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Abstract During cardiac operations, weaning from car-
diopulmonary bypass (CPB) may prove challenging as a
result of superimposed acute right ventricular dysfunction
in the setting of elevated pulmonary vascular resistance
(PVR). The aim of this study was to retrospectively evalu-
ate the effect of inhaled milrinone versus inhaled iloprost
in patients with persistent pulmonary hypertension follow-
ing discontinuation of CPB. Eighteen patients with elevated
PVR post-bypass were administered inhaled milrinone at
a cumulative dose of 50 pug kg~!. These patients were ret-
rospectively matched with 18 patients who were adminis-
tered 20 pg of inhaled iloprost. Both drugs were adminis-
tered through a disposable aerosol-generating jet nebulizer
device and inhaled for a 15-min period. Hemodynamic
measurements were performed before and after cessation of
the inhalation period. Both inhaled milrinone and inhaled
iloprost induced significant reductions in mean pulmonary
artery pressure and PVR and significant increases in cardiac
index in patients with post-CPB pulmonary hypertension.
The favorable effect of both agents on the pulmonary vascu-
lature was confirmed by echocardiographic measurements.
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Both agents were devoid of systemic side effects, since mean
arterial pressure and systemic vascular resistance were not
affected. A decrease in intrapulmonary shunt by inhalation
of both agents was also demonstrated. Pulmonary vasodila-
tation attributed to iloprost seems to be of greater magnitude
and of longer duration as compared to that of inhaled mil-
rinone. Both substances proved to be selective pulmonary
vasodilators. The greater magnitude and of longer duration
vasodilatation attributed to iloprost may be due to its longer
duration of action.

Keywords Pulmonary vascular resistance - Pulmonary
hypertension - Inhaled vasodilators - Cardiopulmonary
bypass

Introduction

Pulmonary hypertension (PH) can occur after cardiac sur-
gery and is mainly associated with the pulmonary endothe-
lial inflammatory response to extracorporeal circulation [1].
Therefore, weaning from cardiopulmonary bypass (CPB)
may prove particularly challenging as a result of superim-
posed acute right ventricular dysfunction in the setting of the
elevated pulmonary vascular resistance (PVR). The risk is
particularly high in patients undergoing heart valve surgery.
In this patient population, preexisting PH can be further
exacerbated by the endothelial dysfunction induced by CPB,
thus increasing patients’ morbidity and mortality [2, 3].

In this context, several pharmacologic agents have been
used to reduce the occurrence of PH post-CPB [4]. Intra-
venous vasodilators (such as nitrates or prostaglandins)
attenuate PH, but associated systemic hypotension with
escalating dosage due to lack of pulmonary selectivity is
the limiting factor [5]. Furthermore, hypoxemia may occur


http://crossmark.crossref.org/dialog/?doi=10.1007/s00380-017-1023-2&domain=pdf

Heart Vessels (2017) 32:1488-1497

1489

with intravenous agents due to worsening of intrapulmonary
shunt caused by inhibition of hypoxic pulmonary vasocon-
striction and indiscriminate vasodilatation of both venti-
lated and non-ventilated alveoli [6]. On the contrary, agents
administered by inhalation seem to selectively target the pul-
monary circulation, thus effectively decreasing pulmonary
arterial pressure without causing systemic hypotension [7].
In the past, inhaled nitric oxide was advocated as a selective
pulmonary vasodilator. However, there are major drawbacks
to its use. Nitric oxide can be a highly toxic molecule due to
the production of methemoglobin and higher oxides of nitro-
gen and, therefore, specialized monitoring as well as close
vigilance with repeated measurements of concentration is
required [8]. Moreover, sophisticated delivery systems may
make application difficult and significant financial invest-
ment in administration is mandatory. Finally, some patients
are non-responders, whereas in strong responders, there is
a risk of rebound pulmonary hypertension when adminis-
tration is abruptly withdrawn, which can worsen right ven-
tricular dysfunction [9]. Therefore, research in recent years
has been directed towards alternative inhaled agents for the
management of PH, such as inhaled iloprost and inhaled
milrinone. For both agents, there have been reports of their
use in the context of post-CPB PH, with encouraging results
[10-13].

The aim of this study was to retrospectively evaluate
the effect of inhaled milrinone versus inhaled iloprost on
hemodynamic and oxygenation parameters in patients with
valvular heart disease and preoperative PH who underwent
elective cardiac surgery and who presented with persistent
PH following discontinuation of CPB. Both agents were
administered after weaning from extracorporeal circulation
in an attempt to manage post-CPB elevation of pulmonary
arterial pressure and to prevent the occurrence of acute right
ventricular failure.

Methods
Study population

After approval by the Hospital’s Ethics Committee, the
authors retrospectively reviewed the files of patients
with preoperatively diagnosed severe PH, subjected to
elective cardiac operations from March 2011 until June
2014. Patients were considered to have severe PH if sys-
tolic pulmonary arterial pressure (SPAP) was greater than
55 mmHg or mean pulmonary arterial pressure (MPAP)
was greater than 25 mmHg, as estimated by preoperative
transthoracic or transesophageal echocardiography. Full
intraoperative hemodynamic and echocardiographic data
were available for 48 patients with severe PH. Inclusion
criteria for the retrospective analysis were a post-bypass

MPAP > 25 mmHg and post-bypass PVR > 200 dyn
s cm~ from the readings of a pulmonary artery catheter
at the initial attempt of discontinuation from CPB. From
the files of patients examined, the authors identified 18
patients who fulfilled inclusion criteria and in whom
inhaled iloprost was administered after cessation of extra-
corporeal circulation to treat PH. These patients were ret-
rospectively matched for type of operation with patients
who had also presented with post-bypass PH and in whom
inhaled milrinone had been administered to treat elevated
pulmonary arterial pressure post-bypass. Patients” written
informed consent had been obtained from all patients pre-
operatively for administration of either drug. All patients
were free of comorbidities that could affect the occurrence
of pulmonary hypertension, such as thromboembolic dis-
ease, chronic obstructive pulmonary disease, or renal and
liver disease, thus ensuring that elevated pulmonary pres-
sure was exclusively due to left heart pathology. Exclusion
criteria from the retrospective analysis were a left ven-
tricular ejection fraction of less than 35% and emergency
or redo surgery.

Anesthesia, monitoring, and surgery

On the morning of the operation, patients received their
regular doses of cardiac medications. Premedication, moni-
toring, and anesthesia and mechanical ventilation were
standardized. Apart from the standard monitoring includ-
ing a pulmonary artery catheter, a multifrequency 2.9- to
8-MHz transesophageal echocardiography probe was placed
in the patients’ esophagus after induction for transoesopha-
geal echocardiography monitoring. The presence of PH was
confirmed by the pulmonary artery catheter after anesthetic
induction. At separation from CPB, a low dose of dobu-
tamine (3—5 pg kg min~') was commenced in both groups
with the aim to support both ventricles and to achieve a
predefined goal of hemodynamic stability of cardiac index
(CI) of >2.5 L min~' m™2.

Inhaler administration protocol

Inhaled milrinone or iloprost was administered through a jet
nebulizer device for aerozol generation (Aeroneb Pro Micro-
pump Nebulizer, Aerogen Ltd, Galway, Ireland) attached
to the ventilatory circuit, near the endotracheal tube. The
concentration of milrinone used in the inhaled milrinone
group was 1 mg mL~! and the cumulative dose administered
was 50 pg kg~!. Tloprost concentration was 10 pg mL~! and
administered at a cumulative dose of 20 pg. Duration of
administration for both agents was 15 min approximately

(Fig. ).
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Fig. 1 Jet nebulizer device for aerozol generation attached to the
ventilatory circuit in one random patient

Data measurements

Variables measured or calculated included CI, measured in
triplicate by the thermodilution method, mean arterial pres-
sure (MAP), MPAP, right atrial pressure (RAP), pulmonary
capillary wedge pressure (PCWP), transpulmonary pressure
gradient (TPG), systemic vascular resistance (SVR), and
PVR. PVR/SVR and MPAP/MAP ratios were also calcu-
lated. The intrapulmonary shunt fraction (IPSF) was calcu-
lated using a standard formula.! For the echocardiographic
evaluation of right ventricular function, tricuspid annular
systolic velocity (TAV ) and tricuspid annular plane sys-
tolic excursion (TAPSE) were used as surrogates. TAV
was obtained in the four-chamber view, using the pulse-wave
tissue Doppler and colour-coded tissue Doppler imaging
protocol, while the maximal velocity at the tricuspid valve
annulus during the ejection phase of the right ventricular
was measured. The sample volume was placed at the junc-
tion of the right ventricular free wall and the anterior leaf-
let of the tricuspid valve. TAPSE was also measured in the
four-chamber view as the distance between the end-diastolic
and end-systolic position of the outer port of the tricuspid
annulus. Additional parameters examined included the need
for use of further inotropic or vasopressor support post-CPB,
a requirement for reinitiation of CPB or for use of intraaortic

! For the calculation of intrapulmonary shunt fraction (IPSF) we
used the formula Qs/Qt = CcO,-Ca0,/CcO,-CvO, by obtaining
arterial and mixed venous blood gas measurements. (CcO, = pul-
monary capillary oxygen content; CaO, = arterial oxygen content;
CvO, = mixed venous oxygen content). The alveolar gas equation
was used to derive pulmonary capillary oxygen tension and pulmo-
nary capillary blood was assumed to be fully saturated since FiO,
was > 0.21.
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balloon pump as well as Intensive Care Unit (ICU) stay and
hospital stay.

Hemodynamic measurements were performed after dis-
continuation of CPB and before inhalation (7)), 20 min
after the start of inhalation (7;), 40 min after the start of
inhalation (7), and 60 min after the start of inhalation (75).
TAV was evaluated at T and T, timepoints.

Statistical analysis

Sample size calculation was based on expected changes in
MPAP post-inhalation, as these had been demonstrated in a
previous study by our team [10]. We estimated that approxi-
mately 16 patients should be included in each group to detect
a difference of 30% in MPAP post-inhalation between the
two groups with a power of 0.80 an alpha error of 0.05.
Variables were tested for normality of distributions with the
Kolmogorov—Smirnov test. Comparisons of numeric data
between the two groups were performed with the unpaired
t test or the Wilcoxon rank sum test for independent sam-
ples, depending on whether the variables followed a normal
or non-normal distribution. The Chi-square test or Fisher’s
exact test as appropriate was used for comparisons of cat-
egorical data. Echocardiographic comparisons within the
same group were performed with the paired ¢ test. Hemo-
dynamic variables over time were analyzed with two-factor
mixed design analysis of variance with repeated measures
for one factor (time). The two factors were the inhaled agent
group and time. If a significant effect was found, post-hoc
comparisons were carried out to assess at which timepoint
the two groups were different. Results are expressed as
mean + SD or as median (25th—75th percentiles) depending
on normality of distributions and as frequency for categori-
cal variables. A value of p < 0.05 was considered as statisti-
cally significant. Data were analyzed with the SigmaPlot for
Windows v.11.0 statistical software (Systat Software, Inc.,
San Jose, CA).

Results

Demographic, preoperative, and intraoperative characteris-
tics of the two groups are presented in Table 1 and were
similar between groups. Median patient age was 73.5 (range
50-83 years) and all patients included in the retrospective
analysis underwent mitral valve replacement with mitral
stenosis as primary indication for surgery in 23 patients
and mitral regurgitation in the remaining 13 patients. Of
the 36 patients analyzed, 10 patients underwent concurrent
aortic valve replacement due to grade III-IV aortic regur-
gitation and 13 patients underwent coronary artery bypass
surgery due to coexisting coronary artery disease. All
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Table _1 Demographic and Inhaled milrinone group Inhaled iloprost group p value
operative data of the two groups
Sex (m/f) 12/6 10/8 0.732
Age (years) 74 (65-79) 73.5 (68-77) 0.874
Weight (kg) 76.0 +13.5 80.4 +12.9 0.327
Height (cm) 165.1+7.5 170.2 + 10.1 0.092
Duration of surgery (min) 212 (190-305) 206 (180-230) 0.486
CPB time (min) 131 (83-155) 125 (90-143) 0.658
ACC time (min) 92.5 (64-148) 87 (64-109) 0.527
Type of operation 0.758
MVR 7 6
MVR + AVR 4 6
MVR + CABG 7 6
ICU stay (days) 2(2-3.25) 3(1-3) 0.907
Hospital stay (days) 11 (7.75-13.5) 9 (8.25-10) 0.320
Time from end of CPB to extu- 20 (14-21.25) 12 (9.25-18) 0.137
bation (h)
In-hospital mortality 0 1.0

Values are presented as mean + SD, median (25th—75th percentile) or absolute numbers

CPB cardiopulmonary bypass, ACC aortic cross clamp, MVR mitral valve replacement, AVR aortic valve
replacement, CABG coronary artery bypass graft, /CU intensive care unit

patients presented with preoperative severe PH, with SPAP
74.7 + 13.4 mmHg.

At weaning from extracorporeal circulation, all
patients presented evidence of severe PH, with MPAP
41.1 + 4.2 mmHg and PVR 376 + 94 dyn s cm™. On echo-
cardiographic examination, echocardiographic evidence of
impaired right ventricular function (such as global or local-
ised hypokinesis of the free right ventricular wall combined
with right ventricular distension or increasing tricuspid
insufficiency) was also present [14]. The high MPAP and the
echocardiographic indices of right ventricular decompensa-
tion were the cut-off point for the inhaled agent administra-
tion on top of the standard dobutamine support. The effect
of inhaled agents on hemodynamic parameters is presented
in Table 2. Baseline (7)) hemodynamic values were compa-
rable between the two groups. Both agents induced selective
pulmonary dilatation with a reduction of MPAP at the end
of the inhalation period in comparison with baseline (7).
The reduction in MPAP was still evident for both agents
40 and 60 min after the start of the inhalation (7, and T
respectively). However, at T, and T3, the effect of inhaled
iloprost on MPAP was more prominent.

A decrease in PVR was also observed, which was longer
acting for inhaled iloprost, as patients of this group pre-
sented reduced PVR in comparison with baseline even 1 h
after the start of inhalation, while in the inhaled milrinone
group, PVR values at T3, although lower, were no signifi-
cantly different from baseline. In a direct comparison, no dif-
ferences in the degree of pulmonary vasodilatation induced
by either agent were observed, except for 75, where PVR

were significantly lower in the inhaled iloprost group in
comparison with the inhaled milrinone group.
MPAP/MAP ratios were found to decrease significantly
over time as compared to baseline in both groups. Forty and
60 min after the start of inhalation, MPAP/MAP ratios in the
inhaled iloprost group were lower in comparison with the
inhaled milrinone group (Fig. 2). Similarly, PVR/SVR ratios
decreased over time in both groups. However, in the inhaled
iloprost group, the decrease in PVR/SVR ratio was evident
for the whole period of observation, whereas in the inhaled
milrinone group, PVR/SVR ratio returned to baseline values
60 min after the start of inhalation being significantly higher
as compared to the inhaled iloprost group (Fig. 3). TPG also
decreased, although in the milrinone group, values were not
significantly different from baseline 60 min after the start
of inhalation. CI improved in both groups with increased
values throughout the observation period in comparison with
baseline, except for T; in the inhaled milrinone group, where
CI was no longer different from baseline. No differences in
CI were demonstrated between the two groups apart from
the end of the observation period (773), where CI was sig-
nificantly higher in the inhaled iloprost group as compared
to the inhaled milrinone group. Systemic blood pressure
(MAP) and vascular resistance (SVR) were not affected by
either agent. Finally, IPSF was reduced by the inhalation
of both agents in comparison with baseline with no signifi-
cant differences between the two groups at any timepoint
(Table 2). As far as echocardiography is concerned, TAV
and TAPSE increased in both groups 40 min after com-
mencement of inhaler administration (Table 2; Fig. 4).

@ Springer



1492

Heart Vessels (2017) 32:1488-1497

Table 2 Pulmonary and

. . Variable Group T, T, T, Ts
systemic hemodynamics and
echocardiographic indices pre- MPAP, mmHg Milrinone ~ 41.6 + 3.8 33.6 + 3.8% 318 £53%# 359 +3.7
zﬁg ﬁg;‘;(‘f;?alat‘on of milrinone Toprost 406 + 4.6 317 + 4.5% 273 + 2.1 26.5 + 1.2%
PVR, dyn s cm™ Milrinone 374 + 98 227 + 60* 256 + 76* 347 + 86#
Tloprost 377 +93 223 + 57 * 240 + 77* 256 + 34*
MAP, mmHg Milrinone  73.4 +10.2 752 +12.6 712+93 748 +7.4
Tloprost 78.0 +8.3 773 +£13.8 770+ 11.0 76.8 + 6.8
SVR, dyn's cm™ Milrinone 1111 + 265 1062 + 250 1000 + 236 984 + 127
Tloprost 1054 + 195 1025 + 244 970 + 191 982 + 193
CVP, mmHg Milrinone 162 +2.5 156 +2.8 146 +3.3 15.8 +2.7
Tloprost 17.1 3.7 143 +3.0 139+ 4.1 148 +2.9
PCWP, mmHg Milrinone 252 +2.8 23.5+39 224 +33 23.6+3.8
Tloprost 243 +2.6 226 +4.4 17.7 £ 2.0% 17.0 £2.8*
TPG, mmHg Milrinone 164 +3.2 10.1 +2.9% 9.4 +2.0% 123 £2.8
Tloprost 163 + 3.6 9.1 +2.4% 9.6 +£2.5% 9.5+2.7*%
CL I min~' m™ Milrinone 2.0 +0.3 2.5+ 04% 2.5+ 0.4% 2.2+ 0.4#
Tloprost 20+03 2.5+0.4* 2.6 +£0.3% 2.5 +0.3%
MPAP/MAP ratio Milrinone 0.57 +0.09 0.45 + 0.07* 0.45 +0.09%#  0.47 + 0.07*#
Tloprost 0.52 +0.07 0.41 £ 0.10%* 0.35+0.07* 0.34 + 0.03*
PVR/SVR ratio Milrinone  0.35 +0.13 0.22 + 0.09* 0.26 + 0.09* 0.35 + 0.09#
Iloprost 0.36 +0.11 0.23 + 0.09* 0.24 + 0.05* 0.26 + 0.06*
IPSF, % Milrinone ~ 29.5 (22-36)  20.5 (18-25)* 22 (20-25)* 23.5 (21-25)*#
Iloprost 29.5(23-34) 23 (18-20)* 21 (19-23)* 20.5 (19-22)*
TAV, cm 57! Milrinone 6.2+0.5 - 7.9+ 0.6 -
Iloprost 6.1 +0.3 - 8.0 + 0.9% -
TAPSE, mm Milrinone 8.6 +04 - 11.0 + 0.6* -
Iloprost 8.7+ 0.6 - 11.3 +0.7% -

Values are presented as mean + standard deviation for all variables except IPSF, where values are pre-
sented as median (25th—75th percentiles)

Time points: T, before inhalation, baseline, 7; 10 min after commencement of the inhalation period, T,
20 min after commencement of the inhalation period, 7; 40 min after commencement of the inhalation
period

MPAP mean pulmonary arterial pressure, PVR pulmonary vascular resistance, MAP mean arterial pressure,

SVR systemic vascular resistance, CVP central venous pressure, PCWR pulmonary capillary wedge pres-
sure, TPG transpulmonary gradient (MPAP — PCWP), CI cardiac index, /PSF intrapulmonary shunt frac-

tion, TAV,

syst

tricuspid annular systolic velocity, TAPSE tricuspid annular plane systolic excursion

* p < 0.05 in comparison with T, (baseline); # p < 0.05 between the two groups

A second period of CPB was required for one patient in
the inhaled iloprost group and two patients in the inhaled
milrinone group. These patients were successfully weaned
thereafter with support by an increase in dobutamine dose
(7 pg kg min~!). Two patients in the inhaled iloprost group
and four patients in the inhaled milrinone group required
the addition of noradrenaline during transfer to ICU with
gradual discontinuation of vasopressor support afterwards.
No patient required the insertion of an intraaortic balloon
pump. In both groups, there were repeated sessions of the
inhaled agent during the patients’ stay in the ICU, especially
during the first 24 h, to deal with episodes of elevated PVR
occurring postoperatively. The requirement for repeated ses-
sions of iloprost administration was less frequent for iloprost

@ Springer

than for milrinone. Moreover, differences in time from end
of CPB to extubation, ICU stay, and hospital stay were not
significantly different between groups and there was not in-
hospital mortality in the patients studied.

Discussion

According to our results, both inhaled milrinone and inhaled
iloprost proved to be selective pulmonary vasodilators in
patients with post-CPB PH, since they induced signifi-
cant reductions in MPAP, PVR, and TPG and significant
increases in CI. The favorable effect of both agents on the
pulmonary vasculature was confirmed by both hemodynamic
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Fig. 3 PVR/SVR ratio fluctuation over time, values as mean + SD,
*p < 0.05 in comparison with baseline, #p < 0.05 between the two
groups at the same timepoint

and echocardiographic measurements. At the same time,
both agents were devoid of systemic side effects, since MAP
and SVR were not affected. These facts were confirmed by
the calculation of MPAP/MAP ratios and PVR/SVR ratios
over time in both groups. Improvement in oxygenation as
expressed by a decrease in intrapulmonary shunt by inhala-
tion of both agents was also demonstrated. Notably, pul-
monary vasodilatation attributed to iloprost seems to be of
greater magnitude and of longer duration as compared to that
of inhaled milrinone.

The systemic inflammatory response induced by extra-
corporeal circulation is manifested as increased pulmonary
capillary permeability, decreased pulmonary compliance
and elevated PVR, which compromises right ventricular
work and may ultimately lead to acute right ventricular
decompensation [15, 16]. Patients with mitral valve dis-
ease who develop PH due to the chronic increase of left
atrial pressure and pulmonary vascular remodeling are
particularly prone to the risk of exacerbation of PH and
development of acute ventricular dysfunction post-CPB
[3, 17, 18]. Over the years, intravenous vasodilators have
been used to decrease the incidence of post-CPB PH, but
the lack of pulmonary selectivity limits their applicabil-
ity, since the invariably ensuing systemic hypotension not
only compromises the systemic circulation but also may
further exacerbate right ventricular coronary perfusion
and performance [19]. Therefore, pulmonary vasodilators
administered by inhalation have become more popular in
this context because of the theoretical advance of systemic
circulation preservation.

Our findings regarding the use of the two inhaled agents
are consistent with previous studies in animals and humans.
All patients participating in the present study presented with
hemodynamic evidence of elevated PVR at weaning from
CPB as well as echocardiographic evidence of imminent
impairment of right ventricular performance (low TAV
and TAPSE). We demonstrated selective pulmonary vasodil-
atation and improved indices of right ventricular function
on echocardiography by both inhaled iloprost and inhaled
milrinone, while both agents were devoid of significant side
effects on the systemic circulation. To the best of our knowl-
edge, the two inhaled agents have not been compared before
in experimental or clinical settings.

Inhaled prostanoids are among the pharmacologic inter-
ventions that have been used aiming at targeting post-CPB
pulmonary hypertension [7]. Iloprost is a stable prostacyclin
analog, whose delivery via aerosolization caused selective
vasodilatation of the pulmonary vasculature, sparing the sys-
temic circulation both in primary and secondary PH contexts
[20-24]. On the other hand, milrinone increases myocardial
and vascular smooth muscle cyclic AMP (c-AMP) concen-
tration through inhibition of phosphodiesterase III, acting
as an inodilator [25]. Its delivery through the intravenous
route has previously been shown to ameliorate ventricular
dysfunction and facilitate separation from CPB [26]. How-
ever, the high incidence of systemic hypotension associated
with its intravenous administration often requires support
of the systemic circulation by vasoactive agents [27]. In this
light, inhalation of milrinone was proposed as an alternative
route of administration with its first description by Haralds-
son et al. in postcardiac surgical patients with PH [28]. Ever
since, there have been several reports of its use in experi-
mental and clinical settings [13, 29-31].
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Fig. 4 Measurement of tricuspid annulas tolic velocity (TAV ) at T, (top of picture) and T, (bottom of picture) in a patient who was admin-
istered inhaled iloprost. TAV increased 40 min after commencement of inhalation in comparison with baseline (8.2 vs. 6.3 cm
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The fact that, according to our results, the pulmonary
vasodilatation achieved by inhaled iloprost was of greater
magnitude as compared to that achieved by inhaled mil-
rinone could be due to several reasons; first, in the cur-
rent study, our practice was to administer milrinone after
separation from CPB. In a previous study that compared
pre- to post-CPB inhaled milrinone administration, pre-
CPB inhaled milrinone was shown to be more advantageous
in comparison with post-CPB inhalation, since patients
exposed to milrinone before extracorporeal circulation pre-
sented lower MPAP as compared to when administration
occurred after CPB [13]. The former group also presented a
lower need for use of an intraaortic balloon pump, reinitia-
tion of CPB or requirement for inotropic support follow-
ing separation from extracorporeal circulation. This most
possibly shows that the administration of inhaled milrinone
before CPB may be more effective in preventing the reperfu-
sion syndrome associated with the perfusion pump, since a
more uniform distribution of the drug can be achieved when
the lungs are still mechanically ventilated and have not been
subjected to CPB-related atelectases that could diminish
milrinone’s favorable action [32]. Similarly, in another study,
it was shown that preoperative delivery of inhaled milrinone
in cardiac surgical patients was capable of attenuating the
inflammatory response to CPB [33]. Therefore, post-CPB
inhalation of milrinone, as in our study, may provide a tem-
porary relief of PH but may not be able to induce a more
sustained vasodilatory response, which probably would have
been the case if it had been administered preoperatively or
prior to the initiation of CPB.

Another reason for the more sustained pulmonary
vasodilatation in the inhaled iloprost group observed in our
study could also be the longer duration of action of inhaled
iloprost, which has been shown to last up to 120 min [20]. In
addition, other yet unknown mechanisms affecting vascular
remodeling may be involved in ensuring iloprost’s sustained
beneficial effects, even after the cessation of its administra-
tion and may not be related merely to vasodilatation [34].
Inhaled iloprost has also been found to increase the clear-
ance of endothelin in the pulmonary circulation, an effect
also possibly related to its sustained beneficial effects [35].

The effect of inhaled iloprost on the CI was also of greater
magnitude as compared to that of inhaled milrinone. Apart
from the effect on the pulmonary vasculature which favora-
bly affects cardiac output, direct positive inotropic effects for
iloprost have been documented in experimental and in vitro
studies [36]. However, it remains unclear whether these
effects are clinically significant.

As far as inhaled milrinone is concerned and consistent
with the results of our report, in the Haraldsson study, twenty
min after milrinone inhalation, patients’ hemodynamic val-
ues returned to baseline, indicating that inhaled milrinone
was effective but rather short-acting [28]. Similarly, the

effect of inhaled milrinone was rather short-living in the
Sablotzki study, since 30 min after termination of milrinone
inhalation, MPAP had returned to baseline values [30]. In
addition, in a recent multicentre trial, the intraoperative use
of inhaled milrinone as compared to placebo in high risk
cardiac surgical patients with PH resulted in modest hemo-
dynamic benefits that did not translate into improvement
of clinically relevant endpoints [37]. Although that study
might have been underpowered as the authors suggested,
the effect of inhaled milrinone is likely to be small. Perhaps,
alternative modalities of administration, such as different
dosing schemes or repeated inhalation sessions should be
explored to achieve more sustained hemodynamic benefits.
Co-aerolization could also be an option since there are prom-
ising reports in experimental and clinical settings showing
effectiveness of combined therapy in attenuating PH to a
greater degree than sole administration of each factor [28,
38]. Perhaps a combined approach might be advantageous
by targeting multiple sites of action, namely the milrinone-
mediated c-AMP pathway and iloprost-related endothelin
clearance, since levels of endothelin-1 have been shown to
correlate with postoperative complications after cardiac sur-
gery [39].

A favorable effect of both agents on intrapulmonary
shunts was observed, which is in accordance with experi-
mental and clinical studies on PH that demonstrated
improvement in oxygenation by inhalation of both inhaled
iloprost and milrinone [32, 40]. This is due to the fact that
delivery of these agents through inhalation produces selec-
tive vasodilatation of pulmonary vessels adjacent to well-
ventilated areas, thus leading to better matching of ventila-
tion/perfusion and decrease of intrapulmonary shunt.

Finally, regarding cost concerns in our study, although
inhaler milrinone is slightly cheaper than inhaler iloprost,
iloprost’s slightly higher cost may not be a major drawback,
since there was a requirement for less frequent sessions of
inhaled iloprost postoperatively due to its more sustained
duration of action.

Our study has a few limitations. First, it was a retro-
spective unblinded non-controlled study and based on
a small and rather not homogeneous cohort of patients.
Although we observed a tendency for a lower rate of CPB
reinitiation or for a reduced requirement of vasoactive
drugs in the inhaled iloprost group, meaningful conclu-
sions regarding clinically relevant outcomes cannot be
reached by small retrospective studies. Furthermore, the
more sustained hemodynamic effect of inhaled iloprost
did not translate into shorter ICU and hospital stay, but the
study was not powered to detect clinically relevant end-
points. Second, although the dosage of iloprost was within
the range of the available literature, the optimal dosage
for milrinone is not as well defined. We opted for a dose
of 50 pg kg™! which is based on personal experience and
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is in accordance with previous reports [13, 28, 30]. This
dose might, however, still be low for a sustained hemody-
namic effect. Perhaps, a higher dose could have resulted
in more prominent effects and a comparison of different
dosing schemes could be the subject of a future study. A
third limitation might be considered the fact that since
dobutamine has itself vasodilating properties, one could
argue that its effects cannot be easily isolated from the
inhaled agents. However, as mentioned before, our group
of patients presented hemodynamic and echocardiographic
signs of right ventricular deterioration despite dobutamine
support and required the addition of the inhaler agent on
top of the standard low-dose dobutamine regime. Finally,
aerosol delivery of the inhaled drug makes it rather dif-
ficult to determine the exact dose of the agent reaching the
alveolar space [41]. However, the delivery system we used
is based on a vibrating mesh nebulizer, which is capable
of producing a fine particle aerosol of consistently sized
droplets and ensures deep lung deposition [42]. Moreover,
consistency in mechanical ventilation with tidal volumes
of >500 mL ensured that the dead space was cleared of
aerosol, which improved drug delivery to the lower res-
piratory tract. In addition, slow inspiratory flow rates
40L min_l) ensured long inspiratory times which, in turn,
increased lung deposition at the intended site of action.
Therefore, in spite of potential drug wastage in the nebu-
lizer chamber, endotracheal tubing and ventilator, the use
of the same system for delivery of both agents in addition
to standardized mechanical ventilation settings ensured
consistency between the two groups.

In conclusion, according to the results of the present
retrospective study performed on a small group of patients,
the administration of a specific dosing scheme of inhaled
iloprost or inhaled milrinone at weaning from extracorpor-
eal circulation resulted in selective pulmonary vasodilata-
tion in patients with post-CPB PH following mitral valve
surgery. The favorable effects of inhaled iloprost on right
ventricular afterload were more pronounced and of longer
duration as compared to those of inhaled milrinone. This
is probably due to the fact that post-CPB administration of
inhaled mirinone is not as effective as its pre-CPB admin-
istration. Alternatively, the more sustained effect of ilo-
prost on the pulmonary circulation can be attributed to its
longer duration of action. The more pronounced hemody-
namic effects of inhaled iloprost and potential implications
for clinical outcomes remain to be further elucidated in
larger randomized trials.
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