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Background: Acute heart failure (AHF) after ST-segment elevation myocardial infarction (STEMI) is usually
treated with inotropic support or vasoactive medications.

In this study, we aimed at investigating the role of levosimendan on cardiovascular determinants of contractility
and afterload in patients with AHF following STEMI treated with percutaneous coronary intervention (PCI).
Methods: Forty-eight consecutive STEMI patients were retrospectively enrolled. Non-invasive assessment of left
ventricular elastance (Ees) and arterial elastance (Ea) and their relationship, ventriculo-arterial coupling (VAC)
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Elastance Results: After infusion of levosimendan a significant increase in SV was detected in all patients (from 48 + 17 to
Pathophysiology 60 + 21 ml, p < 0.001). VAC slightly decreased from 1.74 4+ 0.8 to 1.66 & 0.7 (p = NS) as a result of a profound

reduction in arterial elastance (Ea 2.34 & 1.09 to 1.74 4+ 0.5 mm Hg/ml, p < 0.001) and in ventricular elastance
(Ees 1.57 £ 0.12 to 1.24 £ 0.09 mm Hg/ml, p = 0.021). Ejection fraction (EF) (from 0.29 £ 0.1 t0 0.32 £ 0.1,
p <0.01) and WMS], (from 2.16 + 0.47 to 2.05 & 0.54, p < 0.05) also, significantly improved.

Finally, baseline VAC was able to predict the use of norepinephrine (NE) and early and one-year mortality of pa-
tients treated.

Conclusion: In STEMI patients with AHF the use of levosimendan significantly increases stroke volume after 24-
hour treatment through Ea reduction. Baseline VAC seemed to predict early and late mortality and early and
prolonged use of NE, however, this needs to be tested in larger series of patients and multivariate adjustments
for other prognostic predictors.
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1. Introduction

Acute heart failure after a ST-segment elevation myocardial infarc-
tion (STEMI) is commonly treated pharmacologically with intravenous
positive inotropic agents and/or vasopressors. Beta-adrenergic agents
increase stroke volume (SV) and cardiac output (CO) stimulating ade-
nylate cyclase, with an increase in intracellular cyclic adenosine
monophosphate production and calcium influx to myocytes. Phospho-
diesterase inhibitors, like milrinone or enoximone, do the same by
inhibiting cAMP degradation. Moreover, both beta-adrenergic agents
and phosphodiesterase inhibitors increase cellular energy demands
and oxygen consumption [1]. Differently, levosimendan is an
“inodilator” with positive inotropic function and additional vasodilation
activity [2,3]. It works by increasing calcium sensitivity of contractile
proteins by binding cardiac troponin C (¢TnC) in a calcium-dependent
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manner, thus increasing contractile force without impairing ventricular
relaxation. On the other hand, levosimendan opens the adenosine
triphosphate-sensitive potassium channels in vascular smooth muscle
cells, inducing vasodilatation of systemic arterial resistance vessels
and coronary arteries and systemic venous capacitance vessels [4].
Moreover, it also activates mitochondrial ATP-sensitive potassium
channels in cardiomyocytes, an effect that seems to hold a key role in
protecting myocardial and potentially other cell types against ische-
mia/reperfusion injury [5].

In animal studies, levosimendan seems to improve left ventricular
(LV) diastolic function by increasing the rate of relaxation and thus re-
ducing relaxation time and improving diastolic filling. Indeed, besides
inotropy, levosimendan has a positive lusitropic effect on myocyte strips
from human failing hearts, as it reduces relaxation time [6]. In a small
randomized study in patients with advanced heart failure,
levosimendan improves echocardiographic markers of abnormal LV di-
astolic function (transmitral flow patterns and mitral annulus veloci-
ties) [7]. Levosimendan has been shown to improve hemodynamics
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without a significant increase in oxygen consumption. Its use has been
proposed in several settings including acute coronary syndrome [8].

Clinical assessment of response to inotropic treatment is usually
based on SV and ejection fraction (EF) measurement. However, this ap-
proach does not consider the consequences of drug effects on myocar-
dial oxygen consumption [9], whereas ventriculo-arterial coupling
(VAC) [10-12], which reflects the relationship between myocardial con-
tractility, expressed by ventricular elastance (Ees), and arterial
afterload, expressed by arterial elastance (Ea) [13], better describes
the efficiency of the cardiovascular system [14]. Such approach
remained in the physiology lab for many years due to the need for inva-
sive measurements. The validation of non-invasive assessment of Ees
and Ea has brought VAC to the bedside and so made this pathophysio-
logical approach feasible in the clinical setting [15,16].

As levosimendan use is recommended [17] in AHF patients and im-
pacts on VAC [8] either in chronic heart failure (CHF) or in AHF, we
aimed at investigating the early changes of VAC in STEMI patients
with onset AHF receiving levosimendan.

2. Methods

After approval from Ethics committees for human biomedical research, 48 consecu-
tive patients (92% male, mean age 64 + 12 yrs) with AHF whose underlining etiology
was STEMI with left ventricular (LV) dysfunction (EF < 40% [17]) admitted to the Cardiac
Intensive Care Unit (CICU) between December 2015 and December 2016 were retrospec-
tively enrolled.

We excluded patients younger than 18 years old, those with EF > 40% and patients
with chronic renal failure under dialytic treatment.

Patient characteristics are displayed in Table 1. All patients underwent primary PTCA
of the infarct-related artery according to ESC/AHA guidelines [18] and, subsequently,
underwent levosimendan intravenous administration to treat severe LV dysfunction ac-
cording to local protocol. Levosimendan (Simdax®, Orion Corporation, Finland) was ad-
ministered according to the recommended standard dose for a continuous infusion of
0.1 mg/kg/min for 24 h. No bolus injection was used. Concomitant medications and proce-
dures were left to the discretion of the attending physician. In patients with pre-existing
cardiac disease, home therapy was continued throughout the CICU stay and prescribed
upon discharge.

2.1. Echocardiographic monitoring

All patients underwent continuous electrocardiographic and invasive radial arterial
blood pressure monitoring. We evaluated echocardiographic parameters basally on ad-
mittance to (CICU) and 24 h after the administration of levosimendan. VAC (Ea/Ees
ratio) was obtained by a specifically implemented calculator (iElastance© - Apple iOS
App) [19] designed for measuring non-invasive single beat end-systolic Ees according to
Chen's method [15] and Ea as systolic blood pressure x 0.9 / SV (Fig. E1). The application
is essentially a calculator specifically designed to use Chen's algorithm at the bedside.

Table 1
Baseline clinical characteristics. Data are expressed as mean 4 SD, or as a
percentage for categorical variables.

Age, years 68 +£ 12
Male (%) 92
Heart rate, bpm 87 +£20
Sinus rhythm (%) 81
Systolic blood pressure 112 £+ 26
Diastolic blood pressure 67 + 16
Smokers (%) 42
Diabetes mellitus (%) 38
Hypertension (%) 65
Dyslipidaemia (%) 44
Previous CAD (%) 40
Mechanical ventilation (%) 30
Norepinephrine (%) 15

ACE inhibitors/ARBs (%) 54

Beta blockers (%) 35
Calcium channels blockers (%) 8
Nitrates (%) 27
Other antihypertensive drugs (%) 6
Antiplatelet (%) 88

Oral anticoagulants (%) 54
Diuretics (%) 69
Hypolipidaemic drugs (%) 35

Measurements used are arterial blood pressure (both systolic and diastolic), SV, EF, total
ejection time and pre-ejection time, as requested by the Chen's formula.

Normal value for VAC has been reported by Chantler et al.in 2012 and is 1 & 0.36 [20].

We used the Doppler velocity-time integral (VTI) method for stroke volume assess-
ment. (SV = LVOT area x LVOT VTI). LVOT area was measured in the parasternal long-
axis view as: LVOT? x 1 / 4 = LVOT? x 0.785. The LVOT image was obtained with zoom
option with a measurement “inner-edge to inner-edge” in mid-systole just adjacent to
the leaflets. The LVOT velocity was recorded from the apical 5-chamber, with the sample
volume positioned about 5 mm proximal to the aortic valve, approximately at the same lo-
cation as the 2D measurements of LVOT. The closing click of the aortic valve or spectral
broadening of the signal was seen when the sample volume was correctly positioned.

The biplane method of disks (modified Simpson's rule) was used as 2D method to as-
sess LV EF.

The pre-ejection time and total systolic time were measured from the onset of the
electrocardiographic QRS complex to the onset of ejection (onset of the aortic flow) and
from the onset to the end of the aortic flow, respectively.

Lung B lines were detected bilaterally with phased array transducer. The presence of
multiple lung B-lines was defined as at least three in a longitudinal scan between two
ribs [21].

2.2. Statistical analysis

All demographic and clinical variables were expressed as mean 4+ SD. Categorical var-
iables were expressed as number of subjects and percentages. Differences between base-
line and treatment were compared by the Wilcoxon rank test for variables with non-
normal distribution, by t-test for dependent samples for variables with normal distribu-
tion and by the chi-square test for dichotomous variables. Spearman's coefficient was
used for the correlation analysis between stroke volume and Ea. For all analyses, a p
value of <0.05 was considered significant. To obtain a statistical power of 0.8 with alpha
0.5 and 95% confidence intervals for the enrolment were calculated a priori that we
would need 29 patients. Thus, we recruited over 40 patients to overcome any a priori
un-estimated biases.

3. Results

Forty-eight patients (mean age 68 + 12 years; 92% male) with
STEMI and LV systolic dysfunction were enrolled in the study. All pa-
tients underwent primary PTCA of the culprit lesion. Fifteen of the en-
rolled patients required mechanical ventilation. Baseline
characteristics and results after 24 h administration of levosimendan
are shown in Table 2.

After infusion of levosimendan we detected a significant increase in SV
when compared to baseline [from 48 (SD 17) to 60 (SD 21) ml, p < 0.001]
in all patients treated. VAC slightly decreased from 1.74 (SD 0.8) to 1.66
(SD 0.7) (p = NS) as a result of a sharp reduction in arterial elastance
[Ea (mm Hg/ml/m?) 2.34 (1.09) to 1.74 (SD 0.5) mm Hg/ml/m?, p <
0.001] and less in ventricular elastance [Ees (mm Hg/ml/m?) from 1.57
(0.12) to 1.24 (0.09) mm Hg/ml/m? p = 0.021).

Heart rate remained substantially unchanged (from 87 + 19to 83 +
19 bpm, p = NS), while ejection fraction (EF) and WMSI showed a sig-
nificant improvement (from 0.29 (SD 0.1) to 0.32 (SD 0.1), p < 0.01,
from 2.16 4 0.47 to 2.05 + 0.54, p < 0.05, respectively).

Our data show a statistically significant correlation between Ea re-
duction and SV increase (Fig. 1). Finally, after infusion of levosimendan
we detected a significantly lower number of patients with lung B-lines
(from 79 to 55%, p < 0.01).

Table 2
Effect of levosimendan on echocardiographic parameters.
Baseline 24h p-Value

EF (0-1) 0.29 £+ 0.1 0324 0.1 =0.03
Total ejection time (ms) 332 4+ 53 319 4+ 45 =0.10
Pre-ejection time (ms) 87 +£29 74 £ 22 =0.02
Arterial elastance (mm Hg/ml/m?) 2.34 + 1.09 1.74 £ 0.5 <0.001
Ventricular elastance (mm Hg/ml/m?) 157 £ 0.12 1.24 £+ 0.09 =0.021
V-A coupling 1.74 £ 0.8 1.66 + 0.7 =0.56
WMSI 216 £ 047 2054054 =0.025
Stroke volume (ml) 48 4+ 17 60 + 21 <0.01
Aortic VTI 14.6 + 4.6 182+ 64 <0.001
B-lines (%) 79 55 <0.01

EF = ejection fraction, V-A coupling = ventriculo arterial coupling, WMSI = Wall Motion
Score Index, VTI = velocity time integral.
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Fig. 1. Negative correlation between stroke volume (SV) and arterial elastance (Ea).

Baseline VAC could predict patients who would receive norepinephrine
(245 + 1.61) vs those who would not require it (1.62 + 0.54), and
showed the same performance to predict who would continue
norepinephrine infusion after levosimendan application (2.24 4+ 1.29 vs
1.17 + 0.51).

Furthermore, baseline VAC was significantly higher in patients who
died in the first 72 h after MI (9 patients, accounting for 19% early mor-
tality): 2.53 £ 1.38 versus 1.56 4 0.49 in patients who survived. ROC
analysis demonstrated a sensitivity of 67% and a specificity of 82% to
predict mortality for VAC > 1.99 (AUC = 0.786, p = 0.008) With respect
to one year mortality (37.5%, 18 patients), VAC again seems to be a good

ROC to predict Early Mortality by VAC

predictor being higher in those who died (2.19 £ 1.05) vs the survivors
(1.47 £ 0.48), ROC analysis showing a sensitivity of 66% and a specific-
ity of 67% to predict late (1 year) mortality for VAC> 1.68 (AUC = 0.769,
p = 0.002) (Fig. 2).

4. Discussion

Our data show that the patients who were admitted in the CICU with
STEMI and LV dysfunction had a significant ventriculo-arterial
decoupling associated with the observed impaired LV performance
and increased Ea.

After 24 h we found that levosimendan significantly reduced both
Ea and Ees so leading to a non-significant decrease in VAC. The re-
duction of ventricular elastance could be explained by the blunting
of the well-known LV hypercontractility of normal segments in the
early phase of STEMI, which could lead to overestimation of basal
Ees [22].

The significant early increase of SV could be interpreted as the result
of an improved VAC due to levosimendan effect on both the arterial sys-
tem and the myocardium matching the afterload (Ea) to that LV
contractility.

In the studied patients we observed a clear reduction in lung B-
Lines; this is related to a reduction in lung congestion and could be
also influenced by an improvement of diastolic dysfunction as previ-
ously reported [23].

Prediction analysis showed that in those patients requiring
prolonged norepinephrine infusion basal VAC was significantly higher,
based on this, as a low blood pressure could be the correct afterload
for that dysfunctioning LV as demonstrated by non-invasive measure-
ment of Ea/Ees ratio it might be inappropriate to use norepinephrine
in order to increase arterial pressure without measuring VAC. However
this has to be demonstrated in larger research studies.

Moreover, our data demonstrate the importance of the pathophysi-
ological assessment of the ventriculo-arterial coupling in early and late
prognosis: patients with baseline higher VAC values are the ones who
died the most in the early and late (1 year) phase after ML

ROC to predict One Year Mortality by VAC

1.0 1.0 i
A B
0.8 0.8 -
>, 08+ 2084
s =
B )
3 ©
0.5 N5
AUC 0.786 rl AUC 0.769
Sensitivity = 67% Sensitivity = 66%
0.2 - Specificity = 82% 0.2 Specificity = 67%
Cut off value = 1.99 Cut Off Value = 1.68
0.0 T T T T 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.8 1.0

Specificity

0.4 0.6
Specificity

Fig. 2. ROC analysis showing prediction of early (Panel A) and one year mortality (Panel B) by ventriculo-arterial coupling (VAC) at the baseline.
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4.1. Limitations

Our study has some limitations. First, it is a retrospective analysis of
prospectively collected data of a limited number of patients. Second, the
definition of Ea was simplified as Ea = end-systolic pressure / SV, which
is routinely used as a valid surrogate. Third, non-invasive single beat
analysis depends on the quality of the echocardiographic images. Atten-
tion was applied during echocardiography to avoid LV foreshortening,
to precisely measure the LV outflow tract diameter, and to position
the PW-Doppler sample volume. However, 2D echocardiography un-
derestimates LV volume and for this reason we decided to consider
only the SV obtained by Doppler method.

5. Conclusion

In this study, the use of levosimendan in STEMI patients with LV dys-
function significantly increased stroke volume after 24-hour treatment.
The increase in stroke volume and the concomitant improvement of EF
seems to be facilitated by Ea reduction, as demonstrated by a statisti-
cally significant correlation between Ea reduction and SV increase.
VAC at the baseline seemed to predict early and late mortality and
early and prolonged use of NE, however, this needs to be tested in larger
series of patients and multivariate adjustments for other prognostic
predictors.

Finally, a clear reduction in lung congestion was found, probably re-
lated to diastolic improvement.

These data show that in STEMI patients admitted with LV dysfunc-
tion a more pathophysiological approach might lead to a more
personalised treatment. In the light of such results we speculate that
the need for levosimendan should be based on an “echo-dynamic” ap-
proach which takes into account both myocardial contractility and arte-
rial elastance.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.04.052.
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