
ORIGINAL RESEARCH

Parenteral Prostanoids in Pediatric Pulmonary Arterial Hypertension
Start Early, Dose High, Combine
Johannes M. Douwes1*, Willemijn M. H. Zijlstra1*, Erika B. Rosenzweig2, Mark-Jan Ploegstra1, Usha S. Krishnan2,
Meindina G. Haarman1, Marcus T. R. Roofthooft1, Douwe Postmus3, Hans L. Hillege3, D. Dunbar Ivy4, and
Rolf M. F. Berger1

1Center for Congenital Heart Diseases, Department of Pediatric Cardiology, Beatrix Children’s Hospital, and 3Department of
Epidemiology, University Medical Center Groningen, University of Groningen, Groningen, the Netherlands; 2College of Physicians and
Surgeons, Columbia University, New York, New York; and 4University of Colorado, Children’s Hospital Colorado, Aurora, Colorado

ORCID IDs: 0000-0003-3146-5831 (J.M.D.); 0000-0002-4385-5784 (R. M.F.B.).

Abstract

Rationale: There are currently no data supporting specific
dosing and weaning strategies for parenteral prostanoid therapy
in children with pulmonary arterial hypertension (PAH).

Objectives: To describe the clinical practice of intravenous (IV)
or subcutaneous (SC) prostanoid therapy in pediatric PAH and
identify dosing strategies associated with favorable outcome.

Methods: From an international multicenter cohort of 275
children with PAH, 98 patients who received IV/SC prostanoid
therapy were retrospectively analyzed.

Results: IV/SC prostanoids were given as monotherapy (20%) or
combined with other PAH-targeted drugs as dual (46%) or triple
therapy (34%). The median time-averaged dose was 37 ng/kg/min,
ranging 2–136 ng/kg/min. During follow-up, IV/SC prostanoids
were discontinued and transitioned to oral or inhaled PAH-targeted
therapies in 29 patients. Time-dependent receiver operating
characteristic analyses showed specific hemodynamic criteria at

discontinuation of IV/SC prostanoids (mean pulmonary arterial
pressure, 35 mmHg and/or pulmonary vascular resistance
index, 4.4 Wood units [WU]�m2) identified children with
favorable long-term outcome after IV/SC prostanoid
discontinuation, compared with patients who do not meet those
criteria (P=0.027). In the children who continued IV/SC
prostanoids until the end of follow-up, higher dose (.25 ng/kg/
min), early start after diagnosis, and combination with other PAH-
targeted drugs were associated with better transplant-free survival.

Conclusions: Early initiation of IV/SC prostanoids, higher
doses of IV/SC prostanoids, and combination with additional
PAH-targeted therapy were associated with favorable outcome.
Transition from IV/SC prostanoid therapy to oral or inhaled
therapies is safe in the long term in selected children, identified
by reaching hemodynamic criteria for durable IV/SC prostanoid
discontinuation while on IV/SC prostanoid therapy.
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Pulmonary arterial hypertension (PAH) is a
rare, progressive pulmonary vascular disease
eventually resulting in increased right
ventricular afterload, right ventricular failure,
and death (1). Despite the use of PAH-
targeted drugs, survival of children with
PAH remains unsatisfactory. Therefore, it is
of utmost importance to evaluate and
optimize current treatment strategies.

Before the year 2001, synthetic
prostacyclin analogs, together referred to as
prostanoids, were the only available PAH-
targeted drugs and at that time required
continuous intravenous (IV) administration.
Subcutaneous (SC) administration of
prostacyclin analogs has been available since
2002. Oral PAH-targeted drugs were
introduced from 2001 onwards (2, 3).
Current guidelines recommend starting oral
PAH-targeted therapy in children with PAH
at low risk, but to initiate IV/SC prostanoids
without delay in patients with PAH at high
risk, and furthermore, to escalate therapy to
IV/SC prostanoids in those on oral therapies
with inadequate clinical response (2, 3).

Currently, IV/SC prostanoids are not
formally approved for children by the
EuropeanMedicines Agency or United
States Food and Drug Administration, but
generally used as an accepted therapy in
pediatric PAH. Also, although current
guidelines provide recommendations of
which patients should have IV/SC
prostanoids initiated, optimal dosing
remains arbitrary, as well as whether and
when IV/SC prostanoids can be effectively
transitioned to oral/inhaled PAH-targeted
therapies (2, 3). Reported doses of IV/SC
prostanoids used in pediatric PAH vary
widely (4–7). Data regarding transition from
IV/SC prostanoids to oral/inhaled therapies
in pediatric PAH are scarce and lack long-
term follow-up (8, 9).

We report clinical practice of IV/SC
prostanoid therapy in three major referral
centers for pediatric PAH, including time of
initiation, dosing, and transition to oral and
inhaled therapies, and we retrospectively
investigated which treatment strategies were
associated with favorable outcome.

Methods

From an international cohort of pediatric
patients with PAH, previously reported, all
children who had received IV/SC
prostanoids were selected (10). The original

cohort includes all consecutive pediatric
patients with PAH seen in three major
referral centers for pediatric pulmonary
hypertension (PH) between 2000 and 2010:
the Columbia University Medical Center,
New York, New York; the Children’s
Hospital Colorado, Aurora, Colorado; and
the Dutch National Referral Center for
Pediatric PH, University Medical Center
Groningen, the Netherlands. In this cohort,
the diagnosis of PAHwas confirmed during
cardiac catheterization between the ages of 3
months and 18 years. PAH was defined as
mean pulmonary artery pressure (mPAP) at
least 25 mmHg, mean pulmonary capillary
wedge pressure<15 mmHg, and indexed
pulmonary vascular resistance (PVRi) at least
3Wood units (WU)�m2 (11). Children with
a repaired shunt defect had PAH confirmed
more than 1 year after corrective surgery.
Children diagnosed with pulmonary veno-
occlusive disease were excluded, as such
children may show adverse response to IV/
SC prostanoids (12, 13).

In all three centers, IV/SC prostanoid
therapy was initiated according to the
guidelines applicable at the time. These
guidelines recommend IV/SC prostanoid
initiation in patients at high risk for death or
with insufficient response to nonparenteral
therapy. In the absence of guidelines or
generally accepted criteria for dosing,
uptitration, and weaning of IV/SC
prostanoids with or without transition to oral
or inhaled therapies, such treatment
decisions were made at distinction of the
treating physician. Therefore, no predefined
dosing strategies nor criteria for IV/SC
prostanoid initiation or discontinuation were
in place in this retrospective, multicenter,
observational study.

The moment of IV/SC prostanoids
initiation was defined as baseline to show the
patient’s characteristics, treatment
characteristics, and outcome, starting from
IV/SC prostanoid initiation, and to analyze
the effect of IV/SC prostanoid treatment on
outcome. Children were diagnosed
according to the Updated Clinical
Classification of PH, Nice, France, 2013, and
grouped into idiopathic/heritable PAH
(IPAH/HPAH), PAH associated with
congenital heart disease (PAH-CHD) or
associated PAH other than PAH-CHD
(APAH-non-CHD) (14). Markers of disease
severity, such asWorld Health Organization-
functional class (WHO-FC), and
hemodynamic measurements were collected

at baseline and at IV/SC prostanoid
discontinuation.

The time between diagnosis and IV/SC
prostanoid initiation and the duration of IV/
SC prostanoid therapy were assessed. The
proportion of follow-up time that patients
were treated with IV/SC prostanoids is
presented as the percentage of total follow-up
time, calculated as (duration of IV/SC
prostanoid therapy/total duration of follow-
up)3 100%. To determine the IV/SC
prostanoid dose that represents the dose over
the therapy period and prevent confounding
by (short-term) peak dosages, we assessed
the time-averaged dose during the therapy
period. According to literature as well as the
treating physicians in the participating
centers, treprostinil is dosed around 1.5–2.0
times higher than epoprostenol (15–17).
Therefore, to make doses of treprostinil
equipotent and thus comparable to doses of
epoprostenol, doses of treprostinil were
divided by 1.75.

Treatment intensity was defined as
PAH-targeted monotherapy with IV/SC
prostanoids if children used only IV/SC
prostanoid during the study period, or as
PAH-targeted dual or triple combination
therapy if patients additionally received an
endothelin receptor antagonist and/or a
type-5 phosphodiesterase inhibitor for at
least 3 months or until end of follow-up.We
further determined whether IV/SC
prostanoids were discontinued during the
disease course and for what reasons.

Statistical Analyses

Data are presented as number (percentage),
mean (standard deviation) for normally
distributed variables, or median
(interquartile range [IQR]) for non–normally
distributed variables, as appropriate.
Independent samples t test, Kruskal-Wallis,
MannWhitneyU test, and chi square and
Fisher’s exact test were used for between-
group comparisons of baseline characteristics
and treatment data. P values less than 0.05
were considered significant. Statistical
analyses were performed using IBM SPSS
Statistics 25 and RStudio 1.3.1056.

Outcome analyses were performed in
children who received IV/SC prostanoids for
at least 3 months, to allow for a relevant IV/
SC prostanoid treatment duration. Overall
transplantation-free survival was depicted
from baseline (moment of IV/SC
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prostanoids initiation), using a Kaplan-Meier
curve. Patients were then grouped based on
whether or not IV/SC prostanoid therapy
was discontinued during follow-up.

For patients who discontinued IV/SC
prostanoids during follow-up, endpoints
included lung transplantation, death, and
reinitiation of IV/SC prostanoid therapy.
Children without an endpoint were censored
at the last follow-up visit. In this patient
group, transplant- and IV/SC prostanoid
reinitiation-free survival was depicted from
the moment of IV/SC prostanoid
discontinuation. Time-dependent receiver
operating characteristic (ROC) analyses were
used to identify predictors and their cut-off
values of durable prostanoid discontinuation
(defined as favorable transplant and IV/SC
prostanoid reinitiation-free survival) using
RStudio with the TimeROC package (18). To
selectively identify patients for whom
prostanoid discontinuation proved durable,
cut-off values were selected at a sensitivity of
100%.

For patients who continued IV/SC
prostanoid therapy during follow-up,
endpoints were defined as lung
transplantation and death. For these patients,
univariate Cox regression analysis was used
to identify predictors for transplant-free
survival. Multivariate Cox regression
included all variables from univariate
analysis. Time between diagnosis and

initiation of IV/SC prostanoid therapy has
been included in the multivariate analysis to
correct the analysis for any survival bias that
could arise from choosing the moment of
IV/SC prostanoid initiation as the baseline
for survival analyses. Time-dependent ROC
analyses were used to identify which
prostanoid dose was associated with
favorable transplant-free survival at 1, 3, and
5 years of follow-up, using RStudio with the
TimeROC package (18). Cut-off values were
selected based on the highest sum of
sensitivity and specificity and used for
Kaplan-Meier survival analyses. The latter
analysis was truncated at 7 years of follow-up
to reflect the follow-up period relevant to the
ROC analyses.

Results

From the original New York-Denver-Dutch
cohort (n=275 children), 98 (36%) children
received IV/SC prostanoids and were
included in the current study (Figure 1).
Patient and disease characteristics at baseline
as well as treatment data are shown in Table
1. Compared with the original combined
patient cohort, described previously, patients
who received IV/SC prostanoids had more
advanced disease, based on significantly
higherWHO-FC, mPAP and PVRi (data not
shown) (10).

For most children, IV/SC prostanoids
were initiated within 1 year after diagnosis
(Table 1). Sixty-eight patients used one type
of IV/SC prostanoid, whereas 30 patients
successively used more than one type of IV/
SC prostanoid during their treatment period.
The majority of children (n=92, 94%)
received IV epoprostenol, 28 children (29%)
IV treprostinil, 10 children (10%) SC
Treprostinil, and 1 child IV iloprost. Twenty
children (20%) received IV/SC prostanoids
as PAH-targeted monotherapy, 45 (46%) as
dual combination therapy, and 33 (34%) as
triple combination therapy. The median
time-averaged dose during the therapy
period was 37 ng/kg/min, ranging from 2 to
136 ng/kg/min.

Of the 98 patients who received IV/SC
prostanoids, 5 received IV/SC prostanoids
for less than 3 months within the study
period. In three of these patients, the study
period ended within 3 months after IV/SC
prostanoids initiation. These patients were
on continuing IV/SC prostanoid therapy at
the end of the study period. The other two
children were weaned off IV/SC
prostanoids within 3 months after
initiation, owing to severe line infections
(n=1) or per patient wish (n=1). The
latter child subsequently died owing to
progressive right ventricular failure. These
patients were excluded from outcome
analyses, because outcome events may not

Total cohort

N = 275

>3 months treatment

N = 93

<3 months treatment

N = 5

Discontinued therapy

N = 29

Continuing therapy

N = 64

End of follow-up N = 3

Line infection N = 1

Patient request N = 1

Criteria for durable discontinuation: Yes

N = 13

Criteria for durable discontinuation: No

N = 16

IV/SC prostanoids

N = 98

Figure 1. Patient inclusion and grouping. IV= intravenous; SC=subcutaneous.
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be attributable to their very short-term
prostanoid therapy.

Children on More Than 3 Months of
Prostanoid Therapy
Of the 93 children who received IV/SC
prostanoids for at least 3 months, 18 died
and 7 underwent lung transplantation during
a median follow-up of 4.2 (IQR 1.8–8.0)
years (Figure 2). Sixty-four patients were on
continuing IV/SC prostanoid therapy until
the end of follow-up, whereas IV/SC
prostanoids were discontinued in 29 patients
(30%) (Figure 1). Age, diagnosis, sex, and
disease characteristics at baseline did not
differ between these groups, except for a
lower mean right atrial pressure in the

patients for whom IV/SC prostanoids were
discontinued (Table 2). The children for
whom IV/SC prostanoids were discontinued
had started IV/SC prostanoids earlier in their
disease course and had a lower mean dose
during the therapy period (Table 2).
Treatment intensity, i.e., PAH-targeted
mono, dual, or triple therapy, did not differ
between these two groups.

Children Who Discontinued IV/SC
Prostanoids Therapy
For 29 children, IV/SC prostanoids were
discontinued during follow-up. These
children were transitioned to oral and/or
inhaled PAH-targeted therapies (n=28) or
calcium channel blocker monotherapy

(n=1). Reasons for discontinuation were
being judged by the treating physician to do
sufficiently well to discontinue IV/SC
prostanoid therapy (n=21), IV/SC
prostanoid side effects (weight loss, diarrhea,
n=1) or IV-administration-related
complications (line infection/sepsis, n=3), or
patient wish or noncompliance (n=4).
Children for whom IV/SC prostanoids were
discontinued, as a group, had a relatively low
WHO-FC (WHO-FC I n=14 [50%], II
n=12 [43%], and III n=2 [7%]), mPAP
(396 21 mmHg), and PVRi (116 15
WU�m2) at the moment of IV/SC prostanoid
discontinuation, which was significantly
lower compared with their baseline values
(WHO-FC P, 0.001, mPAP P, 0.001, and

Table 1. Patient and treatment characteristics of the study cohort

All Patients (N=98) >3 Mo Prostanoid Treatment (N=93)

N Value N Value

Age diagnosis, yr 98 5.5 (2.6–11.6) 93 5.3 (2.6–11.5)
Female, n (%) 98 56 (57) 93 55 (59)
Diagnosis 98 93
IPAH/HPAH 56 (57) 53 (57)
PAH-CHD 35 (36) 33 (36)

Hemodynamic relevant shunt 9 9
APAH-non-CHD 7 (7) 7 (8)

WHO-FC 84 80
I 4 (5) 4 (5)
II 16 (19) 16 (20)
III 26 (31) 23 (29)
IV 38 (45) 37 (46)

mPAP, mm Hg 86 65619 82 65619
mRAP, mm Hg 85 764 81 764
PVRi, WU�m2 83 21.7614.4 79 21.5614.4
Cardiac index, L/min/m2 81 3.762.1 77 3.862.2
mPAP/mSAP 86 1.0260.31 82 1.0260.31
Qp/Qs 81 0.9760.18 77 0.9860.18

Prostanoid treatment:
Time between diagnosis and IV/SC prostanoid initiation (months) 98 0.7 (0.0–8.5) 93 0.7 (0.0–8.5)
Start ,1 yr after diagnosis 98 75 (77) 93 71 (86)
% of disease course on IV/SC therapy 98 82 (45–99) 93 82 (50–100)
Type of prostanoid* 98 93
IV epoprostenol 92 (94) 88 (95)
IV treprostinil 28 (29) 27 (29)
SC treprostinil 10 (10) 10 (11)
IV iloprost 1 (1) 1 (1)

Time-averaged prostanoid dose, ng/kg/min 98 37 (19–63) 93 37 (20–63)

Treatment intensity: 98 93
PAH-targeted monotherapy 20 (20) 18 (19)
PAH-targeted dual therapy 45 (46) 43 (46)
PAH-targeted triple therapy 33 (34) 32 (34)

Definition of abbreviations: APAH-non-CHD=associated pulmonary arterial hypertension other than congenital heart disease; IPAH/
HPAH= idiopathic or heritable pulmonary arterial hypertension; IV= intravenous; mPAP=mean pulmonary artery pressure; mPAP/mSAP=mean
pulmonary-to-systemic artery pressure ratio; mRAP=mean right atrial pressure; PAH=pulmonary arterial hypertension; PAH-CHD=pulmonary
arterial hypertension associated with congenital heart disease; PVRi =pulmonary vascular resistance index; Qp/Qs=pulmonary to systemic flow
ratio; SC=subcutaneous; WHO-FC=World Health Organization functional class; WU=Wood units.
Data presented as median (interquartile range), number (percentage), or mean6 standard deviation.
*Several patients had more than one type of prostanoid during their disease course.
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PVRi P=0.015). Variation in these variables
within this group, owing to the non-
predefined weaning strategies in the
participating centers, allowed for analysis of
predictors for durable IV/SC prostanoid
discontinuation.

After discontinuation of IV/SC
prostanoids, one child died without
restarting IV/SC prostanoids, and for four
children IV/SC prostanoids were restarted
because of clinical deterioration. Of these
latter four children, one received lung
transplantation and one died later during
follow-up. Time-dependent ROC analyses at
5-year follow-up showed that at the time of
discontinuation, criteria for durable IV/SC
prostanoid discontinuation, determined by
ROC analysis (mPAP, 35 mmHg
[sensitivity 100%, AUC 0.77] and/or
PVRi, 4.4WU�m2 [sensitivity 100%, AUC
0.81]) selected 13 (45%) children with
favorable outcome without reinitiation of IV/
SC prostanoids. In contrast, WHO-FC did
not allow for the identification of children
with such favorable outcome. Children who
did not reach the criteria for durable IV/SC
prostanoid discontinuation (n=16) showed
less favorable outcome after IV/SC

prostanoid discontinuation (Figure 3),
whereas disease severity at baseline and
treatment characteristics did not differ
between those who reached versus did not
reach the criteria for durable IV/SC
prostanoid discontinuation (Table 3).

Outcome of Children Who Continued
of IV/SC Prostanoids
For 64 children, IV/SC prostanoids were
continued during the study period (median
(IQR) follow-up time, 2.6 [1.3–6.6] years). In
this patient group, 1-, 3-, and 5-year survival
rates were 93%, 72%, and 64%, respectively.
We performed Cox regression analysis to
identify predictors of transplant-free survival
for children on continuing IV/SC
prostanoids therapy. In univariate analysis,
older age at diagnosis and higher mPAP,
mean right atrial pressure, PVRi andmean
pulmonary-to-systemic artery pressure ratio
were associated with worse transplant-free
survival, whereas triple and dual
combination therapy were associated with
better transplant-free survival, compared
with prostanoid monotherapy (Table 4).
Furthermore, a higher time-averaged dose of
IV/SC prostanoid was associated with better

outcome. In multivariate analyses, higher
dose of IV/SC prostanoid (hazard ratio [HR],
0.36 [0.17–0.74] per 10 ng/kg/min dose
increase, P=0.006), shorter time between
diagnosis and initiation of IV/SC prostanoid
therapy (HR, 1.10 [1.01–2.00] per month
increase, P=0.022), and dual combination
therapy versus monotherapy (HR, 0.04
[0.00–0.66] P=0.025) were independently
associated with better outcome.

To illustrate which time-averaged IV/SC
prostanoid dose was associated with better
outcome at 1-, 3- and 5-year follow-up, cut-
off values for time-averaged dose of IV/SC
prostanoid were identified with time-
dependent ROC analyses (Table 5). Cut-off
values for prostanoid dose were 25, 54, and
75 ng/kg/min at 1-, 3-, and 5-year follow-up,
respectively. There was a significant survival
difference between patients grouped based
on these cut-off values (Figure 4).

Discussion

In this current international multicenter
cohort, 36% of the children with PAH
received IV/SC prostanoids during the
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Figure 2. Transplantation-free survival of children who received intravenous (IV)/subcutaneous (SC) prostanoids from IV/SC prostanoid initiation
for all children treated with IV/SC prostanoids for at least 3 months during their disease course. One-, 3-, and 5-year survival rates were 94%,
81%, and 74% respectively.
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course of their disease (10). Children had
severe PAH and frequently started with IV/
SC prostanoids early after diagnosis. Five-
year survival rate was 74%, which is in the
lower range of the overall survival rates
reported in pediatric PAH, but favorable for
a selected subgroup of high-risk patients with
advanced disease as included in the current
study (10, 19–21).

In the centers participating in this
study, different dosing strategies for IV/
SC prostanoids were in place, resulting in
a wide variation in doses of IV/SC
prostanoids, similar to previous studies
reporting on prostanoid use in children
(4–7, 22, 23). This variation conforms to

current guidelines for both adult and
pediatric patients that recommend wide
ranges of optimum dosage of IV/SC
prostanoids (in children 40 to.150 ng/
kg/min for epoprostenol) (2, 3). However,
data to support optimum dosage in
children with PAH are lacking. The
current study of children on IV/SC
prostanoids observed that higher
prostanoid dose was associated with better
outcomes. Moreover, early initiation of
IV/SC prostanoid therapy and
combination with additional PAH-
targeted drugs were associated with better
prognosis. These associations were
independent from patient characteristics

and disease severity at baseline, indicating
that these associations hold regardless of
age, sex, baseline disease severity, or the
presence or absence of a cardiac shunt.
The beneficial effect of early initiation of
IV/SC prostanoids and the combination
with other PAH-targeted drugs is in line
with a recent study, showing favorable
outcomes in children with severe PAH
who received upfront triple combination
therapy (24).

To illustrate which “higher” IV/SC
prostanoids dose would be associated with
improved outcome, we identified dose
cut-off values at three relevant follow-up
time points. Survival analyses based on

Table 2. Baseline patient and treatment characteristics, continuing versus discontinued IV/SC prostanoids

Continuing Treatment
(N= 64)

Discontinued Treatment
(N=29)

N Value N Value P Value

Age diagnosis, yr 64 6.2 (3.0–11.6) 29 4.6 (1.7–9.7) 0.281
Female, n (%) 64 37 (58) 29 18 (62) 0.699
Diagnosis 64 29 0.705
IPAH/HPAH 36 (56) 17 (59)
PAH-CHD 24 (38) 9 (31)
APAH-non-CHD 4 (6) 3 (10)

WHO-FC 54 26 0.886
I 1 (2) 3 (12)
II 11 (20) 5 (19)
III 19 (35) 4 (15)
IV 23 (43) 14 (54)

mPAP, mm Hg 55 66619 27 64619 0.706
mRAP, mm Hg 54 864 27 664 0.034
PVRi, WU�m2 53 21.3614.7 26 21.7613.8 0.908
Cardiac index, L/min/m2 52 3.962.4 25 3.561.5 0.438
mPAP/mSAP 55 1.0360.32 27 1.0060.29 0.673
Qp/Qs 52 0.9960.19 25 0.9660.17 0.517

Prostanoid treatment:
Time between diagnosis and IV/SC prostanoid initiation, mo 64 1.5 (0.0–14.7) 29 0.4 (0.0–1.2) 0.044
Start ,1 yr after diagnosis 64 45 (70) 29 26 (90) 0.042
% of disease course on IV/SC therapy 64 97 (67–100) 29 56 (32–77) ,0.001
Type of prostanoid* 64 29
IV epoprostenol 62 (97) 26 (90)
IV treprostinil 17 (27) 10 (34)
SC treprostinil 6 (9) 4 (14)
IV iloprost 1 (3)

Time-averaged prostanoid dose, ng/kg/min 64 43 (24–66) 29 28 (16–47) 0.015

Treatment intensity: 64 29 0.935
PAH-targeted monotherapy 13 (20) 5 (17)
PAH-targeted dual therapy 29 (45) 14 (48)
PAH-targeted triple therapy 22 (34) 10 (35)

Definition of abbreviations: APAH-non-CHD=associated pulmonary arterial hypertension other than congenital heart disease; IPAH/
HPAH= idiopathic or heritable pulmonary arterial hypertension; IV= intravenous; mPAP=mean pulmonary artery pressure; mPAP/mSAP=mean
pulmonary-to-systemic artery pressure ratio; mRAP=mean right atrial pressure; PAH=pulmonary arterial hypertension; PAH-CHD=pulmonary
arterial hypertension associated with congenital heart disease; PVRi =pulmonary vascular resistance index; Qp/Qs=pulmonary to systemic flow
ratio; SC=csubcutaneous; WHO-FC=World Health Organization functional class; WU=Wood units.
Data presented as median (interquartile range), number (percentage) or mean 6 standard deviation.
*Multiple patients had more than 1 type of prostanoid during their disease course.
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these cut-off values suggest that IV/SC
prostanoid dose should be at least 25 ng/
kg/min. Moreover, it shows that higher
doses were associated with better
outcome, whereas no ceiling effect could
be demonstrated. This would suggest that

the higher the prostanoid dose, the better
long-term outcome, independent of other
risk factors or additional therapies.

High doses of IV/SC prostanoids should
be given with caution, as high doses of IV/SC
prostanoids have been reported to hold a risk

for high output failure (25). From a recent
retrospective study in children with PAH
treated with prostanoids, the authors
suggested that doses higher than 60 ng/kg/
min for epoprostenol or 100 ng/kg/min for
treprostinil did not lead to further reduction

Table 3. Patient and treatment characteristics in those who meet versus do not meet the criteria for durable IV/SC prostanoid
discontinuation

Patients Who Meet the Criteria
(N=13)

Patients Who Do Not Meet the Criteria
(N= 16)

N Value N Value P Value

Age diagnosis, yr 13 4.2 (0.8–9.1) 16 5.1 (2.1–13.6) 0.254
Female n (%) 13 7 (54) 16 11 (69) 0.411
Diagnosis 13 16 0.186
IPAH/HPAH 10 (77) 7 (44)
PAH-CHD 2 (15) 7 (44)
APAH-non-CHD 1 (8) 2 (13)

At baseline:
WHO-FC I / II / III / IV 11 1 (9) / 1 (9) / 3 (27) / 6 (54) 15 2 (13) / 4 (27) / 1 (7) / 8(53) 0.649
mPAP, mm Hg 11 64618 16 646 20 0.886
mRAP, mm Hg 11 664 16 66 4 0.736
PVRi, WU�m2 11 24.1615.9 15 20.16 12.4 0.471
Cardiac index, L/min/m2 11 3.361.8 14 3.66 1.3 0.693
mPAP/mSAP 11 1.0860.31 16 0.946 0.26 0.217
Qp/Qs 11 0.9660.23 14 0.966 0.11 0.921

At IV/SC prostanoid discontinuation:
WHO-FC I / II / III / IV 13 9(69) / 4 (31) / 0 / 0 15 5 (33) / 8 (53) / 2 (13) / 0 0.044
mPAP, mm Hg 13 2465 12 566 18 ,0.001
PVRi, WU�m2 13 3.562.0 10 20.46 19.3 0.022

Prostanoid treatment:
Time between diagnosis

and IV/SC prostanoid
initiation, mo

13 0.2 (0.0–0.9) 16 0.5 (0.0–2.0) 0.177

Start ,1 yr after
diagnosis

13 12 (92) 16 14 (88) 0.672

% of disease course on
IV/SC therapy

13 45 (32–77) 16 60 (37–75) 0.826

Type of prostanoid* 13 16
IV epoprostenol 12 (92) 14 (88)
IV treprostinil 3 (23) 7 (44)
SC treprostinil 4 (25)
IV iloprost 1 (6)

Time-averaged prostanoid
dose (ng/kg/min)

13 28 (17–51) 16 29 (16–45) 0.861

Treatment intensity: 13 16 0.748
PAH-targeted
monotherapy

3 (23) 2 (13)

PAH-targeted dual
therapy

6 (46) 8 (50)

PAH-targeted triple
therapy

4 (31) 6 (38)

Definition of abbreviations: APAH-non-CHD=associated pulmonary arterial hypertension other than congenital heart disease; IPAH/
HPAH= idiopathic or heritable pulmonary arterial hypertension; IV= intravenous; mPAP=mean pulmonary artery pressure; mPAP/mSAP=mean
pulmonary-to-systemic artery pressure ratio; mRAP=mean right atrial pressure; PAH=pulmonary arterial hypertension; PAH-CHD=pulmonary
arterial hypertension associated with congenital heart disease; PVRi =pulmonary vascular resistance index; Qp/Qs=pulmonary to systemic flow
ratio; SC=subcutaneous; WHO-FC=World Health Organization functional class; WU=Wood units.
Data presented as median (interquartile range), number (percentage) or mean 6 standard deviation. Criteria for durable IV/SC prostanoid
discontinuation defined as mPAP,35 mm Hg or PVRi,4.4 WU�m2, by time-dependent receiver operating characteristic analysis.
*Multiple patients had more than 1 type of prostanoid during their disease course.
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of mPAP (26). Our findings, however,
suggest that there may be improved
outcomes beyond hemodynamics with
higher dosing. However, it is important to
recognize that from the current study no
absolute specific dose recommendation can
be given, considering that this was a
retrospective, observational study, dosage
was studied as time-averaged dose, and there
may be a lost to follow-up bias. Further
prospective studies are required to define
optimal dosing.

In the current study, IV/SC
prostanoids were discontinued for
approximately one-third of the children.
All were transitioned to an oral or per-
inhalation treatment regimen. The
number of patients discontinued from IV/
SC prostanoids might seem high, which
may lead to the question whether there
was initial overtreatment. The patients
were all initially started on IV/SC

prostanoids according to guidelines
applicable at the time recommending IV/
SC prostanoid initiation for patients at
high risk for death or with insufficient
response to nonparenteral therapy. Our
results confirm that the patients in our
current study cohort indeed had more
advanced disease compared with the
original source cohort. Furthermore,
weaning from IV/SC prostanoids and
transferal to oral or inhaled therapies
failed for a substantial proportion of
children. Based on these findings, this was
not considered to qualify as initial
overtreatment.

Based on time-dependent ROC
analyses, criteria for durable IV/SC
prostanoid discontinuation showed to
identify patients for whom transition
from IV/SC prostanoids to oral/inhaled
therapy was safe also in the long term.
These children, who were all in WHO-FC

I or II, showed excellent long-term
outcome after discontinuation, in contrast
to those not meeting the criteria. Even
though the majority of these latter
children were in WHO-FC I-II at time of
discontinuation, they had poor
transplant- and IV/SC prostanoid
reinitiation-free survival. Therefore,
transition of IV/SC prostanoid to oral/
inhaled therapy should not be advocated
for children not meeting the criteria, even
when they are in good functional class.
Although the proposed criteria have to be
validated prospectively, our study
highlights the important role of
measuring pulmonary hemodynamics,
including mPAP and PVRi, when
selecting patients to be considered for IV/
SC prostanoid discontinuation. In the
authors’ opinion, this outweighs the risks
of cardiac catheterization in children in
good WHO-FC (27, 28).

Children at risk:

P = 0.027
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Figure 3. Transplantation-free and intravenous (IV)/subcutaneous (SC) prostanoid reinitiation-free survival from the moment of IV/SC prostanoid
discontinuation of children reaching criteria for durable IV/SC prostanoid discontinuation (n=13) and children not reaching the criteria (n=16).
One-, 3-, and 5-year survival rates after discontinuation were 100%, 100%, and 100% for the first group and 93%, 84%, and 67% for the latter
group, respectively. P=0.027.
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Three previous studies have reported
uneventful transition from IV/SC
prostanoids to oral/inhaled therapy for
patients with favorable clinical status
(WHO-FC I or II [9], or WHO FC I, II, or
III symptoms with stable PAH [29]) and/
or favorable hemodynamics (either
normal or near-normal mPAP [8], or
mPAP, 35 mm Hg with normal cardiac
index [9]) (8, 9, 29). In these studies,
however, follow-up time was short, and
from these limited data, it is not possible
to predict which children with PAH will
benefit from a transition from IV/SC
prostanoids to oral/inhaled therapy. The
current study adds robust analyses based
on medium- to long-term follow-up data
that allowed to analyze predictors of IV/
SC prostanoid discontinuation that is safe
also in the long term, including relevant
cut-off values for these predictors.

An important limitation of IV/SC
prostanoid therapy is the occurrence of
side effects, including flushes, jaw pain,

and diarrhea, but also of administration-
related complications, including line
infections, bacteremia, sepsis, and
thrombosis (30–32). The latter can lead
to systemic embolic complications in
patients with right-to-left shunts owing
to PAH-CHD. Also, sudden interruption
of IV epoprostenol therapy may lead to
potentially fatal rebound PH. For SC
therapy, pain and infection of the
injection site are common and may limit
its use in children (23, 33). In the
current study, IV/SC prostanoids had to
be discontinued owing to such
complications or severe side effects in
5% of the children (n = 5). None of the
children died because of administration-
related complications or side effects, or
accidental sudden interruption of
infusion and rebound PH.

Intrinsic limitations of retrospective
studies are applicable to the current study.
Retrospectively determined cut-off values
should be validated in prospective studies,

and robust conclusions regarding a causal
relation between higher IV/SC prostanoid
doses, timing of initiation, and outcome
cannot be drawn. The current data were
limited to the study period of 2000–2010.
Follow-up data from the year 2010
onward are not available and were not
included. Nevertheless, with a median
follow-up duration of 4.2 years (IQR,
1.8–8.0), this study comprises some of the
longest-term follow-up data in the field of
pulmonary hypertension and IV/SC
prostanoid therapy in children. Because
the majority of patients treated with IV/
SC treprostinil were also treated with
epoprostenol during their follow-up time
(owing to a switch from one medication to
the other), data did not allow to stratify
for IV/SC treprostinil versus epoprostenol
treatment.

Conclusions
This multicenter, retrospective,
observational study shows that in the

Table 4. Univariable Cox regression analysis for transplant-free survival in patients on continuing IV/SC prostanoids (n = 64)

Univariable Analysis

Hazard Ratio (95% CI) P Value

Age diagnosis, per year increase 1.158 (1.057–1.268) 0.002
Female sex vs. male sex 1.479 (0.627–3.488) 0.371
Hemodynamic relevant shunt-defect 0.439 (0.059–3.287) 0.423
WHO-FC III-IV vs. I-II 0.873 (0.313–2.434) 0.795
mPAP, per mm Hg increase 1.024 (1.001–1.048) 0.038
mRAP, per mm Hg increase 1.138 (1.021–1.268) 0.020
PVRi, per WU�m2 increase 1.040 (1.014–1.067) 0.003
Cardiac index, per 1 L/min/m2 increase 0.861 (0.662–1.121) 0.266
mPAP/mSAP, per 0.1 increase 1.156 (0.999–1.338) 0.052
Time between diagnosis and initiation of IV/SC prostanoids (month) 1.013 (0.989–1.037) 0.297
Time-averaged dose during therapy period (per 10 ng/kg/min) 0.737 (0.612–0.889) 0.001
Treatment intensity
Dual versus monotherapy 0.292 (0.106–0.805) 0.017
Triple versus monotherapy 0.127 (0.037–0.434) 0.001

Definition of abbreviations: CI =confidence interval; IV= intravenous; mPAP=mean pulmonary artery pressure; mPAP/mSAP=mean pulmonary-
to-systemic artery pressure ratio; mRAP=mean right atrial pressure; PVRi=pulmonary vascular resistance index; SC=subcutaneous; WHO-
FC=World Health Organization functional class; WU=Wood units.

Table 5. Time-averaged dose cut-off values based on time-dependent ROC analysis

Follow-Up Time Time-averaged Dose Cut Off Value* AUC Sensitivity Specificity

1 Year 25 ng/kg/min 91.2 1.00 0.85
3 Years 54 ng/kg/min 84.9 0.92 0.67
5 Years 75 ng/kg/min 74.9 1.00 0.40

Definition of abbreviations: AUC=area under the curve; ROC= receiver operating characteristic.
*Cut-off value selection based on the highest sum of sensitivity and specificity.
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current era of PAH-targeted drugs, one-
third of children with PAH were treated
with IV/SC prostanoids. For these
children, early initiation of IV/SC
prostanoid therapy, higher doses of IV/SC
prostanoids, and the combination with
additional PAH-targeted therapy were all
independently associated with favorable

outcome. Safe transition, also in the long
term, from IV/SC prostanoid therapy to
oral or inhaled therapies is possible in
selected children, identified by reaching
the criteria for durable IV/SC prostanoid
discontinuation in addition to favorable
WHO-FC while on IV/SC prostanoid
therapy.�
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