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ARTICLE INFO ABSTRACT

Keywords: Bronchopulmonary dysplasia (BPD) is a disease of chronic respiratory insufficiency stemming from premature

Sildenafil ) birth and iatrogenic lung injury leading to alveolar simplification, impaired alveolar-capillary development,

ﬁronChOP_lﬂmonary dysplasia interstitial fibrosis, and often pulmonary hypertension. BPD is the most common pulmonary sequela of prema-
rematurity

turity and is often fatal; however, there remains no FDA-approved therapies to treat or prevent BPD. Sildenafil is
increasingly used off-label in premature infants despite scant safety and efficacy data. Sildenafil reduces lung
injury and preserves normal vasculature in preclinical models, and improves outcomes in children with pul-
monary hypertension, and thus is a promising candidate for BPD. Following phase I studies, we developed the
phase II SILO2 trial to describe the safety, pharmacokinetics and preliminary effectiveness of intravenous and
enteral sildenafil in premature infants at risk for BPD. SILO2 is a randomized, double-blind, placebo-controlled, 3-
cohort, sequential dose-escalating trial of enteral or intravenous (IV) sildenafil dosed every 8 h for up to 34 days.
The target IV doses were 0.125, 0.5 and 1 mg/kg/dose in cohorts 1, 2 and 3, respectively; while the enteral doses
will be double the IV doses. Eligible infants must be < 29 weeks’ gestation at birth and requiring respiratory
support at 7-28 days’ postnatal age. Adverse events and preliminary effectiveness will be compared by treatment
group. Using the final population PK model, empirical Bayesian estimates will be generated for each patient.
Preliminary effectiveness will be measured by the incidence of moderate to severe BPD or death at 36 weeks and
change in the BPD risk estimation.

1. Introduction

For many pediatric conditions, there are either no or very few FDA-
indicated treatments. The majority of drugs given to neonates are used
off-label (i.e. have not been sufficiently tested) or dosing is extrapolated
from adult PK/PD data. Responding to this crisis, Section 4091 of the
Public Health Service Act, also known as the Best Pharmaceuticals for
Children Act (BPCA), mandates the National Institutes of Health (NIH)
to prioritize therapeutic areas in critical need for pediatric labeling and
to submit data to the Food and Drug Administration (FDA) for consid-
eration for labeling changes. Under the BPCA, the National Institute for

Child Health and Human Development (NICHD) awarded a contract to
Duke University, which established the Pediatric Trials Network (PTN),
and a separate contract to The Emmes Company, LLC to serve as the
BPCA Data Coordinating Center (DCC).

One prioritized condition in critical need for safe and effective
therapeutics with pediatric labeling is bronchopulmonary dysplasia
(BPD) [1]. BPD is the most common pulmonary morbidity associated
with premature birth [2]. Approximately 50,000 infants are born each
year in the US < 29 weeks’ gestational age, and roughly 35% of these
infants develop BPD [3,4]. Clinically, BPD is a disease of chronic res-
piratory insufficiency related to premature birth and lung inflammation
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and injury from hyperoxia [5,6] and mechanical ventilation [7-9].
These factors lead to impaired alveolar-capillary development, alveolar
simplification, interstitial fibrosis, and the development of pulmonary
hypertension [10-15]. Infants with BPD are particularly challenging for
clinicians due to their chronic respiratory distress, recurrent respiratory
infections and wheezing episodes, comorbid pulmonary hypertension,
and frequent and prolonged hospitalizations [16-18]. The costs of BPD
are measured in impaired childhood health and quality of life, family
stress and economic hardship, and increased healthcare costs [19-21].

BPD is defined by the NIH as mild, moderate, or severe based on
required respiratory support at 36 weeks postmenstrual age [22,23].
(Table 1a).

NICHD-funded Neonatal Research Network investigators identified
risk factors for BPD and the outcome of death in 3636 infants 23-30
weeks’ gestation [24]. They also developed an accurate prediction
model based on postnatal day, gestational age, birth weight, sex,
race/ethnicity, and type of ventilator support and F;Os (%) on the
postnatal day of interest. This model provides parents and clinicians
during the first weeks of life an estimate of BPD risk at 36 weeks post-
menstrual age.

Sildenafil is a potent inhibitor of type 5 phosphodiesterase, the
predominant isoform in the lung, and is a promising candidate to pre-
vent or treat BPD. In adults, sildenafil is approved by the FDA for the
treatment of pulmonary arterial hypertension (PAH) [25]. While sil-
denafil is not approved in children, the drug improves short term out-
comes in children with PAH. Children with PAH (either idiopathic or
due to preexisting cardiac disease) treated with sildenafil had improved
aerobic capacity, and the effect appeared to be dose dependent [26,27].
Due to an increase in mortality seen occurring after about 1 year with
increasing sildenafil dosing in children with PAH [28], the FDA revised
the sildenafil drug label to recommend against use in children with PAH
[29].

Sildenafil is increasingly being used off-label in premature infants.
Within a large consortium of neonatal intensive care units (NICUs)
encompassing 20% of all US NICUs, sildenafil use increased >1000%
from 2005 to 2010 [30,31]. Our group conducted a Phase I study of
sildenafil in 25 premature infants (<29 weeks’ gestational age with BPD;
IND 112,374; NCT01670136) who received enteral sildenafil at doses
between 0.5 and 2.25 mg/kg in a first cohort. The trial enrolled 9
additional infants <28 weeks’ gestational age and postnatal age range
7-40 days who received a single intravenous dose of sildenafil 0.25
mg/kg or 0.125 mg/kg in a second cohort. These data indicated a one
compartment model and that the enteral to IV conversion of 2:1 would
be appropriate, and provided dosing levels for the current sequential
cohort study [32,33].

2. Study design

The SILO2 study is a multi-center randomized, placebo-controlled,
sequential 3-cohort, dose-escalating, double masked, safety study of
up to 34 days of enteral or intravenous sildenafil involving 120 pre-
mature infants randomized in a 3-to-1 ratio to either sildenafil or pla-
cebo. Forty infants will be enrolled into each cohort sequentially
following a safety review. The study was reviewed by the Food and Drug
Administration (IND 112374), the BPCA Data/Safety Monitoring

Table 1a
NICHD severity-based definition of BPD for premature infants at 36 weeks
postmenstrual age (or discharge).

No BPD Receiving >21% supplemental oxygen (02) for <28 days and not at
36 weeks PMA

Mild BPD Receiving >21% O2 for >28 days but not at 36 weeks PMA

Moderate Receiving >21% O2 for >28 days plus treatment with <30% O2 at

BPD 36 weeks PMA
Severe BPD Receiving >21% O2 for >28 days plus >30% O2 and/or positive
pressure at 36 weeks PMA
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Table 1b
New NICHD Definition (2019) based on support at 36 weeks postmenstrual age.

No BPD No respiratory support

Grade 1 BPD Nasal cannula <2 L/min

Grade 2 BPD Nasal cannula >2 L/min or non-invasive positive airway pressure
Grade 3 BPD Any type of invasive mechanical ventilation

Committee (DMC), and by the Institutional Review Board at all
participating sites. The data and final study report (CSR) will be sub-
mitted to the FDA after completion of the study.

2.1. Study population

SILO2 selection criteria were established to study premature infants
at high-risk for BPD.

2.1.1. Criteria for enrollment — inclusion

e Documented informed consent from parent or guardian, prior to
study procedures

Receiving positive airway pressure (nasal continuous airway pres-
sure, nasal intermittent positive pressure ventilation, or nasal can-
nula flow >1 liter/min) or mechanical ventilation (high frequency or
conventional) at the time of randomization

e < 29 weeks’ gestational age at birth

e 7-28 days’ postnatal age at time of randomization

2.1.2. Criteria for enrollment — exclusion

Previous enrollment and dosing in the current study

Exposure to sildenafil within 7 days prior to randomization

Currently receiving vasopressor medications

Currently receiving inhaled nitric oxide

Baseline mean arterial pressure (MAP) less than the infant’s gesta-

tional age (in weeks) plus postnatal age (in weeks) within 24 h of

randomization

Known sickle cell disease or allergy to sildenafil

e Aspartate aminotransferase (AST) > 225 U/L within 72 h prior to
randomization

e Alanine aminotransferase (ALT) > 150 U/L within 72 h prior to
randomization

e Any condition which would make the participant, in the opinion of

the investigator, unsuitable for the study

2.2. Study drug and dosing

In the U.S., sildenafil, in both intravenous (IV) and for oral suspen-
sion, has been approved for use in other populations and for other in-
dications by the FDA [29]. Pfizer has provided the oral suspension
(enteral) to all U.S. and Canadian study sites. Route of administration
should be via IV route if the infant has IV and this is feasible, but the
choice is left to the discretion of the site investigator. Infants may
transition from enteral to IV sildenafil (and vice versa) throughout the
duration of the study per the investigator’s determination. Placebo will
be administered either enterally or IV in the same manner.

Participants in Cohort 1 will start at a dose of 0.0625 mg/kg IV (or
0.125 mg/kg enteral) every 8 h and the dose will increase to the target
dose of 0.125 mg/kg IV (or 0.25 mg/kg enteral) after 6 doses (48 h).
Target doses are show in Table 2. Participants enrolled in Cohort 2 and
Cohort 3 will initially start at 0.125 mg/kg IV (or 0.25 mg/kg enteral)
every 8 h and the dose will increase by 0.125 mg/kg IV (or 0.25 mg/kg
enteral) every 6 doses to the target dose. This means that the dose will
increase every 48 h assuming the infant meets the following escalation
criteria. An infant will meet respiratory criteria for dose escalation only
if the infant is receiving exogenous oxygen or respiratory support (nasal
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Table 2
Cohort sizes and dosing schemes.
N Sildenafil (IV) Sildenafil N Cohort
(enteral) Total N
Cohort Placebo 10  0.125 mg/kg 0.25 mg/kg 30 40
1 every 8 h every 8 h
Cohort Placebo 10 0.5 mg/kg 1 mg/kgevery 30 40
2 every 8 h 8h
Cohort Placebo 10 1 mg/kgq 2mg/kgevery 30 40
3 every hours 8h

cannula or positive pressure from any device) for at least 12 h, and has
had an AST <225 U/L and ALT <150 U/L within the past 7 days. Infants
who do not initially qualify for escalation should be reevaluated daily
for whether they meet these criteria, and escalation must occur within
24 h of an infant meeting all criteria.

2.3. Drug preparation and administration

The pharmacy at each research site will prepare and distribute the
study drug in a masked manner and drug will be administered by the
bedside nurse. Intravenous doses of study drug will be administered as
infusion over 60 min followed by 30 min of flush. Enteral doses will be
administered with feedings. The enteral formulation, if used, will be
administered enterally either by mouth, orogastric, nasogastric, gas-
trostomy tube, or other enteral tubes. For enteral administration in in-
fants receiving bolus feedings, mixing and timing of administration may
follow the institutional policy. If there is no specific institutional policy,
it is recommended that the study drug be mixed in 10 mL of feedings to
be given at the end of the feed. If feeds are administered on pump, timing
of administration may follow the institutional policy. If there is no
specific institutional policy, it is recommended that study drug be mixed
in the last 30 min of feeding volume. An investigational pharmacist at
each site will be unmasked and will prepare masked study drug. If the
participant experiences signs or symptoms deemed by the investigator to
be clinically significant hypotension or other type of serious adverse
reaction, the infusion will be stopped. Continued study drug adminis-
tration will be decided by the clinical team. (see appendix A for addi-
tional details on formulation and labeling)

2.4. Masking procedures

Infants randomized to the placebo treatment group will receive the
equivalent volume of dextrose 5% appropriate for IV use or enteral use.
The pharmacy at each site will prepare and dispense the study drug into
appropriate sized syringes in a masked manner (e.g. amber syringe).
Staff accessing participant outcomes will be masked to treatment.

2.5. Drug weaning

In clinical practice, it is recommended to wean from higher doses to
prevent rebound effects. For cohorts 2 and 3, weaning of study sildenafil
or placebo will begin following the last study dose on Day 28 or if the
dose escalates to a dose of >0.5 mg/kg IV or >1 mg/kg enteral and the
participant is withdrawn from the study. A wean by 25% of final
treatment period study dose will occur every 2 days until off. Thus,
participants will complete the wean after 6 days (see Appendix B for
additional details on study drug weaning).

2.6. Randomization procedure

Participants who satisfy all eligibility criteria will be randomized 3:1
(sildenafil: placebo). All three cohorts will use the same randomization
scheme. The participant’s randomized treatment assignment will be
obtained through the Advantage eClinical®™ enrollment module.
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2.7. Study procedures and data collection

Study procedures and visits are outlined in Table 3.

SIL02 will have distinct study periods described below. A more
detailed discussion of each study period is available in Appendix C.

Screening and baseline procedures. Research staff will document
informed consent from the parent/guardian for all participants who
satisfy eligibility criteria. Demographics and a detailed medical history
will be recorded from the clinical medical record.

Treatment Period. The treatment period will include treatment days
1-28 or the last day of study drug if early withdrawal of study drug.
Daily and weekly assessments will be collected including weight,
concomitant medications, study drug dosing information, MAP evalua-
tions, respiratory assessments, laboratory evaluations, PK collections
and adverse events.

Weaning Period (Cohorts 2 and 3). Similar data collected during the
treatment period will be collected during the weaning period, which will
begin following day 28 of study drug or following the last day of study
drug if the participant was withdrawn from study drug prior to day 28
(assuming the dose escalated to >0.5 mg/kg IV or >1 mg/kg enteral).

Follow-up Period. The follow-up period will include days 1-28 after
last study dose. The following information will be collected at Day 7 and
14 of the follow-up period except for SAEs (which will be reported all
days 1-28): Weight, physical examination, MAP, respiratory assess-
ments, laboratory evaluations and adverse events.

36-week PMA Assessment/Final Assessment. If the participant is
discharged before 36 weeks PMA, sites will record assessments taken
closest to discharge date. Similar to the follow-up period, the following
will be collected: weight, physical examination, MAP, respiratory as-
sessments, laboratory evaluations and adverse events.

2.8. Safety monitoring

Safety will be assessed starting at the initial study-specific proced-
ures (e.g., screening blood draws) and will continue during dosing
through to 14 days’ post last study dose (last study dose includes
weaning doses). Safety will be assessed by frequency and incidence of
AEs and SAEs. A data/safety monitoring committee (DMC) will be
convened by NIH to review data and safety information from study
participants throughout the study and prior to opening of cohorts 2 and
3. Monitoring for SAEs will continue for a total of 28 days’ post last study
drug dose (including the weaning doses).

2.8.1. Low blood pressure and hypotension

Blood pressure will be determined using mean arterial pressure
(MAP) measurements performed as standard of care at each site. For
each participant, MAPs will be taken at timed intervals throughout the
study. MAP will be measured using an appropriate size cuff or with an
intra-arterial placed catheter that measures continuous blood pressure.

2.8.2. Primary definition of hypotension

Hypotension will be defined as any clinically significant low blood
pressure event deemed by the treating physician to require intervention
with a fluid bolus or the initiation or escalation of inotropic, vaso-
pressor, or systemic steroid therapy with the specific intent to raise
blood pressure.

2.8.3. Halting criteria

Unscheduled DMC reviews will be automatically triggered for mul-
tiple similar SAE or SARs. Enrollment will be suspended during DMC
review, though study activities will be allowed to proceed on previously
enrolled subjects if applicable (see Appendix D for further details on
safety assessments).
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Table 3

Schedule of study procedures.

Contemporary Clinical Trials Communications 30 (2022) 101025

Screen/ Treatment Weaning Cohort 2 Follow-up SAE Follow-up 36 weeks PMA Final study
Baseline and 3 assessment assessment
Time (Day) Pre-dose 1-28 (+1 Weaning Day 1-6 Day 1-14 post last Day 15-28 post last 36 weeks PMA (+6 Discharge or
Day) study dose study dose days) Transfer
Informed consent X
Demographics X
Physical examination X X (weekly) X X
Medical history X
Actual Weight X X (weekly) X (weekly) X X
Mean Arterial Pressure X X Last day of wean X (weekly)
Respiratory assessment X X (weekly) Last day of wean X (weekly) X X
Laboratory evaluations X X (weekly) X (weekly) X
Study drug X X
Concomitant medications X X
Adverse Events (including X X X
SAEs)
SAE/SARs only X
Echo and Cardiac catheter X X X X X
reports [1]
PK sampling X (after day
7)
Discharge information, X

including ROP

1 - collected only if performed per standard-of-care.

SAE - serious adverse event; SAR — serious adverse reaction; PMA — post menstrual age; ROP - retinopathy of prematurity.

2.9. Outcome measures

Safety. Measuring adverse events (AE) will be the main method for
assessing safety. AEs will only be collected following initial study-
specific procedure (e.g., screening blood draws, drug administration),
through 14 days post last study dose (which includes weaning doses).
SAEs will be collected following initial study-specific procedure (e.g.,
screening blood draws, drug administration), through 28 days post last
study dose (which includes weaning doses). Unexpected adverse events
are events not listed in the package insert or investigational brochure or
investigational plan, or is not listed at the specificity or severity in the
package insert or investigational brochure or investigational plan.

Pharmacokinetics. A population PK analysis will be performed.
Using the final population PK model, empirical Bayesian estimates of
clearance (CL), volume of distribution (V), half-life, and exposure met-
rics (e.g. AUC, maximum concentration) will be generated for each
participant.

Table 4 below provides the optimal PK sampling collection windows.
Blood samples will be collected after any dose following completion of 7
days (168 h) of study drug administration. Blood samples should not be
drawn during infusions or during the flush. Elimination samples will
only be obtained around the last dose of study drug.

Preliminary effectiveness will be measured as a reduction in

Table 4
Target PK Sampling Times (time in relation to end of infusion and flush).

Intravenous or enteral per clinical care

Time®
PK # Enteral” Intravenous®
1 0-15 min 0-15 min
2 30-60 min 30-60 min
3 1-2h 1-2h
4 2-3h 2-3h
5 3-4h 3-4h
6 4-5h 4-5h
7 15 min prior to next dose 15 min prior to next dose
8¢ (elimination) 1624 h 16-24 h

@ May be drawn around more than one dose.

b Sample is taken after dose of study drug (and flush if given by IV).

¢ Time starts at end of flush which must be less than or equal to 30 min.
4 sample taken 16-24 h after last dose.

moderate-severe BPD or death risk from first day of study drug to end of
study drug administration. Moderate-severe BPD or death risk will be
defined according to the latest consensus definition [23] (Table 1b) and
by the NICHD NRN BPD outcome estimator (https://neonatal.rti.org/
index.cfm).

Other outcomes assessed will include moderate or severe BPD or
death at 36 weeks, death, retinopathy of prematurity (ROP), and evi-
dence of pulmonary hypertension. ROP will be defined as any case
involving ROP-treatment including laser photocoagulation, cryo-
therapy, or intraocular injections such as bevacizumab. Pulmonary hy-
pertension will be defined as present or not present per echocardiogram
and/or cardiac catheterization reports, as provided per standard of care.
Echocardiogram and cardiac catheterization reports will be reviewed
centrally by a single Duke pediatric cardiologist.

2.10. Oversight of the study

A DMC was created to monitor the study and an investigational new
drug application was submitted under section 505 (i) of the Federal
Food, Drug, and Cosmetic Act and granted in 2015 (IND 112,374).

2.11. Study analysis

Study Endpoints. Primary safety endpoints are the incidence of AEs
and SAEs. Secondary endpoints include change in BPD risk, BPD inci-
dence, death rate, incidence of death or BPD, incidence of ROP, and
incidence of pulmonary hypertension.

Sample size calculation. The sample size of 30 in each dose group is
sufficient to estimate AE or SAE incidence with sufficient precision.
Table 5 provides widths for 95% Wilson confidence intervals in the dose
groups of size 30 and the total sildenafil treatment cohort of 90 with
different incidence rates. An event with an incidence rate of 0.05 has a

Table 5

Widths for 95% Wilson confidence intervals.
n = 30 n =90
Rate Width 95% CI Rate Width 95% CI
0.1 0.22 0.04-0.26 0.1 0.13 0.05-0.18
0.2 0.28 0.10-0.37 0.2 0.16 0.13-0.29
0.3 0.31 0.17-0.48 0.3 0.19 0.22-0.40
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78% chance of being observed at least once in a dose group and a 99%
chance of being observed at least once in the total sildenafil cohort.

2.12. Data analysis

Population for Analysis. All participants enrolled, randomized, and
dosed will be included in the safety population and the safety analyses.
All participants who had at least one interpretable PK sample will be
included in the PK analysis.

Interim Safety Analyses. The DMC must complete a review of the
safety data after completion of each cohort prior to opening enrollment
into the next cohort. The DMC will review individual SAEs in real time,
and will review safety report summaries at regular DMC meetings that
occur three times per year. The number and percent of AEs and SAEs
within each dose group will be summarized overall as well as by each
Medical Dictionary for Regulatory Activities (MedDRA) system organ
class and preferred term. Laboratory data will be tabulated by dose
groups. Summary statistics for changes from baseline will be presented.

Statistical Plan. Analyses will be presented by treatment groups.
There are 4 planned treatment groups: 1) participants randomized to
sildenafil in Cohort 1; 2) participants randomized to sildenafil in Cohort
2; 3) participants randomized to sildenafil in Cohort 3 and 4) partici-
pants randomized to placebo.

2.12.1. Descriptive statistics

Descriptive statistics such as number of observations, mean, median,
standard deviation, standard error, minimum and maximum will be
presented by treatment groups for continuous variables (such as age,
weight, etc.). Other descriptive statistics such as counts, proportions,
and/or percentages will be presented by group to summarize discrete
variables (such as race, sex, etc.)

2.12.2. Demographic and baseline characteristics

The number of participants completed and discontinued early from
study and the reasons for the discontinuation will be summarized by
treatment group. Demographic and baseline characteristics will also be
summarized by treatment group. Variables include race, age, sex, and
selected clinical variables recorded prior to initiation of study drug.
Study drug administration will be summarized in terms of route, number
of days of dosing and reasons for final discontinuation of study drug.

2.12.3. Safety

The primary safety endpoint is number and percent of AEs and SAEs
and will be summarized by treatment groups. AEs and SAEs will be
presented overall and by each Medical Dictionary for Regulatory Ac-
tivities (MedDRA) system organ class and preferred term. Prior and
concomitant medications will be summarized by World Health Organi-
zation (WHO) drug class. Laboratory data will be tabulated by treatment
groups. Summary statistics for changes from baseline will be presented.
Hypotension (defined as any clinically significant low blood pressure
event deemed by the treating physician to require therapeutic inter-
vention to raise blood pressure) will be summarized by treatment group.

2.12.4. Effectiveness analysis

Multivariable mixed-effects model will be used to explore the rela-
tionship between the maximum and total dose of sildenafil and change
in the risk of moderate BPD, severe BPD or death at 7, 14, 21 and 28 days
of study drug. A dose by time interaction term will allow us to estimated
change in the risk of BPD within each treatment group and make com-
parisons between treatment groups.

Death, BPD status, death or moderate/severe BPD, retinopathy of
prematurity, and pulmonary hypertension will be evaluated at 36 weeks
PMA using logistic regression analyses to evaluate the effect of dose.
Adjustments will be made for important covariates such as GA, birth
weight, sex and maternal race/ethnicity.
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2.12.5. PK analysis plan

PK parameters will be estimated by population PK approach using
non-linear mixed effects modeling in NONMEM. The influence of
covariates on PK parameters will be explored.

2.12.6. Biomarkers
We will relate the concentration of biomarkers (BNP, IL-1, IL-6, IL-8,
TNF-a) to the development of and severity of BPD.

3. Results and discussion

For many pediatric conditions, there are either no or very few FDA-
indicated treatments. For pediatric conditions that also affect adults,
safe and effective drugs may be able to be approved for children in a
somewhat streamlined manner [34]. However, for conditions that only
exist in children, the treatment options can be dire. The roughly 15
million infants born prematurely each year are a profoundly vulnerable
population with very few approved medications. BPD, the most common
respiratory complication of premature birth, leads to lifelong respiratory
problems and currently has no approved drug treatments. All neo-
natologists tasked with managing BPD resort to untested therapies.

The primary research objective of the SILO2 study is to describe the
safety of sildenafil in premature infants at risk for BPD over a range of
doses most often used in clinical practice. Our secondary objectives are
to describe the specific pharmacokinetic characteristics of sildenafil in
this vulnerable population and the preliminary effectiveness of the three
dosing levels to prevent BPD. Altogether, the main program objective of
the SIL01/02 program is to evaluate the collected safety and effective-
ness in total to determine if there exists an optimal dose to move ahead
for definitive phase 3 testing.

Innovative features of SILO2 include the large number of premature
infants given sildenafil in a highly controlled environment with
comprehensive evaluations. Completion of the three cohorts would be
the largest randomized, placebo-controlled trial of sildenafil in prema-
ture infants to date. The study will be completed with FDA regulatory
oversight and collected infants from 15 sites across the US and Canada.
SILO2 will provide a combined safety, PK and effectiveness dataset
involving three levels of dosing. This dose-escalating approach reduces
the risk to subjects because it only allows infants to be exposed to the
lowest doses thought to be clinically relevant, and then allows increases
in dosing in a gradual manner only after an interim independent safety
review. The initial dose of 0.125 mg/kg IV (or 0.25 mg enteral) every 8 h
was chosen based on our phase I study (NCT01670136). In the phase I
study, we enrolled 25 premature infants born at or before 28 weeks
gestation who received standard of care doses of 0.5-2.25 mg/kg enteral
sildenafil at 7-40 days of life [32,33]. A second cohort of 9 similar in-
fants received a single 0.25 mg/kg IV dose. There were 13 adverse
events in cohort 1 (none related to study drug), and 10 adverse events in
cohort 2. One AE in cohort 2 was determined as related to study drug.
The 1 related event was an episode of hypotension which was deter-
mined to be related to a faster than expected infusion rate. The event led
to a DMC review of available data, and a review of all clinical sites’
infusion methods and equipment. The protocol was changed prior to
enrolling the remaining cohort 2 subjects to include a longer infusion
time (30 min), and the dose was lowered by 50% to 0.125 mg/kg. When
the study re-opened 2 additional subjects were enrolled without any
related adverse events. Analysis from these data indicated that a one
compartment body model best described the sildenafil PK in premature
infants. We concluded that following a single intravenous dose of 0.25
mg/kg, sildenafil exposures were within the range of estimates previ-
ously reported for infants following multiple oral dosing, and that
enteral to IV conversion of 2:1 would be appropriate.

Unfortunately, few phase I/II trials of this kind are completed in
pediatrics. Neonatologists have randomized over 12,000 infants into
phase III trials of over 20 drugs in an attempt to reduce the incidence or
severity of BPD [35]. Few of these studies were done under regulatory
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guidance (i.e., with an IND from the FDA) and most did not leverage
preceding phase I and II studies to guide dosing. Unfortunately, it is
common for key phase II trials to be either never started or to be ended
early due to regulatory or funding challenges. Unfortunately, when
phase III trials are not preceded by a rigorous phase II trial providing
pharmacokinetic and optimal dosing information, the phase III trial
often fails to demonstrate clinical efficacy and fails to advance the care
for children [35].

After contributions from more than a dozen research institutions and
regulatory authorities in the US and Canada, low (cohort 1) and medium
(cohort 2) doses were tested in the SILO2 trial and data were submitted
to the SILO2 Data Monitoring Committee (DMC). Recently the DMC
reviewed the cumulative data and judged there to be no concerning
safety signal, and they approved the start of Cohort 3. SILO2 cohort 3
aims to recruit an additional 40 participants to complete testing at the
higher end of dosing commonly used in neonatal practice. The SIL02
study currently has the benefit of a very engaged group of experienced
and dedicated North American neonatologists. Completion of SIL02 will
allow the largest and most complete safety, efficacy and PK analysis to
date for the full range of sildenafil doses used in practice, would likely
change current dosing practices in NICUs around the world, and would
properly lay the foundation for a definitive phase III sildenafil trial in
this high-risk population.

Funding source

This study was funded by the NICHD, Pediatric Trials Network TO39
(SIL02)- Contract # HHSN27502010000031, Task order #
HHSN27500039; and RO1FD006099-01; sub-award Grant #:
RO1FD006099-02; Enteral sildenafil was provided by the Pfizer/Viatris
Corporation.

Financial disclosure

The authors have indicated they have no financial relationships
relevant to this article to disclose.

CRediT author statement

Jason E. Lang: Writing-Original draft preparation, Conceptualiza-
tion, Methodology, Supervision; Chi D. Hornik: Conceptualization,
Methodology, Resources, Review & editing; Karen Martz: Data curation,
Formal analysis; Juliana Jacangelo: Project administration, Resources,
Supervision; Ravinder Anand: Data curation, Formal analysis, Review &
editing, Funding acquisition; Rachel Greenberg: Conceptualization,
Methodology, Supervision, Review & editing; Christoph Hornik:
Conceptualization, Methodology, Supervision, Review & editing;
Kanecia Zimmerman: Conceptualization, Methodology, Supervision,
Review & editing; P. Brian Smith: Conceptualization, Methodology,
Supervision, Review & editing; Daniel K. Benjamin Jr: Funding acqui-
sition, Conceptualization, Methodology, Supervision; Matthew
Laughon: Funding acquisition; Conceptualization, Methodology, Su-
pervision, Review & editing.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
JEL has received consulting fees from Regeneron unrelated to the con-
tent of this article; RGG performs consulting services for Tellus Thera-
peutics and Provepharm, Inc not related to the content of the article. PBS
has received consulting fees from UCB, Tellus, and Provepharm unre-
lated to the content of the article. CDH has performed consulting ser-
vices for Tellus Therapeutics, Amarin Pharma Inc, and Fresenius Kabi
unrelated to the content of this article. CPH performs consulting services
for Tellus Therapeutics, SC Pharma, UCB, Cytokinetics, and Anavex

Contemporary Clinical Trials Communications 30 (2022) 101025

Pharmaceuticals not related to the content of this article.
Data availability

No data was used for the research described in the article.
Acknowledgements

We would like to acknowledge the following for their contributions
to the protocol and the SILO2 study: Alaa Eldemerdash, MD - Childrens
Hospital of Nevada at UMC (CNV99); Irina Gershkovich - Cohen Chil-
drens Medical Center of New York (CNY99); Gratias Mundakel - Kings
County Hospital Center (KCH99); Michael Narvey, MD - Health Sciences
Centre Hospital Manitoba Canada (MAN99); Margaret Fisher, MD -
Monmouth Medical Center (MMC99); Amanda England, MD - Ochsner
Baptist Medical Center (OBM99); Frederico Vieria - University of
Oklahoma (OKL99); Ankita Shukla, MD - Arkansas Childrens Hospital
(UAM99); De-Ann M Pillers, MD - University of Illinois Hospital and
Health Sciences System (UIC99); Mina Hanna, MD - University of Ken-
tucky Medical Center (UKY99); Simon Karam, MD - University of Mis-
sissippi Medical Center (UMC99); Gloria Pryhuber - Golisano Childrens
Hospital (URM99); Barry Bloom, MD - Wesley Medical Center (WMC99);
Mark Hudak, MD — University of Florida Jacksonville Shands Medical
Center (UFJ99) / Wolfson Childrens Hospital (WOL99) and Stephen
Kicklighter - WakeMed Health and Hospitals (WMD99).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.conctc.2022.101025.

References

[1] B. Thebaud, K.N. Goss, M. Laughon, et al., Bronchopulmonary dysplasia, Nat. Rev.
Dis. Prim. 5 (1) (2019) 78.

[2] R. Wadhawan, B.R. Vohr, A.A. Fanaroff, et al., Does labor influence neonatal and
neurodevelopmental outcomes of extremely-low-birth-weight infants who are born
by cesarean delivery? Am. J. Obstet. Gynecol. 189 (2) (2003) 501-506.

[3] B.B. Poindexter, R. Feng, B. Schmidt, et al., Comparisons and limitations of current
definitions of bronchopulmonary dysplasia for the prematurity and respiratory
outcomes program, Ann Am Thorac Soc 12 (12) (2015) 1822-1830.

[4] E.A. Jensen, E.M. Edwards, L.T. Greenberg, R.F. Soll, D.E.Y. Ehret, J.D. Horbar,
Severity of bronchopulmonary dysplasia among very preterm infants in the United
States, Pediatrics 148 (1) (2021).

[5] K.C. Wai, M.A. Kohn, R.A. Ballard, et al., Early cumulative supplemental oxygen
predicts bronchopulmonary dysplasia in high risk extremely low gestational age
newborns, J. Pediatr. 177 (2016) 97-102 e102.

[6] C.M. Alvira, R.E. Morty, Can we understand the pathobiology of
bronchopulmonary dysplasia? J. Pediatr. 190 (2017) 27-37.

[7] L.A. Hernandez, K.J. Peevy, A.A. Moise, J.C. Parker, Chest wall restriction limits
high airway pressure-induced lung injury in young rabbits, J. Appl. Physiol. 66 (5)
(1985) 2364-2368, 1989.

[8] D.P. Carlton, J.J. Cummings, R.G. Scheerer, F.R. Poulain, R.D. Bland, Lung
overexpansion increases pulmonary microvascular protein permeability in young
lambs, J. Appl. Physiol. 69 (2) (1985) 577-583, 1990.

[9] L.J. Bjorklund, J. Ingimarsson, T. Curstedt, et al., Manual ventilation with a few
large breaths at birth compromises the therapeutic effect of subsequent surfactant
replacement in immature lambs, Pediatr. Res. 42 (3) (1997) 348-355.

[10] E. Bancalari, Barotrauma to the lung, in: M. A (Ed.), Advances in Perinatal
Medicine, Plenum, New York, 1982.

[11] J.J. Coalson, Pathology of new bronchopulmonary dysplasia, Semin. Neonatol. 8
(1) (2003) 73-81.

[12] J.J. Coalson, V. Winter, R.A. deLemos, Decreased alveolarization in baboon
survivors with bronchopulmonary dysplasia, Am. J. Respir. Crit. Care Med. 152 (2)
(1995) 640-646.

[13] A.J. Jobe, The new BPD: an arrest of lung development, Pediatr. Res. 46 (6) (1999)
641-643.

[14] T. Gerhardt, E. Bancalari, Components of effective elastance and their maturational
changes in human newborns, J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 53
(3) (1982) 766-769.

[15] W.H. Northway Jr., R.C. Rosan, D.Y. Porter, Pulmonary disease following
respirator therapy of hyaline-membrane disease. Bronchopulmonary dysplasia,

N. Engl. J. Med. 276 (7) (1967) 357-368.

[16] B.R. Vohr, L.L. Wright, A.M. Dusick, et al., Neurodevelopmental and functional

outcomes of extremely low birth weight infants in the national Institute of Child


https://doi.org/10.1016/j.conctc.2022.101025
https://doi.org/10.1016/j.conctc.2022.101025
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref1
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref1
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref2
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref2
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref2
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref3
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref3
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref3
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref4
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref4
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref4
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref5
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref5
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref5
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref6
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref6
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref7
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref7
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref7
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref8
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref8
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref8
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref9
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref9
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref9
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref10
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref10
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref11
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref11
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref12
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref12
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref12
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref13
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref13
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref14
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref14
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref14
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref15
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref15
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref15
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref16
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref16

J.E. Lang et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

health and human development neonatal research Network, 1993-1994, Pediatrics
105 (6) (2000) 1216-1226.

N.S. Wood, K. Costeloe, A.T. Gibson, et al., The EPICure study: associations and
antecedents of neurological and developmental disability at 30 months of age
following extremely preterm birth, Arch. Dis. Child. Fetal Neonatal Ed. 90 (2)
(2005) F134-F140.

A. Fily, V. Pierrat, V. Delporte, G. Breart, P. Truffert, Group EN-P-d-CS, Factors
associated with neurodevelopmental outcome at 2 years after very preterm birth:
the population-based Nord-Pas-de-Calais EPIPAGE cohort, Pediatrics 117 (2)
(2006) 357-366.

K.A. McAleese, M.A. Knapp, T.T. Rhodes, Financial and emotional cost of
bronchopulmonary dysplasia, Clin Pediatr (Phila). 32 (7) (1993) 393-400.

F. Ladha, S. Bonnet, F. Eaton, K. Hashimoto, G. Korbutt, B. Thebaud, Sildenafil
improves alveolar growth and pulmonary hypertension in hyperoxia-induced lung
injury, Am. J. Respir. Crit. Care Med. 172 (6) (2005) 750-756.

M. Katz-Salamon, E.M. Gerner, B. Jonsson, H. Lagercrantz, Early motor and mental
development in very preterm infants with chronic lung disease, Arch. Dis. Child.
Fetal Neonatal Ed. 83 (1) (2000) F1-F6.

A.H. Jobe, E. Bancalari, Bronchopulmonary dysplasia, Am. J. Respir. Crit. Care
Med. 163 (7) (2001) 1723-1729.

E.A. Jensen, K. Dysart, M.G. Gantz, et al., The diagnosis of bronchopulmonary
dysplasia in very preterm infants. An evidence-based approach, Am. J. Respir. Crit.
Care Med. 200 (6) (2019) 751-759.

M.M. Laughon, J.C. Langer, C.L. Bose, et al., Prediction of bronchopulmonary
dysplasia by postnatal age in extremely premature infants, Am. J. Respir. Crit. Care
Med. 183 (12) (2011) 1715-1722.

[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

Contemporary Clinical Trials Communications 30 (2022) 101025

October 1, www.dailymed.nlm.gov, 2010, http://dailymed.nlm.nih.gov/d
ailymed/drugInfo.cfm?id=13390.

N. Galie, H.A. Ghofrani, A. Torbicki, et al., Sildenafil citrate therapy for pulmonary
arterial hypertension, N. Engl. J. Med. 353 (20) (2005) 2148-2157.

PhRMA Web Synopsis Protocol A1481131, 2008, http://www.clinicalstudyresults.
org/documents/company-study_9121_0.pdf, 2008.

R.J. Barst, M. Beghetti, T. Pulido, et al., STARTS-2: long-term survival with oral
sildenafil monotherapy in treatment-naive pediatric pulmonary arterial
hypertension, Circulation 129 (19) (2014) 1914-1923.

FDA, Highlights of Prescribing Information: Sildenafil, 2014.

K.M.C.K. Perez, A.H. Herring, Sildenafil exposure in the neonatal intensive care
unit, ePAS 1533 (2012) 559.

K.M. Perez, M. Laughon, Sildenafil in term and premature infants: a systematic
review, Clin. Therapeut. 37 (11) (2015) 2598-2607, e2591.

D. Gonzalez, M.M. Laughon, P.B. Smith, et al., Population pharmacokinetics of
sildenafil in extremely premature infants, Br. J. Clin. Pharmacol. 85 (12) (2019)
2824-2837.

W. Jackson, D. Gonzalez, P.B. Smith, et al., Safety of sildenafil in extremely
premature infants: a phase I trial, J. Perinatol. 42 (1) (2022) 31-36, https://doi.
org/10.1038/541372-021-01261-w.

J. Dunne, W.J. Rodriguez, M.D. Murphy, et al., Extrapolation of adult data and
other data in pediatric drug-development programs, Pediatrics 128 (5) (2011)
el242-e1249.

K.S. Beam, S. Aliaga, S.K. Ahlfeld, M. Cohen-Wolkowiez, P.B. Smith, M.

M. Laughon, A systematic review of randomized controlled trials for the prevention
of bronchopulmonary dysplasia in infants, J. Perinatol. 34 (9) (2014) 705-710.


http://refhub.elsevier.com/S2451-8654(22)00142-9/sref16
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref16
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref17
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref17
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref17
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref17
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref18
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref18
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref18
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref18
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref19
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref19
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref20
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref20
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref20
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref21
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref21
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref21
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref22
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref22
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref23
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref23
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref23
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref24
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref24
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref24
http://www.dailymed.nlm.gov
http://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?id=13390
http://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?id=13390
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref26
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref26
http://www.clinicalstudyresults.org/documents/company-study_9121_0.pdf
http://www.clinicalstudyresults.org/documents/company-study_9121_0.pdf
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref28
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref28
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref28
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref29
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref30
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref30
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref31
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref31
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref32
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref32
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref32
https://doi.org/10.1038/s41372-021-01261-w
https://doi.org/10.1038/s41372-021-01261-w
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref34
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref34
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref34
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref35
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref35
http://refhub.elsevier.com/S2451-8654(22)00142-9/sref35

	Safety of sildenafil in premature infants at risk of bronchopulmonary dysplasia: Rationale and methods of a phase II random ...
	1 Introduction
	2 Study design
	2.1 Study population
	2.1.1 Criteria for enrollment – inclusion
	2.1.2 Criteria for enrollment – exclusion

	2.2 Study drug and dosing
	2.3 Drug preparation and administration
	2.4 Masking procedures
	2.5 Drug weaning
	2.6 Randomization procedure
	2.7 Study procedures and data collection
	2.8 Safety monitoring
	2.8.1 Low blood pressure and hypotension
	2.8.2 Primary definition of hypotension
	2.8.3 Halting criteria

	2.9 Outcome measures
	2.10 Oversight of the study
	2.11 Study analysis
	2.12 Data analysis
	2.12.1 Descriptive statistics
	2.12.2 Demographic and baseline characteristics
	2.12.3 Safety
	2.12.4 Effectiveness analysis
	2.12.5 PK analysis plan
	2.12.6 Biomarkers


	3 Results and discussion
	Funding source
	Financial disclosure
	CRediT author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


