
Comparison of levosimendan, NO, and inhaled iloprost
for pulmonary hypertension reversibility assessment in
heart transplant candidates

Marta Tavares-Silva1,2*, Francisca Saraiva2, Roberto Pinto1, Sandra Amorim1, João Carlos Silva1,
Adelino F. Leite-Moreira2,3, Maria Júlia Maciel1,2 and André P. Lourenço2,4

1Department of Cardiology, São João Hospital Centre, E.P.E., Alameda Prof. Hernâni Monteiro, Porto, 4200-319, Portugal; 2Department of Surgery and Physiology,
Cardiovascular R&D Centre, Faculty of Medicine, University of Porto, Porto, Portugal; 3Department of Cardiothoracic Surgery, São João Hospital Centre, E.P.E., Porto,
Portugal; 4Department of Anaesthesiology, São João Hospital Centre, E.P.E., Porto, Portugal

Abstract

Aims Assessing reversibility of pulmonary vascular changes through vasoreactivity testing (VRT) optimizes end-stage heart
failure patient selection for heart transplant. All efforts should be made to unload the left ventricle and reduce pulmonary vas-
cular resistance to effectively exclude irreversible pulmonary hypertension.
Methods and results We reviewed our centre’s cardiac transplant registry database (2009–2017) for VRT and compared
haemodynamic responses with 40 ppm inhaled NO (n = 14), 14–17 μg inhaled iloprost (n = 7), and 24 h 0.1 μg/kg/min intra-
venous levosimendan (n = 14). Response to levosimendan was assessed by repeat right heart catheterization within 72 h. Base-
line clinical and haemodynamic features were similar between groups. VRT was well tolerated in all patients. All drugs
effectively reduced pulmonary artery pressures and transpulmonary gradient while increasing cardiac index, although
levosimendan had a greater impact on cardiac index increase (P = 0.036). Levosimendan was the only drug that reduced pul-
monary artery wedge pressure (P = 0.004) and central venous pressures (P < 0.001) and increased both left and right ventric-
ular stroke work indexes (P = 0.020 and P = 0.042, respectively) and cardiac power index (P < 0.001) compared with NO and
iloprost. Right ventricular end-diastolic pressures and central venous pressure were only decreased by levosimendan. The rate
of positive responses (≥10 mmHg decrease or final mean pulmonary artery pressure ≤40 mmHg with increased/unaltered car-
diac index) was lower with inhaled iloprost (14%) than with either levosimendan or NO (71% and 64%, respectively; P < 0.05).
Conclusions Levosimendan may be a safe and effective alternative for pulmonary hypertension reversibility assessment or a
valuable pre-test medical optimization tool in end-stage heart failure patient assessment for heart transplantation offering ex-
tended haemodynamic benefits. Whether it increases the rate of positive responses or allows a better selection of candidates
to heart transplantation remains to be established.
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Introduction

Heart transplantation remains the treatment of choice and
gold standard therapy for advanced, refractory, or
end-stage heart failure patients without contraindications.1

Although the frontier between reversible and irreversible
changes in pulmonary vasculature remains ill defined,2

irreversible pulmonary hypertension puts potential heart
transplant candidates at high risk of right ventricular failure
post-transplantation.3 Therefore, candidate selection war-
rants vasoreactivity testing whenever pulmonary artery sys-
tolic pressure is ≥50 mmHg and either the transpulmonary
gradient is ≥15 mmHg or pulmonary vascular resistance is
>3 Wood units with systolic arterial blood pressure
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>85 mmHg.4 A positive response can be defined on the basis
of reduction of pulmonary vascular resistance and pulmonary
artery wedge pressure with concomitant increase in cardiac
output, although cut-offs remain uncertain and ultimately
the complex decision to place patients on the waiting list is
left to attending physicians. Most importantly, when the test
is negative, intensification of medical therapy and/or left
ventricular unloading with medical devices such as left
ventricular assist devices are advised to definitely exclude
reversibility of pulmonary vascular changes.4 Inhaled NO has
been the drug of choice for vasoreactivity testing due to its
short half-life, minimal systemic effects, and reduced costs.
Nevertheless, there is no consensus on a specific agent or
protocol5 and inodilators such as milrinone6 or
levosimendan7 that act both at the pulmonary vasculature
and at the myocardium can be valuable alternatives.

Throughout the past years, inhaled NO, inhaled iloprost,
and levosimendan have been used to assess pulmonary
hypertension and pulmonary vascular resistance reversibility
at our heart transplant centre during work up for heart
transplantation. Our aim is to compare their haemodynamic
effects in a retrospective observational study.

Methods

All adult patients with end-stage heart failure that underwent
right heart catheterization with concomitant vasoreactivity
testing during workup for cardiac transplantation were
retrieved from our centre’s cardiac transplant registry
database (2009–2017). Right heart catheterization data were
recovered from our institution’s haemodynamics lab. All data
were processed upon anonymization. The study was
approved by the institution’s ethics committee and strictly
complies with the ethical standards of the Declaration of
Helsinki, the Geneva Declaration, the Belmont Report, and
Good Clinical Practices from the Food and Drug
Administration. Informed consent was waived due to the
retrospective nature of the study.

Baseline clinical evaluation, biometric, blood test, ongoing
therapies, and echocardiography data were retrieved from
the exam that immediately preceded baseline right heart
catheterization. Mean life expectancy according to the
Seattle Heart Failure Model was calculated. Left ventricular
ejection fraction was estimated by Simpson’s biplane
method; right ventricular dysfunction was defined as by
fractional area change <35%, tricuspid annular plane systolic
excursion < 17 mm, or pulsed tissue Doppler S′ wave peak
velocity <9.5 cm/s.8

Right heart catheterization and vasoreactivity testing were
performed according to the institution’s protocols. Briefly,
after previous optimization of each patient’s clinical
condition, right heart catheterization was carried out after

an 8 h fast in the supine position under resting condition.
Supplemental oxygen was administered whenever peripheral
capillary oxygen saturation was lower than 90% as assessed
by pulse oximetry. Cardiac output was determined by indirect
Fick method and indexed for body surface area according to
DuBois and DuBois’s formula. Arterial and mixed venous
blood samples were obtained simultaneously for determina-
tion of oxygen saturation. Oxygen consumption was esti-
mated from nomograms. Corrections for oxygen therapy
were not performed because none of the patients was on
oxygen therapy other than nasal cannula with 4 L/min
maximum flow (28% inspired oxygen fraction). Central
haemodynamics were assessed by a femoral artery and
pulmonary artery catheter inserted either by the femoral,
braquial or basilic veins. Pressure transducers were zeroed
at mid-thoracic position. Pulmonary artery wedge pressure
was read at end-expiration. Tracings were analysed, manually
averaging data of at least three cycles (five in case of
arrhythmia).

Transpulmonary gradient was estimated as the difference
between mean and wedge pulmonary artery pressures
while diastolic transpulmonary gradient as the difference
between diastolic and wedge pressures. Indexed systemic
and pulmonary vascular resistances were estimated as the
ratio between the difference of mean arterial and central
venous pressures (transsystemic gradient) or the
transpulmonary gradient, respectively, and cardiac index
while left and right ventricular stroke work indexes were
obtained by multiplying stroke volume index by these
gradients, respectively. Cardiac power index, a measure of
effective hydraulic energy transmitted by the left ventricle
to systemic arteries, was defined as the product between
cardiac index and mean arterial pressure after conversion
to Watts.9 Pulmonary artery compliance was estimated as
the ratio between stroke volume index and pulmonary
artery pulse pressure.

Stable haemodynamic recordings before and after
vasoreactivity testing with inhaled NO and iloprost were
retrieved. The institution’s inhaled NO administration
protocol was 40 ppm by face mask during 10 min
(MiniKINOX™, Air Liquide, France) whereas inhaled iloprost
(Ventavis®, Bayer Schering Pharma, Germany) was
administered at a concentration of 10 μg/mL for 15 min by
nebulizer Prodose AAD System (Bayer Schering Pharma AG,
Germany) to achieve and aerosolized dose of 14–17 μg.

As for levosimendan, the institution’s protocol was repeat
catheterization within 72 h of baseline right heart
catheterization and after a 24 h perfusion of 0.1 μg/kg/min
levosimendan without loading dose (Simdax®, Orion Pharma,
Finland). Major changes to ongoing therapy during this 72 h
period, namely in inotropes, diuretics and vasopressors, were
excluded. Of note, although in strict sense this is not
vasoreactivity testing and could rather be viewed as
intensified heart failure therapy, for simplicity sake, we will

Comparison of levosimendan, NO, and inhaled iloprost for pulmonary hypertension reversibility assessment in heart transplant candidates 909

ESC Heart Failure 2021; 8: 908–917
DOI: 10.1002/ehf2.13168



apply the term vasoreactivity testing in broad sense to
include levosimendan intervention throughout the rest of
the manuscript.

As per institutional protocol, tests were interrupted when-
ever patients became symptomatic or intolerant. Positive
response to acute vasodilator test is variably defined in the
literature. Most widely accepted criteria derive mainly from
cohorts of patients with idiopathic or hereditary pulmonary
arterial hypertension and were adopted because they predict
long-term response to calcium channel blockers.10 In this
setting, patients are usually classified as responders when
mean pulmonary artery pressure decrease is ≥10 mmHg or
absolute value decreases to ≤40 mmHg with increased or
unchanged cardiac output. Nevertheless, in pulmonary
hypertension, due to left heart disease, the definition of a
positive response is still ill defined. Based on Costard-Jackle
and Fowler’s 1992 observation of improved outcomes in
a cohort of 301 consecutive heart transplant patients
that underwent vasoreactivity testing with sodium
nitroprusside,11 some reports suggest that using pulmonary
vascular resistance decrease below 2.5 Wood units with pre-
served systolic blood pressure.12 Nevertheless, findings on
other, more recent, cohorts suggest other criteria.13 Another
simple and straightforward approach is to consider achieving
pulmonary artery systolic pressure <50 mmHg and either
transpulmonary gradient <15 mmHg or pulmonary vascular
resistance ≤3 Wood units, which are the reverse criteria
based on indications for vasoreactivity testing by the Interna-
tional Society for Heart Lung Transplantation.4 Judgement is
usually based on three classical favourable haemodynamic re-
sponses, decreased pulmonary vascular resistances, in-
creased cardiac index, and decreased pulmonary artery
wedge pressure. At our centre, prespecified criteria are a
drop ≥25% in transpulmonary gradient and an increase
≥40% in cardiac index with any PAWP decrease. Patients
are deemed positive responders when at least two of these
criteria verify and fully responsive when all three criteria ap-
ply. Nevertheless, the ultimate decision to transplant a pa-
tient remains a heart team decision based on a
comprehensive individual case evaluation.

Clinical outcomes on follow-up were assessed as of
December 2019 and cross checked with the national
Portuguese Health Ministry clinical electronical repository—
Registo de Saúde Eletrónico.

Statistical analysis

Statistical analysis was carried out with the aid of RStudio
(Version 1.2.5033, RStudio, Inc.) and IBM SPSS Statistics V25
(IBM corporation). Data and residuals were checked for nor-
mality with Shapiro–Wilk’s test. Homogeneity of variances
was checked by Levene’s test. Continuous data are presented
as mean ± standard deviation or median (interquartile range)

according to distribution. Categorical data are presented as
count (percentage). Baseline continuous group features were
compared with one-way ANOVA or non-parametric Kruskal–
Wallis according to normality of residuals, respectively,
whereas categorical data were compared with Fisher’s test
with computation of P values by Monte-Carlo simulation
and multigroup comparisons with z-test with Bonferroni
corrected P values. Haemodynamic outcomes of
vasoreactivity testing were compared with two-way
repeated-measures ANOVA with post-hoc multigroup
comparisons by Holm–Sidak’s method or with the rank-based
non-parametric R-package nparLD (Nonparametric Analysis of
Longitudinal Data in Factorial Experiments) in which case,
P values are reported for the ANOVA-type statistic, each
group’s evolution is visually represented by relative
treatment effects, and multigroup comparisons were tested
by subsampling with Bonferroni correction of P values.14

Statistical significance was set at two-tailed P < 0.05.

Results

All patients had severe reduced ejection fraction heart failure
with elevated pulmonary vascular resistances. The aetiology
was either ischemic or dilated non-ischemic; none of the pa-
tients had significant valvular disease other than functional
mitral regurgitation. No differences were observed between
patients that underwent vasoreactivity testing with
levosimendan, NO, or iloprost regarding demographic and
biometric features, aetiology of heart failure, and disease se-
verity as assessed by the New York Heart Association class,
left ventricular ejection fraction, left ventricular and left atrial
dilation, plasma B-type natriuretic peptide levels, and rate
of right ventricular dysfunction. Groups were also compara-
ble regarding renal function as assessed by plasma
creatinine levels. Likewise, no differences were observed
in ongoing medication with either implanted cardiac
defibrillators/cardiac resynchronization devices or drugs such
as beta blockers, angiotensin-converting enzyme inhibitors/
angiotensin receptor antagonists, or mineralocorticoid recep-
tor antagonists. Nevertheless, patients from the iloprost
group had higher life expectancy according to the Seattle
Heart Failure Model (Table 1). None of the patients was un-
der mechanical circulatory support with either intra-aortic
balloon pump or left ventricular assist devices. All patients
were classified under Interagency Registry of Mechanically
Assisted Circulatory Support (INTERMACS) Profile 4 except
for one patient in the levosimendan group who was already
on inotrope support with dobutamine.

On baseline, haemodynamic evaluation groups were also
comparable overall except for arterial blood pressure, which
was higher in the iloprost group compared with both
levosimendan and NO, and transpulmonary gradient and
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indexed pulmonary vascular resistances, which were higher in
iloprost compared with NO (Table 2, Panel C of Figure 1). All
except for one patient in the NO group were classifiable as
combined post-capillary and pre-capillary pulmonary hyper-
tensive according to haemodynamic definitions for pulmo-
nary hypertension due to left heart disease.2

During vasoreactivity test, none of the drugs elicited
relevant hypotension or heart rate changes. None of the
patients became symptomatic or discontinued the test.
Peripheral oxygen saturation was improved only by NO
(Table 2). All drugs increased cardiac index and mixed venous
oxygen saturation but the magnitude of increase in cardiac
index was higher with levosimendan (P = 0.036 for
interaction, Panel A of Figure 1). Indeed, the increase in left
ventricular stroke work index and cardiac power index was
also significantly higher for levosimendan compared with
both NO and iloprost (Panel E of Figure 1 and Table 2,
respectively). Moreover, levosimendan was the only drug
that was able to reduce pulmonary artery wedge pressure
during the test (P = 0.004 for interaction, Panel B of Figure 1).
Regarding pulmonary vasculature, all drugs effectively
reduced pulmonary artery pressures and transpulmonary
gradient while increasing pulmonary artery compliance
(Table 2). Nevertheless, the rise in right ventricular stroke
index was higher with levosimendan infusion. Of note, right
ventricular diastolic pressures and central venous pressure
were only decreased by levosimendan (Panel D of Figure 1
and Table 2, respectively). Raw haemodynamic data are
provided in Table S1.

In Table 3 we present the main haemodynamic responses
and positive responders applying qualitative criteria.
According to our centre’s practice 9 (64%) patients that
underwent vasoreactivity testing with levosimendan were
considered positive responders which was significantly higher
than 2 (29%) and 1 (14%) responders in the NO and iloprost
groups, respectively. Complete haemodynamic response
was only observed in 2 patients from the levosimendan group
(14%). Applying the criteria validated for pulmonary arterial
hypertension, which predicts long-term responsiveness to
calcium channel blockers, the rate of positive responses was
comparable between levosimendan and NO, 10 and 9 pa-
tients, respectively, and lower with iloprost, only one patient
(P < 0.05). Likewise, response to iloprost was lower applying
as criterium the reversion to no indication for vasoreactivity
testing according to the International Society for Heart and
Lung Transplantation criteria, none of the patients from the
iloprost group would be deemed responders while five and
six patients from the levosimendan and NO groups would,
respectively.

Ten (71%), four (29%), and one patients (15%) from the
levosimendan, NO and iloprost groups underwent heart
transplantation, respectively. Amongst the patients that
underwent transplantation, periprocedural acute right ven-
tricular failure was correspondingly observed in four (40%),
three (75%), and one patients (100%), warranting mechanical
circulatory support with right ventricular assist device in two
patients from the levosimendan group and in one patient
from each of the other groups. One patient from each of

Table 1 Baseline features before vasoreactivity testing

Levosimendan (n = 14) NO (n = 14) Iloprost (n = 7) P value

Age (years) 54 (51–60) 56 (51–63) 53 (49–61) 0.796
Male gender (%) 13 (93) 12 (86) 5 (71) 0.398
Body mass index (Kg/m2) 23.1 (22.0–24.5) 23.7 (22.3–26.0) 27.6 (23.6–36.4) 0.098
Body surface area (m2) 1.75 ± 0.15 1.79 ± 0.23 1.84 ± 0.22 0.621
Ischemic aetiology (%) 9 (64) 8 (57) 6 (86) 0.580
NYHA class IV (%) 6 (43) 4 (29) 2 (29) 0.731
LVEF (%) 21 (13–25) 22 (18–26) 25 (14–37) 0.750
LVED diameter (mm) 70 ± 10 65 ± 14 72 ± 10 0.313
LA diameter (mm) 48 (44–54) 52 (48–56) 54 (52–61) 0.112
Atrial fibrillation (%) 5 (36) 8 (57) 4 (57) 0.516
RV dysfunction (%) 9 (64) 11 (79) 4 (57) 0.579
Plasma creatinine (mg/dL) 1.3 (1.1–1.4) 1.3 (1.0–1.5) 0.9 (0.9–1.0) 0.363
ICD/CRT-D (%) 12 (86) 11 (79) 5 (71) 0.862
BB (%) 14 (100) 14 (100) 7 (100) 1.000
ACEi/ARA (%) 9 (64) 7 (50) 5 (71) 0.737
MRA (%) 10 (71) 9 (64) 5 (71) 1.000
Furosemide (mg) 85 (60–120) 70 (40–90) 60 (40–120) 0.285
SHFM mean life expectancy (years) 3.1 (1.9–4.1) 4.2 (3.0–5.6) 5.0 (4.6–6.8)* 0.026
BNP (pg/mL) 1,550 ± 1,210 1,460 ± 941 581 ± 561 0.258

Baseline features of end-stage heart failure patients that underwent vasoreactivity testing during assessment for heart transplantation.
ACEi, angiotensin-converting enzyme inhibitors; ARA, angiotensin receptor antagonists; BB, β-blockers; BNP, type-B natriuretic peptide;
CRT-D, cardiac resynchronization therapy defibrillator device; ICD, implanted cardiac defibrillator; LA, left atrial; LVED, left ventricular
end diastolic; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonists; NYHA, New York Heart Association;
RV, right ventricular; SHFM, Seattle Heart Failure Model. Values are mean ± standard deviation or median (interquartile range) for con-
tinuous variables according to normality of distribution and count (percentage) for categorical variables.
*Vs. levosimendan and NO by Fisher’s test.

Comparison of levosimendan, NO, and inhaled iloprost for pulmonary hypertension reversibility assessment in heart transplant candidates 911

ESC Heart Failure 2021; 8: 908–917
DOI: 10.1002/ehf2.13168



Ta
b
le

2
Ri
gh

t
he

ar
t
ca
th
et
er
iz
at
io
n
an

d
va
so
re
ac
ti
vi
ty

te
st

P
va
lu
e

Be
fo
re

A
ft
er

M
E

I
M
ul
ti
gr
ou

p
co

m
pa

ri
so
ns

(M
E)

M
ul
ti
gr
ou

p
co

m
pa

ri
so
ns

(I)

Le
v

N
O

Ilo
Le
v

N
O

Ilo
D

T
D
*T

Le
v
vs
.

N
O

Le
v
vs
.

Ilo
N
O

vs
.

Ilo
Le
v*
T

N
O
*T

Ilo
*T

SA
P
(m

m
H
g)

10
5
±

15
10

6
±

17
12

9
±

24
10

9
±

12
10

4
±

17
13

1
±

29
0.
00

9
0.
58

0
0.
36

1
0.
01

4
0.
01

1
D
A
P
(m

m
H
g)

67
±

15
62

±
8

76
±

13
65

±
7

60
±

6
75

±
13

0.
00

7
0.
33

3
0.
97

3
0.
00

5
M
A
P
(m

m
H
g)

80
±

13
77

±
9

94
±

18
79

±
10

74
±

7
92

±
18

0.
00

5
0.
37

3
0.
83

5
0.
01

8
0.
00

4
S a
O
2
(%

)
95

±
2

95
±

4
94

±
3

96
±

2
99

±
2

94
±

2
0.
00

4
0.
00

7
0.
03

<
0.
00

1
H
R
(/m

in
)

72
(6
6–

80
)

74
(6
2–

80
)

85
(7
7–

93
)

80
(7
0–

80
)

74
(6
2–

80
)

85
(7
7–

93
)

0.
23

6
0.
18

8
0.
18

8
C
I(
L/
m
in
/m

2
)

1.
4
±

0.
4

1.
7
±

0.
4

1.
7
±

0.
4

2.
0
±

0.
4

1.
9
±

0.
6

1.
9
±

0.
5

0.
87

7
<
0.
00

1
0.
03

6
<
0.
00

1
_ V
O
2
i

(m
L/
m
in
/m

2
)

70
(6
7–

75
)

67
(6
6–

73
)

67
(6
2–

71
)

74
(7
2–

77
)

67
(6
6–

73
)

67
(6
2–

71
)

0.
05

6
0.
03

6
0.
03

6
0.
03

6

C
PI

(W
/m

2
)

0.
25

(0
.1
9–

0.
31

)
0.
29

(0
.2
7–

0.
31

)
0.
3(
0.
29

–
0.
4)

0.
35

(0
.3
1–

0.
39

)
0.
32

(0
.2
6–

0.
37

)
0.
36

(0
.2
7–

0.
5)

0.
42

4
<
0.
00

1
<
0.
00

1
<
0.
00

1
PV

RI
(W

U
/m

2
)

13
.8

±
4.
6

11
.1

±
4.
0

15
.6

±
5.
4

8.
0
±

3.
0

6.
1
±

3.
3

12
.1

±
7.
9

0.
02

7
<
0.
00

1
0.
44

0
0.
02

8
SP

A
P
(m

m
H
g)

71
(6
4–

78
)

59
(5
1–

70
)

75
(7
0–

89
)

56
(5
0–

64
)

54
(4
3–

69
)

62
(6
2–

77
)

0.
05

2
<
0.
00

1
0.
06

1
D
PA

P
(m

m
H
g)

31
(2
4–

39
)

26
(2
2–

29
)

29
(2
7–

38
)

28
(2
3–

29
)

25
(2
1–

29
)

30
(2
5–

42
)

0.
10

7
0.
12

2
0.
54

6
M
PA

P
(m

m
H
g)

43
(4
0–

51
)

38
(3
3–

44
)

51
(4
2–

55
)

38
(3
5–

43
)

36
(2
9–

44
)

46
(3
8–

60
)

0.
05

1
<
0.
00

1
0.
11

4
TP

G
(m

m
H
g)

19
±

6
18

±
7

24
±

4
16

±
6

10
±

5
22

±
12

0.
00

8
<
0.
00

1
0.
09

4
0.
00

6
D
TP

G
(m

m
H
g)

4(
0–

9)
6(
3–

9)
10

(8
–
12

)
4(
1–

7)
2(
0–

4)
10

(�
1–

13
)

0.
16

7
0.
09

4
0.
58

7
PA

W
P
(m

m
H
g)

26
±

4
21

±
4

26
±

10
22

±
8

26
±

7
27

±
9

0.
56

1
0.
49

3
0.
00

4
0.
00

5
C
V
P
(m

m
H
g)

15
(1
3–

16
)

10
(8
–
11

)
13

(9
–
19

)
8(
5–

10
)

9(
5–

12
)

12
(5
–
17

)
0.
49

01
<
0.
00

1
<
0.
00

1
<
0.
00

1
S m

vO
2
(%

)
46

±
11

55
±

11
56

±
11

57
±

12
63

±
14

61
±

10
0.
21

5
<
0.
00

1
0.
18

1
PA

C
i

(m
L/
m

2
/m

m
H
g)

0.
5(
0.
4–

0.
7)

0.
7(
0.
7–

0.
8)

0.
5(
0.
4–

0.
6)

0.
8(
0.
7–

1.
2)

1.
0(
0.
7–

1.
1)

0.
6(
0.
6–

0.
9)

0.
08

1
<
0.
00

1
0.
19

1

Ba
se
lin

e
ha

em
od

yn
am

ic
pa

ra
m
et
er
s
an

d
re
sp

on
se

to
va
so
re
ac
ti
vi
ty

te
st

(b
ef
or
e
an

d
af
te
r,
re
sp

ec
ti
ve
ly
)i
n
pa

ti
en

ts
th
at

un
de

rw
en

t
le
vo

si
m
en

da
n
(L
ev
,n

=
14

),
N
O
(n

=
14

),
an

d
ilo

pr
os
t

(Il
o,

n
=

7)
.P

va
lu
es

fo
r
m
ai
n
ef
fe
ct
s
(M

Es
)o

f
dr
ug

(D
)a

nd
ti
m
e
(T
)a

nd
in
te
ra
ct
io
n
(I,

D
*T
)a

s
w
el
la

s
m
ul
ti
gr
ou

p
co

m
pa

ri
so
ns

fo
r
m
ai
n
ef
fe
ct
s
an

d
in
te
ra
ct
io
n
ar
e
re
po

rt
ed

in
th
e
rig

ht
-

m
os
t
co

lu
m
ns
.S

A
P,

sy
st
ol
ic

ar
te
ria

lp
re
ss
ur
e;

D
A
P,

di
as
to
lic

ar
te
ria

lp
re
ss
ur
e;

M
A
P,

m
ea

n
ar
te
ria

lp
re
ss
ur
e;

S a
O
2
,
pe

rip
he

ra
lo

xy
ge

n
sa
tu
ra
ti
on

;
H
R,

he
ar
t
ra
te
;C

I,
ca
rd
ia
c
in
de

x;
_ V
O
2
i,

ox
yg

en
co

ns
um

pt
io
n
in
de

xe
d
fo
r
bo

dy
su
rf
ac
e
ar
ea

;C
PI
,c

ar
di
ac

po
w
er

in
de

x;
PV

RI
,p

ul
m
on

ar
y
va
sc
ul
ar

re
si
st
an

ce
in
de

x;
SP

A
P,

sy
st
ol
ic
pu

lm
on

ar
y
ar
te
ry

pr
es
su
re
;D

PA
P,

di
as
to
lic

pu
l-

m
on

ar
y
ar
te
ry

pr
es
su
re
;M

PA
P,

m
ea

n
pu

lm
on

ar
y
ar
te
ry

pr
es
su
re
;T

PG
,t
ra
ns
pu

lm
on

ar
y
gr
ad

ie
nt
;D

TP
G
,d

ia
st
ol
ic
tr
an

sp
ul
m
on

ar
y
gr
ad

ie
nt
;P

A
W
P,

pu
lm

on
ar
y
ar
te
ry

w
ed

ge
pr
es
su
re
;C

V
P,

ce
nt
ra
lv
en

ou
s
pr
es
su
re
;S

m
vO

2
,m

ix
ed

ve
no

us
ox

yg
en

sa
tu
ra
ti
on

;P
A
C
i,
pu

lm
on

ar
y
ar
te
ry

co
m
pl
ia
nc

e
fo
ri
nd

ex
ed

vo
lu
m
es
.V

al
ue

s
ar
e
m
ea

n
±

st
an

da
rd

de
vi
at
io
n
w
he

n
as
su
m
pt
io
ns

fo
r

pa
ra
m
et
ri
c
tw

o-
w
ay

re
pe

at
ed

m
ea

su
re
s
A
N
O
V
A
w
er
e
m
et

or
m
ed

ia
n
(in

te
rq
ua

rt
ile

ra
ng

e)
w
he

n
no

n-
pa

ra
m
et
ri
c
te
st
s
w
er
e
ap

pl
ie
d.

912 M. Tavares-Silva et al.

ESC Heart Failure 2021; 8: 908–917
DOI: 10.1002/ehf2.13168



the levosimendan and iloprost groups died from acute right
ventricular failure, the patient from the levosimendan group,
however, died in the operation theatre due to surgical
intercurrences, which led to extensive bleeding culminating
in acute right ventricular failure while the patient from
the iloprost group died 2–3 weeks post-operatively despite

mechanical circulatory support. Acute right ventricular
failure after transplantation was evenly observed
amongst responders and non-responders in the levo-
simendan group (two patients each) according to the Inter-
national Society for Heart and Lung Transplantation criteria,
while in the NO group, the right ventricle failed in one

Figure 1 Response of cardiac index (CI, Panel A), pulmonary artery wedge pressure (PAWP, Panel B), indexed pulmonary vascular resistances (PVRi,
Panel C), right ventricular end-diastolic pressure (RVEDP, Panel D), left ventricular stroke work index (LVSWi, Panel E), and right ventricular stroke work
index (RVSWi, Panel F) to vasodilator challenge with levosimendan (n = 14), NO (n = 14), and iloprost (n = 7) in end-stage heart failure patients. Stable
baseline and post-drug infusion data are represented (before and after, respectively). Group means and standard deviations are represented in Panels
A–E whereas box plots are represented in Panel F, according to test assumptions. Individual patient values are depicted as point plots with connecting
thin lines while thick lines represent changes in means for Panels A–E and relative treatment effect in the insert to Panel F. P values for main effects of
drug (D) and time (T) and interaction (D*T) are represented in each panel. *P < 0.05 levosimendan vs other groups’ response over time.
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responder and two non-responders and the single
transplanted patient in the iloprost group was also a
non-responder that presented right ventricular failure after
transplantation.

In the levosimendan group, the two other causes of death
were haemorrhagic stroke and systemic fungemia with multi-
ple organ dysfunction and the remaining cause of death in
the NO group was stroke.

Discussion

This retrospective review of a single-centre’s case series of
patients with end-stage heart failure undergoing vasodilator
challenge as part of the planned work up for heart transplant
listing revealed that the inodilator levosimendan is a safe and
feasible alternative to inhaled pulmonary vasodilators NO and
iloprost with the potential to increase the rate of positive
responses possibly due to its direct myocardial actions.

Over 50% of patients listed for heart transplantation have
elevated pulmonary vascular resistances, which increase
mortality risk following orthotopic heart transplantation.3

Identifying patients in whom pulmonary vascular resistance
elevation is reversible by vasoreactivity testing reduces but
does not eliminate risk.13 Current guidelines favour inhaled
NO for vasoreactivity testing, and to our knowledge, this is
the mainstay in most cardiac transplant centres.2 Indeed,
NO is a short-acting drug devoid of systemic side effects,
namely, systemic hypotension that frequently warrants dis-
continuation of systemic vasodilators such as nitroprusside.
It acts by selectively vasodilating the pulmonary vasculature
and decreases pulmonary shunt15 explaining improved
oxygenation in our group of NO patients. One drawback of
NO administration is the increase in left ventricular filling

pressure particularly in severe heart failure patients due to
increased venous return to poorly compliant left
ventricles.16 Indeed, NO is ill-advised by some experts that
still prefer classic systemic vasodilators (nitroprusside) due
to the potential of NO to induce flash pulmonary oedema.17

A common alternative is inhaled iloprost, which according to
some authors, has a larger pulmonary vasodilator effect
than NO,18 while others report comparable effects.19

Inhaled iloprost is also of easy administration and short
acting but has more systemic effects, namely, systemic
vasodilation, due to slower inactivation. Inodilators such as
milrinone, a bipyridine derivative type 3 phosphodiesterase
inhibitor, have also been employed successfully for
vasoreactivity testing with the advantage of convenient
intravenous administration and lower incidence of systemic
hypotension compared with simple vasodilators.20 Using
inodilators as an alternative to simple pulmonary vasodila-
tors for vasoreactivity testing raises a key pathophysiological
question, one could argue that selective pulmonary vasodi-
lation without confoundment from cardiac performance
would be desirable to ascertain whether pulmonary vascular
resistances are fixed or irreversible, but it is highly question-
able that this can be achieved in vivo even by the most se-
lective pulmonary vasodilator due to concomitant load
changes and reflex responses; thus, one may argue as well
that the assessment of vascular resistance response should
be carried out under optimized cardiac performance,6,21

which means the highest achievable cardiac index at the
lowest achievable left ventricular preload.

Levosimendan is a calcium-sensitizer inodilator, which does
not increase myocardial oxygen consumption and is devoid of
potential arrhythmogenic effects, offering long-lasting hae-
modynamic improvement owing to active metabolites with
long half-life. Contrarily to other inotropes, it has not been
linked to increased mortality risk in clinical trials or wide

Table 3 Positive haemodynamic response to vasoreactivity testing

Levosimendan NO Iloprost

mPAP <40 mmHg/decrease ≥10 mmHg with increased/unchanged CI 10 (71) 9 (64) 1 (14)*
PVR < 2.5 WU with systolic BP ≥ 85 mmHg 1 (7) 6 (43) 1 (14)
PASP < 50 mmHg with either TPG < 15 mmHg or PVR ≤ 3WU 5 (36) 6 (43) 0*
Institution’s criteria
TPG drop ≥25% 7 (50) 12 (86) 3 (43)
CI increase ≥40% 8 (57)* 0 2 (29)
PAWP decrease 9 (64) 3 (21) 3 (43)
Two out of 3 criteria 9 (64)* 2 (14) 1 (14)
Fully responsive 2 (14) 0 0

Qualitative assessment of reversibility of pulmonary hypertension using various criteria in patients that underwent levosimendan
(Lev, n = 14), NO (n = 14), and iloprost (Ilo, n = 7). The criteria are presented in the following order: Sitbon’s criteria used to establish
responsiveness to calcium-channel blockers in idiopathic pulmonary artery hypertension,10 Costard-Jackle’s 1992 heart transplanted
patient cohort derived criteria,11 reversion to no indication for vasoreactivity testing according to the International Society for Heart
and Lung Transplantation criteria,4 and finally, our own centre’s protocol (please refer to the main manuscript). BP, blood pressure;
CI, cardiac index; mPAP, mean pulmonary artery pressure; PASP, pulmonary artery systolic pressure; PAWP, pulmonary artery wedge
pressure; PVR, pulmonary vascular resistance; TPG, transpulmonary gradient; WU, Wood units. Values are count (percentage).
*P < 0.05 vs. other groups by z-test for proportions (Bonferroni corrected) when significant differences were found on Fisher’s test.
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clinical usage.22 It is endorsed by the European Society of
Cardiology to improve cardiac output and tissue perfusion
in hypotensive acute heart failure patients providing that
filling status is normal,23 but several clinical trials have also
suggested beneficial effects of repeated administration in
end-stage heart failure patients.24,25 Indeed, although none
of these trials individually showed a survival effect some
meta-analyses support increased survival in patients receiving
levosimendan.26 The outcomes of the Repetitive
Levosimendan Infusion for Patients With Advanced Chronic
Heart Failure (LeoDOR) trial (NCT03437226) are eagerly
awaited in this regard.

Due to its unique pharmacology and the surmounting
evidence suggesting beneficial effects in end-stage heart
failure patients, levosimendan has been used for
vasoreactivity testing in our centre. To our knowledge, this
is the first report of a case series where levosimendan is
compared with inhaled pulmonary vasodilators for
vasoreactivity testing, although a single case report has
been published.7 Overall, the safety profile and effects of
levosimendan on the pulmonary vasculature and pulmonary
vascular resistance were comparable with inhaled pulmo-
nary vasodilators, but there was a significantly higher in-
crease in cardiac index, left ventricular stroke work index,
and cardiac power index, a known predictor of mortality
in cardiogenic shock27 and advanced heart failure.9 Notice-
ably, levosimendan did not elicit systemic hypotension, and
it was the only drug that reduced pulmonary artery wedge
pressure as well as central venous pressure and right ven-
tricular preload, an effect that we previously reported in
an animal model.28 Indeed, according to a mixed model
meta-analysis pooling data from previous studies comparing
various drugs for vasoreactivity testing in advanced heart
failure only nitroprusside, nitroglycerin, and milrinone de-
creased pulmonary artery wedge pressure.29

Contrarily to inhaled pulmonary arteries vasodilators,
assessing the effects of levosimendan in vasoreactivity
testing may require repeat right heart catheterization,
which could extend length of hospital stay. Nevertheless,
most of end-stage heart failure patients already undergo
vasoreactivity testing to assess the potential for heart
transplantation during hospital admissions for heart failure
exacerbation. In this setting, levosimendan may be
advantageous due to its sustained beneficial haemodynamic
effects. Moreover, our protocol did not include a loading
dose because of concerns for potential systemic hypotension,
we cannot exclude that protocols with a loading dose may
allow an assessment of levosimendan’s effects in a single
procedure. Also, levosimendan might alternatively be used
for medical optimization of heart failure patients prior to
vasoreactivity testing with pulmonary vasodilators.

In this case series, a positive haemodynamic response to
vasoreactivity test was more common amongst patients
that underwent levosimendan. Still, we must underscore

that this is a single-centre observational study with small
sample size, precluding definitive conclusions. Although no
major differences were observed between groups on
baseline haemodynamics, there was a trend for higher
central venous pressure in the levosimendan and iloprost
groups, denoting congestion and the mean life expectancy
predicted by the Seattle Heart Failure Model tended to
be lower in the levosimendan group. Also, although no
deviations from institution’s protocols were observed there
was a trend for increased use of levosimendan and
decreased use of iloprost, during the timespan of the
study. Cardiac index was derived by the indirect Fick
method, which is a source of error. Additionally, definition
of positive response to vasodilator challenge remains
controversial. Whether or not to list patients for heart
transplantation is a complex decision that is rather based
on the clinical scenario, local policies, and donor availability.
Furthermore, even if levosimendan could increase the rate
of positive responders, the impact on prognosis after heart
transplantation remains uncertain.

In conclusion, the inodilator levosimendan is a safe and
effective alternative to standard inhaled pulmonary
vasodilator challenge in the assessment of heart transplant
candidates amongst patients with end-stage reduced ejection
fraction heart failure, which offers extended haemodynamic
benefits. Whether it increases the rate of positive responses
remains to be established.
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