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Introduction

Congenital heart diseases (CHDs) are the most common congenital anomalies worldwide (1). The global prevalence 
of  CHDs is 8 out of  1000 live births that varies according to the geographic area (2). Pulmonary arterial hyper-
tension (PAH) is a common finding in children with left to right shunts (3), resulting in an increase in perioperative 
complications, such as pulmonary hypertensive crisis and right ventricular dysfunction (4).

Pulmonary arterial hypertension in children is defined as mean pulmonary artery pressure (mPAP) >25 mmHg (5). 

It is a frequent condition that complicates cardiac surgery and affects its outcome. The closure of  large left to right 
cardiac shunts and the use of  cardiopulmonary bypass (CPB) in patents with pre-existing PAH may cause an acute 
increase in pulmonary artery pressure leading to right ventricular dysfunction that increases the risk of  postoperative 
morbidity and mortality (6-9).

Milrinone is a specific phosphodiesterase-3 inhibitor that causes systemic and pulmonary vasodilatation and positive 
inotropic action caused by increase cyclic adenosine monophosphate in cardiac muscles without stimulation of  car-
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Does Inhaled Milrinone Facilitate Weaning 
From Cardiopulmonary Bypass in Children 
with Congenital Heart Diseases Complicated 
with Pulmonary Arterial Hypertension?

Abstract

Objective: The aim of  the present study was to evaluate the efficacy of  inhaled milrinone in controlling pulmonary arterial hypertension (PAH) 
in paediatric cardiac surgery and its effect on weaning from cardiopulmonary bypass (CPB).

Methods: A total of  40 patients with congenital heart diseases complicated by PAH submitted to cardiac surgery requiring CPB were included 
in the present study and were randomly classified into the control group (n=20) who received intravenous milrinone 0.5 μg kg-1 min-1 and the 
inhaled group (n=20) who received inhaled milrinone 50 μg kg-1 before initiation and just before weaning off CPB. Mean pulmonary artery 
pressure (mPAP), mean systemic arterial pressure (MAP), heart rate (HR), MAP/mPAP ratio, vasoactive drug requirements and time needed to 
wean the patients from CPB were collected.

Results: mPAP and HR were significantly lower, and MAP and MAP/mPAP ratio were significantly higher in the inhaled group than in the 
control group. Vasoactive drug requirements were significantly lesser, and the time needed to wean the patients was significantly shorter in the 
inhaled group than in the control group.

Conclusion: Milrinone inhalation facilitated the weaning from CPB as it significantly reduced mPAP and maintained MAP with subsequently 
less needs for vasoactive drugs.
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diovascular β1-adrenergic receptors (10). The major side ef-
fect reported with intravenous milrinone is the high incidence 
of  systemic arterial hypotension that is dose dependent with a 
subsequent increased need for vasoactive drugs (11).

Preoperative pulmonary hypertension is associated with diffi-
cult weaning from CPB (12). Inhalation of  milrinone induces 
effective pulmonary vasodilatation with less adverse system-
ic effects and is proven to decrease the post-CPB associat-
ed right ventricular dysfunction (13). Inhaled milrinone has 
many advantages when used instead of  nitric oxide. It does 
not require complex preparation, is already available in the 
operating room and needs only a simple nebuliser for admin-
istration. We hypothesised that inhaled milrinone before CPB 
could control PAH and may facilitate the weaning from CPB 
in children submitted to open heart surgery for total repair 
of  CHDs complicated by PAH. Therefore, the primary goal 
of  the present study was to evaluate the efficacy of  inhaled 
milrinone in controlling PAH in children submitted for total 
correction of  CHDs. The secondary goal was to evaluate its 
effect on weaning from CPB in children with regard to inotro-
pic support and time needed to wean from CPB.

Methods

The study was approved by the local ethics committee of  the 
Faculty of  Medicine, Mansoura University (R 130/2015). 
Written consent was obtained from the patient’s parents or 
their guardians. This prospective randomised study was con-
ducted between August 2015 and October 2018 in Mansou-
ra University Children’s Hospital. A total of  40 patients of  
either sex aged between 6 and 24 months with left to right 
intracardiac shunts complicated by moderate to severe PAH 
submitted to corrective surgery requiring CPB were enrolled 
in the present study.

All patients included in the present study were evaluated by 
transthoracic echocardiography and cardiac catheterisation. 
Children with mPAP >25 mmHg were included in the cur-
rent study. Patients with emergency surgery, previous cardiac 
surgery, heart failure, bronchial asthma, preoperative inotro-
pic support, pre-existing thrombocytopenia and severe renal 
or hepatic diseases were excluded from the study.

Anaesthetic technique and surgical team were the same for 
all patients. All patients received intramuscular ketamine 2 
mg kg−1 and midazolam 0.1 mg kg−1 10 min before the induc-
tion of  anaesthesia that was induced with fentanyl 5 μg kg−1, 
sevoflurane and rocuronium 0.9 mg kg−1 and maintained with 
sevoflurane 1%-3% in 50% oxygen in air, rocuronium 0.3 mg 
kg−1 h−1 and fentanyl 5 μg kg−1 h−1. Each patient was mon-
itored using a non-invasive arterial blood pressure cuff that 
was recorded every 2 min until insertion of  an arterial cath-
eter, pulse oximetry, capnography, 5-lead electrocardiogram 
and a nasopharyngeal temperature probe.

Under complete aseptic precautions, the femoral artery was 
cannulated with a 20-gauge catheter, and a right internal 
jugular venous catheter was inserted. The patients were ran-
domly classified into two groups by a computer-assisted pro-
gramme.

Control group (n=20): Patients in the control group re-
ceived intravenous bolus of  milrinone 50 μg kg−1, followed by 
continuous infusion of  0.5 μg kg−1 min−1, started before skin 
incision and continued postoperatively (14).

Inhaled group (n=20): Patients received inhaled milrinone 
administered by a continuous output jet nebuliser placed on 
the inspiratory limb of  the breathing circuit near the endotra-
cheal tube using high oxygen flow (8 L min−1). Milrinone was 
administered by inhalation at a dose of  50-80 μg kg−1 (15) dis-
solved in 3 mL normal saline and applied to patients >10 min 
at two time events, the first was after induction of  anaesthesia 
and the second was before weaning off CPB after declamping 
the aorta while the heart was beating and ejecting blood to 
the systemic and pulmonary circulation.

Ventilation was adjusted to maintain end-tidal carbon di-
oxide 30-35 mmHg, peak airway pressure <20 mmHg and 
positive end-expiratory pressure <5 mmHg. Surgery was 
achieved via median sternotomy. Heparin 3-4 mg kg−1 was 
administered via central venous catheter, followed by aor-
tic and bicaval cannulation. The CPB circuit was primed 
with a combination of  Ringer’s acetate, 20% albumin and 
whole blood to achieve a haematocrit 25%-30% and was 
initiated after obtaining an activated clotting time >480 s. 
The pump flow was non-pulsatile at a rate of  2.4 L m2−1 
body surface area to maintain the arterial blood pressure at 
40-70 mmHg. CPB was accompanied with normothermia 
(temperature ≥35°C) and ultrafiltration to maintain fluid 
balance. Myocardial preservation was done by the admin-
istration of  a single dose cold crystalloid histidine-trypto-
phan-ketoglutarate, Bretschneider’s formula, cardiople-
gia (Custodiol 50 mL kg−1) in an antegrade manner after 
clamping the ascending aorta.

Main Points: 

• The use of  inhaled milrinone is effective in reducing the elevated 
pulmonary artery pressure after weaning from cardiopulmonary 
bypass.

• Milrinone inhalation is associated with hemodynamic stability as 
regard heart rate and blood pressure.

• Inhaled milrinone facilitates the weaning from cardiopulmonary 
bypass in children with preexisting pulmonary hypertension.
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Weaning off CPB was started after repair of  cardiac defect, 
cardiac de-airing, obtaining good myocardial contractility, 
suitable heart rate (HR), haematocrit >30%, nasopharyngeal 
temperature 37°C and normal arterial blood gases and elec-
trolytes. Before weaning off CPB, dobutamine was infused at 
a dose of  5 μg kg−1 min−1 that was increased up to 20 μg kg−1 
min−1 according to patient response. Norepinephrine infusion 
was added up to a dose of  0.2 μg kg−1 min−1 if  the mean ar-
terial blood pressure during weaning off CPB did not exceed 
50 mmHg. After surgery, all patients were transferred to the 
intensive care unit (ICU) sedated and on controlled mechan-
ical ventilation.

Recorded data
Data were recorded at the following time events: before ini-
tiating milrinone therapy as basal values (T₀), 10 min after 
initiating milrinone and before starting CPB (T₁), 30 min after 
weaning off CPB (T₂) and 60 min thereafter (T₃). The data 
recoded at these time events included HR, mean systemic ar-
terial pressure (MAP), mPAP, central venous pressure (CVP), 
arterial oxygen tension (PaO₂) and MAP/mPAP ratio.

The following data were recorded: CPB time, aortic cross 
clamp time, spontaneous beating of  the heart after removal 
of  aortic cross clamp, need for direct current defibrillation 
and number of  shocks, inotropic support and its dose and 
time needed to wean the patient from CPB. We could not 
measure the cardiac index as the proper sizes of  Swan Ganz 
catheters for children were not available in Mansoura Uni-
versity Children’s Hospital, and mPAP was measured through 
intraoperatively placed lines.

Statistical analysis
Sample size was done based on mPAP changes in the previ-
ous study by Wang et al. (14). In their study, mPAP decreased 
approximately 8 mmHg from the baseline after milrinone in-
halation. The standard deviation used in the study by Wang 
et al. (14) was 8.9. Seventeen patients for each group would 
be required to obtain 80% power at a 5% significance level. 

A dropout of  10% of  patients was expected. Therefore, a to-
tal number of  40 patients (20 patients per group) would be 
needed.

Calculations were done using G power software for Windows, 
version 3.0.10 (Franz Faul, Christian-Albrechts-Universität 
Kiel, Kiel, Germany). IBM Statistical Package for the Social 
Sciences statistical software for Windows, version 25 (IBM 
SPSS Corp.; Armonk, NY, USA) was used for statistical anal-
ysis of  the collected data. Shapiro-Wilk test was used to check 
the normality of  the data distribution in continuous variables. 
Continuous variables were expressed as mean±SD, whereas 
categorical variables were expressed as number and percent-
age. One-way ANOVA and Kruskal-Wallis tests were used to 
compare normally and non-normally distributed continuous 
variables with no follow-up readings, respectively. Repeated 
measures ANOVA model with Bonferroni post hoc test and 
95% confidence interval (CI) were used to compare the fol-
low-up values of  continuous data. Fisher’s exact test was used 
for intergroup comparison of  nominal and ordinal data using 
the crosstabs function. Comparison of  follow-up and basal 
values (intragroup) was conducted using Wilcoxon signed-
rank test and McNemar test for ordinal and nominal data, 
respectively. All tests were conducted with 95% CI. Charts 
were generated using SPSS chart builder. A P (probability) 
value <0.05 was considered statistically significant.

Results

A total of  40 patients with CHDs were enrolled in the present 
study and classified into two groups, each of  them included 
20 patients, controlled group and inhaled milrinone group. 
There were no statistically significant differences between 
both studied groups with regard to demographic data (age, 
gender, weight and height) and the nature of  cardiac anom-
alies (Table 1).

The patient’s haemodynamics (HR, MAP, mPAP and 
CVP) are shown in Figures 1-4, respectively. HR and 

Table 1. Patient demographic data and type of  cardiac anomalies in the studied groups

Variables Control group n=20 Inhaled group n=20  p
Age (months) 14.62±8.90 15.38±9.45 0.911
Gender (M/F) 12/8 11/9 0.71
Weight (kg)  9.11±4.92 10.61±5.62 0.832
Height (cm) 73.14±10.20 76.24 ±8.41  0.738
Cardiac anomalies (n, %)

ASD 2 (10%) 1 (5%) ns
VSD 13 (65%) 14 (70%) ns
CAVC 5 (25%) 5 (25%) ns

Data are expressed as mean±SD, number (n) and percentage (%). M: male; F: female; ASD: atrial septal defect; VSD: ventricular septal defect; CAVC: 
common atrioventricular canal; ns: non-significant
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mPAP were significantly lower in the inhaled milrinone 
group than in the control group at the following time 
events: before starting CPB (T₁), 30 min after weaning off  
CPB (T₂) and 60 min thereafter (T₃), as shown in Figures 
1 and 3, respectively.

MAP was significantly lower in the control group than in the 
inhaled group at T₁, T₂ and T₃ time events (Figure 2), whereas 

CVP was significantly lower in the control group than in the 
inhaled group 30 min after weaning off CPB (T₂) (Figure 4). 
The MAP/mPAP ratio was significantly lower in the control 
group than in the inhaled group at T₁, T₂ and T₃ time events 
(Figure 5).

PaO₂ is shown in Figure 6 with no statistically significant dif-
ference between the two studied groups.

Figure 1. Heart rate (HR, beat min−1) of  the studied 
groups
Data are expressed as mean±SD. *p<0.05 is significant compared 
with the control group.

Figure 2. Invasive mean arterial pressure (MAP, mmHg) 
of  the studied groups
Data are expressed as mean±SD. *p<0.05 is significant compared 
with the control group.

Figure 3. Mean pulmonary artery pressure (mPAP, 
mmHg) of  the studied groups
Data are expressed as mean±SD. *p<0.05 is significant compared 
with the control group.
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Figure 5. The ratio of  mean arterial systemic pressure 
(MAP, mmHg) to mean pulmonary arterial pressure 
(mPAP, mmHg) of  the studied groups
Data are expressed as mean±SD. *p<0.05 is significant compared 
with the control group.

Figure 6. Arterial oxygen tension (PaO₂, mmHg) of  the 
studied groups
Data are expressed as mean±SD.

Figure 4. Central venous pressure (CVP, mmHg) of  the 
studied groups
Data are expressed as mean±SD. *p<0.05 is significant compared 
with the control group. 
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Table 2 shows intraoperative variables, CPB time, aortic cross 
clamp time and spontaneous beating of  the heart after re-
moval of  aortic cross clamp. There were no statistically signif-
icant differences between the control and inhaled milrinone 
groups with regard to intraoperative variables.

All patients in both groups received dobutamine without any statis-
tically significant difference regarding its dose (Table 2). The num-
ber of  patients requiring norepinephrine was significantly higher 
in the control group (n=15) than in the inhaled group (n=4) (Table 
2). The dose of  norepinephrine was significantly higher (p=0.023) 
in the control group than in the milrinone group (Table 2).

The time needed to wean the heart from CPB was significant-
ly longer in the control group (5.72±3.21 min) than in the 
inhaled milrinone group (3.22±2.41 min) (Table 2).
No patients developed pulmonary hypertensive crisis during 
surgery.

Discussion

The main findings of  the current study showed that milri-
none inhalation before initiation and during CPB just before 
weaning in children with CHDs suffering from PAH resulted 
in more stable haemodynamics with regard to HR and MAP 
and more effective reduction of  mPAP with higher MAP/
mPAP ratio than intravenous infusion of  milrinone (control 
group). Patients in the control group required higher doses 
of  vasoactive drugs and longer time to wean from CPB than 
patients in the inhaled milrinone group.

Wang et al. (14) compared the use of  inhaled and intravenous 
milrinone in 48 patients undergoing mitral valve replacement 
complicated with pulmonary hypertension. They reported 
a comparable decrease in mPAP in both groups, whereas 
MAP was significantly higher in the inhaled group than in 

the intravenous group after initiation of  milrinone therapy. 
The haemodynamic effects of  inhaled milrinone lasted for 
approximately 60 min after its discontinuation as indicated by 
returning mPAP to the baseline.

Denault et al. (15) in 2014 studied the use of  inhaled milri-
none in patients with preoperative pulmonary hypertension 
undergoing complicated cardiac surgery. Their study includ-
ed 21 patients who were randomised in a double-blind study 
to receive either inhaled milrinone or placebo. Milrinone was 
inhaled before surgical incision and CPB. They found that 
inhaled milrinone was not associated with systemic hypoten-
sion with reduced pulmonary artery pressure and pulmonary 
vascular resistance but not statistically significant. Denault et 
al. (16) in 2016 in a randomised clinical study included 140 
patients and compared the use of  inhaled milrinone versus 
placebo in high-risk cardiac surgical patients with pulmo-
nary hypertension. They found that the use of  inhaled mil-
rinone was associated with an increase in cardiac output and 
a significant reduction of  systolic pulmonary artery pressure 
(p=0.04) without significant effects on systemic arterial pres-
sure or HR. The MAP/mPAP ratio was >20% in 10 patients.

Rong et al. (17) studied the benefits of  inhaled and intrave-
nous milrinone in adult cardiac surgery in a meta-analysis as-
sessing the haemodynamic and clinical effects of  both routes 
of  administration. The meta-analyses involved 30 studies that 
included 1438 adult cardiac patients, 194 of  them received 
inhaled milrinone and 521 received intravenous milrinone. 
The primary goals were mPAP and systemic vascular resis-
tance, whereas the secondary goals were MAP, HR, cardiac 
output and index, CVP and pulmonary capillary wedge pres-
sure. They found that intravenous milrinone was associated 
with significantly lower mPAP and systemic vascular resis-
tance than placebo. On the other hand, there was no signifi-
cant difference when inhaled milrinone was compared to pla-

Table 2. Intraoperative variables

Variables Control group n=20 Inhaled group n=20  p
CPB time (min) 81.3±14.2 66.4±22.6 0.62
Aortic clamp time (min) 67.5±14.8 71.7±13.6 0.76
Spontaneous heart beat (n, %) 18 (90) 19 (95) 0.93
DC shock (n, %) 2 (10) 1 (5) 0.86
Dobutamine

(n, %) 20 (100) 20 (100) 1
Dose (μg kg−1 min−1) 12.47±3.52 9.73±3.12 0.21

Norepinephrine
(n, %) 15 (75) 4 (20)* <0.01
Dose (μg kg−1 min−1) 0.14 (0.11-0.18) 0.07 (0.04-0.09)* 0.023

Duration of  weaning (min) 5.72±3.21 3.22±2.41* 0.021
Data are expressed as mean±SD, median and range, number (n) and percentage (%).*p<0.05 is significant when compared to the control group. CPB: 
cardiopulmonary bypass; DC: direct current defibrillation
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cebo with regard to mPAP and systemic vascular resistance. 
Intravenous milrinone was associated with significantly lower 
MAP and shorter hospital length of  stay than inhaled milri-
none. No significant statistical difference was found between 
intravenous and inhaled milrinone with regard to mPAP (17).

Lamarche et al. (18) in a retrospective study included 70 car-
diac surgical patients and compared the effects of  milrinone 
inhalation before and after CPB. They found that a single 
dose of  milrinone inhalation before going on CPB was asso-
ciated with a significant reduction of  the rate of  re-initiation 
of  CPB (3%) when compared with patients who received in-
haled milrinone after CPB (23%).

As shown in the current study, the MAP/mPAP ratio was 
significantly lower in the control group than in the inhaled 
milrinone group. The MAP/mPAP ratio has been used as a 
predictor of  the outcome of  cardiac surgery. As demonstrat-
ed from previous studies, The MAP/mPAP ratio was an easy 
method that correlated with the severity of  PAH during car-
diac surgery (19, 20).

Preoperative MAP/mPAP ratio <4 refers to the presence of  
PAH with lower survival rates following cardiac surgery (19, 
20). Robitaille et al. (19) in their retrospective and prospective 
studies in adult patients found that lower MAP/mPAP ratios 
have been associated with more haemodynamic complica-
tions after cardiac surgery that included cardiac arrest, the 
need for vasopressor support >24 h postoperatively or the use 
of  intra-aortic balloon pump.

In the current study, the time needed to wean the patients 
from CPB was significantly shorter, and the dose of  vaso-
active agents was smaller in the inhaled group than in the 
control group as intravenous milrinone causes systemic va-
sodilatation and hypotension, whereas inhaled milrinone has 
minimal systemic effects as it acts only locally on pulmonary 
vascular bed (21).
 
Lamarche et al. (18) observed that a single bolus dose of  in-
haled milrinone administration before initiation of  CPB was 
accompanied with a lower rate of  CPB re-initiation than 
those who received inhaled milrinone after CPB.

Laflamme et al. (22) in their retrospective study observed that 
milrinone inhalation is associated with lower rate of  difficult 
weaning from CPB and a significant reduction in the require-
ments of  vasoactive agents in the first 24 h in the ICU after 
cardiac surgery.

Cardiac surgical patients may develop pulmonary reperfusion 
syndrome as a result of  CPB that aggravates pulmonary hy-
pertension (23), resulting in difficult weaning and right ven-

tricular dysfunction with poor postoperative prognosis (22). 
Consequently, prevention and controlling pulmonary hyper-
tension would be expected to minimise the incidence of  pul-
monary reperfusion syndrome.

Milrinone inhalation before initiation of  CPB protects the 
pulmonary vascular endothelium from ischaemic reperfusion 
injury during weaning from CPB through a more homoge-
nous distribution of  pulmonary blood flow in mechanically 
ventilated lungs, minimising post-CPB atelectasis. The ad-
ministration of  inhaled milrinone before the initiation of  
CPB could prevent reperfusion syndrome (20).

Inhaled milrinone can be used to facilitate weaning from CPB 
in paediatric cardiac surgery by causing selective pulmonary 
vasodilatation, consequently reducing the degree of  pulmo-
nary hypertension. Inhalation of  milrinone is simple, safe 
and easy to administer via the inspiratory limb of  anaesthesia 
ventilator. Milrinone given by inhalation is delivered to both 
lungs directly with minimum systemic absorption, so it is not 
associated with systemic hypotension as in intravenous route, 
decreasing the need for vasoactive drugs.

Conclusion

As demonstrated from the results of  the current study, we can 
conclude that milrinone inhalation before and during CPB fa-
cilitates the weaning from CPB as it significantly reduces mPAP 
and maintains MAP, resulting in less needs for vasoactive drugs 
and shorter time needed to wean the patients from CPB. 
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