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Abstract

Despite interesting and unique pharmacological properties, levosimendan has not proven a clear superiority to
placebo in the patient populations that have been enrolled in the various recent multicenter randomized
controlled trials. However, the pharmacodynamic effects of levosimendan are still considered potentially very useful
in a number of specific situations.

Patients with decompensated heart failure requiring inotropic support and receiving beta-blockers represent the
most widely accepted indication. Repeated infusions of levosimendan are increasingly used to facilitate weaning
from dobutamine and avoid prolonged hospitalizations in patients with end-stage heart failure, awaiting heart
transplantation or left ventricular assist device implantation. New trials are under way to confirm or refute the
potential usefulness of levosimendan to facilitate weaning from veno-arterial ECMO, to treat cardiogenic shock due
to left or right ventricular failure because the current evidence is mostly retrospective and requires confirmation
with better-designed studies. Takotsubo syndrome may represent an ideal target for this non-adrenergic inotrope,
but this statement also relies on expert opinion. There is no benefit from levosimendan in patients with septic
shock. The two large trials evaluating the prophylactic administration of levosimendan (pharmacological
preconditioning) in cardiac surgical patients with poor left ventricular ejection fraction could not show a significant
reduction in their composite endpoints reflecting low cardiac output syndrome with respect to placebo. However,
the subgroup of those who underwent isolated CABG appeared to have a reduction in mortality. A new study will

be required to confirm this exploratory finding.

Levosimendan remains a potentially useful inodilator agent in a number of specific situations due to its unique
pharmacological properties. More studies are needed to provide a higher level of proof regarding these indications.
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Introduction

Levosimendan was developed in the early 1990s in
Finland and became available for prescription starting in
2001. It has been used since then in more than 60 coun-
tries. The unique pharmacological properties of this
drug raised a major interest among physicians in charge
of patients with heart failure, both in the medical and
the surgical environments. Initial studies were most
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often  positive, attesting for improvement in
hemodynamics and/or organ function, and even sug-
gested a reduced mortality [1, 2]. In 2007, the SURVIVE
study, a large international multicenter randomized con-
trolled trial (RCT), comparing levosimendan with dobu-
tamine in patients with decompensated heart failure
failed to show a difference between the two drugs on
mortality at day 180 [3]. Shortly after, several metaana-
lyses suggested that levosimendan was able to reduce
mortality in patients with poor left ventricular ejection
fraction following cardiac surgery, placing this drug
under the spotlight in the surgical environment [4-6].
But in 2017, three randomized controlled trials
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comparing levosimendan with placebo on top of stand-
ard care in cardiac surgical patients failed to reach statis-
tical significance. Two of these studies addressed the
question of the effectiveness of levosimendan as a
prophylactic treatment (administration at the time of
anesthesia induction: pharmacological preconditioning)
for the prevention of postoperative low cardiac output
syndrome (LCOS) in patients with poor left ventricular
ejection fraction (LVEF) undergoing on-pump cardiac
surgery [7, 8], and one study evaluated its effectiveness
in reducing mortality at day 30 in patients developing
post-bypass LCOS [9]. Thus, 2 years after the publica-
tion of the results of these studies, the place (if any) of
levosimendan in our therapeutic armamentarium is
questioned. The debate concerns the routine use of levo-
simendan to prevent and/or treat cardiac failure/dys-
function. The purpose of this opinion paper is to discuss
the “non-routine” (or niche) indications of this drug ac-
cording to the opinion of a group of expert users. Prior
to discuss the situations in which levosimendan might
still be considered an option, it is important to briefly
remind the specific pharmacological properties of this
agent as well as the potential detrimental effects of
“classical” positive inotropic drugs.

Pharmacological properties of levosimendan
Levosimendan has a pharmacodynamic profile combin-
ing inotropic and vasodilating effects (inodilator), and a
nearly unique (among inotropes) myocardial protective
effect. The inotropic effect results, in part, from an in-
creased affinity of troponin C for calcium when the drug
is present, which in turn prolongs the duration of actin/
myosin cross-bridges [10—12]. This explains an increased
contractility which is not associated with a raise in intra-
cytoplasmic calcium concentration [13]. Therefore, this
inotropic effect does not generate a direct significant in-
crease in myocardial oxygen consumption, since most of
the myocardial energy expenditure is related to the dia-
stolic uptake of calcium in the sarcoplasmic reticulum
[14, 15]. However, levosimendan and its metabolite have
also been shown to inhibit phosphodiesterase III [16], an
action that may participate to the positive inotropic ef-
fect via the c-AMP pathway, but that might, in turn, in-
crease myocardial oxygen consumption. Levosimendan
is a potent vasodilator through the opening of ATP-
dependent potassium channels in vascular smooth mus-
cles [17, 18]. It has been associated with a variety of
myocardial protective effects against ischemia (precondi-
tioning, postconditioning, anti-stunning, and anti-
apoptotic effects) that are related to the opening of the
same channels within the mitochondria of cardiac myo-
cytes [19, 20], but the clinical evidence supporting these
experimental findings is limited [21].

Page 2 of 8

From the pharmacokinetic point of view, levosimendan
has a fast onset of action and a half-life of 1 h. The drug
undergoes hepatic metabolism (acetylation) followed by
renal excretion. Quite uniquely, it has an active metabolite
with a very long half-life (70-80h) responsible for a pro-
longed effect [22, 23]. All these characteristics offer oppor-
tunities to provide an ideal therapeutic response to specific
situations. Nevertheless, the longer half-life, as compared to
catecholamines, may change the way clinicians manage side
effects (e.g., arterial hypotension) and may sometimes prove
inconvenient when quick reversibility is desirable. The most
frequent adverse event associated with levosimendan ad-
ministration is hypotension requiring norepinephrine infu-
sion, although its prevalence was not significantly greater
with respect to placebo [7-9] or dobutamine [3] in the lar-
gest RCTs published. In patients with septic shock, how-
ever, the cardiovascular dysfunction (reflected using the
SOFA score) was more profound in patients receiving levo-
simendan [24]. These trials also found a greater proportion
of patients receiving levosimendan developing atrial fibrilla-
tion, but the difference with the comparator group reached
statistical significance only in medical heart failure and
septic shock patients [3, 24].

Potential detrimental effects of classical inotropic

drugs

The “classical” inotropic drugs (catecholamines and
phosphodiesterase III inhibitors) are widely used in the
perioperative setting, particularly in patients undergoing
cardiac surgery. While they can provide life-sustaining
support in circumstances of severe right and/or left car-
diac ventricular failure and improve both clinical symp-
toms experienced by patients and systemic end-organ
perfusion, the benefits of these inotropes on medium-
and long-term survival have never been documented
[25]. To date, none of the available drugs satisfies all cri-
teria of an ideal inotropic agent (Table 1), and there is
no current evidence to recommend the choice of any of
them over the others for the daily practice [26].

Table 1 Theoretical clinical characteristics of an ideal positive
inotropic agent (from [25])

Easy titration for rapid on/off effect

Myocardial oxygen supply/demand balance
Steady effect in time (no tachyphylaxis)

Direct positive inotropic effect

B-independent positive inotropic stimulation
Few or no arrhythmogenic effect

No intracellular calcium overload

Maintenance of the coronary perfusion pressure
Beneficial effects on regional vascular beds

Reasonable benefit/risk balance
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The catecholamines (especially dobutamine) are the
most frequently used during the perioperative period.
With an elimination half-life of just a few minutes, their
on/off properties are quite appreciated at the bedside. The
infusion of dobutamine produces a dose-dependent rise in
cardiac output, mainly by increasing heart rate rather than
stroke volume [27]. Major adverse cardiac events (ven-
tricular arrhythmias and myocardial infarction), stroke,
renal replacement therapy, and all-cause mortality (short-
and long-term) increase when these agents are used dur-
ing the perioperative period [28, 29]. Similarly, the use of
catecholamines or phosphodiesterase III inhibitors in pa-
tients with acute heart failure is associated with an in-
crease in mortality in the medical setting [30, 31]. The
worsening in myocardial energy imbalance likely partici-
pates to the detrimental effects of the classical inotropic
drugs, especially in situations of myocardial reperfusion
injury [26]. However, many physicians still do not perceive
the risk of complications associated with these drugs and
keep using them routinely, sometimes despite a lack of
evidence for their usefulness. It should also be clearly
noted that levosimendan has not demonstrated a clear
superiority to other inotropes in well-designed trials.

Potential non-routine (niche) indications for
levosimendan (Fig. 1)

Levosimendan for heart failure patients receiving beta-
blockers

Patients receiving beta-blockers (BB) in an acute or
chronic setting have an altered beta-adrenergic receptor
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function and are therefore unlikely to respond optimally
to catecholamines. The relevant clinical contexts are as
follows: (i) patients with acute myocardial infarction
given BB prophylactically who subsequently develop car-
diogenic shock and require inotropic support, (ii) pa-
tients with chronic heart failure who are under chronic
BB therapy and have acute on chronic cardiac decom-
pensation, and (iii) patients with accidental/intentional
BB intoxication. When beta-adrenergic receptors num-
ber and/or function are decreased, levosimendan appears
as the drug of choice because its mechanisms of action
are independent of this receptor. This is supported by a
few experimental and clinical studies. In an animal
model of acute intoxication with propranolol,
Leppikangas et al. demonstrated that levosimendan, but
not dobutamine or placebo, was able to increase stroke
volume, inotropism, heart rate, and mean arterial pres-
sure [32]. This was associated with a 100% survival of
animals with levosimendan, as compared to 20% with
dobutamine or placebo. In a small number (n =52) of
patients with acute or chronic heart failure and treated
with beta-blockers, a prospective randomized double-
blind international study found that levosimendan, as
opposed to dobutamine, increased cardiac index and de-
creased pulmonary capillary wedged pressure, but failed
to improve clinical symptoms and mixed venous oxygen
saturation [33]. In addition, exploratory findings in favor
of levosimendan were also reported from subgroup ana-
lyses of the LIDO and SURVIVE studies, comparing pa-
tients receiving beta-blockers versus those not receiving

Prevention of LCOS following
cardiac surgery in patients
with low LVEF:
NO in the general cardiac surgery population
MAYBE in patients undergoing isolated CABG
(exploratory findings)

Cardiogenic shock:
MAYBE (no evidence) \

Repeated infusion in patients
with terminal heart failure awaiting
heart transplant or LVAD:

YES (no official recommendation)

RV failure:
MAYBE in group Il pulmonary hypertension
(low level of evidence)

Possible levosimendan indications:

7

Takotsubo syndrome: /
MAYBE (low level of evidence)

Decompensated heart failure

Prevention of organ dysfunction

In septic shock:
NO

in a patient receiving beta-blockers:

Weaning from VA ECMO:

YES (Class: IlIb, evidence level: C)

MAYBE (low level of evidence)

Fig. 1 Potential indications for levosimendan. LCOS, low cardiac output syndrome; LVEF, left ventricular ejection fraction; CABG, coronary artery
bypass graft; VA ECMO, veno-arterial extra-corporeal membrane oxygenation; LVAD, left ventricular assist device
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these drugs [1, 34]. Based on these possible beneficial
hemodynamic effects, levosimendan is now considered
the first-choice drug in patients with acute decompen-
sated heart failure and on beta-blockers, if beta-blockade
is thought to be contributing to hypotension with subse-
quent hypoperfusion (class IIb, evidence level C) [35,
36].

Repetitive infusions of levosimendan in patients with
advanced chronic heart failure

Patients with symptomatic advanced heart failure despite
optimal medical treatment are sometimes unable to be
discharged because they are dependent on dobutamine
infusions that cannot be weaned off. Such patients are at
high-risk of death and may be waiting for a heart trans-
plantation or a long-term mechanical assist device or, in
contrast, may not be eligible for these therapeutic
options. In such situations, repetitive infusions of
levosimendan may offer the advantage of a prolonged
inotropic effect with the possibility of improving the
clinical symptomatology and allowing hospital discharge.
Very limited data exists regarding the effectiveness of
repetitive infusions of levosimendan [37-41]. A recent
meta-analysis confirmed the potential usefulness of this
approach, despite the heterogeneity of the existing stud-
ies [42]. The LevoRep study was the first multicenter
RCT evaluating the effect of 4 injections of levosimen-
dan (0.2 pg kg™' min™') over 6h at 2-week intervals in
120 advanced heart failure patients [43]. The improve-
ment in the 6-min walk test (primary outcome) was not
significant, and the hazard ratio for the survival free of
events was 0.50 (95% CI 0.25-1.05) favoring the group
receiving levosimendan versus placebo (p =0.069). The
LION-HEART study, another multicenter RCT involving
69 patients with chronic advanced heart failure, com-
pared the effect of 6-h levosimendan infusions
(0.2 ug kg™ min™') repeated every 2 weeks for 12 weeks
with placebo infusions on NT-proBNP levels at 12 weeks
[44]. The authors observed that repetitive infusions of
levosimendan significantly reduced the NT-proBNP, but
also the readmission rate for acute heart failure at 12
months (20% versus 65%, P <0.001) and attenuated the
decline in quality of life (20% versus 63%, P =0.022).
The incidence of serious adverse events was not different
between treatment and placebo groups, reflecting the
safety of repetitive infusions of levosimendan. However,
it is important to mention that although mortality and
readmission rates decreased with levosimendan, they
remained much higher in comparison to those observed
when heart transplantation or mechanical circulatory as-
sist devices could be carried out. Therefore, the strategy
of repetitive infusions cannot be considered as an alter-
native to them, but alleviates the symptoms and im-
proves the quality of life in patients awaiting
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transplantation or in those who are ineligible for more
invasive  approaches. A new RCT (LeoDOR,
NCTO03437226) is currently under way to try to confirm
the usefulness of repeated infusions of levosimendan in
this patient population [45].

Levosimendan in cardiogenic shock due to left ventricular
failure

Although the classical hemodynamic profile of cardio-
genic shock associates low cardiac output, low arterial
pressure, elevated left/right ventricular diastolic pres-
sure, and elevated systemic vascular resistance, other
phenotypes can be encountered. Some shock states re-
lated to ischemia-reperfusion injury lead to a sepsis-like
syndrome with low systemic vascular resistance [46, 47],
while others, on the contrary, present with maintained
arterial pressure and signs of end-organ hypoperfusion
due to a dramatic increase in systemic vascular
resistance [48].

Unlike dobutamine, levosimendan increases moder-
ately myocardial oxygen consumption, does not alter
diastolic function, and has less direct pro-arrhythmic ef-
fects [49]. Moreover, as mentioned earlier, levosimendan
acts independently of beta-adrenergic receptors activa-
tion and is therefore not sensitive to the action of beta-
blockers. There are, however, potential difficulties to use
levosimendan in cardiogenic shock. Levosimendan is
also a potent vasodilator, which in the context of vaso-
plegic patients or in vasopressor-dependent patients
might be associated to hypotension leading to increased
vasopressor requirement. Finally, the very long half-life
of levosimendan is a double-edged sword. This property
is particularly interesting to wean the patient from cate-
cholamines, but on the other hand, it may be difficult to
rapidly reverse the vasodilation once the drug has been
administered.

There is currently no high-quality study dealing with
the use of levosimendan in cardiogenic shock. The most
recent meta-analysis performed using a few studies with
a high risk of bias, reports that, when compared to do-
butamine, levosimendan did not affect short and long-
term mortality, ischemic events, acute kidney injury, dys-
rhythmias, or hospital length of stay [50]. Levosimendan
is often responsible for systemic arterial hypotension
resulting in increased requirements for vasopressors, but
also an increase in cardiac index and cardiac power, a
decrease in left ventricular pressure, and an increase in
SVO, [51]. The need for randomized studies in this
topic is strongly supported by two recent recommenda-
tions of the American Heart Association and the
Cochrane collaboration [48, 50]. Currently, levosimen-
dan is recommended as a “rescue” therapy in cardiogenic
shock after dobutamine failure and before veno-arterial
extracorporeal membrane oxygenation. The hypothesis
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to be tested is that the early use of levosimendan, by au-
thorizing the discontinuation of dobutamine, would
avoid the undesirable effects of catecholamines, acceler-
ate the resolution of signs of low cardiac output, and fa-
cilitate myocardial recovery. One of the limits is the
delay of action of levosimendan that can reach 2-5h to
produce an increase in stroke volume in the absence of a
loading bolus. In patients having a postoperative low
cardiac output syndrome following cardiac surgery, a
large multicenter RCT failed to show a benefit of levosi-
mendan on mortality [9]. A new RCT (LevoHeartShock,
NCT04020263) is about to start to compare levosimen-
dan versus placebo on top of conventional adrenergic
inotrope therapy on a combined morbidity-mortality
endpoint in patients with cardiogenic shock.

Levosimendan in patients with Takotsubo syndrome
Takotsubo syndrome is a form of acute myocardial stun-
ning in which catecholamines appear to have a central
role in the pathophysiology, as there is no occlusive cor-
onary artery disease to explain the pattern of temporary
LV dysfunction observed. To date, there have been no
randomized trials to define the optimal management of
patients with suspected Takotsubo syndrome. Levosi-
mendan has been advocated as the first choice inotropic
support when mechanical circulatory assist devices are
not available [52-54]. This approach is mainly supported
by encouraging case reports and the pathophysiological
rationale. Indeed, the use of adrenergic inotropes or
phosphodiesterase inhibitors should be regarded as con-
traindicated in this situation as further activation of cat-
echolamine receptors or their downstream molecular
pathways might worsen the clinical status and prognosis
of patients with Takotsubo syndrome and cardiogenic
shock.

Levosimendan in patients with pulmonary hypertension
and right ventricular failure

There is experimental evidence attesting for the ability
of levosimendan to reverse, in part, pulmonary vasocon-
striction and improve right ventricular function in vari-
ous animal models of pulmonary hypertension [55-58].
Patient data, however, is still very scant and heteroge-
neous, involving patients with various types of pulmon-
ary hypertension and right heart failure, and often with
contradictory results [59]. The largest set of data was ob-
tained in patients with pulmonary hypertension and
right ventricular failure as a consequence of severe LV
failure (group 2) [60-63]. The benefit observed could be
due to the effect of the drug on the pulmonary vascula-
ture and the improvement in RV contractility or, alter-
natively, be secondary to the improvement in LV
function resulting in less pulmonary congestion. Much
less data is available on other forms of pulmonary
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hypertension (groups 1, 3, 4, and 5). Although attractive,
the idea of using levosimendan to treat right ventricular
failure should be considered very carefully: the potential
benefits resulting from pulmonary vasodilatation and RV
contractility improvement might be outweighed by the
decrease in systemic arterial pressure and the subse-
quent reduction in right coronary perfusion pressure.
An uncontrolled drop in myocardial oxygen delivery
might precipitate right ventricular failure and result in
acute cardiogenic shock.

Levosimendan to facilitate weaning from veno-arterial
extra-corporeal membrane oxygenation

Veno-arterial extra-corporeal membrane oxygenation
(VA ECMO) is used to restore adequate perfusion to
vital organs in patients suffering from refractory cardio-
genic shock [64]. However, VA ECMO with femoral ar-
tery cannulation provokes an increase in left ventricular
afterload while residual blood flow from the pulmonary
and bronchial circulations keep flowing towards the left
ventricle. Consequently, if the failing left ventricle is un-
able to eject against the retrograde flow of the VA
ECMO, it may dilate and the resulting congestion may
lead to pulmonary edema. To avoid this complication,
low doses of positive inotropic drugs are commonly ad-
ministered in order to maintain left ventricular ejection
and avoid upstream congestion. Moreover, since the
duration of VA ECMO is directly correlated to compli-
cations, the weaning of the device should be attempted
as soon as possible. Although dobutamine is currently
the first-line drug used for patients in cardiogenic shock
[65, 66], the specific features of levosimendan are of
interest in this situation [67-70]. However, despite an
attractive rationale, only a few studies support the effect-
iveness of levosimendan to facilitate the weaning of VA
ECMO and they are always retrospective [69, 71]. In
addition, we have no clue regarding the ideal dosing and
timing to initiate levosimendan infusion in patients suf-
fering from cardiogenic shock and treated by VA
ECMO. A multicenter randomized controlled trial is
about to start to test the hypothesis that levosimendan
in addition to standard care facilitates the weaning from
VA ECMO.

Levosimendan in patients with septic shock

Experimentally, in septic rabbits, levosimendan yields a
similar improvement in left ventricular systolic function,
when compared to dobutamine or milrinone, but im-
proves diastolic function to a greater extent [72]. A large
multicenter randomized controlled trial assessed the ef-
fect of levosimendan on organ dysfunction in adult pa-
tients with septic shock at day 28, but failed to show a
reduction in organ dysfunction or mortality when added
to standard care [24]. Moreover, patients who were
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assigned to receive levosimendan required more nor-
epinephrine, were less likely to be weaned from mechan-
ical ventilation, and had more atrial fibrillation.
Furthermore, in a sub-group analysis of the LeoPARDS
trial, Antcliffe et al. used the biomarkers cTnl and NT-
proBNP to identify patients with evidence of myocardial
injury and dysfunction, respectively. These authors did
not observe any benefit from using levosimendan in any
subgroup classified by a variety of biomarker cut-off
thresholds [73]. No data suggests differences in outcome
between dobutamine and levosimendan in septic shock
patients. Levosimendan might potentially remain useful
in case of septic shock patients admitted with beta-
blocker therapies that could participate to their circula-
tory failure.

Prophylactic Levosimendan in cardiac surgical patients
with low LVEF

Although two large randomized controlled trials failed
to show a reduction in composite endpoints reflecting
low cardiac output syndrome and mortality in a mixed
population of CABG, valvular, or combined surgery with
LVEF<40% [7, 8], a recent meta-analysis suggested that
there could be a greater benefit in the isolated CABG
population [74]. This exploratory finding is a strong in-
centive to re-evaluate the preoperative infusion of levosi-
mendan prior to CABG surgery in patients with poor
LVEF.

Conclusion

Due to a very interesting pharmacological profile, levosi-
mendan has raised a lot of interest in the field of heart
failure management. Unfortunately, all the large ran-
domized controlled trials have failed to demonstrate a
clear superiority of this drug over placebo, when used on
top of usual catecholamines, in the populations that they
have tested. Even if the initial enthusiasm for this drug
has somewhat been reconsidered, there are still good
reasons to believe that it might be useful in specific sub-
groups. These include patients with acute heart failure
receiving beta-blockers and Takotsubo syndrome, pa-
tients awaiting heart transplant or left ventricular assist
device implantation, and patients under VA ECMO to
facilitate weaning. In addition, there may still be room
for levosimendan in the management of some patients
with cardiogenic shock, and as a prophylactic treatment
prior to CABG surgery in patients with low LVEF.
Additional studies are still required to support these
potential indications with a higher level of evidence.

Abbreviations

BB: Beta-blocker; CABG: Coronary artery bypass graft; LCOS: Low cardiac
output syndrome; LV: Left ventricle; LVAD: Left ventricular assist device;
LVEF: Left ventricular ejection fraction; RCT: Randomized controlled trial;

Page 6 of 8

RV: Right ventricle; VA ECMO: Veno-arterial extra-corporeal membrane
oxygenation

Authors’ contributions

All authors contributed to the content of this paper and critically reviewed
the final manuscript. The corresponding author (BC) edited individual
contributions and finalized the manuscript. All authors read and approved
the final manuscript.

Funding
None.

Availability of data and materials
NA

Ethics approval and consent to participate
NA

Consent for publication
NA

Competing interests

All authors are members of an advisory board working for Orion Pharma and
have received honoraria from the Company for their participation to the
board and for giving invited lectures at industry symposia.

Author details

'Department of Anesthesiology and Critical Care MedicineP, Hopital
Européen Georges Pompidou, AP-HP, 20 rue Leblanc, 75015 Paris, France.
Université Paris Descartes - Université de Paris, Paris, France. *INSERM
UMR_S1140, Paris, France. “CHRU Nancy, Réanimation Médicale Brabois,
Vandoeuvre-les Nancy, France. “Department of Anesthesiology and Critical
Care, Hopital Cardiologique Louis Pradel, Lyon, France. ®INSERM U1060,
University Claude Bernard, Lyon, France. "Department of Anesthesiology and
Critical Care, Hopital Bichat-Claude Bernard, AP-HP, Paris, France. 8Université
Paris Diderot, Sorbonne Paris Cité, Paris, France. “Department of
Anesthesiology and Critical Care Medicine, Hopital de La Pitié Salpétriére,
AP-HP, Paris, France. '°University Pierre & Marie Curie, Paris, France.
""Department of Anesthesiology and Critical Care, Magellan Medico-Surgical
Center, Bordeaux, France. '“University of Bordeaux, Bordeaux, France.
3INSERM, UMR 1034, Biology of Cardiovascular Diseases, Bordeaux, France.
"Department of Anesthesia, Burn and Critical Care, Hépitaux Universitaires
Saint Louis Lariboisiere, AP-HP, Paris, France.

Received: 22 July 2019 Accepted: 14 November 2019
Published online: 29 November 2019

References

1. Follath F, Cleland JG, Just H, Papp JG, Scholz H, Peuhkurinen K, Harjola VP,
Mitrovic V, Abdalla M, Sandell EP, et al. Efficacy and safety of intravenous
levosimendan compared with dobutamine in severe low-output heart
failure (the LIDO study): a randomised double-blind trial. Lancet.
2002,360:196-202.

2. Moiseyev VS, Poder P, Andrejevs N, Ruda MY, Golikov AP, Lazebnik LB,
Kobalava ZD, Lehtonen LA, Laine T, Nieminen MS, et al. Safety and efficacy
of a novel calcium sensitizer, levosimendan, in patients with left ventricular
failure due to an acute myocardial infarction. A randomized, placebo-
controlled, double-blind study (RUSSLAN). Eur Heart J. 2002;23:1422-32.

3. Mebazaa A, Nieminen MS, Packer M, Cohen-Solal A, Kleber FX, Pocock SJ,
Thakkar R, Padley RJ, Poder P, Kivikko M, et al. Levosimendan vs dobutamine
for patients with acute decompensated heart failure: the SURVIVE
randomized trial. JAMA. 2007;297:1883-91.

4. Landoni G, Biondi-Zoccai G, Greco M, Greco T, Bignami E, Morelli A,
Guarracino F, Zangrillo A. Effects of levosimendan on mortality and
hospitalization. A meta-analysis of randomized controlled studies. Crit Care
Med. 2012;40:634-46.

5. Harrison RW, Hasselblad V, Mehta RH, Levin R, Harrington RA, Alexander JH.
Effect of levosimendan on survival and adverse events after cardiac surgery:
a meta-analysis. J Cardiothorac Vasc Anesth. 2013;27:1224-32.

6. Lim JY, Deo SV, Rababa'h A, Altarabsheh SE, Cho YH, Hang D, McGraw M,
Avery EG, Markowitz AH, Park SJ. Levosimendan reduces mortality in adults



Cholley et al. Critical Care

20.

21.

22.

23.

24.

25.

26.

27.

(2019) 23:385

with left ventricular dysfunction undergoing cardiac surgery: a systematic
review and meta-analysis. J Card Surg. 2015,30:547-54.

Mehta RH, Leimberger JD, van Diepen S, Meza J, Wang A, Jankowich R,
Harrison RW, Hay D, Fremes S, Duncan A, et al. Levosimendan in patients
with left ventricular dysfunction undergoing cardiac surgery. New Engl J
Med. 2017;376:2032-42.

Cholley B, Caruba T, Grosjean S, Amour J, Ouattara A, Villacorta J, Miguet B,
Guinet P, Levy F, Squara P, et al. Effect of levosimendan on low cardiac
output syndrome in patients with low ejection fraction undergoing
coronary artery bypass grafting with cardiopulmonary bypass: the LICORN
randomized clinical trial. JAMA. 2017;318:548-56.

Landoni G, Lomivorotov W, Alvaro G, Lobreglio R, Pisano A, Guarracino F,
Calabro MG, Grigoryev EV, Likhvantsev W, Salgado-Filho MF, et al.
Levosimendan for hemodynamic support after cardiac surgery. New Engl J
Med. 2017;376:2021-31.

Pollesello P, Ovaska M, Kaivola J, Tilgmann C, Lundstrom K, Kalkkinen N,
Ulmanen |, Nissinen E, Taskinen J. Binding of a new Ca2+ sensitizer,
levosimendan, to recombinant human cardiac troponin C. A molecular
modelling, fluorescence probe, and proton nuclear magnetic resonance
study. J Biol Chem. 1994;269:28584-90.

Haikala H, Levijoki J, Linden IB. Troponin C-mediated calcium sensitization
by levosimendan accelerates the proportional development of isometric
tension. J Mol Cell Cardiol. 1995;27:2155-65.

Haikala H, Kaivola J, Nissinen E, Wall P, Levijoki J, Linden IB. Cardiac troponin
C as a target protein for a novel calcium sensitizing drug, levosimendan. J
Mol Cell Cardiol. 1995;27:1859-66.

Lancaster MK, Cook SJ. The effects of levosimendan on [Ca2+]i in guinea-
pig isolated ventricular myocytes. Eur J Pharmacol. 1997;339:97-100.
Ukkonen H, Saraste M, Akkila J, Knuuti MJ, Lehikoinen P, Nagren K,
Lehtonen L, Voipio-Pulkki LM. Myocardial efficiency during calcium
sensitization with levosimendan: a noninvasive study with positron emission
tomography and echocardiography in healthy volunteers. Clin Pharmacol
Ther. 1997,61:596-607.

Kaheinen P, Pollesello P, Levijoki J, Haikala H. Effects of levosimendan and
milrinone on oxygen consumption in isolated guinea-pig heart. J
Cardiovasc Pharmacol. 2004;43:555-61.

Maack C, Eschenhagen T, Hamdani N, Heinzel FR, Lyon AR, Manstein DJ,
Metzger J, Papp Z, Tocchetti CG, Yilmaz MB et al. Treatments targeting
inotropy. Eur Heart J. 2018,00:1-19.

Yokoshiki H, Katsube Y, Sunagawa M, Sperelakis N. Levosimendan, a novel
Ca2+ sensitizer, activates the glibenclamide-sensitive K+ channel in rat
arterial myocytes. Eur J Pharmacol. 1997,333:249-59.

Pataricza J, Hohn J, Petri A, Balogh A, Papp JG. Comparison of the
vasorelaxing effect of cromakalim and the new inodilator, levosimendan, in
human isolated portal vein. J Pharm Pharmacol. 2000;52:213-7.
Kopustinskiene DM, Pollesello P, Saris NE. Potassium-specific effects of
levosimendan on heart mitochondria. Biochem Pharmacol. 2004;68:807-12.
Zingman LV, Alekseev AE, Hodgson-Zingman DM, Terzic A. ATP-sensitive
potassium channels: metabolic sensing and cardioprotection. J Appl Physiol.
2007;103:1888-93.

Tritapepe L, De Santis V, Vitale D, Guarracino F, Pellegrini F, Pietropaoli P, Singer
M. Levosimendan pre-treatment improves outcomes in patients undergoing
coronary artery bypass graft surgery. Br J Anaesth. 2009;102:198-204.

Kivikko M, Antila S, Eha J, Lehtonen L, Pentikainen PJ. Pharmacokinetics of
levosimendan and its metabolites during and after a 24-hour continuous
infusion in patients with severe heart failure. Int J Clin Pharmacol Ther.
2002;40:465-71.

Lilleberg J, Laine M, Palkama T, Kivikko M, Pohjanjousi P, Kupari M. Duration
of the haemodynamic action of a 24-h infusion of levosimendan in patients
with congestive heart failure. Eur J Heart Fail. 2007,9:75-82.

Gordon AC, Perkins GD, Singer M, McAuley DF, Orme RM, Santhakumaran S,
Mason AJ, Cross M, Al-Beidh F, Best-Lane J, et al. Levosimendan for the
prevention of acute organ dysfunction in sepsis. New Engl J Med. 2016;375:
1638-48.

Hasenfuss G, Teerlink JR. Cardiac inotropes: current agents and future
directions. Eur Heart J. 2011;32:1838-45.

Fellahi JL, Fischer MO, Daccache G, Gerard JL, Hanouz JL. Positive inotropic
agents in myocardial ischemia-reperfusion injury: a benefit/risk analysis.
Anesthesiology. 2013;118:1460-5.

Romson JL, Leung JM, Bellows WH, Bronstein M, Keith F, Moores W,
Flachsbart K, Richter R, Pastor D, Fisher DM. Effects of dobutamine on

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

Page 7 of 8

hemodynamics and left ventricular performance after cardiopulmonary
bypass in cardiac surgical patients. Anesthesiology. 1999,91:1318-28.
Fellahi JL, Parienti JJ, Hanouz JL, Plaud B, Riou B, Ouattara A. Perioperative
use of dobutamine in cardiac surgery and adverse cardiac outcome:
propensity-adjusted analyses. Anesthesiology. 2008;108:979-87.

Nielsen DV, Hansen MK, Johnsen SP, Hansen M, Hindsholm K, Jakobsen CJ.
Health outcomes with and without use of inotropic therapy in cardiac
surgery: results of a propensity score-matched analysis. Anesthesiology.
2014;120:1098-108.

Amsallem E, Kasparian C, Haddour G, Boissel JP, Nony P. Phosphodiesterase
Il inhibitors for heart failure. Cochrane Database Syst Rev. 2005;(1):
CD002230. https://doi.org/10.1002/14651858.CD002230.pub2

Mebazaa A, Parissis J, Porcher R, Gayat E, Nikolaou M, Boas FV, Delgado JF,
Follath F. Short-term survival by treatment among patients hospitalized
with acute heart failure: the global ALARM-HF registry using propensity
scoring methods. Intensive Care Med. 2011;37:290-301.

Leppikangas H, Ruokonen E, Rutanen J, Kiviniemi V, Lindgren L, Kurola J.
Levosimendan as a rescue drug in experimental propranolol-induced
myocardial depression: a randomized study. Ann Emerg Med.
2009,54:811-7 e1-3.

Bergh CH, Andersson B, Dahlstrom U, Forfang K, Kivikko M, Sarapohja T,
Ullman B, Wikstrom G. Intravenous levosimendan vs. dobutamine in acute
decompensated heart failure patients on beta-blockers. Eur J Heart Fail.
2010;12:404-10.

Mebazaa A, Nieminen MS, Filippatos GS, Cleland JG, Salon JE, Thakkar R,
Padley RJ, Huang B, Cohen-Solal A. Levosimendan vs. dobutamine:
outcomes for acute heart failure patients on beta-blockers in SURVIVE. Eur J
Heart Fail. 2009;11:304-11.

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk V,
Gonzalez-Juanatey JR, Harjola VP, Jankowska EA, et al. 2016 ESC guidelines
for the diagnosis and treatment of acute and chronic heart failure: The Task
Force for the diagnosis and treatment of acute and chronic heart failure of
the European Society of Cardiology (ESC)Developed with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J.
2016;37:2129-200.

Nieminen MS, Buerke M, Cohen-Solal A, Costa S, Edes |, Erlikh A, Franco F,
Gibson C, Gorjup V, Guarracino F, et al. The role of levosimendan in acute
heart failure complicating acute coronary syndrome: a review and expert
consensus opinion. Int J Cardiol. 2016;218:150-7.

Parissis JT, Adamopoulos S, Farmakis D, Filippatos G, Paraskevaidis I, Panou
F, lliodromitis E, Kremastinos DT. Effects of serial levosimendan infusions on
left ventricular performance and plasma biomarkers of myocardial injury
and neurohormonal and immune activation in patients with advanced
heart failure. Heart. 2006,92:1768-72.

Mavrogeni S, Giamouzis G, Papadopoulou E, Thomopoulou S, Dritsas A,
Athanasopoulos G, Adreanides E, Vassiliadis |, Spargias K, Panagiotakos D,
et al. A 6-month follow-up of intermittent levosimendan administration
effect on systolic function, specific activity questionnaire, and arrhythmia in
advanced heart failure. J Card Fail. 2007;13:556-9.

Malfatto G, Della Rosa F, Villani A, Rella V, Branzi G, Facchini M, Parati G.
Intermittent levosimendan infusions in advanced heart failure: favourable
effects on left ventricular function, neurohormonal balance, and one-year
survival. J Cardiovasc Pharmacol. 2012,60:450-5.

Thorvaldsen T, Benson L, Hagerman |, Dahlstrom U, Edner M, Lund LH.
Planned repetitive use of levosimendan for heart failure in cardiology and
internal medicine in Sweden. Int J Cardiol. 2014;175:55-61.

Delgado JF, Oliva F, Reinecke A. The inodilator levosimendan in repetitive
doses in the treatment of advanced heart failure. Eur Heart J. 2017;19.C8-C14.
Silvetti S, Nieminen MS. Repeated or intermittent levosimendan treatment
in advanced heart failure: an updated meta-analysis. Int J Cardiol.
2016;202:138-43.

Altenberger J, Parissis JT, Costard-Jaeckle A, Winter A, Ebner C, Karavidas A,
Sihorsch K, Avgeropoulou E, Weber T, Dimopoulos L, et al. Efficacy and
safety of the pulsed infusions of levosimendan in outpatients with
advanced heart failure (LevoRep) study: a multicentre randomized trial. Eur J
Heart Fail. 2014;16:898-906.

Comin-Colet J, Manito N, Segovia-Cubero J, Delgado J, Garcia Pinilla JM,
Almenar L, Crespo-Leiro MG, Sionis A, Blasco T, Pascual-Figal D, et al.
Efficacy and safety of intermittent intravenous outpatient administration of
levosimendan in patients with advanced heart failure: the LION-HEART
multicentre randomised trial. Eur J Heart Fail. 2018;20:1128-36.


https://doi.org/10.1002/14651858.CD002230.pub2

Cholley et al. Critical Care

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2019) 23:385

Oliva F, Comin-Colet J, Fedele F, Fruhwald F, Gustafsson F, Kivikko M,
Borbely A, Polzl G, Tschope C. Repetitive levosimendan treatment in the
management of advanced heart failure. Eur Heart J. 2018;20:/11-20.
Hochman JS, Sleeper LA, White HD, Dzavik V, Wong SC, Menon V, Webb JG,
Steingart R, Picard MH, Menegus MA, et al. One-year survival following early
revascularization for cardiogenic shock. JAMA. 2001;285:190-2.

Hochman JS. Cardiogenic shock complicating acute myocardial infarction:
expanding the paradigm. Circulation. 2003;107:2998-3002.

van Diepen S, Katz JN, Albert NM, Henry TD, Jacobs AK, Kapur NK; Kilic A,
Menon V, Ohman EM, Sweitzer NK; et al. Contemporary management of
cardiogenic shock: a scientific statement from the American Heart
Association. Circulation. 2017;136:¢232-e68.

Gustafsson F, Guarracino F, Schwinger RHG. The inodilator levosimendan as
a treatment for acute heart failure in various settings. Eur Heart J (suppl).
2017;19:C2-7.

Schumann J, Henrich EC, Strobl H, Prondzinsky R, Weiche S, Thiele H,
Werdan K, Frantz S, Unverzagt S. Inotropic agents and vasodilator strategies
for the treatment of cardiogenic shock or low cardiac output syndrome.
Cochrane Database Syst Rev. 2018;1:CD009669.

Fang M, Cao H, Wang Z. Levosimendan in patients with cardiogenic shock
complicating myocardial infarction: a meta-analysis. Med Int. 2018;42:409-15.
Ghadri JR, Wittstein IS, Prasad A, Sharkey S, Dote K, Akashi YJ, Cammann VL,
Crea F, Galiuto L, Desmet W, et al. International expert consensus document
on Takotsubo syndrome (part Il): diagnostic workup, outcome, and
management. Eur Heart J. 2018,39:2047-62.

Lyon AR, Bossone E, Schneider B, Sechtem U, Citro R, Underwood SR,
Sheppard MN, Figtree GA, Parodi G, Akashi YJ, et al. Current state of
knowledge on Takotsubo syndrome: a position statement from the
Taskforce on Takotsubo Syndrome of the Heart Failure Association of the
European Society of Cardiology. Eur J Heart Fail. 2016;18:8-27.

Tavazzi G, Mojoli F, lotti GA, Via G. Does levosimendan have room in
Takotsubo syndrome? JACC Heart failure. 2019;7:174.

Kerbaul F, Rondelet B, Demester JP, Fesler P, Huez S, Naeije R, Brimioulle S.
Effects of levosimendan versus dobutamine on pressure load-induced right
ventricular failure. Crit Care Med. 2006;34:2814-9.

Kerbaul F, Gariboldi V, Giorgi R, Mekkaoui C, Guieu R, Fesler P, Gouin F,
Brimioulle S, Collart F. Effects of levosimendan on acute pulmonary
embolism-induced right ventricular failure. Crit Care Med. 2007;35:1948-54.
Schwarte LA, Schwartges |, Thomas K, Schober P, Picker O. The effects of
levosimendan and glibenclamide on circulatory and metabolic variables in
a canine model of acute hypoxia. Intensive Care Med. 2011,37:701-10.
Wiklund A, Kylhammar D, Radegran G. Levosimendan attenuates hypoxia-
induced pulmonary hypertension in a porcine model. J Cardiovasc
Pharmacol. 2012;59:441-9.

Hansen MS, Andersen A, Nielsen-Kudsk JE. Levosimendan in pulmonary
hypertension and right heart failure. Pulm Circ. 2018,8:2045894018790905.
Slawsky MT, Colucci WS, Gottlieb SS, Greenberg BH, Haeusslein E, Hare J,
Hutchins S, Leier CV, LeJemtel TH, Loh E, et al. Acute hemodynamic and
clinical effects of levosimendan in patients with severe heart failure. Study
Investigators Circulation. 2000;102:2222-7.

Parissis JT, Paraskevaidis |, Bistola V, Farmakis D, Panou F, Kourea K, Nikolaou
M, Filippatos G, Kremastinos D. Effects of levosimendan on right ventricular
function in patients with advanced heart failure. Am J Cardiol. 2006,98:
1489-92.

Russ MA, Prondzinsky R, Carter JM, Schlitt A, Ebelt H, Schmidt H, Lemm H,
Heinroth K, Soeffker G, Winkler M, et al. Right ventricular function in
myocardial infarction complicated by cardiogenic shock: improvement with
levosimendan. Crit Care Med. 2009;37:3017-23.

Poelzl G, Zwick RH, Grander W, Metzler B, Jonetzko P, Frick M, Ulmer H,
Pachinger O, Roithinger FX. Safety and effectiveness of levosimendan in
patients with predominant right heart failure. Herz. 2008;33:368-73.
Abrams D, Combes A, Brodie D. Extracorporeal membrane oxygenation in
cardiopulmonary disease in adults. J Am Coll Cardiol. 2014;63:2769-78.
Levy B, Bastien O, Karim B, Cariou A, Chouihed T, Combes A, Mebazaa A,
Megarbane B, Plaisance P, Ouattara A, et al. Experts' recommendations for
the management of adult patients with cardiogenic shock. Ann Intensive
Care. 2015;5:52.

Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H,
Caforio ALP, Crea F, Goudevenos JA, Halvorsen S, et al. 2017 ESC guidelines
for the management of acute myocardial infarction in patients presenting
with ST-segment elevation: The Task Force for the management of acute

67.

68.

69.

70.

71,

72.

73.

74.

Page 8 of 8

myocardial infarction in patients presenting with ST-segment elevation of
the European Society of Cardiology (ESC). Eur Heart J. 2018;39:119-77.
Affronti A, di Bella |, Carino D, Ragni T. Levosimendan may improve
weaning outcomes in venoarterial ECMO patients. ASAIO J. 2013;59:554-7.
Sangalli F, Avalli L, Laratta M, Formica F, Maggioni E, Caruso R, Cristina Costa
M, Guazzi M, Fumagalli R. Effects of levosimendan on endothelial function
and hemodynamics during weaning from veno-arterial extracorporeal life
support. J Cardiothorac Vasc Anesth. 2016;30:1449-53.

Distelmaier K, Roth C, Schrutka L, Binder C, Steinlechner B, Heinz G, Lang IM,
Maurer G, Koinig H, Niessner A, et al. Beneficial effects of levosimendan on
survival in patients undergoing extracorporeal membrane oxygenation after
cardiovascular surgery. Br J Anaesth. 2016;117:52-8.

Jacky A, Rudiger A, Kruger B, Wilhelm MJ, Paal S, Seifert B, Spahn DR, Bettex
D. Comparison of levosimendan and milrinone for ECLS weaning in patients
after cardiac surgery-a retrospective before-and-after study. J Cardiothorac
Vasc Anesth. 2018;32:2112-9.

Vally S, Ferdynus C, Persichini R, Bouchet B, Braunberger E, Lo Pinto H,
Martinet O, Vandroux D, Aujoulat T, Allyn J, et al. Impact of levosimendan
on weaning from peripheral venoarterial extracorporeal membrane
oxygenation in intensive care unit. Ann Intensive Care. 2019,9:24.

Barraud D, Faivre V, Damy T, Welschbillig S, Gayat E, Heymes C, Payen D,
Shah AM, Mebazaa A. Levosimendan restores both systolic and diastolic
cardiac performance in lipopolysaccharide-treated rabbits: comparison with
dobutamine and milrinone. Crit Care Med. 2007;35:1376-82.

Antcliffe DB, Santhakumaran S, Orme RML, Ward JK, Al-Beidh F, O'Dea K,
Perkins GD, Singer M, McAuley DF, Mason AJ, et al. Levosimendan in septic
shock in patients with biochemical evidence of cardiac dysfunction: a
subgroup analysis of the LeoPARDS randomised trial. Intensive Care Med.
2019:45:1392-400.

van Diepen S, Mehta RH, Leimberger JD, Goodman SG, Fremes S, Jankowich
R, Heringlake M, Anstrom KJ, Levy JH, Luber J, Nagpal AD, Duncan AE,
Argenziano M, Toller W, Teoh K, Knight JD, Lopes RD, Cowper PA, Mark DB,
Alexander JH. Levosimendan in patients with reduced left ventricular
function undergoing isolated coronary or valve surgery. J Thorac Cardiovasc
Surg. 2019;50022-5223(19)31278-4. https://doi.org/10.1016/}.jtcvs.2019.06.020.
[Epub ahead of print]

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.jtcvs.2019.06.020

