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New Modalities for the Administration of Inhaled Nitric
Oxide in Intensive Care Units After Cardiac Surgery or for
Neonatal Indications: A Prospective Observational Study

Philippe Gaudard, MD,* Claudio Barbanti, MD,t Bertrand Rozec, PhD,* Philippe Mauriat, MD,§
Mimoun M’rini, MD, || Gilles Cambonie, PhD,J Jean Michel Liet, MD,# Claude Girard, PhD,**
Pierre Louis Leger, PhD,{t Ziad Assaf, MD,t Pierre Damas, PhD,++ Gauthier Loron, MD,§§
Laurent Lecourt, PharmD, ||l Julien Amour, PhD,q{[ and Philippe Pouard, MD¥

BACKGROUND: Nitric oxide (NO) has a well-known efficacy in pulmonary hypertension (PH), with
wide use for 20 years in many countries. The objective of this study was to describe the current
use of NO in real life and the gap with the guidelines.

METHODS: This is a multicenter, prospective, observational study on inhaled NO administered
through an integrated delivery and monitoring device and indicated for PH according to the
market authorizations. The characteristics of NO therapy and ventilation modes were observed.
Concomitant pulmonary vasodilator treatments, safety data, and outcome were also collected.
Quantitative data are expressed as median (25th, 75th percentile).

RESULTS: Over 1 year, 236 patients were included from 14 equipped and trained centers:
117 adults and 81 children with PH associated with cardiac surgery and 38 neonates with per-
sistent PH of the newborn. Inhaled NO was initiated before intensive care unit (ICU) admission in
57%, 12.7%, and 38.9% with an initial dose of 10 (10, 15) ppm, 20 (18, 20) ppm, and 17 (11, 20)
ppm, and a median duration of administration of 3.9 (1.9, 6.1) days, 3.8 (1.8, 6.8) days, and 3.1
(1.0, 5.7) days, respectively, for the adult population, pediatric cardiac group, and newborns. The
treatment was performed using administration synchronized to the mechanical ventilation. The
dose was gradually decreased before withdrawal in 86% of the cases according to the usual pro-
cedure of each center. Adverse events included rebound effect for 3.4% (95% confidence interval
[CI], 0.9%—-8.5%) of adults, 1.2% (95% Cl, 0.0%—6.7%) of children, and 2.6% (95% Cl, 0.1%—13.8%)
of neonates and methemoglobinemia exceeded 2.5% for 5 of 62 monitored patients. Other pul-
monary vasodilators were associated with NO in 23% of adults, 95% of children, and 23.7% of
neonates. ICU stay was respectively 10 (6, 22) days, 7.5 (5.5, 15) days, and 9 (8, 15) days and
ICU mortality was 22.2%, 6.2%, and 7.9% for adults, children, and neonates, respectively.
CONCLUSIONS: This study confirms the safety of NO therapy in the 3 populations with a low
rate of rebound effect. Gradual withdrawal of NO combined with pulmonary vasodilators are
current practices in this population. The use of last-generation NO devices allowed good compli-
ance with recommendations.

KEY POINTS

Question: This study describes the current use, management, and safety of nitric oxide ad-
ministered with integrated delivery devices for pulmonary hypertension after cardiac surgery
and persistent pulmonary hypertension of the newborn.

- Finding: With a median dose at 10 ppm for adults and 20 ppm for children, nitric oxide treat-
ment is often combined with other pulmonary vasodilators, and can be weaned with a low rate
of rebound effect.

- Meaning: Inhaled nitric oxide administered with these modalities appears safe and complies
with the recommendations for various modes of ventilation.

From the *Cardiothoracic Intensive Care Unit, Centre Hospitalier

Liquide Santé International, Gentily, France; and {f{Sorbonne Universités,

Universitaire de Montpellier, and PhyMedExp, University of Montpellier,
CNRS, INSERM, Montpellier, France; tPediatric Cardiac Intensive Care,
Anesthesia and Perfusion Unit, Reference Centre for Complex Congenital
Cardiac Disease, Hopital Necker Enfants Malades, Assistance Publique-
Hopitaux de Paris, Paris, France; $Department of Anesthesia and Intensive
Care, Centre Hospitalier Universitaire de Nantes, Nantes, France;
§Congenital Cardiac Surgery Unit, Department of Anesthesia and Intensive
Care II, Maison du Haut Lévéque - Groupe Hospitalier Sud, Pessac, France;
lIClinique Pasteur, Toulouse, France; {Neonatal and pediatric Intensive Care
Unit, Centre Hospitalier Universitaire de Montpellier, Montpellier, France;
#Pediatric Intensive Care Unit, Centre Hospitalier Universitaire de Nantes,
Nantes, France; **Cardiovascular Intensive Care Unit, Centre Hospitalier
Universitaire Bocage Central, Dijon, France; t1Hopital Trousseau, Assistance
Publique-Hépitaux de Paris, Paris, France; ffIntensive Care Unit, Centre
Hospitalier Universitaire de Liége, Liege, Belgique; §§Neonatal Intensive
Care Unit, Centre Hospitalier Universitaire de Reims, Reims, France; |l Air
Copyright © 2018 International Anesthesia Research Society

DOI: 10.1213/ ANE.0000000000002813

UPMC Univ Paris 06, UMR INSERM 1166, IHU ICAN, and Department
of Anesthesiology and Critical Care Medicine, Hopital Pitié-Salpétriere,
Assistance Publique-Hopitaux de Paris, Paris, France.

Accepted for publication November 29, 2017.
Funding: This study was funded by Air Liquide Healthcare.

Conflicts of Interest: See Disclosures at the end of the article.



vasodilation in cases of pulmonary hypertension (PH)

without producing systemic hypotension.! It has been
largely used in Europe since 1992, and obtained the sta-
tus of drug in France in 2001 and in Belgium in 2008. The
European market authorizations (MA) defined 2 labeled
indications: persistent PH of the newborn (PPHN) and
treatment of PH related to cardiac surgery. Both indications
have been well described in the scientific literature and have
benefited from European recommendations®* in 2005 about
pharmacology, combination with other treatments, moni-
toring, and delivery. In France and Belgium, many centers
administer iNO in a continuous mode through a pressure
regulator and flowmeter; this is done both with and with-
out monitoring of NO and NO, concentrations. Integrated
devices for administration and monitoring have recently
been made available in these countries but are used in only
one-third of the centers providing iNO therapy.

Despite the absence of any evidence of improvement in
outcome® except for PPHN and congenital heart disease,*®
iNO has become a standard of care for PH in many intensive
care units (ICUs), through selective pulmonary vasodilation
and a safe pharmacological profile.’ Otherwise, few small
randomized control trials have compared the efficiency of
iNO in PH with other drugs such as prostaglandins or phos-
phodiesterase inhibitors.!*'> Some iNO indications, such as
perioperative PH in cardiac surgery, are recognized by the
MA in Europe but are off-label in the United States. A recent
propensity matched-cohort study' and systematic review
and meta-analysis'*!"> confirmed that iNO for acute respi-
ratory distress syndrome resulted in a transient improve-
ment in oxygenation but did not reduce mortality and could
increase renal impairment. These off-label indications in
Europe were not the subject of this study.

Because this is a postapproval study, recruited patients
must follow the specifications of MA and only the labeled
indications of iNO in Europe were studied. The aim of this
study was to describe in neonatal, pediatric, and adult ICUs
the current use of iNO with integrated delivery devices in
real life for the indications of PPHN and perioperative PH
in cardiac surgery. The main objectives were to character-
ize the profile of patients, the overall management of iNO
treatment, the occurrence of adverse events (AEs), and to
describe the gap with guidelines because no recent and
exhaustive data are reported. Furthermore, this is the first
study describing the use of iNO with a new generation of
integrated delivery and monitoring device in daily prac-
tice. These descriptive data should improve iNO therapy
management in ICU and provide updated data for future
studies.

Inhaled nitric oxide (iNO) induces selective pulmonary

METHODS

The POSITIVE (Prospective Observational Study on the
use of Inhaled NO administered Through an Integrated
deliVEry and monitoring device) study is a multicenter,
prospective, observational cohort study held in France and
in Belgium and conducted during 1 year in adult, pediat-
ric, and neonatal ICU. Independent French and Belgian
ethics committees approved the protocol and data col-
lection was authorized by the National Commission for

Informatics and Liberties. All patients or legal representa-
tives received the study information. According to current
national legislation for observational studies in France, the
ethic committee waived the need for written informed con-
sent and required only a nonopposition to participation.
Written informed consent was obtained from all patients
or legal representative in Belgium. This article adheres to
the applicable Enhancing the QUAlity and Transparency Of
health Research (EQUATOR) guidelines. The objectives and
methods of the study were designed before patient enroll-
ment, but this study has been retrospectively registered on
Clinical Trials website with the number NCT02821156 by
Philippe Pouard as principal investigator on May 20, 2016.

Study Population

The cohort was studied in 12 investigational centers in
France and 2 in Belgium, including 6 cardiac adult centers, 4
pediatric cardiac centers, and 4 neonatal ICU equipped with
EZ-KINOX (EKU Elektronik GmbH, Leiningen, Germany),
an integrated NO delivery and monitoring device.
EZ-KINOX was used in this study because this device was
the first one available in our countries which fulfilled all the
specifications required by the European Medicines Agency.
This device allows sequential administration of NO, mea-
surement of NO and NO, concentrations on the inspiratory
limb of the ventilator, and automatic switch from empty to
full cylinder, with the same features as INOmax delivery
systems (INOmax DSIR or INOvent) which meet Food and
Drug Administration guidelines. Furthermore, this device
allows the measurement of NO and NO, in ambient air. This
allows for surveillance of high ambient NO and NO, concen-
trations which may be associated with delivery via high-flow
nasal cannula and which may pose a safety risk for caregiv-
ers. Participating sites were ICUs trained for the administra-
tion of iNO delivered by EZ-KINOX. Perioperative PH was
defined by a mean pulmonary arterial pressure (PAP) above
25 mm Hg at rest.!® The decision to initiate iNO therapy and
the choice of dose were at the discretion of the clinician in
charge of the patient according to current recommendations
on PH management in neonatology or perioperative car-
diac surgery before (ie, in the operating room) or after ICU
admission. The management in ICU of PH treatment, venti-
lation mode, or weaning process was not protocolized and
followed routine medical care of each center.

Included patients met the following inclusion crite-
ria: (1) newborns >34 weeks of gestational age experienc-
ing hypoxic respiratory failure associated with PH; (2) or
patients presenting perioperative PH associated with car-
diac surgery; (3) patients treated with iNO delivered with
EZ-KINOX.

Patients who met at least one of the following criteria
could not be included in the study: (1) newborns dependent
on a right-to-left shunt; (2) infants with a hemodynamically
significant patent ductus arteriosus; and (3) newborns with
glucose-6-phosphate dehydrogenase deficiency.

Study Treatment

The study treatment was NO (KINOX 450 ppm~-VASOKINOX
450 ppm: NO 450 ppm in nitrogen; Air Liquide Santé France,
Gentilly, France) administered by EZ-KINOX. This conformité



Européenne marked delivery and monitoring device provides
reliable, constant, and accurate sequential administration of iNO
regardless of the patient age, from newborns to adults and con-
tinuous NO and NO, monitoring. The device includes alarms to
alert in case of NO cessation, NO overdose (to detect NO accu-
mulation, threshold arbitrarily set at 2 ppm above the expected
dose), or increased inspiratory NO, value (>0.5 ppm) for early
detection of potentially toxic NO, production. This system is
compatible with most of ventilation modes (invasive and non-
invasive) and ventilators, to which it is connected either directly
(via a RS232 interface for compatible ventilators) or through a
flow sensor for synchronization with mechanical ventilation.

Data Collection

The characteristics of included patients, the diagnosis of
PH, and the following parameters were prospectively
recorded on case report forms and AE forms by physicians:
description of iNO administration with dosage and treat-
ment duration, associated ventilation mode, weaning pro-
cedures, and occurrence of a rebound effect (defined by the
association of abrupt increase of pulmonary pressure and
desaturation). Monitoring associated with iNO administra-
tion, concomitant pulmonary vasodilator treatments, safety
data, ICU length of stay, and ICU mortality were also col-
lected. All forms were verified by a monitoring team and
analyzed by an independent committee.

Statistical Analysis

Statistical analyses were performed using SAS software
version 9.4 (SAS Institute, Cary, NC). Analyses were only
descriptive and expressed as mean and standard deviation
or median and interquartile range (25th, 75th percentile)
whenever applicable for each subgroup of patients. The 3
subgroups of patients were defined as neonates for PPHN
patients, children for pediatric cardiac surgery patients with
postoperative PH, and adults for patients with PH after
adult cardiac surgery. Parameters collected were summa-
rized descriptively without comparison between subgroups
due to the lack of clinical relevance. Safety was evaluated by
describing the occurrences of AE, globally and by subgroup
of patients, using percentages and 2-sided exact Clopper-
Pearson 95% confidence intervals (CIs).

The duration of the study was planned for 1 year of
recruitment to limit the likelihood of changes of current
practices in iNO usage. Sample size estimation was based
on feasibility considerations. Before the study, it was esti-
mated that a maximal number of 250 patients could be
included in 1 year. This maximum sample size allowed the
reporting of a 2-sided 95% CI of any event occurring with a
frequency of 5% of (2.8%—-8.7%) which is narrow enough to
adequately address the research question.

RESULTS

Patient Characteristics

A total of 239 consecutive patients were enrolled in 1 year
from September 2014 to September 2015. One patient
did not sign consent, and 2 presented noninclusion cri-
teria. Therefore 236 patients were included: 38 neonates
with PPHN (16.1%), 81 children (34.3%), and 117 adult
patients (49.6%) with PH after cardiac surgery. Baseline

Table 1. Demographic and Ventilation

Characteristics by Subgroup

PPH Newborn PH Pediatric PH Adults
(N = 38) (N = 81) (N = 117)
Age (d) 1(1,3) - -
Age (y) - 0.2(0.04,3) 63 (53,75)
Gestational age (wk) 40 (38-40) - -
Gender, N (%)
Male 21 (55.3) 50 (61.7) 82 (70.1)
Female 17 (44.7) 31 (38.3) 35 (29.9)
Ventilation mode at the beginning of iINO administration
CV (%) 78.9 92.6 94.0
HFOV (%) 15.8 &1 0
SV or NIV (%) 5.3 3.7 6.0
Including HFNC (%) 5.3 1.3 0
Ventilation mode at the end of iINO administration
CV (%) 70.3 19.4 60.8
HFOV (%) 22.2 0 0
SV or NIV (%) 7.4 80.6 39.4
Including HFNC (%) 7.4 4.5 2.5

Data are presented as median (25th, 75th percentile) for continuous
variables.

Abbreviations: CV, controlled ventilation; HFNC, high-flow nasal cannula;
HFOV, high-frequency oscillatory ventilation; iNO, inhaled nitric oxide; NIV,
noninvasive ventilation; PH, pulmonary hypertension; PPH, persistent
pulmonary hypertension; SV, spontaneous ventilation.

Table 2. Pulmonary Hypertension Diagnosis and

Mean PAP by Subg
Pulmonary Hypertension PPH Newborn PH Pediatric

PH Adults

Diagnosis (N =38) (N=81) (N=117)

Pulmonary artery 0 (0) 18 (22.2) 43 (36.8)
catheterization, N (%)

Echocardiography, N (%) 37 (97.4) 76 (93.8) 94 (80.3)

Mean PAP (mm Hg), 46.3 (6.7) 27.2 (14.8) 31.6(8)
mean (SD)

Systolic PAP (mm Hg), 54.0 (18.4) 48.6 (22.2) 52.6 (14.8)
mean (SD)

Abbreviations: PAR pulmonary arterial pressure; PH, pulmonary hypertension;
PPH, persistent pulmonary hypertension; SD, standard deviation.

demographics and characteristics of the 3 groups of patients
are described in Table 1. The diagnosis process of PH before
the initiation of iNO included Doppler and color-Doppler,
2-dimensional echocardiography, and/or measurement of
the PAP through a pulmonary artery catheter (Table 2). All
the patients had a mean PAP >25 mm Hg.

In the adult group, the 4 main circumstances of PH were
mitral valve surgery, combined cardiac surgery for acquired
cardiac disease, heart transplantation, and left ventricular
assist device implantations. In pediatric cardiac surgery, neo-
natal surgery and cavopulmonary connections were the main
indications for iNO administration. PPHN was mainly asso-
ciated with respiratory distress syndrome, meconium aspi-
ration syndrome, and diaphragmatic hernia. The iNO was
initiated before ICU admission (Table 3) in adult patients in
the operating room (57%), and in PPHN patients in the deliv-
ery room (38.9%), but rarely among pediatric cardiac patients
(12.7%). Patients being treated with iNO were transported to
ICU without interruption of this treatment.

Inhaled NO Therapy
Adults received a median initial iNO dose (10 ppm; 25th,
75th percentile: 10, 15 ppm) approximately half of the dose



Table 3. Characteristics of Inhaled Nitric Oxide Administration by Subgroup

Administration Characteristics

Starting iNO dose (ppm) 16.7 (11.2, 20.0)
Lowest iINO dose administered (ppm) 2.8 (2.0,5.0)
Highest iNO dose administered (ppm) 20.0 (17.2,22.1)
NO administered before ICU admission (%) 14 (38.9)
Treatment duration (d) 3.1(1.0,5.7)

PPH Newborn (N = 38)

PH Pediatric (N = 81) PH Adults (N = 117)

20.0 (18.0, 20.0) 10.0 (10.0, 15.0)
5.0 (4.0, 5.0) 5.0 (2.0, 7.0)
20 (20.0, 20.0) 11.7 (10.0, 16.3)
10 (12.7) 65 (57)
89 (L9, G.) 3.8(1.8,6.8)

Data are presented as N (%) for categorical variables or median (25th, 75th percentile) for continuous variables.
Abbreviations: ICU, intensive care unit; iNO, inhaled nitric oxide; PH, pulmonary hypertension; PPH, persistent pulmonary hypertension; ppm, parts per million.
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in neonates (17 ppm; 25th, 75th percentile: 11, 20 ppm) and
children (20 ppm; 25th, 75th percentile: 18, 20 ppm). The
iNO administration was gradually weaned on a median
of 3.1 days in newborns, 3.9 days in children, and 3.8
days in adults (Table 3). At the onset of iNO delivery with
EZ-KINOX, most of the patients were ventilated using a
controlled ventilation mode in 78.9%, 92.6%, and 94.0% of
neonates, children, and adults, respectively (Table 1). High-
frequency oscillatory ventilation was used in 15.8% of neo-
nates. Throughout the course of delivery, the ventilation
mode was switched to spontaneous ventilation or noninva-
sive ventilation including nasal high-flow cannula in 7.4%,
80.6%, and 39.3% in neonates, children, and adults, respec-
tively. The connections between EZ-KINOX and ventila-
tors were a RS232 interface in 52% or a flow sensor in 26%
of cases, allowing synchronization with ventilation, and a
manual mode was used in 22%.

Other pulmonary vasodilators were combined before,
during, and after inhalation of NO, including milrinone,
sildenafil, and/or levosimendan (Figure) mainly for the
pediatric cardiac surgery population (maximum rate of
84%). The dose was gradually decreased before definitive
withdrawal of iNO in 85% of cases and the median lowest
doses of iNO were 3 ppm in neonates, 5 ppm in children
and adults (Table 3).

Adverse Events
Among the 236 patients, 89 AE were reported and 53
patients (22.5% [95% CI, 17.3%—28.3%]) had at least 1

PHCS Pediatric (N=81)
® During iINO administration

PHCS Adult (N=117)
@ During INO weaning

AE during the study but only 17 patients (7.2% [95% CI,
4.3%-11.3%]) experienced an AE related to iNO (Table 4).
All AE are listed in Supplemental Digital Content, Table
1, http://linksIww.com/AA/C238. The most frequent
considered as not related to iNO were cardiac disorders,
respiratory disorders, and multiorgan failure. Acute kid-
ney injury was reported in 5 adult patients (4.3%) but not in
neonates and children. AE related to iNO included rebound
effect (2.6% [95% CI, 0.1%—-13.8%] in neonates, 1.2% [95%
CI, 0.0%—6.7%] in children, and 3.4% [95% CI, 0.9%-8.5%]
in adults), hypoxemia (5.3% [95% CI, 0.6%-17.7%], 0%
[95% CI, 0%—4.5%], and 0.9% [95% CI, 0.0%—4.7%)] respec-
tively), and methemoglobinemia above 2.5% (7.9% [95%
CL, 1.7%-21.4%], 0% [95% CI, 0%—4.5%], and 1.7% [95% CI,
0.2%-6.0%], respectively). Nevertheless, methemoglobin-
emia was monitored only for 25 neonates (65.8%), 7 children
(8.6%), and 30 adults (25.6%). All these AE related to iNO
recovered without sequelae.

The NO, generated by contact between NO and oxygen
during iNO administration was above 0.5 ppm in 17% of
pediatric cases, 1% of adult cases and never observed in the
neonatal population. The monitoring of ambient NO and
NO, in room air has never shown any increase >0.5 ppm of
ambient NO or NO, values during the study, guaranteeing
the safety of the professionals working around the patient.

Outcomes
The main reason for definitive discontinuation of iNO ther-
apy was a sufficient clinical effect with successful weaning



Table 4. End of Treatment, Outcome, and Safety of
Nitric Oxide Therapy

PPH PH PH
Newborn Pediatric Adults
(N =38) (N=81) (N=117)
NO, > 0.5 ppm 0 (0) 14 (17.3) 1(0.9)
Reason for definitive
discontinuation
Missing data 0 (0) 3(3.7) 4(3.4)
Sufficient clinical effect 32(84.2) 77 (95.1) 99 (84.6)
Occurrence of an AE 6 (15.8) 1(1.2) 11 (9.4)
Lack of efficacy 0 (0) 0 (0) 3(2.6)
Weaning phase
Progressive decrease 29 (76.3) 76 (93.8) 94 (81)

of NO dosage

Rebound effect 1 (26) 1(1.2) 4 (3.4)
AE (safety)
At least 1 AE 13 (34.2) 5(6.2) 35(29.9)
Total number of events? 15 6 68
Patient with at least 1 6 (15.8) 1(1.2) 10(8.5)
AE related to NO
Rebound effect 1(2.6) 1(1.2) 4 (3.4)
Patients with MetHb 25 (65.8) 7(8.6) 30(25.6)
monitoring
MetHb >2.5%° 3(12) 0 (0) 2 (6.7)
ICU length of stay (d) 9 (8, 15) 8 (6, 15) 10 (6, 16)
ICU mortality 3(7.9) 5(6.2) 26(22.2)

Data are presented as N (%) for categorical variables or median (25th, 75th
percentile) for continuous variables.

Abbreviations: AE, adverse event; ICU, intensive care unit; MetHb,
methemoglobinemia; NO, nitric oxide; PH, pulmonary hypertension; PPH,
persistent pulmonary hypertension.

aAbsolute number for each group of all declared AEs related or not to NO.
bPercentage calculated among patients with monitoring of methemoglobinemia.

in 88% of cases (84.2% in neonates, 95.1% in children, and
84.6% in adults). The other reasons were the occurrence of
AE or lack of efficacy as shown in Table 4. In the adult group,
iNO was stopped in 3 cases for a lack of efficacy without
any hemodynamical improvement. Median (25th, 75th per-
centile) ICU stay was respectively 9 (8, 15) days, 8 (6, 15)
days, and 10 (6, 22) days, and ICU mortality was 7.9%, 6.2%,
and 22.2% for neonates, children, and adults.

DISCUSSION

After several decades of use, iNO is currently considered
as a standard of care in many countries for PH in cardiac
surgery and PPHN.*%1718 Considering diversity in age, PH
level, circumstances for treatment, and ventilation mode,
this prospective study described the current ICU usage of
iNO in specialized neonatal and cardiac centers.

Because of the potential side effects! and the cost® of the
drug, the iNO indications should be carefully selected in
case of prolonged use. Abrupt discontinuation of iNO deliv-
ery, for any reason can cause a rebound effect with acute
PH?'-2 and iNO overdose can lead to toxic NO, and methe-
moglobin production.?® Therefore, delivery systems need to
be reliable for iNO delivery and NO/NO, monitoring.??
New generations of NO delivery devices meet these require-
ments and may prevent any discontinuation of drug deliv-
ery during transport or cylinders exchange. This is the first
study reporting clinical use of these devices in Europe. The
modes of ventilation during NO therapy differed between
the 3 groups and the treatment times. Invasive modes of
ventilation were the most common at the initiation of the

treatment and high-frequency oscillatory ventilation was
reserved to PPHN. During the weaning phase, ventilation
modes were less invasive or controlled, especially in cardiac
patients with spontaneous ventilation or noninvasive venti-
lation (including nasal high-flow therapy) for most of them.
In this study, the new generation of devices allowed easy
adaptation to different modes of ventilation.

Some specificities were observed regarding the differ-
ent population groups. In this study, the diagnosis of PH
was always performed by echocardiography in neonates
experiencing PPHN as described in literature,*?® and iNO
therapy was often started before ICU admission either in
the delivery room or during transport. Therefore, the deliv-
ery system and NO cylinders should be adapted to be
used safely during transport. In pediatric cardiac surgery,
PH was often diagnosed before the surgical procedure by
echocardiography and/or direct PAP measurement by
catheterization”” and iNO was mainly initiated in ICU after
the procedure. In this group, the mean PAP level (27.2 =
14.8 mm Hg for this group) was lowered in case of cavo-
pulmonary connection where iNO was used to reduce the
transpulmonary gradient more than to reverse a PH crisis.?
Consistent with published data,® iNO was almost always
combined with oral sildenafil. In this population, despite a
higher dose, the occurrence of adverse effects was very low.
The specificities of the adult population were the necessity
for iNO administration in the operating room before ICU
admission in almost 60% of cases, and the limited require-
ment of additional pulmonary vasodilators. Surprisingly,
the initial dose of NO was about 10 ppm without the need
to increase the dose during treatment. This is less than the
dose mentioned in the American and European recommen-
dations which allow a dose up to 40 ppm.* Only 3 patients,
2.6% of the adult group, did not respond to NO therapy
and none in neonatal and pediatric groups. Some reports
show a 20% rate of nonresponders.’*> The low rate of non-
responders may result from the strict use of iNO in labeled
indications and/or the synergistic effect of the combination
with other pulmonary vasodilators.

For the 3 populations, the results show that the weaning
procedure included a stepwise progressive discontinuation
of iNO delivery, avoiding a rebound effect of PH character-
ized by an acute increase of pulmonary vascular resistance,
hypoxia, and hemodynamic impairment and caused by tran-
sient depletion of intrinsic cyclic guanosine monophosphate.
Kageyama et al® showed that the final concentration of <2
ppm contributes to successful discontinuation of iNO ther-
apy in pediatric patients after cardiac surgery. As suggested
by Namachivayam et al,*® combination with other pulmonary
vasodilators may prevent the occurrence of a rebound effect.
In a recent expert consensus on pediatric PH,* oral sildenafil
is mentioned as reasonable to facilitate weaning from iNO.
The low PH rebound rate observed in our study (1.2%) could
result from the wide application of 1 or 2 of these strategies.
In this study, iNO was administered through a consistent
delivery device and 82.4% of the patients did not experience
any AEs. The most common safety concern was NO, forma-
tion in pediatric cardiac surgery which can be explained by
the high fraction of inspired oxygen usually required after
pediatric cardiac procedures.®® Methemoglobin excess is one
of the main side effect observed in the neonatal population;



however, the reduction of the iNO dose allowed rapid recov-
ery without clinical impact. This issue, also described in chil-
dren with congenital heart disease,* was not observed in our
study but methemoglobin monitoring was not systemati-
cally performed in pediatric and adult ICU as requested in
the recommendations.* This practice should be maintained
especially for highest iNO doses.

Compared with the former retrospective survey con-
ducted in 1997 in 21 European countries and based only on
questionnaires,® iNO therapy has changed in several aspects.
The 1997 survey was conducted before the establishment of
clear recommendations. In 1997, 62% of the physicians did
not consider the PAP threshold, and administered more than
40 ppm in 43% of cases compared to 20 ppm or less in all
cases of our observations. Moreover, 51% of cases received
iNO in a continuous mode throughout the respiratory cycle,
whereas in the POSITIVE study, iNO was administered dur-
ing the inspiratory phase (78% of synchronized connections
to ventilators). In France and Belgium, the cost of iNO is based
on the volume of gas used, and therefore synchronization of
gas delivery with invasive or noninvasive mechanical venti-
lation would be expected to reduce waste of this expensive
gas compared to bolus delivery. Differences in indications (in
1997, the main indication for iNO therapy was acute respi-
ratory distress syndrome) and in the modes of administra-
tion may probably explain a better response to iNO therapy
(10%-20% nonresponder vs 0%-2.6%) and a huge decrease
of the occurrence of incidents and complications (9% exces-
sive bleeding vs 0%; 6% acute pulmonary edema vs 0%; 20%
rebound effect vs 1.2%-3.4%).

Study Limitations

This study provides a snapshot in time and presents several
bias and confounding effects such as representability of the
sample and selection bias. Main limitations are the selection
of centers using EZ-KINOX device which did not represent
most of NO users and the strictly restriction of MA indica-
tion (excluding off-label usage of the product in Europe).
The results may not be generalizable to other NO delivery
systems and to these off-label indications. Of note, despite a
common use especially in the pediatric population, the indi-
cation of iNO for PH in cardiac surgery is off-label in the
United States due to a lack of definitive evidence.” The het-
erogeneity of practices in the use and management of iNO
was another limitation. However, the objective of this obser-
vational study was to describe current practices and the only
constraint in the study protocol was to use the EZ-KINOX
device. Data on hemodynamic and echocardiography were
not required after initiation of iNO therapy and the assess-
ment of “sufficient clinical effect” or “lack of efficacy” could
be subjective but are the reflect of medical practices.

CONCLUSIONS

This large prospective study in 236 patients describes the
current use pattern of iNO and confirms the safety of iNO
in the study population with a low rate of rebound effect.
Gradually withdrawal of NO and combination with other
pulmonary vasodilators are current practices in this popu-
lation. Confidence in the delivery and monitoring devices
is likely to reduce the maximum administered dose of iNO

and to secure transportation and change of NO cylinders
without discontinuation. While there have been improve-
ments in delivery and monitoring of iNO therapy within
the last 2 decades, further controlled randomized trials and
international registry data will be needed to define appro-
priate indications for use of iNO and to refine the current
guidelines.
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