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Acute ventricular dysfunction (AVD) is a complex condition with substantial morbidity and mortality, still featuring unique therapeutic
challenges. Levosimendan is a calcium sensitizer and ATP-dependent potassium channel opener that was developed as an inodilating drug
for the treatment of acute heart failure and cardiogenic shock. Differently from other more widely used inotropic agents, levosimendan
has some exclusive characteristics, in terms of mechanisms of action, pharmacodynamic profile, and haemodynamic effects. This may have
important clinical implications. In particular, in patients with AVD or in patients with pre-existing severe ventricular impairment undergoing
planned myocardial stress, the administration of levosimendan before the onset of overt symptoms or before cardiovascular therapeutic
procedures may have the potential to bridge the patient through the critical phase. In this review, we will focus on the rationale, the exist-
ing experimental data, and the emerging clinical experience supporting an early, even preventive use of levosimendan in severe ventricular
dysfunction, beyond its recognized indications.
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Introduction

The aetiology of acute ventricular dysfunction (AVD) and of its clinic-
al manifestations, acute heart failure (AHF) and cardiogenic shock, is
mainly ischaemic, with acute coronary syndromes (ACS) and chronic
coronary artery disease accounting for >50% of cases.1,2 In AVD due
to other aetiologies (arrhythmic, valvular, infective, etc.), myocardial
ischaemia may still occur due to a mismatch between oxygen demand
and supply, regardless of the presence of significant coronary artery
stenosis.1,2 Myocardial ischaemia, in turn, contributes to cardiac cell
death, and it further impairs systolic and diastolic functions, resulting
in a vicious cycle leading to pulmonary congestion and/or low output
cardiac syndrome (Figure 1). Thus, irrespective of its cause, myocar-
dial ischaemia is a major issue in AVD.

Levosimendan is a calcium sensitizer and adenosine triphosphate
(ATP)-dependent potassium channel opener that was developed as
an inodilating drug for the treatment of AHF and cardiogenic shock.3

Differently from other inotropic agents, levosimendan has some pe-
culiar characteristics, in terms of mechanisms of action, pharmacody-
namic profile, haemodynamic effects, and impact on myocardial
oxygen consumption.3 Consequently, specific levosimendan indica-
tions may be foreseen in case of AVD (i.e. during ACS, myocarditis,
takotsubo syndrome, acute valvular regurgitation, etc.) and of patients
with pre-existing severe ventricular dysfunction undergoing a planned
procedure implying ‘acute myocardial stress’ [surgery, percutaneous
coronary intervention (PCI), ventricular tachycardia ablation, and
weaning from mechanical circulatory and ventilatory supports]. In
these clinical settings, the early administration of levosimendan before
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.the onset of overt symptoms or its prophylactic use before planned
therapeutic procedures might bridge the patient through the critical
phase, preventing haemodynamic worsening, and AHF.

While the use of levosimendan has been extensively investigated
in clinical studies on overt AHF and cardiogenic shock, its potential
use at an earlier stage is not yet defined. Therefore, our goal goes be-
yond the analysis of the available clinical trial data that have evaluated
the effectiveness and safety of levosimendan in manifest AVD. In this
review, we will provide the rationale, the existing experimental data,
and the emerging clinical experience supporting an early use of levo-
simendan in patients with AVD or its preventive use in patients with
pre-existing ventricular dysfunction undergoing myocardial stress
procedures.

Pathophysiology of acute
ventricular dysfunction

The key mechanisms involved in both ischaemic and non-ischaemic
AVD are ischaemia, necrosis, and stunning.1,2 Myocardial ischaemia
relies on an imbalance between myocardial oxygen consumption and
delivery.4 Determinants of myocardial oxygen consumption are left
ventricular mass, myocardial work (depending on heart rate and
blood pressure), end-diastolic ventricular filling pressure, and ino-
tropic status.4 Oxygen supply to the heart is strictly dependent on
coronary blood flow, which may be reduced in case of mechanical
and/or functional coronary flow impairment, leading to a reduction

of aerobic metabolism.4 Acute ischaemia induces profound metabolic
and ionic perturbations in the affected myocardium, and it depresses
systolic function. On the one hand, a fall in systolic arterial pressure
leads to systemic hypoperfusion, tissue hypoxia, and subsequent end-
organ dysfunction.4 On the other hand, the increase in left ventricular
and atrial pressure and pulmonary venous pressure may cause pul-
monary oedema and a further reduction of coronary blood flow.4

These haemodynamic changes depend on the severity and duration
of ischaemia, on the presence of coronary collateral flow, on the
number of ventricular segments involved, and on the pre-existing car-
diac functional reserve.4

The recovery of systolic function normally occurs rapidly after
transient episodes of ischaemia; however, in case of sustained and se-
vere ischaemia, persistent contractile dysfunction without myocyte
necrosis has been observed.4,5 This phenomenon is named stunned
myocardium. Protract and intense sublethal acute ischaemia, as
occurs during ACS and in general in all kinds of AVD, causes stunning
on restoration of myocardial oxygen delivery, which can spontan-
eously normalize within days or weeks in the absence of necrosis.
Stunned myocardium is considered the main time-dependent mech-
anism contributing to persistent myocardial dysfunction after an
acute primary or secondary non-necrotic ischaemic event.6 From a
clinical point of view, stunned myocardium significantly contributes
to AVD, and it may lead to AHF and even to cardiogenic shock. The
pathogenesis of sustained myocardial dysfunction in stunning remains
incompletely clarified. Generation of oxygen-derived free radicals, in-
flammation, and transient calcium overload leading to decreased

Figure 1 Schematic representation of the cascade of events leading to acute heart failure and cardiogenic shock. CO, cardiac output; LVEDP, left
ventricular end-diastolic pressure.
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calcium sensitivity of the myofilaments are believed to be major fac-
tors.7 However, the final mechanism responsible for the contractile
depression appears to be a decreased sensitivity of the myofibrils to
calcium.7 Therefore, calcium sensitization might directly improve the
function of stunned myocardium.8

Mechanisms of action of
levosimendan

All inotropic agents currently available in clinical practice share a
common feature, i.e. they increase contraction by raising intracellular
calcium.9 Although this is achieved by different mechanisms of action,
the improvement in cardiac contraction is paralleled by an increase in
myocardial oxygen consumption. Moreover, these drugs may have
chronotropic, proarrhythmic, and direct myocyte-toxic effects, and
they may induce coronary hypoperfusion, exacerbating oxygen deliv-
ery/consumption mismatch.9 Differently, levosimendan does not
raise intracellular calcium level, but it selectively binds to cardiac
troponin C, enhancing the myofilament sensitivity to calcium.3

Therefore, the levosimendan-induced improvement in myocardial
contraction is not associated with a significant increase in oxygen
consumption. However, although levosimendan is mainly regarded as
a calcium sensitizer, it has been shown to cause inotropic effect also
through the inhibition of phosphodiesterase-3 (PDE-3).10,11 This ef-
fect may account for some experimental evidence reporting a similar
oxygen consumption during infusion of levosimendan and dobut-
amine12 or milrinone.13

By opening the ATP-sensitive potassium (KATP) channels in the
vasculature, levosimendan also induces vasodilation and increases tis-
sue perfusion in all arterial and venous vascular beds, including coron-
ary arteries.14 By reducing cardiac afterload, levosimendan may even
decrease myocardial oxygen consumption, which, combined with the
increase in coronary flow, results in an overall myocardial energy-
sparing effect.15 Notably, this beneficial effect is enhanced in patients
treated with beta-blockers,16 with the two therapeutic strategies hav-
ing a synergic anti-ischaemic effect. Additional positive effects of levo-
simendan, which have been demonstrated in animal models and may
be particularly useful in patients with AVD, include anti-remodelling,
anti-stunning, anti-inflammatory, and anti-apoptotic effects.3

The pharmacokinetics of levosimendan is unique and of potential
interest in the setting of AVD. The drug has a half-life of about 1.5 h, it
reaches peak concentration within 4 h of the start of the infusion
without a bolus, and it is rapidly eliminated mainly by kidneys.17

Levosimendan is excreted into the small intestine and metabolized by
intestinal bacteria to OR-1855. This metabolite is further metabo-
lized by acetylation to OR-1896, which represents �5% of the initial
levosimendan dose. This metabolite is pharmacologically as potent as
levosimendan itself, and the mechanism of the positive inotropic ef-
fect induced by this metabolite is very similar to that of levosimendan,
that is calcium sensitization and PDE-3 inhibition.18 Notably,
OR-1896 as a longer half-life than levosimendan.19 Indeed, the peak
concentration of OR-1896 in plasma is observed �60 h after levosi-
mendan initiation in healthy subjects and 70–80 h in patients with
heart failure.17–19 The slow formation and elimination of OR-1896
account for the persistent haemodynamic effects of levosimendan,
lasting for more than 10 days.20 Therefore, levosimendan is the only

current inotropic drug that maintains its effects beyond its infusion
time, a feature that may be useful during cardiac function recovery
from an acute insult.

Experimental and clinical
evidence on levosimendan in
acute ventricular dysfunction

Several experimental and clinical reports support the anti-ischaemic,
anti-necrotic, and anti-stunning effects of levosimendan in patients
with AVD.21–25 The effects of levosimendan on myocardial oxygen
consumption were characterized for the first time in humans in
1997.21 Consistently with previous experimental reports,22 Ukkonen
et al.21 demonstrated that levosimendan increases stroke volume and
cardiac output in healthy subjects without an increase in myocardial
oxygen demand. This neutral effect on myocardial energy need was
then confirmed in patients with decompensated heart failure.23 The
beneficial effect on the energy balance of the myocardium has been
demonstrated also in studies comparing levosimendan with dobut-
amine and milrinone.21 Differently from these drugs, increased doses
of levosimendan are paralleled by an increase in the inotropic
effect,24 without significant changes in myocardial energy demand.
Another mechanism contributing to the overall anti-ischaemic effect
derives from experimental evidence demonstrating that both levosi-
mendan and OR-1896 reduce coronary vascular resistance and
modulate coronary microcirculation via activation of KATP

channels.19

Experimental studies demonstrated that levosimendan infusion,
administered before and throughout the coronary occlusion period,
limits myocardial infarct size.26 Du Toit et al.27 demonstrated that lev-
osimendan reduces myocardial infarct size when used either to pre-
treat the heart or as a preconditioning or post-conditioning
procedure. In this study, the most effective cardioprotection, in terms
of infarct size reduction and cardiac output increase, was obtained
with levosimendan pre-treatment.27 Yet, when levosimendan was
started after coronary occlusion, it still significantly reduced infarct
size, and it led to a better preservation of left ventricular function and
to reduced left ventricular remodelling.28 These beneficial effects are
likely due to the opening of KATP channels, which leads to coronary
vasodilation and increase in coronary blood flow, including collateral
blood flow.26 Moreover, through the stimulation of the KATP chan-
nels, levosimendan induces cardiomyocyte preconditioning.26

Therefore, collateral recruitment, direct coronary vasodilatation, and
cardiomyocyte preconditioning are likely the mechanisms involved in
the cardioprotective effect of levosimendan.

Anti-stunning effects of levosimendan have been demonstrated in
animal studies, where it improved regional contractile function of
stunned myocardium after post-ischaemic reperfusion.29 In the clinic-
al arena, it has been demonstrated that, in ACS patients without AHF
undergoing PCI, overall and regional left ventricular function was
improved by levosimendan but not by angioplasty itself.30 Indeed, in
this study, levosimendan reduced the number of hypokinetic seg-
ments, which indicates an effect of this drug beyond afterload reduc-
tion. More recently, a randomized placebo-controlled trial has
investigated the possible anti-stunning effects of levosimendan in ST-
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elevation acute myocardial infarction (STEMI) patients with AHF
treated with primary PCI.31 Again, a significant improvement in re-
gional contractility was observed with levosimendan and not with
placebo 5 days after drug infusion.

At present, no study has firmly established the beneficial impact on
infarct size of levosimendan in STEMI patients undergoing primary
PCI, a clinical scenario where the anti-ischaemic, anti-necrotic, and
anti-stunning effects of the drug might be expressed at most. If the
aforementioned experimental observations are relevant to patients,
early levosimendan administration will be expected to be beneficial in
those with a large area of myocardium at risk. Indeed, a single bolus
of levosimendan, given immediately after primary PCI in STEMI
patients with left ventricular dysfunction, demonstrated to improve
haemodynamics, diastolic function, and coronary flow reserve on the
infarct-related artery compared to placebo.32,33 Similar results are
also achievable by intra-aortic balloon pump (IABP). Indeed, in a pilot
study on patients with cardiogenic shock complicating acute myocar-
dial infarction, levosimendan resulted in haemodynamic effects com-
parable to those seen with IABP, in terms of increase in cardiac index
and cardiac power index, and reduction in systemic vascular resistan-
ces.34 However, differently from levosimendan, IABP is associated
with potential vascular and haemorrhagic complications, and, more
importantly, its benefit vanishes when it is removed. Conversely,
since experimental and clinical evidence has demonstrated that the
recovery of ventricular contractile function after a transient insult
may occur within days or weeks,6,35,36 the persistent pharmacological
effect of levosimendan beyond its infusion can bridge the patient to
recover from myocardial stunning.37,38 On these bases, levosimendan
may have the requisites to be considered for early support in patients
with AVD, in order to limit the ongoing ischaemic process, facilitate
functional recovery, and, ultimately, prevent overt AHF and cardio-
genic shock. However, it should be kept in mind that the prolonged
systemic vasodilation induced by levosimendan may in some cases
turn into an unfavourable effect. Indeed, some patients may develop
an unexpected hypovolaemia and/or vasoplegia during the subse-
quent clinical course that may be accentuated by the persistent
haemodynamic effect of the drug and make the clinical management
of these patients even more complex.

Other potential clinical scenarios

Apical ballooning syndrome
Apical ballooning syndrome (ABS), also known as takotsubo syn-
drome, is more common among middle-aged women, and it is
believed to occur in 1–2% of ACS patients. From a pathophysiological
point of view, ABS is an acute cardiomyopathy characterized by AVD
unrelated to epicardial coronary artery anatomy and blood flow dis-
tribution. Generally, systolic dysfunction affects middle and apical seg-
ments of the left ventricle, leading to ‘apical ballooning’, with relative
sparing of the basal areas. Clinical presentation of ABS usually mimics
an acute myocardial infarction, but coronary angiogram is normal in
most cases. Takotsubo syndrome, as such, is often associated with
left ventricular outflow tract obstruction due to the hyperdynamic
contraction of the basal segments, impairing cardiac output, and po-
tentially causing cardiogenic shock. Systolic anterior motion of the
mitral valve may be associated with mitral regurgitation that further

impairs cardiac function. Many stressful or emotional situations or ex-
posure to high doses of sympathomimetic drugs have been identified
in patients developing ABS. In particular, evidence supports the active
role of catecholamines in the acute phase. This direct myocardial in-
jury, along with the induction of both epicardial and microvascular
coronary spasm, determines an increased cardiac workload,
favouring the oxygen supply/demand mismatch. In most cases, AVD
related to ABS does not require. However, when inotropic support
is required, catecholamine infusion, which is the cornerstone in the
pharmacological treatment of AVD, may have a negative effect, wor-
sening apical ballooning and/or inducing left ventricular outflow ob-
struction.39 Indeed, in a context where catecholamines are the main
aetiological factors, their use may worsen the clinical picture by
favouring inotropism and coronary vasoconstriction. Against this
background, levosimendan may be considered as a suitable pharma-
cological alternative in AVD due to ABS. A few explorative studies
have addressed this issue and demonstrated that levosimendan use is
safe and likely efficacious in ABS.40 However, more robust data are
needed to confirm these preliminary findings.

Acute right ventricular dysfunction
Acute right ventricular dysfunction is commonly observed as a result
of acute myocardial infarction or pulmonary embolism. By combining
pulmonary vascular resistance reduction with increased right ven-
tricular contractility, levosimendan has been shown to improve
ventriculo-arterial coupling,41 an expression of right cardiovascular
efficiency. Of note, in animal models of pulmonary-embolism-
induced right ventricular failure, levosimendan improved the interplay
between cardiac function and pulmonary arterial system more than
dobutamine.41,42 A case report supported the effective use of levosi-
mendan in a patient with life-threatening pulmonary embolism.43

Levosimendan was also demonstrated to improve right ventricular
haemodynamic parameters in patients with isolated and combined
right ventricular failure due to ACS complicated by cardiogenic
shock.44 Moreover, the beneficial effect of levosimendan, in terms of
reduced right ventricular afterload and improved right ventricular
contractility and diastolic function was reported in patients with
advanced heart failure45 and in those with acute respiratory distress
syndrome.46 Based on this very preliminary evidence, it can be sug-
gested that the beneficial effects of levosimendan are also present in
acute right ventricular dysfunction. However, more clinical studies
are needed before a formal recommendation for levosimendan use
in this setting.

Prophylactic use in high-risk patients
undergoing cardiac and non-cardiac
procedures
Acute ventricular dysfunction may also occur in patients with pre-
existing left ventricular dysfunction undergoing a planned procedure
associated with myocardial stress. The poor, or absent, myocardial
contractile reserve may not allow the patient to tolerate even minor
myocardial insults that, in turn, can precipitate a hitherto stable clinic-
al condition. Indeed, a prolonged depression of cardiac contractility
and an increase in myocardial oxygen consumption occur after car-
diac surgery, due to transient ischaemia during cardioplegia and car-
diopulmonary bypass, after PCI, due to periprocedural myocardial

Rationale, experimental data, and emerging clinical evidence 313
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcvp/article/6/5/310/5613182 by Biblioteca M
edicina Veterinaria user on 13 January 2022

Deleted Text:  
Deleted Text: y
Deleted Text: . 
Deleted Text: -
Deleted Text: &hx201C;
Deleted Text: &hx201D;, 
Deleted Text: favoring
Deleted Text: favoring
Deleted Text: . 
Deleted Text:  
Deleted Text: . 


..

..

..

..

..

..

..

..

..

..

.
injury, after ablation of ventricular tachycardia, due to the induction
of sustained tachyarrhythmias and catheter-induced direct myocar-
dial injury, and in high-risk non-cardiac surgery.47

So far, much attention has been focused on the cardiac surgery set-
ting.48,49 Indeed, preoperative reduced left ventricular function has
been recognized as the main risk factor for low cardiac output syn-
drome after cardiac surgery. The rationale of using levosimendan in

the preoperative setting is to achieve the maximal left ventricular
ejection fraction (LVEF) improvement before cardiac surgery initi-
ation. Yet, the greatest haemodynamic response to levosimendan
occurs within 1–3 days of starting infusion.20 Recently, two random-
ized multicentre studies were published on the preoperative use of
levosimendan in patients with low LVEF undergoing cardiac sur-
gery.50,51 In contrast to the preceding smaller trials, which produced

....................................................................................................................................................................................................................

Table 1 Current (recruiting or not recruiting yet) studies focusing on early or preventive use of levosimendan avail-
able at ClinicalTrials.gov (updated to 10 October 2019)

Study no. 1 Study no. 2 Study no. 3 Study no. 4

ClinicalTrials.gov Identifier NCT03855579 NCT04020263 NCT03699215 NCT03436095

Study start March 2019 December 2019 October 2018 January 2017

Study type Interventional Interventional Interventional Observational

Phase 4 3 3 —

Study design RCT RCT RCT Prospective study

Status Recruiting Not yet recruiting Not yet recruiting Recruiting

Clinical setting Off-pump CABG surgery CS STEMI without CS Ventilator weaning

Interventions Intraoperative levosimen-

dan vs. milrinone

Within 12 h from CS

onset levosimendan vs.

placebo

CCU arrival levosimendan

vs. placebo

Levosimendan þ nutri-

tion þrehabilitation

Main outcomes Intraoperative MAPneed

for inotropes

30-day mortality30-day

mortality and/or ELS

and/or dialysis

Infarct size at CMR Rate of weaning

ventilator

Estimated enrolment (n) 60 610 184 90

CABG, coronary artery bypass graft; CCU, coronary care unit; CMR, cardiac magnetic resonance; CS, cardiogenic shock; ELS, extracorporeal life support; MAP, mean arterial
pressure; RCT, randomized clinical trial; STEMI, ST-elevation acute myocardial infarction.
Study no. 1 = Levosimendan vs. milrinone in off pump CABG surgery.
Study no. 2 = Effect of early use of levosimendan vs. placebo on top of a conventional strategy of inotrope use on a combined morbidity–mortality endpoint in patients with car-
diogenic shock.
Study no. 3 = Clinical trial in patients who have suffered a heart attack and who have undergone catheterization treated with levosimendan.
Study no. 4 = The clinical study of bundle measures to improve the success rate of patients with difficult ventilator weaning.

Figure 2 Potential clinical scenarios for levosimendan. CV, cardiovascular; LVEF, left ventricular ejection fraction.
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.
a promising image of levosimendan in the preoperative setting, these
latest two studies failed to find a levosimendan-related benefit.
However, in both cases, the study design might have influenced the
results. Indeed, in one study, levosimendan infusion was started
30 min before surgery,50 while in the other it was started after anaes-
thetic induction,51 allowing a very short time between levosimendan
infusion beginning and surgery. Therefore, in these trials, the pharma-
cological effect was possibly reached after the first post-operative
day, so that the investigated strategy cannot be considered as a truly
preventive one.

Weaning from mechanical circulatory
and/or respiratory support
Other potential clinical scenarios for levosimendan include its use in
weaning from temporary left ventricular mechanical support devices,
like IABP, Impella, and veno-arterial extracorporeal membrane oxy-
genation (VA-ECMO). The phase of weaning from these mechanical
devices may fail in many cases, due to the increasing workload
imposed to the ventricles during the progressive reduction in circula-
tory support. Thus, most patients require inotropic drugs to support
myocardial contractile function during and after weaning, in the at-
tempt to further recover cardiac function. The limited clinical evi-
dence currently available suggests that levosimendan offers some
important advantages over other inotropes for this vulnerable
period, in terms of less myocardial oxygen consumption and pro-
longed haemodynamic effect. Although this levosimendan-based
strategy has been preliminarily reported by some groups,52,53 this
practice needs to be investigated in the future, as the use of VA-
ECMO will likely increase in the setting of AVD.

In addition, weaning from mechanical ventilation may be particular-
ly challenging in patients with cardiac dysfunction, in whom the sud-
den increase in left ventricular diastolic pressure and the
concomitant sympathetic hyperactivation due to the withdrawal of
sedation may be poorly tolerated and may cause acute pulmonary
oedema and respiratory weaning failure. In a prospective observa-
tional study including patients with reduced LVEF and difficult wean-
ing from mechanical ventilation, levosimendan improved cardiac
contractility and resulted in an increased likelihood of successful lib-
eration from mechanical respiratory support.54

Future perspectives

Despite the promising evidence derived from experimental and clin-
ical studies, the impact on outcome of an early or preventive use of
levosimendan should be confirmed in large-scale randomized clinical
trials. However, information on ClinicalTrials.gov (updated to
October 2019) shows that only few studies focusing on this specific
use of levosimendan are currently ongoing (Table 1). Nevertheless,
their results might shed a light on the clinical characteristics of
patients who may benefit from such a therapeutic approach, the
most appropriate timing of drug administration, and its potential im-
pact on hard clinical endpoints.

Conclusions

Due to its haemodynamic and anti-ischaemic effects and to its
pharmacodynamics properties, the use of levosimendan appears to
be a possible strategy in a number of cardiovascular diseases. Its
prophylactic administration may be beneficial in selected high-risk
patients or in clinical conditions where classical inotropes have no
reason to be used (Figure 2). Considering the increasing experimental
and clinical evidence, it can be suggested that, in patients with AVD,
as well as in those with pre-existing ventricular impairment under-
going acute cardiac stress procedures, levosimendan may be consid-
ered for the prevention of overt AHF and cardiogenic shock.

Conflict of interest: none declared.
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