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ABSTRACT

BACKGROUND
Bronchopulmonary dysplasia in premature infants is associated with prolonged
hospitalization, as well as abnormal pulmonary and neurodevelopmental outcome.
In animal models, inhaled nitric oxide improves both gas exchange and lung struc-
tural development, but the use of this therapy in infants at risk for bronchopulmo-
nary dysplasia is controversial.

METHODS

We conducted a randomized, stratified, double-blind, placebo-controlled trial of in-
haled nitric oxide at 21 centers involving infants with a birth weight of 1250 g or less
who required ventilatory support between 7 and 21 days of age. Treated infants re-
ceived decreasing concentrations of nitric oxide, beginning at 20 ppm, for a mini-
mum of 24 days. The primary outcome was survival without bronchopulmonary
dysplasia at 36 weeks of postmenstrual age.

RESULTS

Among 294 infants receiving nitric oxide and 288 receiving placebo birth weight
(766 g and 759 g, respectively), gestational age (26 weeks in both groups), and other
characteristics were similar. The rate of survival without bronchopulmonary dys-
plasia at 36 weeks of postmenstrual age was 43.9 percent in the group receiving
nitric oxide and 36.8 percent in the placebo group (P=0.042). The infants who re-
ceived inhaled nitric oxide were discharged sooner (P=0.04) and received supple-
mental oxygen therapy for a shorter time (P=0.006). There were no short-term
safety concerns.

CONCLUSIONS
Inhaled nitric oxide therapy improves the pulmonary outcome for premature infants
who are at risk for bronchopulmonary dysplasia when it is started between 7 and
21 days of age and has no apparent short-term adverse effects. (ClinicalTrials.gov
number, NCT00000548.)
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URVIVAL AMONG PRETERM INFANTS HAS
improved markedly in recent decades, in
large part because of the ability to enhance
fetal-lung maturation with antenatal corticoste-
roids and manage the respiratory distress syn-
drome. Chronic lung disease, or bronchopulmo-
nary dysplasia,»? is now the most important
long-term pulmonary complication in these infants
and is associated with prolonged hospitalization
and long-term pulmonary and neurodevelopmen-
tal problems.>* Severe bronchopulmonary dyspla-
sia is associated with inflammation,® pulmonary
hypertension,” and increased airway resistance,®°
as well as abnormalities of lung growth, including
disturbed angiogenesis and alveolarization.2¢%1°
Inhaled nitric oxide is an effective treatment
for pulmonary hypertension in term infants!13;
however, its efficacy in preterm infants is con-
troversial. Kinsella et al.** initially found neither
a benefit nor adverse effects of inhaled nitric ox-
ide in preterm infants but demonstrated a trend
toward decreased bronchopulmonary dysplasia in
treated infants. In a single-center, randomized
trial, Schreiber et al.’s found a decrease in the
combined outcome of death or bronchopulmo-
nary dysplasia, as well as improved neurodevelop-
mental outcome at two years of age'® among in-
fants who received a seven-day course of inhaled
nitric oxide. However, a trial by the National In-
stitute of Child Health and Human Development
Neonatal Network,'” which used brief exposure
to inhaled nitric oxide to treat presumed pulmo-
nary hypertension in newborn infants with se-
vere respiratory failure, found no overall benefit;
the rates of complications and death increased
with such therapy among infants weighing less
than 1000 g. Earlier pilot studies of inhaled nitric
oxide treatment for infants with established, se-
vere bronchopulmonary dysplasia suggested im-
proved outcomes and safety.'®1°

METHODS

We performed a randomized, double-blind, pla-
cebo-controlled study to evaluate the efficacy and
safety of inhaled nitric oxide in improving sur-
vival without bronchopulmonary dysplasia among
infants at 36 weeks of postmenstrual age. Be-
cause our target population was infants with de-
veloping lung disease, we studied the efficacy of
inhaled nitric oxide treatment initiated between
7 and 21 days among preterm infants undergoing

mechanical ventilation who were at very high risk
for bronchopulmonary dysplasia. The study was
approved by the institutional review boards at
each participating institution, and written informed
consent was obtained from the parents of all en-
rolled infants.

ELIGIBILITY CRITERIA
Preterm infants born at 32 weeks of gestation or
less were eligible if they weighed 500 to 1250 g at
birth and were receiving mechanical ventilation
for lung disease (not apnea) between 7 and 21 days
of age. Infants with a birth weight of 500 to 799 g
who were being treated with nasal continuous
positive airway pressure were also eligible, since
many such infants subsequently require intuba-
tion and ventilation. Infants could be enrolled if
they had previously been extubated temporarily
but required reintubation. All infants underwent
ultrasonography of the head before being enrolled,
and those with normal findings, grade 1 or 2 in-
traventricular hemorrhage, or unilateral grade 3
or 4 intraventricular hemorrhage were eligible.
Exclusion criteria included life-threatening con-
ditions, such as complex congenital anomalies
and other conditions deemed by the attending neo-
natologist as likely to result in death (see the Sup-
plementary Appendix, available with the full text
of this article at www.nejm.org); preexisting bilat-
eral grade 4 intraventricular hemorrhage; or pre-
vious receipt of inhaled nitric oxide therapy.

STUDY DESIGN AND RANDOMIZATION
The trial was conducted at 21 infant intensive care
units. Initial visits were made to each hospital by
the principal investigator and a study coordinator
to reach a consensus on all aspects of the trial and
to ensure the hospital’s compliance with long-term
follow-up. The site investigators agreed to general
guidelines for ventilatory management, the treat-
ment of patent ductus arteriosus, and criteria for
administration of postnatal corticosteroids. Ran-
domization of infants occurred at the data coor-
dinating center in Philadelphia and was stratified
according to birth weight (500 to 799 g and 800
to 1250 g) and site with the use of permuted
blocks, with equal assignment to the group re-
ceiving nitric oxide or the placebo group within
blocks. If more than one infant from a multiple
gestation was entered into the trial, only the first
sibling enrolled underwent randomization. On the
basis of parental requests in previous trials, any
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additional infants from that pregnancy who met
entry criteria were assigned to the same therapy
as the randomized sibling with the use of the
same blinded delivery system.

ADMINISTRATION OF STUDY GAS
Inhaled nitric oxide (INOmax, INO Therapeutics)
and the delivery system (INOvent, Datex-Ohmeda)
were provided to all sites by INO Therapeutics.
INO Therapeutics was not involved in the study
design, safety monitoring, data analysis or inter-
pretation, or manuscript preparation. All of the
physicians and nursing staff, as well as the par-
ents, were unaware of infants’ treatment assign-
ment; only the respiratory therapist who admin-
istered the study gas was aware of infants’ gas
assignment. The study gas tanks were shrouded
to prevent identification of contents (inhaled nitric
oxide or nitrogen), and the delivery system had
software that prevented the display of actual levels
of nitric oxide or nitrogen dioxide on the screen.
Infants initially received 20 ppm of study gas for
48 to 96 hours, and the doses were subsequently
decreased to doses of 10, 5, and 2 ppm at weekly
intervals, with a minimum treatment duration of
24 days.

Since few of these infants had indwelling arte-
rial catheters for the monitoring of the partial
pressure of arterial oxygen (PaO,), it was not pos-
sible to use the oxygenation index for an evalua-
tion of the severity of respiratory disease. (The
oxygenation index was calculated as the mean
airway pressure times the fraction of inspired oxy-
gen [F10,] times 100, with the result divided by
the Pa0,.) A simplified severity score consisting
of the mean airway pressure multiplied by the F10,
was used. Infants were treated with an oxygen-
saturation goal of 88 to 94 percent and were ex-
pected to have a PaO, range of 40 to 70 mm Hg.
Accordingly, a severity score of 3.5 was equivalent
to an oxygenation index between 5 and 9.

HYPOTHESES AND OUTCOMES
We hypothesized that the administration of in-
haled nitric oxide to infants would increase sur-
vival without bronchopulmonary dysplasia at 36
weeks of postmenstrual age (primary outcome).
Infants who required ventilatory support or were
unable to maintain oxygen saturation above 88
percent while breathing room air were classified
as having bronchopulmonary dysplasia. The oxy-
gen requirement at 36 weeks of postmenstrual

age was evaluated for infants receiving an effec-
tive concentration of less than 30 percent oxygen2°
by a stepwise reduction in oxygen delivery to the
lowest tolerated oxygen concentration. Secondary
outcomes included the duration of oxygen ther-
apy and the duration of hospitalization. In addi-
tion, we prospectively evaluated the need for hos-
pitalization and respiratory support, including
mechanical ventilation, continuous positive air-
way pressure, and oxygen supplementation at 40,
44, 52, and 60 weeks of postmenstrual age.

SAFETY MONITORING
Infants were monitored for complications of pre-
maturity, including sepsis, patent ductus arterio-
sus, intraventricular hemorrhage, periventricular
leukomalacia, necrotizing enterocolitis, and reti-
nopathy of prematurity, as well as any other ad-
verse events occurring during their hospitalization.
Injury to the central nervous system was evalu-
ated by ultrasonography of the head, which was
performed before enrollment and either during
or after the administration of study gas. Deaths
that occurred while infants were receiving study
gas were reported within 72 hours to the institu-
tional review boards, the data coordinating center,
and subsequently, to the Food and Drug Adminis-
tration. Blood methemoglobin concentrations were
measured at baseline and within the first 24 hours
after the initiation of study gas. Concentrations of
nitrogen dioxide were monitored, and the alarm
on the delivery system was set to go off if they
exceeded 3 ppm. The therapist who administered
the study gas regularly calibrated the machine in
an unblinded fashion and recorded actual levels
of nitric oxide and nitrogen being delivered. The
data and safety monitoring board reviewed the
safety data after the enrollment of each group of
60 infants. The protocol called for survivors to be
followed for pulmonary and neurodevelopmental
outcomes through two years of age.

STATISTICAL ANALYSIS
Assuming that 50 percent of the eligible infants
would survive free of bronchopulmonary dyspla-
sia,?! we estimated that 544 infants would need
to undergo randomization for the study to have a
statistical power of 80 percent to detect an abso-
lute increase of 12.5 percent in the group given
nitric oxide. The protocol included two interim
analyses after 25 percent and 60 percent of the
outcome data had become available, to detect ei-
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ther the efficacy or futility of the therapy. We con-
ducted the analyses using the O’Brien-Fleming
stopping rule and the Lan-DeMets use function,
while maintaining an overall alpha of 0.05,22 ac-
cording to the intention-to-treat principle. Eligi-
ble twins and triplets within the same family were
assigned to the same treatment. Because outcomes
among siblings may be correlated, in analyses of
all treated infants it was not appropriate to as-
sume that the outcomes among siblings were in-
dependent. The use of generalized estimating
equations,?32# allowing for correlation between
siblings, was not appropriate, since estimation of
the common correlation was weak (7 percent of
the study population included multiple siblings)
and because study outcomes were associated with
the size of the cluster. Therefore, we analyzed the
data with the use of a multiple outputation ap-
proach with 1000 repeats.?> Under the null hy-
pothesis, the P values calculated with this ap-
proach followed a uniform distribution (0,1).
Baseline characteristics were compared with the
use of Fisher’s exact test for dichotomous variables
and the Wilcoxon rank-sum test for continuous
outcomes.

Analyses of the primary outcome, complica-
tions, and post hoc analyses were done with the
use of a chi-square test on the basis of a univari-
ate logistic model. Interaction terms for subgroup
analyses were tested in a multiple logistic-regres-
sion model. We compared the status of the in-
fants at 40 and 44 weeks with the use of a
Monte Carlo simulation of the exact Wilcoxon
two-sample rank test.2® We compared the dura-
tions of hospitalization and oxygen supplementa-
tion with the use of the log-rank test and assumed
the maximum possible duration of each in the
analysis of death. All reported P values are two-
sided. We also analyzed the data after the exclu-
sion of infants who, as part of a multiple gestation
did not undergo randomization but, rather, were
assigned to the same treatment as a randomized
sibling.

RESULTS

Of 5129 infants with a birth weight of 500 to
1250 g who were admitted to participating centers,
465 died (9.1 percent) and 3109 were ineligible
(60.6 percent); 253 were transferred to another
hospital, 2212 were extubated, 114 had life-threat-

ening conditions, 119 had bilateral grade 4 intra-
ventricular hemorrhage, 121 had previously re-
ceived inhaled nitric oxide therapy, and 290 had
other medical complications. Of 1555 eligible
infants between the ages of 7 and 21 days, 587
(37.7 percent) were enrolled between May 2000
and April 2005. Five infants were withdrawn after
randomization (three before treatment and two
because of the withdrawal of parental consent).
The 582 remaining infants had been delivered by
547 mothers (35 infants were assigned to a sib-
ling’s treatment).

Table 1 gives the baseline characteristics and
status at entry of the 582 infants in the study.
There were no significant differences between
groups in gestational age, birth weight, sex, race or
ethnic group, or incidence of preexisting condi-
tions, including pneumothorax, pulmonary hem-
orrhage, sepsis, necrotizing enterocolitis, patent
ductus arteriosus, or unilateral grade 3 or 4 intra-
ventricular hemorrhage. The median age at entry
was 16 days, and the median respiratory severity
score was 3.5 for both groups. There was no sig-
nificant difference between groups in the number
of infants receiving nasal continuous airway pres-
sure, as compared with mechanical ventilation.

In the group that was assigned to receive in-
haled nitric oxide, 129 of 294 infants survived to
36 weeks of postmenstrual age without broncho-
pulmonary dysplasia (43.9 percent), as compared
with 106 of 288 infants in the placebo group
(36.8 percent) (relative benefit, 1.23; 95 percent
confidence interval, 1.01 to 1.51; P=0.04) (Table 2).
The number needed to treat for one improved
outcome was 14. The rate of survival without
bronchopulmonary dysplasia was similar in both
birth-weight strata; the study was not powered
to detect significant differences within weight
groups. The infants who were treated with inhaled
nitric oxide were discharged sooner (P=0.04 by
the log-rank test) and received supplemental oxy-
gen therapy for a shorter period (P=0.006 by the
log-rank test) than did the controls.

At 40 and 44 weeks of postmenstrual age, a
significantly lower proportion of infants receiv-
ing inhaled nitric oxide than of infants in the
placebo group remained in the hospital and re-
quired mechanical ventilation, nasal continuous
positive airway pressure, or supplemental oxygen
(P=0.01 at 40 weeks and P=0.03 at 44 weeks);
bronchopulmonary dysplasia, when it occurred,
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Table 1. Baseline Characteristics of the Infants.*
Inhaled Nitric Oxide Placebo
Characteristic (N=294) (N=288) P Valuef
Birth weight
Mean —g 766+161 759+155 0.45
500-799 g — no. (%) 197 (67.0) 197 (68.4) 0.60
800-1250 g — no. (%) 97 (33.0) 91 (31.6)
Gestational age — wk 26+£1.5 26+£1.5 0.38
Male sex — no. (%) 155 (52.7) 162 (56.2) 0.37
Mother’s race or ethnic group — no. (%) 0.22
White 170 (57.8) 145 (50.3)
Black 76 (25.9) 90 (31.3)
Hispanic (10 9) 43 (14.9)
Other 6 (5.4) 0 (3.5
Antenatal corticosteroids — no. (%) 243 (82.7) 229 (79.5) 0.23
Surfactant — no. (%) 288 (98.0) 277 (96.2) 0.25
Vitamin A — no. (%) 154 (52.4) 160 (55.6) 0.58
Age at entry
Median (interquartile range) — days 16 (12-19) 16 (13-19) 0.68
7-14 days at entry — no. (%) 112 (38.1) 115 (39.9) 0.71
Respiratory severity score at entry — no. (%)§ 0.60
<3.5 162 (55.1) 149 (51.7)
3.5to <10 120 (40.8) 126 (43.8)
=10 12 (4.1) 13 (4.5)
Clinical complications — no. (%)9
Pneumothorax or pneumomediastinum 4 (11.6) 32 (11.1) 0.76
Patent ductus arteriosus 192 (65.3) 194 (67.4) 0.84
Necrotizing enterocolitis 12 (4.1) 11 (3.8) 0.83
Sepsis 70 (23.8) 58 (20.1) 0.36
Grade 3 or 4 intraventricular hemorrhage 5(11.9) 45 (15.6) 0.13
Type of ventilation — no. (%) 0.66
Conventional 202 (68.7) 191 (66.3)
High frequency 65 (22.1) 74 (25.7)
Nasal continuous positive airway pressure 27 (9.2) 23 (8.0)

* Plus—minus values are means +SD.

T P values correspond to multiple outputation analysis.

I Race or ethnic group was self-reported by the parents of the patient.

{§ The respiratory severity score was calculated as the fraction of inspired oxygen multiplied by the mean airway pressure
(in centimeters of water). The median value for infants in this trial was 3.5, which represents less severe disease.

9 Patent ductus arteriosus was reported only if echocardiography was performed and treatment with either indomethacin
or surgical closure was provided. Necrotizing enterocolitis was diagnosed by the presence of pneumatosis, hepatobili-
ary gas, or pneumoperitoneum on radiography, plus one or more of the following symptoms: bilious gastric aspirate
or emesis, abdominal distension, or occult or gross blood in the stool not secondary to a fissure. Sepsis was diagnosed
by a positive culture of blood or cerebrospinal fluid.
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Table 2. Incidence of the Primary Outcome.

Outcome

Overall population

Survival without chronic lung disease

Chronic lung disease

Survival without chronic lung disease
Death or survival with chronic lung disease

Chronic lung disease

Inhaled Nitric Oxide Placebo P Value

129/294 (43.9)

149/294 (50.7)

(

Death or survival with chronic lung disease 165/294 (
(

Death 16/294 (5.4)

Birth weight of 500-799 g 0.14 1.20 (0.94-1.54)
Survival without chronic lung disease 85/197 (43.1) 74/197 (37.6)
Death or survival with chronic lung disease 112/197 (56.9) 123/197 (62.4)

Chronic lung disease 99/197 (50.3) 108/197 (54.8)

Death 13/197 (6.6) 15/197 (7.6) 1.01 (0.96-1.07)
Birth weight of 800-1250 g 0.14 1.30 (0.91-1.87)

44/97 (45.4)
53/97 (54.6)
50/97 (51.5)
Death 3/97 (3.1)

Relative Benefit
(95% Cly*

no. /total no. (%)
004  123(101-1.51)
106/288 (36.8)
56.1) 182/288 (63.2)
164/288 (56.9)
18/288 (6.3)

32/91 (35.2)
59/91 (64.8)
56/91 (61.5)

3/91 (3.3) 1.00 (0.95-1.06)

* Cl denotes confidence interval.

was less severe among infants receiving inhaled
nitric oxide (Table 3). By 52 weeks, most infants
in both groups either no longer needed respiratory
support or had been discharged. Of the 582 en-
rolled infants, 46 died (7.9 percent), with 3 deaths
occurring after discharge from the hospital. A to-
tal of 21 infants (9 who received inhaled nitric
oxide and 12 who received placebo) died while
receiving study gas. When the nonrandomized
siblings were excluded, differences between groups
in the primary outcome remained significant (rela-
tive benefit, 1.25; 95 percent confidence interval,
1.01 to 1.53; P=0.035).

Among the infants receiving inhaled nitric
oxide, none had significant elevations of methemo-
globin. There were also no significant differences
between groups in the incidence of complications
of prematurity (Table 4) — including sepsis, nec-
rotizing enterocolitis, patent ductus arteriosus re-
quiring therapy, retinopathy of prematurity, or
the evolution of neurologic findings on ultraso-
nography — either during or after the adminis-
tration of study gas.

We conducted post hoc analyses on the basis
of the age at study entry, the severity of lung dis-
ease at study enrollment, and race or ethnic group

(Table 5). We observed a significant interaction
between the age at study entry and treatment
(P=0.0006). Nitric oxide treatment yielded a signifi-
cant benefit in the group of infants between the
ages of 7 and 14 days at enrollment, but not in
the group of infants between the ages of 15 and
21 days. For the subpopulation of infants who
entered the study at 7 to 14 days of age, the
group given inhaled nitric oxide and the placebo
group were similar with regard to baseline char-
acteristics (data not shown). There was no in-
teraction between the severity score at study
entry and treatment (P=0.20). The effect of in-
haled nitric oxide appeared to differ according
to race or ethnic group (P=0.05 for the interac-
tion between race and treatment). There were no
significant differences in the response to inhaled
nitric oxide according to sex or exposure to post-
natal corticosteroids (data not shown).

DISCUSSION

In this multicenter, randomized trial of inhaled
nitric oxide among premature infants undergo-
ing mechanical ventilation, we found that treat-
ment for 24 days significantly improved the like-
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Table 3. Outcome According to the Severity of Disease at 40 and 44 Weeks of Postmenstrual Age.*

Outcome 500-799 g 800-1250 g All Infants P Valuet

Nitric Oxide Placebo Nitric Oxide Placebo Nitric Oxide Placebo

(N=197) (N=197) (N=97) (N=91) (N=294) (N=288)
number (percent)
Severity of disease at 40 wk 0.01
Discharged 82 (41.6) 60 (30.5) 43 (44.3) 38 (41.8) 125 (42.5) 98 (34.0)
Hospitalization without support:: 45 (22.8) 44 (22.3) 21 (21.6) 12 (13.2) 66 (22.4) 56 (19.4)
Hospitalization with oxygen only 40 (20.3) 55 (27.9) 26 (26.8) 29 (31.9) 66 (22.4) 84 (29.2)
Hospitalization with mechanical 15 (7.6) 21 (10.7) 3(3.1) 9(9.9) 18 (6.1) 30 (10.4)
ventilation
Death 15 (7.6) 16 (8.1) 4(4.1) 3(3.3) 19 (6.5) 19 (6.6)
Unknown 0 1(0.5) 0 0 0 1(0.3)
Severity of disease at 44 wk 0.03
Discharged 151 (76.6) 129 (65.5) 82 (84.5) 70 (76.9) 233 (793) 199 (69 1)
Hospitalization without supporti: 6 (3.0) 15 (7.6) 2 (2.1) 4 (4.4) 8 (2.7) 9 (6.6)
Hospitalization with oxygen only 19 (9.6) 26 (13.2) 8 (8.2) 9 (9.9) 27 (9.2) 5(12.2)
Hospitalization with mechanical 5 (2.5) 8 (4.1) 1(1.0) 4 (4.4) 6 (2.0) 12 (4.2)
ventilation

Death 16 (8.1) 16 (8.1) 4(4.1) 4 (4.4) 20 (6.8) 20 (6.9)
Unknown 0 3 (1.5) 0 0 0 3 (1.0

* Percentages may not total 100 because of rounding.

i P values reflect the comparison of status of respiratory disease between nitric oxide and placebo with the use of a Monte Carlo simulation of

the exact Wilcoxon two-sample test. All P values are based on multiple outputation analysis. Discharged infants were discharged to home and
included some infants discharged with supplemental oxygen. The status of one infant at 40 weeks and three infants at 44 weeks was unknown.

- This category refers to hospitalization without ventilatory support or supplemental oxygen.

Table 4. Incidence of Clinical Complications after Study Entry.

Inhaled Nitric Oxide Placebo Relative Risk
Variable (N=294) (N=288) (95% Cl)* P Value
no. (%)
Sepsis 121 (41.2) 118 (41.0) 0.98 (0.80-1.20) 0.91
Necrotizing enterocolitis 23 (7.8) 9 (6.6) 1.17 (0.64-2.13) 0.63
Necrotizing enterocolitis requiring surgery 10 (3.4) 8 (2.8) 1.20 (0.46-3.13) 0.84
Patent ductus arteriosus treated 54 (18.4) 5(19.1) 0.96 (0.68-1.35) 0.85
Retinopathy of prematurity 246 (83.7) 236 (81.9) 1.00 (0.93-1.07) 1.00
Retinopathy of prematurity requiring surgery 72 (24.5) (2 6) 0.97 (0.72-1.31) 0.95
Neurologic evolutionf 13 (5.0) 0(4.1) 1.21 (0.53-2.76) 0.67

s

* Cl denotes confidence interval.
i Evolution of a neurologic lesion on ultrasonography of the head was defined as the occurrence of a new grade 3 or 4 intraventricular hemor-

rhage, periventricular leukomalacia, or hydrocephalus requiring a shunt during or after administration of study gas, when there was either
no or only grade 1 or 2 intraventricular hemorrhage before study entry (as occurred among 259 infants receiving inhaled nitric oxide and

243 infants receiving placebo). Retinopathy of prematurity was defined as stage 1 to 4 disease by ophthalmologic examination. Treatment of
patent ductus arteriosus was defined as the administration of indomethacin or surgical ligation.
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Table 5. Post Hoc Subgroup Analyses of Survival without Chronic Lung Disease at 36 Weeks of Postmenstrual Age.

Variable

Age at entry
7-14 days
Survival without chronic lung disease
Death
15-21 days
Survival without chronic lung disease
Death
Severity score at entry
<35
Survival without chronic lung disease
Death
=35
Survival without chronic lung disease
Death
Survival without chronic lung disease
Race or ethnic group
White
Black
Hispanic
Other
Age of 7-14 days at entry
White
Nonwhite
Age of 15-21 days at entry
White
Nonwhite
Severity score <3.5 at entry
White
Nonwhite
Severity score =3.5 at entry
White

Nonwhite

Inhaled Nitric Oxide

(N=294)

no. /total no. (%)

55/112 (49.1)
11/112 (9.8)

74/182 (40.7)
12/182 (6.6)

92/162 (56.8)
8/162 (4.9)

37/132 (28.0)
15/132 (11.4)

59/170 (34.7)
43/76 (56.6)
21/32 (65.6)
6/16 (37.5)

24/60 (40.0)
31/52 (59.6)

35/110 (31.8)
39/72 (54.2)

38/82 (46.3)
54/80 (67.5)

21/88 (23.9)
16/44 (36.4)

Placebo Relative Benefit
(N=288) (95% Cl)* P Valuef
0.006
1.81 (1.27-2.59)
32/115 (27.8)
13/115 (11.3)
0.99 (0.77-1.27)
74/173 (42.8)
10/173 (5.8)
0.20
1.26 (1.00-1.58)
69/149 (46.3)
9/149 (6.0)
1.10 (0.74-1.64)
37/139 (26.6)
14/139 (10.1)
0.053

50/145 (34.5) 1.04 (0.76-1.43)
32/90 (35.6) 1.66 (1.16-2.37)
17/43 (39.5) 1.62 (1.04-2.53)
7/10 (70.0) 0.57 (0.27-1.20)

16/52 (30.8)
16/63 (25.4)

1.37 (0.81-2.32)
2.32 (1.43-3.77)

34/93 (36.6)
40/80 (50.0)

0.89 (0.60-1.33)
1.13 (0.83-1.54)

28/67 (41.8)
41/82 (50.0)

1.14 (0.78-1.67)
1.37 (1.05-1.80)

22/78 (28.2)
15/61 (24.6)

0.88 (0.52-1.50)
1.52 (0.84-2.76)

* Cl denotes confidence interval.

T Interaction terms for subgroup analyses were tested in a multiple logistic-regression model.

1 The P value is for the comparison between white infants and nonwhite infants.
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lihood of survival without bronchopulmonary
dysplasia at 36 weeks of postmenstrual age. As
compared with infants who received placebo gas,
infants who were treated with inhaled nitric ox-
ide were hospitalized for fewer days, needed sup-
plemental oxygen for a shorter period, and had
less severe disease. We found no evidence of short-

term deleterious clinical effects of nitric oxide
therapy.

This trial differed in design from the study by
Kinsella et al.,?” which appears elsewhere in this
issue of the Journal, and from previously reported
trials of inhaled nitric oxide,'#15:1%28:29 which fo-
cused on preterm infants with respiratory failure
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shortly after birth with the intention of treating
pulmonary hypertension or reducing inflamma-
tion. In our study, therapy was started later (be-
tween 7 and 21 days, as compared with during
the first 24 to 48 hours after birth'*1517) and was
continued for a longer period (24 days vs. 76 hours
to 14 days). We hypothesized that prolonged
therapy with inhaled nitric oxide might be needed
to prevent increased airway resistance and mus-
cularity,® to attenuate hyperoxic injury,® and to
improve surfactant function,?* lung growth, an-
giogenesis, and alveolarization, as has been re-
ported in studies in animals.3234

We delayed enrollment in the study until in-
fants were seven days of age because of concern
about a possible interaction between inhaled ni-
tric oxide and brain injury. We did not find any
evidence of increased evolution of brain injury in
treated infants. We entered infants when they
were 7 to 21 days of age in an effort to include all
infants at high risk for bronchopulmonary dys-
plasia. Very preterm infants frequently have ini-
tial respiratory disease that improves, often with
extubation at approximately days 4 to 7, and later
worsens, requiring reintubation. Moreover, our
earlier pilot trial demonstrated the benefit of
inhaled nitric oxide for infants with severe dis-
ease who are older than 28 days of age.'®

Infants in the current trial had greater total
exposure to inhaled nitric oxide, in terms of both
the duration (24 days) and the peak and total dose,
than did infants in other trials. In the National
Institute of Child Health and Human Develop-
ment Neonatal Network trial,*” only infants who
had a response to treatment (defined as an im-
mediate improvement in oxygenation) continued
to receive treatment (mean duration, 76 hours). In
that trial, the benefit of treatment was limited to
infants weighing more than 1000 g at birth. In a
study by Schreiber et al.,*> infants were treated
for a maximum of seven days, and only those
with less severe disease at enrollment benefited.
Kinsella et al.,?” who administered 5 ppm of in-
haled nitric oxide and discontinued therapy on
extubation, found that this approach had respira-
tory benefit only among infants with a birth
weight of more than 1000 g. In our trial, the ef-
fect of inhaled nitric oxide on survival without
bronchopulmonary dysplasia appeared to be sim-
ilar among infants in the birth-weight strata of
500 to 799 g and 800 to 1250 g, although results
were not significantly different in individual

subgroups; only 55 infants weighed more than
1000 g.

The mechanism of the beneficial effect of in-
haled nitric oxide may include a decrease in air-
way resistance, resulting over time in a decreased
need for supplemental oxygen and ventilatory
support, with less oxidative stress. Results of post
hoc analyses suggest that inhaled nitric oxide
may be less beneficial when initiated later (after
14 days), indicating that infants receiving such
treatment may already have sustained lung dam-
age secondary to oxidative stress and volutrauma.
Inhaled nitric oxide also appeared to have less
benefit among white infants, as compared with
nonwhite infants; some investigators have sug-
gested the possibility of racial differences in re-
sponsiveness to inhaled nitric oxide. However,
these results must be viewed as hypothesis-gener-
ating; the study was not powered to address such
subgroups.>*

In conclusion, prolonged inhaled nitric oxide
therapy that is initiated between 7 and 21 days of
age in preterm infants undergoing mechanical
ventilation significantly improved survival with-
out bronchopulmonary dysplasia without short-
term adverse effects. Definitive recommendations
regarding the use of inhaled nitric oxide among
infants at high risk for bronchopulmonary dys-
plasia await further long-term neurodevelopmen-
tal follow-up in the completed trials.
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APPENDIX
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