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Abstract Objective: Calcium desen-
sitization plays an important part in
the pathophysiology of septic myo-
cardial depression. We postulated
that levosimendan, a new calcium
sensitizer, would be beneficial in
sepsis-induced cardiac dysfunction.
Design and setting: Prospective,
randomized, controlled study in two
university hospital intensive care
units Patients and participants:
Twenty-eight patients with persisting
left ventricular dysfunction related to
septic shock after 48 h of conven-
tional treatment including dobuta-
mine (5 �g/kg per minute). Interven-
tions: After 48 h of conventional
treatment patients were randomized
to receive a 24-h infusion of either
levosimendan (0.2 �g/kg per minute,
n=15) or dobutamine (5 �g/kg per
minute, n=13). Measurements and
results: Data from right heart cathe-
terization, echocardiography, gastric
tonometry, laser-Doppler flowmetry,
and lactate concentrations and creat-
inine clearance were obtained before
and after the 24-h drug infusion.
Dobutamine did not change systemic
or regional hemodynamic variables.
By contrast, at the same mean arterial
pressure levosimendan decreased
pulmonary artery occlusion pressure
and increased cardiac index. Levosi-
mendan decreased left ventricular
end-diastolic volume and increased
left ventricular ejection fraction.
Levosimendan increased gastric mu-
cosal flow, creatinine clearance, and

urinary output while it decreased
lactate concentrations. Conclusions:
These findings show that levosimen-
dan improves systemic hemodynam-
ics and regional perfusion in patients
with septic cardiac dysfunction under
conditions where administration of
5 �g/kg dobutamine per minute is no
longer efficacious. Accordingly, our
results suggest that levosimendan can
be an alternative to the strategy of
increasing the dose of dobutamine
under such conditions.
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Introduction

Myocardial depression expressed as biventricular de-
creased ejection fraction and dilatation typically peaks
within the first days of septic shock and then returns to
normal values in survivors within 10 days [1, 2]. Among
several factors proposed to cause sepsis-induced myo-
cardial depression [3, 4, 5] cytokines play a major role [5]
probably by altering intracellular calcium homeostasis in
the cardiomyocyte [6, 7]. Administration of
lipopolyasaccharide (LPS) has been shown to impair
cardiac contractility and the contractile response to b-
adrenergic stimulation by nitric oxide–cyclic guanosine
monophosphate mediated decrease in myofilament re-
sponsiveness to Ca2+. Tavernier et al. [8] showed in an
experimental model of sepsis that cardiac mitochondrial
and creatine kinase systems remain unaltered, whereas
protein phosphorylation decreases myofibrillar Ca2+ sen-
sitivity and may contribute to the depression of cardiac
contractility. The reduced myofilament Ca2+ sensitivity is
also associated with increased length in single cardiac
myocytes and may cause the acute ventricular dilation
observed during sepsis [3, 9, 10].

Dobutamine is generally considered as the inotropic
treatment of choice for sepsis-related myocardial de-
pression [11]. However, because of sepsis-related myo-
cardial hyporesponsiveness to b-adrenergic stimulation
[4] incremental doses of dobutamine may be required to
achieve therapeutic goals. As decreased myofilament re-
sponsiveness to Ca2+ is a major determinant of septic
myocardial depression, calcium sensitization may offer an
attractive therapeutic approach to counteract septic myo-
cardial depression, as already shown in animal experi-
ments [12]. Levosimendan is a new calcium sensitizer
that has been shown to be even more potent than dobu-
tamine on isolated human atrial trabeculae [13].

The hypothesis that levosimendan administration can
be an alternative to the strategy of increasing the dose of
dobutamine when the usual dose of 5 �g kg�1 min�1 is no
longer efficacious to counteract the septic dysfunction has
not as yet been tested. This alternative approach could be
particularly attractive since one advantage of levosimen-
dan over catecholamines would be to increase the force of
contraction without enhancing the influx of Ca2+ into the
cytosol and thus without increasing the risk of arrhyth-
mias related to this ionic alteration [14]. The aim of our
prospective, randomized controlled study was to evaluate
the effects of levosimendan on systemic and regional
hemodynamics in patients with septic cardiac dysfunction
occurring and progressing despite administration of
5 �g kg�1 min�1 dobutamine.

Materials and methods

Patients

The study was approved by the local institutional ethics committee,
and consent was obtained from the closest relative of each patient.
We included only patients with septic shock criteria and initially
preserved left ventricular function (left ventricular ejection fraction,
LVEF >45%), whose hypotension failed to respond to volume re-
suscitation (pulmonary artery occlusion pressure, PAOP,
�12 mmHg). To avoid the enrollment of patients with non-sepsis-
related cardiac dysfunction we excluded patients with: echocar-
diographic LVEF less than 45% before study entry, a history of
ischemic or significant valvular heart disease, or confirmed or
suspected acute coronary syndrome. We originally enrolled 74
patients, but at the end of the first 48 h 44 patients were excluded
because of myocardial ischemia (n=2), significant mitral valve re-
gurgitation (n=4), or still preserved left ventricular function (n=38).
The remaining 30 patients, all of whose LVEF was less than 45% at
this time, included 23 men and 7 women with a mean age of
62.4€7.4 years and a mean Acute Physiology and Chronic Health
Evaluation II score of 23.7€1.2 before study entry.

Protocol

Following volume resuscitation to reach a PAOP of at least
12 mmHg all patients received norepinephrine to maintain mean
arterial pressure (MAP) between 70 and 80 mmHg. Following our
institutional policy in septic shock we added 5 �g kg�1 min�1 do-
butamine to norepinephrine infusion in the aim of improving gut
mucosal perfusion [15]. This therapeutic regimen was maintained
during the first 48 h of the study. At the end of this period and thus
during dobutamine infusion we performed a second echocardio-
graphic examination to measure LVEF again; only patients with a
value less than 45% were randomized. The dobutamine infusion
was then stopped for a short time necessary to start the syringe-
pumps containing either dobutamine or levosimendan. The patients
were randomized to receive in a blind fashion for 24 h either an
infusion of levosimendan (0.2 �g kg�1 min�1) without an initial
bolus loading dose (treated group, n=15) or dobutamine
(5 �g kg�1 min�1; control group, n=15). A continuous fluid infusion
(hydroxyethyl starch 6%), was given to maintain a PAOP level of at
least 12 mmHg during the study while norepinephrine was titrated
to maintain MAP between 70 and 80 mmHg. All patients were
mechanically ventilated in the controlled mode, with tidal volume
of 9 ml/kg, respiratory rate of 12–16 cycles/min, level of positive
end-expiratory pressure of 6.3€1.9 cmH2O, and plateau pressure of
20€2 cmH2O, and were sedated with sufentanil and midazolam. All
measurements, including cardiac troponin I, arterial lactate con-
centration, creatinine clearance, urinary output, and the amount of
fluid infused, were performed before (baseline) and at the end of
the 24-h drug infusion period (Fig. 1). Two of the control patients
died before completing the study and were excluded from the
analysis; thus 28 patients completed the study (Table 1). Baseline
hemodynamic values were similar in the two groups, except for
PAOP which was significantly lower in the dobutamine group.

Cardiovascular monitoring included pulmonary (Arrow Inter-
national, Reading, Pa., USA) and radial artery catheters. Right
atrial, mean pulmonary arterial pressure, PAOP and MAP were
measured at end-expiration, and cardiac index was obtained by
thermodilution (Solar M8000, Marquette Hellige, Milwaukee, Wis.,
USA). Heart rate was analyzed from continuous electrocardio-
graphic recordings. Stroke index, systemic vascular resistance in-
dex), pulmonary vascular resistance index, left ventricular stroke
work index, oxygen delivery index, and oxygen consumption index
were calculated.
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Three-dimensional transesophageal echocardiography was per-
formed with a 5/7 MHz multiplane probe using an ultrasound
machine (Philips Sonos 5500, Eindhoven, The Netherlands)
equipped with a software that enabled rotational two-dimensional
images to be acquired for dynamic three-dimensional reconstruc-
tion. Data were analyzed off-line by the three-dimensional system
(Tomtec System, Munich, Germany) to calculate end-diastolic
(EDVI) and end-systolic (ESVI) volume index. Gastric mucosal
perfusion (GMP) was evaluated by a laser-Doppler flowmeter [15]
using a gastric probe (Periflux 5000, P 424, Perimed, Stockholm,
Sweden). As GMP is measured in arbitrary perfusion units, results

are expressed as a proportional change from baseline. We calcu-
lated the gradient between gastric mucosal and arterial PCO2 (Pg-

aCO2) using an air-tonometer (Tonocap, Datex-Ohmeda, Helsinki,
Finland) inserted via a nasogastric route. Enteral feeding and his-
tamine-2 receptor antagonists were discontinued 8 h before and
during the period of study.

Statistical analysis

Data are expressed as mean €SD. Baseline was defined as the end
of the first 48-h period. Demographic data were compared between
groups using Student’s t test or Mann-Whitney U test. Categorical
variables were analyzed by c2 test when necessary. Between-group
differences between baseline and posttreatment values were eval-
uated by Student’s t test for unpaired data once normality was
demonstrated (Shapiro-Wilks test); otherwise the Mann-Whitney U
test was used. Within-group comparisons before and after treatment
were tested by Student’s t test for paired data once normality was
demonstrated (Shapiro-Wilks test); otherwise the Wilcoxon test
was used. Differences at a p value less than 0.05 were considered
statistically significant (SPSS, version 9, Chicago, Ill., USA).

Results

Levosimendan significantly decreased mean pulmonary
arterial pressure, right atrial pressure, PAOP and in-
creased stroke index, cardiac index, oxygen delivery in-
dex, oxygen consumption index, and left ventricular
stroke work index (overall p �0.01) whereas no signifi-
cant differences were found with dobutamine treatment
except that PAOP was increased (p=0.02). Comparison
between the two groups after 24 h of treatment showed a
difference in PAOP, mean pulmonary arterial pressure,
and left ventricular stroke work index (p<0.01; Table 2).
Levosimendan decreased EDVI and ESVI and increased
LVEF (p<0.01) while these parameters did not change
significantly in the dobutamine group (Table 3); at
baseline these parameters were similar in the two groups.
Compared to both the dobutamine group and to baseline
values GMP was increased and DPg-aCO2 decreased at the
end of levosimendan infusion (p<0.01) whereas no

Fig. 1 Protocol design

Table 1 Baseline characteristics. No statistically significant dif-
ferences were observed in any of these variables between groups
(APACHE II Acute Physiology and Chronic Health Evaluation II)

Dobutamine Levosimendan

Age (years) 62.4€7.3 61.5€7.0
Sex: M/F 10/3 11/4
APACHE II 23.7€2.1 24.4€1.6
Gram-positive cultures (%) 59.3 62.5
Gram-negative cultures (%) 40.7 37.5
ICU mortality (%) 44.1 38.1
Hospital mortality (%) 54.3 47.2
30-day mortality (%) 51.7 47.8

Table 2 Systemic hemody-
namics (HR heart rate, MAP
mean arterial pressure, MPAP
mean pulmonary arterial pres-
sure, RAP right atrial pressure,
PAOP pulmonary artery occlu-
sion pressure, SV stroke vol-
ume, SI stroke index, CI cardiac
index, SVRI systemic vascular
resistance index, PVRI pulmo-
nary vascular resistance index,
DO2I oxygen deliveryindex,
VO2I oxygen consumption in-
dex, LVSWI left ventricular
stroke work index)

Levosimendan Dobutamine

Baseline 24 h Baseline 24 h

HR (bpm) 114€8.3 115€10.5 115€7.3 116€5.8
MAP (mmHg) 76.2€2.8 75.0€3.3 74.7€2.4 73.9€1.7
MPAP (mmHg) 26.2€2.4 23.1€2.4*,*** 26.7€1.0 26.6€1.1
RAP (mmHg) 13.5€1.4 12.3€1.5* 12.8€0.7 13.0€0.7
PAOP (mmHg) 16.8€1.2** 12.0€0.6*,*** 13.9€0.6 14.4€0.7*
SI (ml m�2) 36.6€2.9 39.1€4.1* 37.1€3.7 36.4€2.7
CI (l min�1 m�2) 4.1€0.2 4.5€0.2* 4.2€0.3 4.2€0.2
SVRI (dyne s�1 cm�5 m�2) 1238€100 1181€114 1160€99 1143€71
PVRI (dyne s�1 cm�5 m�2) 226€56 202€45 233€55 231€47
DO2I (ml min�1 m�2) 715€58 746€59* 721€59 718€44
VO2I (ml min�1 m�2) 223€36 239€32* 225€23 227€24
LVSWI (g m�1 m�2) 29.6€2.8 33.9€3.7*,*** 28.5€1.4 27.9€1.0

*p<0.05 baseline vs. 24 h, **p<0.05 levosimendan vs. dobutamine at baseline, ***p<0.05 levosi-
mendan vs. dobutamine after 24 h
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changes were found in the dobutamine group. Compared
to dobutamine and to baseline, levosimendan increased
both urinary output and creatinine clearance (p�0.01) and
decreased arterial lactate concentrations (p<0.01). Com-
pared to baseline, the amount of fluid infused was higher
in the levosimendan group than in the dobutamine group
(p<0.01). The groups did not differ in norepinephrine
infusion rate (Table 4). During the 24-h comparative pe-
riod no patient exhibited an acute episode of coronary
disease as demonstrated by the absence of significant
elevation in cardiac troponin I (Table 4) and of electro-
cardiographic and/or echocardiographic aspects of myo-
cardial ischemia. Most patients had minor supraventric-
ular tachyarrhythmias, which did not change after treat-
ment. One episode of atrial fibrillation occurred in each
group.

Discussion

This study shows that levosimendan improves systemic
hemodynamic and regional perfusion in patients with
septic cardiac dysfunction under conditions where
5 �g kg�1 min�1 of dobutamine is no longer efficacious.
Our results suggest that levosimendan offers an alterna-
tive to the strategy of increasing the dose of dobutamine
under such conditions. Decreased contractility is a major
abnormality of septic myocardial depression, although a
decrease in myocardial compliance may also play a role
[2, 16]. Dobutamine, a b-agonist agent, is considered the
drug of choice in this setting [11]. However, there is
considerable evidence for decreased responsiveness of the
myocardium to b-adrenergic stimulation during septic

shock [4, 17, 18, 19]. This may account for the attenuated
hemodynamic effects of 5 �g kg�1 min�1 dobutamine
infusion in severe septic shock [4, 15, 20] in comparison
with less severe sepsis [21] and nonseptic heart failure
[22]. Our findings are in accordance with those reported
in severe septic shock patients [4, 15, 20] since neither
heart rate, stroke index, nor LVEF increased with dobu-
tamine.

On the other hand, calcium desensitization could play
an important role in the pathophysiology of septic myo-
cardial depression [5, 6, 7, 8, 17, 23]. Levosimendan
sensitises troponin C to calcium in a calcium concentra-
tion-dependent manner. The effects of calcium on cardiac
myofilaments during systole are thus enhanced, improv-
ing contraction at low energy cost [24]. By showing
beneficial cardiac effects of levosimendan our findings
are in accordance with those reported in experimental
sepsis studies [12, 25]. The increase in LVEF with lev-
osimendan may be due either to an increase in contrac-
tility or to a decrease in afterload. Arterial pressure, a
major component of left ventricular afterload, did not
change with levosimendan. Although we cannot strictly
rule out some degree of decrease in left ventricular af-
terload with this drug, it is likely that improved contrac-
tility played a role in the levosimendan-induced increase
in LVEF, stroke index, and left ventricular stroke work
index. In this regard, previous clinical studies have shown
that levosimendan probably improves cardiac function
through an inotropic effect [26, 27]. Levosimendan is
even reported to be more a potent inotropic agent than
dobutamine in isolated human cardiac fibers [13]. Vol-
ume resuscitation is most often necessary in septic shock,
and in our protocol volume infusion was considered until

Table 3 Echocardiographic
measurements (EDVI end dia-
stolic volume index, ESVI end
systolic volume index, LVEF
left ventricular ejection frac-
tion)

Levosimendan Dobutamine

Baseline 24 h Baseline 24 h

EDVI (ml m�1) 75.8€23.8 66.2€24.6*,** 84.2€25.1 82.9€26.4
ESVI (ml m�1) 46.7€21.9 36.9€19.4*,** 52.4€25.8 50.5€25.3
LVEF (%) 37.1€3.0 45.4€8.4* 37.3€2.6 40.8€11.3

*p<0.05 baseline vs. 24 h, **p<0.05 levosimendan vs. dobutamine after 24 h

Table 4 Gastric mucosal per-
fusion and biological variables;
fluid perfused included all flu-
ids administered during the
24-h study period (GMP gastric
mucosal perfusion expressed as
percentage, DPg-aCO2 gastric
PCO2�arterial PCO2)

Levosimendan Dobutamine

Baseline 24 h Baseline 24 h

Troponin cTnI (ng/ml) 0.14€0.07 0.13€0.06*** 0.14€0.08 0.15€0.06
GMP (%) – +55.3€20.1*** – 2.5€4.7
DPg-aCO2 (mmHg) 15.3€1.1** 11.9€1.3*,*** 14.2€1.2 14.4€1.2
Arterial lactate (mmol l�1) 4.9€1.2 3.7€0.7*,*** 5.2€1.1 5.2€1.0
Creatinine clearence (ml min�1) 43.9€12.8 72.1€16.2*,*** 51.2€17.0 51.3€13.3
Urinary output (ml 24 h�1) – 2028€461*** – 1521€302
Fluid perfused (ml 24 h�1) – 5907€330*** – 4311€136
Norepinephrine rate
(�g kg�1 min�1)

0.22€0.07 0.22€0.06 0.23€0.05 0.23€0.06

*p<0.05 baseline vs. 24 h, **p<0.05 levosimendan vs. dobutamine at baseline, ***p<0.05 levosi-
mendan vs. dobutamine after 24 h
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achieving a PAOP of at least 12 mmHg. Despite ran-
domization the baseline value of PAOP was significantly
higher in the levosimendan group than in the dobutamine
group. In contrary to dobutamine, levosimendan was de-
creased PAOP despite a higher baseline PAOP and a
higher amount of fluid infused at the end of the 24-h
infusion than with dobutamine. We cannot rule out that
the increased amount of fluid infused contributed to the
beneficial effects levosimendan, especially if patients
suffered from some degree of preexisting hypovolemia.
This hypothesis is unlikely since EDVI was higher than
normal before levosimendan infusion and decreased after
levosimendan infusion. Finally, we did not observe any
significant decrease in the systemic vascular resistance
index or pulmonary vascular resistance index, as previ-
ously reported [28]. The global vasodilatory effect of
levosimendan is generally attributed to its opening effects
on ATP-sensitive potassium channels in vascular smooth
muscle [29]. The absence of any marked effect in our
patients could be explained by the study design which
allowed maintaining MAP by adjusting the norepineph-
rine dose. Although the pulmonary vascular resistance
index did not decrease, the large decrease in PAOP was
responsible for the decrease in mean pulmonary arterial
pressure and thus probably for the decrease in right ven-
tricular afterload that is often elevated in septic shock
[30]. In the setting of right ventricular depression [2, 31]
unloading the right ventricle may contribute to further
increase right ventricular output. Otherwise, despite si-
multaneous administration of norepinephrine there was a
trend for the calculated global vascular resistance to de-
crease, albeit not statistically significant (p=0.06). This
leaves open the possibility of vasodilatation in some local
or regional areas.

In this regard, levosimendan increased GMP flowme-
try by increasing systemic blood flow and/or by a direct,
local vasodilatory effect. Although our study was not
designed to elucidate the precise mechanisms, the large
increase in GMP despite a slight increase in cardiac
output strengthens the hypothesis of a vasodilatory effect
of levosimendan at the level of the gastric microcircula-
tiona. This may be a highly pertinent effect since gut
mucosal hypoxia may play a key role in the pathogenesis
of multiple organ dysfunction [32]. The addition of do-
butamine (5 �g kg�1 min�1) to norepinephrine has previ-
ously been shown to increase GMP after a 1-h infusion
[15] presumably via blood flow redistribution within the
intestinal wall toward the mucosa [33] by b2-adrenergic
receptor stimulation [34]. In the present study dobutamine
did not increase GMP. This may be related to timing, for
in our protocol as well as in another study [35] dobuta-
mine was evaluated after 72 h infusion. It is unlikely that
norepinephrine accounted for any gastric perfusion dif-
ferences between groups, as norepinephrine infusion rates
were similar in the two groups.

Beneficial effects of levosimendan were also found at
the renal level. The increase (64%) in creatinine clearance
with levosimendan could be related to a direct effect of
the drug on renal perfusion since MAP was unchanged,
and cardiac index increased in a smaller extent. In non-
septic animals levosimendan has been shown to increase
blood flow to the renal medulla and to decrease renal
medullary and cortical vascular resistance at doses that
increase cardiac output and decrease total systemic vas-
cular resistance [36]. By contrast, in endotoxemic animals
levosimendan did not prevent the decrease in renal blood
flow while protected against the decrease in cardiac out-
put [36]. In contrast to our study, renal perfusion pressure
was not maintained constant since MAP decreased
markedly in animals receiving levosimendan [25]. In our
study the efficacy of levosimendan on renal function was
confirmed the increase in urine output.

We found that dobutamine did not exert any effect on
creatinine clearance, confirming previous other findings
[20] and suggesting that dobutamine does not exert any
vasodilatory effect on the renal vasculature. Whether the
increase in systemic blood, renal and gastric mucosal
flows with levosimendan is associated with improved
cellular oxygenation is difficult to determine. However,
the increase in oxygen consumption index and the de-
crease in arterial lactate associated with an increase in
oxygen delivery index do suggest a global improvement
in tissue oxygenation with the drug.

Our study has some limitations. We measured LVEF,
but we did not assess cardiac contractility, a cardiac
property that is difficult to approach at the bedside since
almost the available indices are more or less dependent on
the cardiac loading conditions (preload and/or afterload).
Although we cannot verify that levosimendan improved
cardiac contractility per se, we can at least conclude that
this drug improved the overall left ventricular perfor-
mance in our patients. We cannot strictly exclude po-
tential hypovolemia having affected our results since we
adjusted the volume infusion rate according to PAOP, a
rough static marker of preload and of volume status.
However, we chose a target PAOP value of 12 mmHg, a
value generally considered to reflect a normal preload,
except in patients with reduced left ventricular compli-
ance in whom a PAOP of 12 mmHg could be associated
with low EDVI. In our study we also measured EDVI and
we found high values EDVI rather than low values.
Therefore although some degree of hypovolemia cannot
be excluded, profound hypovolemia was unlikely to be
present in our patients at the time of the study.

Laser-Doppler flowmetry does not allow detailed
characterization of microvascular blood flow [15]. How-
ever, the reduction in Pg-aCO2 with levosimendan sug-
gests that this drug really improved gastric mucosal per-
fusion

The design of our study could be questioned and might
have lowered its statistical power since we compared
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