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Though oxygen is the most frequently administered gas in respiratory care, the use of other specialty gases
has become common practice in neonatal and pediatric intensive care and emergency departments across the
United States. This report reviews the literature and evidence regarding 4 such specialty gases: heliox
(helium-oxygen mixture), nitric oxide, hypoxic gas (ie, < 21% oxygen), and carbon dioxide. Because heliox
is less dense than air or nitrogen, it offers less resistance and turbulence as an inhaled gas and therefore
decreases the pressure and work of breathing necessary to ventilate the lung, which assists in the management
of conditions that involve airway obstruction. Inhaled nitric oxide is a selective pulmonary vasodilator and
during the last 2 decades research has focused on its potential value for treating disorders that involve
pulmonary vasoconstriction. Hypoxic gas and carbon dioxide are used in the management of infants suffering
hypoplastic left heart syndrome (a congenital heart defect), to equilibrate the pulmonary vascular resistance
with the systemic vascular resistance, which is necessary to assure adequate oxygenation and tissue perfusion.
Balancing the systemic and pulmonary vascular resistances requires increasing pulmonary vascular resistance and decreasing pulmonary blood flow; hypoxic gas does this by maintaining blood oxygen saturation
at around 70%, whereas carbon dioxide does so by increasing PaCO2 to the range of 45–50 mm Hg. Key
words: nitric oxide, hypoxic gas, heliox, hypoplastic left heart, respiratory failure, asthma, stridor, airway obstruction, croup, bronchiolitis, heliox, nitric oxide, neonatal, pediatric, carbon dioxide, hypoxic gas, respiratory, pulmonary. [Respir Care 2003;48(4):399–422. © 2003 Daedalus Enterprises]
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Introduction
Many of the original forerunners of today’s respiratory
care departments, arose during the 1940s from the need to
provide supplemental oxygen to patients. At that time hospital oxygen supply systems consisted of high-pressure
gas cylinders that required transport through the hospital
and from patient to patient. The need for oxygen orderlies
or oxygen technicians was born from this need to transport
and provide supplemental oxygen in many hospitals. The
growth of the respiratory care profession over the past 6
decades can be attributed in large part to advances in pulmonary therapeutics and medical technology. Though supplemental oxygen is still a mainstay of the profession of
respiratory care, the need to provide additional supplemental gases to patients with cardiopulmonary disease has become a common adjunct to many etiologies. This review
discusses the clinical evidence and delivery mechanisms for
4 specialty gases commonly used in acute and intensive care
settings in many pediatric hospitals today: helium-oxygen
mixture (heliox), inhaled nitric oxide, inhaled carbon dioxide,
and hypoxic gas therapy.
Heliox Therapy
Introduction
Helium is an odorless, tasteless, nonexplosive, noncombustible, and physiologically inert gas. In 1935 Dr Alvan
Barach first described the use of heliox as a possible treatment mechanism for cardiopulmonary disease.1 Air flow
through a fixed orifice or around an obstruction (ie, localized obstructive lesion) is always partially turbulent and
inversely proportional to the square root of the gas density.
Helium is one-seventh the density of atmospheric nitrogen, so it has a more laminar flow through a partially
obstructed or fixed orifice, without a large difference in
the viscosity of the gases. Table 1 compares the densities
and viscosities of helium and the other primary atmospheric gases.
Since helium has no pharmacologic properties of its
own, its therapeutic purpose is to lower the total density of
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Table 1.

Density and Viscosity of Helium and Other Atmospheric
Gases

Gas

Density
(g/L)

Viscosity
(micropoise)

Helium
Oxygen
Nitrogen
Air

0.1785
1.4290
1.2510
1.2930

188.7
192.6
167.4
170.8

the inhaled gas. For medical purposes helium is always
mixed with oxygen and the mixture is commonly referred
to as heliox. The higher the concentration of helium, the
lower the fraction of inspired oxygen (FIO2) and the less
dense the gas mixture. A basic understanding of respiratory and gas physics is necessary to understand the physical properties and behaviors that underlie the rationale for
using heliox.
Respiratory and Gas Law Physics
The difference between the pressure at the airway opening and the alveolar pressure is the transrespiratory pressure, for both inspiratory and expiratory phases of normal
respiration. That is: transrespiratory pressure equals the
alveolar pressure minus the pressure at the airway opening. This equation is a crucial element in determining how
much work must be done to ventilate the lung. A frequent
factor associated with air flow obstruction is an increase in
airway resistance, which is determined from the pressure
gradient and is calculated by dividing the transrespiratory
pressure by the flow of a gas traveling through that airway.
Therefore, the effects of decreasing the gas density are not
straightforward and are influenced largely by the characteristics of the airway flow.2
Three distinctly different patterns of pulmonary air flow
affect airway resistance: laminar, turbulent, and transitional
(ie, the transition from turbulent to laminar flow). The
resulting flow patterns in the pulmonary system are the
product of the physical conditions in the airway (airway
diameter, anatomic shape, branching, smoothness of airway lining) and the composition of the inhaled gas. Typically gas flow in the lung periphery is laminar, primarily
because of the large cross-sectional area through which the
gas flows, whereas the flow in larger airways is mainly
turbulent, because the flow is faster and through a relatively small cross-sectional area.
The Bernoulli principle asserts that as the pressure of a
lateral wall drops, the velocity of gas within the tube increases. The Bernoulli principle as it relates to the airways
implies that as gas velocity increases across a partial airway obstruction, the increased velocity causes airway tissues to be drawn further into the airway because of the
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drop in lateral airway pressure. This phenomenon can
worsen the partial airway obstruction (ie, bronchospasm,
coughing, and airway edema), increasing the patient’s work
of breathing (WOB). Theoretically, when a less dense gas
such as heliox is used, the gas requires less driving pressure and creates less velocity, which helps mobilize gas
around an obstruction and ventilate the lung periphery.
This decreases the WOB needed to produce the same or
higher minute ventilation.
Another gas law that relates to the airways and heliox is
the Graham law (principle of gas diffusion). The Graham
law states that the diffusion rate of a gas is inversely
proportional to the square root of its density. This principle
means that a less dense gas has greater velocity or movement with less driving pressure.
Two other gas laws that correlate the airways’ theoretical response to heliox are the Poiseuille law and the Reynolds number. The Poiseuille law describes the relationship
between pressure, flow, and radius of the airway. This gas
law principle as it relates to the airways can be simplified
to 3 basic concepts: (1) A 50% reduction in air flow causes
a 50% reduction in airway resistance and the flow requires
much less pressure. (2) When air flow remains constant,
each branch of the airway below the trachea requires a
greater pressure (inversely to the 4th power of the airway
radius) to move the same air flow through the smaller
airways. (3) A 50% reduction in airway radius would increase resistance in the distal airways by 16 times.
The Reynolds number concerns the physical properties that
influence the transition between laminar and turbulent flow:
Reynolds number ⫽ (flow rate ⫻ diameter ⫻ density)/
viscosity
The variables that determine the conversion of laminar
to turbulent flow in the airways are airway diameter, flow
rate (inspiratory or expiratory), gas density, and gas viscosity. A Reynolds number ⬍ 2,500 promotes a laminar
flow. A Reynolds number ⬎ 2,500 results in a turbulent
flow, which requires a greater pressure gradient to ventilate the lung segment. Heliox, as a less dense and more
viscous gas, will more easily pass around an airway obstruction than an oxygen-nitrogen mixture.
The physical properties of heliox, described by the gas
laws, provide the rationale and theoretical basis for using
heliox with respiratory diseases that are obstructive and
promote turbulent air flow. The following section discusses
the clinical indications for and ramifications of heliox in
the neonatal and pediatric populations, as well as the mechanisms for delivering heliox.
Asthma
Asthma is one of the most common chronic diseases in
pediatrics, today affecting an estimated 5 million children
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in the United States. Asthma is a chronic inflammatory
disorder of the airways. In susceptible individuals this inflammation causes recurrent episodes of wheezing, breathlessness, chest tightness, and coughing, particularly at night
or in the early morning. The inflammation also causes an
associated increase in the existing bronchial hyperresponsiveness to a variety of stimuli. Episodes are usually associated with air flow obstruction, which is often reversible, either spontaneously or with treatment. It is this air
flow obstruction component of asthma that theoretically
makes heliox an ideal treatment for pediatric asthma.
Though the use of heliox in the management of acute
exacerbations of pediatric asthma is relatively common,
the evidence is largely anecdotal and its efficacy has not
been demonstrated by large randomized, controlled trials.
Carter et al3 investigated heliox’s ability to improve
pulmonary function, decrease dyspnea sensation, and decrease a clinical symptom score. In this prospective, double-blind, crossover study 11 patients were randomized to
either 70:30 heliox or 30% oxygen for 15 min and then
crossed over to the other treatment arm. All patients received 5 mg nebulized albuterol every 1– 4 hours and intravenously administered methylprednisolone. Serial measurements of clinical and dyspnea score and spirometry
values were obtained before and after treatment in each
study arm. There was no significant difference with either
scoring mechanism (clinical or dyspnea). There was no
significant difference in forced expiratory volume in the
first second (FEV1) or forced vital capacity. Peak expiratory flow and forced expiratory flow in the middle half of
the forced vital capacity (FEF25–75) were significantly better in the patients who received heliox (p ⫽ 0.04 and p ⫽
0.006, respectively). The authors concluded that short-term
use of heliox did not benefit the management of pediatric
status asthmaticus in that group of children.
Kudukis et al attempted to demonstrate the efficacy of
heliox in reducing dyspnea and pulsus paradoxus in pediatric status asthmaticus.4 In this double-blind, controlled
trial 18 patients with status asthmaticus and pulsus paradoxus ⬎ 15 mm Hg were randomized to either 80:20
heliox or room air delivered via nonrebreathing face mask.
All patients were treated with continuous ␤ agonists and
intravenous methylprednisolone. Patients receiving heliox
had a statistically significant reduction in pulsus paradoxus,
which increased with the discontinuation of the study gas
(p ⬍ 0.001). The patients receiving heliox also demonstrated a significant increase in peak expiratory flow (p ⬍
0.05) and a significant decrease in dyspnea index (p ⬍
0.0002), which increased with gas cessation. Anecdotally,
the authors thought that heliox obviated intubation and
mechanical ventilation with 3 of the patients. Kudukis et al
concluded that heliox significantly lowered pulsus paradoxus, increased peak flow, and lessened the dyspnea index in children with status asthmaticus.

401

THERAPEUTIC GASES

FOR

NEONATAL

Postextubation Stridor
Postextubation stridor is another situation in which airway obstruction causes turbulent air flow. The obstruction
is caused by airway edema in the vocal cord region, secondary to the placement of an artificial airway. Frequently
the removal of the artificial airway results in a temporary
obstruction from soft tissue swelling that may or may not
result in some degree of reversible air flow obstruction.
Heliox provides more laminar air flow in this situation,
which may alleviate clinical signs and symptoms.
Kemper et al assessed heliox for reducing postextubation stridor in children with burns and trauma.5 This randomized, blinded trial included children (⬍ 15 years of
age) who were electively extubated and had symptoms
of postextubation stridor and an oxygen requirement of
⬍ 35%. Study gas was administered for 15 min. A physician blinded to the treatment arm assessed study participants for respiratory distress. The study encompassed 13
children with 15 total extubations. Forty-seven percent (7
of 15) of the patients required subsequent treatment with
racemic epinephrine or reintubation. A statistically significant decrease (p ⬍ 0.005) in stridor score (2.8 vs 3.7) was
found among the patients receiving heliox. Anecdotally, in
8 of the 9 trials the physicians preferred heliox. Kemper et
al concluded that heliox decreased stridor score among
children with postextubation stridor and was a preferred
treatment method.
In another study of postextubation stridor, Rodeberg et
al assessed the effectiveness of heliox with postextubation
burn patients.6 In this small study, 8 pediatric burn patients
who had postextubation stridor and retractions refractory
to racemic epinephrine were treated with heliox. Patients
were treated for 28 ⫾ 5 hours with an initial helium concentration between 50% and 70%. In this study of convenience, 2 of the 8 patients required reintubation. In the
other 6 patients the authors noted a decrease in respiratory
distress score (6.8 ⫾ 0.7 vs 2.0 ⫾ 0.7). The authors concluded that heliox relieves stridor and prevents the need
for reintubation in the majority of patients.
Airway Obstruction
There are a number of etiologies other than postextubation stridor that can result in upper airway obstruction.
Viral tracheobronchitis and subglottic injury can cause upper airway obstruction that results in turbulent flow. Frequently the insertion of an artificial airway is the only
mechanism to protect the airway. Intubation may lead to
further inflammation, mucosal ischemia, subglottic swelling, and/or stenosis. Heliox promotes laminar air flow,
which helps to alleviate clinical signs and symptoms and
thus may obviate intubation.
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In a study by Connolly and McGuirt,7 14 consecutive
patients with severe airway distress and who met criteria
for intubation were treated with heliox as their initial therapy. Four of the 14 (29%) patients (3 of whom had histories of subglottic stenosis) required intubation. The other
10 were successfully managed without intubation. The authors concluded that heliox is a relatively safe and effective alternative to intubation for children with severe subglottic edema or injury.
With a larger cohort of patients with upper airway obstruction, Grosz et al retrospectively evaluated the effects
of heliox in 42 patients (over a 3 year period).8 The retrospective analysis included children between the ages of
1 and 14 who were admitted and treated with heliox (44
occurrences) for upper airway obstruction. A positive heliox response was determined by a reduction in the WOB.
Under that criteria, 32 of the 44 patients (73%) responded
positively to the heliox treatment. There were no significant demographic differences between the groups except
that all of the premature infants were responders and 6 of
the 9 nonresponders were children with congenital syndromes. The authors concluded that heliox is effective and
useful as an adjunct therapy for upper airway obstruction.
Croup
In a case series report, Duncan evaluated 7 patients
suffering acute airway obstruction: 2 of the cases were
caused by croup and the others by mass effect or postextubation edema.9 In that series the mean croup score of 7.9
decreased to 3.9 after heliox administration (a statistically
significant change). In another case series report of 14
patients (ages 3–21 mo) admitted to the hospital with the
diagnosis of croup, the patients demonstrated reduced respiratory distress almost immediately after receiving heliox.10
In an emergency department pilot study by Terregino et
al,11 15 subjects (mean age 24 mo) presenting with signs
and/or symptoms of croup were enrolled into one of 2
groups: patients received either 30% oxygen (humidified)
or 70:30 heliox (humidified). These authors found heliox
to be safe, well tolerated, and as effective as humidified
oxygen in reducing the croup score. The authors concluded
that assessment of patients by a croup scoring system and
blood gas analysis suggests that heliox is a useful alternative to tracheotomy or tracheal intubation.
In a prospective, randomized, double-blind trial Weber
et al compared the effect of heliox and racemic epinephrine on croup scores in children with moderate to severe
croup.12 This study randomly assigned children who had
moderate to severe croup scores (ⱖ 5) to one of 2 treatment arms in the emergency department or pediatric intensive care unit (ICU). All 33 patients were initially treated
with humidified oxygen and 0.6 mg/kg of intramuscular
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dexamethasone prior to being randomized to either heliox
or racemic epinephrine treatments. The final analysis included 29 patients, because 3 were excluded for protocol
violations and 1 for lack of documentation. Heliox and
racemic epinephrine were both associated with reduction
in croup score over time. There were no significant differences in mean croup score, oxygen saturation, respiratory rate, or heart rate between the groups at baseline or at
the end of the treatment period. The authors concluded that
the effects of racemic epinephrine and heliox were similar
between groups.
Bronchiolitis
Bronchiolitis, a common condition, is inflammation of
the respiratory bronchioles, which produces airway obstruction from bronchial wall edema and mucus occluding
the airways. The main viral pathogens responsible for bronchiolitis are respiratory syncytial virus (RSV) and parainfluenza virus. The most common time of year to see bronchiolitis coincides with RSV infections (and many other
viral infections), between December and April.
In a recent prospective, interventional, comparative study
Martinon-Torres et al assessed the therapeutic effects of
heliox in infants with bronchiolitis.13 The study assessed
38 infants, between 1 month and 2 years old, consecutively admitted to a pediatric ICU with moderate to severe
acute RSV bronchiolitis. The first 19 patients were enrolled in the control arm, in which they received nebulized
epinephrine. The next 19 patients received the same treatment as the control arm, plus heliox through a nonrebreather face mask. At baseline the 2 groups were similar
in demographics and acuteness of disease. Clinical score,
heart rate, respiratory rate, and oxygen saturation improved
in both groups. At 1 hour and at the end of the observation
period the clinical score, heart rate, and respiratory rate
were significantly improved in the heliox group than the
control group. The length of stay was significantly shorter
for the heliox group than the control group. The authors
concluded that heliox improved clinical respiratory status
with infants suffering moderate-to-severe RSV bronchiolitis. This improvement resulted in a reduction of clinical
score, tachypnea, and tachycardia. The beneficial response
was noted within the first hour and continued through the
duration of the study. In addition, heliox resulted in a
significantly shorter length of stay in the pediatric ICU.
Hollman et al sought to determine the efficacy of heliox
with children admitted to the pediatric ICU with acute
RSV bronchiolitis.14 The study included both a randomized, double-blind, controlled, crossover study and a nonrandomized, prospective study. Thirteen patients were randomized to treatment with either heliox or air-oxygen
mixture, in random order, for 20 min. Five nonrandomized
patients received heliox as initial therapy. Clinical asthma
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score, respiratory rate, heart rate, and oxygen saturation
(measured via pulse oximetry [SpO2]) were recorded prior
to randomization and after each 20-min treatment period
(heliox or air-oxygen mixture). Nonrandomized patients
were studied 20 min into heliox delivery. Clinical asthma
score decreased in all patients (mean 1.23, p ⬍ 0.01), as
well as in randomized patients (mean 0.46, p ⬍ 0.05) who
received heliox. Randomized patients with clinical asthma
scores ⬍ 6 (n ⫽ 12) showed a positive correlation (r2 ⫽
0.72) for change in clinical asthma score with heliox administration (p ⫽ 0.009). Respiratory rate and heart rate
decreased with heliox, but the decreases were not statistically significant. Hollman et al concluded that heliox improves overall respiratory status of children with acute
RSV lower respiratory tract infection.
In another study of infants with bronchiolitis, Gross et al
assessed the response of 10 infants (ages 1–9 mo) who
were mechanically ventilated with synchronized intermittent mandatory ventilation and received the following gas
mixtures for 15-min intervals: 50:50 nitrogen-oxygen,
50:50 helium-oxygen, 60:40 helium-oxygen, 70:30 helium-oxygen, and returned to 50:50 nitrogen-oxygen.15 There
were no significant differences in the outcome variables
with any of the gas mixtures. The authors concluded that
in mechanically ventilated children with bronchiolitis the
various heliox mixtures, compared with 50:50 nitrogen/
oxygen, did not result in a significant or noticeable decrease in ventilation or oxygenation.
Delivery
The delivery of heliox can be problematic for spontaneously breathing patients and patients who require mechanical support. The first problematic issue is the patient’s F IO 2 requirement, which limits the helium
concentration that can be administered. A patient with an
FIO2 requirement ⬎ 0.40 is unlikely to benefit from the
limited amount of helium that could be mixed into the
inhaled gas.
For spontaneously breathing patients, heliox is best delivered through a closed system. A simple definition of a
closed system is one in which the delivery mechanism is
not prone to problematic leaks or air entrainment. In a
study published in CHEST, Stillwell et al sought to determine the effectiveness of various heliox delivery systems.16
The study used 5 adult, spontaneously breathing volunteers and measured the density dependence at 50% of vital
capacity. The mean ⫾ SD density dependence at 50% of
vital capacity with a nonrebreathing mask (1.32 ⫾ 0.89)
and simple mask (1.21 ⫾ 0.87) were statistically greater
(p ⬍ 0.05) than heliox delivered via nasal cannula (1.00 ⫾
0.13). The authors also studied oxygen hoods as a delivery
mechanism for heliox. The nitrogen concentration in the
study hoods progressively increased from top to bottom of
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Actual Flows for Oxygen-Calibrated Flow Meter with
Various Helium-Oxygen Mixtures

Helium to Oxygen Ratio
80:20
70:30
60:40

Actual Flow
(% of set flow)
180
160
140

the hood, indicating that the helium was more concentrated in the top of the hood. Stillwell et al concluded that
the nonrebreathing and simple masks were probably satisfactory delivery system, that oxygen hoods may be suboptimal, and that nasal cannulae are ineffective.
Typically, the gas is administered with a face mask and
reservoir bag. A Y-piece attachment can be placed between the mask and the reservoir bag so as to add a nebulizer for concurrent ␤ agonist administration. This delivery system requires a 12–15 L/min flow to maintain
reservoir bag inflation, in a continuous delivery format,
which requires 2–5 size H cylinders per day. When using
an oxygen-calibrated flow meter for heliox therapy, it is
important to remember that the less dense gas (helium)
causes the actual flow to be greater than the indicated flow
(Table 2).
Heliox delivery can also be problematic for patients
who require mechanical support. The delivery of heliox
via noninvasive ventilation to adults has been reported17,18,
but with pediatric patients the reports are mainly anecdotal
or single-case design. The delivery of heliox during mechanical ventilation has also been documented to be problematic.19,20 Ventilators are designed to mix air and oxygen, so adding a gas of a different density, viscosity, or
thermal conductivity can affect both the delivered and measured tidal volume in volume-controlled ventilation. The
problem of delivered tidal volume can be partially addressed by using pressure-controlled ventilation, as pressure sensors are not affected by gas composition, whereas
volume sensors are affected. Correction factors are necessary to accurately calculate measured exhale volumes.20
Summary of Heliox
Heliox has gained widespread support and use in many
pediatric emergency departments and ICUs over the past
decade. Clinical evidence on the effectiveness of heliox is
largely anecdotal, in case presentations or small, uncontrolled studies. Heliox has been touted and promoted as an
adjunct to care for infants and children suffering both upper and lower airway obstruction. Heliox’s ability, as a
less dense gas, to promote a more laminar flow in obstructed airways has been purported to assist in reducing
WOB, respiratory distress, and postextubation stridor.
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Though the evidence appears to support the utility of
heliox in postextubation stridor, upper airway obstruction,
and possibly unintubated patients with bronchiolitis, the
evidence is relatively sparse. The evidence for other pediatric obstructive disorders (croup, asthma, and mechanically ventilated bronchiolitis) is largely anecdotal or insubstantial. The cost of heliox, compared to racemic
epinephrine, should be considered when initiating frontline therapy for obstructive airway disorders. Further randomized clinical trials with pediatric patients are needed to
determine the utility and benefits of heliox therapy.
Nitric Oxide
Introduction
Nitric oxide (NO) is a lipophilic, endogenous, free radical compound that is naturally produced by most cells in
the human body. In 1987 NO was identified as a potent
vasodilator (via vascular smooth muscle relaxation) that
could explain the mechanism of action of endotheliumderived relaxing factor.21 Because of rapid oxidation of
nitrates and nitrites, NO’s biological half-life in human
tissues is a matter of seconds.22 Nitric oxide’s primary
mechanism of action is facilitated by binding to the heme
moiety to cytosolic guanylate cyclase, causing an upsurge
in the production of intracellular cyclic guanosine 3⬘,5⬘monophosphate.
Nitric oxide’s ability to relax vascular smooth muscle
(and thus cause vasodilation), coupled with its short biological half-life, make it an ideal transcellular messenger.
This led to the hypothesis by Zapol et al (cited by Hurford23)
that the use of inhaled NO (INO) should diffuse the pulmonary vasculature of ventilated lung regions and cause
pulmonary vascular smooth muscle relaxation, which
would decrease pulmonary hypertension. INO diffuses
through the alveoli into the adjacent vascular smooth muscle, causing relaxation and vasodilation.
Vascular smooth muscle relaxation and decreased pulmonary hypertension are possible with intravenous vasodilators (nitroglycerin, nitroprusside, or prostacyclin), but
those agents frequently cause overall systemic vasodilation and enhance blood flow distribution to perfused but
nonventilated lung regions. This redistributed blood flow
from nonselective pulmonary vasodilation to nonventilated
lung areas increases right-to-left shunting and worsens PaO2.
The distribution of INO to nonatelectatic, non-fluid-filled
alveoli theoretically should result in optimal ventilationperfusion matching and improved arterial oxygenation. The
intravascular action of INO is limited because its active
binding with hemoglobin rapidly deactivates it and confines the vasodilatory capacity of INO largely to the pulmonary vasculature.24,25
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Though INO has a clinically important therapeutic role
as a specialty gas, it can have toxic effects. NO’s high
binding affinity for hemoglobin can form methemoglobin.
High concentrations of INO or inefficient methemoglobin
reductase activity can cause substantial methemoglobinemia.26 Another potentially toxic effect from INO is a
result of the delivery method. Though NO is normally
oxidized into nitrite and nitrate, further oxidation of NO
results in the toxic formation of nitrogen dioxide.27,28
Since the initial studies of INO in the laboratory and
with adult patients with primary pulmonary artery hypertension were performed, hundreds of other studies have
been conducted to determine the potential clinical applications of INO.29 The following section reviews the clinical indications for and ramifications of INO for the neonatal and pediatric population, and the mechanisms for
delivering INO.
Use in the Neonatal Population
Hypoxic Respiratory Failure. Hypoxic respiratory failure can occur as a primary developmental defect or as a
comorbidity from a secondary disorder (persistent pulmonary hypertension of the newborn [PPHN], meconium aspiration syndrome [MAS], sepsis, pneumonia, hyaline
membrane disease, congenital diaphragmatic hernia
[CDH], or pulmonary hypoplasia). The Neonatal Inhaled
Nitric Oxide Study Group (NINOS)30 and the Clinical
Inhaled Nitric Oxide Research Group Initiative studies31
provide the best examples of INO’s beneficial effects on
oxygenation and on reducing the need for extracorporeal
membrane oxygen (ECMO) with infants suffering hypoxic
respiratory failure.
The NINOS30 was a multicenter study to determine if
INO would reduce mortality or the initiation of ECMO
among infants suffering hypoxic respiratory failure. Infants ⬍ 14 days old and ⱖ 34 weeks gestational age and
whose oxygenation index (OI) was ⱖ 25 were randomized
blindly to receive either 20 ppm INO or to a placebo
control of 100% oxygen. The study enrolled 121 infants in
the control group and 114 infants in the INO group. Sixtyfour percent of the patients randomized to the control group
required the initiation of ECMO, whereas 46% of the patients randomized to the INO group required ECMO (p ⫽
0.006). There was no significant difference in the overall
mortality between the treatment groups. The NO group
demonstrated significantly greater improvement in PaO2
(p ⬍ 0.001) and a significant decrease in OI (p ⬍ 0.001).
The authors concluded that INO decreased the need for
ECMO but had no apparent effect on mortality.
The Clinical Inhaled Nitric Oxide Research Group Initiative was a double-blind, randomized, placebo-controlled
study enrolling full-term and near-term infants with persistent pulmonary hypertension or hypoxic respiratory fail-
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ure.31 Patients were randomized to either 20 ppm INO or
placebo gas. Patients that demonstrated PaO2 ⬎ 60 mm Hg
were weaned to 5 ppm INO. The INO group had significantly less need for ECMO (p ⬍ 0.001). INO also significantly improved PaO2 and the alveolar-arterial oxygen difference and decreased OI. There was no significant
difference in mortality rate or length of hospital stay between the 2 study groups.
A number of studies and a meta-analysis have found
that INO improved oxygenation (PaO2) and reduced the
need for ECMO in term and near-term (⬎ 34 wk gestational age) infants.32–38 INO alleviates PPHN by dilating
pulmonary arteries and thereby reducing pulmonary vascular resistance (PVR) in well ventilated regions of the
lung, redistributing pulmonary blood flow away from regions of low ventilation-perfusion ratio toward regions of
higher ventilation-perfusion ratio. The success of INO in
reducing the need for ECMO is similar to the success that
has been documented by several institutions with highfrequency oscillatory ventilation (HFOV). These therapies
decrease length of stay and overall cost of care for those
infants who respond, as well as assisting in the avoidance
of ECMO.39,40
In a multi-city study by Kinsella et al, the authors attempted to determine the roles of INO and HFOV, alone or
in combination, in the treatment of severe PPHN.41 The
study randomized 205 neonates to INO (20 ppm for 4 h
and then 6 ppm) with conventional ventilation or HFOV
without INO. The patients had a variety of disease etiologies (respiratory distress syndrome [RDS], MAS, PPHN,
or pulmonary hypoplasia [“other”]) (n ⫽ 43) and CDH. A
positive treatment response was defined as a sustained
PaO2 ⱖ 60 mm Hg. Those who did not positively respond
were crossed over to the alternative treatment (treatment
failure after crossover led to combination treatment with
INO and HFOV). The 2 therapies were similarly effective
in improving oxygenation (p ⫽ 0.33), but with some infants crossover to combination therapy improved oxygenation after neither INO nor HFOV had alone. Combination
therapy was more effective with infants suffering RDS and
MAS (p ⬍ 0.05), whereas INO (with or without HFOV)
was more effective (p ⬍ 0.05) than HFOV alone in patients who did not have parenchymal lung disease (nonCDH pulmonary hypoplasia and idiopathic PPHN). The
authors concluded that for severe PPHN HFOV plus INO
is frequently more successful than either HFOV or INO
alone.
The current recommended dosing model for INO was
conceived from a study by Clark et al.31 The authors sought
to determine if low-dose INO would reduce the need for
ECMO in infants suffering hypoxic respiratory failure.
Infants ⬍ 4 days old and ⱖ 34 weeks’ gestational age and
with OI ⱖ 25 were randomized blindly to receive either
INO or (placebo control) 100% oxygen. Infants random-
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ized to INO received 20 ppm for 24 hours and then 5 ppm
for no more than 96 hours. The study enrolled 122 infants
in the control group and 126 infants in the INO group.
Sixty-four percent of the control patients required initiation of ECMO, whereas 38% of the INO patients required
ECMO (p ⫽ 0.001). There was no significant reduction in
30-day mortality in either group. The INO group had a
significantly lower incidence of developing chronic lung
disease (CLD) (p ⫽ 0.02).
Table 3 summarizes trials and other clinical experience
with INO for hypoxic respiratory failure.
Congenital Diaphragmatic Hernia. CDH occurs in approximately 1 per 3,000 – 4,000 deliveries.42 Newborns with
CDH are born with an absent diaphragm, which allows
intestinal contents to migrate into the thoracic cavity. CDH
infants typically present with pulmonary hypoplasia, surfactant deficiency, and pulmonary hypertension. Pulmonary hypertension associated with CDH is difficult to manage, but INO has demonstrated a good success rate in the
management of pulmonary hypertension, so INO may have
a therapeutic role.
A case report by Leveque et al suggested that INO
might play a therapeutic role in the preoperative stabilization and management of newborns with CDH.43 The authors reported the effects of INO in the preoperative period
of a 1.8-kg, 35-week gestational age, male infant with a
severe left CDH. After 20 hours of mechanical ventilatory
support and surfactant the patient began to deteriorate,
with evidence of bi-directional shunting. The patient was
placed on progressively increasing concentrations of INO,
up to 60 ppm. INO was not effective initially, bringing
only a small improvement in PaO2. However, the association of INO and a continuous infusion of alpostradil (PGE1)
caused a rapid and sustained improvement in hemodynamics and PaO2. The infant stabilized and this allowed a slight
decrease in the amount of support, prior to having surgical
repair in the 34th hour of life (while on 40 ppm INO). The
infant was weaned from 40 to 15 ppm by the fourth day
after surgery, but was markedly dependent on INO for
oxygenation. The patient was eventually weaned off INO
by day 15 after surgery. The authors believed the INO was
useful in improving the patient’s oxygenation, without systemic hypotension, allowing stabilization and CDH repair.
A number of clinical studies have failed to clearly demonstrate that INO is effective in the early course of treating
CDH. However, in some case studies and studies of small
sample size, INO was noted to improve oxygenation after
weaning from ECMO support.44 – 46 In the largest of these
3 studies, Karamanoukian et al44 enrolled 8 infants with
CDH and 1 with lung hypoplasia from ogliohydramnios to
receive 80 ppm INO for 20 min prior to ECMO or after
ECMO if pulmonary hypertension reoccurred. There was
no clinical improvement in PaO2, SpO2, OI, pH, or PaCO2
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prior to ECMO. After decannulation from ECMO, INO
significantly increased PaO2, SpO2, and OI (p ⬍ 0.05). The
authors concluded that INO did not offer clinical improvement (PaO2, SpO2, OI, pH, or PaCO2), but may play a role in
the management of recurrent pulmonary hypertension episodes in CDH infants after ECMO decannulation.
However, recently published randomized, controlled trials found that INO was not effective in infants with
CDH.41,47 In the randomized, controlled, double-blind study
by the NINOS group, 53 CDH infants were enrolled to
determine if INO would reduce mortality or the initiation
of ECMO. Patients meeting entry criteria (ⱖ 34 wk gestational age, ⬍ 14 d old, and 2 OI measurements of ⬎ 25
at least 15 min apart) were randomized to receive either
INO (20 ppm) or 100% oxygen only (control group). If the
patient did not respond completely (⬎ 20 mm Hg increase
in PaO2), the INO could be increased to 80 ppm. The study
failed to demonstrate a significant difference in either primary outcome (death at 120 d or ECMO initiation) between the 2 study groups. Also, the secondary outcomes
(oxygenation variables, length of stay, and bronchopulmonary dysplasia) were not significantly different. The results suggested that INO was not effective in neonates
with CDH.
In a randomized, controlled trial, Kinsella et al studied
the effects of INO and HFOV together and alone in a
variety of neonatal diseases (RDS, MAS, PPHN, or pulmonary hypoplasia [“other”]) and CDH (n ⫽ 34).41 Patients were randomized to INO and conventional ventilation or HFOV without INO. A positive treatment response
was a sustained PaO2 ⱖ 60 mm Hg, and those who did not
positively respond were crossed over to the alternative
treatment (treatment failure after crossover led to combination treatment with INO and HFOV). Patients with the
diagnosis of CDH responded significantly worse than those
with other disease etiologies. Response rates for all treatment strategies (INO ⬍ 10%, HFOV ⬍ 10%, and INO
plus HFOV ⬍ 15%) were lower for CDH than for all other
disease categories (p ⬍ 0.05). CLD (defined as requirement for supplemental oxygen after 28 d) was more frequent among CDH patients (41%, p ⬍ 0.05) than among
all other groups (RDS ⫽ 21%, MAS ⫽ 17%, other ⫽
14%). CDH patients (53%) also had a significantly lower
overall survival (including those who received ECMO)
than the other disease etiologies (RDS ⫽ 83%, MAS ⫽
93%, other ⫽ 91%, p ⬍ 0.001).
In summary, INO has not proven to have benefit or
efficacy in stabilizing or managing CDH. In a number of
studies the use of INO for CDH had minimal effect on
reducing initiation of ECMO41,44,47 or on clinical variables
(PaO2, SpO2, OI, pH, or PaCO2).41,44,47 The use of INO after
surgical repair may or may not be helpful in oxygenation
after ECMO decannulation.44 – 46 Table 4 summarizes trials
and other clinical experience with INO for CDH.
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Summary of Trials and Other Clinical Experience with Inhaled Nitric Oxide for Hypoxic Respiratory Failure

Control

n

INO
Concentration
(ppm)

Randomized
doubleblind,

Placebo

248

1998

Randomized,
placebocontrolled,
doubleblind, doseresponse

Placebo

155

Hoffman33

1997

Retrospective,
matched
cohort

Normal
therapy

50

Kinsella41

1997

Randomized

HFOV

43 of 205

Lonnqvist35

1999

Retrospective

None

10

Mercier36

1998

Open-label,
prospective

None

150

10–80

NINOS30

1997

Randomized,
doubleblind,

Placebo

235

Roberts37

1997

Open-label,
randomized

Placebo

Wood34

1999

Open-label,
None
randomized,
doseresponse

First Author

Year

Clark31

2000

Davidson32

Design

Outcome Variables

Outcome

20 (initial), 5

ECMO rate, mortality
rate, PaO2, OI,
CLD, P(A-a)O2

Significant reduction in ECMO rate and CLD
rate. Significant reduction in P(A-a)O2 at 1h.
No difference in mortality rate.

5, 20, or 80

OI, PaO2, SAP, MSI,
ECMO rate, CLD

Significant increase in PaO2 and sustained
decrease in OI. Suggestion that ECMO may
be reduced.

PaO2, ECMO rate,
IVH rate, CLD,
hospital cost

Significant reduction in ECMO rate, CLD rate,
and IVH rate. Significantly decreased
hospital cost. Significant increase in PaO2.

ECMO rate, mortality
rate, PaO2, pH,
PaCO2, MV days

Combination therapy significantly increased
PaO2 in infants with RDS and MAS. INO
(with or without HFOV) increased PaO2
significantly more than HFOV alone in
patients without parenchymal lung disease.

OI, ECMO rate, cost

Significantly decreased OI. 50% less need for
ECMO. Less expensive than ECMO on perhour basis.

OI, ECMO rate

Effective dose range 5–20 ppm. Significantly
improved OI based on disease (RDS, PPHN,
or sepsis). Significantly less and not
sustained OI in some diseases (CDH, MAS),
16% ECMO rate.

20 or 80

ECMO rate, mortality
rate, PaO2, OI,
P(A-a)O2

Significant reduction in ECMO rate, PaO2, OI,
and P(A-a)O2. No difference in mortality rate.

58

80

ECMO rate, mortality
rate, OI

Significantly less need for ECMO. No
difference in mortality rate.

29

6 or 20 and 6

ECMO rate, mortality
rate

No difference in ECMO or mortality rate for
either dose

20 (initial), 6

INO ⫽ inhaled nitric oxide
ECMO ⫽ extracorporeal membrane oxygenation
OI ⫽ oxygenation index
CLD ⫽ chronic lung disease
P(A-a)O2 ⫽ alveolar-arterial oxygen difference
SAP ⫽ systemic arterial pressure
MSI ⫽ major sequelae index

Chronic Lung Disease in Neonates. Chronic lung disease frequently occurs in term and preterm infants because of
a variety of neonatal conditions and diseases (eg, MAS, RDS,
pneumonia, congenital heart disease). CLD has numerous
etiologies, including oxygen toxicity, barotrauma, lung immaturity, inflammation, and infection. Treatment of CLD requires a multifaceted approach and a variety of interventions

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

IVH ⫽ intraventricular hemorrhage
MV ⫽ mechanical ventilation
RDS ⫽ respiratory distress syndrome
MAS ⫽ meconium aspiration syndrome
HFOV ⫽ high-frequency oscillatory ventilation
PPHN ⫽ persistent pulmonary hypertension of the newborn
CDH ⫽ congenital diaphragmatic hernia

and therapies. Newer strategies for infants diagnosed with
CLD are centered on reducing the pulmonary inflammation
that results from iatrogenic injury from mechanical ventilation and oxygen toxicity. It has been hypothesized that INO
participates in the production of (pro-inflammatory)48 and
protection from (anti-inflammatory)49 oxidative lung injuries,
which are caused by various mechanisms.
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Summary of Trials and Other Clinical Experience with Inhaled Nitric Oxide for Congenital Diaphragmatic Hernia.

First Author

Year

Design

Control

n

Time Frame

INO
Concentration
(ppm)

Frostell46

1993

Case study

None

1

NA

10–20

Karamanoukian44

1994

Before and
after

None

9

20 min before
ECMO and
20 min
after
ECMO

Kinsella41

1997

Randomized,
controlled

Placebo

34

28 days

Leveque43

1994

Case study

None

NINOS47

1997

Randomized,
doubleblind

Placebo

Shah45

1994

Before and
after

None
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Ventilatory support could be
substantially reduced

80

PaO2, SpO2, OI,
pH, or PaCO2

No clinical improvement in any
outcome variable prior to
ECMO. Significant increase in
PaO2, SpO2, and OI after
ECMO.

—

Sustained PaO2
ⱖ 60 mm
Hg, death,
CLD, disease
etiology

Compared to other diseases, CDH
had significantly less INO
response, significantly higher
rate of CLD, significantly
higher rate of mortality
(including ECMO patients).

NA

Improved oxygenation

Death, ECMO,
oxygenation
variables,
LOS, CLD

No significant decrease in either
mortality at 120 days or
ECMO. No significant
difference in oxygenation
variables, LOS, or CLD.

Oxygenation

Temporary oxygenation
improvement in 3 of 4 patients

1

15 days

5–60

120 days

20–80

4

NA

5–80

In a clinical trial to determine if low-dose INO would
reduce the need for ECMO, Clark et al produced some
interesting data related to the development of CLD.31 The
study randomized 248 neonates (INO ⫽ 126, control ⫽
122) born at ⬎ 34 weeks’ gestation, who were ⬍ 4 days
old at randomization, and who had OI ⱖ 25. All patients
had clinical or echocardiographic evidence of pulmonary
hypertension, without cardiac defect. Block randomization
occurred across 5 disease etiologies (MAS, pneumonia,
RDS, lung hypoplasia, or PPHN). INO was initiated at 20
ppm. After 4 hours the dose was decreased to 5 ppm if the
infant was deemed stable (PaO2 ⬎ 60 mm Hg and pH ⱕ
7.55). If the infant did not meet those criteria, INO at 20
ppm was continued for 24 hours (or until, at 4-h assessment intervals, criteria were met). The INO could be returned to 20 ppm if PaO2 fell below 60 mm Hg and FIO2
was 100%. After 24 hours all infants on 20 ppm INO were
decreased to 5 ppm. INO was discontinued when the FIO2
was ⬍ 0.7, treatment had run 96 hours, or the neonate was
7 days old. The authors discovered that CLD developed at
a significantly lower (p ⫽ 0.02) frequency in the INO
group (7%) than in the placebo group (20%).
A study by Banks et al sought to determine the effect of
INO on oxygenation in severe CLD.50 In this open-label,

Outcome

NA

53

INO ⫽ inhaled nitric oxide
NA ⫽ not applicable
ECMO ⫽ extracorporeal membrane oxygenation
SpO2 ⫽ arterial oxygen saturation

Outcome
Variables

OI ⫽ oxygenation index
CLD ⫽ chronic lung disease
CDH ⫽ congenital diaphragmatic hernia
LOS ⫽ length of stay

noncontrolled study 16 preterm infants, 23–29 weeks’ gestational age, 1–7 months old, were enrolled on meeting
eligibility criteria (ⱖ 4 wk old, ventilator-dependent, mean
airway pressure ⱖ 10 cm H2O, and FIO2 ⱖ 0.45). Study
patients received INO at 20 ppm for 72 h, and FIO2 was
titrated to maintain arterial saturation oxygen (SaO2) ⱖ 92%.
Infants with ⱖ 15% reduction in FIO2 after 72 hours received
prolonged treatment with low-dose INO, weaning by 20%
every 3 days, as tolerated. Eleven of the 16 children had a
significant increase in PaO2 (24 mm Hg, p ⬍ 0.01) after 1
hour but no significant change in PaCO2. Results after 72
hours of INO were similar: 11 of the 16 infants had ⱖ 15%
reduction in FIO2, and 7 of those 11 had ⱖ 35% FIO2 reduction
(p ⬍ 0.01). Ten of the 11 infants who responded to INO after
72 hours had a sustained response and an overall decrease in
mechanical support. Long-term outcomes (mean duration 27 d,
range 8 –90 d) of the INO responders included 4 extubations,
4 deaths, and 2 on long-term ventilation (all 5 nonresponders
either died or were on long-term ventilation). The authors
concluded that low-dose INO might improve oxygenation in
some infants with severe CLD, allowing a decrease in FIO2
and ventilator support.
Chronic lung disese often causes above-normal PVR, so
the pulmonary vasodilator properties of INO may benefit
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CLD management.51–54 In the only study (of the 4 discussed here) that specifically targeted CLD and was not a
single-patient case study, Longnqvist et al51 identified significant oxygenation improvement (reduced OI) in 9 ventilator-dependent CLD infants (median postnatal age 4 wk,
range 2–16 wk) (p ⬍ 0.014). PaO2 returned to baseline with
INO discontinuation in all patients except one. INO had no
significant influence on PCO2. Optimal INO concentration
and individual response differed among patients.
In summary, it has been postulated that INO participates
in both production of and protection from oxidative lung
injury, by various mechanisms. INO might benefit CLD as
a pulmonary vasodilator and assist in reducing the PVR
associated with CLD,51–53 but this has not been verified by
randomized, controlled trials. The development of CLD is
often associated with oxygen toxicity and prolonged mechanical ventilatory support; INO may be beneficial in
improving gas exchange in neonates with CLD, thereby
decreasing their oxygen requirement and need for mechanical support.31 Though the data supporting INO for CLD is
promising, it is as yet inconclusive regarding efficacy because of the length of time for continuous treatment and
the cost of INO. Additional clinical trials of low-dose INO
for CLD are warranted. Table 5 summarizes trials and
other clinical experience with INO for CLD.
Premature Newborns with Hypoxemic Respiratory
Failure. In the past decade the development and use of
antenatal corticosteroids and postnatal surfactant have reduced mortality among premature infants. Premature infants as young as 23 weeks’ gestational age and weighing
500 g are routinely being resuscitated and saved from an
early demise from respiratory failure. The difficulty lies in
getting these premature infants off the artificial respiratory
support before causing additional ventilator-induced or oxygen-induced damage. There is some evidence, which is
increasing in volume in the literature, that INO has a role
in managing hypoxemic respiratory failure with premature
infants.
Two early reports indicated that INO immediately reduces oxygen requirement in hypoxemic respiratory failure in premature infants.55,56 Peliowski et al55 reported on
8 infants who failed to respond to conventional management and who had prolonged rupture of the membranes
and ogliohydramnios and were treated with 20 ppm INO.
All the infants showed significant improvement in OI (p ⫽
0.015) and decreased mean airway pressure with INO.
More recently published randomized, controlled trials
have produced conflicting evidence that INO may or may
not improve oxygenation in premature infants suffering
hypoxemic respiratory failure. Cheung et al, in an openlabel study of 24 preterm infants, delivered 20 ppm INO to
test for improved clinical outcomes in premature infants
with hypoxemic respiratory failure.57 The authors found
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significant improvement in OI and mechanical ventilator
support (airway pressure and FIO2). Despite the significant
decrease in oxygen requirement, there was no significant
change in PaCO2 or pH. The authors expressed concern
with a high mortality rate (58%) and abnormal head ultrasound profile (74%) of the infants receiving INO.
Skimming et al also found significant increases in PaO2,
SaO2, and transcutaneously measured arterial oxyhemoglobin saturation.58 They randomly assigned 23 preterm RDS
infants to receive either 5 or 20 ppm NO. INO treatment
lasted 15 min and was preceded and followed by a 15-min
control period. Neither of the NO concentrations made a
significant difference. No residual effects of INO were
detected 15 min after either dose was discontinued. The
authors speculated that INO might be a useful adjunctive
therapy for these preterm infants.
The largest trial to date with preterm infants was by
Kinsella et al, who completed a multicenter, double-blind,
randomized, controlled trial of 80 preterm infants (⬍ 34
wk gestational age) with severe hypoxemic respiratory failure.59 The infants were assigned to receive 5 ppm INO or
placebo. Study results demonstrated improved oxygenation
after 60 min (p ⫽ 0.03). There was no significant difference between the study groups with regard to mortality
rate, incidence of pulmonary or intraventricular hemorrhage, or CLD. The authors concluded that in these preterm infants low-dose INO significantly improved oxygenation, did not affect mortality, did not significantly
increase the risk of intraventricular hemorrhage, and possibly decreased the incidence of CLD.
From a different and negative perspective, in an open,
randomized, controlled trial by Subhedar et al infants were
treated with INO, dexamethasone, or neither to determine
if either reduced the incidence of CLD or death in highrisk preterm infants.60 The study block-randomized 42 infants (10 INO, 11 dexamethasone, 10 both, and 11 to
placebo) ⱕ 32 weeks’ gestational age, mechanically ventilated, receiving surfactant, and at high risk. The INO
group received 20 ppm INO and were weaned according
to a “positive response” within the first 2 hours of treatment. A “positive response” was an OI reduction of 25%
or an FIO2 decrease of ⱖ 0.10. If there was a positive
response, the INO was weaned in increments of 5 ppm
every 15 min, to a minimum of 5 ppm, which would be
delivered for 72 h. If weaning off 5 ppm was unsuccessful,
attempts were made every 24 h until successful. Intravenous dexamethasone was given at 12-hour intervals for 6
days (0.5 mg/kg/dose for first 6 doses and 0.25 mg/kg/
dose for final 6 doses). The incidence of death and CLD
were similar for infants treated with INO and controls.
More infants treated with INO died (10 vs 7), but that
difference was not significant. The incidence of death and
CLD were similar for infants treated with dexamethasone
and controls. The authors concluded that neither INO nor
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Summary of Trials and Other Clinical Experience with Inhaled Nitric Oxide for Chronic Lung Disease

First Author

Year

Design

Control

n

INO
Concentration
(ppm)

Clark31

2000

Block randomization

Placebo

248

5–20

CLD

CLD was significantly less frequent in
INO group (7%) than in placebo group
(20%).

Banks50

1999

Open-label,
non-controlled

None

16

5–20

PaO2, PaCO2

11 of 16 children had significant PaO2
increase at 1 h, no significant change in
PaCO2 at 1 h.
11 of 16 infants had ⱖ 15% FIO2
reduction, and 7 of those 11 had ⱖ 35%
FIO2 reduction (p ⬍ 0.01) at 72 h.

Longnqvist51

1995

Open-label,
non-controlled

None

9

0–60

OI, PaO2, PaCO2

Significant improvement in OI

Thompson52

1995

Case study

None

1

—

Oxygenation,
ECMO

Rapid oxygenation improvement, ECMO
avoided

Abman53

1994

Open-label,
non-controlled

None

6

20

Oxygenation
death

Significant oxygenation improvement, no
deaths

Hoehn54

1998

Case study

None

1

—

Oxygenation,
ECMO

Oxygenation improvement, ECMO avoided

Outcome
Variables

Outcome

INO ⫽ inhaled nitric oxide
CLD ⫽ chronic lung disease
FIO2 ⫽ fraction of inspired oxygen
OI ⫽ oxygenation index
ECMO ⫽ extracorporeal membrane oxygenation

dexamethasone reduced the incidence of death or CLD at
96 hours of age.
The Franco-Belgium Collaborative NO Trial Group studied 204 infants suffering respiratory failure.61 The authors
concluded there was no significant difference in OI reduction after 2 hours, between the INO group and controls, for
the primary study group (preterm infants ⬍ 33 wk gestational age). However, the study did find a significant difference in OI, length of ICU stay, and mechanical ventilation days for near-term infants (⬎ 33 wk gestational
age). The authors concluded that low-dose INO for neonatal respiratory failure improves oxygenation and reduces
length of stay and duration of mechanical ventilation. However, INO was not significantly beneficial to preterm infants.
In summary, several studies of premature newborns have
demonstrated immediate improvement in oxygenation status with INO.55,56 Larger randomized trials have equally
demonstrated this improvement in oxygenation status but
not in the survival rates of premature infants with hypoxemic respiratory failure.58 – 61 The potential for intraventricular hemorrhage and the development of CLD is an
extreme risk in this premature population, and the incidence of these was not increased in the larger, randomized,
controlled trials, as had been previously found in obser-
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vational reports.57 Table 6 summarizes clinical trials of
INO for premature newborns.
Use in the Pediatric Population
Pediatric Acute Respiratory Distress Syndrome. ARDS
results from a series of complex cellular and biochemical
events caused by a severe pulmonary or nonpulmonary
injury. Ashbaugh et al first described this clinical syndrome in 1967 and characterized it by its clinical symptomology (marked hypoxemia, severe dyspnea, diffuse
bilateral infiltrates, and a decrease in respiratory compliance).62 ARDS can be caused by various diseases and
traumas. Table 7 lists some of the risk factors.
Despite advances in technology (eg, mechanical ventilation, pulmonary mechanics monitoring, and radiographic
imaging), the mortality rate associated with pediatric ARDS
has not changed appreciably over the last several decades.
ARDS is the most severe form of acute lung injury that
affects the pediatric population, with mortality rates of
40 – 60%.63 Intubation and mechanical ventilation are the
main components of supportive therapy for ARDS. Though
mechanical ventilation is a supportive therapy, it increases
the risk of volutrauma and chronic lung damage. With
such a high mortality rate and therapy that is largely sup-
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Summary of Clinical Trials of Inhaled Nitric Oxide for Premature Newborns

First Author
Cheung57

Year

Design

Control

1998 Open-label,
None
non-controlled

n

INO
Concentration
(ppm)

24

Outcome Variables

Outcome

20

Mortality, OI, PaO2,
PaCO2, pH, Paw, FIO2

Significant improvement in
oxygenation, OI, and PaO2 at 1h.
Significant decrease in Paw and FIO2
at 4 and 24 h. No significant change
in PaCO2 or pH. High mortality rate
(58%) and abnormal head ultrasound
(74%).

OI, LOS, MV duration Significant decrease in OI at 2 h, NICU
LOS, and MV days for near-term
neonates. No significant decrease in
OI at 2 h for preterm neonates.

Franco-Belgium 1999 Randomized,
Collaborative
controlled
NO Trial
Group61

Placebo

204

10

Kinsella59

1999 Double-blind,
randomized,
controlled

Placebo

80

5

Peliowski55

1995 Open-label,
None
non-controlled

8

20

Skimming58

1997 Randomly
assigned

INO dose

23

5 or 20

Subhedar60

1997 Blockrandomization

Dexamethasone,
INO ⫹
dexamethasone,
or placebo

42

20

INO ⫽ inhaled nitric oxide
OI ⫽ oxygenation index
Paw ⫽ airway pressure
FIO2 ⫽ fraction of inspired oxygen
LOS ⫽ length of stay
MV ⫽ mechanical ventilation

Table 7.
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Risk Factors for Pediatric Acute Respiratory Distress
Syndrome

Sepsis
Gastric aspiration
Pulmonary contusion
Burns
Toxic gas or smoke inhalation
Multiple urgent transfusions
Major multiple fractures
Near-drowning
Infectious pneumonias
Shock

portive in nature, there is a need to explore new ARDS
therapies, including INO.
In the only randomized, controlled, double-blind study
to date, Day et al sought to determine if INO could improve oxygenation and PVR in children with ARDS.64
Twenty-four patients meeting ARDS criteria (positive
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Mortality, IVH rate
and severity, MV
duration, CLD

Improved oxygenation, no significant
difference in mortality rates, CLD,
pulmonary hemorrhage, or IVH.

OI, PaO2, Paw

Increased PaO2, decreased Paw, improved
OI. 50% of infants suffered IVH

PaO2, SaO2, PtcO2, dose- No difference in INO response at 5 or
response
20 ppm. Significant increase in
oxygenation. Significant decrease in
respiratory rate.
Death, CLD, CLD or
death

Rapid improvement in oxygenation. No
effect on incidence of CLD or death.

NICU ⫽ neonatal intensive care unit
IVH ⫽ intraventricular hemorrhage
CLD ⫽ chronic lung disease
SaO2 ⫽ arterial oxygen saturation
PtcO2 ⫽ transcutaneously measured partial pressure of oxygen

end-expiratory pressure ⬎ 6 cm H2O and FIO2 ⬎ 50%
for ⬎ 12 h) were randomized to either 10 ppm INO (treatment group n ⫽ 12) or to conventional therapy alone
(control group n ⫽ 12). After 24 hours the control patients
were also placed on 10 ppm INO. (The 10 ppm value was
selected based on a previous study by Day et al who demonstrated similar increases in systemic oxygenation and
decreases in PVR between 11 and 60 ppm.65) Blood gas
values for oxygenation and hemodynamic values were assessed at baseline, 1 hour after randomization, then at
24-hour intervals for the next 2 days.64 Seven of the 12
INO patients showed ⬎ 20% improvement in OI, whereas
only 1 of the 12 control patients showed a ⬎ 20% improvement (p ⫽ 0.015). However, the effect was not sustained after 24 hours of INO, compared to the control
group (5 vs 4, respectively). Five of the 10 control patients
who crossed over (after 24 h) to receive INO experienced
a ⬎ 20% improvement in OI at both the 1-hour (ie, 25 h
after study randomization) and 24-hour (ie, 48 h after study
randomization) measurements. Among the patients ran-
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domized to INO, the ratio of PVR to systemic vascular
resistance (PVR/SVR) was significantly improved at both
1 hour (0.47 ⫾ 0.10 vs 0.31 ⫾ 0.08, n ⫽ 7) and 24 hours
(0.35 ⫾ 0.07 vs 0.31 ⫾ 0.08, n ⫽ 6). This study suggests
that INO offers rapid, short-term improvement of OI and
PVR in pediatric ARDS, but it does not provide sustained
improvement. The authors concluded that INO may have
a limited role in pediatric ARDS.
In 2 small, prospective, dose-response studies, Demirakca et al examined INO’s effects on oxygenation and
hemodynamics in pediatric ARDS.66 Eight patients meeting ARDS criteria (acute onset, PaO2/FIO2 ⬍ 200 mm Hg,
bilateral infiltrates, absence of left atrial hypertension, and
CLD) all received 20 ppm INO for 1 hour and then had
INO dose alterations (range, 1– 80 ppm). Seven of the 8
patients demonstrated a significant increase in PaO2 (p ⫽
0.0004), PaCO2 (p ⫽ 0.0021), and mean arterial pH (p ⫽
0.0018) after the initial hour. The authors noted that within
24 hours of INO treatment OI decreased by 56% (p ⫽
0.0004), the alveolar-arterial oxygen difference decreased
by 31% (p ⫽ 0.0004), and the systemic arterial pressure
increased by 15% (p ⫽ 0.0029). Demairakca et al determined the minimum effective dose to be 10 ppm and documented a continual increase in oxygenation with INO
administration.
Nakagawa et al also performed a prospective, doseresponse study.67 Fourteen patients (15 trials) received INO,
starting at 10 ppm and increasing to 20, 40, 60, and 80
ppm, at 10-min intervals. Mean OI significantly decreased
with 80 ppm (p ⫽ 0.01). Mean pulmonary artery pressure
(PAP) also significantly decreased with 80 ppm (p ⫽ 0.04).
Mean PVR decreased with 80 ppm (p ⫽ 0.06). Six trials
(43%) showed an increase of ⱖ 20% in the hypoxemia
score. Maximum improvement in hypoxemia score and
reductions in OI, PVR, and mean PAP occurred at 20 – 40
ppm. The authors concluded that 20 – 40 ppm INO is an
effective strategy for pediatric ARDS.
Abman et al conducted an open, nonrandomized trial of
17 patients (10 with ARDS) who received 20 ppm INO
and stable ventilator settings for 30 min.53 Gas exchange and
hemodynamic measurements were compared before and after
INO delivery. Pulmonary artery pressure, pulmonary capillary wedge pressure, and cardiac index were measured in
all ARDS patients. INO rapidly and significantly improved
oxygenation in 15 of 17 patients: mean PaO2 increased
from baseline after 30 min (p ⬍ 0.01). INO significantly
lowered mean PAP (p ⬍ 0.01) and intrapulmonary shunt
(p ⬍ 0.01) without changing systemic arterial pressure or
pulmonary capillary wedge pressure. Cardiac index increased by 14% (p ⬍ 0.01). The authors concluded that
INO quickly improves oxygenation and lowers PVR without causing adverse hemodynamic effects in severe hypoxemic respiratory failure in pediatric patients.
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A study by Sheridan et al assessed the effect of INO on
intrapulmonary right-to-left shunting (PaO2/FIO2 ratio) in
children with severe ARDS precipitated by burns.68 Eleven
children were enrolled; their ages ranged from 11 months
to 14 years and they had an average burn size of 64% ⫾
22% of body surface area. Nine of the children had inhalation injuries, 1 aspirated hot grease, and 1 aspirated hot
water (one child was enrolled twice). Initial INO was set
at 5 ppm (10 cases) or 10 ppm (2 cases), beginning on
average 6.3 ⫾ 5.5 (range 1–21) days after injury and continuing on average for 7.8 ⫾ 7.2 (range 0.33–25) days. On
enrollment the patients’ oxygenation status reflected an
average PaO2/FIO2 of 95 ⫾ 50 (range 34 –187) mm Hg and
a PaO2 of 74.3 ⫾ 25.6 mm Hg on an average peak inspiratory pressure of 42.9 ⫾ 7.1 and a positive end-expiratory
pressure of 9.4 ⫾ 2.7 cm H2O. PaO2/FIO2 improved an
average of 162 ⫾ 214% (range, 0 – 682%). In those patients who responded to INO, the oxygenation improvement (PaO2 and SpO2) was immediate. Eight of the 11 children survived. The 3 nonsurvivors were older (11.6 ⫾ 2.3
vs 5.9 ⫾ 4.6 yr, p ⫽ 0.026), trended toward a larger burn
surface area (82% ⫾ 19% vs 57% ⫾ 19%, p ⫽ 0.12),
trended toward a quicker initiation of INO (3.0 ⫾ 1.7 vs
7.3 ⫾ 6.1 d, p ⫽ 0.08), had similar admission PaO2/FIO2
(100 ⫾ 75 vs 93 ⫾ 44, p ⫽ 0.082), but exhibited significantly less initial response in percentage of PaO2/FIO2 improvement (7.3 ⫾ 5.4% vs 213 ⫾ 226%, p ⫽ 0.026).
Sheridan et al concluded that INO played a useful role in
the management of the patients participating in the study.
A study by Okamoto et al investigated the effects of
INO on pediatric ARDS to determine a predictive response,
the optimal concentration of INO, the effects of ⬍ 1 ppm
INO, and the effects of INO on PaCO2.69 This small study
of 7 children examined the initial response to 16 ppm INO
and the dose-response effects of 0.13–16 ppm INO. All 7
children responded with improved oxygenation status on
16 ppm INO. INO significantly increased PaO2/FIO2 in the
study patients. A correlation with PaO2/FIO2 from baseline
was observed (r ⫽ 0.93, p ⬍ 0.01). Dose-response tests
demonstrated the optimal dose to be ⬍ 4 ppm in that study
cohort. INO concentrations of ⬍ 1 ppm improved PaO2/
FIO2. A slight decrease in PaCO2 was also noticed with the
use of INO.
Goldman et al performed a retrospective review study to
determine if INO provided an early response, in a measure
of reversibility of lung injury and patient outcome in pediatric ARDS.70 This study of 30 infants and children (ages
0.08 –13 years) with severe acute hypoxemic respiratory
failure (mean alveolar-arterial oxygen difference 568 ⫾
9.3 mm Hg, PaO2/FIO2 56 ⫾ 2.3 mm Hg, OI ⫽ 41 ⫾ 3.8,
and acute lung injury score of 2.8 ⫾ 0.1) used 20 ppm
INO. Response was determined after 60 min based on the
percentage change in OI. Goldman et al discovered a significant association between early-response INO and pa-
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tient outcome (Kendall’s Tau Beta r ⫽ 0.43, p ⬍ 0.02). All
of the patients who had a ⬍ 15% improvement in OI died.
Survival was 36% among patients who had an OI improvement of 15–30%. Survival was 61% among patients
who had an OI improvement of ⬎ 30%. Of the 12 survivors, 9 continued on INO and 3 progressed to ECMO. The
authors concluded that a greater early response to INO
appears to be associated with better outcome.
In summary, a number of studies of INO for pediatric
ARDS have been recently published. In the only randomized, controlled study of INO for pediatric ARDS published to date, investigators observed a rapid improvement
in oxygenation and a decrease in PVR.64 Data from smallsample-size trials reveal that INO rapidly improves arterial
oxygenation and hemodynamic stability for the majority
of pediatric ARDS patients53,65–70 but that the arterial oxygenation improvement is not sustained after 48 –72
hours.64 Table 8 summarizes trials and other clinical experience with INO for pediatric ARDS.
Pediatric Cardiac Surgery. The incidence of congenital cardiac defects is 1 per 100 deliveries.71 Frequently,
children who undergo cardiac surgery for congenital heart
defects are at significant risk for elevated PVR, right ventricular failure, and/or pulmonary hypertensive crisis
(PHTC). Postoperative management of cardiac surgery patients frequently consists of mechanical ventilation, high
FIO2, inotropic and systemic vasodilator support, and lung
recruitment strategies. The following section reviews the
beneficial aspects and therapeutic potential of INO in the
routine management of postoperative pulmonary artery hypertension.
In a prospective, open-label study by Miller et al, lowdose INO (2, 10, 20 ppm) together with high FIO2 was
evaluated in 10 infants (13 episodes) who were at high risk
(high PAP [⬎ 50% of systemic arterial pressure] and/or
high PVR/SVR by echocardiography or cardiac catheterization) for postoperative PHTC after surgical repair of
left-to-right shunt lesion.72 In this study INO at 2–20 ppm
acted as a selective pulmonary vasodilator for both PAP
(p ⫽ 0.02) and PVR (p ⫽ 0.03), with a negligible decrease
in SVR, and the initial PVR/SVR correlated well with the
maximum pulmonary vasodilatory response (r ⫽ – 0.82,
p ⬍ 0.001). Patients who had initial PVR/SVR ⬎ 0.50 had
significant decreases in both PAP (p ⫽ 0.02) and PVR/
SVR (p ⫽ 0.03).
Journois et al studied 17 patients to determine if hemodynamic changes occur with low-dose INO for postoperative PHTC.73 The measured hemodynamic values included
heart rate, PAP, systemic arterial pressure, central venous
pressure, left atrial pressure, urine output, and arterial and
venous blood gases. Hemodynamic values were measured
at baseline and 20 min after the initiation of 20 ppm INO.
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INO was continued until there was an absence of pulmonary artery hypertension for 6 hours. INO was increased to
80 ppm if there was continuation of low arterial or venous
oxygen saturation or a high mean PVR/SVR. Hemodynamic values were recorded hourly. All patients experienced a decrease in pulmonary pressures, without significant changes in systemic pressures (mean PAP ⫽ –34 ⫾
21%). All patients experienced an increase in oxygen saturations (arterial saturation increased 9.7 ⫾ 12%, venous
saturation increased 37 ⫾ 28%). The authors concluded
that INO acts as a selective pulmonary vasodilator in children with congenital heart disease, and increased saturation values signified a selective lowering of PVR.
A study by Curran et al investigated the hemodynamic
effects of INO in children with congenital heart disease
and refractory hypertension.74 Five patients with atrioventricular canal defect and pulmonary hypertension received
INO after surgical repair and removal from cardiopulmonary bypass. Patients were placed on 20, 40, and 80 ppm
INO for 5-min intervals and hemodynamics were continuously measured. In a second group (n ⫽ 15) of ICU
patients with refractory pulmonary hypertension from congenital heart disease, INO was used after failure of conventional therapy. In the 5 intraoperative patients PAP
decreased from 20.0 ⫾ 2.2 mm Hg to 18.0 ⫾ 2.8 mm Hg
(difference nonsignificant) and there was no significant
change in mean PVR or cardiac output. Among the 15
patients with refractory hypertension, 11 had a favorable
response to INO. Eight patients with pulmonary artery
catheters had a significant decrease in mean PAP (from
30.9 ⫾ 5.8 to 23.1 ⫾ 5.4 mm Hg, p ⬍ 0.01). The authors
concluded that inhaled INO had minimal beneficial effect on PAP or cardiac output in infants who had undergone atrioventricular canal repair. In this study INO
was effective in reducing PAP in selected postoperative
patients with congenital heart disease and pulmonary
hypertension.
Russell et al conducted a randomized, controlled, double-blind study of INO’s effect on postoperative pulmonary hypertension in pediatric congenital heart defect patients.75 The study included 39 infants and children (40
cases) and preoperative pulmonary hypertension (mean
PAP ⬎ 50% of mean systemic arterial pressure) with congenital cardiac defects (4 patients were eventually eliminated from the data set). Immediately after cardiopulmonary bypass was ceased, patients were randomized to
placebo (nitrogen) or INO (80 ppm) and FIO2 of 0.90. Gas
was delivered for 20 min, with hemodynamic monitoring
at baseline (before administration of the study gas), 10
min, 20 min, and at 1 min after cessation of study gas.
Thirty-six percent (13/36) of cases emerged from cardiopulmonary bypass with pulmonary hypertension. Of those
13 patients, 5 received INO and 8 received placebo. At 20
min the patients who received INO showed PAP decrease
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Summary of Trials and Other Clinical Experience with Inhaled Nitric Oxide for Pediatric Acute Respiratory Distress Syndrome

First Author Year

Design

Control

Abman53

1994 Open, nonNone
randomized

Day64

1997 Double-blind Placebo
randomized,
controlled

n

INO
Concentration
(ppm)

Outcome Variables

Overall
Mortality
(%)

Outcome

10 ARDS,
7 nonARDS

10

pH, PaCO2, PaO2, OI,
PaO2/FIO2,
P(A-a)O2, Q̇S/Q̇T,
SAP, PAP, CO,
PVR

50

Significant decrease in PAP.
Significant increase in CO.
Significant, rapid improvement in
PaO2 and PaO2/FIO2. Decrease in
mechanical ventilatory support.
Non-ARDS patients had better
outcomes.

24

10

PVR/SVR, OI

45

Significant OI improvement with INO.
50% of controls crossed over and
had significant OI improvement
with INO. PVR/SVR significantly
improved at 1 h and 24h with INO,
but improvement was not sustained.

0

Significant decrease in OI. Significant
increase in P(A-a)O2 and SAP.

Demirakca66 1996 Prospective,
doseresponse

None

8

20

INO dose, OI,
P(A-a)O2, SAP

Goldman70

None

30

20

P(A-a)O2, PaO2/FIO2, OI,
acute lung injury
score

60

Significant association between earlyresponse INO and patient outcome.
All patients with OI change ⬍ 15%
died.

OI, PVR, SVR, PAP,
hypoxemia score,
INO dose

38

Significant increase in OI. Significant
decrease in PAP. Maximum
beneficial dose 20–40 ppm.
Decrease in PVR.

1997 Retrospective
review
study

Nakagawa67 1997 Prospective,
None
clinical
observation

15 (14
patients)

10–80

Okamoto69

1998 Open, nonNone
randomized,
doseresponse

7

0.13–16

PaO2/FIO2, PaCO2,
INO dose

57

INO significantly increased PaO2/FIO2.
Optimal INO dose found to be ⬍4
ppm. Slight decrease in PaCO2.

Sheridan68

1999 Open, nonNone
randomized

11

5 or 10

PaO2/FIO2, PaO2

27

Significant improvement in PaO2/FIO2.
Improvement in oxygenation (PaO2
and SpO2) was immediate.

INO ⫽ inhaled nitric oxide
ARDS ⫽ acute respiratory distress syndrome
OI ⫽ oxygenation index
PaO2/FIO2 ⫽ ratio of arterial partial pressure of oxygen to fraction of inspired oxygen
P(A-a)O2 ⫽ alveolar-arterial oxygen difference
Q̇S/Q̇T ⫽ shunt fraction

of 20%, versus a 9% increase at 20 min in the placebo
group (p ⫽ 0.008). Among the patients who emerged from
cardiopulmonary bypass without pulmonary hypertension,
there was no statistical difference. Russell et al concluded
that INO is effective in treating pulmonary hypertension
immediately after congenital heart surgery.
In a similar study Day et al sought to determine if INO
was effective in decreasing PHTC after surgery for congenital heart defect.76 Forty patients with PAP ⱖ 50% of
systemic arterial pressure after cardiopulmonary bypass
were randomized to either 20 ppm INO (n ⫽ 20) or conventional therapy with nitrogen as placebo gas (n ⫽ 20).
PHTC was defined as an acute episode of suprasystemic
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SAP ⫽ systemic arterial pressure
PAP ⫽ pulmonary artery pressure
CO ⫽ cardiac output
PVR ⫽ pulmonary vascular resistance
SVR ⫽ systemic vascular resistance
SpO2 ⫽ blood oxygen saturation measured via pulse oximetry

PAP associated with vital sign changes (blood pressure,
heart rate) or oxygenation status that required a change in
medical therapy or ventilatory support. Control patients
that experienced PHTC were allowed to cross over to INO
after failing conventional therapy. Each group enrolled 19
different patients. There were no significant differences in
baseline hemodynamic values between the groups. At 1
hour after the initiation of INO there were significant
changes (p ⬍ 0.05) in heart rate, PAP, left atrial pressure,
pH, PaCO2, and PaO2/FIO2, but there were no differences
between the groups after 1 hour. There was no difference
in the rate of PHTC between the groups (4 control, 3 INO).
In the 4 control patients who suffered PHTC there were

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

THERAPEUTIC GASES

FOR

NEONATAL

significant changes in heart rate, PAP, and PaO2/FIO2 1 hour
after crossing over to INO. The authors concluded that
INO did not significantly improve hemodynamics or arterial blood gases or reduce the incidence of PHTC, compared to conventional therapy.
In a recent study by Morris et al the investigators
sought to determine if alkalosis or INO was more effective in reducing PAP or PVR in children with pulmonary hypertension after surgery for congenital heart
defect.77 This prospective, randomized, cross-over study
enrolled 12 children with mean PAP ⬎ 25 mm Hg.
Patients were randomized to receive INO (at 5 ppm for
15 min, then 40 ppm for 15 min) or hyperventilation
(pH ⬎ 7.5 for 30 min), and the effects on hemodynamic
variables were measured. After a 30-min washout period patients were randomized to the other treatment
arm and measurements were repeated. After crossing
over, all patients received both treatments in combination for 30 min. The hyperventilation group showed
significant decreases in cardiac index, mean central venous pressure, mean PAP, and mean PVR, and an increase in SVR, and a small increase in oxygen extraction. The INO group showed significant decreases in
heart rate, mean PAP, and PVR. There were no differences in response between 5 and 40 ppm INO. No rebound pulmonary hypertension was observed after gas
discontinuation. Combination therapy (INO plus hyperventilation) decreased PVR and increased SVR. A further reduction in PAP was seen, without a change in
PVR. The authors concluded that both INO and hyperventilation were effective in reducing PAP and PVR in
children with pulmonary hypertension after cardiac surgery. INO may offer an overall advantage over hyperventilation with regard to pulmonary circulation, because hyperventilation causes undesirable changes in
cardiac output (decrease) and SVR (increase).
In a double-blind study Miller et al randomized 124
patients to receive INO (n ⫽ 63) or placebo (n ⫽ 61) to
investigate the role of selective pulmonary hypertension
after congenital heart surgery in children.78 Study gas was
administered (10 ppm INO or placebo nitrogen) from after
cardiopulmonary bypass until just prior to extubation.
Among patients receiving INO significant differences were
realized in PHTC (INO ⫽ 4, placebo ⫽ 7, relative risk
unadjusted p ⬍ 0.001), shorter duration of mechanical
ventilation (INO ⫽ 80 h, placebo ⫽ 112 h, p ⫽ 0.019),
and total time on study gas (INO ⫽ 87 h, placebo ⫽ 117 h,
p ⫽ 0.023). The authors concluded that the routine use of
INO after congenital heart surgery could lessen the risk of
PHTC and shorten the postoperative course, with no toxic
effects.
In summary, a number of clinical trials and case reports
suggest that INO is useful in the postoperative management of a critical rise in PAP.72–75 In a study by Goldman
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et al INO was shown to be more effective than conventional management (intravenous prostacyclin) in lowering
PAP.79 PHTC is a significant complication and risk factor
for children who have undergone congenital cardiac surgeries. Recent studies offer conflicting data on the therapeutic potential of INO for routine management of
PHTC.76 –78 The use of INO for pediatric cardiac surgery
patients appears to have some potential and beneficial effects but may or may not be more beneficial or costeffective than conventional management strategies. Table
9 summarizes clinical trials of INO for pediatric congenital heart diseases.
Delivery Mechanisms
The indications for INO state:
INOmax, in conjunction with ventilatory support and
other appropriate agents is indicated for the treatment of term and near-term (⬎ 34 wk) neonates
with hypoxic respiratory failure associated with clinical or echocardiographic evidence of pulmonary
hypertension, where it improves oxygenation and
reduces the need for ECMO.”80

Although most of the patients in the studies discussed
above were intubated and required phasic MV, the ideal
INO delivery mechanism should be usable with either phasic ventilators or continuous flow ventilators. INO occasionally needs to be delivered to nonintubated patients and
can be administered via tight-fitting face mask,81 transtracheal oxygen catheter,82,83 nasal cannula,84 or oxygen
hood.85
Summary of Inhaled Nitric Oxide
Overall, INO offers a treatment for various disorders of
neonates. INO appears most likely to benefit premature
neonates who are hypoxemic despite mechanical support
and high FIO2. Clinical trials indicate that among infants
suffering PPHN, INO strongly reduces the need for ECMO
or other invasive treatments. Data analysis suggests that a
20 ppm INO starting dose is most effective, and that doses
⬎ 40 ppm offer no additional clinical advantage. With
patients who respond to INO, the typical duration of therapy appears to be ⬍ 7 days.
Several approaches to weaning INO have been successful, but caregivers must avoid abrupt discontinuation of
INO. Ventilatory management remains important when
parenchymal lung disease accompanies PPHN. In many
studies the combination of HFOV (to optimize lung recruitment) and INO has shown greater benefit than either
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Summary of Clinical Trials of Inhaled Nitric Oxide for Pediatric Congenital Heart Diseases

First
Author

Year

Curran74

1995

Open-label,
nonrandomized

Day76

2000

Journois73

n

INO

None

5* 15†

20, 40, 80

Randomized,
controlled,
double-blind

Placebo

40 (38
patients)

1994

Open-label,
nonrandomized

None

Miller72

1994

Prospective, openlabel

None

Miller78

2000

Randomized,
controlled,
double-blind

Placebo

124

Morris77

2000

Prospective,
randomized,
crossover design

Hyperventilation

12

Russell75

1998

Randomized,
controlled,
double-blind

Placebo

Design

Control

17

13 (10
patients)

Outcome
Significant decrease in mean PAP

20

PHTC, heart rate, PAP, LAP, pH,
PaCO2, and PaO2/FIO2

Significant difference in heart rate, PAP,
LAP, pH, PaCO2, and PaO2/FIO2

20–80

PAP, SAP, SaO2, Sv O2, CVP, LAP,
urine output, ABG and VBG
values

Significant decrease in PAP. Significant
decreases in SaO2 and Sv O2.

PAP, PVR, SVR, PVR/SVR

Significant decrease in PAP and PVR. No
difference in SVR. Initial PVR/SVR
correlated with maximum pulmonary
vasodilation response.

10

PHTC, MV days, study gas time

Significant differences in PHTC. Significantly
shorter MV days and study gas time

5‡ 40‡

CI, mean CVP, mean PAP, mean
PVR, SVR, oxygen extraction.

Hyperventilation: Significant decreases in CI,
mean CVP, mean PAP, mean PVR.
Significant increases in SVR and oxygen
extraction. INO: Significant decreases in
heart rate, mean PAP, and PVR. No
difference in INO dose. Combination
therapy: Significant decrease in PVR and
increase in SVR.

PAP, SAP

Significant decrease in PAP

2, 10, or 20

40 (39
patients)

Outcome Variables
PAP, PVR, CO

80

INO ⫽ inhaled nitric oxide
*Atrioventricular canal
†Refractory postoperative pulmonary hypertension
PAP ⫽ pulmonary artery pressure
PVR ⫽ pulmonary vascular resistance
CO ⫽ cardiac output
PHTC ⫽ pulmonary hypertensive crisis
LAP ⫽ left arterial pressure
PaO2/FIO2 ⫽ ratio of arterial partial pressure of oxygen to fraction of inspired oxygen
SAP ⫽ systemic arterial pressure

therapy alone. Minimizing the toxicities of INO requires
understanding the nuances of INO monitoring and infant
care.
Multiple clinical trials suggest that neonates with CDH
are unlikely to benefit from INO therapy. Data suggest a
possible role for INO with preterm infants suffering hypoxemic respiratory failure and infants with CLD, but additional randomized, controlled studies are needed. For
pediatric ARDS and congenital heart defect pulmonary
hypertension, INO appears to be effective in improving
oxygenation and reducing PVR, but the effects in the pediatric population appear to be of short duration (48 –72 h).
Though INO appears to offer rapid improvement of oxygenation and PVR, sustained or prolonged effects are questionable.
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SaO2 ⫽ arterial oxygen saturation
Sv O2 ⫽ venous oxygen saturation
CVP ⫽ central venous pressure
ABG ⫽ arterial blood gas
VBG ⫽ venous blood gas
SVR ⫽ systemic vascular resistance
MV ⫽ mechanical ventilation
I ⫽ cardiac index
‡Sequentially administered for 15 min with a 30-min separation

Carbon Dioxide and Hypoxic Gas Therapy
Introduction
The last 2 specialty gases to be reviewed are used, independent of one another, to treat a common congenital heart
defect. Hypoplastic left heart syndrome (HLHS) is common
among congenital heart defects, constituting 10% of all congenital heart defects. The incidence is 0.16– 0.36 per 1,000
live births.86 HLHS is more common in boys (55–70% male
predominance).87 HLHS includes a variety of cardiac malformations and is characterized by marked hypoplasia of the
left ventricle and ascending aorta, and stenosis or atresia of
the aortic and mitral valves. Coarctation of the aorta commonly coexists. The ventricular septum is usually intact.88
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For many years no treatment was effective for this condition, and 90% of infants with this condition died by 1
month of age. Along with palliative care, there are now 2
surgical options (Norwood procedure and orthotopic heart
transplant) that may improve survival of HLHS infants.
Successful operative treatment is critically dependent on
appropriate preoperative management. The first step in
preoperative management is to maintain an intracardiac
mixing of systemic and pulmonary blood flow. All patients with HLHS should be started on prostaglandin, 0.05–
0.10 g/kg/min, to maintain ductal patency and improve
systemic blood flow. If a patent ductus arteriosus cannot
be maintained, a balloon septostomy may be performed to
artificially create a mixing lesion.
The next step of preoperative management requires equal
balancing of systemic and pulmonary blood flow. Infants
with HLHS have a complex cardiovascular physiology.
Completely saturated pulmonary venous blood that returns
to the left atrium cannot flow into the left ventricle because of a defective mitral valve (atresia, hypoplasia, or
stenosis). This results in mixing of pulmonary and systemic venous blood in the right atrium, via an atrial septal
defect, patent foramen ovale, or a large patent ductus arteriosus, causing systemic desaturation. Intracardiac mixing results in the right ventricle pumping this mixed blood
to both the pulmonary and systemic circulations. Therefore blood exiting the right ventricle must flow either (1)
via the branch pulmonary arteries to the lungs or (2) via
the ductus arteriosus and descending aorta to the body.
The volume of blood flow through either route of circulation is dependent on the resistance in each circuit due to
PVR or SVR.
Blood flow is inversely proportional to resistance (the
Ohm law); that is, when resistance in blood vessels decreases, blood flow through these vessels increases.89 Following birth, in an HLHS infant, circumstances that result
in an overall decrease in PVR result in a greater percentage of the right ventricular output being shunted to the
lungs. This increase in pulmonary blood flow results in
higher oxygen saturations and thus decreases systemic
blood flow to the rest of the body. This ultimately results
in poor perfusion and an increased likelihood of metabolic
acidosis and oliguria. Coronary artery and cerebral perfusion are also dependent on systemic blood flow through
the ductus arteriosus. Increased pulmonary blood flow
therefore results in decreased flow to the coronary arteries
and brain, with a risk of myocardial or cerebral ischemia.
Alternatively, if PVR increases to pressures substantially greater than SVR, blood flow is directed to the systemic circulation at the expense of pulmonary blood flow.
This may result in profound hypoxemia. This unique cardiovascular physiology is dependent on SVR and PVR
being carefully manipulated to achieve a balanced circulation with adequate systemic oxygenation. Using a math-
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ematical model, Barnea et al studied the effects of the ratio
of pulmonary to systemic blood flow (Q̇P/Q̇S) on systemic
oxygen availability. They developed an equation derived
from the key related variables: cardiac output, pulmonary
venous oxygen saturation, and Q̇P/Q̇S. Barnea et al concluded that their mathematical model provided a theoretical basis for balancing pulmonary and systemic circulation and suggested that evaluating both systemic arterial
and venous oxygen saturation may be useful to determine
the relative pulmonary and systemic flows.90 A mathematical model study by Austin et al91 suggested that a Q̇P/Q̇S
of 1 would provide the largest safety margin with either
low pulmonary oxygen conditions or decreased cardiac
output.
Pulmonary blood flow should be limited; this is accomplished by avoiding excessive PaO2. Occasionally the infant is capable of performing this distribution of blood
flow naturally, but frequently artificial manipulation of the
PVR and SVR is needed to achieve and maintain this
critical balance of blood flow. This artificial manipulation
of the PVR is often where the respiratory therapist is asked
to play a vital role in managing an HLHS child. Frequently
intubation and mechanical ventilation are required because
of apneas associated with the use of prostaglandins; if at
all possible, the infant should be ventilated with room air.
When mechanical ventilation at minimal ventilator settings and FIO2 are not successful in manipulating the PVR,
other ventilator strategies may be employed. The infant’s
PVR can be manipulated by specialty gases in one of 2
ways.86,92 A review of the literature indicates that the 2
specialty gas strategies aimed at reducing PVR in HLHS
infants are (1) artificial addition of carbon dioxide and (2)
introduction of a hypoxic gas mixture (ie, a gas that has
⬍ 21% oxygen) during mechanical ventilation.
Carbon Dioxide
Increasing the CO2 level can be accomplished by mechanical ventilation with hypoventilation and/or sedation.
Decreases in tidal volume, respiratory rate, or both to
achieve hypoventilation and alkalosis frequently result in
arterial desaturation. Jobes et al hypothesized that arterial
desaturation occurs because of decreased functional residual capacity, closure of small airways, atelectasis, or hypoxemia.93 This resulted in a different approach to initiating respiratory alkalosis through artificial means.
The earliest report of a specialty gas being used in the
management of HLHS is with CO2. In a small clinical trial
Morray et al suggested that introducing small amounts of
inspired CO2 before and after surgery was an effective
means to limit pulmonary blood flow by increasing PVR.94
Elevating PaCO2 into the range of 45–50 mm Hg can increase PVR.93,95
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Carbon Dioxide Delivery Systems
The percentage of CO2 in room air is approximately
0.03% or 0.22 mm Hg. The therapeutic range of CO2 to be
delivered is generally 1– 4% or 8 –30 mm Hg. Hoffman et
al described an inexpensive system to titrate CO2 through
a blender and to the mechanically ventilated patient.96 The
system permitted easy normalization of pH and PaCO2, without a change in FIO2. In a later publication, Chatburn and
Anderson described a double-blender mechanism to deliver controlled amounts of CO2 and oxygen during mechanical ventilation.97 They discovered that systematic adjustments were not predicted or straightforward, because
blender calibrations do not hold for alternative gas mixtures. Chatburn and Anderson developed and tested a predictive nomogram that provides a quick and accurate way
to predict the blender settings required to deliver precise
concentrations of both oxygen and CO2 through a doubleblender system.
Hypoxic Gas Mixtures
The second method of increasing PVR with a specialty
gas mixture is by decreasing PaO2 to achieve SaO2 ⬍ 80%.
Mechanical ventilation and an FIO2 of 0.21 coupled with
the various defects of HLHS typically accomplish this
state of hypoxic pulmonary vasoconstriction or “clinical
desaturation.” For cases in which an infant continues to
have a high SaO2, resulting in decreased PVR and shunting
of blood toward the pulmonary system and away from
the systemic circulation, the addition of nitrogen gas to the
inspired gas (which has the ambient 21% oxygen) via the
endotracheal tube or hood results in a hypoxic (ie, ⬍ 21%
oxygen) gas mixture.98,99 This use of a specialty gas (nitrogen) is commonly referred to as hypoxic gas therapy or
subambient oxygen therapy.
Riordan et al investigated physiologic effects of respiratory manipulations in an animal model with a univentricular heart.92 They sought to determine the effects on
decreasing Q̇P/Q̇S with common ventilatory treatments,
adding positive end-expiratory pressure, altering inspired
oxygen tension, and adding CO2 to the ventilatory circuit.
The authors concluded that the animal model demonstrated
the value of estimating Q̇P/Q̇S before initiating therapy.
When the initial Q̇P/Q̇S was greater than about 0.7, interventions that decreased Q̇P/Q̇S increased oxygen delivery
and were beneficial. The addition of CO2 decreased Q̇P/Q̇S
and increased PVR, but to achieve statistically significant
changes in Q̇P/Q̇S and PVR required high concentrations
of supplemental CO2 (PaCO2 80 –95 mm Hg, mean pH ⫽
6.83 ⫾ 0.12). Similar but lesser effects were seen with
CO2 concentrations similar to those used clinically (PaCO2
50 – 60 mm Hg, mean pH ⫽ 6.99 ⫾ 0.11). These concentrations caused nonsignificant decrease in Q̇P/Q̇S and non-
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significant increase in PVR. The different results seen with
high and low CO2 concentrations suggest that the effects
of supplemental CO2 are dose-dependent.
However, Riordan et al had a different result with lowering the inspired oxygen concentration.92 As FIO2 was
lowered, the Q̇P/Q̇S significantly decreased (p ⬍ 0.05),
which appeared to be related to the action of lower FIO2 on
increasing PVR (p ⬍ 0.05). Although SVR appeared to
decrease somewhat as FIO2 was lowered, the change was
not statistically significant.
Typically, FIO2 of 0.15– 0.21 has been used to manipulate PVR in children with HLHS. During administration of
a hypoxic gas mixture, continuous monitoring of oxygen
saturation, arterial blood gases, and FIO2 is paramount to
ensuring adequate Q̇P/Q̇S and patient safety.
Hypoxic Gas Mixture Delivery Systems
In performing a literature review on the use of hypoxic
gas mixtures, very little evidence was uncovered regarding
the technical description of the delivery system. The traditional method of delivering hypoxic gas mixtures to mechanically ventilated patients has been to bleed a low flow
of nitrogen into the ventilator circuit. This method often
requires various flow rates to achieve oxygen dilution, so
hypoxic gas mixtures are ordered as FIO2 values or based
on other measured and monitored clinical variables. Thus,
the ability to accurately monitor those variables is vitally
important.
Hypoxic gas (FIO2 0.15– 0.21) is easily obtained via nitrogen dilution; however, the ability of standard, commercially available oxygen analyzers to accurately monitor
low oxygen concentrations had not been well documented
until recently. Myers and Chatburn conducted a bench test
to assess the ability of 2 oxygen analyzers to provide accurate and reliable measurements of oxygen levels in hypoxic gas.100 The 2 oxygen analyzers tested met the manufacturers’ specifications of maximum error, which was
easily maintained down to zero percent oxygen. Myers and
Chatburn point out the important clinical issue of patient
safety as it relates to the establishment of oxygen analyzer
alarm limits when administering hypoxic gas.
The issue of monitoring patient safety and the requirement of establishing oxygen analyzer alarm limits are highly
important when using the nitrogen bleed-in method of hypoxic gas delivery. Frequently the nitrogen flow rate is
relatively low, and can be as low as 0.1 L/min when using
time-cycled, pressure-limited ventilation to deliver FIO2 of
0.19 – 0.20. However, this also indicates that flows as low
as 0.1 L/min can change the oxygen concentration by 2–3%.
This can result in potentially catastrophic incidents if the
liter flow is inadvertently bumped, by even a fractional
liter flow amount.

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

THERAPEUTIC GASES

FOR

NEONATAL

In a bench study by Dolcini et al, the investigators evaluated the feasibility of delivering hypoxic gas through a
ventilator blender.101 Specifically, they sought to determine the relationship between blender readings and delivered oxygen concentrations when the blender was supplied
with nitrogen and air instead of oxygen and air. A size K
cylinder of nitrogen (50 psi) was attached to each air inlet,
and air (50 psi) was attached to each oxygen inlet, of 3
different infant ventilators (Infant Star, Bear Cub, and Bird
VIP). Simulated ventilation, with settings that created a
mean airway pressure of 11–12 cm H2O, was delivered to
a test lung. An analyzer was placed in-line before the
humidifier. The ventilator blenders were adjusted to achieve
the desired (ie, measured) oxygen concentrations of 0 –21%.
The authors concluded that hypoxic gas delivery can be
achieved during mechanical ventilation by connecting the
blender to nitrogen and air sources instead of oxygen and
air. The maximum difference between the predicted setting and the actual setting on an individual ventilator was
5% with the Infant Star, and 2% with the other ventilators
(Fig. 1). The difficulty with this proposed setup arises
when the infant requires an FIO2 ⬎ 0.21. With this setup
the practitioner would be required to change high-pressure
hoses and connections to the ventilator. This limitation led
to the development (at Rainbow Babies and Children’s
Hospital, Cleveland, Ohio) of a mechanism to blend 3
sources of gas through a mechanical ventilator, which obviates changing the high-pressure hose (unpublished data).
A 3-gas-source blending mechanism was designed to enable the practitioner to select an FIO2 of 15–100%, in a
matter of seconds (Fig. 2).
Some HLHS children require mechanical ventilation
strictly for the precise delivery of hypoxic gas. Theoretically, mechanical ventilation could be avoided by administering subambient oxygen with a hood setup. This system (see Fig. 2) was tested in a study by Dolcini et al102 to
compare the efficacy of delivering hypoxic gas concentrations via a high-pressure system (Fig. 3) versus a traditional bleed-in system in an oxygen hood. An infant resuscitation manikin was placed in an oxygen hood for a
simulation. Oxygen was simultaneously measured at 5 sites
inside the hood. Blender flow was set at a standardized
rate of 12 L/min. FIO2 was decreased in increments of
1– 4% (eg, 21% to 17% ⫽ 4% change). Time (in seconds)
was recorded from stability of the pre-humidifier oxygen
analyzer to a steady state of the other analyzers or a maximum time of 10 minutes as a test stop point. The bleed-in
system was terminated by the time constraint in 79% (57
of 72) of the measurements, and in 77% (14 of the 18) of
the measurements made at mouth level. The high-pressure
system was terminated in 11% (8 of 72) of the measurements and in 0% (0 of 18) of the measurements made at
mouth level. When subambient oxygen was analyzed at
mouth level, the high-pressure system on average was 4.75
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Fig. 1. Graph of the regression analysis, showing the maximum
difference between predicted and actual fraction of inspired oxygen (FIO2) setting (r2 ⫽ 0.999). If set FIO2 is expressed as a percentage, then set FIO2 ⫽ 22.403 ⫹ (3.78 ⫻ set FIO2). (From Reference 101)

min faster to stability. The authors concluded that hypoxic
gas delivery with a high-pressure system resulted in quicker
stabilization to target FIO2 than a traditional bleed-in
method.
Summary of Carbon Dioxide and Hypoxic Gas
Therapy
The purpose of this section was not to promote the use
of supplemental gases or a specific delivery system for
managing HLHS, but only to describe the clinical evidence about that use. The use of hypoxic gas and CO2 for
managing HLHS is somewhat controversial in many parts
of the country. Hypoxic gas and CO2 have proven clinically beneficial in optimizing intracardiac shunting by increasing PVR. However, many pediatric cardiac centers
refrain from the use of these supplemental gases with HLHS
infants and yet also achieve good clinical outcomes.

Fig. 2. A 3-gas-source blending mechanism for mechanical ventilators, designed at Rainbow Babies and Children’s Hospital,
Cleveland, Ohio, to blend air and oxygen or air and nitrogen.
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Fig. 3. A 3-gas-source blending mechanism for oxygen hoods,
designed at Rainbow Babies and Children’s Hospital, Cleveland,
Ohio, to blend air and oxygen or air and nitrogen.

Summary
Research and controversy continue regarding the value
of heliox, nitric oxide, hypoxic gas, and carbon dioxide for
the treatment of certain cardiorespiratory disorders.
REFERENCES
1. Barach A. The use of helium in the treatment of asthma and obstructive lesions in the larynx and trachea. Ann Intern Med 1935;
9:739–765.
2. Jolliet P, Tassaux D. Helium-oxygen ventilation. Respir Care Clin N
Am 2002;8(2):295–307.
3. Carter ER, Webb CR, Moffitt DR. Evaluation of heliox in children
hospitalized with acute severe asthma: a randomized crossover trial.
Chest 1996;109(5):1256–1261.
4. Kudukis TM, Manthous CA, Schmidt GA, Hall JB, Wylam ME. Inhaled helium-oxygen revisited: effect of inhaled helium-oxygen during
the treatment of status asthmaticus in children. J Pediatr 1997;130(2):
217–224.
5. Kemper KJ, Ritz RH, Benson MS, Bishop MS. Helium-oxygen mixture in the treatment of postextubation stridor in pediatric trauma patients. Crit Care Med 1991;19(3):356–359.
6. Rodeberg DA, Easter AJ, Washam MA, Housinger TA, Greenhalgh
DG, Warden GD. Use of a helium-oxygen mixture in the treatment of
postextubation stridor in pediatric patients with burns. J Burn Care
Rehabil 1995;16(5):476–480.
7. Connolly KM, McGuirt WF Jr. Avoiding intubation in the injured
subglottis: the role of heliox therapy. Ann Otol Rhinol Laryngol 2001;
110(8):713–717.
8. Grosz AH, Jacobs IN, Cho C, Schears GJ. Use of helium-oxygen
mixtures to relieve upper airway obstruction in a pediatric population.
Laryngoscope 2001;111(9):1512–1514.
9. Duncan PG. Efficacy of helium-oxygen mixtures in the management
of severe viral and post-intubation croup. Can Anaesth Soc J 1979;
26(3):206–212.

420

AND

PEDIATRIC RESPIRATORY CARE

10. Nelson DS, McClellan L. Helium-oxygen mixtures as adjunctive support for refractory viral croup. Ohio State Med J 1982;78(10):729–730.
11. Terregino CA, Nairn SJ, Chansky ME, Kass JE. The effect of heliox on
croup: a pilot study. Acad Emerg Med 1998;5(11):1130–1133.
12. Weber JE, Chudnofsky CR, Younger JG, et al. A randomized comparison of helium-oxygen mixtures (Heliox) and racemic epinephrine
for the treatment of moderate to severe croup. Pediatrics 2001;107(6):
E96.
13. Martinon-Torres F, Rodriguez-Nunez A, Martinon-Sanchez JM. Heliox therapy in infants with acute bronchiolitis. Pediatrics 2002;109(1):
68–73.
14. Hollman G, Shen G, Zeng L, Yngsdal-Krenz R, Perloff W, Zimmerman J, Strauss R. Helium-oxygen improves Clinical Asthma Scores in
children with acute bronchiolitis. Crit Care Med 1998;26(10):1731–
1736.
15. Gross MF, Spear RM, Peterson BM. Helium-oxygen mixture does not
improve gas exchange in mechanically ventilated children with bronchiolitis. Crit Care 2000;4(3):188–192.
16. Stillwell PC, Quick JD, Munro PR, Mallory GB Jr. Effectiveness of
open-circuit and oxyhood delivery of helium-oxygen. Chest 1989;95(6):
1222–1224.
17. Jaber S, Fodil R, Carlucci A, Boussarsar M, Pigeot J, Lemaire F, et al.
Noninvasive ventilation with helium-oxygen in acute exacerbations of
chronic obstructive pulmonary disease. Am J Respir Crit Care Med
2000;161(4 Pt 1):1191–1200.
18. Jolliet P, Tassaux D, Thouret JM, Chevrolet JC. Beneficial effects of
helium:oxygen versus air:oxygen noninvasive pressure support in patients with decompensated chronic obstructive pulmonary disease. Crit
Care Med 1999;27(11):2422–2429.
19. Devabhaktuni VG, Torres A Jr, Wilson S, Yeh MP. Effect of nitric
oxide, perfluorocarbon, and heliox on minute volume measurement
and ventilator volumes delivered. Crit Care Med 1999;27(8):1603–
1607.
20. Tassaux D, Jolliet P, Thouret JM, Roeseler J, Dorne R, Chevrolet JC.
Calibration of seven ICU ventilators for mechanical ventilation with
helium-oxygen mixtures Am J Respir Crit Care Med 1999;160(1):22–
32.
21. Palmer RMJ, Ferrige AG, Moncada S. Nitric oxide release accounts for
the biological activity of endothelium-derived relaxing factor. Nature
1987;327(6122):524–526.
22. Ignarro LJ. Biological actions and properties of endothelium-derived
nitric oxide formed and released from artery and vein. Circ Res 1989;
65(1):1–21.
23. Hurford WE. The biologic basis for inhaled nitric oxide. Respir Care
Clin N Am 1997;3(3):357–369.
24. Frostell CG, Blomqvist H, Hedenstierna G, Lundberg J, Zapol WM.
Inhaled nitric oxide selectively reverses human hypoxic pulmonary
vasoconstriction without causing systemic vasodilation. Anesthesiology 1993;78(3):427–435.
25. Frostell C, Fratacci MD, Wain JC, Jones R, Zapol WM. Inhaled nitric
oxide: a selective pulmonary vasodilator reversing hypoxic pulmonary
vasoconstriction. Circulation 1991;83(6):2038–2047.
26. Chiodi H, Mohler JG. Effects of exposure of blood hemoglobin to
nitric oxide. Environ Res 1985;37(2):355–363.
27. Gaston B, Drazen JM, Loscalzo J, Stamler JS. The biology of nitrogen
oxides in the airways. Am J Respir Crit Care Med 1994;149(2 Pt
1):538–551.
28. Guidotti T. The higher oxides of nitrogen. Inhalation toxicology. Environ Res 1978;15(3):443–472.
29. Hurford WE. Inhaled nitric oxide. Respir Care Clin N Am 2002;8(2):
261–279.
30. The Neonatal Inhaled Nitric Oxide Study Group (NINOS). Inhaled
nitric oxide in full-term and nearly full-term infants with hypoxic respiratory failure. N Engl J Med 1997;336(9):597–604.

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

THERAPEUTIC GASES

FOR

NEONATAL

31. Clark RH, Kueser TJ, Walker MW, Southgate WM, Huckaby JL,
Perez JA, et al (Clinical Inhaled Nitric Oxide Research Group). Lowdose nitric oxide therapy for persistent pulmonary hypertension of the
newborn. N Engl J Med 2000;342(7):469–474.
32. Davidson D, Barefield ES, Kattwinkel J, Dudell G, Damask M, Straube
R, et al. Inhaled nitric oxide for the early treatment of persistent pulmonary hypertension of the term newborn: a randomized, doublemasked, placebo-controlled, dose-response, multicenter study. The INO/PPHN Study Group. Pediatrics 1998;101(3 pt 1):325–334.
33. Hoffman GM, Ross GA, Day SE, Rice TB, Nelin D. Inhaled nitric
oxide reduces the utilization of extracorporeal membrane oxygenation
in persistent pulmonary hypertension of the newborn. Crit Care Med
1997;25(2):352–359.
34. Wood KS, McCaffrey MJ, Donovan JC, Stiles AD, Bose CL. Effect of
initial nitric oxide concentration on outcome in infants with persistent
pulmonary hypertension of the newborn. Biol Neonate 1999;75(4):
215–224.
35. Lonnqvist PA. Efficacy and economy of inhaled nitric oxide in neonates accepted for extra-corporeal membrane oxygenation. Acta Physiol
Scand 1999;167(2):175–179.
36. Mercier JC, Lacaze T, Storme L, Roze JC, Dinh-Xuan AT, Dehan M.
Disease-related response to inhaled nitric oxide in newborns with severe hypoxaemic respiratory failure. French Paediatric Study Group of
Inhaled NO. Eur J Pediatr 1998;157(9):747–752.
37. Roberts JD Jr, Fineman JR, Morin FC 3rd, Shaul PW, Rimar S, Schreiber MD, et al. Inhaled nitric oxide and persistent pulmonary hypertension of the newborn. The Inhaled Nitric Oxide Study Group. N Engl
J Med 1997;336(9):605–610.
38. Finer NN, Barrington KJ. Nitric oxide for respiratory failure in infants
born at or near term (Cochrane Review). In: The Cochrane Library,
Issue 1 2003. Oxford: Update Software.
39. Kachel W, Varnholt V, Lasch P, Muller W, Lorenz C, Wirth H. Highfrequency oscillatory ventilation and nitric oxide: alternative or complementary to ECMO. Int J Artif Organs 1995;18(10):589–597.
40. Kennaugh JM, Kinsella JP, Abman SH, Hernandez JA, Moreland SG,
Rosenberg AA. Impact of new treatments for neonatal pulmonary hypertension on extracorporeal membrane oxygenation use and outcome.
J Perinatol 1997;17(5):366–369.
41. Kinsella JP, Truog WE, Walsh WF, Goldberg RN, Bancalari E, Mayock DE, et al. Randomized, multicenter trial of inhaled nitric oxide and
high-frequency oscillatory ventilation in severe, persistent pulmonary
hypertension of the newborn. J Pediatr 1997;131(1 Pt 1):55–62.
42. Metkus AP, Esserman L, Sola A, Harrison MR, Adzick NS. Cost per
anomaly: what does a diaphragmatic hernia cost? J Pediatr Surg 1995;
30(2):226–230.
43. Leveque C, Hamza J, Berg AE, Barbotin-Larrieu F, Laguenie G, Goutail-Flaud F, et al. Successful repair of a severe left congenital diaphragmatic hernia during continuous inhalation of nitric oxide. Anesthesiology 1994;80(5):1171–1175.
44. Karamanoukian HL, Glick PL, Zayek M, Steinhorn RH, Zwass MS,
Fineman JR, Morin FC 3rd. Inhaled nitric oxide in congenital hypoplasia of the lungs due to diaphragmatic hernia or ogliohydramnios.
Pediatrics 1994;94(5):715–718.
45. Shah N, Jacob T, Exler R, Morrow S, Ford H, Albanese C, et al.
Inhaled nitric oxide in congenital diaphragmatic hernia. J Pediatr Surg
1994;29(8):1010–1014; discussion 1014–1015.
46. Frostell CG, Lonnqvist PA, Sonesson SE, Gustafsson LE, Lohr G,
Noack G. Near fatal pulmonary hypertension after surgical repair of
congenital diaphragmatic hernia: successful use of inhaled nitric oxide.
Anesthesia 1993;48(8):679–683.
47. Neonatal Inhaled Nitric Oxide Study Group (NINOS). Inhaled nitric
oxide and hypoxic respiratory failure in infants with congenital diaphragmatic hernia. Pediatrics 1997;99(6):838–845.

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

AND

PEDIATRIC RESPIRATORY CARE

48. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent hydroxy radical production by peroxynitrite: implications for
endothelial injury from nitric oxide and superoxide. Proc Natl Acad Sci
U S A 1990;87(4):1620–1624.
49. Issa A, Lappalainen U, Kleinman M, Bry K, Hallman M. Inhaled nitric
oxide decreases heperoxia-induced surfactant abnormality in preterm
rabbits. Pediatr Res 1999;45(2):247–254.
50. Banks BA, Seri I, Ischiropoulos H, Merrill J, Rychik J, Ballard RA.
Changes in oxygenation with inhaled nitric oxide in severe bronchopulmonary dysplasia. Pediatrics 1999;103(3):610–618.
51. Longnqvist PA, Jonsson B, Winberg P, Frostell CG. Inhaled nitric
oxide in infants with developing or established chronic lung disease.
Acta Paediatr 1995;84(10):1188–1192.
52. Thompson MW, Bates JN, Klein JM. Treatment of respiratory failure
in an infant with bronchopulmonary dysplasia infected with respiratory
syncytial virus using inhaled nitric oxide and high frequency ventilation. Acta Paediatr 1995;84(1):100–102.
53. Abman SH, Griebel JL, Parker DK, Schmidt JM, Swanton D, Kinsella
JP. Acute effects of inhaled nitric oxide in children with severe hypoxemic respiratory failure. J Pediatr 1994;124(6):881–888.
54. Hoehn T, Krause M, Krueger M, Hentschel R. Treatment of respiratory
failure with inhaled nitric oxide and high-frequency ventilation in an
infant with respiratory syncytial virus pneumonia and bronchopulmonary dysplasia. Respiration 1998;65(6):477–480.
55. Peliowski A, Finer NN, Etches PC, Tierney AJ, Ryan CA. Inhaled
nitric oxide for premature infants after prolonged rupture of the membranes. J Pediatr 1995;126(3):450–453.
56. Abman SH, Kinsella JP, Schaffer MS, Wilkening RB. Inhaled nitric
oxide in the management of a premature newborn with severe respiratory distress and pulmonary hypertension. Pediatrics 1993;92(4):606–
609.
57. Cheung PY, Peliowski AP, Robertson CM. The outcome of very low
birth weight neonates (ⱕ 1500 g) rescued by inhaled nitric oxide:
neurodevelopment in early childhood. J Pediatr 1998;133(6):735–739.
58. Skimming JW, Bender KA, Hutchison AA, Drummond WH. Nitric
oxide inhalation in infants with respiratory distress syndrome. J Pediatr
1997;130(2):225–230.
59. Kinsella JP, Walsh WF, Bose CL, Gerstmann DR, Labella JJ, Sardesai
S, et al. Inhaled nitric oxide in premature neonates with severe hypoxaemic respiratory failure: a randomised contolled trial. Lancet 1999;
354(9184):1061–1065.
60. Subhedar NV, Ryan SW, Shaw NJ. Open randomised trial of inhaled
nitric oxide and early dexamethasone in high risk preterm infants. Arch
Dis Child Fetal Neonatal Ed 1997;77(3):F185–F190.
61. The Franco-Belgium Collaborative NO Trial Group. Early compared
with delayed inhaled nitric oxide in moderately hypoxaemic neonates
with respiratory failure: a randomised controlled trial. Lancet 1999;
354(9184):1066–1071.
62. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory
distress in adults. Lancet 1967;2(7571):319–323.
63. Timmons OD, Havens PL, Fackler JC. Predicting death in pediatric
patients with acute respiratory failure. Pediatric Critical Care Study
Group. Extracorporeal Life Support Organization. Chest 1995;108(3):
789–797.
64. Day RW, Allen EM, Witte MK. A randomized, controlled study of the
1-hour and 24-hour effects of inhaled nitric oxide therapy in children
with acute hypoxemic respiratory failure. Chest 1997;112(5):1324–
1331.
65. Day RW, Guarin M, Lynch JM, Vernon DD, Dean JM. Inhaled nitric
oxide in children with severe lung disease: results of acute and prolonged therapy with two concentrations. Crit Care Med 1996;24(2):
215–221.
66. Demirakca S, Dotsch J, Knothe C, Magsaam J, Reiter HL, Bauer J,
Kuehl PG. Inhaled nitric oxide in neonatal and pediatric acute respi-

421

THERAPEUTIC GASES

67.

68.

69.
70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

422

FOR

NEONATAL

ratory distress syndrome: dose response, prolonged inhalation and weaning. Crit Care Med 1996;24(11):1913–1919.
Nakagawa TA, Morris A, Gomez RJ, Johnston SJ, Sharkey PT, Zaritsky
AL. Dose response to inhaled nitric oxide in pediatric patients with
pulmonary hypertension and acute respiratory distress syndrome. J Pediatr 1997;131(1 Pt 1):63–69.
Sheridan RL, Zapol WM, Ritz RH, Tompkins RG. Low-dose inhaled
nitric oxide in acutely burned children with profound respiratory failure. Surgery 1999;126(5):856–862.
Okamoto K, Hamaguchi M, Kukita I, Kikuta K, Sato T. Efficacy of
inhaled nitric oxide in children with ARDS. Chest 1998;114(3):827–833.
Goldman AP, Tasker RC, Hosiasson S, Henrichsen T, Macrae DJ.
Early response to inhaled nitric oxide and its relationship to outcome in
children with severe hypoxemic respiratory failure. Chest 1997;112(3):
752–758.
Whitaker K. Comprehensive perinatal & pediatric respiratory care, 2nd
ed. Albany: Delmar Publishers; 1997.
Miller OI, Celermajer DS, Deanfield JE, Macrae DJ. Very-low-dose
inhaled nitric oxide: a selective pulmonary vasodilator after operations
for congenital heart disease. J Thorac Cardiovasc Surg 1994;108(3):
487–494.
Journois D, Pouard P, Mauriat P, Malhere T, Vouhe P, Safran D.
Inhaled nitric oxide as a therapy for pulmonary hypertension after
operations for congenitap heart defects. J Thorac Cardiovasc Surg 1994;
107(4):1129–1135.
Curran RD, Mavroudis C, Backer CL, Sautel M, Zales VR, Wessel
DL. Inhaled nitric oxide for children with congenital heart disease and
pulmonary hypertension. Ann Thorac Surg 1995;60(6):1765–1771.
Russell IA, Zwass MS, Fineman JR, Balea M, Rouine-Rapp K, Brook
M, et al. The effects of inhaled nitric oxide on postoperative pulmonary
hypertension in infants and children undergoing surgical repair of congenital heart disease. Anesth Analg 1998;87(1):46–51.
Day RW, Hawkins JA, McGough EC, Crezee KL, Orsmond GS. Randomized controlled study of inhaled nitric oxide after operation for
congenital heart disease. Ann Thorac Surg 2000;69(6):1907–1912; discussion 1913.
Morris K, Beghetti M, Petros A, Adatia I, Bohn D. Comparison of
hyperventilation and inhaled nitric oxide for pulmonary hypertension
after repair of congenital heart disease. Crit Care Med 2000;28(8):
2974–2978.
Miller OI, Tang SF, Keech A, Pigott NB, Beller E, Celermajer DS.
Inhaled nitric oxide and prevention of pulmonary hypertension after
congenital heart surgery: a randomised double-blind study. Lancet 2000;
356(9240):1464–1469.
Goldman AP, Delius RE, Deanfield JE, Macrae DJ. Nitric oxide is
superior to prostacyclin for pulmonary hypertension after cardiac operations. Ann Thorac Surg 1995;60(2):300–305; discussion 306.
INO Therapeutics Inc. Package literature for INOmax. 13 Aug 1999.
Wessel DL, Adatia I, Thompson JE, Hickey PR. Delivery and monitoring of inhaled nitric oxide in patients with pulmonary hypertension.
Crit Care Med 1994;22(6):930–938.
Snell GI, Salamonsen RF, Bergin P, Esmore DS, Khan S, Williams
TJ. Inhaled nitric oxide used as a bridge to heart-lung transplantation in
a patient with end-stage pulmonary hypertension. Am J Respir Crit
Care Med 1995;151(4):1263–1266.
Yoshida M, Taguchi O, Gabazza EC, Kobayashi T, Yamakami T,
Kobayashi H, et al. Combined inhalation of nitric oxide and oxygen in
chronic obstructive pulmonary disease. Am J Respir Crit Care Med
1997;155(2):526–529.

AND

PEDIATRIC RESPIRATORY CARE

84. Channick RN, Newhart JW, Johnson FW, Williams PJ, Auger WR,
Fedullo PF, Moser KM. Pulsed delivery of inhaled nitric oxide to
patients with primary pulmonary hypertension: an ambulatory delivery
system and initial clinical tests. Chest 1996;109(6):1545–1549.
85. Tracy M, Myers T, Chatburn R. Evaluation of oxyhoods for the delivery of nitric oxide (abstract). Respir Care 1999;44(10):1272.
86. El-Lessy HN. Pulmonary vascular control in hypoplastic left-heart syndrome: hypoxic and hypercarbic-gas therapy. Respir Care 1995;40(7):
737–742.
87. Castaneda A, Jonas R, Mayer J, et al. Cardiac surgery of the neonate
and infant. Philadelphia: WB Saunders; 1994.
88. Jonas RA, Hansen DD, Cook N, Wessel D. Anatomic subtype and
survival after reconstructive operation for hypoplastic left heart syndrome. J Thorac Cardiovasc Surg 1994;107(4):1121–1127; discussion
1127–1128.
89. Turner DR, Forbes TJ. Hypoplastic left heart syndrome. EMedicine
Journal May 2001;2(5). Available at http://www.emedicine.com/ped/
topic1131.htm (accessed 2/14/03).
90. Barnea O, Austin EH, Richman B, Santamore WP. Balancing the circulation: theoretic optimization of pulmonary/systemic flow ratio in hypoplastic left heart syndrome. J Am Coll Cardiol 1994;24(5):1376–1381.
91. Austin EH, Santamore WP, Barnea O. Balancing the circulation in
hypoplastic left heart syndrome. J Cardiovasc Surg (Torino) 1994;35(6
Suppl 1):137–139.
92. Riordan CJ, Randsbeck F, Storey JH, Montgomery WD, Santamore
WP, Austin EH 3rd. Effects of oxygen, positive end-expiratory pressure, and carbon dioxide on oxygen delivery in an animal model of the
univentricular heart. J Thorac Cardiovasc Surg 1996;112(3):644–654.
93. Jobes DR, Nicolson SC, Steven JM, Miller M, Jacobs ML, Norwood
WI Jr. Carbon dioxide prevents pulmonary overcirculation in hypoplastic left heart syndrome. Ann Thorac Surg 1992;54(1):150–151.
94. Morray JP, Lynn AM, Mansfield PB. Effect of pH and PCO2 on
pulmonary and systemic hemodynamics after surgery in children with
congenital heart disease and pulmonary hypertension. J Pediatr 1988;
113(3):474–479.
95. Mora GA, Pizarro C, Jacobs ML, Norwood WI. Experimental model
of single ventricle. Influence of carbon dioxide on pulmonary vascular
dynamics. Circulation 1994;90(5 Pt 2):II43-II46.
96. Hoffman MF, Fergus LC, McLeary TP. Controlling arterial carbon
dioxide tensions with carbon dioxide gas during mechanical ventilation. Respir Care 1976;21(7):603–609.
97. Chatburn RL, Anderson SM. Controlling carbon dioxide delivery during mechanical ventilation. Respir Care 1994;39(11):1039–1046.
98. Day RW, Tani LY, Minich LL, Shaddy RE, Orsmond GS, Hawkins
JA, McGough EC. Congenital heart disease with ductal-dependent
systemic perfusion: Doppler ultrasonography flow velocities are altered by changes in the fraction of inspired oxygen. J Heart Lung
Transplant 1995;14(4):718–725.
99. Day RW, Barton AJ, Pysher TJ, Shaddy RE. Pulmonary vascular
resistance of children treated with nitrogen during early infancy. Ann
Thorac Surg 1998;65(5):1400–1404.
100. Myers TR, Chatburn RL. Accuracy of oxygen analyzers at subatmospheric concentrations used in treatment of hypoplastic left heart syndrome. Respir Care 2002;47(10):1168–1172.
101. Dolcini DM, Smith PC, Myers TR, Chatburn RL. Delivery of
sub-atmospheric oxygen concentrations during mechanical ventilation of
children with heart disease (abstract). Respir Care 2000;45(8):1009.
102. Dolcini DM, Myers TR, Chatburn RL. Comparison of two methods to
deliver subambient oxygen to infants with hypoplastic left hearts via an
oxyhood (abstract). Respir Care 2001;46(10):1116.

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

THERAPEUTIC GASES
Discussion
Salyer: One of my problems as a
manager of respiratory therapists is the
not-infrequent occurrence when a therapist is called on to set up an unusual
application of equipment and they find
the subambient oxygen setup is not
put together properly. We’ve had more
trouble with that than we should have.
I’m curious about how many therapists you have doing this, how often
you do it, and do you run into application errors because it’s an unusual
application that is used infrequently?
Myers: Good question. One cardiothoracic surgeon at my institution preferred the CO 2 bleed-in system,
whereas the previous surgeon had preferred the nitrogen bleed-in system.
Our current surgeon believes in neither system, so he hasn’t asked for
either one of them. But when we were
administering hypoxic gases we were
having long delays in getting the equipment set up, so we standardized it; we
had it set up in one area of our department. Everything was all hooked
up. All we had to do was roll it up to
the bedside for the bleed-in method.
We had no errors in getting the equipment or setting it up with a staff of
about 20 people. The difficulty we had
was that the equipment would get
bumped (especially during respiratory
isolation times, when staff would
sometimes hang gowns over tanks or
flow meters), causing important
changes in FIO2. So that’s why we
adopted a flip switch mechanism. The
biggest problem we had, with probably 4 or 5 patients we used it with,
was the fact that someone would walk
in and see the blender set at 86%, which
was delivering about 16% oxygen, and
they would want to turn it down. So
we had to put a sign on the blender
asking people not to touch it. The system with the hood is being used by
one of Ric Rodriguez’s colleagues, Dr
Martin, to test how infants respond to
hypoxic gas and desaturations. So it’s
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still being used in a research setting,
and it is very quick and reliable.
Cheifetz: I want to comment about
safety. I always worry when a clinician
varies the different gas mixtures administered through a ventilator, such as administering nitrogen and compressed air
instead of oxygen and compressed air.
There are important safety concerns because the FIO2 control knob may not indicate the actual FIO2 being delivered. A
respiratory therapist or physician might
look at the ventilator and say, “What
are they doing with the FIO2 set at 86%?”
and then decrease the FIO2 control knob
to 21%. In that case, you would have a
patient who is receiving almost no oxygen. And, beyond that, it has never
made a lot of sense to me to deliver
subambient oxygen levels to infants with
HLHS, because the bottom line for these
babies is oxygen delivery. If you want
to optimize oxygen delivery, why administer less FIO2, when delivering exogenous CO2 can achieve the same Q̇P/
Q̇S with potentially improved oxygen
delivery?1–3
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Myers: That’s a great question.
There are 3 schools of thought: those
who don’t believe in either, those who
advocate CO2 bleed-in, and those who
believe in manipulating PVR strictly
through nitrogen bleed-in. In my institution we’ve been through all 3
schools, with 3 different cardiotho-
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racic surgeons, each believing in something different.
I agree with your safety concern.
We ran these things for days to see if
they would do anything to the ventilators, and they really had no impact
on the ventilators, but we were very
concerned about the possibility of
someone turning the FIO2 control knob.
All these actually have separate analyzers. For the most part we use Mini
Ox III analyzers in our neonatal ICU,
but all the patients who receive hypoxic gas mixtures are monitored with
a Teledyne analyzer, because most oxygen analyzers have a default low
alarm setting of about 17–18% oxygen. Obviously, that does no good for
a low alarm reading if you want a
patient on 15% oxygen. We had to get
a letter from Dr Kercsmar, our medical director, and from our cardiothoracic surgeon to be allowed to get the
Teledyne low alarm limit taken off so
we could adjust the low alarm limit to
below 15%. So we have that back-up
mechanism of an alarm going off.
Alarms are on at 13%, even if we have
a patient on 15%, and the analyzers
all are mounted on top of the ventilators, and we put a “Do Not Touch”
sign on the dials. Ric can tell you that
he’s not even allowed to touch the
ventilators in the neonatal ICU.
Rodriguez: I commend you for advancing the technology for hypoxic
gas delivery; however, since we’re in
the era of evidence-based medicine I
would point out that none of these delivery systems or therapeutic interventions have been shown in randomized
trial to be any better than conservative
management. So even though a lot of
people have jumped on the subambient oxygen bandwagon, there is no evidence that conservative management
with prostaglandin is any better or
worse. I would suggest that many times
surgeons use their anecdotal and personal experience in choosing one over
the other. The majority of these babies actually do very well without any
of these interventions, and they bal-
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ance themselves very nicely once they
are on prostaglandins. The information you provided in your presentation
doesn’t mean that people should be using all these devices and try these interventions without further evaluation in
properly designed clinical trials.
With regard to INO I would add a
word of caution to those using INO in
places where there is no close contact
with ECMO centers. A modest or minimal response to INO should be interpreted with caution when considering
discontinuing INO therapy. We’ve
seen some babies in whom INO was
started and then discontinued because
of what was believed to be a lack or
response, and some of those babies
deteriorated very quickly. Once you
start INO at a place where there is no
ECMO center readily available, you
should not discontinue INO just because you don’t see a marked response.
In my view it is safer to stop the gas
once you have arrived at the ECMO
center where you can begin ECMO if
there is a severe decompensation.
Myers: I think your points are very
valid. I tried to make this presentation
evidence-based, but there are no clinical studies of CO2 and nitrogen for
HLHS, so, unfortunately, there’s not a
whole lot of evidence. Most of the
evidence is anecdotal: “I’ve seen it
once, I’ve done it once.” Because of
the lack of evidence it’s important that
we describe the ways these systems
have been set up and discuss the safety
concerns and the safest methods so
we can move forward towards clinical
trials.
Wagener: I would refer to heliox as
a therapy looking for a disease and to
infant pulmonary hypertension as a
disease looking for a therapy. My question regarding heliox is whether there
is a tendency for the helium and oxygen to separate in the tank?
Myers: I don’t know if heliox separates in the tank, but once it comes
out into the atmosphere, it will sepa-
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rate. Even oxygen separates from the
other gases inside a hood,1 so you get
different oxygen levels inside the
hood. If you’re running 50% oxygen
into the hood, you’ll get different FIO2
readings throughout the hood.
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Wagener: Differences in gas density have been used clinically, since
oxygen is heavier and settles to the
bottom. In a plastic-walled crib you
can flow oxygen onto the bed surface
and it will concentrate to as high as
30%.1
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Cheifetz: As far as I am aware, every time it has been investigated, the
heliox delivered from the tank is not
separated. The only separation, as far
as I know, occurs after delivery. If it
is administered to an oxygen hood,
then separation will occur.
You didn’t mention one point that I
think is important to stress. It’s true
that there have been no large clinical
studies with heliox (all of the data are
from small studies or anecdotal reports), but, as far as I know, no adverse heliox effects have been reported. The studies either indicate that
heliox works or that it does not have
any effect. So with a critically ill patient with impending respiratory failure due to airway obstruction, it seems
worthwhile to do a trial of heliox, since
there are no adverse effects. Heliox is
a relatively inexpensive therapy and it
may prevent the need for intubation/
reintubation or may shorten the course
of mechanical ventilation.

Wiswell: Do you get informed consent, though? My basic problem is that
it’s not a uniformly accepted therapy,
nor is it FDA approved. My concern
would be not obtaining informed consent for an unapproved therapy.
Cheifetz: That is a good question.
At Duke we do not obtain informed
consent for the use of heliox for indications that are supported in the medical literature. We base our clinical
decisions on the evidence that is available in the literature. Granted, there
are no large-scale, randomized, controlled, clinical trials, but I believe
there is adequate evidence to support
the general clinical use of heliox at
this point.
Wagener: I might say that the biggest risk is delay in doing what’s
proven therapy.
Myers: I think that, if nothing else,
heliox is a very, very safe gas. Other
than the vocal distortion it causes,
there’s never been any adverse effects
identified, from short bursts or from
days of administration.
Cheifetz: Helium is a completely
inert gas. No one has ever demonstrated any adverse effects or biologic
interactions associated with heliox.
Salyer: I would point out, as a manager responsible for developing safe
systems, that there are some safety issues with administering heliox, just
like there are safety issues with nitrogen and hypoxic gas. I agree it’s a
relatively small risk, but I don’t think
it’s completely benign.
In the INO studies there was no difference in mortality between those
who received INO and those who
didn’t, but the INO patients did not
require ECMO as often. Did those
studies indicate that there was no difference in mortality even after the patients went on ECMO? That is, though
fewer INO patients needed ECMO,
some of them went on ECMO. Does
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the mortality rate you mentioned include the ECMO intervention? And if
it does, why did they end up going on
ECMO at all?
Wagener: It was an intent-to-treat
study, so it includes patients who failed
with INO and went on to ECMO.
Salyer: Right. So the mortality rates
include those patients who actually
ended up on ECMO. Do you see my
question? If mortality is not different
even among those who went on ECMO,
I have to ask why they went on ECMO?
Am I thinking about that wrong?
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Wagener: Half the group were
treated conventionally and half were
treated initially with INO. Of both
groups, a certain percentage progressed and needed ECMO. The conventionally treated group had a higher
percentage progressing to ECMO than
the group that was treated initially with
INO. In the end, since this was an
intent-to-treat protocol, you have to
look at total overall mortality.
Salyer: But we can’t tease out from
those studies the effect of ECMO on
mortality, because of the way they
were structured?

RESPIRATORY CARE • APRIL 2003 VOL 48 NO 4

Wiswell: I think the mortality rate
among the kids who went on ECMO
is essentially the same as among
those who didn’t go on ECMO, in
both groups, whether they were on
INO or ECMO. I think you’re asking, “Well, ECMO’s no good, so
shouldn’t we just use INO?” As you
heard me say yesterday, I propose
that ECMO’s a proven therapy.
Where all the kids started in the INO
trials, on average they already meet
ECMO criteria. My contention as a
devil’s advocate was, why should we
use INO at all?
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