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OBJECTIVE: To characterize the safety of sildenafil in premature infants.
STUDY DESIGN: A phase I, open-label trial of sildenafil in premature infants receiving sildenafil per usual clinical care (cohort 1) or
receiving a single IV dose of sildenafil (cohort 2). Safety was evaluated based on adverse events (AEs), transaminase levels, and
mean arterial pressure monitoring.
RESULTS: Twenty-four infants in cohort 1 (n= 25) received enteral sildenafil. In cohort 2, infants received a single IV sildenafil dose
of 0.25 mg/kg (n= 7) or 0.125mg/kg (n= 2). In cohort 2, there was one serious AE related to study drug involving hypotension
associated with a faster infusion rate than specified by the protocol. There were no AEs related to elevated transaminases.
CONCLUSION: Sildenafil was well tolerated by the study population. Drug administration times and flush rates require careful
attention to prevent infusion-related hypotension associated with faster infusions of IV sildenafil in premature infants.
CLINICAL TRIAL: ClinicalTrials.gov Identifier: NCT01670136.
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INTRODUCTION
Bronchopulmonary dysplasia (BPD) is a common pulmonary
morbidity in extremely premature infants. A common co-morbidity
in premature infants with BPD is pulmonary hypertension (PH). The
prevalence of PH in infants with BPD ranges from 14 to 43% [1–5].
Infants with BPD-associated PH have higher mortality compared to
infants with BPD who do not develop PH [4, 6, 7]. Previous studies
have identified various risk factors associated with PH in infants with
BPD, including oligohydramnios [7], fetal growth restriction [2, 8],
duration of respiratory support and oxygen therapy [2, 3, 8], severity
of BPD [3, 8, 9], and patent ductus arteriosus ligation [2, 3]. There are
currently few therapeutics available to prevent BPD and none are
known to reduce mortality in infants with BPD-associated PH.
Sildenafil is a potent inhibitor of type 5 phosphodiesterase,

the predominant isoform in the lung that metabolizes cyclic
guanosine monophosphate, resulting in pulmonary vasodilation.
Although sildenafil is approved by the U.S. Food and Drug
Administration (FDA) for treatment of PH in adults [10], studies in
premature infants are limited [11]. Despite a paucity of
pharmacokinetics (PK), safety, and efficacy data in this population,
premature infants are increasingly receiving off-label sildenafil to
treat PH [12].

We performed a phase I, multicenter, open-label trial designed
to characterize PK and safety of sildenafil in two premature infant
cohorts: the first cohort received sildenafil clinically at the
discretion of the attending physician for treatment of PH, and
the second cohort received a single intravenous (IV) dose of
sildenafil as per the study protocol. We used the data from the
cohorts to develop a population PK model and design the next
phase trial [13]. Here, we characterize the drug safety results from
the phase I trial in premature infants receiving sildenafil.

MATERIALS/SUBJECTS AND METHODS
Patient population
This study was a phase I, multicenter, open-label trial designed to
characterize the PK and safety of sildenafil in premature infants to
inform dosing for a phase II trial. The PK data were previously
reported [13]. Infants in cohort 1 were ≤28 weeks gestational age
(GA), <365 postnatal days, and receiving sildenafil per usual
clinical care. The only exclusion criterion for cohort 1 was any
condition that would make the infant, in the opinion of the
investigator, unsuitable for the study. Infants in cohort 2 were
given a single dose of IV sildenafil with the following inclusion
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criteria: <32 weeks GA; 3–42 postnatal days; receiving mechanical
ventilation, nasal continuous positive airway pressure, high-flow
(≥1.5 L/min) nasal cannula, or fraction of inspired oxygen (FiO2) >
21% (and therefore at high risk of developing BPD); and IV access.
We excluded infants with previous exposure to sildenafil within
7 days prior to enrollment; on a vasopressor for hypotension;
known sickle cell disease; history of allergic reactions to sildenafil;
or aspartate aminotransferase (AST) > 225 U/L or alanine amino-
transferase (ALT) > 150 U/L.
Six centers enrolled infants in cohort 1 and 5 of these centers

enrolled at least 1 infant in cohort 2. Local institutional review
boards approved the protocol, and written informed consent was
obtained from the parent(s)/legal guardian(s) of infants in both
cohorts. We performed the study under an Investigational New
Drug (IND) application (IND#: 112374) with the FDA. Based on FDA
guidance, we used a single IV dose study design in cohort 2 to
establish a margin of safety before proceeding to multiple dose-
escalating courses in a planned phase II trial. We collected clinical
and PK data as part of the Pediatric Trials Network study titled
Pharmacokinetics of Sildenafil in Premature Infants.

Drug dosing and lab collections
In cohort 1, infants received enteral (compounded suspension) or
IV administration of sildenafil per clinical care. An interim PK
analysis was conducted after the first 12 participants were
enrolled in cohort 1 to determine the appropriate dose for use
in cohort 2: the single IV dose sildenafil group. The six doses prior
to obtaining consent were recorded as clinical care doses, and all
doses given for 7 days after enrollment were recorded as study
doses. We did not record how long participants were receiving
sildenafil prior to enrollment. In cohort 2, infants received a single
IV dose of sildenafil 0.25 mg/kg administered over 90 min followed
by a 30-min flush, which was subsequently changed to an IV dose
of 0.125 mg/kg over 90 min followed by a 60-min flush due to an
episode of hypotension. For cohort 1, the compounding,
dispensing, and distribution of sildenafil was done by the local
clinical or investigational pharmacy per sites’ local policy. For
cohort 2, we administered a commercially available IV formulation
of sildenafil (Revatio®). In cohort 1, baseline AST and ALT were
obtained within 7 days prior to the start of first study dose and
within 7 days following first study dose. Hematology and serum
chemistry labs were obtained per routine medical care and
recorded for 7 days after first study dose. In cohort 2, baseline AST
and ALT were obtained within 72 h prior to study drug
administration, and follow-up AST and ALT at 24 h (±16 h) after
study drug administration. Hematology and serum chemistry labs
were obtained per routine medical care and recorded for 72 h
prior to and 72 h after study dose of sildenafil.

Safety Monitoring
Adverse events (AEs) were collected during and after sildenafil
administration and tabulated by MedDRA system organ class and
preferred term. All AEs, including serious adverse events (SAEs),
suspected adverse reactions (SARs), and adverse reactions (ARs),
were recorded for 7 days following first study dose of sildenafil in
cohort 1 and 72 h following the dose in cohort 2. In cohort 2, all
mean arterial pressure (MAP) values were obtained within 24 h of
the start of sildenafil infusion, at baseline (start of sildenafil
infusion) and at the following time points: 30 min after infusion
start, 1 h after infusion start, infusion end, and 2, 4, 12, and 24 h
after infusion start. We also recorded minimum MAP value during
24 h after infusion start. Additional vital signs (e.g., temperature,
heart rate, and respiratory rate) were also recorded at the same
time intervals. Low blood pressure was defined as one MAP < GA
at birth in weeks, and hypotension was defined as 2 MAP values <
GA, from the start of the sildenafil infusion through 24 h after the
start of the infusion. The definitions were changed in the 0.125
mg/kg dosing group to one MAP < postmenstrual age (PMA),

defined as GA at birth in weeks plus postnatal age in weeks, for
low blood pressure, and 2 MAP values < PMA for hypotension.
A Data Monitoring Committee (DMC) performed a planned interim
safety analysis after the first 12 participants were enrolled in
cohort 1. Enrollment continued during the safety evaluation.

Analysis
The targeted sample size of 24 infants in cohort 1 and 16 infants in
cohort 2 was based on the ability to observe a serious toxicity rate
and to characterize the PK of sildenafil. Descriptive statistics, such
as number of observations, mean, median, standard deviation,
standard error, minimum, and maximum for continuous variables
and counts, proportions, and percentages for discrete variables,
were used to present infant demographic and baseline character-
istics by cohort. Variables include race, age, sex, and selected
clinical variables recorded prior to initiation of drug.
Serum AST and ALT laboratory measurements and changes

from baseline are described using univariable descriptive statistics.
Cohort 1 includes lab values obtained at baseline, any day while
receiving sildenafil, and any follow-up day. Cohort 2 includes
lab values at baseline, day of sildenafil administration, and any
follow-up day. Lab tests reflective of liver toxicity (i.e., AST, ALT) are
summarized in terms of the most extreme values and largest
changes from baseline observed from the start of sildenafil
through end of drug administration. The data analysis was
performed by The Emmes Company, LLC. The authors assume
full responsibility for the completeness and accuracy of the
content of the manuscript.

RESULTS
Demographics and dosing data
A total of 34 infants were enrolled in the study; 25 infants in
cohort 1, and 9 infants in cohort 2. We did not achieve target
enrollment in cohort 2 because the pace of enrollment was
deemed too slow to continue. Demographic and clinical data from
infants in each cohort are presented in Table 1. All 34 infants
received a study dose and completed the study as planned.
Infants born to Black mothers comprised 72% of cohort 1 and 33%
of infants in cohort 2. The median gestational age in both cohorts
was 25 weeks.
In cohort 1, the median age at first study dose was 166 postnatal

days (range 52 to Per intention-to-treat analyses, this participant
was included in the 0.125 mg/kg dosing group.279) and the
median first study dose was 0.97mg/kg (0.42–2.09mg/kg). The
median number of study doses per participant in cohort 1 was 26,
with a range from 3 to 29. During the study period, fifteen (60%)
participants were treated with enteral dosing every 6 h, 8 (32%)
were treated with enteral dosing every 8 h, 1 (4%) was treated with
variable enteral dosing every 6–8 h, and 1 (4%) participant was
treated with IV dosing every 6 h.
In cohort 2, seven infants received a single IV sildenafil dose of

0.25 mg/kg. Two infants were enrolled in a second dosing group
(0.125mg/kg) following a protocol modification due to a SAE
related to hypotension in the first dosing group. One participant in
the second dosing group received a dose of 0.25 mg/kg, instead of
0.125mg/kg. Per intention-to-treat, this participant was included
in the 0.125mg/kg dosing group for the analyses.

Interim safety analysis
A planned interim safety analysis and PK analysis was completed
after the first 12 participants were enrolled into cohort 1. The
purpose was to determine the appropriate dose for use in cohort
2. Enrollment to cohort 1 continued during this analysis. The
Sponsor requested an unplanned cohort 2 safety analysis after
seven participants were enrolled and one participant experienced
a SAE related to hypotension. This participant received the IV
study dose of sildenafil over 45min, instead of over 90 min as
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indicated in the study protocol. Enrollment to cohort 2 was
suspended during this time and additional data was requested on
MAP measurements, concomitant medications, laboratory data,
and site procedures. The analysis was reviewed by the DMC. The
protocol team, the Sponsor, and the DMC modified the protocol to
address the decrease in MAP values seen in one participant by
reducing the study dose to 0.125mg/kg and increasing the flush
time to 60min. The study was resumed and 2 additional
participants were enrolled under the new protocol. No new
drug-related SAEs were reported.

Safety data
In cohort 1, there were 13 AEs and 8 infants had at least 1 AE
(Table 2). One event, cardiogenic shock, was classified as a SAE
and determined not to be related to sildenafil. In cohort 2, there
were ten AEs in seven participants (eight AEs in the 0.25 mg/kg
dosing group, and two AEs in the 0.125 mg/kg group). SAEs in
cohort 2 in the first dosing group included hypotension,
pneumothorax, and acute respiratory failure. Hypotension was
determined to be drug related, and occurred after study dose
was infused over 45 min, instead of 90 min. In the second dosing
group, which opened following an interim safety analysis, there
was 1 SAE (necrotizing enterocolitis) that was determined not to
be related to sildenafil.
There were no AEs related to elevated transaminases. In cohort

1, the median (range) change from baseline to follow-up in the
7 days following first study dose was −2 (−16, 209) U/L for AST
and 1.5 (−22, 146) U/L for ALT (Table 3). In the 0.25 mg/kg dosing
group of cohort 2, the median change from baseline to follow-up
at 24 h after study dose was 1 (−19, 55) U/L for AST and 1 (−10,
86) U/L for ALT. Both participants in the 0.125 mg/kg dosing group
had decreases in AST and ALT following study dose.
Low blood pressure and hypotension were the primary safety

events of interest for this study. In the 0.25 mg/kg dosing group,
two infants were identified as meeting study criteria for low

blood pressure (one MAP < GA). No participants met criteria for
the study definition of hypotension (2 MAP measurements <GA),
however one participant experienced a hypotensive event of
sufficient clinical significance to be deemed a SAE by the site
investigator. The hypotensive event occurred due to a protocol
deviation in which the infusion time on the pump was entered
in error and did not account for the volume in tubing, resulting
in sildenafil infusion given over 45 min instead of over 90 min.
There were no reported episodes of low blood pressure or
hypotension (based on refined definitions of MAP < PMA) in the
0.125 mg/kg dosing group. Change from baseline MAP measure-
ments displayed in the Fig. 1 demonstrates that the greatest
decrease from baseline MAP occurred at 2 hours after start of
drug infusion.

DISCUSSION
In this phase I study of sildenafil in a small cohort of premature
infants, we found that sildenafil was well tolerated by the study
population. We evaluated the safety of sildenafil in a small cohort
of infants born extremely premature by reviewing AEs, measure-
ments of AST and ALT, and intensive blood pressure monitoring.
Out of 23 total AEs, only one, a SAE involving hypotension related
to a protocol deviation due to an increase in drug infusion rate,
was related to study drug. There were no AEs related to elevated
transaminases. Our finding that increased rate of sildenafil
infusion may lead to hypotension demonstrates the importance
of early phase trials in gathering safety data to determine correct
drug infusion time. Importantly, it cannot be concluded from our
findings that the current off-label use of sildenafil in preterm
infants is safe.
The pathophysiology of BPD includes abnormal alveolar and

pulmonary vascular growth due to an arrest in normal lung
development and inhibition of vascular endothelial growth factor
(VEGF) [14–16]. Sildenafil might be effective in promoting normal

Table 1. Demographics and dosing information in a phase I study of sildenafil in premature infants. Infants in cohort 1 were receiving sildenafil per
clinical care prior to enrollment. Infants in cohort received a single IV dose of sildenafil.

Cohort 1 (n= 25)
Multiple doses

Cohort 2 (n= 9) Single IV Dose

Dose group 0.25mg/kg (n= 7) Dose group 0.125mg/kg (n= 2)

Age at enrollment (days) Median
(Min, Max)

166 (52, 279) 17 (7, 40) 29 (22, 36)

Gestational age (weeks) Median
(Min, Max)

25 (22, 28) 25 (24, 27) 24 (23, 24)

Male (%) 60 71 50

Maternal Race (%)

White 20 57 50

Black 72 29 50

Not reported/More than 1 race 8 14 0

Birth weight (g) Median (Min, Max) 650 (450, 1215) 816 (570, 980) 537 (425, 649)

Weight at enrollment (g) Median
(Min, Max)

4790 (1360, 8055) 747 (670, 1242) 760 (590, 930)

First dosea (mg/kg) Median (Min, Max) 0.95 (0.42, 2.09) N/A N/A

First study doseb (mg/kg) Median
(Min, Max)

0.97 (0.42, 2.09) 0.25 (0.24, 0.25) 0.19 (0.125, 0.25)c

Number of study doses Median
(Min, Max)

26 (3, 29) 1 1

IV intravenous, g grams, mg milligrams, kg kilograms.
aFirst clinical care doses in cohort 1 were the 6 previous doses before consent; bStudy doses in cohort 1 occurred for 7 days after consent.
bStudy doses in cohort 1 occurred for 7 days after consent.
cOne participant received a dose of 0.25 mg/kg, instead of 0.125 mg/kg. Per intention-to-treat analyses, this participant was included in the 0.125 mg/kg
dosing group.
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vascular growth and thereby reducing BPD. However, studies of
sildenafil in premature infants at risk for or diagnosed with BPD
are limited. A randomized controlled trial of 20 preterm infants
<28 weeks gestational age receiving mechanical ventilation on
postnatal day 7 found no improvement in short-term respiratory
outcomes in infants receiving 4 weeks of sildenafil 3 mg/kg/day
compared to placebo [17]. A retrospective study of 25 preterm
infants with a median gestational age of 28 weeks with chronic
lung disease (72% with BPD) and pulmonary hypertension
demonstrated that sildenafil of 1.5–8mg/kg/day resulted in 22
patients with hemodynamic improvement determined by echo-
cardiogram [18].

Our use of single-dose sildenafil in cohort 2 aligns with FDA
guidance that single-dose studies, while offering no direct
therapeutic benefit to the infant, are permissible if the risk of
exposure represents a minor increase over minimal risk and is
likely to yield generalizable knowledge about the participants’
medical condition [19]. Parents who consent to enrollment in early
phase trials for potential therapeutics are often motivated by a
desire to help future infants [20]. The risks of enrollment in our
study were mitigated by the inclusion of infants receiving
sildenafil per clinical care in cohort 1 and the use of low doses
of sildenafil in cohort 2 to establish PK and safety prior to
proceeding with multiple dose-escalating regimens in the phase II
trial of sildenafil. We speculate that the lack of direct benefit to the
infant, which is common in single-dose phase I trials, may explain
the slow pace of enrollment in this study.
There are several notable strengths of this study, including the

opportunistic nature of the study design, which permitted inclusion
of infants receiving sildenafil per clinical care. An opportunistic
study allows investigators to collect PK and safety data, after
obtaining informed consent, from participants already receiving
drugs of interest. PK samples are obtained with routine laboratory
draws or using scavenged samples, minimizing study-associated
blood sampling. This strategy generates meaningful PK and safety
data for drugs where dosing has not been established [21].
Our group successfully used opportunistic approaches to collect
data on fluconazole, clindamycin, metronidazole, and piperacillin-
tazobactam to design phase II and III trials and submit data to the
FDA to inform pediatric labeling [22–25].
Our study also addresses the importance of conducting early

phase trials prior to randomized controlled trials to characterize
drug safety, efficacy, and optimal dose. Knowledge gained from
early phase trials are particularly important for BPD given that
the majority of randomized controlled trials of drugs for the
prevention or treatment of BPD have not demonstrated efficacy
and no drugs are currently FDA-labeled for BPD prevention or
treatment [26]. This study was performed under an IND application
and complies with FDA guidance that PK studies be conducted to

Table 2. Adverse events in a phase I study of sildenafil in premature infants.

Cohort 1 (n= 25)
Multiple doses

Cohort 2 (n= 9) Single IV dose

Dose group 0.25mg/kg
(n= 7)

Dose group 0.125mg/kg
(n= 2)

Number of adverse events, N 13a 8b 2c

Participants with ≥ 1 adverse event, N (%) 8 (32) 5 (71) 2 (100)

Participants with ≥ 1 serious adverse event,
N (%)

1 (4) 3 (43) 1 (50)

Cardiogenic shock 1 (4) 0 0

Hypotension 0 1 (14) 0

Pneumothorax 0 1 (14) 0

Necrotizing enterocolitis 0 0 1 (50)

Acute respiratory failure 0 1 (14) 0

Participants with drug-related adverse events,
N (%)

0 1 (14)d 0

Participants with low blood pressuree, N (%) N/A 2 (29) 0

Participants with hypotensionf, N (%) N/A 0 0

IV intravenous, mgmilligrams, kg kilograms, MAPmean arterial pressure, PMA postmenstrual age (gestational age+ postnatal age).
aCardiogenic shock, laryngomalacia, pyrexia, otitis media, tracheitis, tracheobronchitis, hypokalemia, agitation (n= 2), polyuria, pneumothorax, rales,
respiratory failure.
bBradycardia, decreased hematocrit, decreased free thyroxine, acute respiratory failure, apnea, pneumothorax, respiratory disorder, hypotension.
cNecrotizing enterocolitis, decreased oxygen saturation.
dHypotension.
eLow blood pressure was defined as MAP < GA in the 0.25mg/kg dosing group, and MAP < PMA in the 0.125mg/kg dosing group.
fHypotension was defined as 2 MAPs < GA in the 0.25mg/kg dosing group, and 2 MAPs < PMA in the 0.125mg/kg dosing group.

Table 3. Aspartate Transaminase (AST) and Alanine Transaminase
(ALT) measurements in a phase I study of sildenafil in premature
infants.

Cohort 1 (n= 25)
Multiple doses

Cohort 2 (n= 9) Single IV dose

Dose group
0.25mg/kg
(n= 7)

Dose group
0.125mg/kg
(n= 2)

AST (U/L), Median (Min, Max)

Baseline AST 36 (17, 59) 34 (14, 120) 53.5 (49, 58)

Follow-up AST 35 (19, 237) 26 (13, 175) 30 (23, 37)

Change from
baseline to
follow-up AST

−2 (−16, 209) 1 (−19, 55) −23.5 (−26, −21)

ALT (U/L), Median (Min, Max)

Baseline ALT 18 (7, 54) 24 (4, 108) 12.5 (11, 14)

Follow-up ALT 16.5 (8, 161) 14 (5, 156) 9.5 (9, 10)

Change from
baseline to
follow-up ALT

1.5 (−22, 146) 1 (−10, 86) −3 (−5, −1)

AST aspartate transaminase, ALT alanine transaminase, IV intravenous,
mgmilligrams kg, kilograms, U/L units per liter.
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establish the correct dose prior to evaluating efficacy in a pediatric
population [27].
Our study was limited by the small number of patients in

cohort 2, with the study ending early due to slow enrollment,
and changes made to the single IV dose protocol after the
interim safety analysis. The infants in cohort 1 were older than
those in cohort 2, and as a result, the safety profiles may differ
between these groups. We did not collect physiological
parameters of BPD or PH which could be used to correlate
exposure with preliminary drug efficacy. Furthermore, the PK
simulation results are limited by the lack of a widely accepted
exposure target for sildenafil in the setting of BPD. While the PK
results from this study determined that co-administration of
fluconazole reduced sildenafil clearance [13], our ability to relate
reduced drug clearance with safety is limited by the small
number of participants receiving fluconazole (n= 4). However, a
retrospective analysis of electronic health records data from this
group did not identify a clear relationship between simulated
sildenafil exposure and hypotension [28]. Despite these limita-
tions, this study provides an important first step in evaluating
sildenafil as a potential therapy for premature infants with or
developing BPD and PH. The safety data related to drug infusion
time characterized by this study informed the dosing for the
follow-up phase II trial of sildenafil in premature infants at risk
for BPD. The first cohort in the dose-escalating phase II trial will

receive an IV dose of 0.125 mg/kg every 8 h, with subsequent
cohorts receiving higher doses following interim safety analyses.
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