressed contractility. To
maintain the peripheral circulation, the heart must generate
sufficient blood pressure and flow to overcome the periph-
eral vesistance. The left ventricle of a failing heart (that is,
end-diastolic volume to V,, where V, is the volume-axis
intercept of end-systolic pressure-volume line) must enlarge
to maintzin adequate blood pressure. Therefore, the en-
larged ventricle seen in patients with idiopathic dilated
cardiomyopathy could be considered to be a compensatory
response to depressed contractility. Some patients who had
a normal to mildly dilated left ventricle also had decreased
contractility and increased afterload (that is, ventriculoarte-
rial mismatching that resulted in depressed energetics). The
pathologic enlargement of the ventricle seemed to be a
consequence of compensation and not to be a limiting factor
in response to depressed hemodynamics and energetics.
After the administration of dobutamine and MS-857, the
ratio of effective arterial elastance to end-systolic elastance
became smaller but remained >1 in most patients. In a
previous study (31,34), the coupling conditions between
ventricular contractility and arterial load were predicted
theoretically and validated experimentaily. These conditions
indicated two criteria for optimal coupling: 1) External work
is maximized when effective arterial elastance equals end-
systolic elastance, and 2) mechanical efficiency is maximized
when effective arterial elastance is nearly half of end-systolic
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Figure 5. The mechanical efficiency (EW/MVO,) has no significant
relation with the ratio of effective arterial elastance to end-systolic
clastance {(Ea/Ees) and remains within a narrow range (164 *
1.2%). Myecardial oxygen utilization appears to maintain a constant
mechanical efficiency.

elastance (31,34). Under normal physiologic conditions, the
ventricular and arterial properties in normal patients are
matched to maximize efficiency because effective arterial
elastance is nearly half of end-systolic elastance. In slightly
impaired hearts, these variables are such that the external
work is maximized and effective arterial elastance nearly
equals end-systolic elastance. Severely impaired hearts can
no longer maintain either maximal external work or maximal
mechanical efficiency (35-39). Our study demonstrated that
the coupling conditions were far less than optimal and
cardiovascular performance was severely depressed both
mechanically and energetically in patients with idiopathic
dilated cardiomyopathy.

Relations between ventriculoarterial coupling and energy
conversion efficiencies. Mechanical efficiency, defined as the
ratio of external work to myocardial oxygen consumption, is
the conversion efficiency from metabolic energy to hydraulic
energy that the left ventricle generates to the vascular
system. As noted before, this efficiency can be divided into
two stages of energy transfer (13-15). Each stage of energy
transfer varies according to changes in contractility and
loading conditions. In this study, we investigated how the
interaction of the contractile state and the arterial load
affected myocardial energetics, especially in terms of each of
these energy transfer stages in patients with idiopathic
dilated cardiomyopathy.

This study showed that the transfer efficiency from myo-
cardial oxygen consumption to pressure-volume area varied
over a wide range and had a close positive correlation with
the ratio of effective arterial elastance to end-systolic
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Figure 6. Changes in hemodynamics and energefics when contrac-
tility is enhanced (A), arterial load decreases (B) and contractility is
enhanced and arterial load decreases (C). Contractile efficiency (that
is, the slope of the transfer efficiency from myocardial oxygen
consumption 1o pressure-volume area, line) is constant in each
group, but the ratio of the transfer efficiency from myocardial
oxygen consumption to pressure-volume area will change at differ-
ent levels of pressure-volume area after the administration of
inotropic agents.

elastance. In other words, the efficiency may decrcase with
improvements in ventriculoarterial coupling. This relation
between the ratio of effective arterial elastance to end-
systolic elastance and the ratio of pressure-volume area to
myocardial oxygen consumption can be better understood if
one plots pressure-volume relations and relations between
pressure-volume area and myocardial oxygen consumption.

Figure 6 depicts representative changes in effective arte-
rial elastance and end-systolic elastance. When the ratio of
effective arterial elastance to end-systolic elastance im-
proves toward 1, there are considerable changes in the
relation between pressure-volume area and myocardial ox-
ygen consumption. It is well known that the pressure-
volume area has a close linear correlation with myocardial
oxygen consumption and can be expressed as the equation:
MVOQ, = A-PVA + B, where MVO, is myocardial oxygen
consumption, PV A is pressure-volume area and A and B are
constants. The inverse of the slope (I/A) is considered to be
the contractile efficiency (14--16). The relation between
pressure-volume area and myocardial oxygen consumption
is known to shift upward when contractility is enhanced and
end-systolic elastance increases. The tranmsfer efficiency
from myocardial oxygen consumption to pressure-volume
area changes according to changes in contractility or loading
conditions, even if contractile efficiency is constant. If
contractility is enhanced and end-systolic elastance in-
creases but effective arterial elastance remains unchanged
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(in the case of dobutamine infusion), the end-systolic
pressure-volume line and pressure-stroke volume line will
move from the solid to the dotted line and point a will move
to point b. If contractility remains unchanged and effective
arterial elastance decreases (that is, when afterload de-
creases in the case of arterial vasedilator therapy), the
end-systolic pressure-volume line remains unchanged, but
the slope of the pressure-siroke volume line declines and
point ¢ moves to point d. In this case, the relation between
myocardial oxygen consumption and pressure-volume area
does not change and point ¢ moves to point d on the same
line of pressure-volume area/myocardial oxygen consump-
tion relation. i both the contractility and the arterial load
change (that is, after an inotropic and vasodilating agent is
administered in the case of MS-857 administration), point ¢
moves to a point between fand f7.

Suga et al. (13-15) have reported that pressure-volume
area s representative of total mechanical energy generated
from myocardial oxygen consumption. This implies that
pressure-volume area must be smaller than myocardial oxy-
gen consumption (that is, slope A must be >1). Intercept B
is the sum of the energy that is generated from the basal
metabolism and excitation-contraction coupling and is called
pressure-volume area-independent myocardial oxygen con-
sumption (15). In a previous clinical study (36), slope A was
reported o be >1, whereas intercept B is a nonzero positive
number. This observation suggests that a direct measure-
ment of this efficiency will not be constant because of the
nonzero positive intercept B, even if contractile efficiency
(I/A) is unchanged. Furthermore, it predicts that this effi-
ciency will decrease when the ratio of effective arterial
elastance to end-systolic elastance decreases toward | as
was observed in our study. In our study, these changes were
validated in the baseline data and after the administration of
dobutamine and MS-857.

The transfer efficiency from pressure-volume area to
external work also varied over a wide range and had a close
curvilinear correlation with the ratio of effective arterial
elastance to end-systolic elastance (Ea/Ees). In our study,
the experimentally derived regression equation closely re-
sembled the equation predicted theoretically. This implies
that the work efficiency can be evaluated only by measuring
the ventriculoarterial coupling. Several investigators (37-39)
have reported experimental results that suggest that the
enhancement of the contractile state, a reduction in the
arterial load or both these changes improve work efficiency.
Qur study confirmed not only these previous studies, bui
also the theoretic predictions with clinical data obtained by
means of actual pressure-volume measurcments.

Finally, we examined the overall efficiency from myocar-
dial oxygen consumption to external work, that is, the
mechanical efficiency. The mean value of the mechanical
efficiency was 16.4 * 1.2% and remained constant over the
range of the ratio of effective arterial elastance to end-
systolic elastance obtained in our study. In a previous
experimental study (13), the mechanical efficiency varied
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between 0 and 30% as a function of left ventricular loading
conditions and contractile state. A recent experimental
study (39) of the mechanical efficiency of intact dog hearts
reported that an increase in the ratio of stroke work to
pressure-volume area indicates that the ratio of stroke work
to myocardial oxygen consumption will be higher if the
contractile state is unchanged. If the contractile state is
enhanced and the relation beiween pressure-volume area
and myocardial oxygen consumption shifts upward, the ratio
of external work (equivalent to stroke work) to pressure-
volume area will increase and the ratio of pressure-volume
area to myocardial oxygen consumption will decrease. When
considering the two-stage energy transfer model, it may not
be clear whether the mechanical efficiency increases or
decreases with changes in loading conditions. How the
enhancement of contractility or a change in the ventriculoar-
terial coupling affects mechanical efficiency has not been
clarified. This study has shown that this efficiency remains
within a narrow range under compensated stable conditions
of chronic heart failure, but depends on the interaction of the
first and the second stages of energy transfer.

Our study also demonstrated that different inotropic
agents have similar but slightly different effects on ventric-
uloarterial coupling and mechanical efficiency. Both dobu-
tamine and MS-857 improved ventriculoarterial coupling.
The two agents differed mainly in their effects on arterial
load. The phosphodiesterase inhibitor MS-857 had a vasodi-
lating effect and led to a reduction in effective arterial
elastance, whereas dobutamine had an opposite effect on
effective arterial elastance. MS-857 did not alter mechanical
efficiency; dobutamine slightly decreased it. We believe that
these differences are simply the result of their differences
in provoking a vasodilating effect. Both inotropic agents
decreased the efficiency from myocardial consumption to
pressure-volume area, increased cardiac work efficiency and
consequently did not increase mechanical efficiency.

These findings indicate that a depressed heart can no
longer sustain high mechanical efficiency; therefore, con-
stant mechanical efficiency may be the result of the regula-
tion of myocardial oxygen utilization tc maximize the effi-
ciency in patients with idiopathic dilated cardiomyopathy.
Pure inotropic agents such as dobutamine require increased
oxygen use to improve cardiac performance; however, they
can have an oxygen wasting effect on the depressed heart
with idiopathic dilated cardiomyopathy. This adverse effect
can be considered to be one of the difficulties in using
inotropic agents for dilated depressed hearts. Conversely,
the ability of vasodilator therapy to improve hemodynamic
performance without increasing myocardiai oxygen require-
ments or with little increase in pressure-volume area-
dependent myocardial oxygen consumption was confirmed
in this pressure-volume analysis.

Limitations of the study. Use of the pressure-volume
relation to study myocardial energetics is widely accepted
because of its visual and intellectual simplicity. However,
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this method requires the use of several limiting assumptions
when attempting a clinical study.

First, the relation between pressure-volume area and
myocardial oxygen consumptic- was assumed to be linear.
This may not be true. To verify a tinear relation, one would
need more than two samples under different loading condi-
tions with the same end-systolic elastance and another two
points with a different end-systolic elastance to obtain a
parallel shift of this relation. In a clinical study, alterations in
the hemodynamic status must be minimized to avoid reflexes
that would complicate the analysis or harm the patients. Ina
recent clinical study (35,36), the relation between pressure-
volume area to myocardial oxygen consumption was inves-
tigated by changing the arterial load before and after the
administration of phenylephrine. However, this diug may
also cause changes in contractility by the autonomic nerve
reflex.

Second, we assumed that left ventricular volume could be
obtained reliably by the conductance catheter under steady
state conditions and during a transient reduction of preload.
It has been reported that the conductance catheter may
underestimate the real volume when calibrated by using
blood conductivity and measuring the paralle! conductance
by injection of hypertonic saline solution. To minimize this
error, we calibrated the left ventricular volume by biplane
ventriculography, which was performed immediately before
the control measurements. A recent study (40-42) suggests
that the value of end-systolic elastance may be underesti-
mated when measured by conductance methods. Negative
V, could occur when linear regression was performed on
curvilinear end-systolic pressure-volume relation or end-
systolic elastance was underestimated. Actually, negative
Vg was obtained in three cases and the pressure-volume
areas for them could be overestimated. The error originated
by negative area was estimated <13% in pressure-volume
areas. Other methods of measuring ventricular volume also
have some limitations. Continuous two-dimensional
echocardiograms are not available and would also yield
some errors in measuring the ventricular volume. Radioiso-
tope angiography can accurately assess ventricular volume,
but cannot be performed continuously.

Third, the curvilinear nature of the end-systolic pressure-
volume relation may produce some errors in end-systolic
elastance and pressure-volume area (43). The end-systolic
pressure-volume lines were obtained under steady state
conditions and over 4 to 15 contractions during the transient
reduction in preload and were well fit by linear regression.

Finally, the different effects of dobutamine and MS-857
would be enhanced if larger doses were used. However,
most patients who received doses of these drugs larger than
those we used in this study complained of severe episodes of
palpitation associated with an increase in heart rate or
ventricular arrhythmias including ventricular tachycardia.
Because these effecis could be harmful to the patients and
could cause alterations in the autonomic nervous system
responses, we decided not to use larger doses of these drugs.
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Doses >5 pg/kg per min of dobutamine are considered high
for Japanese patients with chronic mild to moderate conges-
tive heart failure. However, this study also may suggest the
significance of fow doses of inotropic agents because the
doses of the inotropic agents used in this study improved
ventriculoarterial coupling and had only a small effect on the
mechanical efficiency.

Conclusions. The coupling condition in patients with id-
iopathic dilated cardiomyopathy was far from ‘‘optimal.”
Moreover, the cardiovascular performance of these patients
was severely depressed, both mechanically and energeti-
cally. Dobutamine and MS-857 similarly improved the rela-
tion between contractility and vascular load and increased
the work efiiciency, but not enough to optimize the coupling
condition. Both inotropic agents had littie effect on mechai-
ical efficiency. It appears that myocardial oxygen utilization
is regulated 10 maintain a constant mechanical efficiency,
according to our analysis of the first (efficiency from myo-
cardial oxygen consumption to pressure-volume area) and
second (the cardiac work efficiency) stages of energy trans-
fer.
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