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A B S T R A C T

Background

Nitric oxide (NO) is a major endogenous regulator of vascular tone. Inhaled nitric oxide (iNO) gas has been investigated as treatment for
persistent pulmonary hypertension of the newborn.

Objectives

To determine whether treatment of hypoxaemic term and near-term newborn infants with iNO improves oxygenation and reduces rate of
death and use of extracorporeal membrane oxygenation (ECMO), or aLects long-term neurodevelopmental outcomes.

Search methods

We used the standard search strategy of the Cochrane Neonatal Review Group to search the Cochrane Central Register of Controlled Trials
(CENTRAL; 2016, Issue 1), MEDLINE via PubMed (1966 to January 2016), Embase (1980 to January 2016) and the Cumulative Index to Nursing
and Allied Health Literature (CINAHL; 1982 to January 2016). We searched clinical trials databases, conference proceedings and reference
lists of retrieved articles for randomised controlled trials and quasi-randomised trials. We contacted the principal investigators of studies
published as abstracts to ascertain the necessary information.

Selection criteria

Randomised studies of iNO in term and near-term infants with hypoxic respiratory failure, with clinically relevant outcomes, including
death, use of ECMO and oxygenation.

Data collection and analysis

We analysed trial reports to assess methodological quality using the criteria of the Cochrane Neonatal Review Group. We tabulated
mortality, oxygenation, short-term clinical outcomes (particularly use of ECMO) and long-term developmental outcomes.

Statistics: For categorical outcomes, we calculated typical estimates for risk ratios and risk diLerences. For continuous variables, we
calculated typical estimates for weighted mean diLerences. We used 95% confidence intervals and assumed a fixed-eLect model for meta-
analysis.

Main results

We found 17 eligible randomised controlled studies that included term and near-term infants with hypoxia.
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Ten trials compared iNO versus control (placebo or standard care without iNO) in infants with moderate or severe severity of illness scores
(Ninos 1996; Roberts 1996; Wessel 1996; Davidson 1997; Ninos 1997; Mercier 1998; Christou 2000; Clark 2000; INNOVO 2007; Liu 2008).
Mercier 1998 compared iNO versus control but allowed back-up treatment with iNO for infants who continued to satisfy the same criteria
for severity of illness aDer two hours. This trial enrolled both preterm and term infants but reported most results separately for the two
groups. Ninos 1997 studied only infants with congenital diaphragmatic hernia.

One trial compared iNO versus high-frequency ventilation (Kinsella 1997).

Six trials enrolled infants with moderate severity of illness scores (oxygenation index (OI) or alveolar-arterial oxygen diLerence (A-aDO2))

and randomised them to immediate iNO treatment or iNO treatment only aDer deterioration to more severe criteria (Barefield 1996; Day
1996; Sadiq 1998; Cornfield 1999; Konduri 2004; Gonzalez 2010).

Inhaled nitric oxide appears to have improved outcomes in hypoxaemic term and near-term infants by reducing the incidence of the
combined endpoint of death or use of ECMO (high-quality evidence). This reduction was due to a reduction in use of ECMO (with
number needed to treat for an additional beneficial outcome (NNTB) of 5.3); mortality was not aLected. Oxygenation was improved in
approximately 50% of infants receiving iNO. The OI was decreased by a (weighted) mean of 15.1 within 30 to 60 minutes aDer the start of
therapy, and partial pressure of arterial oxygen (PaO2) was increased by a mean of 53 mmHg. Whether infants had clear echocardiographic

evidence of persistent pulmonary hypertension of the newborn (PPHN) did not appear to aLect response to iNO. Outcomes of infants with
diaphragmatic hernia were not improved; outcomes were slightly, but not significantly, worse with iNO (moderate-quality evidence).

Infants who received iNO at less severe criteria did not have better clinical outcomes than those who were enrolled but received treatment
only if their condition deteriorated. Fewer of the babies who received iNO early satisfied late treatment criteria, showing that earlier iNO
reduced progression of the disease but did not further decrease mortality nor the need for ECMO (moderate-quality evidence). Incidence
of disability, incidence of deafness and infant development scores were all similar between tested survivors who received iNO and those
who did not.

Authors' conclusions

Inhaled nitric oxide is eLective at an initial concentration of 20 ppm for term and near-term infants with hypoxic respiratory failure who
do not have a diaphragmatic hernia.

P L A I N   L A N G U A G E   S U M M A R Y

Nitric oxide for respiratory failure in infants born at or near term

Review question: Is inhaled nitric oxide gas, in addition to standard therapy, beneficial for babies born at full term who have lung disease
leading to low levels of oxygen in the blood? Specifically, does it reduce the death rate or the number of babies who require highly invasive
ECMO treatment?

Background: Nitric oxide is a naturally occurring molecule that relaxes blood vessels and is active in the lungs when mixed with the gases
that a patient is breathing.

Study characteristics: In a search updated to February 2016, review authors identified a total of 17 studies for inclusion in the review.
Most of the results reported in this review were obtained from 10 studies of moderate to high quality, which compared inhaled nitric oxide
(iNO) versus standard therapy without iNO. Six studies compared iNO started when babies were less sick against waiting to see if they
deteriorated, then treating them later. These studies were smaller, and only one was a high-quality trial.

Key results: Inhaled nitric oxide is safe and can help some full-term babies with respiratory failure who have not responded to other
methods of support. Inhaled nitric oxide increases levels of oxygen in babies' blood, and babies are more likely to survive without needing
ECMO, a highly invasive therapy with many complications. Unfortunately, benefits of iNO are not clear in babies whose respiratory failure
is due to a diaphragmatic hernia. Inhaled nitric oxide has shown no short-term or long-term adverse eLects. No signs suggest that iNO
given earlier is more beneficial or results in more babies treated, and the number who die or who need ECMO is not significantly reduced.
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Summary of findings for the main comparison.   Inhaled NO compared with control for respiratory failure in infants born at or near term

Inhaled NO compared with control for respiratory failure in infants born at or near term

Patient or population: respiratory failure in infants born at or near term
Setting: neonatal intensive care units
Intervention: inhaled NO
Comparison: placebo or no treatment

Anticipated absolute effects* (95% CI)Outcomes

Risk with con-
trol

Risk with inhaled NO

Relative effect
(95% CI)

Number of par-
ticipants
(studies)

Quality of the
evidence
(GRADE)

Comments

Study populationDeath or use of ECMO; studies that did not al-
low back-up use of iNO in controls

540 per 1000 356 per 1000
(308 to 416)

RR 0.66
(0.57 to 0.77)

859
(8 RCTs)

⊕⊕⊕⊕
High

 

Study populationDeath or use of ECMO; infants with diaphrag-
matic hernia

870 per 1000 948 per 1000
(826 to 1000)

RR 1.09
(0.95 to 1.26)

84
(2 RCTs)

⊕⊕⊕⊝

Moderatea
 

Study populationDeath before hospital discharge; studies that
did not allow back-up use of iNO in controls

120 per 1000 106 per 1000
(72 to 157)

RR 0.89
(0.60 to 1.31)

860
(8 RCTs)

⊕⊕⊕⊕
High

 

Study populationDeath before hospital discharge; infants with
diaphragmatic hernia

391 per 1000 470 per 1000
(290 to 767)

RR 1.20
(0.74 to 1.96)

84
(2 RCTs)

⊕⊕⊕⊝

Moderatea
 

Study populationUse of ECMO before hospital discharge; stud-
ies that did not allow back-up use of iNO in
controls 514 per 1000 308 per 1000

(257 to 365)

RR 0.60
(0.50 to 0.71)

815
(7 RCTs)

⊕⊕⊕⊕
High

 

Study populationUse of ECMO before hospital discharge; in-
fants with diaphragmatic hernia

674 per 1000 856 per 1000

RR 1.27
(1.00 to 1.62)

84
(2 RCTs)

⊕⊕⊕⊝

Moderatea,b
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(674 to 1000)

Study populationNeurodevelopmental disability at 18 to 24
months among survivors

265 per 1000 257 per 1000
(175 to 382)

RR 0.97
(0.66 to 1.44)

301
(2 RCTs)

⊕⊕⊝⊝

Lowa,b

 

*The risk in the intervention group (and its 95% confidence interval) is based on assumed risk in the comparison group and the relative effect of the intervention (and its
95% CI).
 
CI: confidence interval; OR: odds ratio; RR: risk ratio.

GRADE Working Group grades of evidence. 
High quality: We are very confident that the true effect lies close to the estimate of effect.
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of effect but may be substantially different.
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of effect.
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect.

aSmall numbers of participants studied.
bSubgroup of participants from only 2 trials evaluated.
 
 

Summary of findings 2.   Inhaled NO at moderate compared with severe criteria for illness severity in respiratory failure among infants born at or near
term

Inhaled NO at moderate compared with severe criteria for illness severity in respiratory failure among infants born at or near term

Patient or population: infants born at or near term in respiratory failure
Setting: neonatal intensive care units
Intervention: inhaled NO at moderate criteria for illness severity (earlier iNO)
Comparison: inhaled NO at severe criteria for illness severity (later iNO)

Anticipated absolute effects* (95% CI)Outcomes

Risk with inhaled NO
at severe criteria for
illness severity

Risk with Inhaled NO at moder-
ate criteria for illness severity

Relative effect
(95% CI)

Number of par-
ticipants
(studies)

Quality of the
evidence
(GRADE)

Comments

Study populationDeath or requirement for
ECMO

192 per 1000 169 per 1000
(119 to 244)

RR 0.88
(0.62 to 1.27)

495
(5 RCTs)

⊕⊕⊝⊝

Lowa,b

 

C
o
ch
ra
n
e

L
ib
ra
ry

T
ru
ste

d
 e
v
id
e
n
ce
.

In
fo
rm

e
d
 d
e
cisio

n
s.

B
e
tte

r h
e
a
lth

.

  

C
o

ch
ra

n
e D

a
ta

b
a
se o

f S
ystem

a
tic R

e
vie

w
s



N
itric o

x
id
e
 fo
r re

sp
ira

to
ry
 fa
ilu

re
 in
 in
fa
n
ts b

o
rn
 a
t o

r n
e
a
r te

rm
 (R

e
v
ie
w
)

C
o

p
yrig

h
t ©

 2017 T
h

e C
o

ch
ra

n
e C

o
lla

b
o

ra
tio

n
. P

u
b

lish
ed

 b
y Jo

h
n

 W
ile

y &
 S

o
n

s, Ltd
.

5

Study populationDeath before hospital dis-
charge

100 per 1000 69 per 1000
(38 to 126)

RR 0.69
(0.38 to 1.26)

495
(5 RCTs)

⊕⊕⊕⊝

Moderateb
 

Study populationUse of ECMO before hospi-
tal discharge

144 per 1000 146 per 1000
(95 to 222)

RR 1.01
(0.66 to 1.54)

439
(4 RCTs)

⊕⊕⊕⊝

Moderateb
 

Study populationProgression to severe cri-
teria

595 per 1000 392 per 1000
(327 to 470)

RR 0.66
(0.55 to 0.79)

512
(6 RCTs)

⊕⊕⊕⊝

Moderateb
 

Study populationNeurodevelopmental dis-
ability at 18 to 24 months
among survivors 248 per 1000 280 per 1000

(183 to 431)

RR 1.13
(0.74 to 1.74)

234
(1 RCT)

⊕⊕⊕⊝

Moderateb
 

*The risk in the intervention group (and its 95% confidence interval) is based on assumed risk in the comparison group and the relative effect of the intervention (and its
95% CI).
 
CI: confidence interval; OR: odds ratio; RR: risk ratio.

GRADE Working Group grades of evidence. 
High quality: We are very confident that the true effect lies close to the estimate of effect.
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of effect but may be substantially different.
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of effect.
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect.

aHighly variable risk ratio.
bVery wide confidence intervals.
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B A C K G R O U N D

Description of the condition

Persistent pulmonary hypertension of the newborn (PPHN) is
an important cause of cardiorespiratory failure in the near-
term neonate (> 34 weeks), as a primary condition of neonatal
maladaptation or secondary to other diseases such as hyaline
membrane disease (HMD), meconium aspiration, infection and
congenital diaphragmatic hernia (CDH). A review of the Oxford
Database of Perinatal Trials performed in 1996, which included
PPHN as an outcome, showed that at that time, no single
randomised controlled trial (RCT) had demonstrated that PPHN
could be prevented by any perinatal intervention. PPHN is
a common underlying factor among infants who qualify for
treatment with extracorporeal membrane oxygenation (ECMO).

Before inhaled nitric oxide (iNO) was available, conventional
therapy involved paralysis, sedation and induction of alkalosis by
hyperventilation and bicarbonate. None of these therapies were
proven by prospective randomised trials to reduce mortality nor
the need for ECMO. In addition, no clinically evaluated selective
pulmonary vasodilator was free of systemic side eLects.

Description of the intervention

Addition of low concentrations of nitric oxide gas to the inhaled gas
mixture.

How the intervention might work

Regulation of vascular muscle tone at the cellular level occurs, in
part, via nitric oxide (NO). Nitric oxide is generated enzymatically
by one of three NO synthases from L-arginine. NO activates
guanyl cyclase by binding to its heme component, leading to the
production of cyclic guanosine monophosphate (cGMP), which
leads to relaxation of vascular smooth muscle.

Abman and coworkers (Abman 1990) showed, in the late gestation
ovine fetus, that inhibition of NO production caused foetal
pulmonary and systemic hypertension with attenuation of the rise
in pulmonary blood flow at delivery. They also demonstrated that
inhibition of NO formation impeded the pulmonary vasodilation
produced by ventilation, increasing oxygen tension and shear
stress (Cornfield 1992), and that inhalation of NO by the ovine
foetus caused sustained and selective pulmonary vasodilation
(Kinsella 1992a).

In newborn mammals, several models of pulmonary hypertension
are reversed by iNO (Fratacci 1991; Frostell 1991; Roberts 1993;
Etches 1994). None of these studies reported an eLect on systemic
vascular resistance.

In adults with pulmonary hypertension, the initial observation
by Higenbottam and coworkers (Higenbottam 1988) that iNO
decreases pulmonary vascular resistance was confirmed by Pepke-
Zaba and coworkers (Pepke-Zaba 1991), who showed that iNO
(40 ppm) reduced pulmonary hypertension with no change in
systemic vascular resistance. In adults with acute respiratory
distress syndrome, Rossaint and coworkers (Rossaint 1993) showed
a reduction in pulmonary arterial pressure and a decrease in
intrapulmonary shunting within 40 minutes of inhalation of NO.
In these patients, improvement in oxygenation was due largely to
improved ventilation/perfusion matching.

Why it is important to do this review

Two uncontrolled reports in neonates with PPHN from
separate groups working in Denver (Kinsella 1992b) and
Boston (Roberts 1992) indicated that iNO rapidly produced a
significant improvement in preductal oxygen saturation, with no
detectable toxicity. The Boston group (Roberts 1992) revealed
that concentrations of 80 ppm of iNO were required to achieve
a response, whereas the Denver group (Kinsella 1992b) observed
beneficial eLects with only 10 to 20 ppm. This latter group
reported on nine additional infants treated with iNO, eight of
whom showed a sustained beneficial response (Kinsella 1993).
Finer and coworkers conducted a prospective evaluation of the
dose response to iNO in infants referred for possible ECMO therapy
(Finer 1994). Inhalation of NO was associated with significant
improvements in partial pressure of arterial oxygen (PaO2) and

decreases in alveolar-arterial oxygen diLerence (A-aDO2) and

oxygenation index (OI) among 14 of 21 studied infants. Investigators
noted no diLerence in response between 5 ppm and higher
concentrations.

Preliminary evidence led to prospective randomised controlled
clinical trials conducted to evaluate the role of iNO in infants with
respiratory failure.

O B J E C T I V E S

To determine whether treatment of hypoxaemic term and near-
term newborn infants with iNO improves oxygenation and reduces
rate of death and use of extracorporeal membrane oxygenation
(ECMO), or aLects long-term neurodevelopmental outcomes.

M E T H O D S

Criteria for considering studies for this review

Types of studies

We included only randomised prospective clinical trials.

Types of participants

Participants were newborn infants (< 1 month of age) with
hypoxaemia suspected to be due to lung disease, pulmonary
hypertension with right-to-leD shunting or both. We included only
studies in term and near-term infants (> 34 weeks' gestation). In
all studies, investigators made an eLort to exclude infants with
intracardiac shunting due to structural congenital heart disease. As
infants with congenital diaphragmatic hernia (CDH) may respond
diLerently from other near-term infants (from preliminary data), as
far as possible results for these infants were evaluated separately.

Types of interventions

Studies compared administration of iNO gas versus control - no gas
or placebo gas.

Types of outcome measures

Primary outcomes

1. Death or use of ECMO

2. Death before hospital discharge

3. Use of ECMO before hospital discharge

Nitric oxide for respiratory failure in infants born at or near term (Review)

Copyright © 2017 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

6



Cochrane
Library

Trusted evidence.
Informed decisions.
Better health.

 
 

Cochrane Database of Systematic Reviews

Secondary outcomes

1. Improvement in oxygenation (as a dichotomous variable) within
30 to 60 minutes

2. ELects on oxygenation index aDer 30 to 60 minutes of therapy
(both absolute values and change from baseline)

3. ELects on partial pressure of arterial oxygen (PaO2) aDer 30 to

60 minutes of therapy (both absolute values and change from
baseline)

4. Neurodevelopmental disability at 18 to 24 months

5. Cerebral palsy

6. Cognitive impairment at 18 to 24 months

7. Deafness

Outcomes added post hoc

1. Change in oxygenation index aDer treatment

2. Change in PaO2 aDer treatment

3. Chronic lung disease

Search methods for identification of studies

We used Cochrane criteria and standard methods and those of
the Cochrane Neonatal Review Group (see the Cochrane Neonatal
Group search strategy for specialized register).

Electronic searches

For the 1998 review, we used standard methods of the Neonatal
Collaborative Review Group. We performed the first MEDLINE
search in March 1997, using the search engine 'Melvyl medline
plus' and the following search terms: 'key word=nitric', and 'subject
heading = infant, newborn'.

For the 2016 update, we conducted a comprehensive search
that included the Cochrane Central Register of Controlled Trials
(CENTRAL; 2016, Issue 1) in the Cochrane Library; MEDLINE via
PubMed (1966 to January 2016); Embase (1980 to January 2016);
and the Cumulative Index to Nursing and Allied Health Literature
(CINAHL; 1982 to January 2016), using the following search terms:
(Nitric OR Nitrix Oxide), plus database-specific limiters for RCTs and
neonates (see Appendix 1 for the full search strategies for each
database). We applied no language restrictions.

Searching other resources

For the 1998 review, we searched Society for Pediatric Research
meeting abstracts on diskette for 1995, 1996 and 1997, using the
terms 'control, controls or controlled' and 'nitric or NO'.

For the 2016 update, we searched clinical trials registries for
ongoing and recently completed trials (clinicaltrials.gov; the World
Health Organization International Trials Registry and Platform
(www.whoint/ictrp/search/en/); and the ISRCTN Registry). We
also searched conference abstracts from the Pediatric Academic
Societies (PAS) and the European Society for Paediatric Research
(ESPR). We carried out searches in Abstracts 2 View (2000 to 2014)
and Pediatric Research.

Data collection and analysis

For each included study, we collected information regarding
method of randomisation, blinding, drug intervention,
stratification and whether the trial was a single-centre or multi-

centre study. We noted information regarding trial participants,
including gestational age criteria, birth weight criteria and other
inclusion or exclusion criteria. We analysed information on clinical
outcomes, including death or use of ECMO, death before hospital
discharge, use of ECMO before hospital discharge, improvement in
oxygenation (as a dichotomous variable) within 30 to 60 minutes,
eLects on OI aDer 30 to 60 minutes of therapy (both absolute values
and changes from baseline), eLects on PaO2 aDer 30 to 60 minutes

of therapy (both absolute values and changes from baseline),
neurodevelopmental disability at 18 to 24 months, cerebral palsy,
cognitive impairment at 18 to 24 months and deafness.

Selection of studies

We included all randomised and quasi-randomised controlled trials
fulfilling the selection criteria described in the previous section. All
review authors reviewed results of the search, separately selected
studies for inclusion and resolved disagreements by discussion.

Data extraction and management

KB, TP and GA extracted, assessed and coded all data for each study,
for studies newly added to this version of the review, using the
same categories as were used in the previous version. We replaced
any standard error of the mean reported with the corresponding
standard deviation and resolved disagreements by discussion. For
each study, one review author (KB) entered final data into Review
Manager (RevMan 2014), and the other review authors (NF, TP,
GA) checked the data. All review authors reviewed the protocol,
analysis and draD manuscript.

Assessment of risk of bias in included studies

We employed standard methods of the Cochrane Neonatal
Group. We assessed methodological quality of studies by using
the following key criteria: allocation concealment (blinding of
randomisation), blinding of intervention, completeness of follow-
up and blinding of outcome measurement/assessment. We
assessed each criterion as introducing high, low or unclear risk. We
included this information in the Characteristics of included studies
table.

In addition, review authors independently assessed risk of bias for
each study by using the criteria outlined in the Cochrane Handbook
for Systematic Reviews of Interventions (Higgins 2011).

We assessed methodological quality of studies by using the
following criteria.

1. Sequence generation (evaluating possible selection bias). For
each included study, we described the method used to
generate the allocation sequence as adequate (any truly random
process, e.g. random number table; computer random number
generator), inadequate (any non-random process, e.g. odd or
even date of birth; hospital or clinic record number; or an
unverifiable process, e.g. coin toss) or unclear.

2. Allocation concealment (evaluating possible selection bias).
For each included study, we described the method used to
conceal the allocation sequence as adequate (e.g. telephone or
central randomisation; consecutively numbered sealed opaque
envelopes), inadequate (open random allocation; unsealed or
non-opaque envelopes; alternation; date of birth) or unclear.

3. Blinding (evaluating possible performance bias). For each
included study, we described methods used to blind
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study participants and personnel from knowledge of which
intervention a participant received. We assessed blinding
separately for diLerent outcomes or classes of outcomes, and
we assessed methods as adequate, inadequate or unclear
for participants; adequate, inadequate or unclear for study
personnel; and adequate, inadequate or unclear for outcome
assessors.

4. Incomplete outcome data (evaluating possible attrition bias
through withdrawals, drop-outs, protocol deviations). For each
included study and for each outcome, we described the
completeness of data including attrition and exclusions from
analysis. We stated whether attrition and exclusions were
reported, numbers included in the analysis at each stage
(compared with total randomised participants) and reasons for
attrition or exclusion when reported, and whether missing data
were balanced across groups or were related to outcomes.
We assessed methods as adequate (< 20% missing data),
inadequate (≥ 20% missing data) or unclear.

5. Selective reporting bias. For each included study for which the
protocol was available (through trials registers), we investigated
the possibility of selective outcome reporting bias and reported
what we found. We assessed methods as adequate (when it
was clear that all of the study's prespecified outcomes and all
expected outcomes of interest to the review had been reported),
inadequate (when not all of the study's prespecified outcomes
had been reported; one or more reported primary outcomes
were not prespecified; outcomes of interest were reported
incompletely and so could not be used; or study failed to include
results of a key outcome that would have been expected to have
been reported) or unclear.

6. Other sources of bias. We noted other possible sources of bias
(e.g. whether a potential source of bias was related to the
specific study design, whether the trial was stopped early owing
to some data-dependent process). We assessed whether each
study was free of other problems that could put it at risk of bias
as yes, no or unclear.

7. Funding sources. For each study, we attempted to determine
the nature and, if possible, the role of the funding source. Using
published or registered protocols and the final publication of
the main trial results, we determined whether funds for the
trial were obtained from local agencies (e.g. research groups,
hospital foundations, university funds), charitable sources
(local, national or international foundations), government
agencies or industry sources. If potential funding conflicts of
interest were evident (particularly with industry funding), we
evaluated the role of the funding source. We determined that
when funding was received entirely from industry, studies were
at high risk of bias. In cases of funding received in part from
industry sources, we evaluated risk of bias according to the
apparent role of the funding source.

Measures of treatment e9ect

We performed statistical analyses using Review Manager 5 soDware
(RevMan 2014). We analysed categorical data using risk ratio (RR)
and risk diLerence (RD). For statistically significant outcomes,
we calculated the number needed to treat for an additional
beneficial outcome (NNTB) or the number needed to treat for an
additional harmful outcome (NNTH). We analysed continuous data
by using weighted mean diLerence (WMD) and standardised mean
diLerence (SMD). We reported 95% confidence intervals (CIs) for all
estimates.

Assessment of heterogeneity

We estimated treatment eLects reported by individual trials
and examined heterogeneity among trials by inspecting forest
plots and quantifying the impact of heterogeneity using the I2
statistic. We graded the degree of heterogeneity as less than
25% (no heterogeneity), 25% to 49% (low heterogeneity), 50% to
75% (moderate heterogeneity) or greater than 75% (substantial
heterogeneity). If we noted statistical heterogeneity (I2 > 50%),
we explored possible causes (e.g. diLerences in study quality,
participants, intervention regimens or outcome assessments).

Data synthesis

If we identified multiple studies and thought they were suLiciently
similar, we performed meta-analysis by using RevMan version 5.3,
as supplied by Cochrane. For categorical outcomes, we calculated
typical estimates of RR and RD, each with its 95% CI, and for
continuous outcomes, WMD or a summary estimate for SMD, each
with its 95% CI. We used a fixed-eLect model for meta-analysis.
When we judged meta-analysis to be inappropriate, we analysed
and interpreted separately subgroups of individual trials that were
very similar.

Quality of evidence

We used the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) approach, as outlined in
the GRADE Handbook (Schünemann 2013), to assess the quality of
evidence for the following (clinically relevant) outcomes: survival
without the need for ECMO (or its converse - death or use of
ECMO) and the two components of that outcome - death (before
hospital discharge) and use of ECMO. The long-term outcome that
we considered important was evaluation of neurodevelopmental
disability at 18 to 24 months (components of which were cerebral
palsy, cognitive impairment and deafness).

Two review authors (KB and TP) independently assessed the quality
of the evidence for each of the outcomes above. We considered
evidence from RCTs as high quality but downgraded evidence one
level for serious (or two levels for very serious) limitations on the
basis of the following: design (risk of bias), consistency across
studies, directness of evidence, precision of estimates and presence
of publication bias. We used the GRADEpro Guideline Development
Tool to create a ‘Summary of findings’ table to report the quality of
the evidence.

The GRADE approach results in an assessment of the quality of a
body of evidence according to one of four grades.

1. High: We are very confident that the true eLect lies close to the
estimate of eLect.

2. Moderate: We are moderately confident in the eLect estimate:
The true eLect is likely to be close to the estimate of eLect but
may be substantially diLerent.

3. Low: Our confidence in the eLect estimate is limited: The true
eLect may be substantially diLerent from the estimate of eLect.

4. Very low: We have very little confidence in the eLect estimate:
The true eLect is likely to be substantially diLerent from the
estimate of eLect.
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Subgroup analysis and investigation of heterogeneity

The major subgroups that we analysed included trials that
compared iNO versus no iNO and trials that compared immediate
nitric oxide treatment upon enrolment in the trial versus selective
treatment only when the infant's condition deteriorated, to satisfy
rescue treatment criteria. We considered separately the unique
study comparing high-frequency ventilation versus iNO (Kinsella
1997) and did not include this study in the meta-analysis.

Among studies that compared iNO versus control, we examined
three subgroups: trials that did not allow iNO in the control group;
the one study (Mercier 1998) that allowed iNO at the physician's
discretion (with no specific criteria) aDer a relatively brief two-hour
period; and trials that enrolled participants with diaphragmatic
hernia.

We used the I2 statistic for investigation of heterogeneity in each
subgroup.

Sensitivity analysis

For major outcomes, we performed sensitivity analysis by running
the meta-analysis both while including and while excluding studies
at higher risk of bias.

R E S U L T S

Description of studies

Results of the search

The previous version of this review identified 14 randomised
controlled trials. Updated searches revealed 652 records aDer
duplicates were removed; aDer screening, review authors identified
three new RCTs for inclusion in the review (Figure 1).
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Figure 1.   Study flow diagram: review update.
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Included studies

In all, we identified 17 RCTs including term and near-term infants
with hypoxaemic respiratory failure (Barefield 1996; Day 1996;
Ninos 1996; Roberts 1996; Wessel 1996; Davidson 1997; Kinsella
1997; Ninos 1997; Mercier 1998; Sadiq 1998; Cornfield 1999;
Christou 2000; Clark 2000; Konduri 2004; INNOVO 2007; Liu 2008;
Gonzalez 2010).

Ten of these trials (Ninos 1996; Roberts 1996; Wessel 1996;
Davidson 1997; Ninos 1997; Mercier 1998; Christou 2000; Clark 2000;
INNOVO 2007; Liu 2008) compared iNO versus control (placebo
or standard care without iNO in infants with moderate or severe
severity of illness scores), and 10 did not allow use of iNO in
control groups. One trial (Mercier 1998) allowed treatment of
both control and intervention participants aDer 2 hours of iNO
at the physician's discretion, without clear criteria for treatment
initiation in the control group. We therefore included this trial
in group 1 but as a separate subgroup. Two trials applied other
restrictions to eligibility criteria: One study enrolled only infants
with diaphragmatic hernia (Ninos 1997) and compared iNO versus
placebo, while not allowing open-label iNO. The other study
(Liu 2008) included only infants with meconium aspiration and
compared iNO versus no iNO (for this trial, no back-up ECMO was
available).

One trial randomised infants to iNO or high-frequency ventilation
(Kinsella 1997), crossed participants over to the other treatment in
case of failure, then combined treatments if the cross-over was not
successful.

Six of these trials (Barefield 1996; Day 1996; Sadiq 1998; Cornfield
1999; Konduri 2004; Gonzalez 2010) randomised infants with
moderate severity of illness scores (defined by OI or A-aDO2) to

an intervention group that received immediate iNO and compared
them with controls who were treated without iNO unless they
deteriorated to more serious severity scores, in which case iNO was
used.

These three groups of trials are investigating diLerent questions:
'Is iNO preferable to no treatment?' 'Is iNO preferable to high-
frequency ventilation, or is the combination better?' 'Is early iNO
preferable to later iNO?' Therefore, we divided the trials post hoc
into the three groups.

One of the above studies enrolled infants of any gestational age
but reported most descriptive and outcome data separately for
preterm (< 33 weeks' gestation) and near-term (≥ 33 weeks')
babies (Mercier 1998). These studies varied in size from n = 17
(Barefield 1996) to n = 235 (Ninos 1996). Eligibility criteria have been
reasonably homogeneous; some studies excluded infants with
pulmonary hypoplasia, some excluded infants with pulmonary
hypoplasia of any cause and others specifically excluded only those
with congenital diaphragmatic hernia (Barefield 1996; Ninos 1996;
Roberts 1996; Wessel 1996; Davidson 1997; Mercier 1998; Christou
2000; Konduri 2004), whereas the remaining studies included
infants with these conditions (Day 1996; Kinsella 1997; Sadiq 1998;
Cornfield 1999; Clark 2000). The Ninos group ran a parallel RCT of
infants with congenital diaphragmatic hernia (Ninos 1997). Most
studies limited participants to near-term infants (≥ 34 weeks: Ninos
1996; Kinsella 1997; Wessel 1996; Cornfield 1999; Christou 2000;
Clark 2000; ≥ 35 weeks: Barefield 1996; 'full term': Roberts 1996;

Davidson 1997), but Day 1996 included preterm infants (five of 50
participants).

Hypoxaemic respiratory failure was required for entry into each
of these studies, but exact criteria diLered and are noted in the
Characteristics of included studies table.

Many, but not all, of the studies (Day 1996; Roberts 1996; Wessel
1996; Davidson 1997; Kinsella 1997; Sadiq 1998; Cornfield 1999;
Christou 2000) also required echocardiographic evidence of PPHN.
Clark 2000 required clinical or echocardiographic evidence of
PPHN, and Ninos 1996 required no evidence of PPHN.

Many studies reported data regarding short-term eLects on
oxygenation as percentage or absolute change in PaO2 and OI.

Data for all percentages, absolute changes and absolute values
were available to us only for the Mercier 1998 study. Other studies
provided results in one way or another.

Trials comparing iNO versus control (no iNO)

Ninos 1996 was a multi-centre trial that included participants 14
days of age or younger without congenital structural heart disease.
Although all infants in this trial received an echocardiogram before
randomisation, an echocardiographic diagnosis of PPHN was not
an inclusion criterion for this trial, as it was for many of the other
trials herein reported. Infants were randomly assigned to receive
20 ppm of iNO or placebo; in this study, the placebo gas was 100%
oxygen. The primary hypothesis was that administration of iNO
to such infants would reduce the risk of death or the need for
ECMO by 120 days from 50% in control infants to 30% in infants
receiving iNO. This study encouraged full aggressive conventional
therapy including high-frequency ventilation provided by centres
experienced in its use, use of a bovine surfactant as well as
maintenance of arterial blood pressure above 45 mmHg, induction
of alkalosis (target pH 7.45 to 7.60) with encouragement for
use of sedation and/or paralysis and vasopressors and volume
expansion as necessary to maintain blood pressure. The external
data safety monitoring committee recommended termination of
the trial aDer the second planned review of data revealed that
the trial had reached the predetermined boundary of statistical
significance, at which time 235 infants (121 controls and 114
infants in the iNO group) had been enrolled. These two groups
were well matched for their clinical characteristics and blood
gas values and were nearly identical in the use of support
treatments at the time of randomisation. Approximately 55% of
infants were receiving high-frequency ventilation at the time of
randomisation, and approximately 72% had received surfactant
before randomisation. More than 90% of all infants had received
volume and vasopressor support, neuromuscular blockade and
sedation before randomisation.

The Ninos 2000 publication presents follow-up of survivors
of the two Ninos studies who underwent comprehensive
neurodevelopmental assessment at 18 to 24 months of age. A
secondary hypothesis of the original study was that administration
of iNO would lead to no increase in neurodevelopmental disability
at 18 to 24 months. Of 235 infants enrolled, 36 died, and 176 of
the 199 survivors were assessed at follow-up: 88 control infants
and 85 iNO infants. In addition, this study included survivors of the
parallel trial of infants with congenital diaphragmatic hernia (Ninos
1997). Among the original 53 enrolled infants, 29 were survivors and
follow-up was available for eight of 13 iNO survivors and for 14 of
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16 control infants. Survivors were well matched for their neonatal
characteristics. Investigators performed structured neurological
examinations and hearing tests, and blinded assessors most oDen
assigned Bayley Scales of Infant Development (BSID) scores.

Roberts 1996 conducted a multi-centre trial including infants who
had fraction of inspired oxygen (FiO2) of 1.0 and postductal PaO2

of 55 mmHg or less on two consecutive determinations 30 minutes
apart. Researchers excluded infants who had polycythaemia
(hematocrit ≥ 70%) or uncorrected hypotension (defined as
mean aortic blood pressure < 40 mmHg) or an unevacuated
pneumothorax. They also excluded infants who had received
treatment with high-frequency oscillatory ventilation or jet
ventilation and included infants who had previously received
surfactant without sustained improvement in oxygenation. All
infants had FiO2 reduced to 0.9 and were enrolled if they

maintained PaO2 greater than 85% of their previous baseline. An

interim analysis aDer 50 participants were enrolled demonstrated
that iNO increased systemic oxygenation significantly compared
with the control gas. A total of 28 control group infants and 30 iNO
infants appeared well matched in terms of diagnoses, blood gases,
oxygen indices and ventilator settings.

Wessel 1996 was a single-centre, open-label trial in which
treatment of participants included sedation and neuromuscular
blockade. Infants in this trial were permitted to have previously
received surfactant therapy or high-frequency ventilation.
Investigators initiated iNO therapy at 80 ppm aDer FiO2 was

reduced to 0.97, with a protocol that lowered the iNO dose
to 40 ppm aDer one hour and with continued weaning if
tolerated. Researchers discontinued iNO when a participant was
cannulated for ECMO, or when the clinician chose to initiate
high-frequency ventilation. They evaluated the eLectiveness of
iNO by assessing alterations in oxygenation, mortality and use
of ECMO. Investigators enrolled 51 participants, of whom they
excluded two. Researchers randomised 23 included infants to
receive conventional treatment and 26 to receive iNO. Only four
participants in this study actually received surfactant treatment,
and, as in previous studies, the most common diagnosis was
meconium aspiration (in 45% of enrolled participants). This group
has published follow-up data, including neurodevelopmental
outcomes that were obtained by telephone interview from 60 of 83
survivors of the original trial. They conducted the interview when
participants were between one and four years of age.

Davidson 1997 performed a multi-centre study (funded by
manufacturers) that compared three diLerent doses of iNO (5
ppm, 20 ppm and 80 ppm) versus nitrogen placebo. Researchers
hypothesised that iNO would reduce the incidence of a sequela
included in the PPHN Major Sequelae Index (MSI), which they
constructed. This index included death, ECMO, neurological
sequelae and chronic lung disease. Investigators enrolled 155
infants with echocardiographic evidence of PPHN and PaO2

between 40 and 100 mmHg in 100% oxygen, with a wide range of
illness severity at enrolment. They excluded infants who received
surfactant therapy and did not allow concurrent high-frequency
ventilation. They defined failure as PaO2 less than 40 mmHg for

longer than 30 minutes. This study was terminated early owing to
poor enrolment. Researchers enrolled 155 infants; they entered 41
into the control group and 114 into one of the three iNO groups,

with 41 receiving 5 ppm, 36 receiving 20 ppm and 37 receiving 80
ppm.

Mercier 1998 was a randomised multi-centre trial conducted at
33 French and Belgian neonatal units. Investigators enrolled 204
infants into the trial, 107 of whom were near-term infants. Near-
term infants were entered at an OI between 15 and 40, which
was confirmed on two blood gases taken one hour apart, and
were treated with iNO at 10 ppm or with no iNO. Researchers
excluded infants with pulmonary hypoplasia, including congenital
diaphragmatic hernia. The primary outcome measure was OI at two
hours. If an infant exceeded OI of 40 during the two-hour period,
iNO therapy was allowed. ADer the two-hour assessment, further
therapy was provided at the discretion of the physician, and it
is not reported how many infants received iNO at this time. The
randomisation procedure stratified infants according to gestation,
mode of ventilation and pulmonary diagnosis. Two-thirds of the
infants had received surfactant, and just over half (57%) were given
high-frequency oscillatory ventilation. Thirty percent of the infants
had meconium aspiration syndrome, 25% idiopathic PPHN and
45% RDS. Enrolment into the study was terminated because of
slowing recruitment aDer 204 of the originally planned 360 infants
had been entered. ECMO was not available as back-up therapy;
therefore, the number of infants dying was the same as the number
of infants dying or requiring ECMO.

Christou 2000 randomised 42 infants of at least 34 weeks' gestation
with respiratory failure and PaO2 less than 100 mmHg on 100%

oxygen, one of whom proved to have congenital heart disease and
was removed from the study, leaving 41 study infants. Researchers
compared iNO at 40 ppm versus standard therapy, without placebo
gas. ADer one hour, they decreased the dose to 20 ppm if tolerated
and made daily attempts at weaning iNO. The study was terminated
early aDer an ad hoc committee reviewed the data.

Clark 2000 randomised 248 near-term infants who were four
days of age or younger with OI greater than 25, to 20 ppm
of iNO or nitrogen placebo. Infants were not eligible if their
PaO2 was less than 30 mmHg and they were considered to

be in urgent need of ECMO for refractory hypotension (mean
blood pressure < 35 mmHg). Investigators did not exclude
infants with congenital diaphragmatic hernia, and these data
are available as a separate stratum, allowing comparison of
results with those of Ninos 1997. Researchers stratified infants
by one of five diagnostic categories and then randomised them
within that stratum. These strata included meconium aspiration,
pneumonia, respiratory distress syndrome, lung hypoplasia
syndromes including congenital diaphragmatic hernia and
idiopathic persistent pulmonary hypertension. Echocardiographic
or clinical confirmation of pulmonary hypertension was required.
The primary outcome variable was the need for ECMO. ADer 24
hours of treatment with 20 ppm, investigators reduced the dose
to 5 ppm for up to another 96 hours. Researchers evaluated
secondary outcome variables of oxygen dependence at 30 days and
neurological abnormality defined clinically or on ultrasonography.

INNOVO 2007 randomised infants with more than 33 weeks'
gestation if they had severe respiratory failure in the first 28 days of
life, and 'if the responsible clinician was uncertain about whether
an infant might benefit from iNO'. Researchers initiated iNO at
20 ppm or provided control intervention (without placebo gas).
No cross-over was allowed. Investigators enrolled 60 infants at
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European centres. Six of 31 controls received iNO; four iNO babies
did not receive the gas, three improved and one died before the
gas could be started. The primary outcome was death or severe
disability at one year of age. Sample size was determined by a time
limit for study duration.

Liu 2008, which was conducted in China, limited participants
to infants with meconium aspiration syndrome. Investigators
required that infants have gestational age greater than 36 weeks
and birth weight of at least 2.5 kg, and that intubated infants
have an OI greater than 15. Infants did not receive surfactant;
all underwent echocardiography during the initial workup but
were not required to have pulmonary hypertension to be eligible.
The primary outcome variable is not clear; iNO at 15 ppm or no
additional gas was given, and iNO could be increased to 20 ppm in
cases of poor response.

Trials comparing iNO at moderate compared with severe criteria
for illness severity

Barefield 1996 compared iNO versus 'conventional treatment'.
Infants had been treated with induction of alkalosis, both metabolic
and respiratory, to obtain a pH of 7.65 or greater with partial
pressure of carbon dioxide (PCO2) of 25 to 35 mmHg, and all infants

were paralysed with vecuronium and sedated. Infants were not
allowed to receive other vasodilators during the trial and were
initially randomised to receive no iNO, iNO at a dose of 20 ppm
for PaO2 of 40 to 99 mmHg and iNO at 40 ppm for PaO2 less than

40 mmHg; increases were allowed up to 80 ppm. Treatment failure
occurred if PaO2 was less than 80 mmHg for one hour "despite

alkalosis", less than 40 mmHg for longer than one hour or less
than 30 mmHg for 30 minutes. When control infants met treatment
failure criteria, they were treated with iNO. The primary outcome of
this trial was the need for ECMO or treatment failure.

Day 1996 was a single-centre study in which investigators
randomised infants with OI between 25 and 40 to receive
conventional therapy or 20 ppm of iNO, then treated control
infants whose OI increased to greater than 40 with open-label
iNO. As a result, 22 infants treated in the randomised portion of
the trial presented with OI between 25 and 40; 11 received iNO,
and 11 conventional therapy. Much of this report combines infants
randomised to iNO and some non-randomised infants who received
iNO as well as control infants who crossed over to iNO. We have
included data only when they were clearly derived from the initially
randomised comparison.

Sadiq 1998 randomised infants with birth weight > 2 kg on assisted
ventilation with 100% oxygen and an A-aDO2 between 500 and

599 mmHg on two blood gases at least one hour apart to iNO (10
to 80 ppm) or standard medical management. Echocardiographic
evidence of pulmonary hypertension was required, and infants
must have received at least one dose of surfactant before
enrolment. The primary outcome criterion was "severe pulmonary
hypertension", which was defined as A-aDO2 greater than 600

mmHg. If infants satisfied this definition, then iNO and other
therapies including ECMO were allowed. Infants with congenital
diaphragmatic hernia were enrolled, and only those with "lethal
anomalies" were excluded.

Cornfield 1999 was a randomised study conducted at three centres
that compared 2 ppm of iNO versus control. The hypothesis of this

study was that low-dose iNO would acutely improve oxygenation.
The study was unblinded. Investigators enrolled 38 full-term infants
with OI over 25, nine of whom had a congenital diaphragmatic
hernia. ADer the initial one-hour period, if infants in either group
had OI greater than 35, they were considered treatment failures and
received 20 ppm of iNO. Thus the trial could be considered a trial of
moderate (OI > 25) compared with severe (OI > 35) criteria for iNO,
even though investigators used diLerent concentrations for those
criteria.

Konduri 2004 randomised infants at ≥ 34 weeks' gestation on
assisted ventilation with OI between 15 and 25 and with FiO2 of 0.80

on any two arterial blood gases, at least 15 minutes and not more
than 12 hours apart, to iNO at 5 to 20 ppm or placebo (nitrogen
gas). Investigators started iNO at 5 ppm and increased the dose
to a maximum of 20 ppm when they noted a partial response
(adjustments were made by a single unmasked therapist, and the
remainder of the team were masked). Researchers excluded infants
with congenital diaphragmatic hernia or cardiac malformation and
those older than 14 days. The primary outcome was death or the
need for ECMO. The control group received iNO if OI exceeded 25.

Gonzalez 2010, a two-centre study conducted in Chile, randomised
near-term and term infants with OI between 10 and 30 to receive
iNO at 20 ppm or control; if within 48 hours, OI worsened to 40 or
more, then controls received iNO. Infants who remained with OI
greater than 40 were treated with high-frequency ventilation. All
infants had echocardiographic evidence of PPHN, but investigators
did not state whether they received surfactant. The primary
outcome variable was progression to OI over 40.

Trials comparing iNO versus high-frequency ventilation

Kinsella 1997 compared iNO versus high-frequency ventilation
rather than against 'standard therapy'; if infants failed the first
therapy, they were crossed over to the alternate therapy, then to
combined treatment. Data from this study included in this review
relate only to the first comparison between initially randomised
groups. This multi-centre study excluded infants with lethal
abnormalities and proscribed the use of surfactant aDer enrolment.
The definition of success in this trial was achievement of a PaO2

greater than 60 mmHg with assigned therapy. Initial randomisation
was to iNO 20 to 40 ppm or to high-frequency ventilation with the
SensorMedics oscillator (SensorMedics Corporation, Yorba Linda,
California, USA). The trial had enrolled 205 infants when it was
terminated as the result of an interim analysis that demonstrated
lack of eLicacy. Thirty-one percent of the infants included in this
trial had received surfactant before enrolment. As this is the only
trial included in this group, we did not perform a meta-analysis,
and all infants had the possibility of receiving iNO at some point
in the trial. Therefore, we included data on short-term oxygenation
changes aDer iNO but did not analyse clinical outcome data.

All of the studies described above, with the exception of Kinsella
1997, Day 1996 and Clark 2000, excluded infants with congenital
diaphragmatic hernia (CDH). This patient population is unique in
presentation and pathophysiology. As a result, NINOS investigators
performed a parallel study of infants with CDH using an identical
study protocol to the main NINOS study (Ninos 1997). They enrolled
53 infants (28 control, 25 iNO treated), and their primary hypothesis
was that iNO would reduce the occurrence of death or the need for
ECMO at 120 days. Treated and control groups were well matched,
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with baseline OI of 45.8 ± 16.3 in controls and 44.5 ± 14.5 in iNO-
treated infants.

Excluded studies

See the Characteristics of excluded studies table.

Risk of bias in included studies

The overall quality of these studies is highly variable. The highest-
quality studies were fully blinded, adequately powered, multi-
centre RCTs with external data monitoring groups that examined
clinically important outcomes (Ninos 1996; Ninos 1997; Clark
2000; Konduri 2004). Another group of studies of intermediate
quality used variable degrees of blinding or examined primarily
oxygenation outcomes (Roberts 1996; Davidson 1997; Mercier 1998;
Sadiq 1998; INNOVO 2007). A third group of studies consisted of

single (or few)-centre studies that were unblinded and included
very small sample sizes (Barefield 1996; Day 1996; Wessel 1996;
Cornfield 1999; Christou 2000; Liu 2008; Gonzalez 2010).

Kinsella 1997 is a unique study of high quality that had a rather
complex protocol and cannot be directly compared with the
remaining studies, as investigators compared iNO versus high-
frequency ventilation. Several studies were terminated early. In
the case of Ninos 1996, this occurred because predetermined
stopping rules were satisfied. In other cases (Davidson 1997;
Mercier 1998; Sadiq 1998; Konduri 2004), it occurred because of
slowing enrolment; in Christou 2000, it followed examination of
data.

Risk of bias summaries are shown in Figure 2 and Figure 3.
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Figure 2.   Risk of bias summary: review authors' judgements about each risk of bias item for each included study.
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Figure 3.   Risk of bias graph: review authors' judgements about each risk of bias item presented as percentages
across all included studies.

 
Studies at low risk of bias

Ninos 1996: In this masked multi-centre trial, investigators masked
allocation, intervention and outcome assessment. Investigators
performed preplanned interim analyses and used standard
stopping rules. They noted the significance of the primary outcome
variable aDer performing the second analysis.

Ninos 1997: This trial was designed in an unusual and pragmatic
fashion to run simultaneously at the same centres as the main
study (Ninos 1996), with a sample size that was planned by
terminating enrolment when the main Ninos study was complete.
Investigators performed allocation, intervention and outcome
analysis in a masked fashion. Investigators reported long-term
neurodevelopmental follow-up of infants in Ninos 1996, and in
Ninos 1997, they reported survival of 87% for Ninos 1996 (n = 173)
and 76% for Ninos 1997 (n = 53). All but seven assessments were
blinded to original treatment. Non-blinded BSID administrators
assessed control infants and six iNO-treated infants.

Clark 2000: This multi-centre trial reported masked allocation and
intervention and complete follow-up. The published manuscript
does not mention a prespecified sample size.

Konduri 2004: This multi-centre study used central randomisation
allocation and masking of the intervention. Researchers compared
thresholds of OI 15 to 25 versus OI > 25. Unfortunately, slow
enrolment led to early termination of the study and a reduction
in power. This was done without review of results and should not
aLect the validity of study conclusions.

Studies at intermediate risk of bias

Roberts 1996: Sample size determination leaves this study open
to the criticism of little protection against type 1 error, in that
study authors reported that they planned to stop aDer enrolling
50 participants if results showed significant improvement in
oxygenation. Review authors made no adjustments to the critical P

value for multiple looks at the data. Researchers did not report the
study hypothesis.

Davidson 1997: A three-to-one randomisation scheme enabled the
provision of dose-response oxygenation information but limited
the number of controls. This study was terminated early and was
therefore underpowered to detect clinical benefit.

Mercier 1998: This multi-centre trial reported masked allocation
and complete follow-up but no masking of the intervention. Many
protocol violations were noted (44 of the 54 assigned to control
therapy received iNO, and only 55 of the 62 assigned to iNO received
this treatment).

Sadiq 1998: This multi-centre study included a relatively small
sample and was terminated owing to slowing enrolment. The
intervention was not masked. Review authors requested data on
death and ECMO, and the principal investigator provided them.

INNOVO 2007: The term section of the INNOVO study enrolled only
60 participants from 27 participating hospitals over four years (15
hospitals actually contributed patients). Recruitment ended when
the preterm portion of the trial ended. The entry criteria made
it diLicult to extrapolate study results to other populations, but
infants were very sick with 25% mortality, and almost half had OI
over 40 at enrolment.

Gonzalez 2010: This two-centre trial randomised near-term infants
with OI between 10 and 30 to iNO at 20 ppm or to no iNO. All
infants whose condition deteriorated to reach OI of 40 received iNO
and could receive high-frequency ventilation; if already receiving
iNO, investigators added high-frequency ventilation. ECMO in case
of failure was not available. Randomisation was described only as
sequenced sealed envelopes and may have been masked, but this
is not certain. Investigators calculated the sample size on the basis
of a very large predicted eLect and achieved this goal. They did not
mask the intervention.

Nitric oxide for respiratory failure in infants born at or near term (Review)
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Studies at higher risk of bias

Barefield 1996: This very small study included somewhat
unbalanced groups at enrolment; the mean OI at entry was 26 in the
control group and 38 in the treatment group. Infants receiving iNO
also appeared to have a lower pH (7.46 ± 0.06 vs 7.61 ± 0.07), higher
partial pressure of arterial carbon dioxide (PaCO2) (40 ± 7 vs 28 ±

4 mmHg) and lower PaO2 (49 ± 7 vs 63 ± 7 mmHg). Study authors

did not clearly describe the study hypothesis. The sample size
calculation required 24 participants per group, but the basis for this
calculated sample size is not clear. Study authors did not explain
why the study was discontinued before the calculated sample size
was enrolled.

Day 1996: Study authors did not state how the sample size was
calculated and reported no study hypothesis. The method of
randomisation is unclear and was described as a 'blind draw'.
Researchers reported the study objective as to "review the acute
eLects" of iNO.

Wessel 1996: This small single-centre study provided unmasked
intervention and did not adequately describe allocation; review
authors could not ascertain whether it was masked.

Cornfield 1999: Study authors did not clearly describe the
randomisation procedure, and masking of allocation is unclear.
Study authors planned to enrol 60 participants. They planned an
interim analysis at two-thirds of full enrolment to be performed
blind. The study was terminated aDer this interim analysis (n = 38)
because a secondary analysis (i.e. response to 20 ppm aDer failure
of initial therapy) diLered between groups. Early termination of this
trial was the result of an unexpected finding with limited clinical
significance, and no diLerence in clinically important outcomes
seriously limited the power of this study.

Christou 2000: This study included a limited sample size, as the
study was terminated aDer Ninos 1996 and Roberts 1996 reported
results. Study authors did not explicitly state the hypothesis, and
they listed study objectives as determining whether iNO improves
oxygenation in infants given high-frequency ventilation; however,
not all infants received this mode of ventilation.

Liu 2008: This single-centre trial noted no prespecified sample
size and is the only trial that restricted enrolment to infants with
meconium aspiration syndrome; ECMO was not available as rescue
therapy. The intervention was unmasked, and researchers provided
little detail about the mechanics of randomisation.

E9ects of interventions

See: Summary of findings for the main comparison Inhaled NO
compared with control for respiratory failure in infants born at
or near term; Summary of findings 2 Inhaled NO at moderate
compared with severe criteria for illness severity in respiratory
failure among infants born at or near term

Comparison 1: iNO versus control (no iNO) in infants with
hypoxic respiratory failure

Outcome 1.1: Death or use of ECMO

This outcome was reported by 10 trials (Analysis 1.1). Nine studies
(Ninos 1996; Roberts 1996; Wessel 1996; Davidson 1997; Ninos 1997;
Mercier 1998; Christou 2000; Clark 2000; INNOVO 2007; Liu 2008)
did not allow use of iNO in controls who did not respond. One of

these trials (Liu 2008) did not have ECMO available; therefore, the
frequency of death reported is equal to death or requirement for
ECMO. One study gave the randomised intervention for only two
hours before allowing iNO among controls (Mercier 1998).

One study (Ninos 1997) included infants with CDH and reported the
CDH stratum of Roberts 1996 as a separate subgroup. Investigators
reported all outcomes of this subgroup separately (see below).

Four studies (Ninos 1996; Christou 2000; Clark 2000 and the non-
CDH stratum of Roberts 1996) found a statistically significant
reduction in the combined outcome of death or requirement for
ECMO. Meta-analysis of the eight trials in the subgroup without
back-up iNO treatment and without participants with CDH revealed
that iNO treatment resulted in a reduction in the incidence of death
or requirement for ECMO (typical RR 0.66, 95% CI 0.57 to 0.77;
eight studies, 859 infants; typical RD -0.18, 95% CI -0.25 to -0.12)

(high-quality evidence) and showed little heterogeneity (I2 = 21%).
Sensitivity analysis revealed that exclusion of studies at higher risk
of bias (Wessel 1996; Liu 2008) had no eLect on the risk ratio of this

outcome but reduced heterogeneity (I2) to zero.

The study that allowed back-up iNO among controls (Mercier 1998)
did not report a significant eLect for this outcome.

Outcome 1.2: Death before hospital discharge

The same studies also reported death (Analysis 1.2). None of
the individual studies found a significant eLect. Likewise, meta-
analysis revealed no evidence of eLect (typical RR 0.89, 95% CI 0.60
to 1.31; eight studies, 860 infants; typical RD -0.01, 95% CI -0.05 to
0.03) (high-quality evidence). On sensitivity analysis, aDer trials at
high risk of bias were excluded, the RR was 0.93 and confidence
intervals were wide.

Outcome 1.3: Use of ECMO before hospital discharge

Seven studies reported this outcome (Ninos 1996; Roberts 1996;
Wessel 1996; Davidson 1997; Christou 2000; Clark 2000; INNOVO
2007). Meta-analysis of results of these studies in this subgroup
supported a significant eLect (typical RR 0.60, 95% CI 0.50 to 0.71;
seven studies, 815 infants; typical RD -0.20, 95% CI -0.27 to -0.14)
(Analysis 1.3). Thus, the number needed to treat with iNO for an
additional beneficial outcome (NNTB) to prevent one infant from
requiring ECMO was 5 (95% CI 3.7 to 7.1) (high-quality evidence).
On sensitivity analysis, exclusion of Wessel 1996 had no eLect (Liu
2008 did not have ECMO available).

Outcome 1.4: Failure to improve oxygenation (PaO2)

Two studies in this group reported this outcome (Ninos 1996;
Roberts 1996). Both trials reported a statistically significant benefit
of iNO, with fewer infants failing to have improved oxygenation
(Analysis 1.4).

Outcome 1.5: OI 30 to 60 minutes a2er the start of treatment

Five studies reported this outcome (Ninos 1996; Roberts 1996;
Davidson 1997; Clark 2000; Liu 2008) (Analysis 1.5) and found a
statistically significant benefit of iNO. The results are remarkably
homogeneous across studies. Meta-analysis shows that OI 30 to 60
minutes aDer therapy commenced was significantly lower in the
iNO group (weighted mean diLerence -8.45, 95% CI -11.42 to -5.48;
five studies, 709 infants). Christou 2000 reported median changes
in OI aDer 60 minutes of -18 in the iNO group and 0 in the control
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group. Mercier 1998 reported OI results at two hours aDer the
start of treatment as median and interquartile ranges. Therefore,
we cannot currently add these data to our analysis. However, the
direction and magnitude of the eLect of iNO were very similar:
Among controls, median OI at baseline was 21.7 with little change at
two hours (median 19.4), whereas in those given iNO, median OI at
baseline was 25.9 and fell to 15.8 at two hours. The two-hour OI was
significantly diLerent between groups, as was the absolute change
in OI (median -2.7 in the control group vs -7.8 in the iNO group).

Outcome 1.6: PaO2 30 to 60 minutes a2er treatment

Four studies reported this outcome (Ninos 1996; Roberts
1996; Davidson 1997; Clark 2000) (Analysis 1.6). All found
statistically significant benefit of iNO. Study results are remarkably
homogeneous. Meta-analysis shows that PaO2 30 to 60 minutes

aDer treatment was statistically significantly higher in the iNO
group (weighted mean diLerence 32.62 mmHg, 95% CI 23.56 to
41.67; five studies, 707 infants). Christou 2000 reported median
changes in PaO2 of 53 mmHg in the iNO group and 2 mmHg in the

control group.

Outcomes 1.7: Change in OI a2er treatment; and 1.8: Change in
PaO2 a2er treatment

Only the Ninos trials reported these outcomes; both showed
substantial improvement in PaO2 and decreased OI (Analysis 1.7;

Analysis 1.8). For both outcomes, the change was statistically
significant only among infants in the main trial who did not have
congenital diaphragmatic hernia.

Outcomes 1.9 to 1.13: Neurodevelopmental and other late
outcomes

Four studies reported these outcomes (Ninos 1996; Wessel 1996;
Davidson 1997; Ninos 1997) (Analysis 1.9; Analysis 1.10; Analysis
1.11; Analysis 1.12; Analysis 1.13). The Ninos 2000 publication
reported neurodevelopmental outcomes from both Ninos 1996 and
Ninos 1997, and Lipkin 2002 reported outcomes of Davidson 1997.
Wessel 1996 reported neurodevelopmental outcomes obtained by
telephone interview.

For survivors of Ninos 1996, investigators performed BSID II testing
(n = 154), a neurological examination (n = 172) and hearing
tests (n = 157). Results showed no significant diLerences in the
occurrence of neurodevelopmental sequelae between iNO and
control infants: 18/87 control infants and 19/85 iNO infants did
not have normal neurological examination findings, and 9/87
controls compared with 10/85 iNO infants had cerebral palsy (CP).
Investigators observed no diLerences in the occurrence of hearing
impairment (defined as a threshold > 40 db; 23/82 evaluated
controls vs 24/75 evaluated iNO infants) nor in scores on the BSID
(Mental Development Index (MDI) 87 ± 18.7 for control infants
vs 85 ± 21.7 for iNO infants; Physical Development Index (PDI)
93.6 ± 17.5 for control infants vs 85.7 ± 21.2 for iNO infants).
One or more neurodevelopmental disabilities occurred in 26/87
control infants compared with 29/85 iNO infants. The occurrence
of seizures was less among iNO infants (13/87 control infants vs
4/85 iNO infants; P = 0.046). In addition, investigators reported
no diLerences in requirements for later hospital readmission, use
of home medications, apnoea monitors, home oxygen, use of
gastrostomy tubes or requirement for speech therapy. Researchers
did not report outcomes of all infant testing conducted in Ninos

1997 and stated that they found no diLerences in the mean results
of BSID examinations, and proportions with scores lower than 70
were similar.

Investigators from Davidson 1997 examined 35 control infants and
94 iNO-treated infants at an average of 13 months of age by
performing a neurological examination - Bayley Scales of Infant
Development (BSID) - and audiological assessment. The prevalence
of CP, developmental delay (BSID scores > 2 SD below the mean)
and hearing impairment (defined as mild 25 to 50 db threshold,
or severe > 50 db) was not diLerent between groups. The general
health of infants in terms of hospitalisation and growth was not
diLerent between groups.

Wessel 1996 used diLerent scales and relied on a telephone
interview to record outcome data. Researchers observed no
diLerences in the developmental quotient calculated from the
Motor and Social Development Scale of the 1981 Child Health
Supplement to the National Health Interview Survey. The
reliability, reproducibility and validity of this scale have received
little attention. The number of infants with a quotient less than 70
was greater among the control group (4/25) than among the iNO
group (0/35). Although cerebral palsy, visual disability and hearing
and speech disabilities were reported, it is unclear how these terms
were defined, and the incidence of overall neurological disability
included seizures. Therefore, it is not possible for review authors
to add any of these data to the meta-analysis, but they do appear
to show no evidence of neurodevelopmental impairment due to
iNO therapy. The study included an assessment of general and
pulmonary health; 31% of iNO participants (n = 35) and 20% of
control participants (n = 20) had required hospital readmission,
and 14% of iNO participants and 24% of control participants were
found to have reactive airways disease; neither of these events was
statistically significant.

Definitions used by the Ninos group and by Lipkin and coworkers
for the overall incidence of neurodevelopmental disability were
dissimilar. The Ninos group reported the incidence of having one or
more disabilities (CP, BSID MDI or PDI < 2 SD, blindness or hearing
impairment). Lipkin 2002 reported the incidence of mild (one or
two mild impairments, including mild neurological abnormalities
and mild reduction in scores on the BSID - between 1 and 2 SDs
below the mean) and severe impairments (CP, more than two mild
impairments, or at least one severe impairment). If we proceed
on the assumption that the definition of severe impairment in
Lipkin 2002 is similar enough to the Ninos definition of one or more
neurodevelopmental disabilities for a combined analysis, we find
no eLect of iNO (typical RR of adverse outcomes 0.97, 95% CI 0.66
to 1.44) (low-quality evidence).

Comparison 1, subgroup analysis: iNO versus control (no iNO)
in infants with hypoxic respiratory failure (subgroup of infants
with CDH)

Infants with CDH do not appear to share the benefits of iNO; indeed
it has been suggested that outcomes could be worse in infants
with CDH who receive iNO compared with control infants. We have
combined the results of Ninos 1997 with the diaphragmatic hernia
stratum of Clark 2000 - the only other study from which such
information can be extrapolated.
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Outcome 1.1.3: Death or requirement for ECMO in infants with
CDH

The incidence of death or requirement for ECMO was 40/46 control
infants and 36/38 infants with iNO (RR 1.09, 95% CI 0.95 to 1.26; two
studies, 84 infants; RD 0.08, 95% CI -0.04 to 0.20) (Analysis 1.1.3).

Outcome 1.2.3: Death in infants with CDH

Mortality rate was not changed: 18/46 control infants compared
with 18/38 infants with iNO (RR 1.20, 95% CI 0.74 to 1.96; two
studies, 84 infants; RD 0.08, 95% CI -0.13 to 0.29) (Analysis 1.2.3).

Outcome 1.3.2: Requirement for ECMO in infants with CDH

Results showed a barely significant increase in the requirement for
ECMO: 31/46 control infants compared with 32/38 infants with iNO
(RR 1.27, 95% CI 1.00 to 1.62; two studies, 84 infants; RD 0.18, 95%
CI 0.01 to 0.35) (Analysis 1.3.2). This occurred despite the fact that
infants with CDH who received iNO were more likely to improve
their oxygenation (data from Ninos 1997 only; all control infants
failed to improve oxygenation compared with 20/24 iNO infants;
RR of failure to improve oxygenation 0.83, 95% CI, 0.70 to 1.00).
The mean diLerence in PaO2, however, was small and was not

statistically significant. PaO2 30 minutes aDer treatment increased

by 7.8 mmHg in iNO infants compared with 1.1 mmHg in control
infants (MD 6.7, 95% CI 15.7 to -2.3), and OI decreased by 2.7 in iNO
infants compared with an increase of 4.0 among control infants (MD
-6.70, 95% CI -18.39 to +4.99).

Outcomes 1.10.2 and 1.11.2: Neurodevelopmental outcomes in
infants with CDH

Survivors with CDH (from the Ninos 1997 study) had comparable
neurodevelopmental outcomes at follow-up. Mean BSID MDI
among controls was 73.6 (SD 18) and PDI was 77.2 (SD 14.4); among
iNO-treated infants, mean MDI was 69.1 (SD 17) and PDI was 75.8
(SD 25.8). Both control infants and iNO infants had a high rate of
sensorineural hearing loss (4/14 control infants vs 3/8 iNO infants)
(Analysis 1.10.2).

Comparison 2. iNO started for moderate compared with severe
disease criteria

All five trials included in this group all showed no incremental
benefit for death or requirement for ECMO when iNO was started
earlier.

Outcome 2.1: Death or use of ECMO

The RR of death or ECMO was 0.88 (95% CI 0.62 to 1.27; five studies,
495 infants; RD -0.02, 95% CI -0.09 to 0.04). On sensitivity analysis,
when data from Barefield and Cornfield were excluded, leaving only
the results of Konduri, Gonzalez and Sadiq, review authors found
no eLect on the conclusion of eLect (RR 0.83, 95% CI 0.54 to 1.2)
(Analysis 2.1).

Outcome 2.2: Death before hospital discharge

The RR of death with earlier treatment was 0.69 (95% CI 0.38 to
1.26; five studies, 495 infants; RD -0.03, 95% CI -0.08 to 0.02). On
sensitivity analysis, we found no impact on the conclusion of no
eLect (RR 0.70, 95% CI 0.34 to 1.43) (Analysis 2.2).

Outcome 2.3: Use of ECMO before hospital discharge

Four studies reported the requirement for ECMO (ECMO was not
available for infants during Gonzalez 2010). The RR for needing
ECMO was 1.01 (95% CI 0.66 to 1.54; four studies, 439 infants; RD
0.00, 95% CI -0.06 to 0.06). On sensitivity analysis, we found that
the RR for needing ECMO, aDer studies at higher risk of bias were
excluded, was 0.90 (95% CI 0.52 to 1.58) (Analysis 2.3).

Outcome 2.4: Progression to severe disease criteria

Treatment at lower disease severity appears to prevent progression
to severe disease (i.e. fewer iNO participants progressed to
satisfying rescue or severe disease criteria compared with control
infants; RR 0.66, 95% CI 0.55 to 0.79; six studies, 512 infants; RD
-0.20, 95% CI -0.28 to -0.12). On sensitivity analysis, we found that
the RR was 0.59 (95% CI 0.48 to 0.74) (Analysis 2.4).

Outcome 2.5: Chronic lung disease

Gonzalez 2010, Konduri 2004 and Sadiq 1998 reported frequency of
requiring oxygen at 28 days of age. Early iNO confers no advantage
over late iNO for this outcome (RR 0.91, 95% CI 0.54 to 1.53; three
studies, 437 infants; RD -0.01, 95% CI -0.07 to 0.05).

Outcomes 2.6 to 2.8: Neurodevelopmental outcomes

One study reported longer-term neurodevelopmental outcomes
(Konduri 2004). Analysis revealed no diLerence in frequency of
neurological impairment or developmental delay at 18 to 24
months of age (Analysis 2.6), hearing loss requiring amplification
(Analysis 2.7), nor grades of cerebral palsy (Analysis 2.8).
Investigators showed no diLerence in severe CP but a lower BSID
PDI score at 18 months among infants who received iNO early.

Other possibly important outcomes

Gonzalez 2010, Konduri 2004 and Sadiq 1998 reported duration
of mechanical ventilation and duration of oxygen therapy in
the two groups. Konduri and Sadiq also reported duration of
hospitalisation. Gonzalez reported outcomes as median and range,
Konduri as median and interquartile range and Sadiq as mean and
standard deviation. Therefore, meta-analysis cannot be performed,
but we have tabulated the results (Table 1).

Comparison 3. iNO versus high-frequency ventilation in
infants with hypoxic respiratory failure

Only one study compared iNO versus high-frequency ventilation.
Kinsella 1997 found that 23% of infants treated with high-frequency
ventilation compared with 28% treated with iNO had a successful
response, defined as PaO2 greater than 60 mmHg. ADer cross-

over, 21% of 75 infants with high-frequency ventilation failure
responded to iNO, whereas 14% of 77 infants with iNO failure
responded to high-frequency ventilation (not significant). This
study demonstrated that response to iNO was equivalent to
response to high-frequency ventilation among near-term infants
with hypoxic respiratory failure. Study authors evaluated infants
who failed to respond to either therapy singly (n = 125) and found
that 32% responded to the combination. Study authors concluded
that the combination of high-frequency ventilation and iNO was the
most eLective therapy for infants who failed to respond to either
treatment alone. This study suggests that use of high-frequency
ventilation may be valuable in establishing adequate lung volumes
in such a way that iNO therapy may then be eLicacious.
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As all infants were eligible to receive iNO during preparation of the
protocol, this study is not informative for the outcome of death or
ECMO. As this is the only study included in this group, we have not
performed any meta-analysis.

D I S C U S S I O N

Main results

First, use of inhaled nitric oxide (iNO) at doses of 10 to 80
ppm is supported by studies that enrolled near-term, hypoxic,
mechanically ventilated neonates with an oxygenation index (OI)
of 25 or greater, or partial pressure of arterial oxygen (PaO2)

less than 100 mmHg in 100% oxygen. Use of iNO in these
circumstances decreases the need for extracorporeal membrane
oxygenation (ECMO). All but one of the trials that compared
iNO versus no iNO had ECMO available for participants who
were failing, and no eLect on mortality was evident. One very
small trial from China (Liu 2008), which had no ECMO available,
showed a small reduction in mortality, which may have been
due to chance. ECMO is invasive and expensive and is associated
with clinically important complications. Therefore, a reduction in
ECMO requirement with less invasive and safer treatment provides
benefit for patients. However, reviewed trials showed significant
diLerences with respect to the use of other therapies, such as
high-frequency ventilation or surfactant. Ninos 1996, Ninos 1997,
Day 1996 and Wessel 1996 allowed both treatments, Clark 2000
"encouraged" both treatments, whereas others proscribed such
management or excluded infants who received such treatments
(Barefield 1996 proscribed both; Roberts 1996 disallowed high-
frequency ventilation; Davidson 1997 excluded infants who
received surfactant therapy and did not allow concurrent high-
frequency ventilation).

Second, studies that enrolled infants at moderate disease severity
and randomised them to immediate iNO, or to iNO only if their
condition deteriorated, showed no incremental benefit of giving
iNO earlier, even if infants receiving earlier iNO were less likely to
experience a deterioration in their oxygenation.

Third, the Ninos 2000 publication provides reassuring
information regarding long-term neurodevelopmental outcomes
and demonstrates that infants who receive iNO are not at
increased risk of neurodevelopmental sequelae, consistent with
the observations of Rosenberg and coworkers (Rosenberg 1997),
and did not experience increased postdischarge pulmonary
complications, consistent with the report of Dobyns and coworkers
(Dobyns 1999).

Fourth, clinical or echocardiographic evidence of pulmonary
hypertension was not universally present in all reported trials;
therefore, use of iNO should be considered for near-term
infants with hypoxic respiratory failure, with or without clear
evidence of pulmonary hypertension. Inhaled NO can improve
ventilation/perfusion mismatching and may improve oxygenation
by this mechanism in infants without documented pulmonary
hypertension.

Limits/toxicity issues

Nitric oxide reacts with oxygen to form nitrogen dioxide (NO2). Both

NO and NO2 are toxic, causing death in dogs at concentrations

between 0.1% and 2% due to methaemoglobinaemia, hypoxaemia

and pulmonary edema (Greenbaum 1967). In humans, exposure
to 2.3 ppm NO2 for five hours produced a 14% decrease in serum

glutathione peroxidase activity and a 22% decrease in alveolar
permeability 11 hours aDer the start of exposure, suggesting that
even very low concentrations of NO2 may produce a delayed

response (Rasmussen 1992). Occupational health guidelines set 25
ppm as the limit for eight hours/day NO exposure in the workplace,
and 3 ppm (measured as the time-weighted average) as the limit for
NO2 (MMWR 1988). It has been demonstrated that using 80 ppm iNO

in a neonatal ventilator with fraction of inspired oxygen (FiO2) of 0.9

could produce 5 ppm NO2 in less than 20 seconds (Bouchet 1993).

Ongoing monitoring of inhaled gas for NO2 is therefore mandatory.

The condition of infants receiving iNO, even those who have not
demonstrated a positive response, may deteriorate when iNO is
discontinued. Davidson and coworkers (Davidson 1999) reviewed
the results of their previous trial (Davidson 1997) and reported a 42
± 101% increase in OI when iNO was withdrawn from participants
who did not demonstrate a positive response to iNO. They reported
that minimising the iNO dose to 1 ppm before discontinuation
was associated with the least deterioration, so it appears that this
practice should be followed for infants who are being weaned from
iNO, regardless of their initial response.

Methaemoglobin levels must also be carefully monitored,
and significant methaemoglobinaemia has been reported aDer
accidental overdose of a neonate with > 135 ppm of iNO (Heal 1995).
Long-term treatment (up to 23 days for a newborn, 53 days for an
adult) has not been shown to increase toxicity. When NO reacts
with superoxide, peroxynitrite is rapidly formed, and this can result
in membrane lipid peroxidation (Beckman 1990). No information
is available to date with respect to the actual formation of such
peroxynitrites in human patients receiving iNO, but the potential
remains for resultant tissue injury, especially in the lung, with
damage to surfactant and its related proteins (Haddad 1993). NO
inhibits platelet aggregation and adhesion and in this way plays an
important role in vascular homeostasis (Radomski 1993). Although
it is believed that iNO does not exert systemic eLects because of the
previously mentioned interaction with haemoglobin, Hogman and
coworkers have reported increased bleeding times in rabbits and
humans exposed to 30 ppm of iNO (Hogman 1993; Hogman 1994).

A U T H O R S '   C O N C L U S I O N S

Implications for practice

On the basis of currently available information, iNO has been
established as eLective therapy for near-term and term infants with
hypoxic respiratory failure unresponsive to other therapy, with the
possible exclusion of infants with congenital diaphragmatic hernia.
Its use reduces the need for ECMO (with number needed to treat
for an additional beneficial outcome (NNTB) of 5.3), and it appears
to be the only selective pulmonary vasodilator for which proof of
eLicacy is available.

Lack of eLect on systemic haemodynamics, coupled with relative
safety of administration when appropriately monitored, and lack of
significant longer-term neurodevelopmental sequelae support the
use of iNO in preference to other vasodilators.

It appears to be appropriate to institute therapy for those who are
severely ill (with OI ≥ 25, or PaO2 < 100 mmHg in 100% oxygen);
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commencing therapy earlier does not appear to further reduce
ECMO requirements or mortality (however, some uncertainty
surrounds this, as confidence intervals of the RR are very wide (0.61
to 1.24)). Instituting therapy at lower severity of illness criteria may
prevent progression to higher disease severity.

Implications for research

Additional studies with untreated control groups in term and near-
term infants with hypoxic respiratory failure would not be ethically
acceptable.

Comparative trials with other active agents, or with diLerent
doses of iNO, may be valuable. Indeed, the minimal eLective
dose remains unclear. Finer 2001 suggested that starting treatment
at 2 ppm was as eLective as starting treatment at higher
concentrations, whereas Cornfield 1999 suggested that starting
treatment at 2 ppm was not eLective in preventing deterioration.
This discrepancy warrants further investigation by an adequately
powered study.

Moreover, treating at less severe criteria for poor oxygenation has
not been shown to improve mortality or ECMO requirements, or
other reported clinical outcomes, compared with waiting to see
whether the patient's condition deteriorates. However, substantial
uncertainty remains regarding eLects on death or ECMO, with 95%
confidence intervals including the possibility of a 40% reduction
in death or ECMO, or a 25% increase. Also, earlier treatment may
prevent disease progression, and long-term outcomes could be
aLected by preventing more severe illness. This should be further
investigated.

Finally, other unanswered questions include the following: Does
pretreatment with surfactant improve response to iNO in humans
(as it appears to in some animal models)? Is iNO safer and more
eLective than other vasodilators delivered by inhalation such as
inhaled prostacyclin?
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Characteristics of included studies [ordered by study ID]

 

Methods Single-centre randomised study. Masking of allocation: yes. Masking of intervention: no. Completeness
of follow-up: yes. Masking of outcome measurement: no

Participants 17 near-term infants ≥ 35 weeks with PaO2 < 100 mmHg on 100% oxygen on ventilator

Patients with congenital diaphragmatic hernia were excluded.

Interventions iNO at 20 to 40 ppm increased to 80 if PaO2 stayed < 100 mmHg. Use of iNO allowed in case of failure of

control treatment, if PaO2 was (1) < 80 mmHg (10.7 kPa) for longer than 1 hour, (2) < 40 mmHg (5.3 kPa)

beyond 1 hour or (3) < 30 mmHg (4 kPa) beyond 30 minutes
High-frequency ventilation not allowed during study

Outcomes Primary outcome: 'treatment failure' or meeting ECMO criteria (defined as PaO2 < 80 mmHg for > 1

hour, < 40 mmHg after 1 hour or < 30 mmHg after 30 minutes)
Secondary outcomes: oxygenation index, PaO2, alveolar arterial oxygen gradient, after 30 and 60 min-

utes; death and ultimate use of high-frequency ventilation or ECMO

Notes Admission OI in control group averaged 26, in treatment group 38

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Method of sequence generation not described

Allocation concealment
(selection bias)

Low risk Sequentially numbered, opaque, sealed envelopes

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Barefield 1996 
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Funding Source(s) Low risk Charitable foundation (March of Dimes)

Barefield 1996  (Continued)

 
 

Methods Single-centre randomised study. Masking of allocation: yes. Masking of intervention: no. Completeness
of follow-up: yes. Masking of outcome: no

Participants 42 near-term infants ≥ 34 weeks with PaO2 < 100 mmHg on 100%oxygen on ventilator. 41 infants af-

ter exclusion of 1 case of congenital heart disease. Patients with diaphragmatic hernia were excluded.
Some evidence showing increased pulmonary artery pressure on echocardiography required

Interventions 40 ppm iNO reduced to 20 ppm after 1 hour. Combined therapy with high-frequency ventilation and
iNO allowed

Outcomes Death before discharge or requirement for ECMO. Secondary outcomes included changes in oxygena-
tion and duration of ventilation and oxygen therapy.

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Not described

Allocation concealment
(selection bias)

Low risk Adequate

Blinding (performance
bias and detection bias) 
All outcomes

High risk  

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias High risk Study terminated early after ad hoc committee reviewed the data

Funding Source(s) Low risk Supported by local and government agencies

Christou 2000 

 
 

Methods Multi-centre randomised trial. Masking of allocation: yes. Masking of intervention: yes. Completeness of
follow-up: yes. Masking of outcome: yes

Participants 248 near-term infants, ≥ 34 weeks, ≤ 4 days of age, with OI ≥ 25

Clark 2000 
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Interventions 20 ppm iNO or nitrogen placebo. Inhaled NO gas weaned to 5 ppm after 24 hours for a maximum of 96
hours

Outcomes Death before discharge, need for ECMO, chronic lung disease, neurological injury

Notes No calculation of sample size for the trial is described.

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Cards on which treatment assignments were written were randomly ordered
(shuffled by hand 3 times) and placed in sequentially numbered opaque en-
velopes in blocks of 8.

Allocation concealment
(selection bias)

Low risk Adequate

Blinding (performance
bias and detection bias) 
All outcomes

Low risk  

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias Unclear risk Uncertain how sample size was determined

Funding Source(s) High risk Funded "in part" by INOtherapeutics; no other sources listed

Clark 2000  (Continued)

 
 

Methods Three-centre randomised trial. Masking of allocation: cannot tell. Masking of intervention: no. Com-
pleteness of follow-up: yes. Masking of outcome: no

Participants 38 near-term infants with OI ≥ 25, < 1 week old, with echocardiographically proven pulmonary hyper-
tension

Interventions Inhaled NO at 2 ppm or no therapy

Outcomes Primary outcome: failure, defined as OI > 35 after 1 hour of treatment

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Computer-generated random number table

Cornfield 1999 
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Allocation concealment
(selection bias)

Unclear risk Unclear

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias Low risk  

Funding Source(s) Low risk Local funds and charitable sources

Cornfield 1999  (Continued)

 
 

Methods Multi-centre randomised trial, with nitrogen used as placebo gas

Participants 155 term infants with echocardiographic evidence of pulmonary hypertension. PaO2 between 40 and

100 mmHg in 100% oxygen. Randomised equally to each of the 4 groups
Excluded infants with congenital diaphragmatic hernia or other causes of pulmonary hypoplasia
Did not allow surfactant therapy or concurrent high-frequency ventilation

Interventions Inhaled nitric oxide at 5, 20 or 80 ppm or control, gas stopped upon 'failure', defined as PaO2 < 40

mmHg for longer than 30 minutes

Outcomes Major sequelae index: composite index of death, ECMO, neurological sequelae or bronchopulmonary
dysplasia
Oxygenation

Notes Terminated early because of poor enrolment

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Randomised by a "scratch-oL card"

Allocation concealment
(selection bias)

Low risk  

Blinding (performance
bias and detection bias) 
All outcomes

Low risk Placebo-controlled masked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Davidson 1997 
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Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias Unclear risk Terminated early for poor enrolment

Funding Source(s) High risk Industry funded (Ohmeda)

Davidson 1997  (Continued)

 
 

Methods Single-centre randomised parallel-group study

Participants 22 term or premature infants with OI > 25 and < 40, plus right-to-leD ductal shunting or estimated peak
right ventricular pressure > 75% of systemic systolic pressure

Interventions 20 ppm iNO. High-frequency jet ventilation allowed concurrently. Back-up use of iNO allowed in case of
failure of control treatment. Few details of other therapy given

Outcomes Primary outcomes: oxygenation index, PaO2, echocardiographic Doppler changes

Notes If the condition of infants in the controlled trial deteriorated to an OI > 40, iNO was given.

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Randomised by "blind draw"

Allocation concealment
(selection bias)

Unclear risk Not clearly described

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias Unclear risk No sample size calculation presented

Funding Source(s) Low risk Local sources

Day 1996 

 
 

Methods Two-centre randomised trial

Participants 56 infants > 34 weeks, < 48 hours old, with OI between 10 and 30

Gonzalez 2010 
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Interventions Immediate iNO at 20 ppm, or no iNO unless OI increases to > 40

Outcomes Primary outcome was the proportion with OI increasing to > 40. Secondary outcomes were death, days
of ventilation and chronic lung disease.

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Not reported

Allocation concealment
(selection bias)

Low risk Opaque sealed sequential envelopes

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk All participants accounted for

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Funding Source(s) Unclear risk Local (university) sources and industry (AGA, SA)

Gonzalez 2010  (Continued)

 
 

Methods Multi-centre parallel-group randomised controlled trial

Participants 60 full-term infants ≥ 34 weeks with severe hypoxic respiratory failure for whom attending physician
was unsure whether iNO was indicated

Interventions iNO at 20 ppm or no iNO

Outcomes Survival without severe disability to 1 year of age

Notes Sample size determined by limit to trial duration

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Central randomisation by random number generator with minimisation

Allocation concealment
(selection bias)

Low risk Enrolled before allocation

Blinding (performance
bias and detection bias) 

High risk Unmasked study

INNOVO 2007 
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All outcomes

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk All outcomes reported

Selective reporting (re-
porting bias)

Low risk Protocol registered (ISRCTN 17821339). Primary outcome variables consistent
with publication

Funding Source(s) Low risk Government agency

INNOVO 2007  (Continued)

 
 

Methods Randomised multi-centre controlled parallel-group trial of iNO compared with high-frequency ventila-
tion

Participants 205 near-term infants, OI > 40. Stratified by disease process; infants with diaphragmatic hernia (n = 34)
were included as a separate stratum

Interventions iNO at 40 ppm was compared with high-frequency ventilation with the SensorMedics oscillator. Initial
randomisation was followed by back-up treatment with alternate therapy in cases of failure. This was
followed by further cross-over to combination treatment with high-frequency ventilation and iNO if al-
ternate therapy failed.
iNO therapy was administered via a standard time-cycled pressure-limited ventilator. High-frequen-
cy ventilation was aimed at a lung recruitment strategy. Surfactant treatment after enrolment was pro-
hibited. iNO dose was increased to 40 ppm in case of failure to maintain PaO2 > 60 mmHg.

Outcomes Sustained PaO2 ≥ 60 mmHg. Failure defined as PaO2 < 60 mmHg after 2 hours of therapy or lack of im-

provement in PaO2 before 2 hours. Some data on infants with diaphragmatic hernia were presented

separately.

Notes Complex study design; we abstracted only results from the initial randomisation. All infants who failed
were exposed to iNO at some stage in the protocol. Study was stopped after interim analysis, suggest-
ing no difference between initial treatment limbs.

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk  

Allocation concealment
(selection bias)

Low risk  

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Kinsella 1997 
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Funding Source(s) Low risk Local and government sources

Kinsella 1997  (Continued)

 
 

Methods Multi-centre randomised controlled trial

Participants All 302 enrolled (3 excluded, as they turned out to have congential heart disease) infants were ≥ 34
weeks' gestation, with hypoxic respiratory failure and OI between 15 and 25, while receiving ≥ 80% oxy-
gen, on 2 blood gases between 15 minutes and 12 hours apart

Interventions iNO at 5 ppm; iNO could be increased to 20 ppm in the case of partial response; treated up to 14 days.
Controls received nitrogen, or iNO if OI increased to > 25.

Outcomes Primary outcome: occurrence or death or requirement for ECMO
Secondary hypotheses were that early iNO therapy would (1) reduce the probability of using standard
iNO therapy; (2) decrease progression to severe respiratory failure, defined as OI > 40; and (3) would not
increase neurodevelopmental impairment among surviving infants at 18 to 24 months of age.

Notes Study terminated early because of slowing enrolment; 75% of anticipated sample enrolled; study ter-
minated without knowledge of results at that point

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Central computerised randomisation

Allocation concealment
(selection bias)

Low risk Randomised by telephone after enrolment

Blinding (performance
bias and detection bias) 
All outcomes

Low risk Masked gas administration

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Low risk Study registered in 2000 (after start of trial but before completion);
NCT00005773. Primary and secondary outcomes match registration docu-
ments.

Other bias Unclear risk Early termination without examination of data

Funding Source(s) Unclear risk Government agency, partial industry support

Konduri 2004 

 
 

Methods Single-centre randomised trial

Participants 46 infants with meconium aspiration syndrome, over 36 weeks, > 2.5 kg, OI > 15

Liu 2008 
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Interventions iNO at 15 ppm or no additional gas

Outcomes Primary outcome variable unclear; outcomes reported include changes in OI and in echocardiography,
survival, certain medical complications and duration of assisted ventilation

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Method not clearly reported but may be acceptable; 'random number method'

Allocation concealment
(selection bias)

Unclear risk No relevant information

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked study

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk Outcomes of all participants reported

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Funding Source(s) Unclear risk Uncertain

Liu 2008  (Continued)

 
 

Methods Randomised multi-centre trial of iNO

Participants 204 infants; 107 near term, ≥ 33 weeks' gestation. OI 15 to 40, on 2 blood gases 1 hour apart. Congenital
diaphragmatic hernia excluded, congenital heart disease excluded, < 7 days of age only

Interventions iNO at 10 ppm for 2 hours, continued if response. Controls could be treated after 2 hours.

Outcomes Primary outcome: change in OI at 2 hours after initiation of treatment. Secondary outcomes: death,
brain injury, long-term oxygen therapy, duration of hospitalisation

Notes ECMO not available as back-up therapy

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk  

Allocation concealment
(selection bias)

Low risk Adequate

Mercier 1998 
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Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked study gas administration

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias Unclear risk Terminated early for poor enrolment

Funding Source(s) Unclear risk Government agency and industry support

Mercier 1998  (Continued)

 
 

Methods Randomised multi-centre study, with oxygen used as placebo gas

Participants 235 near-term infants, ≥ 34 weeks' gestation, OI > 25 on 2 blood gases, 15 minutes apart. Congenital di-
aphragmatic hernia excluded, congenital heart disease excluded, < 14 days of age only

Interventions iNO at 20 ppm, trial at 80 ppm if no response to 20 ppm (in treatment group). Comparison with control.
Both groups received 'maximal therapy' before study entry, including surfactant in the majority, high-
frequency ventilation at experienced centres, muscle relaxation and inotropes. Induction of alkalosis
with target pH of 7.45-7.60 was also used as a guideline. All of these treatment strategies were contin-
ued in controls. Investigators were not allowed to start high-frequency ventilation or to administer sur-
factant after study entry.

Outcomes Survival to 120 days or discharge home, without requiring ECMO. Secondary outcomes were oxygena-
tion (OI and PaO2) after 30 minutes, length of hospital stay, days of assisted ventilation and incidence

of air leak or bronchopulmonary dysplasia. Neurodevelopment at 18-24 months

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Prepared by study centre

Allocation concealment
(selection bias)

Low risk Telephone randomisation system

Blinding (performance
bias and detection bias) 
All outcomes

Low risk Masked gas administration

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Low risk Study registered, NCT00005776, in 2000 (after completion). Outcomes in regis-
tration documents are reported in the main publication.

Ninos 1996 
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Funding Source(s) Unclear risk Started with government agency support, industry support after study com-
menced

Ninos 1996  (Continued)

 
 

Methods Randomised multi-centre trial of iNO in infants with diaphragmatic hernia, with oxygen used as place-
bo gas

Participants 53 near-term infants with diaphragmatic hernia, ≥ 34 weeks' gestation, < 14 days of age

Interventions iNO at 20 ppm, trial at 80 ppm if no response to 20 ppm (in treatment group). Comparison with control.
Both groups received 'maximal therapy' before study entry, including surfactant in the majority, high-
frequency ventilation at experienced centres, muscle relaxation and inotropes. Induction of alkalosis
with target pH of 7.45-7.60 was also used as a guideline. All of these treatment strategies were contin-
ued in controls. Investigators were not allowed to start high-frequency ventilation or to administer sur-
factant after study entry.

Outcomes Survival to 120 days or discharge home, without requiring ECMO. Secondary outcomes were oxygena-
tion (OI and PaO2) after 30 minutes, length of hospital stay, days of assisted ventilation and incidence

of air leak or bronchopulmonary dysplasia. Neurodevelopment at 18-24 months

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Centralised blocked randomisation

Allocation concealment
(selection bias)

Low risk Telephone randomisation system

Blinding (performance
bias and detection bias) 
All outcomes

Low risk Masked gas administration

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk All participants accounted for

Selective reporting (re-
porting bias)

Unclear risk Study registered, NCT00005776, in 2000 (after completion). Outcomes as regis-
tered are reported.

Funding Source(s) Low risk Planned and commenced with government agency support; industry support
provided after study commenced

Ninos 1997 

 
 

Methods Multi-centre randomised study, with nitrogen used for placebo gas

Participants 58 'full-term infants' on FiO2 1.0 with PaO2 < 55 mmHg. All had echocardiographic signs of pulmonary

hypertension.

Roberts 1996 
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Patients excluded if they had received high-frequency ventilation
Patients with diaphragmatic hernia excluded, or other causes of pulmonary hypoplasia

Interventions iNO at 80 ppm or control. Control patients received conventional ventilation. Surfactant was not al-
lowed during the study.

Outcomes Primary outcome was 'success', defined as improved OI to < 40, without a fall in PaO2 or hypotension.

Secondary outcomes were oxygenation, both OI and PaO2, after 30 minutes of therapy.

Notes Study was terminated after an interim analysis showed an effect at P < 0.05. Original sample size was
not described.

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Not described in the publication

Allocation concealment
(selection bias)

Low risk Adequate

Blinding (performance
bias and detection bias) 
All outcomes

Low risk Masked gas administration

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk Complete outcome assessment

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias High risk Early termination after examination of data

Funding Source(s) Low risk Government agency

Roberts 1996  (Continued)

 
 

Methods Multi-centre randomised trial

Participants 87 infants > 2 kg birth weight, with A-aDO2 500-599 after surfactant on 2 gases 1 hour apart, on 100%

oxygen with echocardiographic evidence of PPHN

Interventions iNO at 10 ppm or control; iNO increased up to 80 ppm until no further increases in arterial PaO2 oc-

curred

Outcomes Primary outcome variable was progression to severe PPHN, defined as an A-aDO2 persistently > 600.

Secondary outcome variables included death, ECMO rate, length of hospitalisation, amount and dura-
tion of mechanical ventilation, number of days of oxygen use and need for supplemental oxygen at 28
days of life.

Notes Study was terminated early after approval of iNO by the Federal Drug Administration, as this impaired
recruitment.

Sadiq 1998 
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Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

High risk Randomisation order was determined a priori, in blocks of 10, by coin toss
with folded group assignment cards.

Allocation concealment
(selection bias)

Low risk Cards were placed in sequentially numbered opaque envelopes for each cen-
tre.

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Other bias Unclear risk Early termination, but not because of examination of data

Funding Source(s) Unclear risk Not described

Sadiq 1998  (Continued)

 
 

Methods Single-centre randomised trial. Masking of allocation: not clear. Masking of intervention: no. Complete-
ness of follow-up: yes. Masking of outcome: no

Participants 49 near-term infants ≥ 34 weeks, PaO2 < 100 mmHg on 100% oxygen; all had evidence of PPHN on

echocardiography

Interventions iNO at 80 ppm, reduced to 40 ppm after 1 hour. All received muscle relaxants and sedation and conven-
tional ventilation.

Outcomes Primary outcomes were oxygenation as well as death and need for ECMO.
Secondary outcomes were duration of mechanical ventilation, duration of hospitalisation and need for
oxygen after hospital discharge.

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Not described

Allocation concealment
(selection bias)

Unclear risk Unclear

Blinding (performance
bias and detection bias) 
All outcomes

High risk Unmasked trial

Wessel 1996 
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Incomplete outcome data
(attrition bias) 
All outcomes

Low risk  

Selective reporting (re-
porting bias)

Unclear risk No registered or published protocol found

Funding Source(s) Low risk Supported by local and charitable sources

Wessel 1996  (Continued)

A-aDO2: alveolar-arterial oxygen diLerence.
ECMO: extracorporeal membrane oxygenation.
FiO2: fraction of inspired oxygen.
iNO: inhaled nitric oxide.
NO: nitric oxide.
OI: oxygenation index.
PaO2: partial pressure of arterial oxygen.
PPHN: persistent pulmonary hypertension of the newborn
 

Characteristics of excluded studies [ordered by study ID]

 

Study Reason for exclusion

Hoffman 1997 Non-randomised retrospective study; infants were treated or were not treated according to avail-
ability of inhaled nitric oxide. The time period over which infants were studied was different be-
tween control and inhaled nitric oxide groups.

Pinheiro 1998 Randomised comparison of inhaled nitric oxide with intravenous nitroprusside. Study was stopped
after enrolment of 25 participants owing to decreasing enrolment. Inhaled nitric oxide produced
much greater improvements in oxygenation than were produced by nitroprusside.

 

 

D A T A   A N D   A N A L Y S E S

 

Comparison 1.   Inhaled NO versus control

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

1 Death or use of ECMO 10   Risk Ratio (M-H, Fixed,
95% CI)

Subtotals only

1.1 Death or use of ECMO; studies that did
not allow back-up use of iNO in controls

8 859 Risk Ratio (M-H, Fixed,
95% CI)

0.66 [0.57, 0.77]

1.2 Death or use of ECMO; studies that al-
lowed back-up use of iNO in controls

1 107 Risk Ratio (M-H, Fixed,
95% CI)

1.18 [0.34, 4.16]

1.3 Death or use of ECMO; infants with di-
aphragmatic hernia

2 84 Risk Ratio (M-H, Fixed,
95% CI)

1.09 [0.95, 1.26]

2 Death before hospital discharge 10   Risk Ratio (M-H, Fixed,
95% CI)

Subtotals only
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Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

2.1 Death; studies that did not allow back-
up use of iNO in controls

8 860 Risk Ratio (M-H, Fixed,
95% CI)

0.89 [0.60, 1.31]

2.2 Death; studies that allowed back-up
use of iNO in controls

1 107 Risk Ratio (M-H, Fixed,
95% CI)

1.18 [0.34, 4.16]

2.3 Death; infants with diaphragmatic her-
nia

2 84 Risk Ratio (M-H, Fixed,
95% CI)

1.20 [0.74, 1.96]

3 Use of ECMO before hospital discharge 8   Risk Ratio (M-H, Fixed,
95% CI)

Subtotals only

3.1 Use of ECMO before hospital discharge;
studies that did not allow back-up use of
iNO in controls

7 815 Risk Ratio (M-H, Fixed,
95% CI)

0.60 [0.50, 0.71]

3.2 Use of ECMO before hospital discharge;
infants with diaphragmatic hernia

2 84 Risk Ratio (M-H, Fixed,
95% CI)

1.27 [1.00, 1.62]

4 Failure to improve oxygenation (PaO2) 3   Risk Ratio (M-H, Fixed,
95% CI)

Totals not select-
ed

4.1 Failure to improve PaO2; studies that

did not allow back-up use of iNO in con-
trols

2   Risk Ratio (M-H, Fixed,
95% CI)

0.0 [0.0, 0.0]

4.2 Failure to improve PaO2; infants with

diaphragmatic hernia

1   Risk Ratio (M-H, Fixed,
95% CI)

0.0 [0.0, 0.0]

5 Oxygenation index 30 to 60 minutes after
treatment

6 753 Mean Difference (IV,
Fixed, 95% CI)

-8.59 [-11.53,
-5.65]

5.1 OI 30 to 60 minutes after treatment;
studies that did not allow back-up use of
iNO in controls

5 709 Mean Difference (IV,
Fixed, 95% CI)

-8.45 [-11.42,
-5.48]

5.2 OI 30 to 60 minutes after treatment; in-
fants with diaphragmatic hernia

1 44 Mean Difference (IV,
Fixed, 95% CI)

-16.1 [-38.04,
5.84]

6 PaO2 30 to 60 minutes after treatment 5 707 Mean Difference (IV,
Fixed, 95% CI)

32.62 [23.56,
41.67]

6.1 PaO2 after 30 to 60 minutes; studies

that did not allow back-up use of iNO in
controls

4 663 Mean Difference (IV,
Fixed, 95% CI)

43.91 [32.30,
55.51]

6.2 PaO2 after 30 to 60 minutes; infants

with diaphragmatic hernia

1 44 Mean Difference (IV,
Fixed, 95% CI)

15.10 [0.64,
29.56]

7 Change in oxygenation index after treat-
ment

2 277 Mean Difference (IV,
Fixed, 95% CI)

-13.61 [-18.53,
-8.70]

7.1 Change in OI; studies that did not allow
back-up use of iNO in controls

1 233 Mean Difference (IV,
Fixed, 95% CI)

-15.1 [-20.52,
-9.68]
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Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

7.2 Change in OI; infants with diaphrag-
matic hernia

1 44 Mean Difference (IV,
Fixed, 95% CI)

-6.7 [-18.39, 4.99]

8 Change in PaO2 after treatment 2 277 Mean Difference (IV,
Fixed, 95% CI)

15.27 [7.18,
23.36]

8.1 Change in PaO2; studies that did not al-

low back-up use of iNO in controls

1 233 Mean Difference (IV,
Fixed, 95% CI)

50.4 [32.14,
68.66]

8.2 Change in PaO2; infants with diaphrag-

matic hernia

1 44 Mean Difference (IV,
Fixed, 95% CI)

6.70 [-2.32,
15.72]

9 Neurodevelopmental disability at 18 to
24 months among survivors

2 301 Risk Ratio (M-H, Fixed,
95% CI)

0.97 [0.66, 1.44]

10 Hearing impairment in at least 1 ear
among survivors

2 178 Risk Ratio (M-H, Fixed,
95% CI)

1.10 [0.72, 1.68]

10.1 Hearing impairment among survivors;
studies that did not allow back-up use of
iNO in controls

1 157 Risk Ratio (M-H, Fixed,
95% CI)

1.14 [0.71, 1.84]

10.2 Hearing impairment among survivors;
infants with diaphragmatic hernia

1 21 Risk Ratio (M-H, Fixed,
95% CI)

0.93 [0.39, 2.19]

11 Cerebral palsy among survivors 3 321 Risk Ratio (M-H, Fixed,
95% CI)

1.23 [0.62, 2.45]

11.1 Cerebral palsy among survivors; stud-
ies that did not allow back-up use of iNO in
controls

2 299 Risk Ratio (M-H, Fixed,
95% CI)

1.02 [0.49, 2.14]

11.2 Cerebral palsy among survivors; in-
fants with diaphragmatic hernia

1 22 Risk Ratio (M-H, Fixed,
95% CI)

8.33 [0.45,
154.78]

12 BSID MDI > 2 SD below the mean 2 283 Risk Ratio (M-H, Fixed,
95% CI)

0.66 [0.38, 1.12]

13 BSID PDI > 2 SD below the mean 2 283 Risk Ratio (M-H, Fixed,
95% CI)

0.48 [0.25, 0.94]

 
 

Analysis 1.1.   Comparison 1 Inhaled NO versus control, Outcome 1 Death or use of ECMO.

Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

1.1.1 Death or use of ECMO; studies that did not allow back-up use of
iNO in controls

 

Christou 2000 5/21 11/20 5.12% 0.43[0.18,1.02]

Clark 2000 38/113 63/104 29.81% 0.56[0.41,0.75]

Davidson 1997 33/114 16/41 10.69% 0.74[0.46,1.2]

INNOVO 2007 10/29 11/31 4.83% 0.97[0.49,1.94]

Favors iNO 111 Favors control
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Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Liu 2008 3/21 6/25 2.49% 0.6[0.17,2.1]

Ninos 1996 52/114 76/119 33.79% 0.71[0.56,0.91]

Roberts 1996 12/30 20/28 9.4% 0.56[0.34,0.92]

Wessel 1996 9/26 8/23 3.86% 1[0.46,2.15]

Subtotal (95% CI) 468 391 100% 0.66[0.57,0.77]

Total events: 162 (iNO), 211 (Control)  

Heterogeneity: Tau2=0; Chi2=5.56, df=7(P=0.59); I2=0%  

Test for overall effect: Z=5.24(P<0.0001)  

   

1.1.2 Death or use of ECMO; studies that allowed back-up use of iNO in
controls

 

Mercier 1998 5/55 4/52 100% 1.18[0.34,4.16]

Subtotal (95% CI) 55 52 100% 1.18[0.34,4.16]

Total events: 5 (iNO), 4 (Control)  

Heterogeneity: Not applicable  

Test for overall effect: Z=0.26(P=0.79)  

   

1.1.3 Death or use of ECMO; infants with diaphragmatic hernia  

Clark 2000 12/13 17/18 39.65% 0.98[0.81,1.19]

Ninos 1997 24/25 23/28 60.35% 1.17[0.97,1.41]

Subtotal (95% CI) 38 46 100% 1.09[0.95,1.26]

Total events: 36 (iNO), 40 (Control)  

Heterogeneity: Tau2=0; Chi2=1.77, df=1(P=0.18); I2=43.37%  

Test for overall effect: Z=1.25(P=0.21)  

Test for subgroup differences: Chi2=22.65, df=1 (P<0.0001), I2=91.17%  

Favors iNO 111 Favors control

 
 

Analysis 1.2.   Comparison 1 Inhaled NO versus control, Outcome 2 Death before hospital discharge.

Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

1.2.1 Death; studies that did not allow back-up use of iNO in controls  

Christou 2000 2/21 1/20 2.2% 1.9[0.19,19.4]

Clark 2000 4/113 7/104 15.65% 0.53[0.16,1.74]

Davidson 1997 9/113 1/41 3.15% 3.27[0.43,24.98]

INNOVO 2007 7/29 8/31 16.6% 0.94[0.39,2.25]

Liu 2008 3/21 6/25 11.76% 0.6[0.17,2.1]

Ninos 1996 16/114 20/121 41.65% 0.85[0.46,1.56]

Roberts 1996 2/30 2/28 4.44% 0.93[0.14,6.18]

Wessel 1996 2/26 2/23 4.56% 0.88[0.14,5.79]

Subtotal (95% CI) 467 393 100% 0.89[0.6,1.31]

Total events: 45 (iNO), 47 (Control)  

Heterogeneity: Tau2=0; Chi2=3.15, df=7(P=0.87); I2=0%  

Test for overall effect: Z=0.59(P=0.55)  

   

1.2.2 Death; studies that allowed back-up use of iNO in controls  

Mercier 1998 5/55 4/52 100% 1.18[0.34,4.16]

Subtotal (95% CI) 55 52 100% 1.18[0.34,4.16]

Total events: 5 (iNO), 4 (Control)  

Favors iNO 111 Favors control
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Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Heterogeneity: Not applicable  

Test for overall effect: Z=0.26(P=0.79)  

   

1.2.3 Death; infants with diaphragmatic hernia  

Clark 2000 6/13 6/18 30.77% 1.38[0.58,3.33]

Ninos 1997 12/25 12/28 69.23% 1.12[0.62,2.02]

Subtotal (95% CI) 38 46 100% 1.2[0.74,1.96]

Total events: 18 (iNO), 18 (Control)  

Heterogeneity: Tau2=0; Chi2=0.15, df=1(P=0.69); I2=0%  

Test for overall effect: Z=0.73(P=0.46)  

Test for subgroup differences: Chi2=0.96, df=1 (P=0.62), I2=0%  

Favors iNO 111 Favors control

 
 

Analysis 1.3.   Comparison 1 Inhaled NO versus control, Outcome 3 Use of ECMO before hospital discharge.

Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

1.3.1 Use of ECMO before hospital discharge; studies that did not allow
back-up use of iNO in controls

 

Christou 2000 3/21 11/20 5.71% 0.26[0.08,0.8]

Clark 2000 36/113 62/104 32.71% 0.53[0.39,0.73]

Davidson 1997 25/114 14/41 10.43% 0.64[0.37,1.11]

INNOVO 2007 3/29 8/31 3.92% 0.4[0.12,1.37]

Ninos 1996 44/114 66/121 32.44% 0.71[0.53,0.94]

Roberts 1996 12/30 20/28 10.48% 0.56[0.34,0.92]

Wessel 1996 8/26 8/23 4.3% 0.88[0.4,1.98]

Subtotal (95% CI) 447 368 100% 0.6[0.5,0.71]

Total events: 131 (iNO), 189 (Control)  

Heterogeneity: Tau2=0; Chi2=5.43, df=6(P=0.49); I2=0%  

Test for overall effect: Z=5.76(P<0.0001)  

   

1.3.2 Use of ECMO before hospital discharge; infants with diaphrag-
matic hernia

 

Clark 2000 12/13 16/18 48.67% 1.04[0.83,1.3]

Ninos 1997 20/25 15/28 51.33% 1.49[1,2.22]

Subtotal (95% CI) 38 46 100% 1.27[1,1.62]

Total events: 32 (iNO), 31 (Control)  

Heterogeneity: Tau2=0; Chi2=3.71, df=1(P=0.05); I2=73.03%  

Test for overall effect: Z=1.95(P=0.05)  

Test for subgroup differences: Chi2=24.51, df=1 (P<0.0001), I2=95.92%  

Favors iNO 111 Favors control

 
 

Analysis 1.4.   Comparison 1 Inhaled NO versus control, Outcome 4 Failure to improve oxygenation (PaO2).

Study or subgroup iNO Control Risk Ratio Risk Ratio

  n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI

1.4.1 Failure to improve PaO2; studies that did not allow back-up use of iNO in controls  

Favors iNO 50.2 20.5 1 Favors control
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Study or subgroup iNO Control Risk Ratio Risk Ratio

  n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI

Ninos 1996 23/112 82/117 0.29[0.2,0.43]

Roberts 1996 14/30 26/28 0.5[0.34,0.75]

   

1.4.2 Failure to improve PaO2; infants with diaphragmatic hernia  

Ninos 1997 20/24 27/27 0.83[0.69,1.01]

Favors iNO 50.2 20.5 1 Favors control

 
 

Analysis 1.5.   Comparison 1 Inhaled NO versus control,
Outcome 5 Oxygenation index 30 to 60 minutes aOer treatment.

Study or subgroup iNO Control Mean Difference Weight Mean Difference

  N Mean(SD) N Mean(SD) Fixed, 95% CI   Fixed, 95% CI

1.5.1 OI 30 to 60 minutes after treatment; studies that did not allow back-up
use of iNO in controls

 

Liu 2008 21 15.6 (22) 26 18.5 (14) 7.37% -2.9[-13.74,7.94]

Clark 2000 126 26 (26) 122 32 (21) 25.1% -6[-11.87,-0.13]

Davidson 1997 114 19 (11) 41 24 (14) 38.58% -5[-9.74,-0.26]

Ninos 1996 96 30.6 (24.8) 105 45.3 (30.6) 14.71% -14.7[-22.37,-7.03]

Roberts 1996 30 25 (14) 28 45 (18) 12.45% -20[-28.34,-11.66]

Subtotal *** 387   322   98.2% -8.45[-11.42,-5.48]

Heterogeneity: Tau2=0; Chi2=13.63, df=4(P=0.01); I2=70.65%  

Test for overall effect: Z=5.58(P<0.0001)  

   

1.5.2 OI 30 to 60 minutes after treatment; infants with diaphragmatic hernia  

Ninos 1997 21 43.9 (25.8) 23 60 (46.4) 1.8% -16.1[-38.04,5.84]

Subtotal *** 21   23   1.8% -16.1[-38.04,5.84]

Heterogeneity: Not applicable  

Test for overall effect: Z=1.44(P=0.15)  

   

Total *** 408   345   100% -8.59[-11.53,-5.65]

Heterogeneity: Tau2=0; Chi2=14.09, df=5(P=0.02); I2=64.51%  

Test for overall effect: Z=5.72(P<0.0001)  

Test for subgroup differences: Chi2=0.46, df=1 (P=0.5), I2=0%  

Favors INO 2010-20 -10 0 Favors control

 
 

Analysis 1.6.   Comparison 1 Inhaled NO versus control, Outcome 6 PaO2 30 to 60 minutes aOer treatment.

Study or subgroup iNO Control Mean Difference Weight Mean Difference

  N Mean(SD) N Mean(SD) Fixed, 95% CI   Fixed, 95% CI

1.6.1 PaO2 after 30 to 60 minutes; studies that did not allow back-up use of iNO
in controls

 

Roberts 1996 30 89 (70) 28 38 (9) 12.83% 51[25.73,76.27]

Clark 2000 126 134 (103) 122 92 (90) 14.16% 42[17.95,66.05]

Ninos 1996 96 115.9 (98.7) 106 63.6 (52.9) 16.68% 52.3[30.14,74.46]

Davidson 1997 114 109 (78) 41 77 (54) 17.13% 32[10.13,53.87]

Subtotal *** 366   297   60.8% 43.91[32.3,55.51]

Heterogeneity: Tau2=0; Chi2=2.02, df=3(P=0.57); I2=0%  
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Study or subgroup iNO Control Mean Difference Weight Mean Difference

  N Mean(SD) N Mean(SD) Fixed, 95% CI   Fixed, 95% CI

Test for overall effect: Z=7.41(P<0.0001)  

   

1.6.2 PaO2 after 30 to 60 minutes; infants with diaphragmatic hernia  

Ninos 1997 21 53.4 (30.1) 23 38.3 (16.1) 39.2% 15.1[0.64,29.56]

Subtotal *** 21   23   39.2% 15.1[0.64,29.56]

Heterogeneity: Tau2=0; Chi2=0, df=0(P<0.0001); I2=100%  

Test for overall effect: Z=2.05(P=0.04)  

   

Total *** 387   320   100% 32.62[23.56,41.67]

Heterogeneity: Tau2=0; Chi2=11.29, df=4(P=0.02); I2=64.57%  

Test for overall effect: Z=7.06(P<0.0001)  

Test for subgroup differences: Chi2=9.27, df=1 (P=0), I2=89.22%  

Favors control 10050-100 -50 0 Favors iNO

 
 

Analysis 1.7.   Comparison 1 Inhaled NO versus control, Outcome 7 Change in oxygenation index aOer treatment.

Study or subgroup iNO Control Mean Difference Weight Mean Difference

  N Mean(SD) N Mean(SD) Fixed, 95% CI   Fixed, 95% CI

1.7.1 Change in OI; studies that did not allow back-up use of iNO in controls  

Ninos 1996 114 -14.1 (21) 119 1 (21.2) 82.32% -15.1[-20.52,-9.68]

Subtotal *** 114   119   82.32% -15.1[-20.52,-9.68]

Heterogeneity: Not applicable  

Test for overall effect: Z=5.46(P<0.0001)  

   

1.7.2 Change in OI; infants with diaphragmatic hernia  

Ninos 1997 21 -2.7 (23.4) 23 4 (14.8) 17.68% -6.7[-18.39,4.99]

Subtotal *** 21   23   17.68% -6.7[-18.39,4.99]

Heterogeneity: Not applicable  

Test for overall effect: Z=1.12(P=0.26)  

   

Total *** 135   142   100% -13.61[-18.53,-8.7]

Heterogeneity: Tau2=0; Chi2=1.63, df=1(P=0.2); I2=38.71%  

Test for overall effect: Z=5.43(P<0.0001)  

Test for subgroup differences: Chi2=1.63, df=1 (P=0.2), I2=38.71%  

Favors iNO 2010-20 -10 0 Favors control

 
 

Analysis 1.8.   Comparison 1 Inhaled NO versus control, Outcome 8 Change in PaO2 aOer treatment.

Study or subgroup iNO Control Mean Difference Weight Mean Difference

  N Mean(SD) N Mean(SD) Fixed, 95% CI   Fixed, 95% CI

1.8.1 Change in PaO2; studies that did not allow back-up use of iNO in controls  

Ninos 1996 114 59.4 (85.6) 119 9 (51.8) 19.61% 50.4[32.14,68.66]

Subtotal *** 114   119   19.61% 50.4[32.14,68.66]

Heterogeneity: Not applicable  

Test for overall effect: Z=5.41(P<0.0001)  
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Study or subgroup iNO Control Mean Difference Weight Mean Difference

  N Mean(SD) N Mean(SD) Fixed, 95% CI   Fixed, 95% CI

1.8.2 Change in PaO2; infants with diaphragmatic hernia  

Ninos 1997 21 7.8 (19.8) 23 1.1 (7.6) 80.39% 6.7[-2.32,15.72]

Subtotal *** 21   23   80.39% 6.7[-2.32,15.72]

Heterogeneity: Not applicable  

Test for overall effect: Z=1.46(P=0.15)  

   

Total *** 135   142   100% 15.27[7.18,23.36]

Heterogeneity: Tau2=0; Chi2=17.68, df=1(P<0.0001); I2=94.34%  

Test for overall effect: Z=3.7(P=0)  

Test for subgroup differences: Chi2=17.68, df=1 (P<0.0001), I2=94.34%  

Favors control 5025-50 -25 0 Favors iNO

 
 

Analysis 1.9.   Comparison 1 Inhaled NO versus control, Outcome 9
Neurodevelopmental disability at 18 to 24 months among survivors.

Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Davidson 1997 5/35 22/94 31.72% 0.61[0.25,1.49]

Ninos 1996 29/85 26/87 68.28% 1.14[0.74,1.77]

   

Total (95% CI) 120 181 100% 0.97[0.66,1.44]

Total events: 34 (iNO), 48 (Control)  

Heterogeneity: Tau2=0; Chi2=1.57, df=1(P=0.21); I2=36.23%  

Test for overall effect: Z=0.14(P=0.89)  

Favours iNO 20.5 1.50.7 1 Favours control

 
 

Analysis 1.10.   Comparison 1 Inhaled NO versus control, Outcome
10 Hearing impairment in at least 1 ear among survivors.

Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

1.10.1 Hearing impairment among survivors; studies that did not al-
low back-up use of iNO in controls

 

Ninos 1996 24/75 23/82 80.47% 1.14[0.71,1.84]

Subtotal (95% CI) 75 82 80.47% 1.14[0.71,1.84]

Total events: 24 (iNO), 23 (Control)  

Heterogeneity: Not applicable  

Test for overall effect: Z=0.54(P=0.59)  

   

1.10.2 Hearing impairment among survivors; infants with diaphrag-
matic hernia

 

Ninos 1997 4/8 7/13 19.53% 0.93[0.39,2.19]

Subtotal (95% CI) 8 13 19.53% 0.93[0.39,2.19]

Total events: 4 (iNO), 7 (Control)  

Heterogeneity: Not applicable  

Test for overall effect: Z=0.17(P=0.87)  
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Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Total (95% CI) 83 95 100% 1.1[0.72,1.68]

Total events: 28 (iNO), 30 (Control)  

Heterogeneity: Tau2=0; Chi2=0.17, df=1(P=0.68); I2=0%  

Test for overall effect: Z=0.44(P=0.66)  

Test for subgroup differences: Chi2=0.17, df=1 (P=0.68), I2=0%  

Favours iNO 20.5 1.50.7 1 Favours control

 
 

Analysis 1.11.   Comparison 1 Inhaled NO versus control, Outcome 11 Cerebral palsy among survivors.

Study or subgroup iNO Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

1.11.1 Cerebral palsy among survivors; studies that did not allow
back-up use of iNO in controls

 

Davidson 1997 2/35 7/92 29.39% 0.75[0.16,3.44]

Ninos 1996 10/85 9/87 67.76% 1.14[0.49,2.66]

Subtotal (95% CI) 120 179 97.14% 1.02[0.49,2.14]

Total events: 12 (iNO), 16 (Control)  

Heterogeneity: Tau2=0; Chi2=0.22, df=1(P=0.64); I2=0%  

Test for overall effect: Z=0.05(P=0.96)  

   

1.11.2 Cerebral palsy among survivors; infants with diaphragmatic
hernia

 

Ninos 1997 2/8 0/14 2.86% 8.33[0.45,154.78]

Subtotal (95% CI) 8 14 2.86% 8.33[0.45,154.78]

Total events: 2 (iNO), 0 (Control)  

Heterogeneity: Not applicable  

Test for overall effect: Z=1.42(P=0.15)  

   

Total (95% CI) 128 193 100% 1.23[0.62,2.45]

Total events: 14 (iNO), 16 (Control)  

Heterogeneity: Tau2=0; Chi2=2.08, df=2(P=0.35); I2=3.98%  

Test for overall effect: Z=0.59(P=0.56)  

Test for subgroup differences: Chi2=1.87, df=1 (P=0.17), I2=46.38%  

Favours iNO 50.2 20.5 1 Favours control

 
 

Analysis 1.12.   Comparison 1 Inhaled NO versus control, Outcome 12 BSID MDI > 2 SD below the mean.

Study or subgroup Treatment Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Davidson 1997 3/35 15/94 28.47% 0.54[0.17,1.74]

Ninos 1996 14/75 21/79 71.53% 0.7[0.39,1.28]

   

Total (95% CI) 110 173 100% 0.66[0.38,1.12]

Total events: 17 (Treatment), 36 (Control)  

Heterogeneity: Tau2=0; Chi2=0.16, df=1(P=0.69); I2=0%  

Test for overall effect: Z=1.54(P=0.12)  
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Analysis 1.13.   Comparison 1 Inhaled NO versus control, Outcome 13 BSID PDI > 2 SD below the mean.

Study or subgroup Treatment Control Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Davidson 1997 2/35 16/94 34.4% 0.34[0.08,1.39]

Ninos 1996 9/75 17/79 65.6% 0.56[0.27,1.17]

   

Total (95% CI) 110 173 100% 0.48[0.25,0.94]

Total events: 11 (Treatment), 33 (Control)  

Heterogeneity: Tau2=0; Chi2=0.4, df=1(P=0.53); I2=0%  

Test for overall effect: Z=2.16(P=0.03)  

Favours treatment 100.1 50.2 20.5 1 Favours control

 
 

Comparison 2.   Inhaled NO at moderate compared with severe criteria for illness severity

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

1 Death or use of ECMO 5 495 Risk Ratio (M-H, Fixed, 95% CI) 0.88 [0.62, 1.27]

2 Death before hospital discharge 5 495 Risk Ratio (M-H, Fixed, 95% CI) 0.69 [0.38, 1.26]

3 Use of ECMO before hospital dis-
charge

4 439 Risk Ratio (M-H, Fixed, 95% CI) 1.01 [0.66, 1.54]

4 Progression to severe disease cri-
teria

6 512 Risk Ratio (M-H, Fixed, 95% CI) 0.66 [0.55, 0.79]

5 Chronic lung disease 3 437 Risk Ratio (M-H, Fixed, 95% CI) 0.91 [0.54, 1.53]

6 Neurodevelopmental disabili-
ty at 18 to 24 months among sur-
vivors

1 234 Risk Ratio (M-H, Random, 95%
CI)

1.13 [0.74, 1.74]

7 Hearing impairment among sur-
vivors

1 234 Risk Ratio (M-H, Fixed, 95% CI) 0.31 [0.03, 2.95]

8 Cerebral palsy among survivors 1 234 Risk Ratio (M-H, Fixed, 95% CI) 1.33 [0.53, 3.39]

 
 

Analysis 2.1.   Comparison 2 Inhaled NO at moderate compared with
severe criteria for illness severity, Outcome 1 Death or use of ECMO.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Barefield 1996 6/9 6/8 13.51% 0.89[0.48,1.64]

Cornfield 1999 5/15 7/23 11.75% 1.1[0.43,2.82]

Gonzalez 2010 1/28 2/28 4.25% 0.5[0.05,5.2]

Konduri 2004 25/150 29/149 61.88% 0.86[0.53,1.39]

Sadiq 1998 4/43 4/42 8.61% 0.98[0.26,3.65]

Favours earlier iNO 111 Favours later iNO
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Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

   

Total (95% CI) 245 250 100% 0.88[0.62,1.27]

Total events: 41 (Earlier iNO), 48 (Later iNO)  

Heterogeneity: Tau2=0; Chi2=0.46, df=4(P=0.98); I2=0%  

Test for overall effect: Z=0.67(P=0.5)  

Favours earlier iNO 111 Favours later iNO

 
 

Analysis 2.2.   Comparison 2 Inhaled NO at moderate compared with severe
criteria for illness severity, Outcome 2 Death before hospital discharge.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Barefield 1996 2/9 1/8 4.48% 1.78[0.2,16.1]

Cornfield 1999 2/15 7/23 23.37% 0.44[0.1,1.83]

Gonzalez 2010 1/28 2/28 8.46% 0.5[0.05,5.2]

Konduri 2004 10/150 14/149 59.41% 0.71[0.33,1.55]

Sadiq 1998 1/43 1/42 4.28% 0.98[0.06,15.11]

   

Total (95% CI) 245 250 100% 0.69[0.38,1.26]

Total events: 16 (Earlier iNO), 25 (Later iNO)  

Heterogeneity: Tau2=0; Chi2=1.24, df=4(P=0.87); I2=0%  

Test for overall effect: Z=1.21(P=0.22)  

Favours earlier iNO 111 Favours later iNO

 
 

Analysis 2.3.   Comparison 2 Inhaled NO at moderate compared with severe
criteria for illness severity, Outcome 3 Use of ECMO before hospital discharge.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Barefield 1996 6/9 6/8 20.24% 0.89[0.48,1.64]

Cornfield 1999 5/15 5/23 12.57% 1.53[0.53,4.4]

Konduri 2004 16/150 18/149 57.52% 0.88[0.47,1.66]

Sadiq 1998 4/43 3/42 9.67% 1.3[0.31,5.47]

   

Total (95% CI) 217 222 100% 1.01[0.66,1.54]

Total events: 31 (Earlier iNO), 32 (Later iNO)  

Heterogeneity: Tau2=0; Chi2=1.06, df=3(P=0.79); I2=0%  

Test for overall effect: Z=0.03(P=0.98)  

Favours earlier iNO 111 Favours later iNO
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Analysis 2.4.   Comparison 2 Inhaled NO at moderate compared with severe
criteria for illness severity, Outcome 4 Progression to severe disease criteria.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Barefield 1996 9/9 8/8 5.93% 1[0.81,1.24]

Cornfield 1999 13/15 20/23 10.46% 1[0.77,1.28]

Day 1996 1/11 5/11 3.31% 0.2[0.03,1.45]

Gonzalez 2010 7/28 17/28 11.26% 0.41[0.2,0.84]

Konduri 2004 61/150 81/149 53.82% 0.75[0.59,0.95]

Sadiq 1998 6/40 23/40 15.23% 0.26[0.12,0.57]

   

Total (95% CI) 253 259 100% 0.66[0.55,0.79]

Total events: 97 (Earlier iNO), 154 (Later iNO)  

Heterogeneity: Tau2=0; Chi2=34.48, df=5(P<0.0001); I2=85.5%  

Test for overall effect: Z=4.6(P<0.0001)  

Favours earlier iNO 100.1 50.2 20.5 1 Favours later iNO

 
 

Analysis 2.5.   Comparison 2 Inhaled NO at moderate compared with
severe criteria for illness severity, Outcome 5 Chronic lung disease.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Gonzalez 2010 4/27 7/26 27.17% 0.55[0.18,1.66]

Konduri 2004 16/150 13/149 49.7% 1.22[0.61,2.45]

Sadiq 1998 4/43 6/42 23.13% 0.65[0.2,2.14]

   

Total (95% CI) 220 217 100% 0.91[0.54,1.53]

Total events: 24 (Earlier iNO), 26 (Later iNO)  

Heterogeneity: Tau2=0; Chi2=1.79, df=2(P=0.41); I2=0%  

Test for overall effect: Z=0.37(P=0.72)  

Favours earlier iNO 111 Favours later iNO

 
 

Analysis 2.6.   Comparison 2 Inhaled NO at moderate compared with severe criteria for illness
severity, Outcome 6 Neurodevelopmental disability at 18 to 24 months among survivors.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Random, 95% CI   M-H, Random, 95% CI

Konduri 2004 34/121 28/113 100% 1.13[0.74,1.74]

   

Total (95% CI) 121 113 100% 1.13[0.74,1.74]

Total events: 34 (Earlier iNO), 28 (Later iNO)  

Heterogeneity: Not applicable  

Test for overall effect: Z=0.57(P=0.57)  

Favours earlier iNO 111 Favours later iNO
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Analysis 2.7.   Comparison 2 Inhaled NO at moderate compared with severe
criteria for illness severity, Outcome 7 Hearing impairment among survivors.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Konduri 2004 1/121 3/113 100% 0.31[0.03,2.95]

   

Total (95% CI) 121 113 100% 0.31[0.03,2.95]

Total events: 1 (Earlier iNO), 3 (Later iNO)  

Heterogeneity: Not applicable  

Test for overall effect: Z=1.02(P=0.31)  

Favours earlier iNO 111 Favours later iNO

 
 

Analysis 2.8.   Comparison 2 Inhaled NO at moderate compared with severe
criteria for illness severity, Outcome 8 Cerebral palsy among survivors.

Study or subgroup Earlier iNO Later iNO Risk Ratio Weight Risk Ratio

  n/N n/N M-H, Fixed, 95% CI   M-H, Fixed, 95% CI

Konduri 2004 10/121 7/113 100% 1.33[0.53,3.39]

   

Total (95% CI) 121 113 100% 1.33[0.53,3.39]

Total events: 10 (Earlier iNO), 7 (Later iNO)  

Heterogeneity: Not applicable  

Test for overall effect: Z=0.61(P=0.54)  

Favours earlier iNO 111 Favours later iNO

 

 

A D D I T I O N A L   T A B L E S
 

Study   Ventilator days Oxygen days Hospitalisation days

Early iNO Median 6, range 3-28 Median 11.5, range 5-90  Gonzalez

Late iNO Median 8, range 4-37 Median 18, range 6-142  

Early iNO Median 8, IQR 6-12 Median 13, IQR 9-19 Median 17, IQR 12-22Konduri

Late iNO Median 8, IQR 6-12 Median 13, IQR 9-19 Median 18, IQR 12-30

Early iNO Mean 8,7, SD 4 Mean 14, SD 8 Mean 21, SD 14Sadiq

Late iNO Mean 10, SD 6 Mean 18, SD 17 Mean 21, SD 11

Table 1.   Additional important outcomes 

IQR: interquartile range; SD: standard deviation.
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A P P E N D I C E S

Appendix 1. Search strategy 2016

(Nitric OR Nitrix Oxide) with database specific terms:

PubMed: ((infant, newborn[MeSH] OR newborn OR neonate OR neonatal OR premature OR low birth weight OR VLBW OR LBW or infan*
or neonat*) AND (randomized controlled trial [pt] OR controlled clinical trial [pt] OR Clinical Trial[ptyp] OR randomized [tiab] OR placebo
[tiab] OR clinical trials as topic [mesh: noexp] OR randomly [tiab] OR trial [ti]) NOT (animals [mh] NOT humans [mh]))

Embase: (infant, newborn or newborn or neonate or neonatal or premature or very low birth weight or low birth weight or VLBW or LBW
or Newborn or infan* or neonat*) AND (human not animal) AND (randomized controlled trial or controlled clinical trial or randomized or
placebo or clinical trials as topic or randomly or trial or clinical trial)

CINAHL: (infant, newborn OR newborn OR neonate OR neonatal OR premature OR low birth weight OR VLBW OR LBW or Newborn or infan*
or neonat*) AND (randomized controlled trial OR controlled clinical trial OR randomized OR placebo OR clinical trials as topic OR randomly
OR trial OR PT clinical trial)

Cochrane Library: (infant or newborn or neonate or neonatal or premature or very low birth weight or low birth weight or VLBW or LBW)

Clinicaltrials.gov: (infant)

Controlled-trials.com: (infant)

WHO Trials database: (infant OR neonate)

W H A T ' S   N E W

 

Date Event Description

19 July 2016 New citation required but conclusions
have not changed

Although new trials were added, conclusions remain unchanged.

5 February 2016 New search has been performed We identified 3 new trials, added a flow chart and added GRADE
Summary of findings tables.

Review structure has changed; several trials referred to as 'allow-
ing back-up use of iNO in controls' are now referred to as 'com-
paring NO at moderate vs severe severity of illness criteria'. We
entered an additional study into this group.

 

H I S T O R Y

Protocol first published: Issue 1, 1997
Review first published: Issue 1, 1998

 

Date Event Description

22 August 2008 Amended We converted this review to new review format.

31 May 2006 New search has been performed This updates the review, "Nitric oxide for respiratory failure in
infants born at or near term", published in the Cochrane Library
(2001, Issue 2) (Finer 2001).
 
This update includes 2 additional trials (Konduri and Sadiq).
Both of these trials provided intervention at moderate disease
severity rather than waiting until severe disease occurred.
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Date Event Description

31 May 2006 New citation required and conclusions
have changed

We have made substantive amendments.

 

C O N T R I B U T I O N S   O F   A U T H O R S

The original protocol was written by Drs Finer and Barrington, and both review authors equally completed each revision of the review. All
four review authors have edited the latest revision of the review.

D E C L A R A T I O N S   O F   I N T E R E S T

Dr Barrington was chair of the iNO Therapeutics Canadian Medical Advisory Committee for a single meeting, for which he received expenses
and an honorarium.
Dr Finer previously served as a member of the iNO Therapeutics Advisory Committee.

S O U R C E S   O F   S U P P O R T

Internal sources

• No sources of support supplied

External sources

• Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, Department of Health
and Human Services, USA.

Editorial support of the Cochrane Neonatal Review Group has been funded with Federal funds from the Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National Institutes of Health, Department of Health and Human Services, USA, under
Contract No. HHSN275201600005C

D I F F E R E N C E S   B E T W E E N   P R O T O C O L   A N D   R E V I E W

The original protocol did not divide trials into the three groups now presented in the review. The original protocol and review did not
include GRADE recommendations and Summary of findings tables.

Review authors added the following outcomes post hoc (reported in trials but not prespecified): change in oxygenation index aDer
treatment, change in PaO2 aDer treatment, chronic lung disease.

I N D E X   T E R M S

Medical Subject Headings (MeSH)

Administration, Inhalation;  Extracorporeal Membrane Oxygenation;  Hernia, Diaphragmatic  [complications];  High-Frequency
Ventilation;  Nitric Oxide  [administration & dosage]  [*therapeutic use];  Randomized Controlled Trials as Topic;  Respiratory
InsuLiciency  [*drug therapy]  [mortality];  Term Birth;  Vasodilator Agents  [administration & dosage]  [*therapeutic use]

MeSH check words

Humans; Infant, Newborn
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