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Abstract Inhaled nitric oxide (iNO) has emerged as a promising therapeutic agent in
the treatment of persistent pulmonary hypertension of the newborn. Several the-
ories exist regarding causes of both response and nonresponse to iNO. Clinical
trials differentiate disease entities (primary vs secondary persistent pulmonary
hypertension associated with meconium aspiration syndrome, pneumonia or con-
genital diaphragmatic hernia) and their specific response rates. iNO combined
with high-frequency ventilation appears to be superior to inhalation of nitric oxide
(NO) during conventional ventilation. Little is known regarding the role of the
degree of lung expansion and its modification – no matter what mode of ventila-
tion is applied. Gestational age plays an important role in relation to the potential
adverse effects of NO. Of particular concern in the premature neonate is the effect
of NO on bleeding time and the inhibition of platelet aggregation. Those poten-
tially hazardous effects need to be carefully weighed against early intervention
with iNO at a comparably low oxygenation index in order to prevent the vicious
cycle of hypoxaemia and subsequent increased right-to-left shunting. Further
studies are required to determine the optimal timing, mode of delivery and mode
of ventilation used with iNO therapy in order to optimise the response of prema-
ture and term neonates.
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Inhaled nitric oxide (iNO) for the treatment of
persistent pulmonary hypertension (PPHN) of the
newborn has been in use since the beginning of the
1990s, when first reports of successful applications
in neonates were published.[1,2] Since then numer-

ous cases of predominantly beneficial applications
of iNO in neonates with pulmonary hypertension
secondary to various underlying diseases have been
reported. Several randomised, prospective studies
investigating the effects of iNO in the treatment of



pulmonary hypertension in term neonates show an
improvement in oxygenation.[3-6] Although less
data are available concerning the situation in pre-
mature neonates, response or nonresponse to iNO
occurs in a comparable frequency depending on the
underlying disease.[7-9] Particular concern has been
raised by reports concerning the potential of an in-
creased rate of intraventricular haemorrhage (IVH)
in preterm neonates following iNO therapy.[8] iNO
leads to a prolonged bleeding time and an inhibi-
tion of platelet aggregation in adult volunteers[10]
and in patients with acute respiratory distress syn-
drome (ARDS).[11] This has only recently been
shown to be also the case in preterm and term neo-
nates.[12,13] As a result, considerable caution has
replaced the initial enthusiasm towards the unre-
stricted use of iNO, particularly in preterm neonates.
This review evaluates the available new informa-
tion from clinical trials and laboratory investiga-
tions.

1. Inhaled Nitric Oxide (iNO) in 
Term Neonates

First reports regarding the successful applica-
tion of iNO in term neonates came from Roberts et
al.[1] and Kinsella et al.[2] in 1992. The former used
an iNO concentration of 80ppm and found a rapid
increase in oxygen saturation and oxygen tension,
the latter applied lower iNO dosages (10 to 20ppm),
which also led to rapid improvement in oxygena-
tion in all neonates without reduction of systemic
blood pressure. The commonmessage of both reports
was reversal of extrapulmonary right-to-left shunt-
ing and improvement in oxygenation with an unaf-
fected systemic blood pressure due to selective pul-
monary vasodilation.
Indications for the use of iNO in term neonates

extended subsequently to neonates with pulmonary
hypertensive episodes following surgery,[14] cardiac
surgery[15,16] and neonates with congenital hypo-
plasia of the lungs secondary to oligohydramnios.[17]
In classical PPHN the success of iNO therapy

was defined by the number of neonates avoiding
treatment with extracorporeal membrane oxygena-
tion (ECMO). Hoffman et al.[18] reported a signif-

icant decrease in ECMOutilisation in their patients.
In 50 neonates of ≥35 weeks of gestation with
PPHN the authors compared 2 groups of neonates:
those treated before the availability of iNO and
those treated after. They found a 67% reduction in
the number of neonates treated with ECMO. How-
ever, these results should be treated with caution
because of the use of a historical control group.
Attributing the significant differences exclusively
to treatment with iNO would not take into account
recent advances in obstetrics related to the manage-
ment and timing of optimal delivery in an at risk
population.
Day et al.[19] included 50 newborns with respi-

ratory failure and pulmonary hypertension in their
prospective trial. Neonates with an oxygenation in-
dex (OI) between 25 and 40 were randomised to
receive conventional therapy with or without 20ppm
nitric oxide (NO). All neonates with an OI above
40 were treated with iNO. High-frequency jet ven-
tilation was used in some of the patients with pul-
monary interstitial emphysema, and in these neo-
nates arterial oxygen tension (PaO2) levels were
significantly lower. The authors found an improve-
ment in oxygenation in the majority of neonates
treated with iNO. Oxygenation was less likely to
improve in neonates with lung hypoplasia or those
with radiographic evidence of severe diffuse paren-
chymal lung disease.
Barefield et al.[20] randomised 17 term and near

term neonates with hypoxaemic respiratory failure
to receive either up to 80ppm iNO or conventional
therapy. Concomitant high-frequency ventilation
(HFV) and surfactant therapy were not allowed, in
cases of treatment failure crossover of the control
neonates to receive iNO was permitted. Following
treatment failure in iNO-treated neonates a trial of
HFV was performed before proceeding to ECMO.
No differences between the groups could be shown
since ultimately all neonates required ECMO.
The Neonatal Inhaled Nitric Oxide Study Group

(NINOS) reported their randomised, multicentre,
controlled trial in early 1997.[5] This study enrolled
235 neonates with a gestational age of ≥34 weeks,
who required mechanical ventilation and had an OI

28 Hoehn & Krause

© Adis International Limited. All rights reserved. Drugs 2001; 61 (1)



of 25 or above. Two different concentrations of NO
(20ppm and 80ppm) were applied, the control ne-
onates received 100% oxygen. Mortality was com-
parable between controls and iNO-treated neo-
nates (17 vs 14%), but significantly fewer neonates
in the NO group required ECMO (39 vs 54%).
Roberts et al.[3] included 58 full term neonates

with severe hypoxaemia and PPHN in a randomised
controlled trial. Patients were randomly assigned
to breathe either a control gas or NO 80ppm. If iNO
therapy was considered successful, treatment was
continued at lower concentrations. Otherwise, al-
ternative treatment options including ECMO were
used. The authors found an improvement in oxy-
genation in the majority of neonates treated with
iNO. Mortality was similar in the two groups.
ECMO was required in 71% of the control group,
but in only 40% of the treatment group.
In a prospective, randomised, single centre study

by Wessel et al.,[6] 49 mechanically ventilated ne-
onates with clinical and echocardiographic evi-
dence of PPHNwere randomised to treatment with
or without iNO. Primary outcome variables in-
cluded oxygenation, mortality and use of ECMO.
The majority of neonates had diagnoses of either
meconium aspiration syndrome (MAS) or primary
PPHN, diagnoses were equally distributed between
treatment groups. PaO2, oxygen saturation, and OI
improved in the iNO group, the median percent
change in OI (-31%) in the iNO group was signif-
icantly different from baseline and from the control
group. Neither mortality nor the use of ECMOwas
affected by NO treatment. The authors speculated
that the use of specific lung expansion strategies
with the use of iNO might lead to a reduced use of
ECMO in neonates with PPHN.
The latter speculation might well have its origin

in the preliminary results of other, simultaneously
ongoing studies of iNO in neonates, which permit-
ted the use of either high-frequency oscillatory
ventilation (HFOV) or conventional strategies aimed
at optimisation of lung volume. At the stage of pub-
lication of the first studies of iNO in the newborn,
cumulative evidence began to appear which indi-
cated a superior effect of a combination of iNO and

HFOV. What appeared purely coincidental on the
initial description, was soon justified on a patho-
physiological basis: the more alveoli were open, the
more NO found its way to the vascular smooth mus-
cle cell. This in turn led to a more pronounced in-
crease in pulmonary blood flow and subsequently
to an improvement in oxygenation. Although the
majority of prospective randomised controlled tri-
als (RCT) of iNO in neonates did not permit the
use of HFOV during iNO therapy, 2 studies in-
cluded HFOV in their study design.
One of these studies by Kinsella et al.[21] in-

cluded 205 neonates with PPHN in a randomised,
multicentre trial of HFOV versus iNO during con-
ventional ventilation. Crossover to the alternative
treatment was permitted in cases of nonresponse.
Treatment failure after crossover led to a combined
treatment with HFOV and iNO. Patients were strat-
ified by predominant disease category: respiratory
distress syndrome (RDS), MAS, idiopathic PPHN
and congenital diaphragmatic hernia (CDH). Ini-
tial response rate to the assigned treatment modal-
ity was comparable between the HFOV and the iNO
group. Following crossover to the alternate treat-
ment, response rates again were not significantly
different. One third of the 125 patients in whom both
treatment modalities failed, responded favourably
to the combined therapywith iNO andHFOV.Ana-
lysed by disease category, response rates forHFOV
plus iNO in patients with RDS (47%) and withMAS
(38%) were significantly better than for HFOV
alone (32 and 16%) or iNO with conventional ven-
tilation (32 and 22%).
Davidson et al.[22] reported the results of a ran-

domised, placebo-controlled, double-blind, dose-
response, multicentre study which was terminated
at the inclusion of 155 patients because of slow
patient recruitment. Term neonates (≥37 weeks)
with birth weights of ≥2500g and requiring me-
chanical ventilation with a fraction of inspired ox-
ygen (FiO2) of 1.0 within the first 72 hours of life
were randomised. Patients were excluded if they
had received surfactant therapy or had been treated
with HFVwithin 6 hours of starting study gas treat-
ment. Significant increases in PaO2 as well as re-
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duction of the OI were recorded in the iNO group.
The primary end-point was a PPHN Major Se-
quelae Index (MSI), including the incidence of
death, use of ECMO and neurological injury. MSI
was not different between the two groups. Although
a trend towards a decreased use of ECMO in the
iNO group was noted, this effect did not reach sta-
tistical significance.
For further details of the largest published trials

in term neonates see table I.
In summary, the majority of term neonates with

respiratory failure do respond favourably to iNO
(with the exception of neonates with CDH). In their
meta-analysis of randomised trials of iNO, Finer

and Barrington[23,24] found a significant reduction
in the incidence of death or need for ECMO. Since
the incidence of death was comparable in the groups,
the effect of reduced need for ECMO was attribut-
able to iNO treatment. Well known adverse effects
of NO inhalation should be continuously monitored
for, but appear to lose their menace in the light of
a trend towards the clinical use of lower doses.

2. Response Rate Related to 
Underlying Disorder

In a series of 25 near term neonates with severe
PPHN (OI >25), Goldman et al.[25] reported 4 dif-
ferent patterns of response to iNO therapy: non-

Table I. Details of patient recruitment, study design and interventions of 8 of the largest studies of inhaled nitric oxide (iNO) in near-term and
term neonates

Roberts
et al.[3]

Kinsella
et al.[21]

Wessel
et al.[6]

NINOS[5] Davidson
et al.[22]

Barefield
et al.[20]

Day
et al.[19]

Hoffman
et al.[18]

Patient characteristics
Number 58 205 49 235 155 17 50 50
Age at enrolment (hrs) ? ? 18-25 41 25 50-65 15 50-89
Gestational age (wks) ≥37 ≥34 ≥34 ≥34 ≥37 ≥35 ? ≥35
Surfactant previously Yes Yes Yes Yes No Yes Yes Yes
HFOV previously No No Yes Yes Yes, if ≥6

hours ago
Yes ? Yes

CDH excluded Yes No Yes Yes Yes Yes No Yes
Hypoplasia excluded Yes No No No Yes No No No

Study methods
Design PC, B, P CO, P P PC, B, P PC, B, P CO, P P
No. of centres 7 8 1 ? 25 2 ? 1
Echo Yes Yes Yes Yes Yes Yes ? Yes
Maximum iNO dose
(ppm)

80 40 80 80 80 80 20 50

Surfactant + iNO No No ? No No No ? ?
HFOV + iNO No Yes No Yes No No Yes (HFJV) Yes

Results
Median OI at baseline 46/43a 48 29/30a 43/45a 24 26/38a 53.8 38/39a

Criteria for
nonresponse

PaO2 ↑
<10mm Hg

PaO2 <60mm
Hg

PaO2 ↑
<20%

? PaO2 <40mm
Hg

PaO2
<30mm Hg

? PaO2↑
<25%

ECMO (%) 40-71b 37 33 39-54b 22-34b 67-75b 6 25-76b

Mortality (%) 6.7-7.1c ? 8 14-16.5c 2-8c 11-25 26 0-19c

a Median OI: range between treatment groups.
b ECMO: range between treatment groups.
c Mortality: range between treatment groups.
B = blinded; CDH = congenital diaphragmatic hernia; CO = crossover; ECMO = extracorporeal membrane oxygenation; HFJV =
high-frequency jet ventilation HFOV = high-frequency oscillatory ventilation; NINOS = The Neonatal Inhaled Nitric Oxide Study Group; OI =
oxygenation index; P = prospective; PaO2 = arterial oxygen tension; PC = placebo-controlled; ppm = parts per million; ↑ = increase; ? =
unknown.
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response, initial response but failure to sustain this
effect beyond 36 hours, sustained response with
subsequent successful weaning from iNO, and re-
sponse at high doses of iNO with sustained de-
pendence on iNO. The latter group comprised ne-
onates with congenital hypoplasia and dysplasia of
the lung, and mortality in these neonates was
100%. Sustained responders and early failures cov-
ered the whole spectrum of PPHN-associated diag-
noses such as MAS, RDS, CDH, sepsis and idio-
pathic PPHN without parenchymal lung disease.
There was no obvious predictive value of the un-
derlying lung disease determining a sustained re-
sponse to iNO. The 2 neonates in the nonresponse
group both had MAS, one of which had received
surfactant and a trial of HFOV. Unfortunately, im-
portant details are missingwith regard to the simul-
taneous treatment with surfactant, HFOV and iNO
in order to understand why the combined treatment
did not yield the desired effect. Apositive response
to iNO would appear more likely after these lung
expansion modalities (surfactant, HFOV). This has
been shown in an animal model of meconium as-
piration in pigs, which were treated with surfactant
prior to iNO therapy.[26] Kinsella et al.[21] reported a
superior effect of iNO in combination with HFOV.
This effect was most striking in a subgroup of ne-
onates with MAS and RDS. There was no syner-
gistic effect in a group with idiopathic PPHN, lung
hypoplasia or CDH. The latter finding corresponds
with the results of the NINOS.[4] Although im-
provements in oxygenation occurred in some neo-
nates, the authors found no reduction in the need
for ECMO or death in the iNO treatment group.
In their study,Mercier et al.[27] described a disease-

related response to iNO. Both premature and term
neonates with hypoxaemic respiratory failure were
enrolled. Within 30 minutes of iNO therapy OI im-
proved significantly in preterm neonates, neonates
with idiopathic PPHN or ARDS, and sepsis. Less
pronounced was the response in neonates with
MAS, and much less in those with CDH. Although
the authors permitted the use of conventional ven-
tilation or HFV, they did not stratify their results
for the mode of ventilation.

Neonates with alveolar capillary dysplasia and
subsequent PPHN were found to initially respond
favourably to iNO.[28] Unfortunately, this effect
was not sustained, all neonates in this series ulti-
mately required iNO in concentrations of 80ppm
or above in order to maintain adequate oxygenation.
Approximately 80% of those neonates required
ECMO treatment and eventually they all died.
Adler and Clark[29] compared the dose-response

relationship applying various concentrations of
iNO between premature and term neonates. They
found similar response curves for the 2 groups in
the range between 10 and 40ppm. Beyond 40ppm no
additional benefit in oxygenation parameters was
demonstrable, nonresponse was associated with a
poor prognosis independent of gestational age.
Summarising the effect of the underlying pul-

monary disorder on the response rate during iNO
treatment requires taking a closer look at disease
related differences in alveolar ventilation. Various
degrees thereof might represent the most decisive
parameter for response or nonresponse to iNO.
Pure hypoxia associated PPHN without additional
parenchymal lung disease usually presents with
unrestricted alveolar ventilation and therefore a
high rate of clinical response to iNO. Whereas in
neonatal pneumonia, the limited aeration of the
lung makes it easy to imagine the difficulty for NO
to diffuse to a substantial number of alveoli in or-
der to positively affect the patient’s oxygenation.
Hypoplasia of the lung (including CDH) represents
another special scenario: even if the majority of
existing alveoli were recruited, this might not be
sufficient to ensure oxygenation of the newborn.
Inhomogeneity of lung expansion due to the use of
inadequate lung recruitment strategies might lead
to a higher than usual degree of ventilation-perfusion
mismatching. The reversal of the associated intra-
pulmonary shunting contributes less to an im-
provement in oxygenation than the reversal of ex-
trapulmonary shunting via the ductus or the
foramen ovale. Therefore a limited response to
iNO in pulmonary hypoplasia of whatever cause
would be expected.
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3. iNO in Preterm Neonates

PPHN of the newborn has, for a long time, been
regarded as a disease exclusively present in term or
post-term neonates. In the mid 1980s the first re-
ports of premature neonates with PPHN, as evi-
denced by right-to-left shunting via ductus arterio-
sus and/or foramen ovale, appeared.[30,31] Since
then there have been various reports of PPHN in
preterm neonates associated with RDS, but also
with all other disease states well known in term
neonates.
Surfactant replacement therapy represents the

causative treatment for preterm neonates with sur-
factant deficient lungs. Surfactant therapy also leads
to alveolar recruitment which facilitates diffusion
of iNO to the vascular endothelium adjacent to the
alveolus. This effect has been shown by Gommers
et al.[32] in a lung lavage model in rabbits. The au-
thors found a more pronounced effect of iNO on
oxygenation if there was pre-recruitment of alveoli
by previous delivery of surfactant rather than by
increasing the level of positive end-expiratory
pressure (PEEP) up to 10cm H2O.
It has to be kept in mind that neonates with a

gestational age in the upper range of prematurity
(i.e. 34 to 36 weeks) were included in some of the
large studies discussed in sections 1 and 2.[5,6,19-21]
This is important for 2 reasons: first, these neonates
have the option according to their bodyweight and
gestational age to proceed to ECMO if required.
Secondly, the absolute risk of experiencing the
classical IVH is fairly small at this near term ges-
tational age.
Contrary to this, Peliowski et al.[33] reported their

experience with iNO therapy in 8 premature neo-
nates between 24 and 31 weeks of gestation, whose
mothers had prolonged rupture of membranes and
oligohydramnios. All neonates received a FiO2 of
1.0, a mean airway pressure (MAP) of ≥14cm H2O
and had an OI of ≥19 on either conventional or
HFV. Significant reductions of OI andMAPs could
be noted during NO inhalation. Three out of 8 neo-
nates died, 2 of which had experienced grade 4
IVHs. Because of acute deterioration of the neonates’

condition, cranial ultrasound examinations were
not available for all of them.
In their study, Subhedar et al.[7] included 42 neo-

nates with a gestational age of less than 32 weeks,
who were recruited at an age of 96 hours if they
were deemed to be at high risk of developing bron-
chopulmonary dysplasia (BPD). Neonates were
randomised to receive either iNO or dexametha-
sone, or both or neither treatment modality. Study
end-points were chronic lung disease (CLD) or
death. Cranial ultrasound was performed in all ne-
onates before randomisation and subsequently on
a regular basis. IVHs less than grade 4 were not
regarded as a contraindication to treatment with
iNO. The authors found no progression of a pre-ex-
isting IVH in the iNO group, but in the control
group. There was no effect on the incidence of CLD
or death with either treatment. The authors con-
cluded that treatment with iNO in a high risk group
of preterm neonates was not associated with a sig-
nificant increase in adverse events. This study by
Subhedar and colleagues[7] is unique because it
compares an already more or less established ther-
apy (dexamethasone for the prevention or treat-
ment of BPD) with a therapy aimed at reducing
pulmonary artery pressure and improving ventila-
tion-perfusion mismatching (iNO). Increased pul-
monary vascular resistance (PVR) and V/Q-mis-
matching are typical features of severe BPD. The
major restriction of the study by Subhedar et al. is
the small number of neonates randomised, which
is aggravated by the fact that the authors have chosen
to compare 4 different treatment modalities. With
regard to the progression of preexisting IVHs, this
study does not contribute to answer either the ques-
tion of safety of iNO in preterm neonates or that of
a potential IVH-protective effect of NO. The latter
effect could be deducted from the avoidance of
V/Q-mismatching, frequent changes in pulmonary
artery pressures and systemic blood pressure, and
subsequent hypoxaemia, which in turn would lead
to further pulmonary vasoconstriction. In order to
clarify the role of NO-induced inhibition of platelet
aggregation and its effect on pre-existing haem-
orrhages, clearly large numbers of neonates are
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needed. Since the numbers of potential candidates
for enrolment in such a study are limited, a sub-
stantial international collaboratory effort would be
a prerequisite for the initiation of such a multi-
centre trial.
Van Meurs et al.[8] included 11 neonates in a

small, sequential study of iNO at 4 different con-
centrations and placebo. Ten of the 11 neonates had
a greater than 25% increase in PaO2/PAO2. Al-
though none of the neonates had evidence of IVH
at their initial cerebral ultrasound examination, 3
of them had proof of IVH after NO treatment and
4 additional neonates developed IVH during the
further course of hospitalisation.
Skimming et al.[9] compared the effect of 5ppm

versus 20ppm iNO in 23 preterm neonates with a
diagnosis of RDS. They found an improvement in
oxygenation parameters with both concentrations
of iNO. Unfortunately no information was given
regarding cranial ultrasound examinations either
before or after iNO treatment.
Banks et al.[34] reported their experience with

iNO therapy in neonates with severe ventilator de-
pendent BPD. Patients older than 4 weeks were
enrolled if they required a MAP ≥10 cmH2O and
an FiO2 of ≥0.45. The authors showed that 7 out of
11 neonates responded favourably (as defined by a
reduction of FiO2 of >15%), mortality was 36%,
which was clearly lower than the expected mortal-
ity of ≥75%.
Cheung et al.[35] reported on the neurodevelop-

mental outcome of very low birth weight neonates
treated with iNO. Although significant improve-
ments in arterial oxygenation of these patients oc-
curred, the mortality rate was substantial (58%).
The survivors were examined at 13 to 40 months
of adjusted age. Of these remaining neonates 50%
were disabled, 20% were developmentally retarded
and 30% had a normal development. Mortality as
well as morbidity in this particular group of pa-
tients is generally regarded as high and would be
expected to represent the severity of the disease
rather than an effect of iNO treatment. The timing
of episodes of pulmonary hypertension and the
most frequent timing for the occurrence of IVHs

coincide in preterm neonates. This leads to an as-
sumed causal relationship of iNO treatment and
IVH, where the course of the underlying disease
leading to PPHN might pose a sufficiently high risk
for the occurrence of IVH. This view is supported
by the study of Subhedar et al.,[7] who found no
progression in any preterm neonate treated with iNO
and pre-existing IVH.
Kinsella et al.[36] reported the results of a multi-

centre study, which was performed in a double-
blinded and randomised manner. 80 neonates with
a gestational age of ≤34 weeks with severe hypo-
xaemic respiratory failure were randomised to re-
ceive iNO at 5ppm or not. The primary outcome was
survival to discharge, secondary outcome measures
included rate and severity of intracranial haemor-
rhage, pulmonary haemorrhage, duration of venti-
lation and CLD. Apart from gestational age, enrol-
ment criteria were: postnatal age of less than 7
days, severe hypoxaemia (arterial/alveolar oxygen
ratio <0.10) despite mechanical ventilation and
surfactant replacement when indicated.Ventilatory
support was provided by time-cycled, pressure-
limited ventilators or with high-frequency devices.
During HFV, a high-volume strategy was used by
convention in all centres. The authors found an im-
provement in oxygenation after 60 minutes in the
iNO group (p = 0.03). Survival was not different
between the groups (52% in the iNO group vs 47%
in controls). Adverse outcomes were also compa-
rable between groups (intracranial haemorrhage
grade 2 to 4: 28% iNO vs 33% control; pulmonary
haemorrhage: 13 vs 9%; CLD: 60 vs 80%).
In the study of the Franco-Belgium Collabora-

tive NO Trial Group,[37] 204 neonates were ran-
domised to receive iNO at 10ppm or conventional
ventilation without iNO. Entry criteria were strati-
fied for gestational age: preterm neonates <33 weeks
required an OI between 12.5 and 30, neonates ≥33
weeks required an OI between 15 and 40 in order
to qualify for recruitment. The primary end-point
was the OI at 2 hours, secondary end-points in-
cluded the number of days on mechanical ventila-
tion and oxygen therapy, the length of stay in the
neonatal intensive care unit (NICU) and hospital,
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the incidence of CLD requiring therapy with either
β2 agonists or corticosteroids, and the occurrence
of severe intracranial haemorrhage, cystic leuco-
malacia and death. Preterm neonates were given
exogenous surfactant, a high-volume ventilatory
strategy was applied with either conventional ven-
tilation or HFV. Neonates with a gestational age
≥33 weeks had a significant reduction in the OI,
duration of mechanical ventilation and duration of
NICU stay. This was not the case in the group of
neonates <33 weeks where iNO was not signifi-
cantly beneficial. Secondary outcome measures also
showed no differences between both groups (alive
without neurological complications: 38% controls
vs 40% iNO; intracranial haemorrhage and cystic
leucomalacia: 27% controls vs 32% iNO; deaths
occurring in NICU: 35% controls vs 27% iNO).
In summary, the predominant lung expansion

strategy applied in premature neonates is the instil-
lation of exogenous surfactant. This is evident from
basically all studies related to premature neonates,
including ameta-analysis byBarrington andFiner.[38]
There is a trend towards a more frequent use of
HFOV in preterm neonates, which might be related
to the fact that ECMO is not available for the ma-
jority of these patients. The main limitation to the
widespread use of iNO is its potential effect on the
coagulation system. This ambiguous situation clearly
warrants further investigation.
For further details of selected trials in preterm

neonates see table II.

4. Adverse Effects

Adverse effects of iNO include haemorrhagic
diathesis due to inhibition of platelet aggrega-
tion,[10-13] nitrogen dioxide (NO2) formation and
subsequent potential pulmonary toxicity,[39] per-
oxynitrite formation and its effect on DNA,[40] in-
hibition of bacterial growth,[41] and methaemoglo-
binaemia.[3,5,6,22] Of particular interest in premature
neonates at risk of IVH is the potential effect of
iNO on platelet aggregation. Whereas in initial
studies cerebral ultrasound scans were not per-
formed on a regular basis,[33] other investigators have
done so without reporting either an increased inci-

dence of IVH or a progression of pre-existing
haemorrhages.[7] VanMeurs et al.[8] reported an un-
usually high incidence of IVH in their series of 11
neonates. The randomisation of their patients was
performed at a postnatal age of 24 to 72 hours at
which stage all neonates had normal sonographic
findings of their cerebral anatomy. The fact that 3
of the neonates had proof of IVH following a 2-
hour exposure to various levels of iNO does not
necessarily represent a causal relationship. Since
this time window corresponds with the classical tim-
ing of IVH in premature neonates, much larger
numbers of neonates would have to be compared
with a non-iNO–treated control group in order to
clarify the role of NO in the pathophysiology of
IVH.
Cheung et al.[12,35] showed an inhibition of platelet

aggregation in premature and term neonates treated
with iNO, which was accompanied by a raised in-
traplatelet level of cyclic guanosine 5′-monophos-
phate. This effect on platelet aggregation was sus-
tained for up to 24 hours, 2 of the premature
neonates in this group developed severe IVH. Ac-
cording to their data, iNO might at least represent
a contributory factor in the pathogenesis or deter-
mination of the size of IVH.
A study performed by George et al.[13] showed

a nearly 2-fold increase in bleeding time in neo-
nates treated with iNO at 40ppm for 30 minutes. No
significant differences in the platelet aggregation
responses to various agonists during and following
iNO exposure were identified. The most important
difference between patients in this study and those
of Cheung et al.[12] is gestational age: whereas
George et al.[13] included only one neonate with a
gestational age of less than 35 weeks, the majority
of patients in Cheung’s study were premature low
birth weight neonates. This difference might ex-
plain the inconclusive results of these 2 studies.
Christou et al.[42] found no inhibition of the in

vitro activation of platelets derived from newborns
with a gestational age ≥34 weeks. Although rapid
inactivation of iNO by binding to haemoglobin
takes place, platelets are directly exposed to iNO
and their function might be affected by it. Which,
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by the way, would establish a sophisticated medi-
ator system for effects of modified peripheral
blood cells at the site of distant organs.
The Franco-Belgium Collaborative NO Trial

Group[37] provided the largest study of iNO in pre-
term neonates and report results of a multicentre
trial conducted in France and Belgium. In this
randomised clinical trial of 83 neonates with a ges-
tational age of 32 weeks or less, there was a trend
towards a decreased number of intracranial haem-
orrhages, leukomalacia and death in the iNO treat-
ment group. These data represent the largest series
of neonates enrolled at a comparable gestational
age until now and this investigation appears to sup-
ply sufficient evidence to assume an acceptable
level of safety among premature neonates treated
with iNO.
Hallman et al.[40] prospectively analysed airway

specimens from 24 newborn neonates. They found

that iNO exposure at ≤20ppm did not affect the
concentrations of the lipid peroxidation product,
the surface activity or cytokines (interleukin-1,
granulocyte-macrophage colony-stimulating fac-
tor, interleukin-1 receptor antagonist). The inves-
tigators also looked for toxic effects of iNO, which
is known to form peroxynitrite in the presence of
superoxide.[43] Peroxynitrite reacts with the pheno-
lic residues of tyrosines to form nitrotyrosine. In
Hallman’s study,[40] nitrotyrosine could only be de-
tected after 10 days of life in 2 neonates requiring
prolonged ventilation without iNO. They suggested
that the source of nitrotyrosine in these 2 patients
must be endogenous NO production.
In summary, the clinical trials conducted so far

are not indicative of an increased incidence of
haemorrhagic complications in term neonates. The
numbers of premature neonates included in rando-
mised trials are too small to draw substantial con-

Table II. Details of patient recruitment, study design and interventions of 8 studies of inhaled nitric oxide (iNO) in preterm neonates

Peliowski
et al.[33]

Subhedar
et al.[7]

Van Meurs
et al.[8]

Skimming
et al.[9]

Banks
et al.[34]

Cheung
et al.[35]

Kinsella
et al.[36]

Mercier
et al.[37]

Patient characteristics
Number 8 42 11 23 16 10 80 83
Age at enrolment 2-11h 96h 24-72h 24-168h >4wks 2-322h <7 days <7 days
Gestational age (wks) 24-31 ≤32 25-35 <36 23-29 24-30 ≤34 ≤32
Surfactant previously Yes Yes Yes Yes ? Yes Yes Yes
HFOV previously Yes ? Yes No Yes Yes Yes Yes
CDH excluded Yes Yes Yes Yes ? Yes ? ?
Hypoplasia excluded No ? No Yes No No ? ?

Study methods
Design P P P P P P
No. of centres 1 1 5 1 1 1 12 33
Echo Yes ? Yes ? Yes ? ? ?
Cranial ultrasound 4 of 8 Yes Yes ? ? Yes Yes Yes
Maximum iNO dose
(ppm)

20 20 20 20 20 20 5 10

Surfactant + iNO ? ? ? ? ? ? Yes Yes
HFOV + iNO ? ? Yes No Yes Yes Yes Yes

Results
Median OI at baseline 43 ? ? ? ? 32 ? ?
Criteria for
nonresponse

PaO2 ↑
<10mm Hg

? PaO2/PAO2 ↑
≥25%

? Reduction of
FiO2 <15%

PaO2 ↑
<10mm Hg

? ?

Mortality (%) 38 ? ? ? 44 58 50 19
CDH = congenital diaphragmatic hernia; CO = crossover; FiO2 = fraction of inspired oxygen; HFJV = high-frequency jet ventilation; HFOV
= high-frequency oscillatory ventilation; OI = oxygenation index; P = prospective; PaO2 = arterial oxygen tension; PC = placebo-controlled;
ppm = parts per million; ↑ = increase; ? = unknown.
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clusions from the results. On the background of an
increase in bleeding time in combination with a
pre-existing IVH, the severity of such a haemor-
rhage could be much greater than without interfer-
ence of this iNO-related adverse effect. Again this
represents an argument for the necessity of a
randomised controlled trial of iNO in preterm ne-
onates. How difficult it may be to design and con-
duct such a study has been shown only recently,
when a European multicentre study was stopped be-
cause of slow recruitment of patients. A future
study design clearly has to handle main determin-
ing factors related to the efficacy of iNO (i.e. mode
of ventilation) in a liberal way in order to include
the maximum number of patients.
For further details of the most common adverse

effects of NO see table III.

5. Response Rate Related to Mode 
of Ventilation

Although mechanisms leading to response or
nonresponse to iNO are still incompletely under-
stood, insufficient lung inflation with persistence
of alveolar collapse is the most common cause of
treatment failure.[55] In order to prevent insufficient
lung expansion, a variety of alveolar recruitment
strategies have been used. These strategies consist
of either modifications of the level of PEEP during

conventional mechanical ventilation, or of an in-
crease of MAP during HFV.[21,56,57] In a multicentre
trial, Kinsella et al.[21] randomised 205 neonates with
PPHN to treatment with iNO and conventional
ventilation or to HFOV without iNO. Treatment
failure resulted in crossover to the alternative ther-
apeutic modality. Treatment failure following cross-
over led to a combined treatment with HFOV and
iNO. Altogether they found 43 neonates who were
nonresponders to either treatment alone, but re-
sponded favourably to the combined application of
iNO and HFOV.
An animal model using dogs with oleic acid-

induced lung injury showed that a recruitment of
gas exchange units with continous positive airway
pressure (CPAP) during conventional ventilationwas
necessary in order to produce a beneficial effect of
iNO on the ventilation-perfusion distribution and
oxygenation.[58,59] In patients with ARDS, factors
determining NO-induced improvement in arterial
oxygenation and pulmonary vascular effects have
been shown to be PEEP-induced alveolar recruit-
ment and the baseline level of PVR.[60] This is in
some contradiction to the findings of Gommers et
al.,[32] who found an improved oxygenation by iNO
following surfactant treatment in lung-lavaged rab-
bits, but not in the group of animals treated with an
increase of PEEP-levels to 10cm H2O. No matter

Table III. Adverse effects of inhaled nitric oxide on organ and functional systems in relation to species, age and gestational age

Adverse effect Preterm
neonate

Term neonate Adult In vitro Rabbit Lamb Guinea pig

Inhibition of platelet aggregation Yes[12] No[13] Yes[44] Yes[45,46] Yes[47]

Yes[12]

Bleeding time prolongation Yes[13] Yes[10] Yes[10,47]

NO2 formation Yes[3,5]

Peroxynitrite formation Yes[40]

Inhibition of bacterial growth Yes[41]

Methaemoglobinaemia Yes[3,5]

Impairment of the neutrophil
respiratory burst

Yes[48] Yes[49]

Bronchodilation Yes[50] Yes[51] Yes[52,53]

Cytokine levels increased No[40]

Surfactant activity decreased No[40]

Decreased lung neutrophil
accumulation

Yes[54]

NO2 = nitrogen dioxide
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what lung recruitment strategy used, the crucial
point appears to enhance homogenous alveolar
ventilation and to ensure widespread distribution
of NO across the lung. This facilitates diffusion of
iNO from the alveoli to the pulmonary capillaries
and increases the proportion of iNO affecting vas-
cular relaxation of the smooth muscle cell as me-
diated by the pulmonary endothelium.

6. Conclusion

iNO has been shown to improve oxygenation in
neonates with PPHN secondary to a variety of dis-
ease entities. Although a reduction of mortality in
iNO-treated neonates has not been demonstrated,
the number of neonates proceeding to an invasive
and morbidity-associated treatment like ECMO
was shown to be decreased. This occurred without
prolongation of total ventilator treatment or hospi-
tal days, and without an increase in the incidence
of CLD. In relative numbers this means 1 patient
requiring ECMO less for every 6 patients treated
with NO.[61] From a clinical as well as economic
standpoint this therapeutic option appears promis-
ing. Clinically more ambiguous is the situation in
the preterm neonate. The majority of these neonates
are not candidates for ECMObecause of either body-
weight or gestational age criteria, which would fa-
vour an early use of iNO. On the other hand, these
neonates are at risk of experiencing IVH because
of the immaturity of their cerebral vasculature. Al-
though the data of Kinsella[36] and the Franco-
Belgium Group[37] indicate safety as related to the
incidence of IVH, iNO treatment in preterm neo-
nates remains an experimental therapy as only re-
cently commented on by Saugstad.[62] In spite of
all caution, there is no way around the initiation
and performance of randomised controlled trials of
iNO in preterm neonates in order to answer these
remaining questions. The most important aspect of
such a study would have to be the question of
safety of iNO in preterm neonates with regard to
potential interactions between NO-triggered inhi-
bition of platelet aggregation and progression of
pre-existing IVHs. Additional aspects of such a
trial could be the relationship between response

rate and the mode of ventilation or the use of lung
recruitment strategies, respectively. The latter in-
clude surfactant treatment primarily in preterm
neonates but also in term neonates with CDH, lung
hypoplasia of other origin and MAS.
Response to iNO irrespective of gestational age

appears to be dependent on the predominant dis-
ease entity or, more specifically, on the degree of
lung expansion associated with certain disease cat-
egories. Alveolar recruitment by the use of HFV
appears superior to that achieved with conven-
tional ventilation, although this might be ultimate-
ly related to the standard settings of ventilatory
pressures clinically used (PEEP, MAP). Again there
is a need for randomised controlled trials compar-
ing lung recruitment strategies during HFV and
conventional ventilation and their effect on the ef-
ficacy of iNO. Ventilatory strategies would need to
be highly uniform in order to successfully perform
such a trial. This will be the real challenge on the
way to establish the role of iNO in neonates.
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