Bl REVIEW ARTICLES

David C. Warltier, M.D., Ph.D., Editor

Anesthesiology 2006; 104:556 - 69

© 2006 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

Levosimendan, a New Inotropic and Vasodilator Agent

Wolfgang G. Toller, M.D.,* Christian Stranz, M.D.T

This article has been selected for the Anesthesiology
CME Program. After reading the article, go to http://
www.asahg.org/journal-cme to take the test and apply for
Category 1 credit. Complete instructions may be found in
the CME section at the back of this issue.

Several clinical studies suggest substantial limitations of cur-
rently available positive inotropic substances, including f3,-ad-
renoceptor agonists and phosphodiesterase III inhibitors in the
short- and long-term treatment of heart failure. The reasons for
these detrimental effects are related to the mechanism of action
of these drugs, including increases in intracellular Ca** with
subsequent increases in myocardial oxygen demand and ar-
rhythmogenesis. Levosimendan, a myofilament Ca** sensitizer
with inotropic effects, increases myocardial performance with-
out substantial changes in oxygen consumption and with neu-
tral effects on heart rhythm. In addition, levosimendan has
vasodilatory effects that are achieved by stimulation of adeno-
sine triphosphate—dependent potassium channels. This action
may be of specific interest in the setting of myocardial isch-
emia. To date, levosimendan is approved in 31 countries world-
wide, and more patients with heart failure have participated in
randomized controlled trials with levosimendan than with any
other intravenous inotropic agent.

IN addition to administration of oxygen, diuretics, vaso-
dilators, and anticoagulants, the support of severely im-
paired myocardial contractile function with positive ino-
tropic agents represents a mainstay of therapy in
critically ill patients. Irrespective of whether used in
patients with acute decompensation of chronic heart
failure (CHF), contractile dysfunction after myocardial
infarction, or stunning after cardiac surgery, these drugs
frequently improve contractility and relieve symptoms.
Regarding clinical outcome, however, the results of
many trials suggest substantial limitations of such drugs
in the treatment of myocardial contractile dysfunction.’
With the exception of digoxin, which has neutral effects
on overall mortality,” currently available positive inotro-
pic substances, including ,-adrenoceptor agonists and
phosphodiesterase (PDE) III inhibitors, have been found
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detrimental in the long-term treatment of heart failure
because they contribute to the development of malig-
nant ventricular tachyarrhythmias and increase the inci-
dence of sudden cardiac death.>* In addition, recent
studies also indicate that short-term administration of
PDE III inhibitors is associated with a high incidence of
treatment-related complications, e.g., atrial fibrillation
and hypotension,’ particularly when concomitant isch-
emia is present as in patients with ischemic cardiomy-
opathy.® The reasons for these disappointing findings
may be related to the fact that, despite different primary
sites of action, all of these drugs eventually enhance
myocardial contractility by increasing intracellular levels
of cyclic adenosine monophosphate (cAMP) in myo-
cytes, whether generated by an increased rate of synthe-
sis (3;-adrenoceptor agonists) or by a decreased rate of
degradation (PDE III inhibitors), which promotes the
release of Ca®* from the sarcoplasmic reticulum (SR) to
the cytosol. Augmentation of intracellular Ca*" subse-
quently produces a temporary improvement in contrac-
tility at the expense of an increased myocardial energy
consumption and oxygen demand,” which finally accel-
erates myocardial cell death. Furthermore, increased
concentrations of cCAMP and the subsequent change in
intracellular Ca>" turnover are cardiotoxic and enhance
electrophysiologic mechanisms that result in rhythm dis-
turbances.®

Accordingly, considerable research has been devoted
to develop new approaches to positive inotropic therapy
independent of the potentially deleterious mechanism of
augmenting intracellular Ca®" availability. Theoretically,
such approaches should enhance contractile force with-
out increasing myocardial oxygen demand or the risk of
cardiac arrhythmias. As the relation of intracellular Ca**
and corresponding tension of cardiac myofilaments may
be impaired during pathophysiological conditions such
as ischemia, acidosis, sepsis, or hypothermia, drugs have
been developed that modulate this relation without ac-
tual alteration of intracellular Ca*" levels.” All of these
“myofilament Ca*" sensitizers,” including levosimendan,
pimobendan, EMD 57033, ORG 30029, MCI-154, and
others, share the ability to enhance contractility by in-
creasing the sensitivity of the myofilaments to calcium
although with different potencies, through diverse
mechanisms and sites of action, and with varying de-
grees of parallel PDE inhibitory effects.'® Among these,
levosimendan is promising in the management of both
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acute and chronic left ventricular (LV) failure, because it
is a potent Ca®" sensitizer,'® has no negative impact on
diastolic function,'" has little potency for additional PDE
inhibition at clinically recommended concentrations,'?
has neutral effects on heart rhythm,'® and has advan-
tages over dobutamine in long-term survival.'* Levosi-
mendan was first approved in Sweden in 2000 and is
currently in clinical use in approximately 30 countries,
predominately in Europe and South America. The drug is
in large phase III clinical studies in the United States
(REVIVE) and Europe (SURVIVE) and has been granted
fast-track status by the Food and Drug Administration.
The European Society of Cardiology has adopted its use
in the treatment of acute heart failure in 2001'> and
assigned it a class of recommendation I1a (Z.e., conflicting
evidence with weight in favor of usefulness), level of
evidence B (Z.e., data derived from a randomized clinical
trial) in the treatment of symptomatic low- cardiac out-
put heart failure secondary to cardiac systolic dysfunc-
tion without severe hypotension in 2005,'® which is
superior to catecholamines or PDE III inhibitors for this
indication.

This review compares the different actions of standard
positive inotropic drugs and Ca®" sensitizers. It also
summarizes the current experimental and clinical knowl-
edge of the use of levosimendan and gives practical
recommendations with a special focus on the perioper-
ative setting.

Mechanism of Myocardial
Excitation—Contraction Coupling

When the myocyte sarcolemma depolarizes, extracel-
lular Ca** enters the cell, primarily through sarcolemmal
voltage-gated L-type Ca®" channels. This action on its
own is insufficient to produce contraction of the myo-
filaments but triggers the (passive) release of larger
amounts of Ca®>" from the SR to the cytosol (“calcium-
induced Ca®" release”),!” which subsequently initiates
contraction. Contraction is performed by interaction of a
variety of structural and regulatory proteins, including
myosin, actin, tropomyosin, and the troponin complex
(TnC, Tnl, TnT). When cytosolic Ca*" is low during
relaxation (approximately 10~ m), tropomyosin inhibits
interaction between actin and myosin. Contraction is
initiated when cytosolic Ca>" increases (approximately
107> m), binds to TnC, and causes a conformational
change of this protein. Subsequent activation of TnT
removes tropomyosin and Tnl from the adenosine
triphosphate (ATP) reactive site, thus allowing actin to
interact with myosin, a process known as cross-bridging.
As long as Ca®" is bound to TnC, this energy-dependent
process is repeatedly performed (“cross-bridge cycling”)
to generate contractile force. During basal states, Ca*"
does not saturate the myofilaments, Ze., approximately
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25% of full activation is achieved. This reserve of activa-
tion can be mobilized by increasing either the amount of
Ca®" available for binding or the sensitivity of myofila-
ments to Ca>". Relaxation is initiated both by phosphor-
ylation of TnlI and rapid removal of cytosolic Ca>" pre-
dominately by reuptake into the SR through the (energy-
requiring) sarcoplasmic endoplasmic reticulum calcium
adenosine triphosphatase isoform 2 (SERCA2). With
each contraction-relaxation cycle, there is no net gain or
loss of cellular Ca®™".

Importantly, the response of myofilaments to a specific
intracellular concentration of Ca?>" may be attenuated
(i.e., “desensitization™) by a variety of pathophysiologic
conditions, including acidosis,'® hypothermia,'**® in-
creased inorganic phosphate,®! sepsis,>? ischemia-reper-
fusion injury,?® and myocardial stunning,?* but also by
pharmacologic B-adrenergic stimulation®>~*” or the pres-
ence of CHF with increased neurohormonal activation.
Conversely, the sensitivity of contractile proteins to
Ca®" may increase, e.g., by a-adrenergic receptor stimu-
lation®” or by administration of myofilament calcium
sensitizers."’

Mechanism of Action of Standard Inotropic
Drugs

Drugs currently used to achieve positive inotropic ef-
fects in the perioperative setting include cat-
echolamines, e.g., dobutamine, and PDE III inhibitors,
e.g., milrinone. Although these substances have different
sites of action, they ultimately initiate a cascade of events
that stimulate contractility by increasing intracellular
Ca’" concentration (fig. 1). Binding of catecholamines
to B,-adrenergic receptors on the surface of myocytes
activates adenylate cyclase, which generates CAMP from
ATP. cAMP activates protein kinase A, which subse-
quently phosphorylates (i.e., attaches a phosphate group
to) intracellular targets, including the voltage-gated L-
type Ca®>" channel, phospholamban, and Tnl. Phosphor-
ylation of sarcolemmal voltage-gated L-type Ca** chan-
nels enhances Ca®>™" entry into the cytosol. The increased
activity of these channels further increases “trigger cal-
cium,” leading to greater activation of the calcium re-
lease channel (RyR2) in the SR and subsequent contrac-
tion (Z.e., positive inotropic action of catecholamines and
PDE III inhibitors). In contrast, phosphorylation of phos-
pholamban activates SERCA2. This action increases the
rate of Ca®" transport from the cytosol back into the SR
during diastole and is therefore responsible for the pos-
itive lusitropic actions of catecholamines and PDE III
inhibitors. Although this lusitropic action enhances re-
laxation, it is also crucial to ensure sufficient Ca*>" avail-
ability from the SR for the next cellular depolarization
and contributes to the overall gain in cardiac excitation-
contraction coupling that adrenergic stimulation medi-
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Fig. 1. Schematic illustration mechanism of action of positive
inotropic drugs. B-Adrenergic stimulation (catecholamines)
and phosphodiesterase (PDE) III inhibition increase cyclic
adenosine monophosphate (cAMP), which acts via protein ki-
nase A (PKA) to phosphorylate calcium channel protein, phos-
pholamban (PL), and troponin I (Tnl). Phosphorylation (P) of
calcium channel protein enhances sarcolemmal inward move-
ment of Ca**, which subsequently increases Ca** movement
from the sarcoplasmic reticulum (SR) through the calcium re-
lease channel (ryanodine receptor type 2 [RyR2]) to the cytosol
(calcium-induced Ca** release). Digoxin increases cytosolic
Ca’®* by inhibition of sarcolemmal Na*—K*-adenosine triphos-
phatase and Na*—Ca®** exchange. Cytosolic Ca®** binds to tro-
ponin C (TnC) and initiates contraction (inotropic effect). Phos-
phorylation of PL enhances relaxation by increased reuptake of
Ca** back into the SR by the SR Ca** adenosine triphosphatase
isoform 2 (SERCA?2) (lusitropic effect). Phosphorylation of Tnl
enhances the rate of relaxation by decreasing the sensitivity of
myofilaments to Ca®>". Levosimendan binds to TnC during sys-
tole and thereby increases the sensitivity of myofilaments to
Ca>* without alteration of Ca®>* levels. AC = adenylate cyclase;
ATP = adenosine triphosphate; B-AR = f adrenoceptor; G, =
stimulatory guanine nucleotide binding proteins.

ates. The consequences of this increased loading of the
SR with Ca*" may be a key factor in the development of
Ca**-mediated arrhythmias.® Phosphorylation of Tnl de-
creases the affinity of myofilaments for Ca** and thereby
also favors relaxation.”® 3 Together, these effects pro-
vide an integrated response to (-adrenergic stimulation
that increases myocardial contractility, while in parallel
supports myocardial relaxation by desensitizing myofila-
ments and augmenting the active removal of Ca** from
the cytosol.

Cardiac glycosides, e.g., digoxin, selectively and revers-
ibly inhibit the sarcolemmal Na* -K " adenosine triphos-
phatase in cardiac myocytes with a resultant modest
increase in intracellular Na™. This increase of Na™ sub-
sequently inhibits extrusion of Ca®*" from the cytosol
into the extracellular compartment by the Na*-Ca**
exchanger. Ca®>" not extruded from the cytosol by this
mechanism is stored in the SR and allows increased
release of Ca*™ during the next contraction. Digoxin is
commonly not used to increase myocardial contractility
in the perioperative period because of only modest pos-
itive inotropic effects and a small therapeutic range. As
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trol of ventricular rate during refractory atrial fibrilla-

Mechanism of Action of Levosimendan

Positive Inotropic Effects

Myofilament Ca** Sensitization. Levosimendan en-
hances myocardial contractility by binding to the N-
terminal lobe of cardiac TnC with a high affinity>*~>* and
stabilizing the Ca*"-bound conformation of this regula—
tory protein.®>* Therefore, systolic interaction of actin-
myosin filaments is prolonged without alteration of the
rate of cross-bridge cycling. Other myofilament Ca*"
sensitizers are bound to the TnC-Ca*" complex during
both systole and diastole with improvement of systolic
but possible impairment of diastolic function®> due to
facilitation of cross-bridging at diastolic Ca*" levels,
whereas binding of levosimendan to TnC is dependent
on the cytosolic Ca** concentration, .e., increases dur-
ing systole but is relatively unchanged during diastole,
when Ca®" levels decrease.®® This mechanism may be
the reason for the parallel enhancement of myocardial
contractility and improvement of LV diastolic function
without promoting arrhythmogenesis or alteration of
myocardial oxygen demand in experimental®®~® and
clinical'"*® studies.

Phosphodiesterase III Inhibition. In addition to
myofilament Ca®" sensitization, levosimendan inhibits
cardiac PDE, predominately PDE 11,* in muscle strips
from human hearts*! and various animal models.!?%0:%2
This effect is observed predominately at higher concentra-
tions (> 0.3 um),'>* but is not seen (0.03 um) or is less
pronounced (0.1-0.3 um) at concentrations reflecting
the clinically recommended therapeutic range of 0.03-
0.3 um (e, 10-100 ng/ml).“’45 Therefore, at concen-
trations of 0.03-0.1 um, levosimendan does not alter
heart rate, cCAMP levels, myocardial relaxation,'* and
cytosolic Ca?" as assessed by aequorin light tran-
sients,>”*! although it significantly increases myocardial
contractility in guinea pig hearts'? and shifts the graph of
the relation between Ca*" and contractile force to the
left.>” These findings indicate that levosimendan mainly
acts as a Ca®" sensitizer at concentrations of 0.03-0.1
um. Although 0.1-0.3 um levosimendan variably alters
myocardial cAMP levels, heart rate, **P incorporation
into phospholamban,'? and aequorin light transients,*!
concentrations exceeding 0.3 um consistently increase
heart rate, contraction (+dP/dt) and relaxation (—dP/dt)
as well as partial phosphorylation of phospholamban'?
and aequorin light transients. ! These findings suggest a
contributing role of PDE inhibition at concentrations of
levosimendan exceeding 0.3 uM.

Important experimental and clinical differences be-
tween levosimendan and classic PDE inhibitors (e.g.,
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milrinone), however, exist. First, milrinone has no Ca*"
sensitizing effect,*® but in contrast decreases the sensi-
tivity of myofilaments to Ca** through cAMP-dependent
phosphorylation of Tnl, whereas levosimendan has this
action.'? Second, milrinone consistently exerts positive
inotropic effects in parallel with an increase in aequorin
light emission (indicating influence on Ca®" tran-
sif:nts),41 whereas levosimendan at low concentrations
does not have this effect despite production of positive
inotropic effects, suggesting that levosimendan is more
potent as a Ca’" sensitizer than as an inhibitor of
PDE.'?%7 Third, metabolism of levosimendan produces a
long-lasting active metabolite, OR-1896,*® which has sim-
ilar Ca®>" sensitizing properties like the parent com-
pourld49 but a significantly lower potential to inhibit PDE
III (40-fold less potent, 3-fold less selective).m Because
levosimendan has a relatively short elimination half-life
and the infusion is usually discontinued after 24 h, the
sustained positive inotropic effects observed thereafter>®
suggest an important role of Ca’" sensitization of this
metabolite. Fourth, in clinical practice, levosimendan
does not increase the incidence of arrhythmias,'?
worsen ischemia,”! or negatively influence patient out-
come,'*>! whereas milrinone does.* °

Vasodilation

Levosimendan produces vasodilation in several vascu-
latures including coronary,>*>* pulmonary,” renal,>®
splanchnic,’® cerebral,®® and systemic®”>® arteries as
well as saphenous,® portal,®® and systemic®”>® veins.
The underlying mechanism of vasodilation has been ex-
tensively investigated®*>> but has not yet been entirely
clarified. Recent evidence proposes involvement of sev-
eral systems or pathways in the vasodilating effects of
levosimendan (fig. 2). An important mechanism in vas-
cular smooth muscle of systemic, coronary,’>®! and pul-
monary>” arteries is opening of potassium channels, in-
cluding ATP-sensitive K' (K,p) channels in small
resistance vessels and Ca®*-activated K" and voltage-
dependent K" channels in large conductance ves-
sels.**%* Opening of these channels hyperpolarizes the
membrane, inhibits inward Ca®" current, and activates
the Na*"-Ca®* exchanger to extrude Ca®*". The resultant
decrease in intracellular Ca®>" produces vasorelaxation.
Attenuation of levosimendan-induced dilation of coro-
nary arteries during concomitant administration of the
K,rp channel antagonist glibenclamide emphasizes the
role of K, channels in this setting.>¢

A second mechanism involved in levosimendan-in-
duced vasodilation is reduction of Ca*" sensitivity of the
(TnC-lacking) contractile proteins in vascular smooth
muscle.®* This decrease in contractile force of vascular
myofilaments occurs without a proportionate decrease
in intracellular Ca®". In addition, PDE inhibition has
been proposed to contribute to levosimendan-induced
vasodilation because of increases in cAMP in vascular
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Proposed Vasodilating Mechanisms of Levosimendan
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Fig. 2. Proposed vasodilating mechanisms for levosimendan.
Levosimendan stimulates the adenosine triphosphate (ATP)—
sensitive K* (K, p) channel in small resistance vessels and the
Ca**-activated K* (K.,) and voltage-dependent K* (K,) chan-
nels in large conductance vessels. These actions hyperpolarize
the membrane, thereby inhibiting inward L-type Ca** current
(caqy), as well as promoting the forward mode (FM) of Na*—
Ca** exchanger (NCX), i.e., three Na* in, one Ca** out. The
resultant decrease in intracellular Ca** ([Ca**],)) would produce
vasorelaxation. Levosimendan also may decrease the Ca** sen-
sitivity of the contractile proteins directly and/or indirectly
through the hyperpolarization. The plus signs indicate stimu-
lation, and the minus signs indicate inhibition. VSM = vascular
smooth muscle. Modified from figure 1, with kind permission
of Springer Science and Business Media, from Yokoshiki and
Sperelakis.®?

smooth muscle.®® This effect, however, predominately
occurs at excessive doses (1 mm) of levosimendan,54
whereas at 3 uM, vasorelaxation is different from milri-
none® and not affected by inhibition of protein kinase A
at concentrations of 0.01-1 um.*” Although the impor-
tance and relative contribution of each of these mecha-
nisms of vasorelaxation is unclear and may be different
in various vessels and dependent on the dose of levosi-
mendan, an important role of K™ channel opening is
obvious, whereas the role of PDE inhibition remains to
be defined.

Hemodynamic Effects of Levosimendan

Levosimendan consistently increases cardiac output in
experimental and clinical studies. Possible theoretical
mechanisms of this action are modification of heart rate,
improvement of cardiac performance, and vasodilation.

Heart Rate

Levosimendan dose-dependently (= 0.1 um) increased
heart rate in several animal experiments,'>3%42 healthy
Voluntf:ers,66 and patients with New York Heart Associ-
ation (NYHA) functional class II-IV heart failure of isch-
emic etiology.*> The mechanism of the occasionally ob-
served early levosimendan-induced increase in heart rate
is unknown but may be produced by compensatory
vasodilation-induced activation of baroreceptor reflex-
es,%’ particularly after administration of a bolus. Con-
versely, studies demonstrate an initial neutral effect on
heart rate after abandonment of a bolus,°® low bolus
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concentrations (3-12 pg/kg),>°*® or oral administra-

tion of levosimendan.”® In contrast, persistence of an
increased heart rate after discontinuation of a 24-h infu-
sion of levosimendan®®>° or after extended infusions for
7 days71 suggests an important role of OR-1896, a me-
tabolite of levosirnendan,48 which continues to accumu-
late after withdrawal of levosimendan.>® In clinical prac-
tice, treatment of patients with normal or reduced
ejection fraction but within the recommended dosages
(6- to 24-ug/kg bolus over 10-min, followed by an infu-
sion of 0.05-0.2 pg - kg™ ! - min~H* rarely produces
positive chronotropy exceeding more than 10% from
baseline®” and is generally less marked in patients with
severe heart failure. Accordingly, neutral or insignificant
effects on heart rate were observed in patients with
CHF,* cardiogenic shock,”? and severe decompensated
low-output heart failure'*>*73 and after myocardial in-
farction,”" but also in the perioperative period in pa-
tients undergoing surgical revascularization with nor-
mal®® or compromised’® ventricular function. In
contrast, administration of high doses of levosimendan
(36-ug/kg bolus and infusion of 0.3 ug - kg~ ' + min~*
over 6 h) in patients with a normal ventricular function
increased heart rate after cardiopulmonary bypass, par-
ticularly after the bolus (+24 beats/min) and during the
first hour of infusion.”” Therefore, changes in heart rate
are obviously a function of dosage, intravascular volume
status, and preexisting compromise of myocardial con-
tractile function.”® Taken together, modification of heart
rate under clinical conditions and within the recom-
mended doses*® is unlikely to be an important mecha-
nism of the increase in cardiac output produced by
levosimendan.

Cardiac Performance

Administration of levosimendan enhances cardiac per-
formance in vz’tro,‘“ in vivo,76 and in clinical stud-
ies.'*® For example, in patients with low-output heart
failure, a 24-h administration of levosimendan (0.1-0.2
ug - kg ' - min~ ") increased cardiac output by 1.09
I/min and decreased pulmonary capillary wedge pres-
sure (PCWP) by 7 mmHg, whereas dobutamine (5-10 ug
- kg~ ' - min~ ") changed these parameters by 0.80 1/min
and 3 mmHg, respectively (fig. 5).14 These effects gen-
erally occur in a dose-dependent manner and are char-
acterized by an increase in LV stroke volume and cardiac
index in patients with severely compromised ventricular
function.’® In addition, improved cardiac performance
has also been suggested by a significant decrease of
circulating levels of amino terminal pro B-type natri-
uretic peptide after a 24-h infusion of levosimendan (0.1
g+ kg™ ! - min~ ") in patients with decompensated CHF
and a mean LV ejection fraction of approximately 25%.””
Interestingly, the decrease of this neurohormonal
marker was particularly pronounced 48 h after discon-
tinuation of levosimendan treatment.
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Fig. 3. Comparison of hemodynamic effects of levosimendan
and dobutamine. Changes in cardiac output and pulmonary
capillary wedge pressure were recorded from baseline to 30 h
in patients with low-output heart failure. Levosimendan (0.1—
0.2 pg - kg™' - min™") or dobutamine (5-10 pg - kg™' - min™")
were infused for 24 h and then discontinued. At 24 h, levosi-
mendan and dobutamine produced median changes in cardiac
output of 1.09 and 0.80 1/min, respectively (P = 0.048). In
addition, administration of these drugs produced median de-
creases of pulmonary capillary wedge pressures of 7 and 3
mmHg, respectively (P = 0.003). Error bars indicate SEMs.
Reprinted with permission from Elsevier, from Follath et al '*

Although Ca®?" sensitizers carry a potential risk of
worsening diastolic function,®” levosimendan decreased
the time constant of isovolumic relaxation (7) in various
experimental®®’%7® and clinical'! settings, indicating im-
provement rather than deterioration of diastolic func-
tion. In addition to these beneficial effects at rest, levo-
simendan treatment also improved LV systolic and
diastolic performance during exercise in dogs with pac-
ing-induced CHF.”® These positive lusitropic effects may
be related to the Ca>* dependence of Ca*"-bound sen-
sitization of cardiac TnC, Z.e., the contractile apparatus is
sensitized in systole (when Ca*t is high) but not in
diastole (when Ca®" is low) or alternatively due to PDE
III inhibition.

Vasodilation

Vasodilation observed with administration of levosi-
mendan is followed by numerous consequences. Pulmo-
nary vasodilation decreases right heart filling pres-
sures,”® which, in context with positive inotropic
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effects, could explain increases right ventricular contrac-
tility and performance observed with administration of
levosimendan.®*®! Systemic vasodilation decreases left
heart filling pressures, enhances LV-arterial coupling,’”
and increases blood flow to various tissues, including
myocardium, gastric mucosa,®? renal medulla, small in-
testine, and liver.>® In the splanchnic area, levosimendan
is superior to milrinone and dobutamine in selectively
increasing microvascular gastric mucosal oxygen-
ation®>®% and increases portal venous blood flow and
oxygen delivery in experimental septic shock.®* Clinical
consequences of levosimendan-induced vasodilation
must be seen in context with the parallel improvement
of cardiac performance. Although vasodilation may de-
crease mean arterial blood pressure, which compro-
mises, for example, renal perfusion, the parallel increase
in cardiac output frequently more than compensates this
handicap. For example, renal function was improved
after a 24-h infusion of levosimendan (0.1-0.2 ug - kg~
- min~") in patients with low-output heart failure as
demonstrated by decreases of serum creatinine levels
(=9 pm) compared with infusions of dobutamine (5-
10 ug - kg '+ min~ 1.4

Anti-ischemic Effects of Levosimendan

Particularly during ischemia and reperfusion, adminis-
tration of catecholamines and PDE III inhibitors produce
detrimental side effects, e.g., atrial and ventricular tachy-
arrhythmias.>®®>5° In this setting, availability of positive
inotropic drugs with a neutral profile on cardiac rhythm
and anti-ischemic effects would confer benefits.

K, p Channel Opening

Levosimendan opens both mitochondria and sar-
colemmal®*®° K, ;p channels. Although the definite rel-
evance of these actions is unknown, opening of mito-
chondrial K, channel has repeatedly been implicated
in mediation of anti-ischemic actions.”’ Prevention of
mitochondrial Ca®>* overload, restoration and stabiliza-
tion of mitochondrial membrane potential, preservation
of high-energy phosphates, and regulation of mitochon-
drial matrix volume have been proposed as underlying
mechanisms.”? Interestingly, the positive inotrope levo-
simendan protected ischemic myocardium,®>°® de-
creased myocardial infarct size when administered before
and during myocardial ischemia in dogs,®' and improved
survival compared with placebo in patients with LV failure
complicating acute myocardial infarction.>!

Opening of sarcolemmal K, » channels, however, has
been implicated in both mediating cardioprotective ef-
fects”® and exerting a theoretical proarrhythmic poten-
tial.>> This detrimental action on heart rhythm is pro-
duced by the large outward repolarizing K™ current that
sarcolemmal K, channel opening initiates. Subsequent

187,88
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hyperpolarization of resting membrane potential and
shortening of action potential duration decreases the
effective refractory period®® of the tissue and thereby
increases the susceptibility to reentrant arrhythmias. Al-
though levosimendan indeed hyperpolarized membrane
potential,®® shortened action potential duration in iso-
lated cells,” and slightly shortened effective refractory
period in patients,”” experimental and clinical studies so
far have demonstrated a neutral effect of this drug on
heart rhythm rather than proarrhythmic potential.'**>°”

Effects of Levosimendan during Ischemia, Stunning,

and Myocardial Infarction

Because levosimendan does not increase myocardial
oxygen demand®' and possibly exerts anti-ischemic ef-
fects,®19>%% efficacy and safety of this substance have
been intensively tested before, during, and after ischemi-
a-reperfusion injury in experimental and clinical studies.
Levosimendan did not promote ischemia-reperfusion ar-
rhythmias compared with dobutamine in guinea pig
hearts®® and in patients with stable moderate-to-severe
ischemic cardiomyopathy when used in recommended
clinical concentrations (6- to 24-ug/kg bolus over 10
min, followed by an infusion of 0.05-0.2 ug - kg ' *
min~ ") in a double-blinded, placebo-controlled, random-
ized, multicenter study.*” Furthermore, the incidence of
arrhythmias was not increased when levosimendan was
compared with placebo in patients with acute myocar-
dial infarction®' or administered perioperatively in pa-
tients with coronary artery bypass grafting.”> Although
obviously having a neutral profile on heart rhythm, levo-
simendan consistently improved contractile function in
the setting of global ischemia-reperfusion injury in ex-
perimental®>93%1% and clinical studies.''>"7>

In contrast, two experimental studies using regional
myocardial ischemia in pigs demonstrated detrimental
effects of levosimendan during ischemia, Ze., increase in
the rate of ventricular arrhythmias'®" and worsening of
the myocardial contractile function in the ischemic ar-
ea.'%? An increased frequency of ventricular arrhythmias
was also noted at levosimendan doses of 0.6 ug - kg !-
min~' (fe., 3 times higher than upper recommended
dose) in patients with stable ischemic cardiomyopa-
thy.*> The reasons for these findings may be related to a
decline in coronary perfusion pressure, redistribution of
coronary blood flow producing coronary steal, and in-
crease in myocardial oxygen consumption due to PDE III
inhibition.'®® Therefore, as with any other positive ino-
tropic drug, caution is advised with the use of levosi-
mendan, especially in high doses, in patients who have
ongoing myocardial ischemia.

Efficacy and safety of levosimendan have been demon-
strated during states of myocardial stunning in experi-
mental settings'®*1%> and in patients with acute coro-
nary syndrome undergoing angioplasty in a randomized,
double-blinded, placebo-controlled trial.'' Administra-
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Table 1. Pharmacokinetics of Levosimendan in Healthy
Volunteers and Patients with Congestive Heart Failure

Healthy Volunteers Patients with CHF

Unchanged
Levosimendan

Unchanged

Total Drug Levosimendan Total Drug

t1/000 N 0.20 + 0.08 0.16 = 0.08 0.26 + 0.08 0.17 + 0.08
ty/zp NI 0.96 + 0.16 0.92 +0.16 1.03+0.11 0.94 * 0.29
ty/2, b — 5.73 + 1.53 — 5.23 + 0.99
Clo, m/min 359 =69 104 +15 296 + 61 85 = 20
Vv, | 123+33 7.6=09 130%27 7313
v, | 219+59 279+53 195+45 238*28
Vaew | 303+91 522+201 264+59 374+55

Data are mean = SD; n = 15 for both groups.

CHF = congestive heart failure; Cl,,, = total clearance; tyo4, t1/2p, and ty o, =
a, B, and total elimination half-lives; V,.., = volume of distribution based on
area under the curve; V. = central volume of distribution; Vg = volume of
distribution at steady state.

Reprinted with permission from Lippincott Williams & Wilkins, Sandell et al.°®

tion of levosimendan before or during myocardial stun-
ning is of special interest not only because of the myo-
filament Ca®" sensitization of this drug. The decrease in
myofilament responsiveness that characterizes stunning
can also be prevented by ischemic preconditioning.24
Because opening of myocardial K, channels plays a
key role in the mediation of ischemic preconditioning,
one may speculate that administration of the K,, chan-
nel opener levosimendan before ischemia may also pre-
vent or attenuate the negative effects of myocardial stun-
ning. Levosimendan also has cardioprotective effects by
opening K, p channels in dogs with acute myocardial
infarction. In this setting, levosimendan decreased myo-
cardial infarct size while producing positive inotropic
effects. These protective actions were blocked with glib-
enclamide without alteration of the hemodynamic ef-
fects of levosimendan.®!

Pharmacokinetics, Metabolism, and Dosage

The pharmacologic profile of levosimendan and its
metabolites in patients with normal and compromised
myocardial contractile function has been reviewed ex-
tensively elsewhere.'°® Important pharmacokinetic data
of levosimendan in healthy volunteers and patients with
congestive heart failure are shown in table 1.

Pharmacokinetics

Although during CHF pharmacokinetics of many drugs
may be altered because of reduction of central volume,
fluid retention, and reduced blood flow to various or-
gans, including liver and kidneys,'®” pharmacokinetic
parameters of intravenous levosimendan are comparable
when obtained in healthy volunteers and patients with
mild'%® or NYHA functional class III or IV heart failure.**
Levosimendan has a 3 elimination halflife, volume of
distribution, and total body clearance of approximately
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Fig. 4. Plasma concentrations of levosimendan and its metabo-
lites, OR-1855 and OR-1896, during and after a 24-h infusion of
levosimendan in patients with chronic heart failure. Concen-
trations of levosimendan decline quickly after discontinuation
of the infusion, whereas both metabolites reach maximum
plasma concentrations approximately 2 days after withdrawal
of levosimendan. Error bars indicate SEMs. Reprinted with
permission from Dustri-Verlag, Inc., from Kivikko et al %®

1 h, 20 I, and 300 ml/min, respectively. These parame-
ters remain constant independent of the duration of
infusion.”! Because levosimendan at a pH of 7.4 is
present primarily in the ionized form (pKa 6.26) and is
98% bound to plasma proteins, only trace amounts of the
unchanged drug are found in erythrocytes and urine.'*®

Metabolism

The extensive metabolism of levosimendan yields bio-
logically active metabolites (e.g., OR-1855, OR-1890) that
are eliminated in urine and feces. The clinically most
relevant metabolite, OR-1896, also has Ca2+-sensitizing
and weak PDE IlI-inhibiting properties49 and exerts pos-
itive inotropic effects similar to the parent com-
pound.'®” OR-1896, however, has an elimination half-life
of 80-96 h,*® reaches maximum plasma concentrations
approximately 2 days after withdrawal of a 24-h infusion
of levosimendan in patients with CHF (fig. 4), and is
likely to be responsible for the sustained or greater
hemodynamic effects observed after discontinuation of
levosimendan.*®>° Because of this accumulation of OR-
1896, intravenous administration of levosimendan is
therefore currently approved for 24 h. The effects of
continuous infusions exceeding 24 h on plasma levels of
levosimendan and its circulating metabolites and possi-
ble desired and undesired side effects, however, have
recently been repeatedly investigated.>*”"''° Pharmaco-
kinetics of levosimendan were similar after single-dose
administration and continuous infusion of 7 days,''°
whereas accumulation of OR-1896 was confirmed.” An
extended infusion of 0.1 ug - kg~ ' - min~ ' over 7 days
decreased systolic blood pressure (11 = 14 mmHg) and
substantially increased heart rate (26 £ 19 beats/min) on
day 7 but was nevertheless well tolerated in patients
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with NYHA functional class III or IV symptoms of heart
failure and ejection fractions below 40%.”"

Dosage

Administration of a 6- to 24-ug/kg bolus dose of levo-
simendan followed by a 24-h infusion of 0.05-0.2 ug -
kg~ ' - min~' produces plasma concentrations of 10-100
ng/ml (0.035-0.35 um) in patients with NYHA func-
tional class II-TV heart failure** and can be considered as
the therapeutic range to obtain favorable hemodynamic
effects.®

Safety Issues

Levosimendan generally is well tolerated by patients
with moderate or severe heart failure, with an overall
frequency of adverse events of 17-29%, which is similar
to that of placebo (17-20%).%>>1:%8

Interaction with Concomitant Heart Failure Drugs

In most clinical trials that evaluated the effects of
levosimendan in heart failure, patients were taking con-
comitant routine heart failure drugs.!®*>51%® For exam-
ple, in a randomized multicenter trial, 89% of patients
receiving levosimendan were using angiotensin-convert-
ing enzyme (ACE) inhibitors, 95% were using diuretics,
76% were using digoxin, and 37% were using B block-
ers.'* Although additive responses particularly regarding
vasodilation (Z.e., ACE inhibitors and levosimendan) and
heart rate (Z.e., nitrates or 3 blockers and levosimendan)
would be expected, clinical studies so far have not re-
ported serious interactions when levosimendan was
used within the recommended dose range and in pa-
tients with myocardial contractile impairment.

A subgroup analysis evaluating the concomitant effect
of 3 blockade on hemodynamics revealed no reduction
of the effects of levosimendan on cardiac output and
PCWP, whereas the actions of dobutamine were attenu-
ated.'® This finding is in agreement with previous pre-
clinical and clinical data demonstrating beneficial or neu-
tral effects of parallel atenolol’” or carvedilol'!'!
administration on the inotropic effects of levosimendan.

In another double-blinded, randomized, multicenter
trial, the majority of patients received ACE inhibitors
(5-20 mg enalapril), nitrates, and diuretics when various
dose regimes of levosimendan were compared with do-
butamine or placebo.*> Although no direct comparisons
were made between patients with or without these
drugs, treatment with levosimendan within the recom-
mended doses (0.05-0.2 ug - kg~ ' - min~ ") in general
was associated with only minor decreases in mean arte-
rial blood pressure (3.5 = 2.8 mmHg) after 24 h of
treatment. Similarly, 50 mg captopril did not further
decrease systolic or diastolic blood pressures when ad-
ministered concomitantly with levosimendan in patients
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with NYHA functional class II or III after previous myo-
cardial infarction."'? Although no major additive hemo-
dynamic effects of the combination of levosimendan and
isosorbide-5-mononitrate compared with each drug
alone were observed in healthy subjects at rest, an ex-
aggerated circulatory response during an orthostatic test
(i.e., increase in heart rate by 40 beats/min; inability to
stand upright) was observed with this combination of
drugs.''® In contrast, concomitant nitrate therapy in
patients with acute myocardial infarction produced only
marginal decreases in systolic blood pressure (5 mmHg)
and minor increases in heart rate (4 beats/min).>! Simi-
larly, 5 mg felodipine, a dihydropyridine calcium antag-
onist, combined with oral levosimendan did not further
increase heart rate and had no effect on blood pres-
sure.' No exaggerated or attenuated hemodynamic
side effects of levosimendan were further reported in
the presence of furosemide (10 mg/h) and amioda-
rone.”?

Hemodynamic Side Effects

Dose-dependent increases in heart rate and decreases
in mean arterial blood pressure and total peripheral and
pulmonary vascular resistance®> may cause a variety of
unfavorable hemodynamic effects, including myocardial
ischemia, hypotension, cardiac arrhythmias, and hypox-
emia. Treatment within the recommended doses of
levosimendan, however, does not induce myocardial
ischemia®>>! and symptomatic or asymptomatic hypo-
tension (> 10-mmHg pressure decrease).”’ Levosimen-
dan-induced vasodilation may, however, be responsible
for the increased frequency of headache, dizziness, and
nausea observed in several clinical trials,!%4>113

Electropbysiologic Side Effects

Short-term intravenous administration (18-ug/kg bolus
followed by 0.4 pg - kg~ ' - min~") increases heart rate,
shortens sinus node cycle duration and sinus node re-
covery time, and decreases atrioventricular nodal con-
duction interval and refractory periods.''> These actions
indicate that levosimendan enhances impulse formation
and conduction, accelerates the recovery of excitability,
and therefore may also increase the ventricular response
rate during atrial fibrillation. Several clinical studies in-
cluding patients with atrial fibrillation, however, have
been performed,*>*51-71 and so far, no adverse effects
related to this rhythm disorder have been reported.

Levosimendan may prolong the rate-corrected QT in-
terval (QTc), depending on dose, duration of administra-
tion, patient profile, and mode of calculation. When used
in recommended doses (12 ug/kg over 10 min followed
by an infusion of 0.05-0.2 ug - kg~ ' + min~ "), the QTc
interval remained unaffected.*> Single-bolus injections of
6.5 and 25 pg/kg without subsequent continuous infu-
sion in healthy men produced QTc prolongations as
assessed by the Bazett equation of +6 ms and +21 ms,
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respectively.''® In contrast, administration of bolus
doses of 24 and 36 ug/kg followed by continuous infu-
sions of 0.4 and 0.6 ug *+ kg~ ' - min~ ' prolonged QTc
duration by 15 * 20 and 45 * 10 ms in patients with
NYHA functional class II-IV heart failure.*> Continuous
infusions of levosimendan in doses of 0.05-0.1 ug - kg "
-min~' but over 7 days increased mean QTc values by 38
+ 42 and 52 * 40 ms.”"

The impact of this proarrhythmic potential of levosi-
mendan must be weighed against possible antiarrhyth-
mic actions due to the lack of cytosolic Ca>* accumula-
tion, maintenance of diastolic coronary blood flow, and
neutral effect on myocardial oxygen consumption. To
date, there is no evidence of an increase in the develop-
ment of new supraventricular or ventricular tachyar-
rhythmias, including torsade de pointes, in healthy vol-
unteers and patients with severe heart failure, suggesting
little potential for the drug to provoke life-threatening
proarrhythmic reactions.'?

Otber Side Effects

Serum potassium levels,* erythrocyte count, and he-
moglobin and hematocrit values may slightly decrease
after prolonged levosimendan infusion,”' suggesting a
routine control and correction of these parameters in
clinical practice.

Clinical Trials with Possible Indications for
Levosimendan

Currently, administration of levosimendan is approved
for short-term treatment of acute decompensated CHF
when conventional therapy with diuretics, ACE inhibi-
tors, and digitalis is insufficient and inotropes are re-
quired. In addition, because of its interesting pharmaco-
logic profile, several other possible indications for
levosimendan have recently been explored, and the en-
couraging results of these trials may place levosimendan
as a valuable expansion or replacement of standard ther-
apy in the future.

Acute Decompensation of CHF

The LIDO study, a randomized, double-blinded, multi-
center trial, compared the effects of levosimendan with
dobutamine in 203 patients with acute decompensated
low-output heart failure.'* These patients had an LV
ejection fraction of less than 35%, a cardiac index of less
than 251 min~ '+ m™ 2, and a PCWP or 15 mmHg or
greater on the basis of deterioration of severe CHF, heart
failure after cardiac surgery, or acute heart failure related
to a cardiac or noncardiac disorder of recent onset. A
bolus of levosimendan of 24 ug/kg was infused over 10
min, followed by a continuous infusion of 0.1 pg - kg~
-min~ " for 24 h. Dobutamine was infused for 24 h at an
initial dose of 5 ug - kg~ ' - min~' without a bolus. The
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Fig. 5. Kaplan-Meier estimates of risk of death during 180 days
after a 24-h infusion of levosimendan (0.1-0.2 pug - kg™ "' - min™")
or dobutamine (5-10 pg - kg™' - min™") in patients with low-
output heart failure. Administration of levosimendan was asso-
ciated with both a significantly lower 31-day (8% vs. 17%; P =
0.045) and 180-day (26% vs. 38%; P = 0.029) mortality. Re-
printed with permission from Elsevier, from Follath et al '*

infusion rate of each drug was doubled (Ze., 0.2 ug *
kg™ ! - min~' levosimendan and 10 pg * kg~ ' - min~'
dobutamine) if the response was inadequate at 2 h. The
primary endpoint was the proportion of patients with
hemodynamic improvement (Z.e., increase of cardiac
output of 30% or more and decrease of PCWP of 25% or
more) at 24 h. All-cause mortality was assessed prospec-
tively at 31 days and retrospectively at 180 days after
randomization. Levosimendan treatment was superior to
dobutamine in increasing cardiac output and decreasing
PCWP (fig. 3), and a significantly greater proportion of
patients in the levosimendan group achieved the pri-
mary endpoint compared with the dobutamine group
(28% vs. 15%; P = 0.022). Although overall frequency of
adverse events was similar, headache tended to be asso-
ciated more frequently with levosimendan, whereas
rhythm disorders and myocardial ischemia were more
common with dobutamine. Administration of levosimen-
dan was associated with both a significantly lower 31-day
8% vs. 17%; P = 0.049) and 180-day (26% vs. 38%; P =
0.029) mortality (fig. 5). Interestingly, levosimendan was
equally effective in patients with concurrent (3-blocker
therapy, whereas the actions of dobutamine were atten-
uated, as expected. Interpretation of these encouraging
results must include consideration that comparable he-
modynamic effects might have also been achieved with
higher infusion rates of dobutamine (although possibly
with higher adverse events) and that, because of the lack
of a placebo group, it cannot be derived whether this
was a true beneficial effect of levosimendan or rather
reflected a more adverse effect of dobutamine.
Beneficial hemodynamic effects of levosimendan were
also observed in a 6-h short-term treatment of 146 pa-
tients with acute decompensated ischemic or dilated
cardiomyopathy in a multicenter, double-blinded, place-
bo-controlled trial.>® In these patients with NYHA func-
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tional class III or IV symptoms of heart failure and ejec-
tion fractions of 30% or less, levosimendan therapy was
initiated with a bolus dose of 6 ug/kg, followed by a
continuous infusion of 0.1 ug - kg~ ' - min~'. At hourly
intervals, a repeat bolus of 6 ug/kg was given, and the
infusion rate was up-titrated by increments of 0.1 ug *
kg~ ' - min~! until a2 maximum rate of 0.4 ug - kg~ ' -
min~ ' was achieved or a dose-limiting event (i.e., heart
rate > 130 beats/min or increase in heart rate of > 15
beats/min, symptomatic hypotension or a decrease in
systolic blood pressure to < 75 mmHg, decrease in
PCWP to = 10 mmHg) occurred. The primary endpoint
was the proportion of patients with an increase in stroke
volume or a decrease in PCWP of 25% or more at 6 h.
Levosimendan dose-dependently increased LV stroke
volume (maximum 28% with the highest dose), cardiac
index (maximum 39%), and heart rate (maximum 8%)
and decreased PCWP (maximum 6 = 1 mmHg) when
compared with placebo.

Inotropic Support during and after Myocardial

Ischemia

Safety, efficacy, and effects on mortality of various
doses of levosimendan were investigated in the RUSS-
LAN study, when this drug or placebo was administered
in 504 patients with LV failure complicating acute myo-
cardial infarction in a randomized, double-blinded, mul-
ticenter trial.>" In this investigation, four different dosing
regimens of levosimendan were tested (6- to 24-ug/kg
bolus infused over a period of 10 min, followed by 6 h
infusions of 0.1-0.4 ug - kg~ ' - min~"). At the time of
levosimendan administration, most patients were using
nitrates and diuretics, approximately 40% were using
ACE inhibitors or (3 blockers, and 17% had received
thrombolysis. None of the patients had received percu-
taneous transluminal coronary angioplasty or coronary
artery bypass grafting. In the highest dosing group (24-
wg/kg bolus followed by 0.4 ug - kg™ ' - min~ "), a trend
toward higher frequency of ischemia and hypotension
was observed, but these effects were not evident at
lower doses (0.1-0.2 ug - kg~ ' - min~"). Levosimendan-
treated patients in general experienced a lower risk of
death and worsening heart failure than patients receiv-
ing placebo during both the 6-h infusion (2.0% vs. 5.9%)
and over 24 h (4.0% vs. 8.8%; P = 0.044). Furthermore,
all-cause mortality among levosimendan-treated patients
was significantly lower than with placebo for the 14-day
period after the start of treatment (11.7% vs. 19.6%; P =
0.031) and exhibited a trend toward reduced mortality
after 180 days of follow-up (22.6% vs. 31.4%; P = 0.053).
This study suggests that levosimendan infusions of 0.1-
0.2 pug * kg!' - min~' are favorable compared with
higher doses, because they combine a low potential of
side effects with a maintained positive effect on survival
in patients with LV failure complicating acute myocar-
dial infarction.
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Although levosimendan also produced significantly
fewer ischemic adverse side effects compared with do-
butamine in the LIDO study,'* did not aggravate isch-
emia in patients with stable coronary heart disease as
assessed by a 24-h Holter electrocardiogram,''* and en-
hanced cardiac output in patients with ischemic heart
disease and LV dysfunction,69 caution may be advised
when this drug is administered in patients with critical
coronary stenoses and regional myocardial ischemia. In
this setting, despite improvement of overall contractile
function, animal experiments demonstrated detrimental
effects of levosimendan'®"'°? that may have been due to
declines in coronary perfusion pressure producing fail-
ure of autoregulation, coronary steal, or increased me-
chanical stress of myocytes between ischemic and non-
ischemic areas.'®?

Myocardial Stunning after Percutaneous

Transluminal Coronary Angioplasty in Patients

with Acute Coronary Syndrome

Improvement of the function of stunned myocardium
after percutaneous transluminal coronary angioplasty
was shown after infusion of levosimendan in 24 patients
with acute coronary syndrome in a double-blinded, ran-
domized, placebo-controlled trial.'! Levosimendan (24
ng/kg over 10 min) was administered 10 min after suc-
cessful coronary angioplasty, and LV and regional func-
tions were assessed by pressure-volume loops and
Slager wall motion analysis, respectively. In levosimen-
dan-treated patients, systolic function improved and the
number of hypokinetic segments decreased from 8.9 *
0.9 t0 6.5 = 1.1 when compared with placebo (7.8 = 1.0
to 8.5 * 1.1). This action occurred without parallel
impairment of diastolic function.

Cardiac Surgery

Although the efficacy of levosimendan has repeatedly
been demonstrated in the perioperative setting, the
number of patients investigated was rather small.'#7%117
In a randomized, double-blinded, placebo-controlled
study, levosimendan (18- or 36-ug/kg bolus and 0.2- or
0.3-ug - kg{1 - min~ ! infusion) administered 15 min
before separation of cardiopulmonary bypass and con-
tinued for 6 h had beneficial effects on cardiac perfor-
mance in low-risk patients and had no detrimental ef-
fects on arterial oxygenation and perioperative
arrhythmias.”” In this study, administration of the 36-
ng/kg bolus instantly increased heart rate, although this
effect vanished after 1 h despite continuation of the
infusion. Similarly, levosimendan (8 or 24 ug/kg admin-
istered as a 5-min bolus without continuous infusion)
improved hemodynamic parameters without changing
myocardial oxygen consumption or substrate extrac-
tions after coronary artery bypass grafting in patients
with ejection fractions greater than 30%.>° The high
dose but not the low dose of levosimendan increased
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heart rate (maximum 11 beats/min) during the observa-
tion period of 1 h. In the setting of off-pump coronary
artery bypass surgery, increases in stroke volume and
cardiac output and decreases in systemic vascular resis-
tance were observed when levosimendan was adminis-
tered in two different bolus doses (12 or 24 ug/kg over
10 min) 20 min before the start of surgery in patients
with normal preoperative ventricular function. Heart
rate increased in both levosimendan-treated groups dur-
ing the observation period of 1 h, whereas no differ-
ences in mean arterial blood pressure were demon-
strated compared with placebo.''®

Cardiogenic Shock

In the presence of refractory cardiogenic shock (de-
fined as cardiac index < 2.21-min ' - m %, PCWP >16
mmHg, systolic blood pressure < 90 mmHg, and require-
ment of catecholamines), 0.1 pg - kg~ ' - min~ ' levosi-
mendan for 24 h as add-on therapy favorably altered
hemodynamic parameters by increasing cardiac index
from 1.8 = 0.4to 2.4 + 0.61-min~ ' - m~? and decreas-
ing systemic vascular resistance from 1,559 * 430 dyn -
s-cm 2 to 1,109 + 202 dyn - s - cm ™, although it was
administered without administration of a bolus in 10
patients. No significant changes in mean arterial blood
pressure (78 mmHg to 73 mmHg), heart rate (96 to 101
beats/min), or adverse events were observed in this
uncontrolled, retrospective study.”? Similarly, in a case
series of 10 patients with cardiogenic shock undergoing
emergency surgical revascularization, levosimendan in
addition to standard catecholamines produced favorable
effects.”*

Right Ventricular Dysfunction

Because levosimendan decreased PCWP more effec-
tively than dobutamine,14 the substance may be of value
in patients with reversibly increased pulmonary pres-
sures or right ventricular dysfunction, e.g., in patients
during and after heart transplantation. Using dynamic
positive emission tomography, pulmonary artery cathe-
terization, and echocardiography, improved right ven-
tricular mechanical efficiency (+24%) was demonstrated
after administration of an 18-ug/kg bolus and a 0.3-ug *
kg ' - min~ ' continuous infusion of levosimendan in
eight patients with NYHA functional class III or IV symp-
toms of heart failure in a double-blinded, crossover,
placebo-controlled study.®' Although clinical data are
sparse, administration of levosimendan with positive ino-
tropic effects and parallel decreases in pulmonary pres-
sures is promising in the setting of right ventricular
dysfunction''® and could confirm the encouraging re-
sults of animal studies® in this setting.

Combination with Otber Positive Inotropic Drugs
Numerous reports of the efficacy of levosimendan as

add-on therapy to catecholamines exist regarding improve-
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ment in hemodynamic parameters®® 7274117120121, (3,

ical data evaluating specific combinations at specific
doses, however, are lacking. Efficacy of addition of levo-
simendan (6-ug/kg bolus plus 0.2-pug * kg~ ' + min~!
continuous infusion for 24 h) was shown in patients
with NYHA functional class IV heart failure refractory to
a continuous infusion of dobutamine (10 ug - kg~ ' -
min~ ") and furosemide.”® In this study, combination of
these positive inotropic drugs improved hemodynamics
(increase in cardiac index 1.19 = 0.66 1+ min~ ! - m 2
and decrease in PCWP 5.4 = 8.7 mmHg) and consis-
tently alleviated symptoms than when compared with
dobutamine alone (increase in cardiac index 0.44 *= 0.32
1-min~' - m~? and increase in PCWP 1.0 + 4.4 mmHg)
after 24 h. This investigation confirmed an experimental
study in conscious dogs that demonstrated superiority of
a combination therapy of dopamine and levosimendan
(i.e., levosimendan potentiated the positive inotropic
effects of dopamine while attenuating its deleterious action
on chamber compliance) over treatment with dopamine
alone.'** Furthermore, addition of levosimendan to epi-
nephrine during profound acidosis improved the attenu-
ated efficacy of epinephrine in guinea pig hearts.'*?

Otbher Possible Indications

Efficacy and safety of intermittent, long-term, concom-
itant dobutamine and levosimendan infusions in severe
heart failure refractory to dobutamine alone were eval-
uated in 36 patients in NYHA functional class IV who
were resistant to a 24-h continuous infusion of dobut-
amine in an uncontrolled, nonrandomized trial. The 45-
day survival rates were 6% and 61% in patients treated
with weekly dobutamine infusions and biweekly levosi-
mendan infusions, respectively.'**

Data regarding the use of levosimendan in children,
pregnancy, and circulatory failure due to septic shock
are rare, but published experience gives an encourag-
ing view beyond the treatment of acutely decompen-
sated CHF.80’82_84’121’125_127

Economics

Currently, the clinically recommended administration
of levosimendan is a single 24-h infusion, which is usu-
ally performed using one 12.5-mg vial with an average
cost of approximately €700 ($875).

A cost-effectiveness analysis was performed for intra-
venous treatment with levosimendan compared with
dobutamine in patients with severe low-output heart
failure based on the data of the LIDO study.'*® Costs
were based on study drug usage and hospitalization in
the 6-month follow-up of the study, and the primary
effectiveness measure was the gain in life expectancy.
The mean survival in the LIDO study over 6 months was
extrapolated (157 = 52 and 139 * 64 days for levosi-
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mendan- and dobutamine-treated patients, respectively).
This assumed a mean additional lifetime of 3 yr based on
the CONSENSUS trial'*® due to the similar patient pop-
ulation, and the gain in life expectancy was estimated at
0.35 yr/patient. Levosimendan increased the mean cost
per patient by €1,108, which was attributable to the cost
of the drug. Although the absolute difference in drug
costs was relatively high (€1,024 vs. €41 for one treat-
ment of levosimendan vs. dobutamine), the incremental
cost per life-year saved was only €3,205 on European
average, which is well below the acceptable threshold
for cardiology therapies. Although the patients in the
levosimendan group were alive for more days and thus at
risk for a longer period of hospitalization, there was no
increase in resource utilization with levosimendan treat-
ment compared with dobutamine.

Conclusion

Levosimendan is a positive inotropic drug with vaso-
dilating properties that has been extensively investigated
in experimental studies and that is also increasingly the
subject of clinical trials. Clinical trials that are currently
under way in the United States (REVIVE study) and in
Europe (SURVIVE study) aim to establish the role of
levosimendan in short- and long-term therapy of patients
with CHF. To date, clinical experience with levosimen-
dan is encouraging because it combines several benefi-
cial actions that considerably differ from other car-
diotonic drugs. First, levosimendan enhances myocardial
force without increasing intracellular Ca*" concentra-
tions, which, in context with neutral effects on myocar-
dial oxygen demand and heart rhythm, should be of
benefit compared with catecholamines or PDE III inhib-
itors. Second, levosimendan does not impair myocardial
relaxation, a possible limitation of other Ca®" sensitizers.
Third, stimulation of ATP-sensitive potassium channels
improves coronary blood flow, reduces preload and af-
terload, and may exert anti-ischemic actions. Finally, the
drug has advantages on short- and long-term survival
compared with standard inotropes and is safe, with a
low incidence of adverse effects when used in appropri-
ate concentrations. Therefore, part of the benefit of
levosimendan may also be achieved because it allows
other inotropic agents that may have adverse effects on
clinical outcome to be reduced in dose or avoided.
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