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IMPORTANCE Bronchopulmonary dysplasia (BPD) occurs in approximately 40% of infants
born at younger than 30 weeks’ gestation and is associated with adverse pulmonary and
neurodevelopmental outcomes.

OBJECTIVE To test whether administration of inhaled nitric oxide to preterm infants requiring
positive pressure respiratory support on postnatal days 5 to 14 improves the rate of survival
without BPD.

DESIGN, SETTING, AND PARTICIPANTS This intent-to-treat study was a randomized clinical trial
performed at 33 US and Canadian neonatal intensive care units. Participants included 451
neonates younger than 30 weeks’ gestation with birth weight less than 1250 g receiving
mechanical ventilation or positive pressure respiratory support on postnatal days 5 to 14.
Enrollment spanned from December 23, 2009, to April 23, 2012, and neurodevelopmental
outcome studies were completed by April 4, 2014.

INTERVENTIONS Placebo (nitrogen) or inhaled nitric oxide initiated at 20 ppm was decreased
to 10 ppm between 72 and 96 hours after starting treatment and then to 5 ppm on day 10 or
11. Infants remained on the 5-ppm dose until completion of therapy (24 days).

MAIN OUTCOMES AND MEASURES The primary outcome was the rate of survival without BPD
at 36 weeks’ postmenstrual age (PMA). Secondary outcomes included BPD severity,
postnatal corticosteroid use, respiratory support, survival, and neurodevelopmental
outcomes at 18 to 24 months’ PMA.

RESULTS In total, 222 infants (52.3% male [n = 116]) received placebo, and 229 infants
(50.2% male [n = 115]) received inhaled nitric oxide. Their mean (SD) gestation was 25.6 (1.5)
vs 25.6 (1.4) weeks, and their mean (SD) birth weight was 750 (164) vs 724 (160) g. Survival
without BPD at 36 weeks’ PMA was similar between the placebo and inhaled nitric oxide
groups (31.5% [n = 70] vs 34.9% [n = 80]) (odds ratio, 1.17; 95% CI, 0.79-1.73). Rates for
severe BPD (26.6% [55 of 207] vs 20.5% [43 of 210]) and postnatal corticosteroid use for
BPD (41.0% [91 of 222] vs 41.5% [95 of 229]) and the mean (SD) days of positive pressure
respiratory support (55 [40] vs 54 [42]), oxygen therapy (88 [41] vs 91 [59]), and
hospitalization (105 [37] vs 108 [54]) were equivalent between the 2 groups. No differences
in the incidence of common morbidities were observed. Respiratory outcomes on discharge
to home, at 1 year, and at age 18 to 24 months’ PMA and neurodevelopmental assessments at
18 to 24 months’ PMA did not differ between groups.

CONCLUSIONS AND RELEVANCE Inhaled nitric oxide, initiated at 20 ppm on postnatal days 5 to
14 to high-risk preterm infants and continued for 24 days, appears to be safe but did not
improve survival without BPD at 36 weeks’ PMA or respiratory and neurodevelopmental
outcomes at 18 to 24 months’ PMA.
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W ith modern neonatal care, approximately 40% of sur-
vivors with gestational age (GA) younger than 30
weeks develop bronchopulmonary dysplasia (BPD).1

Prevention and treatment of evolving BPD is an important clini-
cal concern because it is associated with long-term pulmo-
nary disease2,3 and neurodevelopmental impairment.4,5

Inhaled nitric oxide is a pulmonary vasodilator approved
for treatment of hypoxic respiratory failure in term and near-
term infants with clinical or echocardiographic evidence of pul-
monary hypertension based on results from 2 randomized clini-
cal trials.6,7 Interest in inhaled nitric oxide use in preterm
infants increased as animal studies8-11 demonstrated a wide ar-
ray of beneficial effects on lung parenchyma, bronchi, and pul-
monary vasculature. However, randomized clinical trials12-17

assessing inhaled nitric oxide efficacy for preventing BPD in
preterm infants have yielded mixed results. Trials in preterm
infants are broadly categorized based on inclusion criteria, en-
try in the first 3 days for high oxygenation index (rescue), rou-
tine use in intubated preterm infants (prophylactic), and later
enrollment for increased BPD risk (prevention).18 Only 2
studies demonstrated reduction in BPD. One was a single-
center study12 of prophylactic inhaled nitric oxide in preterm
infants. The second study, the Nitric Oxide (to Prevent)
Chronic Lung Disease (NO CLD) trial,16 found that inhaled
nitric oxide therapy improved survival without BPD at 36
weeks’ postmenstrual age (PMA). The NO CLD trial focused
on BPD prevention using a starting dose of 20 ppm and
delaying start of treatment until 7 to 21 days after birth. By
treating only those infants requiring mechanical ventilation
for at least 7 days after birth, infants with developing lung
disease and at very high risk for BPD were targeted.19 Post
hoc analyses indicated that inhaled nitric oxide had the
greatest benefit in infants when starting treatment on post-
natal days 7 to 14, with no advantage for those infants start-
ing later than day 14 after birth.16 Furthermore, infants
treated with inhaled nitric oxide received less bronchodila-
tors, inhaled corticosteroids, systemic corticosteroids, diuret-
ics, and supplemental oxygen after discharge.20 However, the
cohort treated with inhaled nitric oxide had no reduction in
hospitalizations,20 and the rate of neurodevelopmental
impairment at age 2 years was similar to the placebo group.21

The hypothesis of the present study was that administration
of inhaled nitric oxide to infants younger than 30 weeks’ ges-
tation with birth weight less than 1250 g receiving mechani-
cal ventilation or positive pressure respiratory support on
postnatal days 5 to 14 would decrease the incidence of BPD at
36 weeks’ PMA.

Methods
This randomized clinical trial was performed at 33 US and Ca-
nadian neonatal intensive care units (NICUs) (listed in the
Group Information section at the end of the article). Enroll-
ment in this multicenter, double-masked, and placebo-
controlled trial spanned from December 23, 2009, until April
23, 2012, and neurodevelopmental outcome studies were com-
pleted by April 4, 2014.

The protocol, protocol amendments, and informed con-
sent forms were reviewed and approved by the institutional
review board at each study site. The trial protocol is in
Supplement 1. Written informed consent was obtained from
the parents or legal representative.

Eligibility Criteria
Inclusion criteria were as follows: (1) GA younger than 30
weeks; (2) birth weight less than 1250 g; (3) postnatal age of 5
to 14 days at study entry; and (4) requirement of mechanical
ventilation or, for those weighing 800 g or less, positive pres-
sure respiratory support (including continuous positive air-
way pressure [CPAP]) for primary respiratory insufficiency.
Exclusion criteria were the following: (1) presence of any life-
threatening cranial, cardiac, thoracic, or chromosomal anoma-
lies; (2) congenital diaphragmatic hernia; (3) bilateral grade 4
intraventricular hemorrhage; (4) dependence on right-to-left
shunting to maintain systemic circulation; (5) prior exposure
to inhaled nitric oxide therapy; or (6) use of another investi-
gational agent. A head ultrasound scan was obtained for all in-
fants after 72 hours of life and before start of study gas (pla-
cebo or inhaled nitric oxide).

Randomization and Interventions
Eligible infants were block randomized in groups of 4 to treat-
ment with placebo or inhaled nitric oxide using an interactive
voice response system and stratified by NICU and GA at birth
(<27 vs 27 to <30 weeks’ GA). Twins and triplets were as-
signed to the same treatment arm. Infants received either in-
haled nitric oxide (INOmax; INO Therapeutics) or placebo
(100% grade 5 nitrogen gas) for 24 days. The INOvent deliv-
ery system (INO Therapeutics) had a metal face plate cover-
ing nitric oxide and nitrogen dioxide monitors. The INOvent
delivery system was calibrated by an unmasked respiratory
therapist within 24 hours of study drug initiation, and the sys-
tem remained locked at all times after study drug initiation ex-
cept to make changes to study gas administration. The un-
masked respiratory therapists were not involved in direct infant
care, whereas all personnel providing direct care were masked
to treatment assignment.

Key Points
Question Does inhaled nitric oxide initiated on postnatal days 5 to
14 and continued for 24 days improve survival without
bronchopulmonary dysplasia in preterm infants younger than 30
weeks’ gestation?

Findings In this randomized clinical trial of 451 infants, no
differences were observed in mortality, incidence of
bronchopulmonary dysplasia, or respiratory or neurodevelop-
mental outcomes between the placebo and inhaled nitric oxide
groups at 36 weeks’ postmenstrual age, 1 year, or 18 to 24 months’
postmenstrual age.

Meaning This study provides evidence that inhaled nitric oxide
administration does not improve survival without
bronchopulmonary dysplasia or neurodevelopmental outcomes in
very preterm infants.
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Placebo (nitrogen) or inhaled nitric oxide was initiated at
20 ppm and was decreased to 10 ppm between 72 and 96 hours
after starting treatment and then to 5 ppm on day 10 or 11. In-
fants remained on the 5 ppm dose until completion of therapy
(24 days). If infants were extubated before completion of 24
days of therapy, study gas was administered via nasal CPAP or
nasal cannula to complete the assigned treatment period. Treat-
ment with open-label inhaled nitric oxide was not allowed at
any time unless individuals were withdrawn from the study.
Because this trial was an intent-to-treat study, data from with-
drawn participants were included in the analysis. The infants
whose legal guardian withdrew informed consent before the
primary outcome and were alive were not assessed for BPD
using the timed oxygen reduction test.22 However, they were
imputed as having BPD.

Nitrogen dioxide and methemoglobin levels were monitored
during study drug administration. The study drug was discon-
tinued if nitrogen dioxide levels exceeded 3 ppm or methemo-
globin levels exceeded 5% on 2 samples 6 hours apart or if lev-
els exceeded 5 ppm or 7.5%, respectively, on a single reading.

Outcome Measures
The primary outcome was the rate of survival without BPD at
36 weeks’ PMA. Diagnosis of BPD was assessed at 36 weeks’
PMA (±3 days) using the physiologic assessment of BPD.22 In-
fants who were receiving CPAP or had a fraction of inspired oxy-
gen (FIO2) concentration of at least 0.3 were classified as hav-
ing BPD. Infants who were off ventilatory support with FIO2

concentration less than 0.3 or were receiving CPAP with room
air at 36 weeks’ PMA underwent a timed oxygen reduction
test22 to determine if BPD was present. Bronchopulmonary dys-
plasia severity among survivors, as determined by level of sup-
port given to maintain arterial oxygen saturation of at least 90%,
was classified according to the National Institutes of Health
criteria23 as none or mild, moderate, or severe. Secondary out-
comes included the following: (1) duration of CPAP; (2) dura-
tion of oxygen therapy and birth hospitalization; (3) propor-
tion of infants who received postnatal corticosteroids during
their birth hospitalization; (4) proportion of infants receiving
respiratory medications, inhaled or systemic corticosteroids,
and oxygen therapy; and (5) proportion of infants requiring hos-
pitalization for respiratory illness or any reason. Survival to fol-
low-up at 1 year and 18 to 24 months’ PMA was assessed as an
additional efficacy measure. To assess long-term effects, re-
spiratory status at 1 year and 18 to 24 months’ PMA and neu-
rodevelopmental outcomes at 18 to 24 months’ PMA were also
investigated.

Safety Assessments
The incidence of all adverse events (AEs) and their severity were
monitored throughout the course of treatment. Serious AEs oc-
curring during the follow-up period were summarized at de-
fined follow-up visits. Other safety evaluations included the
incidence of elevated nitrogen dioxide and methemoglobin lev-
els. An independent safety monitoring committee met peri-
odically to review the unmasked safety data. All data were veri-
fied by United BioSource Corporation, an independent contract
research organization.

Follow-up at 1 Year and 18 to 24 Months’ PMA
After assessment at 36 weeks’ PMA, all infants were to be seen
at 1-year corrected age for assessment of respiratory out-
comes. Neurodevelopmental and respiratory assessments were
performed at 18 to 24 months’ PMA. At the 12-month follow-
up, recorded variables included the following: survival, so-
matic growth measurements (weight, length, and head cir-
cumference), vital signs, medical history review, complete
physical examination, vision assessment (including retinopa-
thy of prematurity treatment), oxygen therapy at discharge
home or follow-up visit, hospitalization or emergency depart-
ment visit history, medications, and respiratory syncytial vi-
rus prophylaxis. Neurodevelopmental outcomes were as-
sessed at 18 to 24 months’ PMA using the Bayley Scales of Infant
and Toddler Development, Third Edition (BSID-III),24 which
included assessments of cognitive, receptive, and expressive
communication skills. The BSID-III was administered by cer-
tified examiners. Neurodevelopmental impairment was de-
fined as any one of the following: BSID-III cognitive score less
than 85, Gross Motor Function Classification System level of
at least 2, moderate to severe cerebral palsy, any visual loss in
one or both eyes, or any hearing impairment.

Statistical Analysis
Based on the outcome of infants randomized to nitric oxide
therapy on postnatal days 7 to 14 in the NO CLD trial (n = 112),16

we calculated that a sample size of 450 infants (225 per group)
would provide 90% power to detect a 15% absolute differ-
ence (28% vs 43%) in the rate of survival without BPD at a type
I error rate of 5%. Measurements from the same birth (ie, twins
and triplets) were considered repeat measurements. The gen-
eralized estimating equation model with a logit link was used
for analysis of the primary outcome and other binary re-
sponse variables, and an exchangeable working correlation
structure was used. A mixed-effects model with random in-
tercepts was used to analyze continuous outcome variables.
All models were adjusted for GA strata because GA was used
to stratify randomization. To allow comparison with other pub-
lished randomized trials of inhaled nitric oxide to prevent BPD,
post hoc analyses were planned for subgroups based on birth
weight, GA, sex, postnatal age at study entry, maternal race,
and mode of respiratory support at study entry. These analy-
ses were performed by including group by treatment interac-
tions in the regression model. For an interaction term with more
than 2 categories (birth weight or maternal race), a multivari-
able Wald test was performed to evaluate equality of treat-
ment across groups.

A gatekeeping procedure was used to handle multiplicity
for the primary and secondary comparisons. The Fisher ex-
act test was used for between-group comparisons of AE inci-
dences. A significance level of 2-sided P < .05 was set for all
between-group comparisons. Efficacy analyses were per-
formed on the intent-to-treat population, which included all
randomized infants. Safety analyses were performed on the
study population, which included all randomized infants who
received the study drug. Statistical analyses were performed
using a software program (SAS, versions 9.2 and 9.4; SAS In-
stitute Inc).
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Results

A total of 3641 infants who met birth weight and GA at birth
criteria were assessed for eligibility; 3190 of these infants were
deemed ineligible (Figure). Of the 451 neonates enrolled, 222
were randomized to receive placebo, and 229 were random-
ized to receive inhaled nitric oxide. There were 186 single-
tons, 15 sets of twins, and 2 sets of triplets in the placebo group.
There were 191 singletons, 16 sets of twins, and 2 sets of trip-
lets in the inhaled nitric oxide group.

In the placebo group, 15 infants died, and informed con-
sent was withdrawn for 3 infants, leaving 204 infants for BPD
assessment at 36 weeks’ PMA (Figure). In the inhaled nitric ox-
ide group, 19 infants died, and informed consent was with-
drawn for 2 infants, leaving 208 infants for BPD assessment
at 36 weeks’ PMA. The 5 infants whose parents withdrew con-
sent were imputed as having BPD because they could not be
assessed for BPD. Therefore, the total numbers of infants who
survived to 36 weeks’ PMA were 207 in the placebo group and
210 in the inhaled nitric oxide group.

There were 2 clinically relevant imbalances between the
placebo and inhaled nitric oxide groups: a larger proportion
of infants of maternal white race were enrolled in the inhaled
nitric oxide group compared with the placebo group, and rup-
ture of membranes for more than 7 days occurred in a higher

proportion of infants in the inhaled nitric oxide group com-
pared with the placebo group (Table 1). No other relevant im-
balances were observed in baseline characteristics between
groups.

The proportion of infants who survived to 36 weeks’ PMA
without BPD was similar between the placebo and inhaled ni-
tric oxide groups. The proportion of infants who survived to
36 weeks’ PMA or had a BPD diagnosis at 36 weeks’ PMA also
did not differ between groups (Table 2). Post hoc analyses of
primary outcome data for selected subgroups of study in-
fants demonstrated no significant interactions with birth
weight, GA, sex, postnatal age at study entry, maternal race,
or mode of respiratory support at study entry. Subgroup analy-
sis of infants born at 27 to less than 30 weeks’ GA showed no
significant difference in the rate of BPD-free survival at 36
weeks’ PMA between infants randomized to placebo vs in-
haled nitric oxide (28.3% [13 of 46] vs 47.6% [20 of 42]). Sub-
group analysis of infants born at younger than 27 weeks’ GA
also showed no difference in the rate of BPD-free survival at
36 weeks’ PMA between infants randomized to placebo vs in-
haled nitric oxide (32.4% [57 of 176] vs 32.1% [60 of 187]). Rates
for severe BPD were similar between the placebo (55 of 207
[26.6%]) and inhaled nitric oxide (43 of 210 [20.5%]) groups
(odds ratio, 0.71; 95% CI, 0.45-1.12).

There were no differences between groups in the inci-
dence of common complications of prematurity, including sep-
sis, patent ductus arteriosus, necrotizing enterocolitis, reti-
nopathy of prematurity (any stage), intraventricular
hemorrhage (any grade), and pulmonary air leak (eTable in
Supplement 2). None of the infants receiving inhaled nitric ox-
ide had a significant elevation in nitrogen dioxide or methe-
moglobin level.

Respiratory support outcomes and other respiratory
morbidities at the time of discharge to home and follow-up at
1 year or 18 to 24 months’ PMA did not differ between groups
(Table 3). As expected, given the degree of prematurity, the
infants had a long duration of CPAP, oxygen therapy, and
hospitalization. Severity of BPD and postnatal corticosteroid
use were also similar between groups. Of the 417 infants who
survived to 36 weeks’ PMA, outcome data were available for
412 (98.8%). Eleven infants (4 in the placebo group and 7 in
the inhaled nitric oxide group) died after the 36-week assess-
ment but before age 1 year. Of the remaining 401 infants, 393
(98.0%) were evaluated at 1 year, and 360 (89.8%) were
evaluated at the follow-up assessment at 18 to 24 months’
PMA.

Neurodevelopmental assessment, including BSID-III ex-
amination at the follow-up at 18 to 24 months’ PMA, was com-
pleted on 331 infants (167 in the placebo group and 164 in the
inhaled nitric oxide group); no significant differences were
found between groups (Table 4). The percentage of infants with
severe (BSID-III cognitive score <70) or moderate (BSID-III cog-
nitive score of 70-84) cognitive disability was similar be-
tween groups. Overall, 33.5% (111 of 331) of the infants had nor-
mal cognitive ability, defined as a BSID-III cognitive score of
at least 100. Overall, 17.8% (64 of 360) of the infants had neu-
rodevelopmental impairment, 5.0% (18 of 360) had moder-
ate to severe cerebral palsy, 13.3% (48 of 360) had vision

Figure. CONSORT Study Diagram

451 Infants enrolled

3190 Excluded
1991 Did not meet inclusion

criteria

79 Physician declined
375 Other

470 Declined consent
275 Met exclusion criteria

451 Randomized

229 Randomized to receive inhaled
nitric oxide

21 Did not receive nitric oxide
as randomized
19 Died (included in primary

outcome)
2 Withdrew consent

222 Randomized to receive placebo
18 Did not receive placebo as

randomized
15 Died (included in primary

outcome)
3 Withdrew consent

198 Followed up to 1 y
7 Died
3 Lost to follow-up

195 Followed up to 1 y
4 Died
5 Lost to follow-up

180 Followed up to 2 y
18 Lost to follow-up

180 Followed up to 2 y
15 Lost to follow-up

208 Assessed for BPD at 36 wk PMA 204 Assessed for BPD at 36 wk PMA

3641 Infants screened for eligibility

BPD indicates bronchopulmonary dysplasia; CONSORT, Consolidated Standards
of Reporting Trials; and PMA, postmenstrual age.
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impairment, and 5.2% (18 of 346) had hearing impairment, with
no differences between groups.

Discussion
In high-risk preterm infants requiring mechanical ventilation
or positive pressure respiratory support on postnatal days 5 to
14, inhaled nitric oxide (initiated at 20 ppm and administered
in decreasing doses over 24 days) did not increase the likeli-
hood of survival without BPD at 36 weeks’ PMA vs placebo.
No significant between-group differences were observed in sec-
ondary outcomes measured or AE rates. No significant differ-
ences were found in respiratory outcomes at 1 year or 18 to 24
months’ PMA or in neurodevelopmental outcomes assessed
at 18 to 24 months’ PMA.

We hypothesized that initiating inhaled nitric oxide treat-
ment later, at a higher dose, and for a longer period than in stud-
ies reported by Kinsella et al,15 Mercier et al,17 Schreiber et al,12

and Van Meurs et al13 would improve the primary outcome of
survival without BPD at 36 weeks’ PMA. We expected our re-
sults to be similar to the NO CLD trial reported by Ballard et
al.16 That trial included high-risk preterm infants aged 7 to 21
days requiring mechanical ventilation or positive pressure re-
spiratory support. They reported a 16% relative increase in sur-
vival without BPD in the group treated with inhaled nitric ox-
ide. Post hoc analysis suggested that the outcome difference
for the whole study was attributed to the subgroup enrolled
between ages 7 and 14 days, with a 75% relative increase in sur-
vival without BPD in the group treated with inhaled nitric ox-
ide. Our study was designed to confirm the efficacy of in-
haled nitric oxide to improve survival without BPD by

Table 1. Demographics and Baseline Characteristics of Study Infantsa

Variable
Placebo
(n = 222)

Inhaled Nitric Oxide
(n = 229)

Birth weight, g

Mean (SD) 750 (164) 724 (160)

<750, No./total No. (%) 119/221 (53.8) 139/229 (60.7)

750-999, No./total No. (%) 82/221 (37.1) 71/229 (31.0)

≥1000, No./total No. (%) 20/221 (9.0) 19/229 (8.3)

Gestational age at birth, wk

Mean (SD) 25.6 (1.5) 25.6 (1.4)

<27, No. (%) 176 (79.3) 187 (81.7)

27 to <30, No. (%) 46 (20.7) 42 (18.3)

Male sex, No. (%) 116 (52.3) 115 (50.2)

Maternal race, No. (%)

Black 62 (27.9) 55 (24.0)

Hispanic 48 (21.6) 40 (17.5)

White 85 (38.3) 120 (52.4)

Other 27 (12.2) 14 (6.1)

Antenatal corticosteroid use, No./total No. (%) 186/216 (86.1) 199/223 (89.2)

Cesarean delivery, No./total No. (%) 144/218 (66.1) 154/229 (67.2)

Intrauterine growth restriction, No./total No. (%) 41/221 (18.6) 54/221 (24.4)

Rupture of membranes for >7 d, No. (%) 9 (4.1) 24 (10.5)

Suspected chorioamnionitis, No./total No. (%) 41/203 (20.2) 55/216 (25.5)

Surfactant use, No./total No. (%) 220/220 (100) 229/229 (100)

Vitamin A use, No./total No. (%) 36/220 (16.4) 30/229 (13.1)

Apgar score, mean (range), min

1 4 (0-9) 4 (0-9)

5 6 (1-9) 6 (1-10)

Age at start of treatment, d

Mean (SD) 9.9 (2.8) 9.5 (2.9)

<7, No./total No. (%) 45/220 (20.4) 54/229 (23.6)

7-14, No./total No. (%) 175/220 (79.5) 175/229 (76.4)

Respiratory severity score, mean (SD)b 3.0 (1.9) 2.9 (2.0)

Mode of respiratory support at study entry, No./total No. (%)

High-frequency ventilation 51/220 (23.2) 65/228 (28.5)

Conventional ventilation 123/220 (55.9) 118/228 (51.8)

Nasal CPAP 18/220 (8.2) 29/228 (12.7)

Other 28/220 (12.7) 16/228 (7.0)

Abbreviation: CPAP, continuous
positive airway pressure.
a Denominators listed in the table

reflect the number of patients with
available data for that variable.

b Calculated as the fraction of inspired
oxygen (FIO2) concentration times
the mean airway pressure (cm H2O).
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replicating the NO CLD subgroup enrolled between ages 7 and
14 days. Reasons for the inconsistency in efficacy outcomes
in our study vs results reported in the NO CLD trial16 are un-
clear. The NO CLD trial was not powered to assess the pri-
mary outcome in the subgroup enrolled between ages 7 and
14 days, whereas our study was powered specifically for that
purpose and included twice as many infants in each treat-
ment arm.

Comparison of the NO CLD trial16 and our study popula-
tion did not reveal differences in sex allocation, proportion of
infants receiving noninvasive pressure support at randomiza-
tion, or exposure to antenatal corticosteroids or postnatal sur-
factant therapy. There were no identifiable differences in re-
ported rates of secondary outcomes or AEs except for
retinopathy of prematurity. Notably, the rate of survival with-
out BPD reported in the NO CLD trial (44%)16 was higher than

Table 2. Primary and Secondary Subgroup Analyses for Survival Without Bronchopulmonary Dysplasia (BPD)
at 36 Weeks’ Postmenstrual Age (PMA)a

Variable

No./Total No. (%)

Odds Ratio (95% CI) P ValuebPlacebo Inhaled Nitric Oxide
Primary Outcome

Survival without BPD 70/222 (31.5) 80/229 (34.9) 1.17 (0.79-1.73) NA

Survival to 36 wk PMA 207/222 (93.2) 210/229 (91.7) 0.80 (0.40-1.62) NA

BPD in survivors to 36 wk PMA 137/207 (66.2) 130/210 (61.9) 0.83 (0.56-1.24) NA

Post Hoc Subgroup Analysesc

Birth weight, g

<750 29/119 (24.4) 41/139 (29.5) 1.30 (0.73-2.29)

.19750-999 33/82 (40.2) 26/71 (36.6) 0.86 (0.45-1.61)

≥1000 8/20 (40.0) 13/19 (68.4) 3.29 (0.88-12.25)

Gestational age at birth, wk

<27 57/176 (32.4) 60/187 (32.1) 0.99 (0.63-1.54)
.08

27 to <30 13/46 (28.3) 20/42 (47.6) 2.31 (0.99-5.37)

Sex

Female 40/106 (37.7) 39/114 (34.2) 0.85 (0.49-1.48)
.12

Male 30/116 (25.9) 41/115 (35.7) 1.60 (0.90-2.83)

Maternal race

Black 22/62 (35.5) 25/55 (45.5) 1.51 (0.73-3.13)

.23
Hispanic 17/48 (35.4) 13/40 (32.5) 0.89 (0.35-2.24)

White 27/85 (31.8) 36/120 (30.0) 0.91 (0.50-1.66)

Other 4/27 (14.8) 6/14 (42.9) 4.34 (0.93-20.19)

Age at study entry, d

<7 16/45 (35.6) 20/54 (37.0) 1.07 (0.46-2.49)
.85

7-14 54/175 (30.9) 60/175 (34.3) 1.17 (0.75-1.82)

Respiratory support at start of treatment

Mechanical ventilation 61/202 (30.2) 64/199 (32.2) 1.10 (0.72-1.68)
.86

Nasal CPAP 9/18 (50.0) 16/29 (55.2) 1.23 (0.38-3.99)

Abbreviations: CPAP, continuous
positive airway pressure; NA, not
applicable.
a No significant difference between

groups for any outcome
assessment. Denominators listed in
the table reflect the number of
patients with available data for that
variable.

b Wald P value evaluating equality of
treatment effects across groups.

c Post hoc subgroup analyses data
denote survival without BPD.

Table 3. Respiratory Support Outcomes and Other Morbidities at the Time of Discharge to Home
and at 18 to 24 Months’ Postmenstrual Agea

Variable Placebo Inhaled Nitric Oxide
Outcome Assessment at Discharge to Home (n = 222) (n = 229)

Duration of any airway pressure support, mean (SD), db 55 (40) 54 (42)

Duration of oxygen therapy, mean (SD), dc 88 (41) 91 (59)

Duration of hospitalization, mean (SD), dd 105 (37) 108 (54)

Postnatal corticosteroid use for BPD, No. (%) 91 (41.0) 95 (41.5)

Outcome Assessment at 18-24 mo PMA, No. (%) (n = 180) (n = 180)

Any respiratory medication use 96 (53.3) 95 (52.8)

Postnatal corticosteroid use 41 (22.8) 34 (18.9)

Oxygen therapy use 12 (6.7) 3 (1.7)

Hospitalization for respiratory illness 56 (31.1) 51 (28.3)

Any respiratory medication use, oxygen therapy use, hospitalization
for respiratory illness, or death

109 (60.6) 103 (57.2)

Abbreviations:
BPD, bronchopulmonary dysplasia;
PMA, postmenstrual age.
a No significant difference between

groups for any outcome
assessment.

b Among 220 infants in the placebo
group and 229 infants in the inhaled
nitric oxide group.

c Among 212 infants in the placebo
group and 207 infants in the inhaled
nitric oxide group.

d Among 203 infants in the placebo
group and 201 infants in the inhaled
nitric oxide group.
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that seen in other similar cohorts, such as the control group
in the recently published Trial of Late Surfactant (TOLSURF)
(32%)25 and our study (34.9%). Despite numerous improve-
ments in neonatal care leading to better survival and lower rates
for many major morbidities, recent data from the Eunice Ken-
nedy Shriver National Institute of Child Health and Human De-
velopment Neonatal Research Network1 show no significant
improvement in BPD rates among infants of 23 to 28 weeks’
GA over the past 2 decades; in fact, BPD rates appear to have
increased.

Within our study, we identified clinically relevant imbal-
ances between treatment groups for maternal race and pres-
ence of prolonged rupture of membranes. Ruptured mem-
brane data were not reported in the NO CLD trial.16 However,
the overall percentage of such cases in our study (7.3% [33 of
451]) is unlikely to have a major effect on the primary out-
come. The discrepancy in maternal race is important to con-
sider. We report a small (10%) but nonsignificant increase in
survival without BPD among infants of black race treated with
inhaled nitric oxide. In post hoc analysis, the NO CLD trial16

also reported improved survival without BPD among black in-
fants treated with inhaled nitric oxide, with a 20% difference
between inhaled nitric oxide and placebo groups. Even in the
early entry study subgroup, the relative benefit was limited only
to the nonwhite population, with no significant relative ben-
efit in white infants. Survival without BPD was also noted to
be higher in the inhaled nitric oxide trial by Schreiber et al,12

with a predominantly black (70%) study population. The trial
by Kinsella et al11 did not report a post hoc analysis by mater-
nal race, and the European Union Nitric Oxide (EUNO) trial17

had very low inclusion rates (11%) for black infants. The indi-
vidual patient meta-analysis by Askie and colleagues,26 which
included 3298 preterm infants from 11 randomized trials, in-
dicated no overall benefit for inhaled nitric oxide in prevent-

ing death or BPD, but it suggested a possible subgroup ben-
efit among nonwhite preterm infants (relative risk, 0.93; 95%
CI, 0.86-1.00). Plausible biologic differences in genetic poly-
morphisms within the nitric oxide metabolic pathway27,28

could contribute to the noted increased risk of cardiovascu-
lar disease, including pulmonary hypertension, in blacks.29 In-
creasingly, evidence from single-nucleotide polymorphisms
and genome-wide analyses show important risk association of
specific preterm infants for development of BPD and pulmo-
nary vascular disease.30-32 As the concept of personalized ge-
nomic medicine advances, focused investigation of specific
higher-risk subpopulations of premature infants may be indi-
cated, including those who might benefit from inhaled nitric
oxide or other therapies.33-35

The 1-year respiratory outcomes from the NO CLD trial16

and our study are difficult to compare. Within both studies,
there was considerable variability across NICUs in respira-
tory medication use, oxygen therapy, and rehospitalization.
Although the NO CLD trial reported lower rates of bronchodi-
lator, corticosteroid, and diuretic use in the group treated with
inhaled nitric oxide, use of bronchodilators and diuretics was
higher at 1 year than in either arm of our study. In the NO CLD
trial,20 which included infants enrolled between ages 7 and 21
days, there was significantly lower use of bronchodilators in
infants treated with inhaled nitric oxide (40%) vs placebo
(54%), but rates were higher compared with both arms of our
study (21.1% [83 of 393]). It is unclear why infants treated with
inhaled nitric oxide on postnatal days 7 to 14 in the NO CLD
trial had higher survival without BPD than similarly man-
aged infants in our trial.

Lack of treatment effect in our trial is similar to other mul-
ticenter trials designed to prevent BPD.13-15,17 Our follow-up
studies at 1 year and 18 to 24 months’ PMA mirror data from
other multicenter trials,21,36 demonstrating no significant

Table 4. BSID-III Assessment and Other Neurodevelopmental Outcomes at 18 to 24 Months’ Postmenstrual Agea

Variable
Placebo
(n = 180)

Inhaled Nitric Oxide
(n = 180)

Death or NDI, No. (%) 53 (29.4) 56 (31.1)

Death before assessment, No. (%) 19 (10.6) 26 (14.4)

NDI, No./total No. (%) 34/180 (18.9) 30/180 (16.7)

Cognitive scale, mean (SD)

Composite score 90.9 (15.6) 91.3 (15.5)

Scaled score 8.1 (3.2) 8.3 (3.0)

Receptive and expressive communication, mean (SD)

Composite score 82.6 (15.2) 85.5 (16.3)

Scaled score 13.8 (5.3) 14.8 (5.6)

Overall cognitive disability, No./total No. (%)

Severe, BSID-III cognitive score <70 12/167 (7.2) 13/164 (7.9)

Moderate, BSID-III cognitive score of 70-84 33/167 (19.8) 26/164 (15.9)

Mild, BSID-III cognitive score of 85-99 64/167 (38.3) 72/164 (43.9)

None, BSID-III cognitive score ≥100 58/167 (34.7) 53/164 (32.3)

Gross Motor Function Classification System level ≥2 8/170 (4.7) 8/171 (4.7)

Moderate to severe cerebral palsy, No./total No. (%) 11/180 (6.1) 7/180 (3.9)

Seizures, No./total No. (%) 9/173 (5.2) 2/173 (1.2)

Any vision impairment, No./total No. (%) 25/180 (13.9) 23/180 (12.8)

Any hearing impairment, No./total No. (%) 10/173 (5.8) 8/173 (4.6)

Abbreviations: BSID-III, Bayley Scales
of Infant and Toddler Development,
Third Edition;
NDI, neurodevelopmental
impairment.
a No significant difference between

groups for any outcome
assessment.

Inhaled Nitric Oxide for Preventing Bronchopulmonary Dysplasia in Preterm Infants Original Investigation Research

jamapediatrics.com (Reprinted) JAMA Pediatrics Published online September 25, 2017 E7

© 2017 American Medical Association. All rights reserved.

Downloaded From: http://archpedi.jamanetwork.com/ by a Tufts Univ. Hirsh Health Sciences Library User  on 10/05/2017

http://www.jamapediatrics.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2017.2618


effect on neurodevelopmental outcomes or evidence for
any other safety issues. To our knowledge, only one trial (by
Mestan and colleagues37) reported improved neurodevelop-
mental outcomes for infants aged 2 years treated with
inhaled nitric oxide; however, this difference was not sus-
tained at school age.38

Limitations
Our study has some limitations. It is important to note that
there was inadequate power for any subgroup comparisons be-
cause the sample size was derived only for the primary out-
come of survival without BPD across the entire study popu-
lation. We acknowledge that, with multiple centers
contributing varying numbers of patients, differences in other
care practices could have affected the primary outcome. How-

ever, such variation should have been minimized by the mask-
ing and randomization process.

Conclusions
In summary, inhaled nitric oxide (initiated at 20 ppm on post-
natal days 5 to 14 to high-risk premature infants and contin-
ued for 24 days) appears to be safe but did not improve sur-
vival without BPD at 36 weeks’ PMA or respiratory and
neurodevelopmental outcomes at 18 to 24 months’ PMA. These
findings are consistent with meta-analyses and the National
Institutes of Health consensus statement,18,26,39-41 in which
prophylactic but delayed use of inhaled nitric oxide does not
appear to prevent BPD.
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