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Abstract

Objectives: Most studies of inhaled nitric oxide (iNO) for
prevention of bronchopulmonary dysplasia (BPD) in pre-
mature infants have focused on short-term mortality and
morbidity. Our aim was to determine the long-term effects
of iNO.
Methods: A 7-year follow-up was undertaken of infants
entered into a multicenter, double-blind, randomized,
placebo-controlled trial of iNO for prevention of BPD in
premature infants born between 24 and 28 weeks plus six
days of gestation. At 7 years, survival and hospital admis-
sions since the 2-year follow-up, home oxygen therapy in the
past year, therapies used in the previous month and growth
assessments were determined. Questionnaires were used to
compare general health, well-being, and quality of life.

Results: A total of 305 children were assessed. No deaths
were reported. Rates of hospitalization for respiratory
problems (6.6 vs. 10.5%, iNO and placebo group, respec-
tively) and use of respiratory medications (6.6 vs. 9.2%)
were similar. Two patients who received iNO and one who
received placebohad received homeoxygen therapy. There
were no significant differences in any questionnaire-
documented health outcomes.
Conclusions: iNO for prevention of BPD in very premature
infants with respiratory distress did not result in long-term
benefits or adverse long-term sequelae. In the light of
current evidence, routine use of iNO cannot be recom-
mended for prevention of BPD in preterm infants.

Keywords: bronchopulmonary dysplasia (BPD); inhaled
nitric oxide; long-term outcomes.

Introduction

Bronchopulmonary dysplasia (BPD), which results in se-
vere respiratory distress in premature infants, is associated
with increasedmortality, pulmonary hypertension, reduced
lung function, increased airway obstruction, poor growth,
and neurodevelopmental problems later in life [1–3].
Inhaled nitric oxide (iNO) is indicated to improve oxygen-
ation and reduce the need for extracorporeal membrane
oxygenation in term and near-term infants (>34 weeks’
gestation) with hypoxic respiratory failure associated with
pulmonary hypertension [4]. While some prospective
studies of iNO for prevention or treatment of BPD in preterm
infants with severe respiratory failure have shown a benefit
[5–7],most have not [8–14]. Most research regarding iNO for
BPDpreventionhas focused on the short-termpathogenesis
and prevention during the early neonatal period, rather
than on long-term sequelae [1]. As with the original short-
term studies, longer-term studies of iNO for prevention of
BPD-related outcomes in patients 1–5 years old have also
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yielded mixed results with regard to mortality, abnormal
neurodevelopment, and medication use [15–21].

Primary results from the European Union Nitric Oxide
(EUNO) study showed that iNO (INOmax®; Mallinckrodt
Pharmaceuticals, Bedminster, NJ, USA) administered for
prevention of BPD provided no improvement in survival
without BPD at 36weeks in pretermneonates born between
24 and 28 weeks plus 6 days gestational age with mild-to-
moderate respiratory distress syndrome (RDS) compared
with placebo (66 vs. 65%, respectively, alive without BPD
at 36 weeks’ postmenstrual age) [12]. A follow-up study of
the patients who had survived to 1 and 2 years of age
showed no significant between-group difference in growth,
neurological development or respiratory outcomes [20].
There have been no studies assessing outcomes of iNO
usage after 5 years of age. Our aim was to assess the long-
term effects of iNO usage at 7 years of age.

Materials and methods

Study design and patients

Weassessed childrenwhohadbeen entered into the EUNO trial,which
was a multicenter, double-blind, randomized, placebo-controlled
study conducted in nine countries in the European Union
(ClinicalTrials.gov Identifier: NCT00551642). The design has been
described in detail previously [12] and is summarized here briefly.
Infants born between 24 and 28 weeks plus 6 days of gestation,
weighing ≥500 g and requiring surfactant within 24 h of birth (pro-
phylactically or for signs of developing respiratory distress), or
continuous positive airway pressure (CPAP) (fraction of inspired ox-
ygen ≥0.3 on mean airway pressure of ≥4 cm water) within 24 h to
maintain an oxygen saturation of at least 85%, were eligible for the
study.

Patients were randomized one:one to iNO (5 ppm) or placebo
(nitrogen gas) and stratified by study site and gestational age (24–
25 weeks plus 6 days and 26–28 weeks plus 6 days). Treatment was
initiated within 2 h of eligibility and no later than 26 h of life and was
continued for at least 7 days, up to a maximum of 21 days. Study gas
was administered via an INOvent drug delivery system inserted into
the patient’s breathing circuit [12].

Assessment and endpoints

The 7-year follow-up was conducted by a member of the in-
vestigators’ staff blinded to the group assignment. The outcomes
were survival status and hospital admission since the 2-year follow-
up, home oxygen therapy in the past year, therapies used in the
month before the 7-year visit and vital signs, physical examination
and growth assessment results. In addition, the Strengths and Dif-
ficulties Questionnaire (SDQ) and the Health Utilities Index (HUI)
questionnaire were used to compare general health and well-being
and quality of life between the iNO and placebo groups. The SDQ
comprises 25 questions in five domains: emotional problems,

conduct problems, hyperactivity, peer problems, and prosocial
behavior, as well as a total difficulties scale [22]. Total scores on the
subscales range from zero to 10, with the total difficulties score
ranging from zero to 40 (the prosocial domain is not incorporated
into the total difficulties score) [22]. The HUI questionnaire contains
18 questions that were used to create the HUI2, which has six attri-
butes, sensation, mobility, emotion, cognition, self-care and pain,
and the HUI3, which has eight attributes, vision, hearing, speech,
ambulation, dexterity, emotion, cognition, and pain [23]. Each
attribute is scored on a four-, five-, or six-point scale, with higher
scores indicating worse conditions. These scores were converted to
single-attribute utility scores, with zero indicatingmost disabled and
one indicating no disability. Based on the attribute levels of HUI2 and
HUI3, two-level disability categories of none/mild and moderate/
severe were created. The HUI2 and HUI3 health status classification
system and utility scoring functions were used to develop a Health-
Related Quality of Life (HRQOL) multi-attribute utility score, with
values ranging from zero (dead) to one (healthy) [24].

Data analysis

The analysis population for the 7-year follow-up included all patients
who received the study treatment (iNO or placebo) and had a
completed 7-year case report form. No missing data imputation was
performed. Comparisons between iNO and placebo were made using t
tests for continuous variables and Fisher exact test for categorical
variables. All statistical tests were two-sided at a significance level of
0.05.

Data were collected on a pre-designed case report form and
entered into an Oracle Clinical database using a double-entry method
and then converted to an internally validated SAS database for anal-
ysis. All analyses were conducted using SAS version 9.2 or higher.

Ethics

The study was approved by the appropriate regulatory authority in
each country, and by the local Research Ethics Committee at each
institution [12]. Informed consent for participation was obtained from
parents.

Results

Baseline characteristics

Of the 702 patientswho survived to 36weeks gestational age
across the 35 study sites participating in the primary study,
305 from 24 sites were assessed at the 7-year follow-up (iNO,
n=152/305 [49.8%]; placebo, n=153/305 [50.2%]) (Figure 1).
A total of 397/702 (56.6%) original survivors were lost to
7-year follow-up; 209/702 (29.8%) because their study sites
(n=11) discontinued study participation prior to the 7-year
assessments and 188/702 (26.8%) across the 24 study sites
that continued participation in the study through the 7-year
follow-up. Baseline characteristics and major morbidities
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during the first hospitalization of patients in the 7-year
follow-up cohorts are shown in Table 1. Characteristics of
the cohort included in the current analysis were similar to
those of patients in the original EUNO study [12].

Survival and other outcomes

There were no deaths reported from the end of the 2-year
follow-up to the 7-year follow-up. Overall, rates of hospi-
talizations during this period were 28.9% and 34.6% in the
iNO and placebo groups, respectively (p=0.29), with 6.6%of
patients hospitalized for respiratory/breathing difficulties in
the iNO group compared to 10.5% in the placebo group
(p=0.23; Table 2). Growth assessment results were compa-
rable in the study groups. The mean (standard deviation
[SD]) weight was 23.0 (6.78) kg and 22.6 (4.63) kg in the iNO
and placebo groups (p=0.58), respectively; mean (SD)
length was 121.3 (6.15) cm and 120.6 (6.40) cm (p=0.35),
respectively. There were no significant differences in phys-
ical examination results (Supplementary Table 1).

Therapies and medications

Two (1.3%) patients in the iNO group and one (0.7%) in the
placebo group received home oxygen therapy during the
year prior to the 7-year follow-up (p=0.56). Overall, 20% of
patients were receiving supportive therapy, with no differ-
ence between the study groups (p=0.86). Twelve (7.9%) pa-
tients in the iNO group and nine (5.9%) in the placebo group
were receiving speech therapy (p=0.49), and 15 (9.9%) and
nine (5.9%), respectively, were receiving physical therapy

(p=0.20). Seven (4.6%) patients in the iNO group and 15
(9.8%) in the placebo group were receiving some other
therapy (i.e., not speech or physical therapy) (p=0.08).

Proportions of patients taking respiratory medications
were similar in both study groups. Ten patients (6.6%) ran-
domized to iNO and 14 (9.2%) randomized to placebo were
currently taking respiratory medications at the 7-year follow-
up (p=0.40). The most commonly used respiratory medica-
tionswere inhaledcorticosteroids (six iNOpatients [3.9%]and
11 placebo patients [7.2%]; p=0.22), and β2-adrenergic recep-
tor agonists (five iNOpatients [3.3%] andeight [5.2%]placebo
patients, respectively; p=0.40). Seventeen patients (11.2%)

Figure 1: Patient disposition.
GA, gestational age; iNO, inhaled nitric
oxide.

Table : Baseline characteristics during the first hospitalization.

Variable Inhaled nitric oxide
(n=)

Placebo
(n=)

Gestational age at birth, mean
(SD), weeks

. (.) . (.)

< weeks, n (%)  (.)  (.)
≥ weeks, n (%)  (.)  (.)

Birth weight, mean (SD), g . (.) .
(.)

Birth length, mean (SD), cm . (.)a . (.)b

Male sex, n (%)  (.)  (.)
Mother’s racec, n (%)
White  (.)  (.)
Black  (.)  (.)
Other  (.)  (.)

-min Apgar score, median
(range)

. (., .)d . (, )e

Exposure to study drug, mean
(SD), days

. (.) . (.)

an=. bn=. cSelf-reported by the parents of the patient. dn=.
en=.

106 Greenough et al.: Long-term effects of inhaled nitric oxide



and 15 (9.8%) in the iNO and placebo groups, respectively,
were receiving non-respiratory medications (p=0.69).

Health outcomes questionnaires

Results of the SDQwere generally similar in the placebo and
iNO groups overall and with regard to conduct problems,
hyperactivity and prosocial scales (Table 3). There were no
significant differences in the emotional problems category
(125/147 [85.0%] vs. 113/147 [76.9%]; p=0.10). HUI2 andHUI3
resultswere similar in both groups for all attributes (Table 4).

Discussion

This study demonstrated that iNO had no significant effect
on mortality, growth, hospitalization, outpatient therapy,
medication use, HRQOL and overall health outcomes at 7
years of follow-up in premature infants. The current data
set represents the longest duration of neurodevelopmental
follow-up to date in patients treated with iNO for preven-
tion of BPD and its consequences.

There have been a number of studies assessing long-
term outcomes from randomized controlled studies of iNO,
but they have usually beenwhen the participants have been
at one to two years of corrected age. Several studies have
shown that neurodevelopmental outcome is not adversely
affected by iNO [15, 18] but only one showed that it has been
improved at approximately two years of age [19]. In this one,
a single-center trial, adverse neurodevelopmental outcomes
were lower in the iNO-treated group vs. placebo (24 vs. 46%)
[19].All of those studies usedahigherdose of iNO than in the
trial for which we report the 7-year follow-up. A Cochrane
review published in 2017 demonstrated no significant
impact of iNO on neurodevelopment impairment [25].

Longer follow-up studies have been carried out. For
example, following the INNOVO trial, at 4–5 years of age
there was no significant difference in the results of cognitive
and behavioral assessments with iNO vs. controls [21]. Two
studies have looked at school-aged children. One assessing
children at a mean age of 5.7 years from a single-center
randomized controlled trial demonstrated no significant
differences in school readiness, growth parameters or need
for subsequent hospitalization, but a (p=0.05) reduction in
technology dependence and functional disability [26]. In a
single-center follow-up study of children at 7–9 years of age

Table : In-hospital admissions between -and -year follow-up.

Category Inhaled nitric
oxide (n=)

Placebo
(n=)

p-
Value

Admitted to hospital since
the -year visit

 (.)  (.) .

Hospitalized for respiratory/
breathing difficulties

 (.)  (.) .

Hospitalized for surgery  (.)  (.) .
Hospitalized for other

reason
 (.)  (.) .

Admitted to ICU  (.)  (.) .
Required mechanical
ventilation

 (.)  (.) .

Data are shown as n (%); ICU, intensive care unit.

Table : Strengths and Difficulties Questionnaire (SDQ) results for
patients with  year follow-up data.

Category Inhaled nitric oxide
(n=)

Placebo
(n=)

p-
Value

Emotional problems
scalea

. (.) . (.) .

Conduct problems
scaleb

. (.) . (.) .

Hyperactivity scalec . (.) . (.) .
Peer problems scaleb . (.) . (.) .
Prosocial scaled . (.) . (.) .
Total difficulties

scalee
. (.) . (.) .

Data are shown as mean (SD). a– is normal;  is borderline; – is
abnormal. b– is normal;  is borderline; – is abnormal. c– is
normal;  is borderline; – is abnormal. d– is normal;  is
borderline; – is abnormal. e– is normal; – is borderline;
– is abnormal.

Table : Summary of Health Utility Index Mark  (HUI) and Mark 

(HUI) single-attribute scores.

Attribute Inhaled nitric oxide
(n=)

Placebo
(n=)

p-Value

HUI
Sensation . (.)a . (.)b .
Mobility . (.)c . (.)d .
Emotion . (.)b . (.)e .
Cognition . (.)e . (.)d .
Self-care . (.)b . (.)d .
Pain . (.)b . (.)b .

HUI
Vision . (.)c . (.)d .
Hearing . (.)e . (.)d .
Speech . (.)c . (.)b .
Ambulation . (.)c . (.)d .
Dexterity . (.)b . (.)d .
Emotion . (.)b . (.)b .
Cognition . (.)e . (.)d .
Pain . (.)b . (.)d .

Data are shown as mean (SD); higher attribute scores indicate worse
conditions. an=. bn=. cn=. dn=. en=.
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from the multicenter randomized controlled NO CLD study,
no significant differenceswere found inpulmonary function
or exercise capacity, with 63% of survivors followed up [27].

The current study population was 86% Caucasian
and only 8% black. It has been suggested that white pa-
tients may be less likely to benefit from iNO treatment
than black patients [5, 8]. A recent meta-analysis of trials
that provided data according to race, reported by Askie
and colleagues [28], found that African American infants
had a statistically significant reduction in risk of BPD or
death at 36 weeks following iNO treatment (p=0.003), but
that white and Hispanic infants did not. It should, however,
be noted that the meta-analysis assumed that black infants
were African American and did not provide information on
whether or how race was determined beyond maternal self-
report, nor did it assess long-term outcomes. A recent
retrospective study [29] of iNO in a large cohort of premature
African American (n=356), white (n=502), and Hispanic
(n=258) neonates did not corroborate the results reported by
Askie and colleagues [28]. The complexity of the association
between race/ethnicity and BPD risk is highlighted by the
results of a genome-wide association study of iNO in 387
high-risk preterm infants [30]. In that study, improved sur-
vival without BPD in iNO-treated infants was seen in self-
reported Hispanic white mothers, but not self-reported
black/African American mothers.

The iNO trials conducted to date in preterm infants
have included a range of patient populations (gestational
ages ranging from 24–28 weeks to <34 weeks) and different
strategies (initiation of iNO at different times after birth and
duration of iNO administration), making it difficult to
interpret overall study results [5–14]. Small for gestational
age infants are at high risk of adverse outcomes including
severe BPD [31], increased rehospitalization, and need for
chest medications at follow-up [32]. There is no evidence,
however, from randomized controlled trials that iNO will
particularly benefit this group. Retrospective evidence
suggests that prematurely born infants with premature and
prolonged rupture of the membranes with severe hypox-
emic respiratory failure may be a targeted group for iNO
therapy [33]. Aside from race, as mentioned above, it is
unclear whether a particular patient population or specific
iNO dosing or other treatment strategy may predict a better
response to iNO in the short term, and if any of these factors
would impact the long-term benefit.

This study has strengths and some limitations. This is
the first study to assess the outcomes of very prematurely
born infants at 7 years of age who had been entered into a
neonatal randomized trial of iNO.Wewere able to assess 305
children and thus another strength of our study was that we
report the 7-year outcomes of a largenumber of childrenwho

were all born before 29 weeks of gestation. Unfortunately, 11
of the original 35 study centers did not participate in the
7-year follow-up. Nevertheless, the iNO and placebo groups
were well balanced, with characteristics similar to those of
the original randomized population [12]. This suggests that
the results of our study reflect the overall population.
Furthermore, there was not an unbalanced bias in the 2-year
follow-up between the two groups iNO vs. placebo [20]. In
addition, in the current 7-year follow-up study that was still
blinded, the significant loss to follow-up came from the de-
cision of 11 centers not to pursue the long-term follow-up,
because of both lack of interest and funding. Therefore,
although we cannot prove it, it is very unlikely there would
be anunbalanced introduced factor between the two groups.

A criticism of our trial is that a proportion of the pop-
ulation was not intubated, and hence they may not have
received sufficient iNO. In a randomized prospective,
double-blind, crossover trial of administering iNO to pre-
term infants on CPAP for RDS, a significant improvement in
oxygenationwas seen suggesting that iNO can be delivered
effectively non-invasively [34].

In conclusion, there were no meaningful between-
group differences observed for any assessments conducted
during the 7-year follow-up period. iNO for prevention of
BPD in infants with respiratory distress born at 24–28 weeks
and 6 days gestational age was then not associated with
improved long-termoutcomes or adverse effects. In the light
of current evidence, routine use of iNO cannot be recom-
mended for prevention of BPD in preterm infants.
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