
Myocardial efficiency during calcium 
sensitization with levosimendan: 
A noninvasive study with positron 
emission tomography and echocardiography 
in healthy volunteers 

Dynamic positron emission tomography (PET) with [%]acetate allows noninvasive assessment of myo- 
cardial oxygen consumption. In combination with echocardiography, PET enables determination of 
cardiac efficiency (defined as useful cardiac work per unit of oxygen consumption). We used this approach 
to compare the effects of levosimendan, a Ca’+- dependent calcium sensitizer, with dobutamine and 
sodium nitroprusside in healthy male volunteers. The effects of levosimendan on bono, an index of oxygen 
consumption, and cardiac efficiency were neutral, whereas the hemodynamic profile was consistent with 
balanced inotropism and vasodilatation. Dobutamine enhanced cardiac efficiency at the expense of in- 
creased oxygen requirement, but the effects of nitroprusside on b,,, and cardiac efficiency were neutral. 
This study shows the feasibility of PET in phase 1 pharmacodynamic studies and suggests potential 
energetical advantages of calcium sensitization with levosimendan. (Clin Pharmacol Ther 1997;61:596- 
607.) 
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The overloaded failing heart is characterized by 
an imbalance between energy production and utili- 
zation. The overload itself increases energy expen- 
diture by increasing wall stress in the dilated heart. 
The energy deficit of the myocardium may further 
aggravate both systolic and diastolic dysfunction.’ 
Cardiotonic drugs modify cardiac energetics by af- 
fecting vasodilatation, inotropism, and heart rate 
(HR). The purely inotropic effect is associated with 
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an increase in oxygen consumption, which may be 
balanced by concomitant vasodilatory properties 
and a decrease in heart rate. In the overloaded 
heart, such balanced inodilatation results in im- 
proved efficiency or ratio of oxygen consumption to 
useful forward work.2,3 

In the search for the optimal inotropic agent, 
several different therapeutic approaches have been 
considered.4 Despite beneficial short-term effects, 
agents that increase intracellular cyclic adenosine 
monophosphate (CAMP), such as P-agonists, have 
increased mortality.5 In the failing heart these 
agents cause a rise in intracellular calcium, which in 
turn increases myocardial oxygen consumption.6 
Even though mechanical performance of the heart is 
improved, the increase in energy demand can com- 
promise the benefits of the drug. A novel inotropic 
agent, levosimendan, increases the sensitivity of 
contractile proteins to calcium, causing an increase 
in the contractile response to a given level of intra- 
cellular calcium.7-9 Compared with agents that pri- 
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marily act by increasing CAMP levels, calcium sen- 
sitizers reduce the amount of calcium cycled with 
each beat and result in enhanced efficiency of the 
excitation-contraction coupling.“-l2 Levosimendan 
also acts as a peripheral vasodilatator,i3*i4 and the 
effects on left ventricular loading conditions may 
augment the favorable effects of the drug on myo- 
cardial energetics. 

To study the net energetical effects of levosimen- 
dan in vivo, we compared this drug with sodium 
nitroprusside, a vasodilatory agent, and with dobu- 
tamine, an inotropic sympathomimetic agent. In this 
noninvasive phase 1 study, we used [l%]acetate and 
dynamic positron emission tomography (PET) im- 
aging in combination with echocardiography. Myo- 
cardial metabolic rate of oxygen was indexed with 
PET by analysis of the myocardial elimination of 
[11C]acetate.15’16 Combined with echocardiographic 
assessment of cardiac function, PET provides a 
unique noninvasive approach to study myocardial 
energetics in vivo.17,18 

METHODS 
Subjects. Sixteen healthy male volunteers 

(mean t SEM age, 25 + 1 years; weight, 77 t 2 kg; 
body mass index, 23 rf: 1 kg/m2) were included in this 
study. All subjects had normal medical histories, 
physical examinations, 12-lead electrocardiograms, 
and standard clinical laboratory tests. The subjects 
refrained from all medication for 7 days and alcohol 
for 4 days before the study. Written informed con- 
sent was obtained from each subject. The study 
protocol was approved by the Joint Commission On 
Ethics of the Turku University And the Turku Uni- 
versity Central Hospital. 

Study design. This was an open and nonrandom- 
ized, saline placebo-controlled study from nonac- 
tive to active treatment in the three separate drug- 
treatment groups. There were five subjects in the 
dobutamine group, five in the nitroprusside group, 
and six in the levosimendan group. Two similar 
studies were performed in each subject within 2 
days: first with saline solution and then with active 
treatment. 

Subjects were admitted to the PET unit at 9 am. 
Electrocardiographic recording was started and two 
intravenous cannulas were inserted in the antecubi- 
tal veins of each subject for drug infusion and blood 
sampling. Echocardiography was then performed. 
Drug infusion was started 10 minutes before the 
intravenous injection of [liC]acetate and dynamic 
PET. Echocardiography was repeated immediately 

after PET imaging, and the study treatment was 
stopped only after this echocardiography. The sub- 
jects remained in supine position during all mea- 
surements. Blood pressure and heart rate were re- 
corded with an automated sphygmomanometer at 
lo-minute intervals throughout the study. 

Treatments. Dobutamine (Dobuject, Leiras Phar- 
maceuticals, Turku, Finland) was given at a constant 
infusion rate of 5.0 p@kg/min. Sodium nitroprusside 
(Nipride, Hoffman-La Roche, Basel, Switzerland) 
was given at a constant rate of 1.0 kg/kg/min and 
levosimendan (Orion Corporation, Espoo, Finland) 
as a starting bolus dose of 18 l&kg in 10 minutes, 
followed by a constant infusion of 0.3 kg/kg/min. 
The duration of all drug infusions was 2 hours. The 
dobutamine dose was considered to be the smallest 
well-documented dose in diagnostic use.i’ Accord- 
ing to previous dose-finding studies, the levosimen- 
dan dose was tailored to be the lowest to signifi- 
cantly increase cardiac output.13 On the basis of our 
clinical experience and pilot dose-finding tests in 
two healthy volunteers, the nitroprusside dose was 
estimated to cause comparable vasodilation with the 
two other treatments. 

Hemodynamics. Mean heart rate during saline and 
drug infusion was used in calculations. It was ob- 
tained from single observations measured at lo- 
minute intervals during the 2 hours of PET imaging 
and echocardiography. Mean systolic (SBP) and di- 
astolic (DBP) blood pressures were calculated as the 
arithmetic means of blood pressure values obtained 
at lo-minute intervals during the imaging studies. 
Mean arterial pressure (MAP) was determined as 
follows: DBP + (SBP - DBP)/3. Systemic vascular 
resistance (SVR) was calculated as the ratio of mean 
arterial pressure and cardiac output (CO) obtained 
from echocardiography: SVR = MAP/CO. End- 
systolic blood pressure was derived from the carotid 
pulse tracing and simultaneous blood pressure mea- 
surements. 

Biochemical analyses. Blood samples for biochem- 
ical analyses were drawn during both PET studies. 
Plasma glucose was analyzed using the glucose- 
dehydrogenase method (Granutest 2.50, Merck, 
Darmstadt, Germany). Serum free fatty acids were 
determined with an enzymatic calorimetric method 
(Nefa C test, Wako Chemicals GmbH, Neuss, Ger- 
many), and plasma lactate was determined with an 
enzymatic method (ACA IV discrete clinical ana- 
lyzer, DuPont Company, Wilmington, Del.). Plasma 
epinephrine and norepinephrine were determined 
by means of HPLC with electrochemical detection. 
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Echocardiography. Echocardiography was per- 
formed with an Aloka SSD-870 (Aloka Co, Ltd, 
Tokyo, Japan) device and standardized ultrasono- 
graphic techniques.20,21 Recordings were done un- 
der controlled conditions by means of two- 
dimensional monitoring, with the subject in the left 
oblique position. M-mode tracings were obtained at 
the speed of 100 mm/set and adjusted to the oscil- 
lations of the simultaneously acquired electrocardi- 
ography, phonography, and carotid pulse tracing. 
The end-diastolic dimensions were measured at the 
beginning of the QRS configuration, and the end- 
systolic dimension was measured at the beginning of 
the S, sound. The data was digitized and analyzed 
with a Dextra 300 (Dextra Medical Inc., Lakewood, 
Calif.) digital imaging workstation. The mean of five 
consecutive cardiac cycles at end-expiration was 
used for analysis of the results. 

Left ventricular (LV) end-diastolic (ed) and end- 
systolic (es) dimensions, posterior wall thickness at 
end-diastole and end-systole, and end-diastolic sep- 
tal thickness were measured. M-mode recordings 
were used to determine left ventricular end-diastolic 
volume (EDV), stroke volume (SV), cardiac output 
(CO), and ejection fraction (EF).22 End-diastolic 
volume index (EDVI) and stroke volume index 
(SVI) were calculated by dividing the corresponding 
volumes by body surface area. Left ventricular mass 
(LVM) was calculated according to following for- 
mula23: 

LVM = [(Ded + H,, + I&J3 - Ded3] X 1.05 

in which D,, is the end-diastolic minor-axis diame- 
ter of the left ventricle, H, is the thickness of the 
interventricular septum, and Hpwd the thickness of 
the posterior wall at end-diastole. To obtain circum- 
ferential end-systolic wall stress (WS,), the follow- 
ing formula was used24: 

WSCi = 1.33 x P x (D,,/2H,,) x 

[l - D,,3/(2L2 X [D,, + hl)l 

The reconstructed dynamic PET images were an- 
alyzed by first applying 35 to 40 regions of interest 
on the 15 transaxial left ventricular slices. The re- 
gional oxygen consumption index &,,, was derived 
from monoexponential fitting of the acetate washout 
curves after visual determination of the linear por- 
tion of the semilogarithmic plot.15 The regions were 
then grouped into eight segments, as previously de- 
scribed27: anterobasilar, anterior, anteroseptal, lat- 
eral, inferoseptal, apical, inferior, and posterobasi- 
lar. Mean G,,.,, values were calculated in all 
segments. Mean global I&,,, was calculated as the 
arithmetic mean of the segmental values. Alignment 
of the transaxial slices and the two sets of regions in 
the two studies was ascertained by two experienced 
investigators, and occasional discrepancies were 
solved by mutual consensus. Monoexponential fit- 
ting of the acetate washout curve was performed by 
the first author in all studies. 

in which 1.33 converts pressure from millimeters of 
mercury to grams per square centimeter, P is the 
end-systolic pressure, D,, is the end-systolic minor- 
axis diameter, L is the systolic long-axis dimension, 
and Hr,w, is the end-systolic wall thickness of the left 
ventricle. Mean velocity of circumferential fiber 
shortening corrected for heart rate (Vcf,)24 was cal- 
culated as follows: 

Myocardial ejkiency. The assessment of myocar- 
dial efficiency (the relation of myocardial oxygen 
consumption to the useful (forward) work) was per- 
formed as follows: 

Eficiency = (SBP X SVI X HR)/k,,, (1) 

and alternatively: 

Vcf, = KD,, - Des)/(Ded x IJET) x @ Eficiency = (SBP X SV X HR)I(&,, X LVM) (2) 

in which LVET is LV ejection time and RR is the 
RR interval of the preceding cardiac cycle. 

Positron emission tomography (PET). The subjects 
were positioned supine in an eight-ring 15-slice 
ECAT 931/08 tomograph (CTI, Knoxville, Tenn.). 
The device has a measured axial resolution of 6.7 
mm and 6.5 mm in plane. To correct for tissue 
photon attenuation, 20-minute transmission imaging 
with a removable source containing 68Ge was per- 
formed before the emission scanning. Twenty milli- 
curies of [i?Z]acetate (prepared from [%]carbon 
dioxide and methyl magnesium bromide25 by a com- 
puted controlled system, as previously reported for 
our remote controlled system26) was administered 
as an intravenous bolus. A 49-minute dynamic emis- 
sion scan was initiated simultaneously to obtain 28 
dynamic frames (10 at 10 seconds, 1 at 60 seconds, 5 
at 100 seconds, 5 at 120 seconds, and 7 at 240 
seconds). All data were corrected for dead time, 
decay, and photon attenuation and were recon- 
structed in a 256 X 256 matrix. The final in-plane 
resolution of the reconstructed and Hann-filtered 
images was 8 mm (full width half maximum). 
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Table I. The summary of hemodynamic results 

Measure 
Dobutamine 

{n = 5) 

Therapy group 
Levosimendan 

(n = 6) 
Nitroprusside 

(n = 5) 

HR (beatdmin) 
Baseline 
Treatment 

SBP (mm Hg) 
Baseline 
Treatment 

DBP (mm Hg) 
Baseline 
Treatment 

SV (ml) 
Baseline 
Treatment 

CO (L/min) 
Baseline 
Treatment 

EF (%) 
Baseline 
Treatment 

Vcf, (circisec) 
Baseline 
Treatment 

wSci (gm/cm2) 
Baseline 
Treatment 

EDVI (ml/m”) 
Baseline 
Treatment 

SVR (mm Hg X min/L) 
Baseline 
Treatment 

60 2 1.0 
69 t 4.4* 

55 +. 3.1 
57 t 2.7” 

53 t 3.0 
61 + 3.2* 

110 i 6.4 
142 I 3.7* 

113 2 3.0 
110 t 3.0 

107 2 2.2 
99 t 2.a* 

62 k 4.9 
68 k 3.6* 

62 t 1.6 
56 + 2.6* 

55 + 2.7 
49 5 2.5* 

115 t 9.8 
169 2 13.1* 

109 ? 6.6 
121 k 7.0* 

118 -c 10.2 
121 f 8.2 

6.8 c 0.57 
11.5 f 0.59* 

5.8 2 0.32 
6.9 t 0.40* 

6.2 2 0.48 
7.3 t 0.46* 

70 ‘-t 2.0 
88 + 2.7* 

70 ~fr 2.6 
77 t 2.8” 

68 + 1.8 
74 k 3.7 

1.05 t 0.044 
1.79 -c 0.144* 

1.11 it 0.084 
1.33 t 0.092* 

1.07 2 0.063 
1.19 +- 0.116 

138 t 14.9 
104 t 13.0* 

128 rfr 2.2 
106 t 7.0” 

121 t 5.2 
89 +- 7.9* 

81 C 7 
95 rt 8* 

82 ? 5 
84 I? 8 

89 t 8 
84 -i- 6 

11.8 rt 1.39 
8.4 + 0.72* 

13.6 t 0.77 
11.0 ‘-’ 0.96* 

11.9 t 1.07 
9.0 ? 0.63* 

All values are mean I SEM. 
HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; SV, stroke volume; CO, cardiac output; EF, ejection fraction; Vcf,, velocity of 

circumferential fiber shortening corrected for heart rate; WS,,, circumferential end-diastolic wall stress; EDVI, end-diastolic volume index; SVR, systemic 
vascular resistance. 

*p < 0.05 versus baseline, one-sample t test. 

as the efficiency was calculated per gram of left 
ventricular muscle. Equation 1 is essentially equal to 
the concept of work-metabolic index presented by 
Beanlands et a1.r7 Efficiency was also calculated per 
beat for both equations 1 and 2: 

Eficiency = (SBP X SVI)&,,, (3) 

Eficiency = (SBP X SV)/(&ono X LVM) (4) 

ing the three treatments were analyzed separately 
with an analysis of covariance model (ANCOVA) 
that included the respective baseline measurements 
as a covariate. The Bonferroni correction was ap- 
plied in multiple comparisons. The coefficient of 
variation of echocardiographic measurements was 
calculated. Statistical calculations were performed 
with the SAS statistical package. 

Statistical analysis RESULTS 
Results are expressed as mean values + SEM. Hemodynamic and biochemical data. Table I shows 

The changes from baseline in every treatment group the summary of the hemodynamic results. A 15% 
were evaluated statistically by the one-sample t test. increase in heart rate was observed both with do- 
The conventional level of 5% was considered as the butamine (60 to 69 min-‘) and nitroprusside (53 to 
level of statistical significance. The responses of 61 min-‘). Heart rate increased slightly but signifi- 
myocardial oxygen consumption and efficiency dur- cantly (4%) with levosimendan (55 to 57 min-l). 
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Table II. Biochemical data 

Measure 
Dobutamine 

(n = 5) 

Therapy group 
Levosimendan 

(n = 6) 
Nitroprusside 

(n = 5) 

P-Glucose (mmol/L) 
Baseline 
Treatment 

S-Free fatty acids (mmol/L) 
Baseline 
Treatment 

P-Lactate (mmol/L) 
Baseline 
Treatment 

P-Epinephrine (nmol/L) 
Baseline 
Treatment 

P-Norepinephrine (nmol/L) 
Baseline 
Treatment 

5.8 k 0.37 
5.2 2 O.l* 

0.23 t 0.07 
0.87 2 0.15* 

1.4 + 0.2 
1.1 t 0.1 

0.12 -c 0.03 
0.08 t 0.04$ 

0.87 2 0.21 0.75 + 0.060 
1.12 t 0.18$ 0.93 t 0.06 

Data are mean values i SEM. 
*p < 0.05 versus baseline. 
in = 4; @I = 3; %I = 5. 

Systolic blood pressure increased by 29% with do- 
butamine (110 to 142 mm Hg), whereas it was un- 
changed during levosimendan. Nitroprusside was as- 
sociated with a 7% decrease in systolic blood 
pressure. In addition, diastolic blood pressure in- 
creased slightly during dobutamine administration, 
whereas both levosimendan and nitroprusside were 
associated with a significant decrease in diastolic 
blood pressure (Table I). The most prominent in- 
crease in left ventricular stroke volume (47%) was 
seen with dobutamine. Levosimendan was also as- 
sociated with a 11% increase in stroke volume (109 
to 121 ml), whereas the net effect of nitroprusside on 
stroke volume was neutral. The increase in cardiac 
output was 69% with dobutamine, 19% with levosi- 
mendan, and 18% with nitroprusside. There was 
also a significant increase in left ventricular ejection 
fraction with both dobutamine and levosimendan, 
but nitroprusside had no effect on ejection fraction. 

Dobutamine and levosimendan increased left 
ventricular contractility significantly as Vcf, in- 
creased by 70% (1.05 to 1.79 circ/sec) with dobuta- 
mine and by 20% (1.11 to 1.33 circ/sec) with levosi- 
mendan. Circumferential end-systolic wall stress 
decreased by 25% with dobutamine, by 17% with 
levosimendan, and by 26% with nitroprusside. 
EDVI, an estimate of preload, increased by 17% in 
the dobutamine group but was unchanged in the 
levosimendan group. EDVI tended to decrease 

5.2 -i- 0.1 
5.4 ? O.l§ 

0.26 2 0.07 
0.30 k 0.07 

1.2 2 0.1 
1.2 + 0.1 

0.14 rir 0.030 
0.12 2 0.02 

5.7 k 0.3$ 
5.5 + 0.3$ 

0.25 t 0.09 
0.44 ? 0.10 

1.3 2 0.2 
1.2 t 0.2 

0.12 + 0.03 
0.19 + 0.04* 

0.60 t 0.02 
1.33 t- 0.19* 

(- 6%) in the nitroprusside group. Systemic vascular 
resistance decreased by design in all study groups. 
The decrease in SVR associated with dobutamine 
was 29%, 19% with levosimendan, and 24% with 
nitroprusside. 

Reproducibility of the baseline echocardiographic 
assessments was tested by comparing baseline 1 (sa- 
line solution) and 2 (active drug) measurements. 
The coefficient of variation was 2.8% for Ded, 6.5% 
for LVM, 4.2% for ejection fraction, and 9.5% for 
cardiac output. 

Table II summarizes the biochemical data. The 
serum level of free fatty acids was within the normal 
range at baseline in all groups. However, a statisti- 
cally significant rise was observed with dobutamine, 
and the same tendency was observed with nitroprus- 
side (p = 0.08). Free fatty acid levels did not change 
during administration of levosimendan. Levosimen- 
dan had no effect either on plasma norepinephrine 
or plasma epinephrine. Nitroprusside caused a sig- 
nificant rise in both plasma norepinephrine and 
plasma epinephrine. 

Myocardial oxygen consumption and its correlations 
with hemodynamic parameters. Image quality was 
excellent in all PET studies. Fig. 1 shows a repre- 
sentative midventricular transaxial slice of the 
[llC]acetate study and the corresponding myocar- 
dial time-activity curve. At baseline, oxygen con- 
sumption was homogenous throughout the myocar- 
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o l-j-.-- ,  - -  -1 

C 0 10 20 30 40 

Time (min) 

Fig. 1. Representative transaxial images showing maximal uptake of the tracer 7 minutes 
after [l%]acetate injection at baseline (A) and during dobutamine administration (B). Do- 
butamine was associated with higher myocardial peak concentration and faster washout of the 
tracer from the myocardium. The myocardial oxygen consumption index k,,,, was derived by 
fitting the linear portion of acetate washout curve (C). Dobutamine caused a marked increase 
in myocardial oxygen consumption becasue the k,,,, was 0.060 L/min at baseline (dotted line) 
and 0.100 L/min during administration of dobutamine (dashed line). 

dium (Fig. 2, A). Notably, none of the treatments also observed during levosimendan infusion. Oxygen 
changed the segmental distribution of k,,,, during consumption was unchanged in the nitroprusside 
stimulation (Fig. 2, B). During dobutamine stimula- group (0,058 2 0.008 to 0.059 _t 0.005). Because the 
tion, km,,, increased from 0.064 +- 0.008 to 0.100 ?I treatment effects were compared with ANCOVA 
0.01 (58%;~ < 0.05; Fig. 3). A slight increase from (baseline k,,,, as a covariate) the response to do- 
0.056 ? 0.008 to 0.063 + 0.010 (12%;~ = 0.06) was butamine differed significantly from other treat- 
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E 
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0.05 

f 
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$ 
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0.03 I 1 , , 1 , , 
AntbasAntsept Ant Lat Postsep Apic Postbas Inf 

Segment type 

Fig. 2. Segmental distribution of [%]acetate elimination constant LO,, (mean 2 SEM) at 
baseline (A) and during treatments (B) in each group (solid triangles, dobutamine; open 
inverted triangles, levosimendan; diamonds, nitroprusside). Myocardial oxygen consumption 
was homogenous throughout the left ventricle at rest and was comparable between all 
treatment groups. Although myocardial oxygen consumption was significantly higher during 
dobutamine, the distribution of oxidative metabolism in the left ventricle remained homoge- 
nous during all treatments in these healthy volunteers. Antbas, anterobasilar; Antsept, an- 
teroseptal; Ant, anterior; Lat, lateral; Postsep, inferoseptal; Apic, apical; Postbas, postero- 
basilar; Inf, inferior. 
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ments (p < 0.0001). I&,,,, calculated per beat in- 
creased by 37% during dobutamine administration 
(1.07 X 10m3 to 1.46 X 10”; p < O.OOl), was un- 
changed during levosimendan (1.03 x 10m3 to 1.10 X 
10p3), and decreased by 10% during nitroprusside 
(1.09 x 1o-3 to 0.97 x P;p < 0.05). 

When both baseline and stimulation data were 
pooled together, &,,, correlated well with the two 
measures of external work used in this study. Fig. 4, 
A, shows the relationship of k,,,, with the rate- 
pressure product (Y = 0.94; p < 0.001) and Fig. 4, B, 
shows the relationship of &,,, with the echocardio- 
graphic estimate of external work (SV X HR X 
SBP; Y = 0.87; p < 0.001). 

Myocardial eficiency. Myocardial efficiency was 
significantly improved with dobutamine both ac- 
cording to equation 1 (5846 2 594 X lo3 to 8090 t 
782 X lo3 mm Hg . ml . rne2; +38%; p < 0.05; Fig. 
5, A) and equation 2 (61,586 2 2793 to 79,380 -t 
3178 mm Hg * ml * g-l; +29%; p < 0.05). This 
improvement was mainly the result of the 47% in- 
crease in stroke volume, but the 29% increase in 
systolic blood pressure and the 15% rise in heart 
rate contributed. Neither levosimendan nor nitro- 
prusside had any impact on efficiency. The respec- 
tive changes in efficiency observed with levosimen- 
dan were +5% (6083 rt 334 X lo3 to 6406 X 103; 
p = NS) and +3% (62,197 + 4779 to 64,347 2 2160; 
p = NS) according to the two equations. Nitroprus- 
side was associated with an improvement of +7% 
(6027 ? 683 X lo3 to 6457 + 829 X 103) and +5% 
(58,436 2 2514 to 61,281 -t 3708; p = NS), respec- 
tively. When the treatment effects (equations 1 and 
2) were compared with use of ANCOVA (baseline 
efficiency as a covariate), the effect of dobutamine 
differed from the other two treatments (p = 0.019 
and p = 0.0033, respectively). 

The same pattern was seen as efficiency was cal- 
culated per beat (equations 3 and 4; Fig. 5, B): 
dobutamine, +24% (98,370 + 10,486 to 121,371 + 
18,049 mm Hg * ml * mm2 * min?; p < 0.05) and 
+13% (1033 + 42 to 1170 i: 87 mm Hg * ml * 
gm-l - min‘-l; p = 0.053); levosimendan, -1% 
(115,274 -t- 10,414 to 113,700 ‘-i- 9815;~ = NS) and 
-3% (1167 + 97 to 1131 t 36; p = NS); and 
nitroprusside, -9% (117,378 t 19,793 to 107,395 t 
16,078;~ = NS) and -9% (1124 rt 108 to 1022 ? 
100; p = NS), respectively. However, the difference 
between dobutamine and the other two treatments 
did not reach statistical significance with use of 
equations 3 and 4 and ANCOVA 0, = 0.098 and 
p = 0.14, respectively). 

1 

0.04 
i 

0.03 1 
0 

E 
E I 
zo.02 
xl 

0.01 1 
0 L 

Uklzonen et&. 603 

DB 
* 

LEVO 

Fig. 3. Changes (mean 2 SEM) in myocardial oxygen 
consumption during drug infusions. DB, Dobutamine; 
LEVO, levosimendan; NP, nitroprusside. ’ 

DISCUSSION 
This study shows the usefulness of PET in the 

noninvasive assessment of myocardial efficiency. 
The effects of levosimendan, a Ca2+-dependent cal- 
cium sensitizer with additional phosphodiesterase 
III-inhibiting properties, on myocardial oxygen con- 
sumption were characterized for the first time in 
humans. Consistent with previous reports,13’14 levo- 
simendan increased cardiac output by 19%, primar- 
ily by increasing stroke volume. Myocardial oxygen 
requirement increased to a lesser degree (12%, dif- 
ference not significant). The net effect of levosimen- 
dan on cardiac efficiency, calculated either per time 
unit or per cardiac cycle, was neutral. The signifi- 
cance of this observation must be viewed against the 
fact that the normal heart probably operates very 
close to maximal efficiency at rest.28 From the ener- 
getic point of view, any pharmacologic attempt to 
increase cardiac output in healthy volunteers may 
disturb left ventricular filling, which masks the po- 
tential benefits of the drug. The fact that cardiac 
energetics remained unchanged during levosimen- 
dan infusion is consistent with balanced inodilata- 
tion and holds promise for energetical advantages in 
the overloaded failing heart. 
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Fig. 4. Correlation of myocardial oxidative metabolism (b,O) with rate-pressure product 
(A) and echocardiographic estimate of cardiac work (cardiac output [CO] X systolic blood 
pressure [SBP]; B) at rest and during study treatments. Circles, baseline; solid biangles, 
dobutamine; open inverted hiangles, levosimendan, diamonds, nitroprusside). 

We chose dobutamine and nitroprusside as com- 
parative treatments because these model drugs of 
inotropism and vasodilation are commonly used to 
modulate cardiac function in severe heart failure. 

Our aim also was to decrease systemic vascular 
resistance comparably by the three treatments. 
As expected, other hemodynamic effects differed 
greatly. During dobutamine infusion, increased car- 
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disc output was associated with significantly higher 
heart rate, blood pressure, end-systolic volume, and 
contractility. Consequently, a 58% increase in oxy- 
gen demand was driven by increased double product 
or external work (Fig. 4) Peripheral vasodilatation 
(reduced afterload) and possibly other factors, such 
as optimal ventriculovascular coupling, balanced 
this effect, and a remarkably favorable net effect on 
cardiac efficiency was observed. Dobutamine infu- 
sion might have simulated physical exercise in the 
young male subjects with compliant systemic blood 
vessels. However, dobutamine also increased heart 
rate significantly. When efficiency was calculated per 
beat, the results were less impressive (Fig. 5, B). 

As expected, nitroprusside acted purely as a va- 
sodilating agent. The hemodynamic profile during 
nitroprusside infusion (Table I) suggested that rel- 
ative hypovolemia and consequently reduced pre- 
load might have occurred. The somewhat lower 
end-systolic wall stress during treatment with 
nitroprusside than during the other two treatments 
probably resulted in reduced oxygen consumption 
independently of measurable cardiac work. Levosi- 
mendan behaved more like a true inodilatory drug 
(Table I), but the differences in oxygen consumption 
and efficiency between nitroprusside and levosimen- 
dan did not reach statistical significance. Calculation 
per beat tended to decrease efficiency during admin- 
istration of nitroprusside, which we ascribe to the 
reduced preload and rise in heart rate. The net 
effect of levosimendan on efficiency remained prac- 
tically unaltered after correction for heart rate. 

Levosimendan had a neutral effect on energy- 
providing fuels because the serum levels of free fatty 
acids, lactate, and glucose were unchanged during 
drug infusion. In contrast, dobutamine infusion was 
associated with more than 200% increase in mean 
free fatty acids levels. Because the heart preferably 
uses free fatty acids that require oxygen to yield 
adenosine triphosphate, a neutral effect on energy 
substrate availability may be viewed as a favorable 
feature of levosimendan administration. Plasma 
norepinephrine and epinephrine levels were within 
the normal range in all groups both at baseline and 
during stimulation. However, nitroprusside was as- 
sociated with a doubling of plasma norepinephrine. 
This was most likely the result of the relative hypo- 
volemia observed during nitroprusside infusion. 

Myocardial efficiency28,29 is a practical net mea- 
sure of cardiac energetics because it refers to the 
oxygen cost of useful (forward) cardiac work in clin- 
ically applicable terms. On the basis of clinica13,30,31 
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Fig. 5. A, Efficiency (equation 1, mean ? SEM) at base- 
line and during study treatments. Dobutamine increased 
myocardial efficiency by 38% (p < O.OS), whereas levosi- 
mendan and nitroprusside had a neutral effect on myo- 
cardial efficiency. B, Calculated per beat, a moderate im- 
provement was observed with dobutamine (24%), 
whereas levosimendan showed a neutral effect. Efficiency 
per beat tended to decrease with nitroprusside (9%), 
possibly as a result of relative hypovolemia. 

and experimenta17-g,32~33 evidence, it now appears to 
be justified to conclude that calcium sensitizers as a 
group have neutral or favorable effects on cardiac 
efficiency in vivo. To what extent these effects are 
truly reflecting changes on the contractile protein 
level remains to be shown. Such studies will inevi- 
tably be affected by the large individual variability of 
hemodynamic and energetical parameters both at 
baseline and during carefully adjusted treatments. 
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Moreover, hemodynamic and energetical results 
obtained in healthy volunteers must be interpreted 
with caution because of their limited relevance to 
cardiovascular disease. Abnormal myocardial wall 
stress and loading conditions, mitral regurgitation, 
reduced vascular compliance, ventricular asynergy, 
and restricted myocardial oxygen supply are power- 
ful modifiers of the results as cardiotonic drugs are 
tested in patients with congestive heart failure. 

The invasive approach to measurement of cardiac 
oxygen balance and efficiency carries, apart from an 
inherent risk to the patient, important methodologic 
drawbacks, particularly in the diseased heart. Esti- 
mates of myocardial oxygen consumption are sensi- 
tive to errors in measuring epicardial coronary 
blood flow that cannot differentiate between nutri- 
tive and non-nutritive myocardial perfusion. Esti- 
mates usually apply to only the left descending cor- 
onary artery territory, but they are extrapolated to 
the entire left ventricular muscle mass. Measure- 
ments of myocardial oxygen consumption by PET 
are necessary to evaluate cardiac efficiency by non- 
invasive methods. Because cardiac catheterization is 
not required, this approach facilitates pharmacody- 
namic studies in healthy volunteers and makes re- 
peated patient studies more feasible. Moreover, 
PET allows assessment of nutritive myocardial per- 
fusion and metabolism directly on the tissue level. 
The method assigns accurate topographic data to all 
vascular beds, possibly even to the right ventricle.34 
The mean baseline k,,,, (0.059 t 0.008) in this 
study was consistent with previously published val- 
ues in healthy volunteers.34 To demonstrate the re- 
gional analysis of PET data, we calculated this value 
as the arithmetic mean of segmental k,,,, values. 
Unless the segment size is taken into consideration, 
this method may cause either underestimation or 
overestimation of global myocardial oxygen consump- 
tion in patient studies. However, in our study this did 
not affect the results because oxygen consumption was 
homogenous throughout the left ventricle. 

Accurate PET estimates of myocardial oxygen 
consumption are currently derived from the elimi- 
nation kinetics of [11C]acetate.15 The tracer yields 
excellent image quality and allows data analysis in 
relatively small myocardial segments. The noninva- 
siveness, unique opportunity for regional informa- 
tion, and quantification of oxidative metabolism at 
the cellular level are the advantages of PET over 
invasive measurements of myocardial oxygen con- 
sumption. To fully govern the complexities of car- 
diac energetics in vivo, alignment with other imaging 
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modalities, such as multidimensional echocardiog- 
raphy and magnetic resonance imaging, are required 
to produce data of segmental left ventricular struc- 
ture and function. Taken together, these methods 
may allow regional analysis of myocardial energetics 
in the diseased heart. 

Pirjo Mills-Owens, RN, Orion Pharma Corporation, 
Professor Pertti Pentikginen, University of Helsinki, and 
Professor Uno Wegelius, Ulla Ruotsalainen, MSc, Mika 
Terls, MSc, and the personnel of the Turku PET Center 
are appreciated for their dedication to this study. 
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