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Levosimendan is an inodilator developed for treatment of acute heart failure. It was
shown to enhance cardiac contractility, and to exert a vasodilatory effect in all vascular
beds. In some trials, the use of levosimendan was associated with cardioprotective ef-
fects. These distinctive qualities may be relevant to its use in a range of acute heart
failure settings and/or complications, including acute coronary syndromes and cardio-
genic shock. It is conjectured that part of the benefit of levosimendan may arise from
restoration of ventriculo-arterial coupling via optimization of the ratio of arterial to ven-
tricular elastance and the transfer of mechanical energy. Full confirmation of the effect-
iveness of levosimendan is still awaited in many of these scenarios; however, the range
of potential applications highlights both the versatility of levosimendan and the relative
lack of proven interventions in many of these situations.

Levosimendan: context and some clinical
applications

The latest iteration of comprehensive guidelines on all as-
pects of the diagnosis and treatment of acute and chronic
heart failure (HF) was published by the European Society of
Cardiology (ESC) in 2016." These guidelines form a frame-
work from which to contextualize some clinical applica-
tions of levosimendan.

Full ESC recommendations for the use of inotropic drugs,
including levosimendan, are shown in Table 1 and provide
the basis for further discussion of the use of this agent. An
essential point to make at the outset, however, is that levo-
simendan is set apart from other agents in the broad ‘ino-
tropes’ class by the fact that it is the first such agent to
promote cardiac contractility without increasing intracel-
lular levels of ionic calcium in cardiomyocytes.? This is an
important distinguishing feature because elevated intra-
cellular calcium levels have been correlated with in-
crease in oxygen consumption, arrhythmia, remodelling,
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apoptosis, and general bad outcome when used in severely
decompensated patients.>

Despite these theoretical attractions, the clinical devel-
opment of levosimendan has not been linear: 4 Phase IIb-llI
regulatory studies (including LIDO and RUSSLAN) on a total
of 1000 patients*” produced promising outcomes but a sec-
ond round of Phase Ill regulatory trials on a total of 2000
patients produced more equivocal results.®® Nevertheless,
a propensity score analysis based on a global registry of
5000 patients (ALARM-HF'®) showed superiority of levosi-
mendan compared with all conventional inotropes, inodila-
tor, and inopressor as regards survival. This finding is
supported by two recent meta-analyses that reported a fa-
vourable impact on mortality with levosimendan compared
with either placebo or inotropes such as dobutamine. "2

Levosimendan has in fact three distinct pharmacological
actions:'?

(1) It exerts an inotropic effect by increasing the sensitiv-
ity of troponin C to ionic calcium in myocardial cells.

(2) It causes vasodilatation by opening adenosine
triphosphate-sensitive potassium channels (Karp
channels) in smooth muscle cells.
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Table 1
dan, and PDE type-IIl inhibitors) in acute heart failure

2016 European Society of Cardiology recommendations for the use of inotropic drugs (dobutamine, dopamine, levosimen-

Level of evidence

Short-term, intravenous infusion of inotropic agents may be considered in patients IIb (@
with hypotension (SBP <90 mmHg) and/or signs/symptoms of hypoperfusion, des-
pite adequate filling status, to increase cardiac output, increase blood pressure,

improve peripheral perfusion and maintain end-organ function

An intravenous infusion of levosimendan or a PDE-IIl inhibitor may be considered to IIb C
reverse the effect of beta-blockade if beta-blockade is thought to be contributing

to hypotension with subsequent hypoperfusion

Inotropic agents are not recommended unless the patient is symptomatically hypo- i A

tensive or hypoperfused because of safety concerns

Reproduced with permission from Ponikowski et al.'
SBP, systolic blood pressure; PDE, phosphodiesterase.

(3) It activates Kyrp channels in mitochondria, a prop-
erty that seems to be central to its effects in pro-
tecting myocytes (and potentially other cell types)
against ischaemia/reperfusion injury and similar
insults.

Each and all of these qualities may be relevant to a range
of HF settings and/or complications in which the drug may
be used,'* including acute coronary syndromes (ACS), car-
diogenic shock, as well as its use in conjunction with pul-
monary hypertension, and left ventricular assist devices
(LVADs). Those situations are briefly examined in this essay
to illustrate the contributions of levosimendan as found in
the clinical literature.

HF after ACS

The energy balance of the injured myocardium and adja-
cent tissue is often critically compromised in ACS. This is
therefore a setting in which the ability of levosimendan to
preserve and enhance myocardial function without
increasing myocardial oxygen consumption or energy de-
mand is a critical distinction between it and other drugs
used to promote inotropy.

Levosimendan has been shown to improve systolic and
diastolic function of stunned myocardium in the context of
ACS and primary angioplasty'>'® and its use has been asso-
ciated with improved outcomes in patients undergoing cor-
onary artery bypass grafting surgery."”

There is extensive evidence that levosimendan may pro-
tect the myocardium against ischaemia and reperfusion in-
jury. This effect is believed to be exerted principally via its
action at mitochondrial Kurp channels,'®'® but modulation
of nitric oxide synthesis and the phosphoinositide-3-kinase
pathway also seem to play a role.?%?'

A group of European experts recently reviewed the role
of levosimendan in acute HF complicating ACS and affirmed
that: (i) levosimendan offers potential benefits in this set-
ting due to a range of distinct effects, including positive
inotropy, restoration of ventriculo-arterial coupling, in-
creases in tissue perfusion, and anti-stunning and anti-
inflammatory effects; (ii) in clinical trials, levosimendan
improves symptoms, cardiac function, haemodynamics,
and end-organ function; and (iii) adverse effects are

generally less common than with other inotropic and vaso-
active therapies, with the notable exception of
hypotension.?

These favourable considerations must be qualified by
the fact that only one large randomized trial has examined
the use of levosimendan in this setting. The Randomised
Study on Safety and Effectiveness of Levosimendan in
Patients with Left Ventricular Failure after an Acute
Myocardial Infarct (RUSSLAN) trial was a placebo-
controlled, double-blind, parallel-group, randomized study
in 504 patients enrolled within 5 days of an index infarc-
tion.” Patients randomized to levosimendan were treated
with a bolus dose of 6-24 ug/kg in 10 min, followed by a 6-h
intravenous infusion at rates ranging from 0.1 to 0.4 g/
kg/min. Despite its positive results on mortality in both
short- and long-term, RUSSLAN had some limitations: it
was primarily an evaluation of the safety of levosimendan,
not its efficacy; invasive haemodynamic data were not col-
lected; and it compared four different dosing schedules
(some of which were not adopted for the clinical practice
recommendation) with a placebo arm.

Cardiogenic shock

The pathophysiological considerations identified for ACS
are also pertinent in cardiogenic shock. Preservation or
promotion of cardiac function is important and levosimen-
dan has been demonstrated to achieve that goal.?> The use
of levosimendan may be indirectly beneficial by reducing
the requirement for catecholaminergic agents that exert
less favourable effects on oxygen and energy consumption
at the cellular level and demonstrate a propensity towards
increased mortality. "%

Of particular interest in this setting is the ability to use
levosimendan successfully and without dose adjustment in
patients who are on beta-blockers at presentation.” This is
not a quality shared by all inotropic drugs and assumes
importance when it is considered that continuation of
beta-blocker treatment is linked to significantly better
prospects of survival.?>

Table 2 summarizes the requirements for an ‘ideal’ ino-
trope and the extent to which available agents meet those
requirements. No drug fully satisfies these criteria but, in
the context of cardiogenic shock, levosimendan may offer
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Table 2 The requirements for an ‘ideal’ inotrope and the extent to which available agents meet those requirements

Calcium sensitizer

Beta-adrenergic agonist Phosphodiesterase inhibitor

Increased intracellular Ca** No
Increased cAMP No
Increased cardiac contractility Yes
Increased oxygen demand No
Tachyphylaxis No
Antagonized by beta-blockers? No

Adverse effects Hypotension, headache

Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes No
Yes No

Tachycardia, arrhythmias Hypotension, arrhythmias

CcAMP, cyclic adenosine monophosphate.

LV pressure (mmHg)
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Ventricular elastance
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Arterial elastance
Ea=LVESP/SV

Ventriculo-arterial coupling
Eal/Ees

Figure 1 Derivation of arterial elastance (Ea) and ventricular elastance
(Ees) for the assessment of ventriculo-arterial coupling efficiency. The
pressure-volume loop area is shaded. The slopes of Ees and Ea are shown.
See text for further discussion. LVESV, left ventricular end-systolic vol-
ume; LVESP, left ventricular end-systolic pressure; LVEDV, left ventricular
end-diastolic volume; LVEDP, left ventricular end-diastolic pressure;
LV, left ventricular; SV, stroke volume; VO, theoretical volume when no
pressure is generated. Reproduced with permission from Guarracino
etal.’

some specific advantages, notably its ability to promote
inotropy with little or no adverse effect on metabolic rate,
energy demand or oxygen consumption in what is often a
critically compromised myocardium.

These energy-neutral inotropic effects of levosimendan
are a striking contrast to the effects of other agents, whose
haemodynamic improvements are often delivered at the
cost of increased oxygen demand when the heart is failing
as a contractile organ and the oxygen supply is already pre-
carious. Other interventions of interest in this respect in-
clude omecamtiv medoxil, istaroxine, and sarcoplasmic
reticulum Ca?*-ATPase modulation but data are lacking on
these initiatives in cardiogenic shock.

These theoretically favourable considerations must be
tempered by the consideration that formal experience
with levosimendan in cardiogenic shock is limited?®?” and
although the drug appeared to be generally well tolerated,
improved multiple haemodynamic indices and was linked
with substantially lower 30-day mortality than enoximone
in one randomized (but open-label) trial,?® there is as
yet no substantial indication of improved longer-term
outcomes.??

Levosimendan has been reported to exert positive ef-
fects on ventriculo-arterial coupling in post-cardiotomy
acute HF?®%° and in situations of ischaemic cardiomyop-
athy®® and those effects may be of interest in the context
of cardiogenic shock.

The area of the ventricular pressure-volume loop repre-
sents the total mechanical energy generated by the con-
traction of the left ventricle until the end of systole and is
strongly and linearly correlated with myocardial oxygen
consumption. The transfer of mechanical energy (i.e.
stroke work from the ventricle to the major arteries) is op-
timal when the ratio of the arterial (Ea) and ventricular
(Ees) elastances is in the range 0.8-1.1; higher values, as
may be encountered in HF, cardiogenic or septic shock and
a range of other conditions, are sub-optimal and identify a
situation where the output of the heart is not providing
maximal advantage for a quotient of energy consumption
(In cardiogenic shock, the usual primary contributor to an
elevated Ea/Ees ratio is the acute reduction in Ees®").

The physiological derivation of the two elastances is
illustrated in Figure 1. One point to infer from this diagram
is that any situation that displaces the pressure-volume
curve to the right and upwards has potential to reduce Ees
and increase Ea, thus producing an unfavourable Ea:Ees
ratio. Such displacements may be the result of a decline in
contractility (lower Ees) or increased afterload (raised Ea).
In practice, all the necessary measurements and
calculations may be made at the bedside, aided by
echocardiography.%33

Whether or not rebalancing of the Ea:Ees ratio repre-
sents a new and productive therapeutic target is as yet un-
determined but it is a concept deserving of investigation.
Similarly, the impact of levosimendan on ventriculo-
arterial coupling requires further and more detailed
evaluation.

General advice for dosing of levosimendan in cardiogenic
shock is to avoid bolus dosing in order to minimize the risk
of hypotension and to administer a 24-h infusion at a rate
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of 0.05-0.1 ug/kg/min. The option exists to start with an
infusion rate of 0.2 pug/kg/min for the first 60 min if a more
rapid onset of effect is required.?? The circulating fluid vol-
ume should be assessed and optimized before initiating
therapy. During levosimendan infusion, vascular tone
should be manipulated to maintain mean arterial pressure
at >70 mmHg.

Levosimendan use in conjunction with an LVAD

A major peri-operative hazard for the patient who re-
ceives an LVAD is RV failure secondary to raised pulmo-
nary vascular resistance (PVR). This is characterized by
LVAD dysfunction (due to under-filling of the left ven-
tricle) and a low cardiac output (CO) state, hypotension,
renal dysfunction, and bleeding (due to raised central
venous pressure).

Estimates of the incidence of right-sided HF after place-
ment of an LVAD vary but there is uniform agreement that
the problem is widespread®*3 and that right-sided HF is
associated with marked deterioration of survival
prospects.®

The Interagency Registry for Mechanically Assisted
Circulatory Support (INTERMACS) has proposed criteria for
the identification of post-LVAD right-sided HF*” and has
identified three categories of severity:

o Severe—the clinical response is installation of a right
ventricular assist device (RVAD).

e Moderate—inotropes or intravenous or inhaled pul-
monary vasodilators are used.

e Mild—a combination of >2 signs and symptoms is pre-
sent but without the need for an RVAD or inotropic
and/or vasodilator support.

In the INTERMACS category of moderate right-sided HF,
the right ventricle can be supported with inotropes or inodi-
lators such as milrinone, dobutamine or levosimendan, all
of which facilitate pulmonary vasodilation. (Vasopressors
such as dopamine and adrenaline should in general be
avoided unless needed to overcome a vasodilatory situation
and maintain systemic blood pressure.)

Current practice emphasizes the early weaning of ino-
tropes, partly in response to a report that mortality is
strongly correlated with duration of inotrope use.®® It
should be noted, however, that those data were derived
exclusively from patients who received milrinone or dobut-
amine. This may be an extension of the observation that
conventional inotropes are associated with increased mor-
tality in HE."!

In contrast, no similar deterioration in survival is ap-
parent from meta-analyses of levosimendan in left-sided
HF."2 It must be emphasized that there are at present no
data from randomized controlled clinical trials for levosi-
mendan in the setting of LVAD-associated right-sided HF.
However, recently published data provide some indica-
tions that levosimendan may be useful as a predictive or
prognostic instrument in this situation. In an uncontrolled
study, observations on 21 patients who received pre-
operative levosimendan (0.1-0.2 ug/kg/min for 48h) in
anticipation of LVAD implantation demonstrated signifi-
cant (P<0.05) improvements in cardiac index,

pulmonary artery pressure, and central venous pressure,
as might have been predicted, but also identified the
lack of a significant reduction in the median level of N-
terminal pro-brain natriuretic peptide after levosimen-
dan infusion as strongly predictive of post-operative
death due to right-sided HF.>°

Levosimendan and pulmonary hypertension in
advanced HF

Pulmonary hypertension/elevated PVR are recognized as
relative contraindications to heart transplantation (HTx)
because of the potential for causing right-sided HF.“° (For
these purposes, ‘elevation’ is defined as PVR>5 Wood
units, PVR index >6 or a transpulmonary pressure gradient
in excess of 16-20 mmHg.)

Bringing PVR within acceptable limits may therefore
be a crucial influence on a patient’s eligibility for a heart
transplant. Where it is anticipated that the wait for a
heart transplant will be lengthy, use of an LVAD to main-
tain PVR within acceptable limits is the appropriate
course of action and has proven benefits.*! Where the
waiting time is expected to be relatively short, or for pa-
tients for whom an LVAD is not an option, inodilator ther-
apy may be regarded as a preferred option that avoids
the surgical risk attendant on implantation of an LVAD.
The objectives of therapy in this setting are to improve
left ventricular contractility and reduce systemic vascu-
lar resistance. The resulting reduction in left atrial filling
pressure is desirable as this has a substantial influence
on PVR. It is well established that levosimendan reduces
both PVR and pulmonary capillary wedge pressure* and,
as with several other aspects of its clinical profile, this
effect is well sustained.*

As a limitation, we must emphasize that the effect of
levosimendan in patients with right-side HF and pulmonary
hypertension has not been studied in properly powered
randomized studies.

Another important limitation is that levosimendan has
not been tested in models or patients with clearly defined
pre-capillary or combined pulmonary hypertension. It can-
not therefore confidently be excluded that the effects of
the drug might be detrimental in patients with pre-
capillary pulmonary hypertension (with or without right-
side HF). Caution is required if using levosimendan (or any
other inodilator) in such patients.

These considerations notwithstanding, the capacity for
occasional or intermittent use differentiates levosimendan
from drugs such as dobutamine or milrinone and makes lev-
osimendan preferable from the perspectives of patient
convenience and the reduced risk of infection conferred by
the avoidance of an indwelling catheter.

Levosimendan as a bridging therapy

In situations such as cardiogenic shock inodilators may be
used, normally in conjunction with vasopressors, as part of
life-sustaining medical care prior to emergency HTx or in-
stallation of a LVAD. In patients with advanced chronic HF
who require (and are eligible for) either intervention, the
time-frame is often substantially longer and the
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Figure 2 The GFR response to inodilatation may be used to guide a pa-
tient’s eligibility for a place on the heart transplant register. HTX, heart
transplantation;  ACE-l, angiotensin-converting  enzyme inhibitor;
GFR, glomerular filtration rate; BB, beta-blockers; BP, blood pressure;
sys, systolic.

importance of inodilators such as levosimendan lies in their
contribution to the twin goals of:

e preserving renal function
¢ lowering PVR and, with it, the risk of right ventricular
(RV) failure.

Transplantation in the setting of significant renal dys-
function and unmanaged fluid overload often leads to post-
transplantation right-sided HF and death. Renal function
data from large registry sources are amply revealing of the
adverse impact of pre-transplant renal dysfunction, as rep-
resented by serum creatinine levels***** or estimated glom-
erular filtration rate (eGFR),* on the outcomes of HTx.
Some of the roots of this unwelcome influence are located
in what may be characterized as a ‘troublesome triad’ in
which declining cardiac contractile performance under-
mines renal function and vice versa.

The value of inodilation in this setting is that it can break
the cycle of debilitating organ dysfunction; at the same
time, it may serve an important diagnostic role by differen-
tiating primary renal disease (which is likely to rule out
HTx) from impaired kidney function secondary to cardio-
renal syndrome. The principles of this differentiation are
illustrated in Figure 2, which shows how the GFR response
to inodilation may be used to guide a patient’s eligibility
for a place on the heart transplant register. (It should be
noted that the box in the top right-hand corner of Figure 2
identifies patients who require combined heart and kidney
transplantation; these are likely to be relatively young
patients.)

Conclusions

Levosimendan is approved for acutely decompensated HF
characterized by low CO. Various lines of evidence, several
of which have been reviewed in this essay, suggest that lev-
osimendan may in addition be beneficial in a range of cir-
cumstances associated with acutely decompensated HF,
including ACS and cardiogenic shock. However, the evi-
dence currently available on many of these applications is
preliminary: further clinical investigation and assessment
in properly powered clinical trials will be needed to valid-
ate these possibilities.
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