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Inhaled Nitric Oxide in Preterm Infants: A Systematic

Review

CONTEXT: Studies of the efficacy of inhaled nitric oxide (iNO) to prevent
or treat respiratory failure in preterm infants have had variable and
contradictory findings.

OBJECTIVES: To systematically review the evidence on the use of iNO in
infants born at =34 weeks’ gestation who receive respiratory support.

METHODS: Medline, Embase, the Cochrane Central Register of Con-
trolled Studies, PsycInfo, ClinicalTrials.gov, and proceedings of the
2009 and 2010 Pediatric Academic Societies meetings were searched
inJune 2010. Additional studies from reference lists of eligible articles,
relevant reviews, and technical experts were considered. Two investi-
gators independently screened search results and abstracted data
from eligible articles. We focus here on mortality, bronchopulmonary
dysplasia (BPD), the composite outcome of death or BPD, and neuro-
developmental impairment.

RESULTS: Fourteen randomized controlled trials, 7 follow-up studies,
and 1 observational study were eligible for inclusion. Mortality rates in
the NICU did not differ for infants treated with iNO compared with
controls (risk ratio [RR]: 0.97 [95% confidence interval (Cl): 0.82—1.15]).
BPD at 36 weeks for iNO and control groups also did not differ for
survivors (RR: 0.93 [95% Cl: 0.86—1.0031). A small difference was found
in favor of iNO in the composite outcome of death or BPD (RR: 0.93 [95%
Cl: 0.87—0.99]). There was no evidence to suggest a difference in the
incidence of cerebral palsy (RR: 1.36 [95% Cl: 0.88—2.101), neurodevel-
opmental impairment (RR: 0.91 [95% Cl: 0.77—1.12]), or cognitive im-
pairment (RR: 0.72 [95% Cl: 0.35—1.45]).

CONCLUSIONS: There was a 7% reduction in the risk of the composite
outcome of death or BPD at 36 weeks for infants treated with iNO
compared with controls but no reduction in death alone or BPD. There
is currently no evidence to support the use of iNO in preterm infants
with respiratory failure outside the context of rigorously conducted
randomized clinical trials. Pediatrics 2011;127:e414—e422
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Disorders related to prematurity and
respiratory distress are among the
leading causes of infant mortality in
the United States.! Preterm infants suf-
fer from both acute and chronic respi-
ratory failure because of anatomic and
biochemical disruption of lung func-
tion, lung inflammation and oxidative
stress, nutritional deficiencies, and ar-
rest of tracheobronchial and pulmo-
nary vascular growth. Multiple etiolo-
gies make finding an effective
treatment for respiratory failure in
preterm infants challenging. Inhaled
nitric oxide (iNO), a selective pulmo-
nary vasodilator that decreases pul-
monary vascular resistance without
affecting systemic vascular tone,2 has
demonstrated efficacy in improving ox-
ygenation and reducing the need for
extracorporeal membrane oxygen-
ationin late-preterm infants born after
34 weeks’ gestation and term infants
with respiratory failure; there is no ev-
idence of long-term benefits or harm.3
As use in this population increased, at-
tention refocused to iNO use in more
immature preterm infants with hy-
poxic respiratory failure, despite dif-
ferences in disease pathophysiology.

Studies of the efficacy of iNO in pre-
term infants born at =34 weeks’ ges-
tation have been conducted in clini-
cally diverse populations with varying
birth weights and severity of iliness
and with significant variability in their
clinical indications. iNO has been given
as prophylaxis to prevent bronchopul-
monary dysplasia (BPD), as rescue
therapy for severe acute respiratory
failure, and as treatment for severe
BPD. Variable and contradictory find-
ings regarding effects on the develop-
ing lung and on the developing brain
have been reported. Reports of neuro-
developmental outcomes into early
childhood are just emerging.

The Johns Hopkins University Evidence-
Based Practice Center was commis-
sioned to complete a systematic re-
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view of the evidence addressing both
short-term and long-term outcomes in
infants born at =34 weeks’ gestation
in preparation for a National Institutes
of Health consensus-development con-
ference. Specifically, we were asked to
synthesize the evidence about the ef-
fect of iNO on survival and BPD and to
assess short-term risks, rates of com-
plications of prematurity, and long-
term neurodevelopmental outcomes.
Other interests included identifying
the effects of INO on subgroups of
preterm infants and whether character-
istics of iNO delivery influence outcome.
The full evidence report provides a syn-
thesis of the evidence for all outcomes
we were asked to assess.* We focus here
on the primary short-term outcomes of
mortality and BPD and the composite
outcome of death or BPD, as well as the
longer-term outcomes of neurodevelop-
mental impairment (NDI) and death af-
ter NICU discharge.

METHODS

Details about our methods are avail-
able from the full evidence report.* We
searched Medline (using PubMed),
Embase, the Cochrane Central Regis-
ter of Controlled Studies, and PsycInfo
databases. The most recent search
was completed in July 2010. We also
searched the proceedings of the Pedi-
atric Academic Societies meetings for
2009 and 2010 and scanned the refer-
ence lists of all eligible articles.

Search results were independently
screened by 2 reviewers at the ab-
stract and full-text-article level for eli-
gibility. We excluded an article if it did
not report any original data, include
human infants born at =34 weeks’
gestation receiving respiratory sup-
port, or address any of the research
questions. Only randomized con-
trolled trials (RCTs) were considered
for NICU mortality, BPD, and short-
term risks. We considered other
study designs for the other research
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questions. Disagreements about eli-
gibility were resolved by discussion.

Two reviewers independently com-
pleted all relevant data abstraction
and risk-of-bias assessment. The risk
of bias in RCTs was assessed by using
the Cochrane Collaboration tool for as-
sessing risk of bias from the Cochrane
Handbook for Systematic Reviews of
Interventions.> The Newcastle-Ottawa
Scale was adapted to determine the
risk of bias of the reported data in co-
hort studies.® The body of evidence for
each outcome was graded by using the
methods outlined in the Evidence-
based Practice Center draft methods
guide.”8

We conducted meta-analyses, using
random-effects models, if an outcome
was reported in multiple articles and
was measured in a similar manner
across studies. Analyses were run by
using MetaAnalyst.?

RESULTS

We identified 3104 unique citations.
Abstract and full-article screening
resulted in 31 articles that were eli-
gible for inclusion in the systematic
review; these articles reported 14
RCTs with 7 follow-up studies and 1
observational study. Table 1 provides
a summary of the study and patient
characteristics. The 14 RCTs included
samples ranging from 29 to 800 (me-
dian: 96.5) infants of varying gesta-
tional age, birth weight, and clinical
conditions. The observational study
was small and included a sample of 31
infants with documented pulmonary
hypertension. Data from 3461 infants
were available for the review. Infants
were enrolled in studies from birth to
27 days. The dose of iNO varied among
studies from a maximum dose of 5
ppm to a range from 5 to 40 ppm, de-
pending on the response.

Figure 1 provides a summary of the
risk of bias for the RCTs. Six of the 14
RCTs (along with their 5 follow-up stud-
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TABLE 1 Study Design of RCTs and Observational Studies of iNO in Preterm Infants

Author (Year) Sample Size, Age at Enroliment  GA, wk BW, ¢ Start/Max  Duration of  Sites, Follow-up Study (Year)
n iNO, ppm iNO, d n
RCTs
Mercier et al% (2010) 800 <24 h 24-28.9 >500 5/5 7-21 36 —
Su and Chen? (2008) 65 Mean: 2.4-2.5 d <32 =1500 5/20 Mean: 4.9 1 —
Van Meurs et al' (2007) 29 24-25h <34 >1500 5/10 Maximum: 14 16 —
Ballard et al'' (2006) 582 7-21d =32 500-1250 20/20 Minimum: 24 21 Hibbs et al'® (2007);
Walsh et al'® (2010)
Kinsella et al's (2006) 793 <48 h =34 500-1250 5/5 Maximum: 21 16 Watson et al'? (2009)
Dani et al? (2006) 40 <7d <30 — 10/10 Mean: 4.1 1 —
Hascoet et al?2 (2005)@ 145 6-48 h <32 — 5/10 — 10 Hamon et al% (2005)
Field et al?* (2005) 108 <28d, median: 1d <34 — 5/40 Mean: 3.5 15 Huddy et al* (2008)
Van Meurs et al's (2005) 420 Mean 26-28 h <34 401-1500 5/10 Maximum: 14 16 Hintz et al'® (2007)
Schreiber et al’® (2003) 207 <72h <34 <2000 10/10 7 1 Mestan et al'” (2005)
Srisuparp et al?” (2002)2 34 <72h <2000 20/20 Maximum: 7 1 —
Kinsella et al20 (1999) 80 =7d =34 — 5/5 7-14 12 —
Franco-Belgian Collaborative 85 <7d <33 — 10/20 — 33 —
NO Trial Group?' (1999)
Subhedar et al? (1997) 42 4d <32 — 20/20 34 1 Bennett et al (2001) (31)
Cohort trial
Tanaka et al?® 31 — <34  Median: 818-838 5-30 Median: 19.8 h 1 —
Total (15 trials) 3461 Birth to 27 d =34 401-2000 5-20/5—40 <1to24 1-36 —

All included infants were intubated on mechanical ventilation or continuous positive airway pressure. GA indicates gestational age; BW, birth weight; Max iNO, maximum dose of iNO.
a Studies reported only physiologic response to iNO and outcome to 28 days and, thus, were excluded from analyses.
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Unclear

Allocation concealment mHigh risk of bias

Blinding of projectpersonnel {(short-term)

Blinding of proje ctpersonnel {long-term)
Blinding of outcome asse ssors (short-term)
Blinding of outcome assessors{long-term)

Incomplete outcome data ade quately addre ssed {short-term)
Incomplete outcome dataade quately addre ssedilong-term)
Free of suggestionof selective outcome reporting

Free of otherrisks of bias

0% 20% 40% 60% 80% 100%
FIGURE 1

Summary of risk of bias for 14 RCTs.

ies) were assessed as having low risk
of bias."2 Three of the RCTs were de-
termined to have an unclear risk of bi-
as,2'-28 and the remaining 5 RCTs were
at high risk of bias.2*28 The observa-
tional study had a low risk of bias®
(see the full evidence report* for details).

The grade of a body of evidence address-
ing an outcome is based on the risk of
bias of the individual studies, as well as
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on other aspects such as the magnitude
and consistency of the effect. The grade
of the evidence for each short-term and
long-term outcome was low to moderate
(Table 2).

Mortality

Mortality data were reported for
each of the 14 RCTs, but there was
variation in the measurement of the

time of death or survival (eg, death
by 7 days, 28 days, 36 weeks’ post-
menstrual age [PMA], while in the
NICU, or to 1 year of age, corrected
for degree of prematurity). No mat-
ter how the trials defined or re-
ported death or survival, no statisti-
cally significant difference between
iNO and control groups was reported
for any of the 14 RCTs.



TABLE 2 Summary of Meta-analyses for Short-term and Long-term Qutcomes and the Grade of the

Body of Evidence for Each Outcome

Outcome Studies Included Participants Included  Grade RR (95% Cl)
in the Meta- in Meta-analysis, n
analysis, n
Short-term outcomes
Survival/death in the NICU 1 3136 Moderate 0.97 (0.82—1.15)
BPD at 36 wk PMA 8 1880 Moderate 0.930 (0.860—1.003)
Death or BPD at 36 wk PMA 1 3129 Low 0.93 (0.87—-0.99)
Brain injury 5 1862 Low 0.86 (0.56—1.29)
Patent ductus arteriosus 9 2663 Moderate 1.01 (0.86—-1.19)
Sepsis 8 2578 Low 1.05 (0.95-1.18)
Necrotizing enterocolitis 7 2476 Moderate 1.23 (0.94-1.26)
Retinopathy of prematurity, 8 1983 Moderate 1.01 (0.82—1.24)
treated
Pulmonary hemorrhage 4 1758 Moderate 0.89 (0.60-1.33)
Air leak 7 2041 Moderate 0.96 (0.71-1.28)
Long-term outcomes
Survival/death after NICU 7 2157 Moderate 1.02 (0.86—1.20)
discharge

CP 7 914 Low 1.07 (0.67-1.71)
MDI < 70 3 339 Low 0.78 (0.39-1.60)
NDI 6 1299 Low 0.91(0.74-1.12)

In a meta-analysis of 11 RCTs that re-
ported death by 36 weeks’ PMA or in
the NICU, the pooled risk ratio (RR) was
0.97 (95% confidence interval [ClI:
0.82—1.15) (Fig 2).

Nine studies reported mortality or sur-
vival beyond the NICU from 1to 4to 5
years of age; none reported a differ-
ence between INO and control
groups.10121416-18243031 A meta-analysis
performed with 7 trialg!0121417.182431
that reported mortality from 12 to 30
months of age (median: 18-22
months) revealed no difference with
iNO therapy compared with controls
(RR: 1.02 [95% Cl: 0.86— 1.201).

To investigate the effect of INO dose on
mortality and other outcomes, the
RCTs were grouped as follows: dose re-
stricted to 5 ppm; dose restricted to a
maximum of 10 ppm; and dose given
as 20 ppm or titrated to response with
a maximum of 20 to 40 ppm.
Meta-analyses were conducted with
trials from which death in the NICU at
=36 weeks’ PMA was reported. There
was no statistically significant differ-
ence between the iNO-treated infants
and controls when INO was given
at 5 ppm (RR: 097 [95% CI
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0.70-1.35]1),132028 10 ppm (RR: 1.00
[95% Cl: 0.73—1.38]),'4151928 or 20 ppm
or titrated to response (RR: 0.91 [95%
Cl: 0.63—1.30]).11.21.25.26

Four RCTs investigated whether iNO
therapy had a differential effect ac-
cording to hirth weight.!131519 Bjrth-
weight subgroup analyses were
planned a prioriin 2trials' '3 and were
performed post hoc for the other 2 tri-
als.’™>9 There was no statistically sig-
nificant difference in the rate of death
between iNO and control infants in
the birth-weight subgroups (<750,
750—-999, 1000—1250, and =1000 g and
others [see the full report* for a com-
plete discussion]). For infants with a
birth weight of >1000 g, it was re-
ported from 1 study that the iNO-
treated infants had a higher mortality
rate than those in the control group
(62% vs 48%) (RR: 1.28 [95% ClI: 1.06—
1.54])."5 Meta-analyses of trials from
which outcomes according to birth-
weight subgroups were reported
were not performed because of the
differences in definitions of hirth-
weight categories and differences in
outcomes reported from these few
trials.
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Bronchopulmonary Dysplasia

Twelve RCTs provided data on BPD at
36 weeks’” PMA, but there was vari-
ability in how BPD was defined. Six
RCTs defined BPD as simply receiving
supplemental oxygen at 36 weeks’
PMA 141520212428 The others added ra-
diologic evidence of BPD'3192526 gp an
oxygen-challenge test.''25 The de-
nominator used to calculate the rate
of BPD also varied: 5 used the total
number of infants enrolled in each
group,'’2+262 and 8 RCTs used
the number of survivors in each
group.'31415,19-2122

Despite variations in how BPD was de-
fined and calculated, there were no
statistically significant differences in
rates of BPD at 36 weeks’ PMA between
the iNO group and controls in any of
the RCTs. A meta-analysis with the 8
studies that reported BPD at 36
weeks’ PMA among survivors re-
vealed no statistically significant dif-
ference between infants treated with
iNO and controls (RR: 0.93 [95% CI:
0.86—1.0031) (Fig 2).

BPD developed as frequently in those
treated with 5-ppm iNO in 3 studies
as controls when measured at 36
weeks” PMA (RR: 0.94 [95% Cl: 0.87—
1.02]).13202 The risk of BPD was
mixed when iNO was given at a maxi-
mum dose of 10 ppm in 4 tri-
als. 14151928 Qur meta-analysis with
these 4 RCTs revealed a 256% reduc-
tioninthe risk of BPD at 36 weeks for
infants treated with iNO compared
with controls (RR: 0.75 [95% Cl: 0.61—
0.91]1). The rate of BPD at 36 weeks’
PMA was not different when we com-
pared infants treated with 20 ppm or
iNO titrated to response to those who
received standard care in the 4 RCTs
that used this dosing strategy (RR:
1.00 [95% Cl: 0.74—1.34]) .11.21.25.26

Only 1 trial of 2 from which the inci-
dence of BPD at 36 weeks’ PMA was
reported revealed a difference be-
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A RR 95% Cl
Study Name N Confidence Limits
Mercier et al?® (2010) 800 B e — 1.340 (0.921, 1.950)
Su and Chen?® (2008) 65 B 0.619 (0.255, 1.503)
Van Meurs et al* (2007) 29 — 1.339 (0.448, 4.002)
Ballard et al'' (2006) 582 _— 0.871 (0.453,1.674)
Dani et al?® (2006) 40 0.657 (0.221, 2.008)
Kinsella et al' (2006) 786 e 0.792 (0.609, 1.030)
Van Meurs et al'® (2005) 420 — 1.172(0.960, 1.431)
Schreiber et al'® (2003) 207 e 0.676 (0.380, 1.203)
Franco-Belgian Collaborative gg [ — 0.773 (0.408, 1.465)
No Trial Group?' (1999)
Kinsella et al?° (1999) 80 —_— 0.902 (0.581, 1.399)
Subhedar et al** (1997) 42 —f 1.571 (0.740, 3.335)
Overall b 12=0.279 0.972(0.819,1.153)
Favors iNO Favors Control
o j1 1 10
B RR 95% Cl
Study Name N i Confidence Limits
1
Mercier et al*® (2010) 697 0.891 (0.690,1.151)
Van Meurs et al'* (2007) 21 = 0.680 (0.210, 2.078)
Kinsella et al' (2006) 635 gﬂ} 0.957 (0.857,1.069)
i
Van Meurs et al*® (2005) 236 — 0.881(0.724,1.071)
Schreiber et al'® (2003) 168 — - 0.740(0.531,1.030)
Franco-Belgian Collaborative 58 © 0.875(0.365,2.097)
No Trial Group?' (1999)
Kinsella et al?* (1999) 40 —& T 0.750 (0.499, 1.128)
Subhedar et al?* (1997) ) +H= 1.053(0.859,1.291)
Overall |z= 0.000 0.927 (0.858,1.003)
Favors iINO Favars Control
F T 1
01 1 10
C RR 95% CI
Study Name N ' Confidence Limits
Mercier et al?* (2010) 795 —‘El%— 1.005 (0.830,1.217)
Su and Chen?® (2008) 65 — 0.786 (0.510,1.210)
Van Meurs et al'* (2007) 29 — 0.833 (0.428, 1.624)
Kinsella et al'® (2006) 786 0.951 (0.874,1.035)
Dani et al?® (2006) 40 —_— } 0.556 (0.350, 0.882)
Ballard et al'' (2006) 582 0.888 (0.777,1.016)
Van Meurs et al'® (2005) as 0.973 (0.886, 1.0689)
Schreiber et al'® (2003) 207 —E—*— 0.762 (0.596, 0.974)
Kinsella et al*® (1999) 80 = 0.851 (0.703, 1.029)
Franco-Belgian Collaborative 85 0.844 (0.544, 1.308)
No Trial Group?' (1999) !
Subhedar et al?*® (1997) 42 i 1.044 (0.920,1.186)
overal 17 =0.209 0.927 (0.870, 0.988)
Favors iNO Favors Control |
04 1 10
FIGURE 2

Meta-analyses of RCTs that described death (A), BPD (B), and the composite variable death or BPD (C)

at 36 weeks’ PMA

tween infants treated with iNO and
controls for any birth-weight sub-
group.'>' Among the 1000- to 1250-g
birth-weight stratum, Kinsella et al's
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reported a lower rate of BPD for in-
fants treated with iNO compared
with controls (29.8% vs 59.6%) (RR:
0.50 [95% Cl: 0.32—0.79]).

Death or BPD

The composite outcome of death or
BPD at 36 weeks’ PMA was reported
from 11 RCTs.* Eight RCTs reported no
statistically significant difference be-
tween iNO-treated infants and con-
trols, and 3 RCTs reported statistically
significant differences between the
groups.'11928

Ballard et al'' found a statistically sig-
nificant benefit in survival without BPD
at 36 weeks’ PMA for the iNO group
(n = 294) compared with placebo con-
trols (n = 288) (44% vs 37%) (RR: 1.23
[95% Cl: 1.01-1.511). For comparison
with the other RCTs, we calculated
the complement composite variable,
death or BPD at 36 weeks’ PMA (56% of
the iNO group vs 63% of the control
group), to include in the meta-analysis
(Fig 2).

Schreiber et al'® reported the rate of
death or BPD as 49% in the iNO group
(n = 105) compared with 64% in the
placebo control group (n = 102) (RR:
0.76 [95% Cl: 0.60—0.97]). This RCT en-
rolled larger infants than the other
RCTs (those with a birth weight of
<2000 g).

The small RCT (n = 40) reported by
Dani et al?® was stopped early because
an unplanned interim analysis re-
vealed a statistically significant differ-
ence (P =.02) in death or BPD: 50% of
infants inthe iINO group compared with
90% of infants inthe control group (RR:
0.11 [95% Cl: 0.02—0.61]).

A meta-analysis with all 11 RCTs from
which death or BPD at 36 weeks’ PMA
was reported revealed a small but sta-
tistically significant difference favor-
ing iNO (RR: 0.93 [95% Cl: 0.87—0.99])
(Fig 2).

The study by Ballard et al'" was differ-
ent in design than the other RCTs in
that it enrolled infants from 7 to 21
days of age with evolving BPD and
treated them for a minimum of 24

*Refs 11, 13-15, 19-21, 23, 25, 26, and 28.



days.'" Because of this difference, a
sensitivity analysis was performed by
removing it from the meta-analysis.
The result did not change the effect es-
timate for death or BPD at 36 weeks’
PMA (RR: 0.93 [95% Cl: 0.87—1.000]) but
did influence the Cls.

The dose of INO had no differential ef-
fect on the composite outcome of
death or BPD, and there was a similar
risk for infants treated with 5-ppm iNO
compared with controls (RR: 0.94 [95%
Cl: 0.88—1.01]),132023 3 maximum dose
of 10-ppm iNO compared with controls
(RR:0.81[95% CI: 0.64—1.03]),1415.19.28 gp
with 20-ppm iNO or titrated to re-
sponse compared with controls (RR:
0.94 [95% Cl: 0.84—1.06]).1121.25.26

No study reported a statistically signif-
icant difference between iNO-treated
and control infants for the <<1000-g
birth-weight groups (<750, 750-999,
and <1000 g). For the 1000- to 1250-g
birth-weight stratum, Kinsella et al'’
reported a significant reduction in the
combined outcome of death or BPD for
the iNO-treated infants compared with
controls (38.5% vs 64.1%) (RR: 0.60
[95% Cl: 0.42—0.861). In posthoc analy-
ses for the subgroup of infants with a
birth weight of >1000 g, Van Meurs et
al® also found a lower rate of the com-
posite outcome of death or BPD for the
iNO-treated group compared with the
control group (50% vs 69%; P = .03)
(RR: 0.72 [95% Cl: 0.54—0.96]) but no
difference in death alone or the rate
of BPD.

Short-term Risks of iNO

There was no evidence in the RCTs or
from our meta-analyses that treat-
ment of preterm infants with iNO in-
fluences the rates of other complica-
tions of prematurity, including
patent ductus arteriosus, sepsis, ne-
crotizing enterocolitis, severe reti-
nopathy of prematurity, pulmonary
hemorrhage, or air leaks (Table 2).
From no study was accumulation of
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toxic levels of methemoglobin re-
ported. A complete discussion of the
short-term risks of iNO is provided in
the full evidence report.*

Neurodevelopmental Impairment

Any discussion of NDI in preterm in-
fants must be in the context of brain
injury, which is common in preterm in-
fants on mechanical ventilation. Stud-
ies that compared head ultrasound re-
sults before and after treatment can
best determine if exposuretoiNO has a
toxic or neuroprotective effect on the
brain. Only 4 RCTs obtained head ultra-
sounds at or before enroliment and
compared them to subsequent serial ul-
trasounds.' 13202 Kinsella et al® re-
ported no worsening intraventricular
hemorrhage or intraparenchymal hem-
orrhage during or after treatment be-
tween iNO and placebo control groups
(12.3% vs 16.0%, respectively) (RR: 0.77
[95% CI: 0.54—1.09]). However, a statisti-
cally significant reduction in the inci-
dence of periventricular leukomalacia
was seen in infants in the iNO group
(5.2%) compared with controls (9.0%)
(RR: 0.58 [95% CI: 0.33—1.00]; P = .048).
There were no differences between the
iNO and control groups in the evolution
of neurologic findings inthe other 3 stud-
ies that obtained head ultrasounds be-
fore and after iNO treatment.''2025

Five RCTs compared the rate of a com-
posite outcome of brain injury, defined
as intraventricular hemorrhage with
ventriculomegaly, intraparenchymal
hemorrhage, or periventricular leu-
komalacia between infants treated
with iNO and controls.!13-1519 |n 3
meta-analysis of these studies, there
was no statistically significant differ-
ence between the groups (RR: 0.86
[95% Cl: 0.58—1.29]). It is not surpris-
ing that the 2 RCTs with the lowest RR
of brain injury differed from the other
studies by including larger preterm in-
fants (those with a birth weight of
>1500 ¢)."*"® Similarly, a meta-
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analysis of the 5 RCTs from which
the incidence of periventricular leu-
komalacia was reported revealed
no difference between the iNO and
control groups (RR: 0.78 [95% Cl:
057_1 62] ) _14,20,23,26,28

Cerebral palsy (CP) cannot be diag-
nosed inthe neonate; it requires a neu-
rologic examination and assessment
of motor function =1 years after birth.
Authors of most studies of iNO have re-
ported moderate-to-severe CP as-
sessed at 18 months to 4 to 5 years. A
pooled estimate of the risk for GP cal-
culated from the 7 studies'0.417.18:295031
from which this outcome was reported
revealed no difference between iNO-
treated infants and controls (RR: 1.07
[95% Cl: 0.67—1.71]) (Fig 3).

Cognitive outcomes were reported
from 6 RCTs. Three studies defined
cognitive impairment as a Mental De-
velopmental Index (MDI) of <70 (2 SDs
below the mean) on the Bayley Scales
of Infant Development [.101417 Qur
meta-analysis with these 3 studies re-
vealed no statistically significantly dif-
ference between those treated with
iNO and controls (RR: 0.78 [95% ClI:
0.39—1.601) (Fig 3). No difference was
reported between iNO-treated infants
and controls for studies that defined
cognitive delay as an MDI of <85 (1 SD
below the mean),' cognitive impair-
ment as 2 SDs below the mean on the
General Conceptual Ability Score of the
British Ability Scales,’ or normal cog-
nition as an MDI of >85.18

Seven studies reported the propor-
tion of children with NDI, a combined
variable that included cognitive, neu-
romotor, and sensory impair-
ments. 10.121417.1835031  Six trials from
which comparable neurodevelopmen-
tal outcomes were reported (MDI <
70, moderate-to-severe GP, blindness,
hearing impairment) at 12 to 30
months of age were included in a
meta-analysis, which revealed no sta-
tistically significant difference in the
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A RR 95% CI
Study Name N 3 Confidence Limits
Walsh et al'® (2010) 477 b 1.204 (0.576,2.517)
Huddy et al*® (2008) 38 1.091 (0.206, 5.791)
Van Meurs et al'* (2007) 17 - - #~  0.900(0.020, 40.842)
Hintz et al** (2007) 192 — 1.855 (0.926,3.714)
Tanaka et al?® 31 - — 0.268 (0.066, 1.091)
Mestan et al*” (2005) 138 — 0.833 (0.295, 2.351)
Bennett et al** (2001) 21 - — 0.375 (0.020, 6.802)
2
Overall —®— 1'=0.132 1.069 (0.668,1.711)
Favors iNO | Favors Control
F 1
01 1 10
B RR 95% CI
Study Name N Confidence Limits
Van Meurs et al* (2007) 17 -t — 0.444 (0.049, 4.025)
Hintz et al*® (2007) 184 B 1.205 (0.840,1.727)
Mestan et al'7 (2005) 138 —_— 0.526 (0.293, 0.846)
Overall —— | %= 0.668 0.784 (0.385,1.598)
Favors Control
[ i
0.1 1 10
C RR 95% CI
Study Name N Confidence Limits
Walsh et al*® (2010) 477 0.921 (0.760,1.115)
Watson et al*2 (2009) 455 1.058 (0.821, 1.365)
Van Meurs et al** (2007) 17 - 0.444 (0.049, 4.025)
Hintz et al*° (2007) 191 —H— 1.074 (0.803,1.437)
Mestan et al'” (2005) 138 —— 0.533 (0.327, 0.868)
Bennett et al*' (2001) 21 0.170(0.011,2.707)
2
Overall < | =0432 0.910(0.737,1.122)
Favors Control
I + {
0.01 01 1 10
FIGURE 3

Meta-analyses of CP (A), cognitive impairment (B), and NDI (C).

proportion of infants with NDI between
those who received iNO when com-
pared with the control group (RR: 0.91
[95% CI: 0.77—-1.12]) (Fig 3).
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No meta-analyses were conducted for
dose of iINO and NDI, because the defi-
nition of impairment varied widely be-
tween studies that used similar dosing

strategies. There was no statistically
significant difference in NDI between
iNO and control groups at doses of 5
ppm,'2 or 20 ppm or titrating the dose
to response’017.1824253051 however, at
10 ppm, results were inconsistent.
Hintz et al'® found that moderate-to-
severe GP was increased in the iNO
group (20% vs 11%), a difference that
was not significant in univariate analy-
sis but reached significance in multiva-
riable models after adjustment for in-
fant characteristics at study entry in 1
model (RR: 2.01 [95% CI: 1.01-3.98])
and infant characteristics and NICU
morbidities in another model (RR: 2.41
[95% ClI: 1.01-5.75]). Mestan et al”
who reported on the outcome of survi-
vors at 2 years of age, described a 47%
decrease in the risk of cognitive im-
pairment, defined as an MDI of <70
(RR: 0.53 [95% Cl: 0.29—-0.94]) but no
effect on motor impairment. Fewer in-
fants treated with iNO had NDI than in-
fants treated with placebo (24% vs
46%, respectively; P = .01). This differ-
ence in the composite outcome was
the result of fewer infants with cogni-
tive impairment in the iNO group, be-
cause there was no difference be-
tween the groups in the rate of CP or
vision or hearing loss.

No differences were reported in NDI
between iNO and control infants in the
2 trials that assessed this outcome ac-
cording to birth-weight subgroup.'%'2

DISCUSSION

The impetus for the study of iNO in pre-
term infants who receive respiratory
support is the search for an effective
treatment that improves the survival
rate and pulmonary health without in-
creasing the risk of adverse short-
term and long-term outcomes. Our sys-
tematic review of the published
evidence revealed no benefit or in-
creased risk to preterm infants born
at =34 weeks’ gestational age treated
with iINO compared with control in-



fants for mortality, BPD at 36 weeks’
PMA, short-term risks (patent ductus
arteriosus, sepsis, necrotizing entero-
colitis, treated retinopathy of prematu-
rity, pulmonary hemorrhage, air leak,
brain injury), or NDI. A small (7%) but
statistically significant reduction in
the risk of the composite outcome of
death or BPD at 36 weeks’ PMA was
found to favor iNO therapy.

Our results are similar to those found by
Barrington and Finer,32 who divided 11
RCTs into categories on the basis of in-
clusion criteria: (1) the early routine use
of INO (treatment in the first 3 days after
birth); (2) early rescue treatment based
on oxygenation inclusion; and (3) enroll-
ment based on increased risk of BPD =4
days after birth. A statistically significant
reduction in the incidence of death or
BPD (RR: 091 [95% CI: 0.84—0.99])
and in severe intraventricular hemor-
rhage, intraparenchymal hemorrhage,
or periventricular leukomalacia (RR:
0.70 [95% CI: 0.53—0.91]) was seen only
with early treatment. At the time of the
Barrington and Finer publication, neu-
rodevelopmental outcome was avail-
able for only 2 RCTs.'73" With the inclu-
sion of 3 more RCTs,'#?2% including 1
with 800 infants,” and neurodevelop-
mental follow-up results from 8
RCT3,10,12,14,16—18,30,31 we fOUnd no in_
crease in the risk of brain injury and
no differential effect of iNO therapy on
neurodevelopmental outcomes into
early childhood.

Whether the small, statistically signifi-
cant reduction in the incidence of
death or BPD is clinically meaningful
depends on one’s point of view. Many
parents would grasp at even that small
of a difference in their sick preterm
infant’s chances in surviving without
BPD. Barrington and Finers2 and Askie
et al® in a preliminary report of an
individual-patient-data meta-analysis
contend that current evidence does
not support the routine use of iNO to
treat preterm infants, and we agree.
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We do not conclude, however, that we
should abandon the possibility that iNO
may someday become a component of
atreatment strategy for some preterm
infants who receive respiratory sup-
port. Several factors contribute to our
recommendation to continue the study
of iNO: (1) our finding a small but sta-
tistically significant difference in death
or BPD at 36 weeks’ PMA, the common
primary outcome variable of 73% of
RCTs conducted to date; (2) a lack of
studies powered to detect meaningful
differences in subgroups of preterm
infants or in the longer-term func-
tional outcome or quality of life of in-
fants treated with iINO compared with
routine therapy; and (3) advances in
our understanding of the biological
mechanisms of action of iNO in pre-
term infants, which suggest different
study questions and designs than
many of those previously reported.

As RCTs and cohort studies of iNO in
preterm infants were being con-
ducted, off-label use of iNO in this pop-
ulation dramatically increased. One
publication reported a sixfold increase
in its use between 2000 and 2008 in a
large multisite pediatric group.’* The
lack of standardized definitions, mea-
surements, and reporting of outcomes
in studies of preterm infants make di-
rect comparisons between trials and
synthesis of data from multiple trials
difficult and likely contributed to the
off-label use of INO. Future research
should address gaps in knowledge
concerning iNO therapy for preterm in-
fants by using standardized measure-
ments and outcomes, which is particu-
larly true for neurodevelopmental
outcomes. Our review also revealed no
evidence for an optimal dose of iNO or
an optimal duration of therapy.

CONCLUSIONS

Future studies on the efficacy of iNO ther-
apy for preterm infants who receive re-
spiratory support should have strong
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conceptual frameworks that test hypoth-
eses on the mechanism by which iNO im-
proves pulmonary or neurodevelopmen-
tal outcomes. Those who develop
strategies for treatment need to con-
sider how different preterm infants are
from term infants. Their immature or-
gan systems are not prepared to sup-
port extrauterine life, and they lack im-
portant natural defenses (eg, surfactant,
cortisol, immune responses). The de-
gree of lung and brain maturation is an
important variable, and treatment
should be viewed interms of PMA, a con-
struct that better reflects organ matura-
tionthan gestational age at birth or chro-
nological age. iINO may also be viewed as
a potential growth promoter of the lung
and its underlying vascular bed, requir-
ing a longer duration of treatment than
has been previously studied and bears
investigation. Future research should
also measure biomarkers. Evaluating
the effect of INO on brain injury requires
neuroimaging before treatment, as well
as serial imaging during studies. BPD at
36 weeks’ PMA and evidence of brain in-
juryon ultrasound are intermediate vari-
ables and should be thought of in that
context. Prolonged hospitalizations, use
of supplemental oxygen and pulmonary
medications after NICU discharge, prev-
alence of reactive airway disease, and
recurrent hospitalizations are more im-
portant indicators of pulmonary func-
tion and health.'® Neurodevelopmental
outcomes and functional abilities in
childhood are far more important out-
comes than evidence of brain injury on
neuroimaging studies. Ongoing basic
science and clinical research on the de-
veloping lung and brain, and their re-
sponse to and recovery from injury, can
provide insights that lead to testable hy-
potheses for future RCTs.
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