
 

n engl j med 

 

349;22

 

www.nejm.org november 

 

27, 2003

 

The

 

 new england journal 

 

of

 

 medicine

 

2099

 

original article

 

Inhaled Nitric Oxide in Premature Infants 
with the Respiratory Distress Syndrome

 

Michael D. Schreiber, M.D., Karen Gin-Mestan, M.D., 
Jeremy D. Marks, Ph.D., M.D., Dezheng Huo, M.S., Grace Lee, B.A., 

and Pimol Srisuparp, M.D.

 

From the Departments of Pediatrics
(M.D.S., K.G.-M., J.D.M., G.L., P.S.) and
Health Studies (D.H.), University of Chi-
cago, Chicago. Address reprint requests to
Dr. Schreiber at the University of Chicago,
MC 6060, 5841 S. Maryland Ave., Chicago,
IL 60637, or at mschreiber@peds.bsd.
uchicago.edu.

N Engl J Med 2003;349:2099-107.

 

Copyright © 2003 Massachusetts Medical Society.

 

background

 

Inhaled nitric oxide improves gas exchange, decreases pulmonary vascular lability, and
reduces pulmonary inflammation. We hypothesized that the use of inhaled nitric oxide
would decrease the incidence of chronic lung disease and death in premature infants
with the respiratory distress syndrome.

 

methods

 

We conducted a randomized, double-blind, placebo-controlled study of the effect of in-
haled nitric oxide during the first week of life on the incidence of chronic lung disease
and death in premature infants (less than 34 weeks’ gestation) who were undergoing
mechanical ventilation for the respiratory distress syndrome. Infants were randomly as-
signed to receive inhaled nitric oxide (10 ppm on day 1, followed by 5 ppm for six days)
or inhaled oxygen placebo for seven days. We further randomly assigned the infants in
each group to receive intermittent mandatory or high-frequency oscillatory ventilation.

 

results

 

A total of 207 premature infants were enrolled. In the group given inhaled nitric oxide,
51 infants (48.6 percent) died or had chronic lung disease, as compared with 65 infants
(63.7 percent) in the placebo group (relative risk, 0.76; 95 percent confidence interval,
0.60 to 0.97; P=0.03). There was no significant difference between the nitric oxide and
placebo groups in the overall incidence of intraventricular hemorrhage and periventric-
ular leukomalacia (33.3 percent and 38.2 percent, respectively), but the group given in-
haled nitric oxide had a lower incidence of severe intraventricular hemorrhage and peri-
ventricular leukomalacia (12.4 percent vs. 23.5 percent; relative risk, 0.53; 95 percent
confidence interval, 0.28 to 0.98; P=0.04). The type of ventilation had no significant
effect on the outcome.

 

conclusions

 

The use of inhaled nitric oxide in premature infants with the respiratory distress syn-
drome decreases the incidence of chronic lung disease and death.

abstract
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hronic lung disease remains the

 

primary long-term pulmonary complica-
tion among premature infants and is asso-

ciated with pulmonary hypertension as well as
abnormalities of postnatal alveolarization and neo-
vascularization.

 

1

 

 In addition to having impaired
growth,

 

2

 

 infants with chronic lung disease may have
poor long-term cardiopulmonary function, an in-
creased susceptibility to infection,

 

3

 

 and a sharply in-
creased risk of abnormal neurologic development.

 

4

 

Nitric oxide attenuates pulmonary vascular dis-
ease, inflammation, and pulmonary hypertension in
newborns with lung injury.

 

5-7

 

 Accordingly, we hy-
pothesized that the use of inhaled nitric oxide would
decrease the incidence of chronic lung disease and
death in premature infants with the respiratory dis-
tress syndrome who were receiving mechanical ven-
tilation. We conducted a randomized, double-blind,
placebo-controlled study of inhaled nitric oxide in
such infants during their first week of life.

This study was approved by the institutional review
board of the University of Chicago. Written in-
formed consent was obtained from the parents of
all infants at the time of entry into the study.

 

criteria for eligibility

 

Although chronic lung disease predominantly af-
fects infants born at less than 28 weeks’ gestation
with birth weights under 1000 g,

 

8

 

 larger premature
infants with the respiratory distress syndrome se-
vere enough to require mechanical ventilation and
surfactant are at greater risk for chronic lung dis-
ease and death than their counterparts who are not
undergoing mechanical ventilation. Accordingly, all
premature infants who were less than 72 hours old,
who had been born at less than 34 weeks’ gestation
and had a birth weight of less than 2000 g, and who
were being cared for at the University of Chicago
Children’s Hospital were eligible for the study. Eli-
gible infants had received a clinical diagnosis of the
respiratory distress syndrome, requiring tracheal
intubation, mechanical ventilation, and exogenous
surfactant (Survanta, Abbott Laboratories). Infants
were excluded if they had major congenital malfor-
mations or hydrops fetalis.

 

study design and randomization

 

The study was a single-site, randomized, double-
blind, placebo-controlled trial with a 2-by-2 factori-
al design. To ensure that the birth-weight distribu-

tions were similar among the groups, we used five
250-g birth-weight categories for randomization.
Infants were randomly assigned within each stra-
tum, according to a permuted-block design, to re-
ceive inhaled nitric oxide (INOmax, INO Thera-
peutics) or oxygen placebo and either intermittent
mandatory ventilation or high-frequency oscillatory
ventilation (model 3100A, SensorMedics).

Treatment with nitric oxide was initiated at a
dose of 10 ppm by continuous inhalation for the first
day (12 to 24 hours) followed by 5 ppm for six days.
To ensure that changes in the study gas concentra-
tion occurred in the presence of the study investiga-
tors, treatment with the study gas was weaned dur-
ing the daytime. When study gas was discontinued,
it was resumed if the partial pressure of arterial oxy-
gen (PaO

 

2

 

) decreased by more than 15 percent, and
the dose was decreased by 1 ppm every six hours.
This complication rarely occurred. Study gas was
delivered by means of a proprietary delivery and
monitoring unit (INOvent, Datex-Ohmeda), shield-
ed so the identity of the gas was known only to the
respiratory therapist and the study safety monitor.
For infants receiving placebo, the respiratory thera-
pist performed mock maneuvers to simulate chang-
ing nitric oxide concentrations.

 

ventilator strategies

 

Decisions about the management of ventilator and
oxygen therapy were made by clinicians according
to the usual protocol. The oxygenation index —
(100 ¬ the fractional inspiratory oxygen concentra-
tion ¬ the mean airway pressure [in centimeters of
water]) ÷ PaO

 

2

 

 [in mm Hg] — was calculated. Inter-
mittent mandatory ventilation was begun at a rate of
40 breaths per minute, a peak inspiratory pressure
sufficient to inflate the chest, and a positive end-
expiratory pressure of 4 to 6 cm of water. High-fre-
quency oscillatory ventilation was begun at a mean
airway pressure 2 cm of water above that required
during initial stabilization, an amplitude sufficient
to jiggle the chest wall to the level of the umbilicus,
and a frequency of 10 to 15 Hz. The mean airway
pressure was adjusted to keep lung inflation at ap-
proximately nine posterior ribs on chest radiogra-
phy. With both ventilatory strategies, PaO

 

2

 

 was
maintained between 50 and 90 mm Hg and the par-
tial pressure of arterial carbon dioxide was main-
tained between 35 and 55 mm Hg. Infants whose
birth weight was less than 1250 g were treated with
prophylactic indomethacin to prevent or attenuate
patent ductus arteriosus.

During the treatment period, the ventilatory

c

methods
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mode could be changed if the clinical staff thought
that the patient’s clinical condition was so critical
that an alternative mode should be tried. In that
case, treatment with the study gas was stopped. No
crossover between groups was permitted, nor was
inhaled nitric oxide administered to any premature
infant who met the entry criteria but was not en-
rolled. Data from infants in whom the ventilatory
mode was changed were analyzed on an intention-
to-treat basis. Parents could withdraw their infant
from the study at any time. In infants who were ex-
tubated within seven days, treatment was stopped
one hour before extubation.

 

hypotheses and outcomes

 

The primary hypothesis was that inhaled nitric ox-
ide would decrease the incidence of chronic lung
disease and death among premature infants who
were undergoing mechanical ventilation. We de-
fined the primary outcome measure as death or
chronic lung disease (among surviving infants).
Chronic lung disease was prospectively diagnosed
by investigators who were unaware of the treatment
assignments in infants who required supplemental
oxygen as their usual daily therapy at 36 weeks’
postmenstrual age and who had a chest radiograph
showing persistent parenchymal lung disease.

 

9

 

 In-
fants who died before discharge or by six months
of age, whichever came later, were included in the
analysis.

We performed additional post hoc analyses to
improve our understanding of the influence of the
ventilator strategy, the initial severity of lung disease,
and birth weight on the effects of inhaled nitric ox-
ide on chronic lung disease and death. The incidenc-
es of complications associated with the development
of bleeding (a potential complication of nitric oxide
therapy) or chronic lung disease were determined
by investigators who were unaware of the infants’
treatment assignments. To assess bleeding, we
measured the incidence of pulmonary hemorrhage
and the combined incidence of severe intraventric-
ular hemorrhage (defined by a Papile grade of III or
IV

 

10

 

) and periventricular leukomalacia.

 

11

 

 Pulmo-
nary hemorrhage was defined as clinically signifi-
cant, bloody tracheal secretions temporally associat-
ed with a new pulmonary infiltrate and worsening
pulmonary function.

To assess complications associated with chronic
lung disease, we measured the incidences of pul-
monary interstitial emphysema and pneumothorax.
Because of the effect of nitric oxide on transitional
pulmonary vascular resistance, we tracked the inci-

dence of symptomatic patent ductus arteriosus,
defined by the need for indomethacin therapy or
surgery in an infant with echocardiographically con-
firmed patent ductus arteriosus.

To determine whether the change in the inci-
dence of chronic lung disease was associated with
a decreased duration of mechanical ventilation or
hospitalization, we measured these variables as
well. Cranial ultrasonograms, obtained routinely
during the first two weeks of life and before dis-
charge, as well as all chest radiographs, were inter-
preted by an attending pediatric radiologist who was
unaware of the infants’ treatment assignments. The
incidences of necrotizing enterocolitis, late-onset
sepsis, retinopathy of prematurity, and hydroceph-
alus — all important complications of prematurity
— were also systematically tracked, with outcomes
identified by investigators who were unaware of the
infants’ treatment assignments.

 

safety monitoring

 

The methemoglobin concentration was measured
daily, and the safety and data monitoring committee
was informed of any instance in which the methe-
moglobin concentration exceeded 5 percent. Infants
who had elevated methemoglobin concentrations
on reexamination were to have study gas stopped.
An interim, blinded analysis was performed by the
safety and data monitoring committee at the mid-
point of the study. The committee approved contin-
uation of the study.

 

statistical analysis

 

Assuming an incidence of chronic lung disease and
death of 60 percent, we determined that approxi-
mately 200 infants would need to be enrolled to pro-
vide the study with 80 percent power to detect a re-
duction in the incidence of more than 20 percent in
the group given inhaled nitric oxide, with a two-sid-
ed type I error of 0.05. We conducted the analysis ac-
cording to the intention-to-treat principle. Clinical
and demographic characteristics of the two study
groups were compared with the use of Pearson chi-
square tests for categorical variables and two-sam-
ple t-tests or Wilcoxon rank-sum tests for continu-
ous data.

 

12

 

 If the expected number of observations
was less than 5, Fisher’s exact test was used instead.
We also analyzed clinical outcomes using a general-
ized linear model with logarithmic link to obtain rel-
ative risks and corresponding 95 percent confidence
intervals. We calculated adjusted relative risks, con-
trolling for ventilation strategy using the general-
ized linear model. The interactions between birth
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weight, oxygenation index, type of ventilation, and
treatment group were also examined.

 

13

 

 All reported
P values are two-sided.

INO Therapeutics was not involved in the study
design, safety monitoring, data analysis and inter-
pretation, or manuscript preparation.

 

base-line characteristics and clinical 
course

 

From October 1998 to October 2001, 207 prema-
ture infants receiving care at the University of Chica-
go Children’s Hospital underwent randomization.

Demographic and base-line clinical characteris-
tics did not differ significantly between the control
group and the group given inhaled nitric oxide (Ta-
ble 1). The birth-weight distribution was as follows:
72 infants (34.8 percent) weighed less than 750 g,
57 (27.5 percent) weighed 751 to 1000 g, 33 (15.9
percent) weighed 1001 to 1250 g, 18 (8.7 percent)
weighed 1251 to 1500 g, and 27 (13.0 percent)
weighed more than 1500 g.

Of the 207 randomized infants, 2 died before re-
ceiving any study medication and 1 never received
study gas; all 3 were in the nitric oxide group. In five
other infants, the assigned mode of ventilation was
changed because of worsening clinical condition.
Three of these infants (all of whom were assigned
to inhaled nitric oxide) were switched from inter-
mittent mandatory ventilation to high-frequency
oscillatory ventilation. Of the other two infants
(both of whom were assigned to placebo), one was
switched from high-frequency oscillatory ventila-
tion to intermittent mandatory ventilation, and the
other was switched from intermittent mandatory
ventilation to high-frequency oscillatory ventilation.

Three infants had elevated methemoglobin con-
centrations. None exceeded 7 percent, and none
were elevated on reevaluation. Nitrogen dioxide,
which was continuously monitored throughout the
study, was never reported to be elevated (greater
than 2 ppm).

Thirty-six infants were successfully extubated
during the treatment period and therefore received
study gas for fewer than seven days. Twenty of these
infants were assigned to placebo gas, one of whom
subsequently had chronic lung disease. Two other
infants in the placebo group were extubated before
the placebo was started. Among the 16 infants in the
group given inhaled nitric oxide who were success-
fully extubated during the treatment period, chronic
lung disease developed in 1.

 

primary outcome

 

In the group given inhaled nitric oxide, 51 of 105
infants (48.6 percent) died or had chronic lung dis-
ease, as compared with 65 of 102 infants (63.7 per-
cent) in the placebo group (relative risk, 0.76; 95
percent confidence interval, 0.60 to 0.97; P=0.03)
(Table 2). Similar results were obtained when we ex-
cluded the three infants who underwent random-
ization but never received study gas. The mode of
ventilation had no significant effect on the primary
outcome. Among the 102 infants who were treated
with high-frequency oscillatory ventilation, 61 (59.8

results

 

* Plus–minus values are means ±SD.
† The racial or ethnic group was self-reported.
‡ Data were missing for two infants in the nitric oxide group and two in the pla-

cebo group.
§ The oxygenation index was calculated as (100 ¬ the fractional inspiratory oxy-

gen concentration ¬ the mean airway pressure) ÷ the partial pressure of arteri-
al oxygen.

¶Early-onset sepsis was defined as sepsis that occurred within 24 hours after 

 

birth.

 

Table 1. Base-Line Characteristics.*

Characteristic

Inhaled
Nitric Oxide

(N=105)
Placebo 
(N=102)

 

Birth weight — g 1017±369 949±387

Gestational age — wk 27.4±2.5 27.0±2.8

Age at study entry — hr
Median
Interquartile range

12.9
7.0–25.2

14.0
7.6–28.5

Male sex — no. (%) 63 (60.0) 56 (54.9)

Mother’s racial or ethnic group — no. (%)†
Black
White
Other

71 (67.6)
18 (17.1)
16 (15.2)

74 (72.6)
12 (11.8)
16 (15.7)

Born at study hospital — no. (%) 80 (76.2) 80 (78.4)

Antenatal corticosteroids — no. (%)‡ 58 (56.3) 52 (52.0)

Cesarean section — no. (%) 54 (51.4) 58 (56.9)

Apgar score at 1 minute
Median
Interquartile range

5
3–6

5
3–6

Apgar scores at 5 min
Median
Interquartile range

7
6–8

7
6–8

Small for gestational age — no. (%) 6 (5.7) 9 (8.8)

Initial oxygenation index§
Median
Interquartile range

7.3
4.1–12.3

6.8
4.4–12.7

Early-onset sepsis — no. (%)¶ 5 (4.8) 12 (11.8)

Surfactant — no. of doses 2.3±0.9 2.2±1.0
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percent) died or had chronic lung disease, as com-
pared with 55 of 105 infants (52.4 percent) treat-
ed with intermittent mandatory ventilation (relative
risk, 1.14; 95 percent confidence interval, 0.90 to
1.45; P=0.28). After adjustment for the type of study
gas, the relative risk was 1.12 (95 percent confidence
interval, 0.88 to 1.42). There was no significant in-
teraction between the type of study gas and the type
of ventilation (P=0.11) (Table 3).

For a better understanding of the birth-weight
subgroups that benefited most from inhaled nitric

oxide, we performed post hoc analyses stratified ac-
cording to birth weight. No significant interaction
was observed between the type of study gas and the
birth-weight subgroup (Table 4).

To evaluate whether inhaled nitric oxide differen-
tially benefited infants with mild, as compared with
severe, initial respiratory disease, we performed a
post hoc analysis, stratified according to the sever-
ity of disease, dividing infants into two groups on
the basis of whether their initial oxygenation index
was less than the median of the initial oxygenation

 

* CI denotes confidence interval.

 

† Values were adjusted for the type of ventilation.

 

Table 2. Primary Outcome.*

Outcome

Inhaled Nitric
Oxide

(N=105)
Placebo
(N=102) P Value

Relative Risk
(95% CI)

Adjusted Relative Risk
(95% CI)†

 

no. (%)

 

Death or chronic lung disease 51 (48.6) 65 (63.7) 0.03 0.76 (0.60–0.97) 0.77 (0.60–0.98)

Death 16 (15.2) 23 (22.5) 0.18 0.68 (0.38–1.20) 0.68 (0.38–1.20)

Survival 89 (84.8) 79 (77.5)

Survival without chronic lung disease 54 (60.7) 37 (46.8)

Survival with chronic lung disease 35 (39.3) 42 (53.2) 0.07 0.74 (0.53–1.03) 0.75 (0.54–1.05)

 

* CI denotes confidence interval.

 

† Data on the initial oxygenation index were missing for four infants in the nitric oxide group and five in the placebo group.

 

Table 3. Primary Outcome According to the Type of Ventilation and Severity of Disease.

Variable
Inhaled Nitric 

Oxide Placebo
Relative Risk 

(95% CI)*
P Value for 
Interaction

 

no. (%)

 

Type of ventilation

 

0.11

Conventional ventilation 51 54 

Survival without chronic lung disease 31 (60.8) 19 (35.2)

Death or survival with chronic lung disease 20 (39.2) 35 (64.8) 0.61 (0.41–0.90)

High-frequency oscillatory ventilation 54 48 

Survival without chronic lung disease 23 (42.6) 18 (37.5)

Death or survival with chronic lung disease 31 (57.4) 30 (62.5) 0.92 (0.67–1.26)

 

Initial oxygenation index†

 

0.02

<6.94 (median) 50 49 

Survival without chronic lung disease 32 (64.0) 16 (32.7)

Death or survival with chronic lung disease 18 (36.0) 33 (67.3) 0.53 (0.35–0.81)

≥6.94 51 48 

Survival without chronic lung disease 21 (41.2) 20 (41.7)

Death or survival with chronic lung disease 30 (58.8) 28 (58.3) 1.01 (0.72–1.40)
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index (6.94). As compared with placebo gas, in-
haled nitric oxide significantly decreased the risk of
the primary outcome by 47 percent among infants
whose oxygenation index was below the median
but not among infants whose initial oxygenation in-
dex was at or above the median (Table 3). This dis-
ease-severity–specific interaction was significant
(P=0.02).

 

secondary outcomes

 

The incidence of pulmonary hemorrhage did not
differ significantly between the two groups (Table
5). The overall incidence of intraventricular hemor-
rhage and periventricular leukomalacia did not dif-
fer significantly between the groups (38.2 percent
in the placebo group and 33.3 percent in the group
given inhaled nitric oxide, P=0.46). However, as
compared with placebo gas, inhaled nitric oxide
significantly decreased the incidence of severe in-
traventricular hemorrhage and periventricular leu-
komalacia (risk reduction, 47 percent; P=0.04)
(Table 5).

The incidences of pneumothorax, pulmonary in-
terstitial emphysema, and symptomatic patent duc-
tus arteriosus did not differ significantly between
the groups. There were also no significant differenc-
es between groups in the incidences of other com-
mon complications of prematurity, including necro-

tizing enterocolitis, late-onset sepsis, retinopathy of
prematurity, and hydrocephalus (Table 5).

Among the infants who survived, the median
duration of mechanical ventilation was 16 days (in-
terquartile range, 8 to 37) in the group given inhaled
nitric oxide, as compared with 28.5 days (interquar-
tile range, 8 to 48) in the placebo group (P=0.19).
The median length of hospitalization was 76 days
(interquartile range, 44 to 97) in the control group,
as compared with 65 days (interquartile range, 42 to
88) in the group given inhaled nitric oxide (P=0.22).

In this randomized, controlled study, early treat-
ment with inhaled nitric oxide improved long-term
pulmonary outcomes in premature infants with the
respiratory distress syndrome, decreasing the inci-
dence of the combined end point of chronic lung
disease and death. In addition, inhaled nitric oxide
decreased the incidence of severe intraventricular
hemorrhage and periventricular leukomalacia, the
primary cause of serious, long-term neurologic dis-
ability in this population.

Analysis of the data according to the mode of
ventilation showed a significant decrease in the risk
of chronic lung disease and death in the group re-
ceiving nitric oxide and intermittent mandatory ven-
tilation but not in the group receiving nitric oxide
and high-frequency oscillatory ventilation. Howev-
er, because the study did not have sufficient power
to detect a significant interaction, conclusions can-
not be drawn regarding the question of whether the
benefit of inhaled nitric oxide is restricted to infants
receiving intermittent mandatory ventilation.

Nitric oxide is an important mediator of both
normal lung development and pulmonary vascular
tone

 

14-17

 

 and may be important in the optimization
of ventilation–perfusion matching. In animal mod-
els of chronic lung disease, the expression of nitric
oxide synthase is decreased in both small-airway
epithelium and distal-pulmonary-artery endotheli-
um.

 

18,19

 

 In addition, other nitric oxide–dependent
processes may be important in preventing chronic
lung disease, including enhancement of pulmonary
surfactant activity,

 

20

 

 inhibition of neutrophil infil-
tration and retention,

 

21,22

 

 inhibition of cytokines,

 

23

 

and prevention of neomuscularization and airway
remodeling.

 

6,24

 

In contrast with previous randomized trials, we
studied all premature infants with respiratory dis-
tress syndrome who required mechanical ventila-

discussion

 

* There was not a significant interaction between birth weight and the primary 

 

outcome (P=0.36).

 

Table 4. Primary Outcome According to Birth Weight.*

Variable

Total
No. of
Infants

Inhaled
Nitric
Oxide

(N=105)
Placebo 
(N=102)

 

no. (%)

 

Birth weight, ≤750 g 72 32 40

Survival without chronic lung disease 7 (21.9) 4 (10.0)

Death or survival with chronic lung disease 25 (78.1) 36 (90.0)

Birth weight, 751–1000 g 57 28 29

Survival without chronic lung disease 14 (50.0) 11 (37.9)

Death or survival with chronic lung disease 14 (50.0) 18 (62.1)

Birth weight, 1001–1500 g 51 30 21

Survival without chronic lung disease 18 (60.0) 12 (57.1)

Death or survival with chronic lung disease 12 (40.0) 9 (42.9)

Birth weight, >1500 g 27 15 12

Survival without chronic lung disease 15 (100.0) 10 (83.3)

Death or survival with chronic lung disease 0 2 (16.7)
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tion. In our previous study of premature infants
weighing less than 1000 g who had relatively mild
initial disease (as defined by an oxygenation index
of less than 4), the risk of chronic lung disease was
nearly 25 percent.

 

25

 

 Of the infants who were given
a diagnosis of chronic lung disease, 28 percent had
mild or moderate lung disease initially and might
therefore have benefited from therapies such as in-
haled nitric oxide. We found that infants with mild-
er disease (as defined by an oxygenation index of
less than 6.94) were the ones likely to benefit from
inhaled nitric oxide, although this finding was de-
rived from a post hoc analysis and must be inter-
preted cautiously. Additional studies are needed to
identify the subpopulations of infants who would
benefit most from inhaled nitric oxide and to deter-
mine the optimal dose and duration of therapy.

In addition to decreasing the risk of chronic lung
disease and death, inhaled nitric oxide decreased the
risk of severe intraventricular hemorrhage and peri-
ventricular leukomalacia by 47 percent, as com-
pared with placebo gas. The overall incidence of
intraventricular hemorrhage and periventricular
leukomalacia did not differ significantly between
the groups, however, suggesting that inhaled nitric
oxide did not prevent this complication but instead
reduced its severity. Nitric oxide, by decreasing right

ventricular afterload, may attenuate venous stasis
and subsequent infarction of the fragile germinal-
matrix arteriovenous rete.

 

26

 

 In addition, nitric ox-
ide–induced reduction of platelet aggregation

 

27,28

 

may limit venous thrombosis.

 

26

 

 Finally, inhaled ni-
tric oxide inhibits cytokines,

 

23

 

 which may also have
a role in the pathogenesis of intraventricular hem-
orrhage and periventricular leukomalacia.

 

29

 

Concern about the safety of inhaled nitric oxide
has centered on the possibility of bleeding, methe-
moglobinemia, and oxidative stress. Inhaled nitric
oxide increases bleeding times in adults

 

30

 

 and term
infants,

 

31,32

 

 and an early, uncontrolled study of in-
haled nitric oxide in premature infants showed a dis-
turbing incidence of intraventricular hemorrhage.

 

33

 

However, subsequent studies have reported inci-
dences of intraventricular hemorrhage no different
from those among untreated infants.

 

34-36

 

 Our re-
sults provide further reassurance in this regard. Met-
hemoglobinemia has been reported in term infants
treated with high concentrations of inhaled nitric
oxide (80 ppm) but not in infants receiving less than
20 ppm.

 

7,37,38

 

 Inhaled nitric oxide could subject the
lung to increased oxidative stress, which contrib-
utes to a variety of lung injuries.

 

39

 

 Although elevated
concentrations of 3-nitrotyrosine may be present in
lung-lavage fluid from infants after prolonged ex-

 

* CI denotes confidence interval.
† P values were calculated with the use of Pearson’s chi-square test, except when otherwise specified.
‡ The P value was calculated with the use of Fisher’s exact test.
§ Necrotizing enterocolitis was defined by a Bell’s stage of 2 or greater.
¶Late-onset sepsis was defined as sepsis that occurred after 24 hours of age.

 

¿ Retinopathy of prematurity was defined by an international classification stage of 3 or greater.

 

Table 5. Secondary Outcomes.

Outcome

Inhaled Nitric
Oxide 

(N=105)
Placebo
(N=102)

Relative Risk
(95% CI)* P Value†

 

no. (%)

 

Severe intraventricular hemorrhage 
and periventricular leukomalacia

13 (12.4) 24 (23.5) 0.53 (0.28–0.98) 0.04

Pneumothorax 11 (10.5) 16 (15.7) 0.67 (0.33–1.37) 0.27

Pulmonary interstitial emphysema 28 (26.7) 35 (34.3) 0.78 (0.51–1.18) 0.23

Pulmonary hemorrhage 4 (3.8) 7 (6.9) 0.56 (0.17–1.84) 0.37‡

Symptomatic patent ductus arteriosus 20 (19.0) 26 (25.5) 0.75 (0.45–1.25) 0.27

Necrotizing enterocolitis§ 13 (12.4) 6 (5.9) 2.10 (0.83–5.32) 0.11

Late-onset sepsis¶ 54 (51.4) 50 (49.0) 1.05 (0.80–1.38) 0.73

Retinopathy of prematurity¿ 6 (5.7) 10 (9.8) 0.58 (0.22–1.54) 0.27

Hydrocephalus 12 (11.4) 10 (9.8) 1.17 (0.53–2.58) 0.71
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posure to nitric oxide (10 days or more),

 

40

 

 increases
have not been observed in term infants who received
inhaled nitric oxide for fewer than 10 days.

 

39

 

In conclusion, when initiated soon after birth,
treatment with low-dose inhaled nitric oxide reduc-
es the incidence of chronic lung disease and death
among premature infants with the respiratory dis-
tress syndrome. The use of nitric oxide may also de-
crease the risk of severe intraventricular hemorrhage
and periventricular leukomalacia, which are impor-
tant neonatal complications associated with pre-
maturity.
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