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GLOSSARY
CABG = coronary artery bypass grafting; cAMP = cyclic adenosine monophosphate; CI = confi-
dence interval; CPB = cardiopulmonary bypass; CVP = central venous pressure; EEG = electroen-
cephalogram; Hb = hemoglobin; HR = heart rate; IABP = intraaortic balloon pump; ICU = intensive 
care unit; InhPVd = inhaled pulmonary vasodilators; IQR = interquartile range; IS = inotrope score; 

KEY POINTS
• Question: Is routine use of inhaled iloprost and milrinone associated with reduced inotrope 

use in cardiac surgery?
• Findings: Postoperative intravenous inotrope use was lower in the inhaled pulmonary vasodila-

tor group (62.5% vs 86.8% control; P = .011) translating to shorter intensive care unit (ICU) 
length of stay.

• Meaning: Routine use of inhaled pulmonary vasodilators may improve hemodynamics in 
cardiac surgery patients.

BACKGROUND: Catecholamine inotropes are frequently used after cardiopulmonary bypass 
(CPB) but may have undesirable effects. The aim was to identify whether the routine use of 
inhaled pulmonary vasodilators might reduce the requirement for inotrope drugs after cardiac 
surgery.
METHODS: Retrospective cohort study of sequential patients undergoing cardiac surgery 
at the Royal Melbourne Hospital performed by a single surgeon and anesthesia care team, 
within 14 months before and after routine implementation of inhaled pulmonary vasodilators, 
August 2017. Milrinone 4 mg and iloprost 20 µg were inhaled using a vibrating mesh nebulizer 
(Aerogen) before initiation of CPB and at chest closure. Other aspects of clinical management 
were unaltered over the time period. Two investigators blinded to each other extracted data 
from electronic and written medical records. The primary outcome was any use of inotropes in 
the perioperative period; a Fisher exact test was used to analyze any differences between the 
2 groups. Demographic data, hemodynamic data, and use of inotropes and vasopressors were 
collected from induction of anesthesia to 36 hours postoperative in the intensive care unit 
(ICU). Hospital and ICU length of stay, cost, and complications were collected.
RESULTS: Any use of inotropes was significantly lower with inhaled pulmonary dilators (62.5% 
vs 86.8%, odds ratio [95% confidence interval {CI}], 0.253 (0.083–0.764); P = .011), includ-
ing intraoperative inotrope use (37.5% vs 86.8%, odds ratio [95% CI], 0.091 (0.03–0.275);  
P < .001). ICU length of stay was significantly lower with inhaled pulmonary dilators (45 hours, 
interquartile range [IQR], 27–65 vs 50 hours, IQR, 45–74; P = .026). There were no significant 
differences among major postoperative complications or costs between groups.
CONCLUSIONS: Routine use of inhaled milrinone 4 mg and iloprost 20 µg before and after CPB 
is associated with reduced postoperative inotrope use.  (Anesth Analg 2020;131:527–36)
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LVEF = left ventricular ejection fraction; MPAP = mean pulmonary artery pressure; OR = operating 
room;  PDE3 = phosphodiesterase 3; PGI2 = prostaglandin 12; PHT = pulmonary hypertension; 
SBP = systolic blood pressure; SD = standard deviation; SVRI = systemic vascular resistance index

Patients undergoing cardiac surgery typically 
have at least mild cardiac dysfunction, compris-
ing systolic dysfunction, diastolic dysfunction, 

and right heart dysfunction. It is common for patients 
to have at least mild pulmonary hypertension.1,2 
Surgery and the use of cardiopulmonary bypass (CPB) 
induces a proinflammatory state and myocardial isch-
emia-reperfusion injury, leading to a systemic inflam-
matory response syndrome, generalized body edema, 
and potential for organ dysfunction. High right atrial 
pressures may exacerbate the development of edema, 
including impaired splanchnic perfusion. It is known 
from the heart failure literature that increased venous 
pressures can lead to gut edema and translocation of 
bacteria into the circulation leading to enhanced sys-
temic inflammation and end-organ dysfunction.3

Catecholamine inotropes are often used to improve 
cardiac output, but it is suggested that catechol-
amine inotropes may also be harmful even though 
they improve short-term hemodynamic stability.4,5 
Intravenous milrinone is known to produce marked 
systemic vasodilation6 that can increase the risk of 
hypotension after CPB. Mechanical therapies, such 
as an intraaortic balloon pump (IABP), are invasive 
procedures and have embolic-related complications.7

There has been increasing interest around the use of 
inhaled (rather than intravenous) pulmonary dilators 
such as iloprost and the inodilator milrinone. Inhaled 
delivery results in reduced pulmonary arterial pres-
sures, improved right ventricular function, reduced 
venous pressures, but importantly without significant 
systemic vasodilation or hypotension.8–10 Clinical use 
has shown a marked reduction in postoperative ino-
trope support from 73.7% to 35.9% and reduction in 
postsurgery pulmonary hypertension.11 In high-risk 
patients, this has been shown to improve cardiac out-
put and reduce systolic pulmonary artery pressures 
without systemic hypertension.10 In an animal model, 
pigs undergoing 60 minutes of CPB developed pul-
monary arterial endothelial dysfunction and increased 
pulmonary artery pressures, which was mitigated 
with the use of inhaled iloprost12 or milrinone.13 This 
can lead to lower right ventricular pressures, which 
can potentially reduce gut congestion.14 A recent study 
in children showed that nitric oxide (another inhaled 
pulmonary dilator) administered during CPB, where 
there is no uptake to the lungs as ventilation is sus-
pended, resulted in reduced acute kidney injury post-
operatively, suggesting that the inhaled pulmonary 
dilators have benefits that exceed the purely mechani-
cal effect of reducing pulmonary artery pressures.15

The current evidence is largely restricted to high-
risk patients or case studies. In patients who have 
very severe comorbidities, a potential benefit of the 
inhaled pulmonary dilators may be masked by over-
whelming cardiac dysfunction.6–10 The evidence gap 
surrounds routine use of pulmonary vasodilators in 
cardiac surgery. The primary aim of this pilot study 
was to assess whether the routine use of inhaled 
pulmonary vasodilators (InhPVd) may reduce the 
requirement for intravenous inotropes during and 
after cardiac surgery. Secondary aims were to assess 
whether in-hospital stay, intensive care unit (ICU) 
stay, and complications are reduced.

METHODS
Study Design
In this retrospective cohort study, sequential patients 
undergoing cardiac surgery at the Royal Melbourne 
Hospital, within the 14 months before and after routine 
implementation of InhPVd (combined milrinone and ilo-
prost), were screened by 2 investigators blinded to each 
other. This study was approved by the Human Research 
Ethics Committee of the Royal Melbourne Hospital, as a 
Quality Assurance project not requiring written consent 
from participants (QA2018120, date of approval, October 
10, 2018, principal investigator, Colin Royse).

Settings
All participants were operated on at the Royal 
Melbourne Hospital, which is a tertiary University 
hospital with a large cardiac surgery service. Some par-
ticipants were transferred for ICU care to a colocated 
private hospital (the Melbourne Private Hospital), 
which is staffed by the same cohort of intensive care 
specialists as the Royal Melbourne hospital.

Participants
Included patients were adults undergoing cardiac sur-
gery under CPB by the same single surgeon (A.R.) and 
anesthesiologist (C.R.) combination between July 1, 
2016 and October 31, 2018. Exclusion criteria included 
isolated sternal, thoracic, or cardiac pacemaker pro-
cedures. Follow-up was restricted to the hospital 
admission period only. All data were extracted from 
medical records.

Change in Clinical Practice
During July 2017, the anesthesiologist and surgeon 
combination added InhPVd before the commencement 
of CPB. Before this time point, InhPVd were not used. 
After initial clinical experience was favorable, they 
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commenced routine use of InhPVd before CPB and a 
second dose at chest closure. This consisted of milri-
none 4 mg (Primacor manufactured by Sanofi-Aventis 
US LLC, Bridgewater Township, NJ) mixed together 
with iloprost 20 µg (Ventavis manufactured by Bayer 
HealthCare Pharmaceuticals, LLC, Berlin, Germany), 
delivered using an ultrasonic nebulizer (Aerogen Solo 
manufactured by Aerogen, Galway, Ireland) over a 
20-minute period. This was routine practice by August 
2017 due to the anecdotal perception that inotrope 
usage was substantially reduced.

Outcomes
The primary outcome was incidence of any inotrope 
use in the operating room (OR) or ICU.

Secondary outcomes were hemodynamic pro-
file (cardiac index, mean pulmonary artery pressure 
[MPAP], central venous pressure [CVP], heart rate, ino-
trope score [IS]), norepinephrine dose, arterial blood 
pH and lactate, ICU length of stay, in-hospital length 
of stay, ICU cost, and hospital cost. Total hospital costs 
and ICU costs were obtained from the hospital clini-
cal costing department that tracks all associated costs 
related to the admission. Costs for the hospital total 
stay are allocated to 16 cost containers such as ward or 
ICU stay (hours), pharmacy, pathology, or imaging. For 
calculation of the ICU-specific costs, laboratory inves-
tigations, medical imaging, and pharmacy charges 
are not included because these could not be separated 
from the total hospital stay charges. The costs were cal-
culated until June 30, 2018, because cost data were not 
available from the hospital system after that date.

Complications included in-hospital death, new 
postoperative arrhythmia requiring intervention, 
myocardial infarction, stroke, pulmonary embolus, 
return to OR, acute kidney injury, respiratory infec-
tion, respiratory failure, and infection site within 
same hospital stay (see Supplemental Digital Content, 
Document, http://links.lww.com/AA/D70, for the 
data extraction form and definitions).

Data Sources and Management
A standardized data extraction form was used by the 
2 independent observers, who were blinded to each 
other. Hemodynamic variables were collected from 
induction of anesthesia until 36 hours after admission 
to the ICU. The 36-hour time period allowed capture 
of ICU data in the majority of patients. Differences in 
categorical variables or differences >10% in continu-
ous variables between the 2 observers were arbitrated 
by a third investigator. No other major changes to 
clinical practice occurred during this time period.

Data Collection
The data were extracted from the written and elec-
tronic medical records. Demographic data included 

age, sex, Euroscore II, left ventricular ejection fraction 
(LVEF), pulmonary hypertension, urgency of surgery, 
and extent of surgery. Euroscore II was calculated 
using an online calculator.16 Urgency of surgery was 
classified into elective surgery, which means routine 
admission of the patient for operation, and nonelec-
tive surgery, which includes urgent surgery, emer-
gency surgery, and salvage surgery. Extent of surgery 
was identified as a single procedure, which may be 
coronary artery bypass grafting (CABG), valve repair 
or replacement, replacement of part of the aorta, 
repair of a structural defect or resection of a cardiac 
tumor, and multiple procedure, which means a com-
bination of 2 or more of the above procedures.

The operative time, CPB time, cross-clamp time 
and the hemodynamic data (including cardiac output, 
systemic vascular resistance index [SVRI], MPAP, and 
CVP), inotrope and vasopressor use (dose and dura-
tion) in the OR and ICU, length of ICU and hospital 
stay were all recorded. The ICU length of stay was cal-
culated from the operation day to the ICU discharge. 
The hospital length of stay was calculated from the 
operation day to the hospital discharge. We calculated 
the IS as described by Gaies et al.17

IS  dopamine dose g kg min  

          dobutaminedose 

= ( )
+

µ

µ

/ /

gg kg min  

          1 epinephrine dose g kg min

/ /

/ / .

( )
+ × ( )00 µ

There was no protocol for the establishment of ino-
tropes because this was an individualized approach 
using echocardiography and hemodynamic param-
eters, taking into account the patient premorbid con-
ditions. However, a cardiac index <2.0 L/min/m2 in 
the post-CPB period and before leaving the OR would 
trigger the commencement of an inotrope. This was a 
consistent approach for both cohorts.

Complications including in-hospital death, new 
postoperative arrhythmia requiring intervention, 
myocardial infarction, stroke, pulmonary embolus, 
return to the OR, acute kidney injury, respiratory infec-
tion, respiratory failure, and operative site infection 
within same hospital stay were recorded. Definitions 
for outcomes are incorporated in the case report form, 
which is provided in Supplemental Digital Content, 
Document, http://links.lww.com/AA/D70.

Common Anesthesia and Surgical Management
Over the study time period, the major anesthesia, per-
fusion, and surgery techniques otherwise did not alter 
substantially. The usual anesthesia practice included 
gaseous induction with sevoflurane and transition to 
desflurane for maintenance. During CPB, the volatile 
agent was sevoflurane. Low-dose fentanyl (typically 

http://links.lww.com/AA/D70
http://links.lww.com/AA/D70
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<500 µg in total) was coadministered as required. 
Monitoring for both groups included femoral arte-
rial invasive pressure, bispectral-processed electroen-
cephalogram (EEG), and brain oximetry (OR only).

Analgesia in the majority of patients was with high 
thoracic epidural use, which was commenced before 
anesthesia and maintained for 2 postoperative days. If 
epidurals were contraindicated or refused, a dexmedeto-
midine infusion was added at a rate of 0.6–0.8 µg/kg/h. 
Transfer sedation to ICU was dexmedetomidine at 0.8 
µg/kg/h supplemented with propofol as required. CPB 
using mild hypothermia (34°C–35°C), with blood ante-
grade and retrograde cardioplegia, with target cardiac 
index at 2.5 L/min/m2. Surgery was performed under 
a single cross-clamp technique. For CABG, total arterial 
revascularization was performed in all patients. Atrial 
and ventricular pacing wires were routinely applied.

A fluid-restrictive technique included routine infu-
sion of norepinephrine at 3 µg/kg/min commended 
before induction of anesthesia and then titrated to 
treat vasodilation and cell-saver processing of scav-
enged and remaining blood from the perfusion cir-
cuit.18 Accordingly, for the purposes of this study, 
norepinephrine is treated as a vasopressor and not 
included as an inotrope.

Bias
Use of a single team of surgeons and anesthesiolo-
gists, from a single institution, and inclusion of whole 
cohorts for that team were the main strategies to 
mitigate bias. The sample size was too small for pro-
pensity score matching, time regression analysis, or 
subgroup or sensitivity analyses.

Statistical Analysis
All the statistical analyses were conducted using IBM 
SPSS Statistics for Windows (version 25.0; IBM Corp, 
Armonk, NY). The Shapiro-Wilk test was used to 
test the normality of continuous data. Normally dis-
tributed continuous data were presented as mean ± 
standard deviation (SD). Nonnormally distributed con-
tinuous data were presented as median and quartiles. 
Categorical data were presented as percentage n (%). 
Differences in continuous variables between 2 groups 
were assessed using the independent sample Student 
t test if data were normally distributed, and the Mann-
Whitney U test if not normally distributed. Categorical 
variables between the 2 groups were assessed using a 
χ2 test or Fisher exact test if the data were sparsely dis-
tributed in the cells of the contingency table. A linear 
mixed-effects model with random slope for subjects 
was used to analyze repeatedly measured outcomes 
over time.19 Treatment, time as categorical variable, 
and the time-by-treatment interaction were included as 
fixed effects. Statistical analyses are presented for both 
treatment-by-time interactions to identify whether a 
group difference existed over time, and also the main 

effect of treatment to identify whether differences 
exist between groups independent of time. Where a 
treatment-by-time interaction was significant, then 
pairwise contrasts at individual time points were esti-
mated from the model and P values for these compari-
sons were adjusted for multiplicity with the Bonferroni 
technique. Missing data were not imputed. A 2-tailed P 
or P´ < .05 was considered to be statistically significant.

Study Size
The study size calculation was based on an unad-
justed 2-sample proportion test and was based on 
the volume of patients available, which we estimated 
at 40–50 patients in each cohort, which would allow 
detection of a clinically important absolute difference 
of 26%–29% in any use of inotrope drugs between 
groups, with α at .05, power at 0.8 with a baseline ino-
trope rate of 80%, using a 2-tailed design.

RESULTS
One hundred and sixty-four consecutive patients 
were screened, of whom 86 patients were eligible, 
with 48 patients in the InhPVd group and 38 patients 
in the control group (Figure 1).

Demographic Characteristics
Patient demographic and operative variables are 
shown in Table 1. There were no significant differences 
between groups in terms of age, sex, Euroscore II, rate 
of systolic heart failure (defined as LVEF <50%), and 
pulmonary hypertension. The operation time, CPB 
time, cross-clamp time, the rate of epidural use, non-
elective procedure, and multiple procedures were not 
different between groups. There were no significant 
differences between groups in terms of hemodynamic 
or arterial blood gas parameters after induction of 
anesthesia, other than the cardiac index in InhPVd 
group was lower (2.1 ± 0.5 L/min/m2 InhPVd vs 2.4 ± 
0.7 L/min/m2 control; P = .008), and CVP was higher 
after induction of anesthesia and before administra-
tion of InhPVd (9 [7–12] mm Hg InhPVd vs 7 [5–10] 
mm Hg control; P = .026; Table 1).

Outcomes
Primary Outcome. Use of any intravenous inotrope was 
lower in the InhPVd group (62.5% InhPVd vs 86.8% 
control, odds ratio [95% confidence interval {CI}], 
0.253 [0.083–0.764]; P = .011).

Secondary Outcomes. The ICU inotrope incidence was 
the same incidence as the primary outcome (62.5% 
InhPVd vs 86.8% control, odds ratio [95% CI], 0.253 
[0.083–0.764]; P = .011). The intraoperative inotrope 
use was lower in InhPVd group (37.5% InhPVd vs 
86.8% control, odds ratio [95% CI], 0.091 [0.03–0.275]; 
P < .001; Table 2).

There was a statistically significant time-by-treat-
ment interaction in the inotropic score between the 2 
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groups (P = .001). The IS was significantly lower for the 
InhPVd group for the intraoperative time points and 
the first 12 hours in the ICU (P´ < .05), but not significant 
thereafter, as the ISs converged. There was no signifi-
cant time-by-treatment interaction for the norepineph-
rine dose (P = .338) or a significant overall main effect 
of treatment (P = .103, Figure 2). The time-by-treatment 
interaction of cardiac index was not significant in the OR 
(P = .256); however, there was a significant main effect 
of treatment (P < .001) with cardiac index lower in the 
InhPVd group (Figure 3A). During the ICU stay, for low-
est cardiac index, neither the time-by-treatment inter-
action nor the main effect of treatment was significant  

(P = .912 and P = .459, respectively; Figure 3B). During 
the intraoperative period, there was no significant 
time-by-treatment interaction for the MPAP (P = .416) 
nor a significant main effect of treatment (P = .111; 
Figure  3C). During the ICU stay, there was no sig-
nificant time-by-treatment interaction for the highest 
MPAP (P = .162) nor a significant main effect of treat-
ment (P = .987; Figure 3D).

The heart rate, systolic blood pressure, CVP, 
pH, lactate, and hemoglobin from induction in 
the operating theater to the first 36 hours of ICU 
admission are shown in Figure 4. There was no sig-
nificant interaction between time and treatment for 

Figure 1. Participant flowchart. InhPVd indicates inhaled pulmonary vasodilators.

Table 1.  Demographic Data
Control (n = 38) InhPVd (n = 48) P

Age (y)a 63 [52–74] 66 [59–74] .401
Male, n (%) 30 (78.9) 33 (68.8) .289
Euroscore II (%)a 2.12 [0.96–3.09] 1.94 [1.31–4.35] .186
LVEF <50%, n (%) 11 (28.9) 18 (37.5) .405
PHT, n (%) 19 (50.0) 30 (62.5) .245
Operation time (min)a 240 [208–287] 268 [210–309] .411
CPB time (min)a 101 [73–128] 102 [81–140] .938
X-clamp time (min)a 73 [55–105] 76 [60–113] .841
Cardiac index after anesthesia induction 2.4 ± 0.7 2.1 ± 0.5 .008
MPAP after anesthesia inductiona 19 [16–26] 23 [18–30] .079
CVP after anesthesia inductiona 7 [5–10] 9 [7–12] .026
Hb after anesthesia induction 126.9 ± 29.9 128.1 ± 17.7 .784
Fluid balance 2 d after the procedure (mL) 2514 ± 1557 2055 ± 1020 .104
Single procedure    
 CABG, n (%) 18 (47.4) 26 (54.2) .531
 Valvular replacement, n (%) 3 (7.9) 9 (18.8) .213
 Others, n (%) 4 (10.5) 1 (2.1) .165
Multiple procedures    
 CABG + valvular replacement, n (%) 5 (13.2) 3 (6.3) .457
 CABG + other, n (%) 4 (10.5) 2 (4.2) .399
 Other, n (%) 4 (10.5) 7 (14.6) .576

Continuous data are presented as mean ± standard deviation; Student t test was used to calculate P value. Categorical variables are presented as n (%); χ2 test 
was used to calculate P value unless the data were sparsely populated in the cells of the contingency table and then a Fisher exact test was used to calculate 
P value.
Abbreviations: CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; CVP, central venous pressure; Hb, hemoglobin; InhPVd, inhaled pulmonary 
vasodilators; LVEF, left ventricular ejection fraction; MPAP, mean pulmonary artery pressure; PHT, pulmonary hypertension.
aData are presented as median [interquartile range] due to nonnormal distribution.
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any of these outcomes. Nor was there a significant 
difference overall between the groups except with 
hemoglobin, which was lower in the InhPVd group 
(P = .047). There were also no differences between 
groups in terms of blood transfusion rate (P = .402; 
Table 2).

The ICU length of stay, median (interquartile range 
[IQR]), was significantly shorter in InhPVd group (45 
[27–65]) hours InhPVd vs 50 [45–74] hours control; P = 
.026; Table 2). The hospital length of stay and hospital 
cost were not different between groups. There were 

no differences in any complications reported during 
the hospital admission.

DISCUSSION
This study shows proof of concept that routine use of 
inhaled milrinone and iloprost before the initiation of 
CPB and again at chest closure was associated with a 
reduced use of catecholamine inotropes and a shorter 
ICU length of stay. There was no evidence of systemic 
effects such as vasodilation or increased norepineph-
rine use. The study was not powered to detect smaller 

Table 2.  Outcome and Complications
Control (n = 38) InhPVd (n = 48) P

Inotrope use, n (%) 33 (86.8) 30 (62.5) .011
Inotrope use in OR, n (%) 33 (86.8) 18 (37.5) <.001
Inotrope use in ICU, n (%) 33 (86.8) 30 (62.5) .011
ICU length of stay (hours)a 50 [45–74] 45 [27–65] .026
Hospital length of stay (days)a 8 [7–11] 8 [7–11] .467
ICU cost ($)a,b 10,614 [9431–15,624] 9645 [5908–12,096] .084
Hospital cost ($)a 45,591 [39,78–64,114] 44,100 [36,932–56,363] .509
Death, n (%) 0 (0) 1 (2.1) >.99
New postoperative arrhythmia, n (%) 16 (42.1) 18 (37.5) .664
Myocardial infarction, n (%) 0 (0) 0 (0) 1.000
Stroke, n (%) 1 (2.6) 1 (2.1) 1.000
Pulmonary embolus, n (%) 0 (0) 1 (2.1) >.99
Return to OR, n (%) 2 (5.3) 3 (6.3) >.99
Coronary reintervention, n (%) 0 (0) 0 (0) 1.000
Delirium recorded in patient record, n (%) 3 (7.9) 3 (6.3) 1.000
Acute kidney injury, n (%) 7 (18.4) 10 (20.8) >.99
Respiratory infection, n (%) 3 (7.9) 5 (10.4) >.99
Respiratory failure, n (%) 1 (2.6) 2 (4.2) >.99
Infection source uncertain, n (%) 1 (2.6) 1 (2.1) 1.000
Superficial surgical wound infection, n (%) 3 (7.9) 2 (4.2) .651
Deep sternal wound infection, n (%) 0 (0) 0 (0) 1.000
Urinary tract infection, n (%) 0 (0) 3 (6.3) .251
Blood transfusion, n (%) 9 (24.3) 7 (14.9) .281

Continuous data are presented as mean ± standard deviation; Student t test was used to calculate P value. Categorical variables are presented as n (%); χ2 test 
was used to calculate P value unless the data were sparsely populated in the cells of the contingency table and then a Fisher exact test was used to calculate 
P value.
Abbreviations: ICU, intensive care unit; InhPVd, inhaled pulmonary vasodilators; OR, operating room.
aData are presented as median [interquartile range] due to nonnormal distribution. Definitions of complications are included in the case report form in 
Supplemental Digital Content, Document, http://links.lww.com/AA/D70.
b$ = Australian Dollar.

Figure 2. Inotrope score and norepinephrine dose until 36 h in ICU. Inotrope score (A) and norepinephrine dose (B) from induction in OR until 
the first 36 h of ICU admission. Data are presented as mean ± standard error of mean. Linear mixed-effects models were used to analyze 
group differences over time (TT is the time-by-treatment interaction P value, and ME is the main effect of treatment P value). A, P´ values are for 
pairwise comparisons at specific time points adjusted for multiplicity with the Bonferroni technique. ICU indicates intensive care unit; InhPVd, 
inhaled pulmonary vasodilators; OR, operating room.

http://links.lww.com/AA/D70
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but clinically important differences in complications, 
and none were identified in this small cohort. Due to 
variation in surgical cohorts, surgical practice, moni-
toring and hemodynamic practices between individu-
als and institutions, we recommend that institutions 
test the efficacy of the inhaled milrinone and iloprost 
in their own setting to determine if our findings are 
replicated in their setting.

The pharmacological rationale for benefit from 
InhPVd may relate to improved right heart function 
as well as preservation of endothelial function. Both 
inhaled iloprost20 and inhaled milrinone10 cause a 
reduction in right heart pressures and increase in car-
diac index with minimal systemic vasodilation, with 
effects comparable to inhaled nitric oxide.21 Iloprost 
is a synthetic prostaglandin 12 (PGI2)  which causes 

increased cyclic adenosine monophosphate (cAMP) 
and vasodilation in the pulmonary vascular bed. The 
rationale for coadministration with milrinone (a non-
selective phosphodiesterase 3 [PDE3]  inhibitor) is to 
reduce the metabolism of cAMP generated by iloprost. 
Schermuly et al22 demonstrated that inhaled phospho-
diesterase inhibitors enhanced vasodilatory response 
to iloprost in an experimental model of pulmonary 
hypertension. The inhaled pulmonary dilators may 
have additional benefit other than reducing pulmo-
nary vascular resistance. Fortier et al12 showed that 
inhaled prostacyclin reduced post-CPB endothelial 
dysfunction in pigs. Other potential benefits of pros-
tacyclin include reduction of ischemia/reperfusion 
injury23 and exert an antioxidative effect.24 A potential 
negative effect of inhaled prostacyclin is the potential 

Figure 3. Cardiac index and mean pulmonary artery pressure from theater to ICU. A, cardiac index after induction of anesthesia until the ICU 
arrival, (B) lowest cardiac index for 36 h from ICU admission, (C) MPAP after induction of anesthesia until the ICU arrival, (D) highest MPAP for 
36 h from ICU admission. Data are presented as mean ± standard error of mean. Linear mixed-effects models were used to analyze group 
differences over time (TT is the time-by-treatment interaction P value, and ME is the main effect of treatment P value). ICU indicates  intensive 
care unit; InhPVd, inhaled pulmonary vasodilators; MPAP, mean pulmonary artery pressure; OR, operating room.
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for platelet inhibition. However, Winterhalter et al20 
did not report any increase in bleeding in their trial.25

The research to date in cardiac surgery, however, 
has been restricted to patients with established pul-
monary hypertension10 or surgical patients with very 
high risk,11,20 or congenital heart disease.26,27 While 
these studies consistently demonstrate hemodynamic 
improvements, there is mixed evidence of clinical 
benefits such as successful separation from CPB, right 
ventricular failure, inotrope use, or complications after 
surgery. The differences in these studies relate to the 
surgical cohorts examined, the InhPVd used, and the 
outcome measures. Laflamme et al11 in a retrospective 
cohort series demonstrated a reduction in complex 
and difficult separation from CPB in high-risk adult 
cardiac surgical patients using inhaled milrinone and 
prostacyclin (51% vs 70% control; P < .01). However, 
in a randomized trial of 124 high-risk participants, 
inhaled milrinone (alone) reduced systolic pulmonary 
artery pressures and increased cardiac index but did 
not lead to reduction in complex or difficult separation 
or any other clinical outcomes.10 Winterhalter et al20 
randomly assigned 253 cardiac surgery patients at high 
risk of right ventricular failure to inhaled iloprost 20 µg 
alone before and during weaning from CPB and did 
not show any difference in ventilation time, length of 
stay, or other clinical outcomes despite decreased right 
ventricular afterload and increased cardiac index.20 A 
potential confounder of these studies is that the maxi-
mal clinical impact of the intervention (inhaled iloprost 

or milrinone) may be overwhelmed by the severity of 
the disease in these very high-risk cohorts or that other 
factors such as air emboli after CPB could contribute to 
instability. Our study differs from the previous litera-
ture because we coadministered milrinone and iloprost 
as a routine rather than selective basis, and we admin-
istered it twice (before and after CPB). The cohort com-
prised a mix of low- and high-risk patients who were 
undergoing a variety of cardiac surgical procedures.

Our study has several limitations. Our findings 
must be taken within the context of our institutional 
monitoring practice, the triggers, and thresholds used 
to commence inotropes. Pulmonary artery catheter 
use is routine at our institution but is not routine 
elsewhere in the world. When the pulmonary artery 
catheter is used, then a low cardiac index is the most 
common trigger to commence an inotrope. Without it, 
the physicians must use other measurements such as 
CVP, hypotension, acidosis, oliguria, or echocardiog-
raphy as a trigger, which could change the amount 
of inotrope used. Institutional practice will also bias 
toward low use or high use or even routine use of ino-
tropes. We attempted to mitigate this variance in per-
sonal or institutional practice by restricting inclusion 
to a single surgeon, single anesthesiologist combina-
tion at a single institution. We also recommend that 
each institution test the use of this intervention to see 
if the results are replicated in their cohort of patients 
and monitoring and management practice.

Figure 4. Hemodynamic and arterial blood gas parameters. A, SBP recorded in the OR, and lowest SBP recorded in ICU during each 12-h 
recording period, (B) HR and highest HR, (C) CVP and highest CVP, (D) arterial pH and lowest arterial pH, (E) lactate and highest lactate, and 
(F) Hb and lowest Hb. Data are presented as mean ± standard deviation. Linear mixed-effects models were used to analyze group differences 
over time (TT is the time-by-treatment interaction P value, and ME is the main effect of treatment P value). CVP indicates central venous 
pressure; Hb, hemoglobin; HR, heart rate; ICU, intensive care unit; InhPVd, inhaled pulmonary vasodilators; OR, operating room; SBP, systolic 
blood pressure.
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Although this study is the largest examining routine 
use of dual use of iloprost and milrinone, the retrospec-
tive “before and after” cohort design can introduce 
bias.28 Changes in the patient cohort characteristics, 
surgical techniques, surgical performance, ICU care can 
introduce time-dependent confounding. To minimize 
confounding, we only included patients of the single 
surgeon and single anesthesiologist, from a single insti-
tution. The surgeon and anesthesiologist are very expe-
rienced and have worked together for 25 years, and the 
surgeon personally performed or supervised all opera-
tions, minimizing maturation bias. Time-independent 
confounding such as differences in the surgical cohort 
can exist. We have not tested a further cohort to iden-
tify if regression to the mean occurs after the initial 
implementation, and we cannot exclude a Hawthorne 
effect, although the period of observation was a year 
rather than a shorter period of observation. The treat-
ing anesthesiologist and ICU staff were not blinded to 
the patient’s treatment with inhaled vasodilators, and 
this knowledge may have influenced their choice of 
supportive therapy. The sample size is relatively small 
and therefore our primary outcome was restricted to 
intravenous inotrope use. Differences in both primary 
and secondary end points should be interpreted with 
caution due to risk of error with the limited sample 
size. Further, we did not perform any subgroup analy-
ses due to the limited sample size. Taken together, our 
findings should be interpreted as proof of concept or 
pilot data, rather than conclusive evidence.

Further, we are unable to quantify any potential 
inotropic effect from milrinone via the inhaled route, 
although the duration of effect would be much less 
than the duration of inotrope uses in the ICU. It is 
possible that ICU length of stay could be influenced 
by administrative rather than patient factors. We were 
unable to obtain “readiness for discharge criteria” 
with sufficient fidelity to be included in this analysis. 
This study offers proof of concept that routine use 
of InhPVd may reduce inotrope use and reduce ICU 
length of stay, but this finding needs to be confirmed 
by an adequately powered randomized double-blind, 
placebo-controlled trial.

CONCLUSIONS
Routine coadministration of inhaled iloprost 20 µg 
and milrinone 4 mg before CPB and at chest closure is 
associated with reduced intravenous inotrope use. E
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