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Abstract: There is a paucity of data on infant intravenous prostacyclin use, the gold standard for therapy for
severe pulmonary hypertension (PH). This review aimed to evaluate the safety, tolerability, and outcomes of
infant prostacyclin use. A retrospective observational study was performed in a large pediatric hospital with
a dedicated pediatric PH program. Subject medical records, bedside flow sheets, and progress notes were
reviewed to identify use of intravenous epoprostenol or treprostinil within the first year of life. The indica-
tion for prostacyclin use was recalcitrant hemodynamic compromise associated with PH, identified as either
idiopathic PH, persistent PH of the newborn, PH associated with congenital diaphragmatic hernia, congen-
ital heart disease, bronchiolitis, or chronic lung disease. Prostacyclin-related adverse events included 7 epi-
sodes of hypotension, 6 episodes of perceived pain, 2 episodes of cyanosis, and 1 episode of feeding intolerance.
Prostacyclin was stopped only for cyanotic episodes associated with use in severe chronic lung disease. Two
hemorrhagic events occurred during extracorporeal membrane oxygenation, which were unlikely to be prosta-
cyclin related. Outcomes included 21 deaths unrelated to prostacyclin, 1 lung transplant, 6 PH resolutions,
8 transitions to oral PH medications, and 1 continuation of treprostinil. In conclusion, efficacy could not be
evaluated in this study because of the loss of equipoise for neonatal prostacyclin use. Prostacyclin use was well
tolerated in neonatal diseases associated with PH, but dose titration was limited by hypotension and hypoxemia.
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INTRODUCTION
Prostacyclin (PGI2), an arachadonic acid metabolite that
stimulates adenylyl cyclase in vascular smooth muscle
cells, causes an increase in intracellular cyclic adenosine
monophosphate (AMP) and vasodilation of the systemic
and pulmonary circulatory systems. In the United States,
PGI2 is commercially available in three formulations.
Epoprostenol is available for intravenous administration,
while treprostinil, a tricyclic benzidine analogue with a lon-
ger half-life and increased stability at room temperature, is
available for subcutaneous, intravenous, or inhaled adminis-
tration. Iloprost is the third product, available only for in-
haled administration.

Each PGI2 product has US Food and Drug Adminis-
tration (FDA) approval for use in pulmonary hyperten-
sion (PH) in adults, with extensive studies demonstrating

sustained improvement in symptoms and mortality. While
these medications have also been utilized in children aged
2-18 years, there is no US FDA approval for this age range.
Common adverse reactions seen in adults and older chil-
dren include flushing, pain, and hypotension."* Addition-
ally, there is a theoretical risk of bleeding due to the anti-
platelet effects of PGI2."

There are a number of neonatal and infant disorders
that are characterized by increased pulmonary pressures
and eventual diagnosis of PH with development of right
heart failure symptoms. The classic example is persistent
PH of the newborn (PPHN), a disorder resulting from
persistence of fetal pulmonary vasoconstriction after birth.
Additional neonatal conditions that are associated with in-
creased pulmonary vascular resistance include congenital
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diaphragmatic hernia (CDH), bronchopulmonary dyspla-
sia (BPD), congenital heart disease (CHD), and severe
acute bronchiolitis syndromes. Because of the ability of
PGI2 to cause pulmonary vasodilation, reduce pulmonary
pressures, and increase pulmonary blood flow, it has been
considered as a potentially life-sustaining treatment for
neonatal PH. Inhaled nitric oxide (iNO), a potent pulmo-
nary vasodilator, remains the mainstay of treatment for
this condition. However, use of iNO has many drawbacks,
including the fact that it is not a viable option for long-
term use, is effective in only ~40% of cases, and holds US
FDA approval only for PPHN.>®

While epoprostenol and treprostinil are used in spe-
cialized pediatric PH centers, the literature for use of
these agents in infants 0-12 months of age is sparse. No
studies have evaluated safety or serious adverse events.
To date, we have found 18 infants in reports on the use of
PGI2 for neonatal PH. In 1997, Eronen et al.® conducted
a prospective study of 8 infants with PPHN who qualified
for extracorporeal membrane oxygenation (ECMO). The
use of epoprostenol led to improved oxygenation and de-
creased pulmonary artery pressures. All 8 infants survived
without requiring ECMO; 2 infants subsequently devel-
oped BPD. Nakwan et al.” retrospectively evaluated the use
of beraprost, a PGI2 product utilized in Japan, in place
of iNO in 7 infants with PPHN. The study showed signifi-
cant improvement, including hospital discharge, for all pa-
tients. Deluca et al.® published a case report of the use of
epoprostenol in an infant with CDH, showing a transient
but unsustained benefit leading to treatment failure. Gol-
zand et al.” reported on the use of epoprostenol in an infant
with PPHN refractory to iNO with good response, leading
to discontinuation of both PH-specific agents. Finally, Ko-
vach et al.'® reported on the use of inhaled epoprostenol in
an infant with CHD refractory to iNO that resulted in dra-
matic improvements in ventilation and oxygenation, lead-
ing to discontinuation of both PH-specific agents.

On the basis of the discussed literature, the PH program
at Children’s Hospital of Philadelphia (CHOP), a 517-bed
tertiary care facility, utilizes epoprostenol and treprostinil
intravenously in severely ill infants with this spectrum of
disorders. We have lost equipoise for neonatal PGI2 use
and therefore cannot evaluate efficacy. The purpose of this
study is to report the safety and tolerability of epoprost-
enol and treprostinil in children <12 months of age.

SUBJECTS AND METHODS

This retrospective observational study included consecu-
tive patients identified through the electronic pharmacy
order entry system and the Pulmonary Hypertension Clini-
cal Database from January 1, 1999, through December 12,
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2011. This study was conducted in full accordance with all
applicable CHOP research policies and procedures and
all applicable federal and state laws and regulations. Col-
lection, recording, and reporting of data are accurate and
ensured the privacy, health, and welfare of research sub-
jects reviewed in this study. The study was internally funded
in full by the Department of Pharmacy at CHOP.

The medical records of patients in whom epoprostenol
or treprostinil was initiated prior to 366 days of age were
reviewed. All patients were included and reported. The use
of epoprostenol and treprostinil at CHOP is restricted to
the Section of Pulmonary Hypertension, Division of Car-
diology. Indications for use and dose alterations were di-
rected by a clinical protocol and a single cardiologist (BDH).

Collected data from the progress notes, nursing flow
sheets, and the Pulmonary Hypertension Clinical Data-
base included age at initiation, indication for use, length of
use, and patient outcome. Baseline characteristic data in-
cluded the presence of mechanical ventilatory/circulatory
and/or hemodynamic support (Table 1). A number of addi-
tional data points were collected, including those necessary
to evaluate dose titration schedules. The time points for
data collection included the following: within 1 hour prior
to initiation, 24 hours and 1 week after initiation, discharge
or drug discontinuation (whichever occurred first), and last
follow-up. When applicable, data were collected at the time
of any dose reductions and 2 weeks after the maximum
dose was achieved.

The data points utilized to evaluate safety events were
selected on the basis of the more common or severe events
reported with use of these agents in adults and children,
including reports of flushing, hypotension, bleeding events,
thrombocytopenia, pain, cyanosis, and feeding intolerance.
Blood pressure, platelet counts, hemoglobin values, and pain
scores were also collected for further evaluation of these
safety events. Hypotension was defined as any value below
the lower acceptable range identified for an age group.'!
An increase in pain was defined as a consistent increase in
pain scores from baseline over a 24-hour period utilizing a
consistent, validated pain scale appropriate to the age of the
child. Thrombocytopenia was defined as an unexplained de-
crease of >20% in platelet count after initiation of PGI2.

Because of the small patient population identified for
this consecutive convenience sample, the data are re-
ported in a purely descriptive fashion. No statistical analy-
sis was appropriate.

RESULTS

Thirty-six subjects were included in this review, with a
median age at initiation of 44 days (range, 1-359 days).
All subjects were critically ill and receiving mechanical
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Table 1. Baseline characteristics

Characteristic

All subjects (n = 36)

Survivors (n = 15) Nonsurvivors (n = 21)

Age at initiation, median (range), days 44 (1-359)
Length of follow-up, median (range), days NA
Ventilator use 36 (100)
ECMO use 11 (30.6)
Medications
Nitric oxide 30 (83.3)
Diuretics 25 (69.4)
Dopamine 16 (44.4)
Sildenafil 15 (41.7)
Milrinone 6 (16.7)
Dobutamine 1(2.8)

162 (1-359) 27 (1-321)

1,219.5 (585-4,283) NA
15 (100) 21 (100)

4 (36) 7 (33.3)

12 (80) 18 (85.7)

9 (60) 16 (76.2)

2 (13.3) 14 (66.7)

5 (33.3) 10 (47.6)

2 (13.3) 4 (19.0)
0 (0) 1(4.8)

Note: Data are no. (%), unless otherwise indicated. NA: not applicable; ECMO: extracorporeal membrane oxygenation.

ventilator support at the time of initiation. Other thera-
pies present at initiation included iNO, sildenafil, diuret-
ics, milrinone, and inotropes (Table 1). The etiology of
PH was varied (Table 2). Twenty-eight infants had sig-
nificant parenchymal lung disease and high supplemen-
tal oxygen requirements prior to initiation.

Thirty-four subjects were initiated on epoprostenol,
and 2 were initiated on treprostinil. The choice of agent
was made on hemodynamic and ventilator stability, with
treprostinil chosen only if rapid dose titration was not
necessary or expected. Seven subjects were transitioned
from epoprostenol to treprostinil using a rapid switch pro-

Table 2. Pulmonary hypertension (PH) etiology

Diagnosis n =36
Congenital heart disease 6 (16.7)
Repaired transposition of the
great arteries 3 (8.3)
Atrial septal defect 1(2.8)
Repaired interrupted aortic arch 1(2.8)
Postoperative tricuspid and
pulmonary stenosis 1(2.8)
Noncardiac disease 30 (83.3)
Congenital diaphragmatic hernia 9 (25)
Chronic lung disease 9 (25)
Persistent PH of the newborn 6 (16.7)
Acute bronchiolitis 4 (11.1)
Idiopathic PH 2 (5.6)

Note: Data are no. (%).

tocol after confirming that no detrimental effects were
present. No subject was transitioned back to epoprostenol.
At the time of study completion, 1 patient was still receiv-
ing treprostinil therapy and was excluded from treat-
ment length analysis. The median overall length of use
was 7 days (range, 2 hours to 1,332 days). Eleven subjects
received PGI2 for <72 hours, with a median length of use
0f 23.52 hours (range, 2-72 hours). The remaining 24 sub-
jects received therapy for a median of 29 days (range, 3.6-
1,332 days). Table 3 provides length-of-use information in
relation to the type of disease process.

Safety and tolerability assessment

Eighteen subjects (50%) experienced at least 1 drug-related
adverse event (Table 4). Four subjects experienced flushing
as documented by nursing staff in the patient chart, none
of whom required dose reduction. There were 7 total events
of hypotension documented at any point in treatment, 5 re-
quiring temporary dose reduction. In each of these sub-
jects, subsequent increases in dose were tolerated with-
out recurrence of hypotension. Four subjects experienced
an increase in pain scores within 24 hours after initiation
of the medication. An additional 2 subjects experienced
an increase in pain scores 1 week after initiation. There
was no documented change in dose associated with docu-
mented pain; however, the PH team’s approach calls for a
slowed up-titration in situations of documented pain. One
subject experienced feeding intolerance within 72 hours
clinically attributed to PGI2 initiation, requiring a tempo-
rary dose reduction. Two subjects with severe CLD experi-
enced PGI2-associated cyanosis after 2 and 21 hours of
treatment, resulting in discontinuation and provision of pal-
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Table 3. Length of prostacyclin use
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All usage Usage <72 hours Usage >72 hours

No. Median (range), days No. Median (range), hours No. Median (range), days
Total 35 0 (0.083-1,332) 11 235 (2-72) 24 29.0 (3.6-1,322)
CHD 6 14.5 (3.6-1,332) 1 48.0 (NA) 5 415.0 (3.6-1,332)
CDH 8 3 (0.125-7) 4 10.9 (3-67.2) 4 2 (3.8-7)
CLD 9 78.0 (0.77-489) 2 34.4 (18.48-50.4) 7 91.0 (23-489)
PPHN 6 24.0 (0.7-34) 2 44.4 (0.7-72) 4 30.5 (18-34)
Bronchiolitis 4 22.5 (1.94-33) 1 46.6 (NA) 3 33.0 (12-33)
Idiopathic PH 2 5 (0.98-3.96) 1 23.5 (NA) 1 3.96 (NA)

Note: CHD: congenital heart disease; CDH: congenital diaphragmatic hernia; CLD: chronic lung disease; PPHN: persistent
pulmonary hypertension of the newborn; NA: not applicable; PH: pulmonary hypertension.

liative care. There were 2 major bleeding events that oc-
curred within 48 hours of drug initiation in subjects who
were simultaneously receiving heparin for ECMO antico-
agulation. One subject with CDH and a 26-day history of
ECMO had previous bleeding events prior to PGI2 initia-
tion. The other subject with idiopathic PH and a 7-day
history of ECMO had multiple organ failure and a coagu-
lopathic state prior to starting PGI2.

Treatment outcomes

Of the 36 subjects reviewed, 1 (2.9%) was continued on
treprostinil at the time of study completion. Mortality oc-
curred in 21 subjects (60%) during the span of the review.
Five subjects (14%) experienced complete resolution of
symptomatic PH and no longer required treatment, 8 (25%)
were transitioned to other PH-specific therapy for symptom
control, and 1 (2.9%) underwent lung transplantation with

Table 4. Incidence of safety and tolerability events

discontinuation of PGI2. Figure 1 shows these outcomes
stratified by primary indication for use.

Of the 21 mortality events (Table 5), 11 (52.4%) occurred
within 72 hours of PGI2 initiation: 5 subjects were initi-
ated on PGI2 to aid in decannulation from ECMO, and 6
were initiated on the medication as a last-line therapy dur-
ing rapid deterioration. The remaining 10 deaths (47.6%)
comprised various lengths of use and causes of death. In
every case, mortality was attributed to the underlying pa-
thology and was neither hastened nor caused by a PGI2-
related event. In fact, in 9 (90%) of these cases, docu-
mented PGI2-associated improvement was observed.

A total of 5 subjects were discharged on a PGI2, 1 of
whom was still receiving treprostinil at the time of study
completion. Of the remaining 4 subjects, 1 had lung trans-
plantation after 1,332 total days of medication. The final
3 subjects were successfully transitioned to other PH-

Event Incidence Dose reduced Drug discontinued
Major events
PGI2-associated cyanosis 2 (5.6) 2 (100)
Significant bleeding event 2 (5.6)
Minor events
Hypotension 7 (19.4) 5(71.4) 1(14.3)
Pain 6 (16.7)
Flushing 4 (11.1) o
Feeding intolerance 1(2.8) 1 (100)
Thrombocytopenia 0 (0)

Note: Data are no. (%). PGI2: prostacyclin.
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Figure 1. Outcomes stratified by pulmonary hypertension etiology. PGI2: prostacyclin; CDH: congenital diaphragmatic hernia (1
child not included; see text); CHD: congenital heart disease; PPHN: persistent pulmonary hypertension of the newborn; PHTN:
pulmonary hypertension; BPD: bronchopulmonary dysplasia; CLD: chronic lung disease.

specific therapy after discharge, with total lengths of use
of 489, 721, and 818 days.

Dosing

Epoprostenol and treprostinil doses were initiated at
1-2 ng/kg/min. In some situations, initiation occurred at
an outside hospital, with subsequent titration up or down
as needed on transfer. Doses were titrated by 0.5-2 ng/kg/
min with only two deviations from this practice, neither of
which resulted in dose or titration-related adverse events.
Time intervals between titrations were >45 minutes for
epoprostenol and >60 minutes for treprostinil. For those
subjects who survived, the mean epoprostenol dose uti-
lized was 6.4 ng/kg/min (standard deviation [SD], 2.25).
The mean treprostinil dose utilized in those who survived
was 36.44 ng/kg/min (SD, 25.59). For those subjects who
died during the span of the review but utilized the med-
ications for >72 hours, the mean epoprostenol dose uti-
lized was 17.6 ng/kg/min (SD, 12.44). Only 1 subject died
with treprostinil use of >72 hours, receiving a final dose
of 42 ng/kg/min.

DISCUSSION
To our knowledge, this is the largest series of intrave-
nous PGI2 use in children <12 months of age. This ret-
rospective review demonstrates safety and tolerability in
36 critically ill infants; however, since we use PGI2 in all
critically ill infants with PH, we cannot appropriately as-
sess efficacy.

Prostacyclins cause vasodilation in the pulmonary vas-
culature, leading to decreased pulmonary pressures and

improved cardiac output."? This mechanism of action has
the potential to provide improved oxygen delivery in criti-
cally ill infants with PH-associated right heart failure. This
is especially true in infants with CDH, BPD, PH, bron-
chiolitis, and certain presentations of CHD with elevated
pulmonary pressures due to acute pulmonary vasocon-
striction. Developmental arrest and inflammatory injury
to the pulmonary parenchyma and vascular bed causes a
fixed, nondilatable reduction in the vascular cross-sectional
area. There is no evidence to suggest that PGI2 increases
angiogenesis under these clinical circumstances, limiting
the acute efficacy of PGI2 to vasodilation and improve-
ment in pulmonary blood flow. We report the survival of
15 infants who were critically ill with right heart failure as-
sociated with PH and believe this statistic alone is a reason
to strongly consider PGI2 in this age group.

Previously published literature in this population did
not focus on the safety and tolerability of PGI2. We report
that epoprostenol and treprostinil administration is asso-
ciated with acceptable safety and tolerability in children
<12 months of age. While 50% of subjects experienced at
least 1 drug-related adverse event, the majority of these
were transient. The incidence of flushing, hypotension,
and pain was lower than that reported in adult patients."?
All episodes of hypotension or pain were transient, with
subsequent increases in dose that did not lead to further
complications.

One subject in this study experienced feeding intoler-
ance that was clinically associated with drug initiation.
The presentation of feeding intolerance in neonates could
be a manifestation of the abdominal pain and diarrhea
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Table 5. Cause of mortality
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Patient Etiology Length of use® Reason for death Response to PGI2
PGI2 use <72 hours
5 CLD 50 Care withdrawn LR
8 CDH 5 Care withdrawn LR
15 PPHN 72 Asystole LR, SE
23 Bronchiolitis 46.5 Care withdrawn LR
28 CHD 2 Disease progression LR, SE¢
34 CLD 18.5 Care withdrawn LR, SE€
Initiated after ECMO
decannulation for
deterioration
2 CDH 3 Care withdrawn LR, SE®
4 CDH 17 Care withdrawn LR
33 CDH 67 Clinical progression LR
Initiated prior to ECMO
decannulation
6 PPHN 17 Clinical progression LR
12 IPAH 23.5 Multiorgan failure LR, SE®
PGI2 use >72 hours
9 IPAH 3.96 Care withdrawn RS, CP
14 CHD 5 Asystole RS, CP
18 CLD 23 Care withdrawn RS, CP
20 CDH 5 Care withdrawn RS, CP
22 Bronchiolitis 12 Multiorgan failure RS, CP
24 CDH 7 Care withdrawn RS, CP
31 CLD 90 Septic shock RS, CP
32 PPHN 31 Care withdrawn RS, CP
Initiated after ECMO
decannulation for
deterioration
37 CDH 5.46 Clinical progression RS, CP
Initiated prior to ECMO
decannulation
30 CDH 3.75 Clinical progression LR

Note: PGI2: prostacyclin; CLD: chronic lung disease; LR: lack of PGI2 response; CDH: congenital diaphragmatic hernia; PPHN:
persistent pulmonary hypertension of the newborn; SE: side effect noted; ECMO: extracorporeal membrane oxygenation; IPAH:
idiopathic pulmonary hypertension; RS: PGI2 response seen; CP: continued progression of disease.
? Data are hours for PGI2 use <72 hours and days for PGI2 use >72 hours.
" Hypotension requiring dose reduction.
¢ Cyanosis requiring discontinuation.

that has been previously reported in adult patients during
clinical trials."* The prevalence estimate for this adverse
event might be confounded by the limitations of enteral
nutrition in these critically ill infants.

One subject experienced pulmonary hemorrhage and
1 subject experienced intraventricular hemorrhage while
receiving PGI2 infusion. In both of these cases, the PGI2

had been in use <48 hours, and both patients had a predis-
position to bleed prior to the addition of PGI2. Addition-
ally, both patients were receiving ECMO and continuous
therapeutic infusions of heparin. It is unlikely that these
hemorrhages were caused by PGI2, since no other infant
had an issue with bleeding during the study period. It is
unclear whether the infusion was contributory or noncon-
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tributory to the bleeds when considering the antiplatelet
activity of PGI2.

Finally, 2 of a total of 21 subjects with pulmonary pa-
renchymal disease experienced cyanosis with initiation and
titration of PGI2. Cyanosis is a significant theoretical con-
cern in this patient population. Pulmonary vasodilation can
lead to a mismatch of ventilation and perfusion that leads
to worsened oxygenation status, even when intended to im-
prove pulmonary blood flow and oxygen delivery. In both
subjects with documented cyanosis, the medication was
rapidly titrated off and discontinued, with subsequent res-
olution of the hypoxemia but not the right heart failure.
The low incidence of cyanosis seen in this review (5.6%)
may help to better characterize the true need for concern
for cyanosis in this patient population. Additionally, because
of the short half-life of epoprostenol, it is an acceptable
adverse event when appropriate dosing and monitoring is
in place, as resolution occurs quickly after discontinuation
of the medication.

A high mortality rate was noted in the outcomes of the
reviewed subjects. However, use of PGI2 did not contrib-
ute to mortality in any of these cases (Table 5). The use of
PGI2 at our institution requires consultation with the Divi-
sion of Cardiology, Section of Pulmonary Hypertension.
While this leads to increased uniformity and safety with
administration and monitoring, it may potentially delay
treatment as the need for and timing of consultation is de-
termined subjectively by the primary care team. Delays in
therapy to periods of rapid deterioration should be avoided,
as suggested by the fact that 52.3% of deaths occurred
within 72 hours of PGI2 therapy. Furthermore, the risk of
mortality in the population of infants with right heart fail-
ure is high, and it is currently unknown whether the use
of PGI2 modulates this risk. The impact of disease etiol-
ogy on mortality cannot be overstated, in that survival with
PGI2 rescue therapy in infants with CDH (11.1%) and/or
receiving ECMO (36.3%) in this study was low.

We have an increased comfort with the use of these
medications in this patient population. Thus, the dosing
utilized for these subjects mirrors that utilized for all pe-
diatric patients at our hospital. It is important to recog-
nize that dosage increases and rates of titration were not
correlated to the occurrence of adverse events in this re-
view. It appears that for the subjects who survived, many
were transitioned to treprostinil for longer-term use, ex-
plaining the higher doses of treprostinil seen compared
with epoprostenol in this group (an average of 6.4 vs.
36.44 ng/kg/min). Final infusion rates also ranged greatly
depending on subject response and duration of therapy,
with epoprostenol doses ranging from 4 to 50 ng/kg/min

and treprostinil doses ranging from 11 to 105 ng/kg/min.
The primary concern with the use of high doses is the risk
of high-output cardiac failure, which did not occur in any
of these subjects. This high dose range can be safely uti-
lized in infants who survive the initial episode of severe
cardiovascular dysfunction.

CONCLUSION

We report that epoprostenol and treprostinil, when used in
an experienced pediatric PH center, appear to be tolerated
by critically ill infants <12 months of age. Prostacyclins
were utilized in a number of disease states that resulted in
increased pulmonary pressures and right ventricular fail-
ure. It appears that short-term outcomes are dependent on
the underlying disease severity at initiation of PGI2. Dos-
ing similar to that utilized in the general pediatric popula-
tion can be safely implemented in children <12 months of
age; however, mild hypotension and worsening hypoxia can
be dose-limiting side effects. There is a need for further
studies of the use of these medications to assess efficacy in
this age range; however, we suspect that many centers have
also lost equipoise, as there is currently no other therapeu-
tic intervention available.
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