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Abstract Inhaled nitric oxide (iNO) is considered stan-

dard therapy for pediatric postcardiac surgical pulmonary

hypertension (PH). Limited data suggest that inhaled ilo-

prost (inIlo), an aerosolized prostacyclin, may be a feasible

and more affordable therapeutic alternative. The goal of

this study was to determine if significant hemodynamic

change or adverse events would occur in postoperative

congenital heart surgery (CHS) patients with PH after their

transition from iNO to inIlo. This retrospective review

investigated CHS patients with postoperative PH (mean

pulmonary artery pressure [mPAP] [25 mmHg) between

January 1, 2010 and December 31, 2011 who transitioned

from iNO to inIlo. By protocol, CHS patients receiving

stable doses of iNO were gradually transitioned to inIlo.

After full transition, the patients received inIlo every 2 h,

with a final dosing range of 1.25–5 lg/dose. Both PAP and

systemic arterial pressure (SAP) were invasively measured

during the transition period. Seven patients ages 10 days to

1.5 years completed the protocol. Measurements of mPAP

(p = 0.27) and systolic PAP (p = 0.25) did not differ

between iNO and inIlo therapy alone. No serious adverse

events or complications (bleeding or thrombocytopenia)

occurred. The ratio of systolic PAP to SAP decreased in all

patients receiving inIlo alone (p = 0.03). Pulmonary

hypertension in postoperative CHS patients can be man-

aged successfully with inIlo, and the measured hemody-

namics with this agent are similar to those observed with

iNO. For the management of postoperative PH, inIlo may

be a reasonable alternative, thus reducing the need for

costly iNO. Larger confirmatory studies would more

robustly facilitate its integration into standard care.
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Introduction

Pulmonary hypertension (PH) is a rare postoperative com-

plication that can occur with congenital heart surgery (CHS)

patients. Children who experience PH are at substantial risk

of postoperative morbidity and mortality, with death occur-

ring in up to 12 % of cases [4]. Currently, inhaled nitric oxide

(iNO) is used routinely in the management of PH during the

postoperative period. To date, limited studies have been

performed to confirm the efficacy of iNO in the postoperative

CHS population, although clinical experience supports its

continued use [9]. Given its unproven benefit, risk of rebound

phenomenon, toxic metabolites, and cost, many centers are

seeking an alternative to iNO for postoperative CHS patients

with PH [12, 16].

Inhaled iloprost (inIlo), an aerosolized prostacyclin, may

be a feasible and more affordable therapeutic alternative
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based on the limited pediatric studies completed to date.

Similar to iNO, inIlo is a selective pulmonary vasodilator

with few systemic adverse effects but with the additional

advantages of simple delivery, minimal toxicity, and pul-

monary vasodilation through a different cellular mecha-

nism [2, 16, 17]. In multiple clinical settings, including

vasoreactivity testing, inIlo has been demonstrated to

improve hemodynamic measures and clinical outcomes [6,

10–12]. However, few studies have evaluated the role of

inIlo in the postoperative management of CHS patients

with PH. Although these studies suggest that inIlo may be

as effective as iNO in selectively lowering pulmonary

vascular resistance [7, 8, 14], the hemodynamic responses

during the transition from iNO to inIlo have not been

clinically assessed to date.

A protocol was implemented at our institution to tran-

sition postoperative CHS patients with PH from iNO to

inIlo. This study retrospectively reviewed the clinical and

hemodynamic responses of postoperative CHS patients

with PH who completed the inIlo transition protocol to

assess for adverse events associated with inIlo therapy. We

hypothesized that hemodynamic measures including mean

pulmonary arterial pressure (mPAP), systolic PAP, and

ratio of systolic PAP to systemic arterial pressure (SAP)

would not differ significantly after transition to inhaled

iloprost.

Methods

We conducted a retrospective review of the CHS patients

with postoperative PH who completed the iNO-to-inIlo

transition protocol at our institution from January 1, 2010

to December 31, 2011. Study approval with waiver of

written informed consent was obtained from our Institu-

tional Review Board. All patients younger than 18 years

who completed the transition protocol were reviewed.

Pulmonary hypertension was defined as a mPAP higher

than 25 mmHg in the initial postoperative period deter-

mined by invasive PAP monitoring.

For all cases, the medical record was reviewed, with

demographic and postoperative clinical data recorded. The

clinical data included systolic, mean, and diastolic PAP

with simultaneous systemic systolic, diastolic, and mean

arterial pressure; transcutaneous oxygen saturation (SpO2);

central venous pressure (CVP); heart rate; arterial blood

gas measures; hematocrit; and serum platelets. Dosages of

iNO and inIlo, delivered concentration of oxygen (FiO2),

sedation score, and use of neuromuscular blockade also

were recorded. Both pulmonary and SAP measures were

obtained from invasive monitoring lines. The systolic

PAP:SAP ratio was calculated using simultaneous pressure

measurements. The time points assessed during the

transition protocol included baseline (iNO therapy alone),

first dose of inIlo (after administration), iNO wean (50 %

iNO dose), iNO off, and 2, 4, 6, 12, and 24 h after dis-

continuation of iNO.

Overview of InIlo Transition Protocol

A pediatric inIlo transition protocol was created and

approved by the Pharmacy and Therapeutics Committee at

our institution. All members of the committee including

representatives from specialty pharmacy, cardiac intensive

care, and pediatric cardiology reviewed the protocol. All

postoperative patients in the pediatric cardiac intensive

care unit (CICU) who were anticipated to require inhaled

vasodilator therapy for more than 12 h were considered for

the protocol.

For postoperative monitoring purposes, all the patients

had systemic arterial lines. Pulmonary arterial pressure

lines were placed in the operating room at the discretion of

the surgeon and not for the sole purpose of the transition

protocol. At our institution, invasive PAP monitoring is

used conservatively. These lines are placed primarily in

high-risk patients based on preoperative hemodynamic

assessment or difficulties separating from cardiopulmonary

bypass due to elevated PAP, particularly if associated with

right ventricle (RV) dysfunction. Patients without an

invasive pulmonary arterial monitoring line were not eli-

gible to participate in the study.

The starting dose of inIlo was determined based on

patient weight (Table 1). The drug dose was diluted to a

3-mL volume with normal saline to facilitate drug delivery.

InIlo was aerosolized during 10–15 min using an Aeroneb

Professional Nebulizer system (Aerogen, Galway, Ireland).

The second dose of inIlo was administered 1 h after the

first dose, and subsequent doses were given every 2 h.

Once inIlo therapy was initiated, iNO was weaned to

allow the patients to transition to inIlo alone. The patients

were monitored continuously, and at frequent predeter-

mined intervals, clinical measures, hemodynamic parame-

ters, and arterial blood gases were documented. The iNO

wean was continued only if the patient met the iNO

Table 1 Inhaled iloprost dosing

Weight (kg) Starting dose (lg) Frequency High dose (lg)

\5 1.25 Every 2 h 2.5

5–10 2.5 Every 2 h 5

10–15 3.75 Every 2 h 7.5

15–20 5 Every 2 h 10

20–25 6.25 Every 2 h 12.5

25–50 7.5 Every 2 h 15

[50 10 Every 2 h 20
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weaning criteria (systolic PAP:SAP ratio B0.75 or systolic

PAP Bbaseline systolic PAP with iNO therapy alone,

B10 % decrease in SpO2, \20-torr decrease in measured

dissolved oxygen [PaO2]).

If a clinical decline occurred, defined as inability to

meet the iNO weaning criteria, baseline iNO was restarted,

and the inIlo dose was increased to the high dose (Table 1)

before another iNO wean attempt. If the iNO wean was

unsuccessful with the high dose of inIlo, then the transition

protocol was discontinued.

All the patients participating in the transition protocol

received otherwise standard postoperative care. During the

postoperative period, the patients were managed with

intravenous inotropic infusions including epinephrine,

dopamine, and milrinone for hemodynamic support.

Appropriate levels of sedation and analgesia were main-

tained. Neuromuscular blockade was not used routinely but

was available for acute management of PH crises.

Mechanical ventilation parameters were adjusted to main-

tain adequate oxygenation (SpO2 [95 %) and mild respi-

ratory alkalosis (pH goal, 7.4–7.45).

Statistical Analysis

The postoperative clinical measurements for each patient at

each time point of interest are displayed in graphic format.

The Wilcoxon signed rank test was used to evaluate

changes in the measures from baseline to 24 h off iNO

therapy for each postoperative variable using SAS version

9.3 (SAS Institute, Cary, NC, USA). All p values lower

than 0.05 were considered statistically significant.

Results

Patients

From January 1, 2010 to December 31, 2011, the iNO-to-

inIlo transition protocol was initiated for 10 patients. Only

seven patients completed the transition protocol because

three patients were removed from the protocol after a

diagnosis of residual anatomic pulmonary arterial or pul-

monary venous obstruction was determined by cardiac

catheterization or echocardiogram during the postoperative

period. Five of seven patients underwent surgical repair of

an atrioventricular septal defect or an anomalous pulmon-

ary venous return. Two patients had a genetic diagnosis of

trisomy 21, and one patient was known to have a 22q11

deletion.

The median age at surgery was 2.8 months (range,

0.3–18.4 months), and the median weight was 3.5 kg

(range, 2.5–8.4 kg). The transition protocol was initiated

most frequently on postoperative day (POD) 1 (range, POD

0–3). Demographic and clinical data including baseline

iNO and final inIlo dose for each patient are presented in

Table 2.

Hemodynamic Data

Median values showed no significant change in mPAP (24

vs 22 mmHg; p = 0.27) or systolic PAP (45 vs 34 mmHg;

p = 0.25) when baseline measurements during iNO

administration were compared with those of inIlo alone

after iNO had been discontinued for 24 h. The mPAP

measurements for each patient during the transition pro-

tocol are detailed in Fig. 1. Patients 5 and 6 showed an

initial elevation in mPAP after iNO wean but improved

after sedation and ventilation were optimized. Neuromus-

cular blockade was not required.

The ratio of systolic PAP to SAP decreased after tran-

sition from iNO to inIlo (0.61 vs 0.49; p = 0.03). Although

variability in the ratio was noted for each patient through

the transition protocol, no individual patient was found to

have a ratio greater than baseline after completing the

transition (Fig. 2).

All other clinical measurements including SpO2 (97 vs

96 %; p = 0.47), PaO2 (97 vs 73 torr; p = 0.31), CVP

(10.5 vs 8.5 mmHg; p = 0.13), pH (7.41 vs 7.44;

p = 0.69) measured dissolved carbon dioxide (pCO2) (38

vs 41 torr; p = 1.00) and heart rate (139 vs 140 beats per

minute; p = 1.00) showed no significant change when

measurements during iNO administration and after transi-

tion to inIlo were compared. Oxygen requirements

decreased for all the patients through the transition proto-

col, and none required an FiO2 greater than 60 %.

Adverse Events

No serious adverse events including death or cardiopul-

monary arrest occurred during the transition protocol.

Similarly, no complications such as bleeding or thrombo-

cytopenia with initiation of inIlo were observed.

Two episodes of transient hypoxemia and hypotension

without additional evidence of clinical instability were

documented. The episodes were associated with unplanned

extubation (patient 2) or suboptimal sedation during a

bedside procedure (patient 4). For both episodes, a decision

was made by the attending physician to increase the iNO

dose due to the acute change in hemodynamic measures.

Neuromuscular blockade was used only to facilitate rein-

tubation (patient 2). For both episodes, iNO wean was re-

initiated after hemodynamic measures had returned to

baseline. Both episodes were short in duration and did not

preclude eventual full transition to inIlo.

All the patients were dependent on mechanical ventila-

tion for the majority of the transition protocol.
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Bronchospasm related to inIlo administration, an adverse

reaction documented with outpatient inIlo PH therapy [6],

was not observed.

InIlo Delivery and Dosing

Aerosolized delivery of inIlo was well tolerated by all

the patients. No errors occurred with the delivery device.

An additional filter was placed in the expiratory limb of

the ventilator circuit, which was changed daily and as

needed. The proximal flow sensor was removed, and the

iNO analyzer line was bypassed during inIlo adminis-

tration to facilitate medication delivery and to maintain

the integrity of the flow sensor. According to the tran-

sition protocol, all the patients were initiated with the

starting inIlo dose for weight (Table 1), and four of the

seven patients required escalation to a high dose during

the protocol.

Table 2 Demographic and

clinical data

iNO inhaled nitric oxide, ppm

parts per million; inIlo inhaled

iloprost, AVSD atrioventricular

septal defect, TAPVR total

anomalous pulmonary venous

return, DORV double outlet

right ventricle, VSD ventricular

septal defect
a iNO wean duration is the time

from initiation of iNO wean to

iNO discontinuation

Patient

no.

Age at

operation

(months)

Weight

(kg)

Surgical

procedure

Postoperative

day of protocol

initiation

Baseline

iNO dose

(ppm)

Final

inIlo

dose

(lg)

iNO

wean

durationa

(h)

1 2.6 3.5 Complete

AVSD repair

1 15 2.5 2

2 3.4 5.1 Supracardiac

TAPVR repair

1 40 5 2

3 0.5 3.3 Norwood arch

repair, Rastelli

procedure

3 10 1.25 7.5

4 3.2 3.6 DORV,VSD

closure

1 40 2.5 1.5

5 2.8 3.2 Incomplete

AVSD repair

1 20 1.25 5

6 18.4 8.4 Incomplete

AVSD repair

0 40 5 6

7 0.3 2.5 Infracardiac

TAPVR repair

1 20 1.25 5

Fig. 1 Mean pulmonary arterial pressure (PAP) for all patients

during the transition from inhaled nitric oxide (iNO) to inhaled

iloprost (inIlo)

Fig. 2 Ratio of systolic pulmonary arterial pressure to systemic

arterial pressure (PAP:SAP) for all patients during the transition from

inhaled nitric oxide (iNO) to inhaled iloprost (inIlo)
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Patient Outcomes

After successful transition, inIlo was continued with all

seven patients for a median of 3 days. Thereafter, three of

the six patients who failed attempts to wean inIlo were

transitioned to pulmonary vasodilatory therapy (sildenafil)

dosed at 6.3 mg/kg/day (mean dose) before their transfer

from the CICU. Three other patients normalized their PAP

measured either by an invasive pulmonary arterial moni-

toring line or by echocardiographic assessment. The overall

average CICU and hospital stays were 18 and 31 days,

respectively. One patient died late during her CICU course

due to chronic lung disease (with probable lymphangiec-

tasia) and refractory PH.

InIlo Cost Data

The cost of inIlo was $9.69 per 1.25-lg dose, which

increased incrementally to $38.75 per 5-lg dose. The

patients transitioned to inIlo received a median of 38 total

doses (range, 10–55 doses) during 3 days. The median

unadjusted cost was $533 (range, $213–$1,317). The cost

of iNO for an equivalent period was $9,504 ($3,168 per

day). For the patient group in this study, a 3-day cost

savings of approximately $9,000 per patient would be

estimated for those successfully transitioned from iNO to

inIlo.

Discussion

Pulmonary hypertension remains a significant postopera-

tive complication for patients with congenital heart defects.

New therapeutic options that become available for the

management of pediatric PH should be considered for use

in the critical care setting because they may be advanta-

geous and more affordable.

InIlo, a prostacyclin analog, offers many advantages

over iNO. When delivered as an inhaled agent, inIlo causes

selective pulmonary vasodilation, minimizing the risk of

systemic vasodilation while optimizing drug delivery to

ventilated regions of the lung [5, 12, 14, 18]. Aerosolized

delivery also avoids the risks associated with intravenous

or subcutaneous prostacyclin administration. Additional

advantages of inIlo therapy pertinent to the critical care

setting include no documented risks of rebound phenom-

enon, less potential for toxicity, and greater ease of

administration [12, 16].

The results from this small series of patients who

completed an iNO to inIlo transition protocol demonstrate

that postoperative CHS patients with PH can be transi-

tioned successfully from iNO to inIlo without a significant

change in hemodynamic or clinical measures and without

serious adverse events, suggesting that inIlo may be a

reasonable and cost-saving alternative to iNO.

A small number of pediatric studies, each with limited

patient numbers, have evaluated the use of inIlo in the

postoperative management of CHS patients with PH. A

prospective randomized pilot study by Loukanov et al. [8]

demonstrated that inIlo was as effective as iNO in the

management of postoperative PH experienced by CHS

patients, with comparable PAP measures and frequency of

PH crises. However their study included only patients who

had undergone repair of left-to-right shunt lesions. A study

completed in a medical center with limited access to iNO

also showed inIlo to be an effective alternative to iNO, but

this study evaluated its use only as a rescue agent for

postoperative PH crises [7]. In a case series of pediatric

patients with PH who were sequentially treated with iNO

followed by inIlo, both therapies were equipotent and

equally selective in lowering pulmonary vascular resis-

tance, but therapeutic effectiveness was assessed only for a

10-min period [14].

Our results are consistent with the conclusions of these

studies, but the design of our study provided additional

insight into the use of inIlo in the critical care setting

because it included a longer period of clinical observation,

a variety of postoperative CHS diagnoses including

anomalous pulmonary venous return, and evaluated

hemodynamic changes during a transition period. The

hemodynamic stability sustained during transition from

iNO to inIlo through the initial postoperative period dem-

onstrated that inIlo may be an effective alternative to iNO

in the care of postoperative CHS patients.

By successful transition of patients between pulmonary

vasodilatory therapies, our results provide a unique per-

spective on the role of inIlo in the critical care setting. We

demonstrated that CHS patients at risk for PH can be safely

and feasibly transitioned to inIlo after initial stabilization

using iNO.

Institutional protocols for weaning iNO in the care of

postoperative CHS patients are variable. At our institution,

an iNO weaning protocol is initiated in the postoperative

period based at the discretion of the attending physician.

Continuation of the iNO wean is based on hemodynamic

stability. In our experience, CHS patients with PH often

require a prolonged iNO wean unless an alternative

pulmonary vasodilatory therapy is initiated.

Because the introduction of any therapeutic alternative

is accompanied by a degree of uncertainty, we demonstrate

that inIlo not only may be a practical alternative for the

initial management of PH but also can be integrated into

transition protocols for the postoperative management of

PH in CHS patients. Its use in transition protocols would

allow physicians to take advantage of the therapeutic

benefits of inIlo with patients for whom a prolonged
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pulmonary vasodilatory therapy is anticipated, thereby

reducing the use of iNO.

Because inIlo is a more stable prostacyclin with a longer

elimination time and an effective pharmacologic half-life

in the pulmonary vasculature of 21–25 min [2, 13], it also

offers the advantage of intermittent dosing. We found that

intermittent administration of pulmonary vasodilatory

therapy rather than continuous delivery as required for iNO

(or inhaled epoprostenol) was an unexpected advantage

during the postoperative period because it was less cum-

bersome for patient care and made transport for urgent

imaging or procedures safer and easier to facilitate.

Studies have proven inIlo to have a favorable safety

profile in the management of outpatient pediatric PH.

Common side effects include headache, cough, and flush-

ing, whereas more serious but less common side effects

may include thrombocytopenia, peripheral edema, and

bronchoconstriction [2, 6, 13]. Although the majority of

our patients were mechanically ventilated for the transition

protocol, none experienced bronchospasm with inIlo

administration. We observed no serious adverse events

associated with inIlo therapy during the transition protocol,

supporting its use as a safe pulmonary vasodilatory therapy

for postoperative care.

As described in the review by Mulligan and Beghetti

[12], the dose, delivery mechanism, and dosing interval for

inIlo in the critical care setting remain unclearly defined.

Among adults, inIlo dosing has varied from 10 to 20 lg/

dose when used in postoperative care or to facilitate

weaning from cardiopulmonary bypass [1, 19]. In the small

number of pediatric studies focusing on acute care, the

inIlo dose has varied from 0.5 to 2 lg/kg/dose, with the

dosing interval varying from 30 min to 2 h [7, 8]. Based on

the pharmacokinetic profile, the dosing recommendation

for outpatient use of inIlo is 2.5–5 lg per dose adminis-

tered five to nine times daily up to a maximum dose of

45 lg (5 lg per dose 9 times daily) [6]. With our transition

protocol, the initial dose for all the patients was

0.25–0.5 lg/kg, and four patients required escalation to the

higher dose of 0.5–1.0 lg/kg (Table 1), suggesting that

0.5–1.0 lg/kg per dose may be a more optimal dosing for

postoperative CHS patients.

A variety of inIlo delivery devices have been described

in published pediatric studies [6–8, 14]. In the acute care

setting, device selection should allow easy incorporation

into the inspiratory limb of the ventilator circuit. For our

patients, we found aerosolized inIlo delivery using a neb-

ulizer system to be uncomplicated and less cumbersome

than the iNO delivery system. Although all patients were

successfully transitioned using our inIlo dosing strategy

and no change in hemodyanamics was observed after

complete transition to inIlo, the pharmacokinetics of any

drug are unpredictable in pediatric postoperative patients,

and further studies are indicated to define better the optimal

inIlo dose and administration in the CHS population.

At medical centers in which iNO is easily accessible,

iNO has become the first-line agent for the management of

postoperative PH, and physicians have developed a

familiarity with its use despite a lack of supporting evi-

dence. Coupled with the clinical advantages discussed

previously [6, 12, 17], inIlo also may have a cost–benefit

advantage. A small number of adult studies evaluating the

cost effectiveness of prostacyclin outpatient therapy have

suggested that although PH therapy should be individual-

ized, iloprost is a less costly alternative with a good

effectiveness profile [3, 15].

Although our study did not include a comprehensive

cost-effectiveness analysis, the cost differential between

iNO and inIlo therapy warrants brief discussion. During the

study period, the institutional acquisition cost for a 10-lg

vial of iloprost for inhaled therapy was approximately $80,

which provided two to six pediatric doses depending on

patient weight. In comparison, the cost of iNO was $132

per hour (daily cost of $3,168). If a range of $116–$465 for

a 24-h dosing period of inIlo (depending on drug amount/

dose) is used, the cost differential ranges between $2,700

and $3,000 per day. If two patients per month in each

weight group (Table 1) treated with inIlo versus iNO are

considered, the estimated annual cost savings could

approach $975,000. Thus, inIlo is a substantially more

affordable option than iNO and easily available in most

countries. This finding may be especially relevant because

the use of iNO typically imposes a significant financial

burden on institutions and families because as a non-

approved therapy for CHS patients, it generally is not a

drug benefit covered by private or governmental payers.

Study Limitations

This study had several limitations. Because it was a ret-

rospective review, the data set remained limited to the

variables collected for the purpose of clinical management.

Because invasive pulmonary arterial lines were infre-

quently used in our institution, only a limited number of

patients completed the transition protocol, and thus our

statistical analysis should be cautiously interpreted. Due to

our conservative institutional practice, with placement of

invasive PAP monitoring lines only for high-risk patients,

those who completed the transition protocol were primarily

patients with more severe disease. Despite a potential

sampling bias, the results remain valuable because they

demonstrate that even high-risk patients can be success-

fully transitioned to inIlo.

Some adult studies have suggested that a synergistic

interaction can occur with simultaneous administration of
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iNO and inIlo [19]. This interaction has not been described

in the pediatric population [14], but a potential interaction

between iNO and inIlo during the transition cannot be

excluded with these data. Hemodynamic measurements

24 h after discontinuation of iNO were used for compari-

son in our study to allow for complete metabolism of any

residual iNO. Although larger pediatric studies are needed,

this study remains unique because it describes the hemo-

dynamic changes by invasive monitoring through a pul-

monary vasodilatory transition protocol during the initial

postoperative period.

Conclusion

Postoperative CHS patients with PH can be transitioned

successfully from iNO to inIlo without a significant change

in hemodynamic measurements or adverse events. Our

results suggest that inIlo may be a reasonable and more

affordable alternative for the management of postoperative

PH in CHS patients.

We also have shown that inIlo can be integrated into

transition protocols to reduce iNO use. Although a growing

body of pediatric literature encourages the use of inIlo in

the critical care setting, barriers that may prevent its inte-

gration into standard care include variable dosing strategies

and a lack of familiarity with its clinical use and delivery

system. Given the limited access to iNO in some medical

centers and increasing economic pressures, inIlo may be a

very practical alternative to iNO for postoperative CHS

patients. Larger confirmatory studies are needed to facili-

tate its integration into standard care.
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