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Levosimendan is superior to enoximone in refractory cardiogenic
shock complicating acute myocardial infarction*

Joerg T. Fuhrmann, MD; Alexander Schmeisser, MD; Matthias R. Schulze, MD; Carsten Wunderlich, MD;
Steffen P. Schoen, MD; Thomas Rauwolf, PhD; Christof Weinbrenner, MD; Ruth H. Strasser, MD

Objective: Cardiogenic shock is the leading cause of death in
patients hospitalized for acute myocardial infarction. The objec-
tives were to investigate the effects of levosimendan, a novel
inodilator, compared with the phosphodiesterase-Ill inhibitor
enoximone in refractory cardiogenic shock complicating acute
myocardial infarction, on top of current therapy.

Design: Prospective, randomized, controlled single-center clin-
ical trial.

Setting: Medical and coronary intensive care unit in a univer-
sity hospital.

Patients: Thirty-two patients with refractory cardiogenic shock
for at least 2 hrs requiring additional therapy.

Interventions: Infusion of either levosimendan (12 p.g/kg over
10 min, followed by 0.1 pg/kg/min over 50 min, and of 0.2
1g/kg/min for the next 23 hrs) or enoximone (fractional loading
dose of 0.5 mg/kg, followed by 2-10 j.g/kg/min continuously) after
initiation of current therapy, always including revascularization, in-
tra-aortic balloon pump counterpulsation, and inotropes.

Measurements and main results: Survival rate at 30 days was
significantly higher in the levosimendan-treated group (69%, 11 of
16) compared with the enoximone group (37%, 6 of 16, p =
0.023). Invasive hemodynamic parameters during the first 48 hrs
were comparable in both groups. Levosimendan induced a trend
toward higher cardiac index, cardiac power index, left ventricular
stroke work index, and mixed venous oxygen saturation. In ad-
dition, lower cumulative values for catecholamines at 72 hrs and
for clinical signs of inflammation were seen in the levosimendan-
treated patients. Multiple organ failure leading to death occurred
exclusively in the enoximone group (4 of 16 patients).

Conclusions: In severe and refractory cardiogenic shock com-
plicating acute myocardial infarction, levosimendan, added to
current therapy, may contribute to improved survival compared
with enoximone. (Crit Care Med 2008; 36:2257-2266)

Key Worbs: cardiogenic shock; acute myocardial infarction;
levosimendan; calcium sensitizer; enoximone; phosphodiesterase
inhibitor

ardiogenic shock (CS) is the
leading cause of death in pa-
tients hospitalized for acute
myocardial infarction (AMI)
with mortality rates of up to 60% (1).
Despite recent therapeutic advances, pre-
dominantly associated with early reperfu-
sion strategies, CS continues to be asso-
ciated with a dismal prognosis (2, 3). The
syndrome of CS has been defined as the
inability of the heart, as a result of im-
pairment of its pumping function, to de-
liver sufficient blood flow to the tissues to
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meet resting metabolic demands (4). The
diagnosis is indicated by the combination
of low mean arterial blood pressure, low
cardiac index (CI), elevated pulmonary
capillary occlusion pressure (PCOP), and
an increase in systemic vascular resis-
tance index (5). New evidence suggests
that a systemic inflammatory response be-
cause of the release of inflammatory cyto-
kines, the expression of inducible nitric ox-
ide synthase, and inappropriate vaso-
dilation may play an important role (6, 7).
Intra-aortic balloon pump counterpul-
sation and adjunctive medical therapy,
using inotropic amines, are recom-
mended in CS complicating AMI (5,
8-10). In the case of insufficient re-
sponse, reflecting a refractory situation,
phosphodiesterase-III inhibitors (PDEIs)
may be advantageous (11). A different
inotropic mode of action and additional
vasodilating effects are mediated by
PDEIs (12). Moreover, PDEIs have been
shown to improve myocardial relaxation
and coronary perfusion (12).
Levosimendan, a novel calcium-sensi-
tizer and inodilator, affords positive ino-

tropic effects at therapeutic doses with-
out an increase in cyclic adenosine
monophosphate (cAMP) or intracellular
calcium and, consequently, no increase
in myocardial oxygen demand (13, 14).
An improvement in myocardial perfusion
as a result of vasodilatation, mediated by
the opening of adenosine triphosphate-
dependent potassium channels is avail-
able (15, 16). Moreover, persistent bene-
ficial hemodynamic effects are due to the
presence of a pharmacologically active
metabolite with a prolonged elimination
half-life (17). Levosimendan has been
shown to improve hemodynamic func-
tion in patients with decompensated
heart failure (18), even in addition to
other inotropes (19), and seems to be safe
in AMI (20). The purpose of the present
study was to directly compare levosimen-
dan with PDEIs on top of established
therapy in patients with refractory CS
complicating AMI.

METHODS

Patients. From April 2003 to July 2005 all
patients admitted with AMI accompanied by
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hypotension and peripheral hypoperfusion
were screened. AMI was defined by the pres-
ence of typical chest pain lasting 30 mins and
an increase in troponin-T value or creatine
kinase and CK-MB levels. An ST-segment ele-
vation myocardial infarction needs typical cri-
teria on 12-lead echocardiography (ST eleva-
tion >2 mm, Q-wave infarction, or a new left
bundle-branch block). ST-segment elevation
myocardial infarction and also non ST-
segment elevation myocardial infarction were
considered to be included. In all patients re-
ferred for percutaneous coronary intervention,
an intra-aortic ballon pump (IABP) (Model 0684-
00-0431-01, CS100, Datascope, Fairfield, NY or
Model 05-840-LWS, AutoCat2Wave, Arrow In-
ternational, Everett, MA) was inserted before-
hand. Successful revascularization was deter-
mined as residual stenosis of <30% present in
the artery responsible for infarction. To eval-
uate the left ventricular ejection fraction
(LVEF) and any mechanical complications, a
standard 2D-echocardiography (Sonos 5500
ultrasound system, Agilent Technologies, An-
dover, MA) was performed. The LVEF was cal-
culated by Simpson’s biplane method, as pre-
viously described (21).

The study protocol for this randomized,
prospective, single-center open-label trial
comparing levosimendan with enoximone on
top of current therapy followed the principles
of the Declaration of Helsinki of the World
Medical Assembly and was approved by the
Institutional Ethics Committee. Informed
consent was obtained from each patient
(whenever possible) or from the next of kin.
Because of a planned interim analysis per-
formed after recruiting 32 patients, we de-
cided in consultation with the ethics commit-
tee to discontinue recruitment and terminate
the study. This decision was made for ethical
reasons, based on a clear trend toward reduced
mortality for levosimendan.

Inclusion Criteria. Patients with refractory
CS despite recommended current therapy (im-
mediate revascularization, IABP support, opti-
mal fluid status, and inotropes) within 2 hrs
after percutaneous coronary intervention were
included. Refractory CS was defined as (1)
deteriorating hypotension as manifested by
unaugmented systolic blood pressure below 90
mm Hg or requirement of inotropic amines
and vasopressors to maintain unaugmented
systolic blood pressure of at least 90 mm Hg,
(2) a CI below 2.5 L/min/m?, (3) a PCOP above
18 mm Hg, and (4) clinical signs of peripheral
hypoperfusion (cold skin, mental confusion,
or oliguria) (4, 22). Unaugmented blood pres-
sure was measured after the IABP was turned
off for 60 secs.

Exclusion Criteria. The exclusion criterion
was hypotension related to any mechanical
complications of AMI, such as ventricular sep-
tal rupture, cardiac tamponade, or acute se-
vere ischemic mitral regurgitation. Addition-
ally, patients with severe stenotic valvular
disease, sustained ventricular tachycardia, ma-
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jor bleeding, severe hepatic failure, severe sys-
temic illness, or sepsis syndrome at the time of
admission were excluded. All patients who had
duration of CS longer than 24 hrs before ar-
rival were excluded.

Treatment. All patients were treated in a
cardiologic intensive care unit. Inotropes and
vasopressors were titrated according to goal-
directed therapy (for mean arterial blood pres-
sure of at least 60 mm Hg and CI of at least 2.5
L/min/m?). Dosages at the time of randomiza-
tion are given in Table 4. Intermittent intra-
venous fluid challenges were provided, if
requested, to achieve appropriate filling pres-
sures (PCOP). Patients meeting the inclusion
criteria were randomly allocated to receive
either levosimendan (Abbott Laboratories, Ab-
bott Park, IL) or enoximone (Myogen GmbH,
Bonn, Germany) using permuted block alloca-
tion with a block size of four (Fig. 1). Se-
quence generation for randomization was
achieved using a sequence of random numbers
from a computerized random-number gener-
ator. These blocks having equal numbers are
used for the treatment groups, with the order
of treatments within the block being randomly
permuted. A random-number sequence was
used to choose a particular block, which sets
the allocation order for the subjects. Each
possible permuted block is assigned a number.
Using each number in the random number
sequence in turn selects the next block, deter-
mining the next participant allocations. Sim-
ilarly, the treatment group is allocated to the
next patients in the order specified by the next
randomly selected block. The treatment was
assigned based on a 1:1 ratio. Enrollment was
performed by the attending intensive care
physician.

Levosimendan was administered with a
front loading dose of 12 wg/kg over 10 min,
followed by 0.1 pg/kg/min for 50 min, and of
0.2 wg/kg/min infused over the next 23 hrs.
The doses administered were based on the
results of previously published studies (11, 20,
23, 24). Enoximone was given with a fractional
bolus administration of 0.5 wg/kg over 30 min
and 2-10 pg/kg/min continuously, titrated to
the best hemodynamic response. Cat-
echolamines were selected according to our
department guidelines, adapted to the current
international guidelines for the management
of AMI (9, 10, 25). This was in accordance with
the European Society of Cardiology guidelines
on the diagnosis and treatment of acute heart
failure first published in 2005 (8). Single or-
gan failure was defined as a Sequential Organ
Failure Assessment (SOFA) score of =3 for
any organ system, and multiple organ failure
(MOF) was defined as the simultaneous failure
of two or more organs, other than cardiovas-
cular failure.

Endpoints. The prespecified primary end-
point was all-cause mortality at 30 days. Sec-
ondary endpoints were changes in invasively
measured hemodynamic variables during the
first 48 hrs. Hemodynamic measurements

were routinely performed before administra-
tion of the study drug and at 2, 12, 24, and 48
hrs after starting the infusion. Arterial blood
pressure measurements were performed con-
tinuously using an indwelling arterial cannula
(Model Leader-Cath., VYGON, Norristown, PA)
inserted into the radial artery. A pulmonary
artery catheter (Model 774HF75, Edwards
Lifesciences, Irvine, CA) was used to measure
mean pulmonary artery pressure (MPAP),
PCOP, and mixed venous oxygden saturation
(Svo,). Pressure values were read from the
bedside patient monitoring system (Model So-
lar 8000, Marquette-Hellige Medical Systems,
Milwaukee, WI) at end-expiration. Cardiac
output measurements were performed using a
continuous cardiac output monitoring set
(Model VGS2V Vigilance, Edwards Life-
sciences, Irvine, CA). Heart rate, heart-rhythm
and oxygen saturation were also continuously
recorded. We applied standard formulas for
calculation of the CI, left ventricular stroke
work index, systemic vascular resistance in-
dex, and pulmonary vascular resistance index.
Cardiac power index (CPI) was determined by
the following equation (26):

CPI = mean arterial pressure X CO
- 451

X body surface area!

Statistical Analysis. The data are presented
as medians and interquartile ranges (in square
brackets) for continuous non-normally dis-
tributed data. Analysis of normality was per-
formed with the graphic method of normal
probability-quantile plot in combination with
the Kolmogorov-Smirnov test. For the com-
parisons between non-normally distributed
data, the Mann-Whitney U test was used. Se-
lected data were presented with notched box-
plots. All tests were two-sided and p values
<0.05 were considered statistically signifi-
cant. Multiple median test comparisons at dif-
ferent time-points were performed for each
parameter separately and subjected to Bonfer-
roni adjustment for correction of the type I
error. In our analysis, five different time
points were chosen. Cumulative survival was
calculated by the Kaplan-Meier method and
differences among groups were assessed by
means of the log-rank test. Applying the Po-
cock stopping rule, for a study with a planned
interim analysis, would assume a p value
<0.029 as a stopping rule on the analysis of
mortality for a treatment difference. On the
basis of a two-sided test using a significance
level of 0.029, a power of 80%, and a consid-
ered difference in mortality of 30%, it was
anticipated that a minimum of 44 patients
would need to be recruited in each group.
Mortality rates in the levosimendan and enoxi-
mone groups were considered to be 50% vs.
80%. The statistical analysis was performed
using Matlab software (The MathWorks,
Natick, MA).
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Patients with acute myocardial infarction and cardiogenic shock

assessed for eligibility (n = 146)

U

Established standard therapy

including immediate revascularization, intra-aortic balloon pump support, optimal fluid status and inotropes

4

Invasive hemodynamic monitoring

using an arterial catheter and a pulmonary artery catheter

4

Excluded patients (n = 114)
Not assigned to immediate revascularization (n = 12)
Did not receive intra-aortic balloon pump counterpulsation (n = 29)
Onset of shock more than 24 hours prior to randomization (n = 18)

Did not meet inclusion criteria of refractory cardiogenic shock for at least 2 hours after PCI (n = 55)

L

Persistent refractory cardiogenic shock
Signs of end-organ hypoperfusion, unaugmented systolic blood pressure < 90 mmHg,

cardiac index < 2.5 L/min/m? and pulmonary capillary wedge pressure > 18 mmHg

4

Randomized patients (n = 32)

U U

Levosimendan (n = 16) Enoximone (n = 16)
Front loading of 12 pg/kg over 10 min Fractional bolus of 0.5 mg/kg over 30 min
followed by 0.1 pg/kg/min for 50 min followed by 2 to 10 pg/kg/min continuously

and 0.2 pg/kg/min infused for 23 hours

Al fully complied with treatment All fully complied with treatment
None lost to follow-up, None lost to follow-up,
none discontinued none discontinued
Analyzed by intention-to-treat (n = 16) Analyzed by intention-to-treat (n = 16)

Figure 1. Overview of patient enrollment and trial profile.
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Table 1. Baseline characteristics

Levosimendan Enoximone
(n = 16) (n = 16) P
Age (yrs) 68 [60-70] 68 [62-73] 0.88
Male gender, n (%) 11 (69) 9 (56) 0.40
Body mass index (kg/m?) 27[26-29] 28 [24-32] 0.93
Onset time of shock (hr) 6.0 [4.0-8.0] 7.0 [3.0-12.0] 0.71
Left ventricular ejection fraction (%) 22 [18-31] 27[20-34] 0.16
Non-STEMI 2 (12) 3(19) 0.63
Comorbidities”
Diabetes mellitus, n (%) 7 (44) 5(31) 0.36
Hypertension, n (%) 14 (87) 13 (81) 0.63
Hyperlipidemia, n (%) 12 (75) 11 (69) 0.70
Current smoking, n (%) 8 (50) 8 (50) 1
History of myocardial infarction, n (%) 3(19) 5(31) 0.68
History of previous cerebrovascular 1 (6) 1 (6) 1
accident, n (%)
History of peripheral vascular disease, n (%) 3(19) 1(6) 0.60
History of vascular intervention, n (%) 5(31) 2 (12) 0.39
Values are median. Square parentheses denote interquartile range.
“Patients may have more than one comorbidity.
Non-STEMI, non-ST segment elevation acute myocardial infarction.
Table 2. Treatment strategies and organ failure
Levosimendan Enoximone
(n = 16) (n = 16) p
Organ dysfunction and treatment before
randomization
CPR, n (%) 10 (62) 10 (62) 1

Out of hospital, n (%) 6 (37) 5(31) 0.71
Lowest systolic blood pressure (mm Hg) 83 [72-91] 76 [69-88] 0.11
Highest lactate (mmol/L) 5.5[3.1-7.0] 5.3[2.5-8.4] 0.66
No. patients needing mechanical 9 (56) 9 (56) 1

ventilation, n (%)
No. patients with new onset renal failure, 1(6) 1(6) 1

n (%)
Administration of dobutamine, n (%) 16 (100) 16 (100) 1
Administration of norepinephrine, n (%) 14 (87) 14 (87) 1

Coronary catheterization findings and results

of PCI
Left coronary main as culprit lesion, n (%) 3(19) 2 (12) 0.63
Coronary intervention, n (%) 16 (100) 16 (100) 1

Stent placed, n (%) 15 (94) 15 (94) 1

TIMI-III flow, n (%) 14 (87) 14 (87) 1

GP IIb/IIla, n (%) 8 (50) 9 (56) 0.72

Median time to revascularization (hrs) 8 [5-28] 10 [7-34] 0.78

Multivessel intervention, n (%) 5(31) 4 (25) 0.69

Development of organ failure and duration of
treatment
No. patients needing mechanical 13 (81) 15 (94) 0.29
ventilation, n (%)

Mechanical ventilation (hrs) 115 [31-220] 172 [91-256] 0.22
Baseline GFR (mL/min/1.73 m?) 60 [52-73] 63 [55-74] 0.39
No. patients with acute renal failure, n (%) 5(31) 8 (50) 0.28
No. patients needing CRRT, n (%) 5(31) 8 (50) 0.28

CRRT (hrs) 101 [90-254] 133 [61-512] 0.68
New onset atrial fibrillation, n (%) 7 (44) 9 (56) 0.59
Ventricular tachycardia or fibrillation, 8 (50) 11 (69) 0.28

n (%)
Duration of IABP counterpulsation (hrs) 71[61-113] 86 [41-126] 0.78
Stay on intensive care unit (days) 10 [5-23] 13[7-19] 0.79

Values are median. Square parentheses denote interquartile range.

CPR, cardiopulmonary resuscitation; TIMI, thrombolysis in myocardial infarction; GP IIb/IIIa,
platelet glycoprotein IIb/Illa receptor antagonist; GFR, glomerular filtration rate; CRRT, continuous
renal replacement therapy; IABP, intra-aortic balloon pump; PCI, percutaneous coronary intervention.
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RESULTS

A total of 32 patients with refractory
CS were randomized to enoximone or
levosimendan as add-on to current ther-
apy. The baseline characteristics are
given in Table 1. Initial hemodynamic
support, coronary catheterization, and
percutaneous coronary intervention re-
sults are described in Table 2. No signif-
icant differences between the groups
were observed for these parameters. Suc-
cessful revascularization was obtained in
all cases. A thrombolysis in myocardial
infarction-III flow after percutaneous
coronary intervention was established in
87% (14 of 16 patients) of both groups.
All patients were treated with dobut-
amine and 14 of 16 patients in each treat-
ment group received norepinephrine at
the point of randomization. The enoxi-
mone infusion started at 3.5 [3.0-4.0]
png/kg/min and was given with a median
duration of use of 5.1 [3.8—6.6] days.

Primary Endpoint. The 30-day overall
survival rate was significantly higher in
the levosimendan-treated group: 11 of 16
(68.7%) patients vs. 6 of 16 (37.5%) in
the enoximone group (p = 0.023 log-
rank test). The Kaplan-Meier survival
curve is presented in Figure 2.

Hemodynamic Changes. Invasive he-
modynamic and circulatory parameters
are given in Table 3. A significant group
difference in Svo, at 12 hrs was demon-
strated, with higher values for the levosi-
mendan group (Table 3). Despite the
initial bolus administration in the levosi-
mendan-treated group, a profound de-
crease in blood pressure was not observed
(Fig. 3). Impressive increases were shown
for CI, CPI, and left ventricular stroke
work index, however, without relevant
differences between the two groups. On
the other hand, we observed a significant
and persistent decrease in systemic vas-
cular resistance index in all patients. No-
tably, the decrease in systemic vascular
resistance index persisted in the levosi-
mendan group despite discontinuation of
the infusion after 24 hrs (Fig. 3). Favor-
able hemodynamic effects seem to be
more pronounced in the levosimendan
group during the first 12 hrs, especially
for cardiac power index, CI (Fig. 3), left
ventricular stroke work index, and Svo,,.
However, the level of significance for a
group difference was reached for Svo,
only. Levosimendan-treated patients start
at a higher baseline heart rate, suggest-
ing a more unfavorable hemodynamic sit-
uation (Table 3).

Crit Care Med 2008 Vol. 36, No. 8



Statistically significant differences in
fluid administration during treatment
were not observed, neither were differ-
ences in diuresis. In the administration of

catecholamines a relevant trend toward
lower values in the levosimendan-treated
patients over the course of time was evi-
dent (Table 4). In addition, cumulative
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Figure 2. Kaplan-Meier analysis of the 30-day all-cause mortality rate in the levosimendan (solid line)
and enoximone-treated groups (broken line), p = 0.023 (log-rank test).

Table 3. Changes in hemodynamics

values for norepinephrine and dobut-
amine during the first 72 hrs showed a
trend toward lower doses in the levosi-
mendan-treated group (Fig. 4).

Organ Failure. The causes of death in
the all-cause mortality rates at 30 days
are given in Figure 5, which shows that
the major cause of death was progressive
and refractory heart failure as a result of
mechanical pump failure of the infarcted
myocardium. MOF occurred only in the
PDEI group. MOF was responsible for
death in 25% of patients (4 of 16) in the
PDEI group only. The time of onset and
duration of this MOF were quite different;
the median time to beginning was 4.2
[1.3-6.8] days. The main reason for the
development of multiple organ dysfunc-
tion syndrome and MOF was acute renal
failure followed by respiratory failure.
Hematologic, neurologic, and liver fail-
ure followed afterward. In line with these
findings a relevant, but not significant,
trend toward more renal failure and renal
replacement therapy was seen in the
PDEI group, despite equal baseline pa-

Baseline (n = 36)

2 hrs (n = 36) 12 hrs (n = 36)

24 hrs (n = 33) 48 hrs (n = 32)

Heart rate (beats per min)
Levosimendan

Enoximone

PCOP (mm Hg)
Levosimendan
Enoximone

MAP (mm Hg)
Levosimendan
Enoximone

CI (L/min/m?)
Levosimendan
Enoximone

CPI (W/m?)
Levosimendan
Enoximone

LVSWI (gm/m?/beat)
Levosimendan
Enoximone

SVRI (dyne sec/cm®/m?)
Levosimendan
Enoximone

PVRI (dyne sec/cm®/m?)
Levosimendan
Enoximone

MPAP (mm Hg)
Levosimendan
Enoximone

Svo, (%)
Levosimendan
Enoximone

109 [100-120]
101 [84-110]

22 [18-24]
20 [17-31]

72 [63-80]
67 [60-77]

2.3[2.1-2.5]
2.2 [1.7-2.4]

0.34 [0.31-0.43]
0.30 [0.24-0.40]

13 [11-18]
12 [10-19]

2139 [1866-2447]
1960 [1711-2345]

369 [242-520]
337 [204-455]

31 [29-34]
28 [27-40]

64 [57-71]
61 [50-66]

113 [104-128]
101 [82-114]

19 [15-24]
18 [14-22]

70 [64-80]
62 [56-74]

2.9[2.5-3.4]
2.712.5-3.0]

0.46 [0.37-0.53]
0.36 [0.32-0.47]

18 [12-20]
16 [13-20]

1464 [1170-1848]
1453 [1179-1611]

313 [233-371]
307 [206-343]

29 [27-35]
28 [23-33]

68 [62-74]
69 [64-74]

104 [95-121]
102 [88-118]

20 [14-25]
20 [17-23]

65 [64-71]
64 [58-69]

3.0 [2.5-3.5]
2.9[2.5-3.2]

0.43 [0.39-0.55]
0.38 [0.35-0.48]

18 [14-26]
17 [16-21]

1425 [1184-1769]
1352 [1207-1615]

218 [154-332]
317 [164-369]

27 [25-32]
30 [27-35]

75 [64-78]¢
63 [60-71]

104 [98-113]
94 [86-115]

19 [18-21]
18 [15-24]

73 [67-77]
68 [63-71]

3.2[2.7-3.2]
3.2[2.8-3.5]

0.50 [0.47-0.54]
0.47 [0.40-0.55]

22 [16-24]
19 [18-25]

1518 [1295-1708]
1285 [1200-1541]

219 [187-260]
201 [186-320]

28 [22-32]
30 [27-35]

70 [66-75]
69 [65-72]

103 [98-107]
101 [90-106]

17 [16-20]
21 [19-28]

75 [58-79]
70 [63-83]

3.1[2.5-3.5]
3.1[2.8-3.3]

0.46 [0.38-0.60]
0.49 [0.45-0.58]

20 [15-27]
18 [15-30]

1390 [1212-1574]
1348 [1219-1852]

255 [188-390]
214 [157-217]

29 [26-36]
31 [26-37]

68 [63-71]
63 [60-69]

Values are median. Square parentheses denote interquartile range.
PCOP, pulmonary capillary occlusion pressure; MAP, mean arterial blood pressure; CI, cardiac index; CPI, cardiac power index; LVSWI, left ventricular
stroke work index; SVRI, systemic vascular resistance index; PVRI, pulmonary vascular resistance index; MPAP, mean pulmonary artery pressure; Svo,,
mixed venous oxygen saturation.
“Significant difference between the two groups (p = 0.01).
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(B) Cardiac Index
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Table 4. Hemodynamic support, fluid administration, and diuresis

Time in hours
Figure 3. Hemodynamic changes during the first 48 hrs of treatment in both groups. 4, mean arterial blood pressure (mm Hg); B, cardiac index (L/min/m?);
C, systemic vascular resistance index (dyne sec/cm®m?); D, cardiac power index (W/m?2) in the levosimendan group (whife bars) and the enoximone (dark
bars) group. All values were nonsignificant for comparison between the two treatment arms.

Baseline (n = 36)

2 hrs (n = 36)

12 hrs (n = 36)

24 hrs (n = 33)

48 hrs (n = 32)

Dobutamine (pg/kg/min)
Levosimendan
Enoximone

Norepinephrine (pg/kg/min)
Levosimendan
Enoximone

Fluid administration (mL/hr)
Levosimendan
Enoximone

Diuresis (mL/hr)
Levosimendan
Enoximone

9.3 [8.0-12.3)
10.0 [8.8-14.0]

0.27 [0.13-0.40]
0.24 [0.14-0.34]

188 [144-250]
225 [144-294]

90 [50-125]
90 [49-185]

8.0 [5.8-11.3]¢
12.0 [7.5-14.3]

0.20 [0.09-0.36]
0.20 [0.09-0.49]

200 [169-250]
163 [125-281]

78 [45-100]
70 [31-136]

7.0 [4.0-11.3]¢
11.0 [7.5-13.6]

0.22 [0.02-0.44]
0.27[0.12-0.65]

202 [173-270]
186 [138-242]

60 [35-113]
57 [35-102]

5.5 [3.8-8.0]“
11.0 [5.8-13.6]

0.15 [0.00-0.45]
0.45 [0.08-0.79]

181 [167-238]
183 [148-237]

72 [34-110]
62 [35-102]

4.0 [2.3-11.0]¢
8.0 [4.3-11.8]

0.11 [0.05-0.42]
0.50 [0.19-0.73]

178 [133-195]
179 [158-221]

113 [76-131]
89 [57-116]

Patients who did not receive norepinephrine were included in the calculation of the median dose. Values are median. Square parentheses denote

interquartile range.

“Shows only a trend without significance between the two groups (p = 0.04).
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Figure 4. Cumulative values of dobutamine and norepinephrine during the first 72 hrs for the
levosimendan group (white bars) and the enoximone group (dark bars). A, dobutamine (mg); B,
norepinephrine (mg). All values were non-significant, fonly a trend without significance for compar-
ison between the two treatment arms (p = 0.03).
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Figure 5. Bar graphs showing causes of death after 30 days in levosimendan- and enoximone-treated
patients (refractory heart failure, stroke, rhythm disorder, and multiple organ failure).
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rameters of renal function. Additionally,
more patients required mechanical ven-
tilation during therapy and also a longer
duration of ventilation was observed in
the enoximone-treated group. There were
no significant differences in the onset of
rate and rhythm disorders (Table 2).

Clinical signs of systemic inflamma-
tion, such as fever and elevated white
blood cell count, were detected with a
significant group difference at 24, 48, and
72 hrs, with higher values for the enoxi-
mone group. No differences in the values
of C-reactive protein were found (Table
3). The number of patients who devel-
oped systemic inflammatory response dif-
fers in both groups. Early inflammatory
response (during the first 48 hrs) oc-
curred in eight levosimendan-treated pa-
tients and in 13 enoximone-treated pa-
tients. Signs of inflammation Iled
routinely to a diagnosis of suspected sep-
sis. The confirmation of sepsis was ob-
tained from blood culture results only;
where no organisms were isolated, sys-
temic inflammatory response was as-
sumed. All patients were culture-negative
at the time of evaluation.

Furthermore, in both groups infec-
tions developed over the course of time,
but at a late point in the treatment, i.e.,
after 7 days in all cases. Pneumonia was
the main reason for infection, diagnosed
in seven levosimendan-treated patients
and also in seven patients of the enoxi-
mone group. Additionally, two urinary in-
fections were seen in the enoximone-
treated patients. Sepsis occurred in three
patients in the levosimendan group and
in two patients treated with enoximone.
The development of sepsis was not re-
sponsible for the MOF-related deaths in
all these patients. Three of the four pa-
tients dying of MOF died during the first
4 days of treatment. No signs of infection
were detected in the remaining patient.

A relevant trend toward lower values
for the Simplified Acute Physiology Score
IT and for the SOFA score in the course of
time was similar for levosimendan-
treated patients, but statistically signifi-
cant differences between the two treat-
ment arms were not observed (Table 5).

DISCUSSION

The salient finding of the present
study is a significant reduction in all-
cause mortality rate at 30 days for pa-
tients with refractory CS complicating
AMI by treatment with levosimendan on
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Table 5. Laboratory markers of inflammation, Sequential Organ Failure Assessment (SOFA) score, and Simplified Acute Physiology Score (SAPS) II

Baseline (n = 36) 24 hrs (n = 33) 48 hrs (n = 32) 72 hrs (n = 30) 168 hrs (n = 27)

Fever (°C)

Levosimendan 36.8 [36.2-37.4] 37.1 [36.0-37.9] 37.5[36.9-38.3] 37.4[36.9-38.1] 37.8 [37.3-38.3]

Enoximone 37.1 [36.2-37.5] 38.4 [37.5-39.0]¢ 38.3 [38.1-38.6] 37.2 [36.7-38.1] 38.4 [37.0-38.6]
WBC count (Gpt/L)

Levosimendan 13.5[10.5-19.3] 12.1 [8.4-14.5] 9.5 [8.1-14.5] 10.5 [8.0-11.9] 10.2 [8.8-11.7]

Enoximone 13.7 [12.3-19.3] 14.3 [8.9-17.3] 17.0 [13.5-17.9]¢ 15.0 [12.6-17.5]¢ 15.9 [10.2-19.91°
CRP (mg/L)

Levosimendan 15 [3-70] 91 [51-147] 174 [139-187] 200 [159-218] 62 [44-82]

Enoximone 39 [22-76] 105 [72-198] 179 [116-215] 211 [163-235] 66 [50-140]
SOFA score

Levosimendan 11 [9-12] 10 [9-12] 10 [8-12] 5[3-12]

Enoximone 11 [11-13] 13 [11-14] 13 [11-14] 11 [4-15]
SAPS 11

Levosimendan 61 [48-64] 49 [42-61] 45 [34-59] n.a.

Enoximone 61 [53-71] 58 [47-68] 61 [45-69]

Values are median. Square parentheses denote interquartile range.
WBC, white blood cells; CRP, C-reactive protein; n.a., not available.
“Significant difference between the two groups (p = 0.01); ®shows only a trend without significance between the two groups (p = 0.02).

top of current therapy compared with
treatment with enoximone. Despite sim-
ilar rates in death from cardiac origin, an
MOF leading to death occurred in the
enoximone group, exclusively. This posi-
tive effect was accompanied by a trend
toward improved parameters of cardiac
power index, CI, left ventricular stroke
work index and Svo, during the first 12
hrs, reaching significance for Svo, only.
Data for the use of levosimendan in CS
are rare (27-29) and, to our knowledge,
the present study shows the first direct
clinical comparison of levosimendan vs.
PDEI in these patients.

Established Therapy in CS. Despite
immense improvement in treatment
strategies, the prognosis of CS remains
dismal (1, 3). Early reperfusion and IABP
counterpulsation are strongly recom-
mended (2, 8, 10). To stabilize impaired
hemodynamics, vasoactive therapy (i.e.,
inotropic amines and vasopressors) is
generally applied, in view of the lack of
alternatives (23). Experimental and clin-
ical evidence suggests that PDEIs might
be advantageous in refractory heart fail-
ure and also in CS (11, 12). A benefit in
mortality was not demonstrated, despite
initial hemodynamic stabilization (23,
30). This might be explained by an in-
crease in intracellular cAMP and intracel-
lular calcium, potentially increasing
myocardial oxygen demand (31).

Current Evidence for Levosimendan.
Mainly three modes of action have been
hypothesized as mediators of the positive
effects of the calcium-sensitizer levosi-
mendan: (1) positive inotropy, (2) an en-
ergy-sparing effect, and (3) also an anti-
inflammatory effect.
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The tendency to more improved he-
modynamic measurements of levosimen-
dan during the first 12 hrs, shown in this
study, with a significant group difference
for Svo, only, may indicate an earlier and
much more balanced system of oxygen
demand and delivery when compared
with PDEI The release of inotropy with-
out an increase in oxygen demand (13,
14), favorable effects for relaxation (32),
antistunning effects in myocardial tissue,
and an improvement in myocardial per-
fusion (15) can be assumed to be causally
determined. Furthermore, these effects
may also be responsible for the lower
incidence of early organ dysfunction in
levosimendan-treated patients.

As shown in the present study, MOF
occurred as a major cause of mortality in
the PDEI group exclusively. More marked
signs of inflammation during the first few
days of therapy, such as fever and leuko-
cytosis, suggest a more severe systemic
inflammatory response to PDEIs (Table
5). This reaction could be responsible
for the progression of initial multiple
organ dysfunction syndrome into MOF.
This part of the anti-inflammatory ef-
fects of levosimendan could be related
to a superior improvement in hemody-
namics, seen in our analysis as a trend
only.

An additional explanation might be a
disturbance in microvascular oxygen
transport and consumption, promoting
inflammatory response. As shown exper-
imentally, levosimendan increases param-
eters of intestinal mucosal oxygenation more
than milrinone and dobutamine, potentially
with beneficial systemic effects (33). A direct
improvement of regional perfusion in ad-

dition to the hemodynamic effects was
also obtained clinically (34). Regional
perfusion, shown directly as gastric mu-
cosal perfusion by Doppler flow meter
and also as a gradient between gastric
mucosal and arterial Pco,, was increased
by levosimendan when compared with
dobutamine in patients with septic car-
diac dysfunction. An increase in dobut-
amine dosing did not improve efficacy
compared with levosimendan. In addi-
tion, renal function was improved, shown
as an increase in urinary output and also
in creatinine clearance. All these benefi-
cial effects were obtained in patients with
myocardial depression related to septic
shock.

Furthermore, lesser clinical signs of
inflammation might be related to re-
duced cumulative catecholamine values.
This fact is seen in our analysis as a trend
only, not reaching a level of significance
in the course of time. Lower catechol-
amine values potentially reduce systemic
inflammatory response, resulting in mul-
tiple organ dysfunction syndrome and ul-
timately in MOF.

In severe sepsis and septic shock cyto-
kine release, leading to a massive sys-
temic inflammatory reaction, has been
shown to be responsible for development
of MOF (35). Even in acute coronary syn-
dromes an elevation of inflammatory
markers and cytokines may indicate in-
flammatory response (36). These findings
are independently associated with in-
creased mortality (37). It is likely that
similar mechanisms are operative in CS
(38); however, clinical data are sparse (7,
39). Recently published data, with new
insights to the pathophysiology of CS, are
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in keeping with these results. The classic
shock paradigm, only reflecting on inot-
ropy, was supplemented by systemic in-
flammatory response as an important
part of CS (6).

The activation of various cytokine cas-
cades has been postulated to contribute
to the refractoriness to inotropic drugs
and to high mortality rates (7). Levosi-
mendan may directly inhibit this activa-
tion of cytokines, as shown in severely
decompensated heart failure (40, 41) and
thus, potentially, the development of
MOF. This effect may, in part, explain the
advantageous effects of levosimendan.

Notably, in the levosimendan-treated
patients no deaths because of MOF were
observed, despite a high initial SOFA
score, reflecting severe organ dysfunc-
tion. As we know, acute adverse hemody-
namic effects of CS always result in
potentially reversible multiple organ dys-
function syndrome. The development of
the simplified acute physiology score II
and the SOFA score in both groups over
the course of time supports the hypoth-
esis of an earlier and more severe sys-
temic inflammatory response in the
enoximone-treated group. As shown in
Table 5, a trend toward lower simplified
acute physiology score II and SOFA
scores occurred in the levosimendan-
treated patients without reaching signif-
icance in the first 7 days. This might be
explained by a tendency toward much im-
proved hemodynamic parameters and
lower catecholamine values in levosimen-
dan-treated patients.

Levosimendan has been shown to pro-
mote positive effects on mortality in
acute heart failure after AMI (20) and in
severe heart failure without AMI (42). In
contrast, the recently published large
multicenter trial SURVIVE failed to im-
prove mortality in acute heart failure
compared with dobutamine (24). How-
ever, the severity of heart failure may be
quite different in these different patient
populations and the occurrence of MOF
and the systemic inflammatory response
has not been identified. Noteworthy, all
these studies excluded patients in CS.
Therefore, we hypothesize that levosi-
mendan may exert positive effects, pre-
dominantly in activation of inflammation
in CS, resulting in systemic inflamma-
tory response.

STUDY LIMITATIONS

This monocenter study includes a rel-
atively small number of patients because

Crit Care Med 2008 Vol. 36, No. 8

recruitment was stopped as a result of an
interim analysis. This fact dropped the
power of the present study because of the
acceptance of a lower, but clinically rele-
vant, difference between the treatment
groups. However, this is a highly selective
group of severely ill patients with refrac-
tory heart failure and CS in AMI. This
study was enoximone-controlled because
the severity of disease prohibited a place-
bo-controlled study. Moreover, repeated
administration of levosimendan in refrac-
tory patients was not tested. Because of
the open-label character of this study, a
bias cannot be entirely excluded. Hence,
we believe that interpretation of these
results is limited. A larger, multicenter
clinical trial of double-blind, randomized
design will be needed to confirm these
results.

CONCLUSIONS

According to our results, levosimen-
dan would seem to be superior to enoxi-
mone as add-on therapy for patients with
severe and refractory CS complicating
AMI.
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