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Evidence-Based Clinical Practice Guideline:
Inhaled Nitric Oxide for Neonates
With Acute Hypoxic Respiratory Failure
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and Dean R Hess PhD RRT FAARC

Inhaled nitric oxide (INO) is a colorless, odorless gas that is also a potent pulmonary vasodilator.
When given via the inhaled route it is a selective pulmonary vasodilator. INO is approved by the
United States Food and Drug Administration (FDA) for the treatment of term and near-term
neonates with hypoxemic respiratory failure associated with clinical or echocardiographic evidence
of pulmonary arterial hypertension. A systematic review of the literature was conducted with the
intention of making recommendations related to the clinical use of INO for its FDA-approved
indication. Specifically, we wrote these evidence-based clinical practice guidelines to address the
following questions: (1) What is the evidence for labeled use? (2) What are the specific indications
for INO for neonates with acute hypoxemic respiratory failure? (3) Does the use of INO impact
oxygenation, mortality, or utilization of extracorporeal membrane oxygenation (ECMQO)? (4) Does
INO affect long-term outcomes? (5) Is INO cost-effective therapy? (6) How is the appropriate
dosing regimen and dose response to INO established? (7) How is the dose of INO titrated and
weaned? (8) Which INO delivery system should be used? (9) How should INO be implemented with
different respiratory support devices? (10) What adverse effects of INO should be monitored, and
at what frequency? (11) What physiologic parameters should be monitored during INO? (12) Is
scavenging of gases necessary to protect the caregivers? Using the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) scoring system, 22 recommendations are de-
veloped for the use of INO in newborns. Key words: inhaled nitric oxide; mechanical ventilation;
neonate; persistent pulmonary hypertension of the newborn; hypoxemia. [Respir Care 2010;55(12):

1717-1745. © 2010 Daedalus Enterprises]

Introduction

Inhaled nitric oxide (INO) is a colorless, odorless gas
that is also a potent pulmonary vasodilator. When given
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via inhalation, NO rapidly diffuses across the alveolar-
capillary membrane and is bound to hemoglobin, and thus
has little effect on the systemic circulation.!-> This results
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in limiting the effect of INO to the lungs, making it a
selective pulmonary vasodilator. There are several physi-
ologic effects that make INO an appealing therapy for
infants with pulmonary hypertension. INO can decrease
pulmonary vascular resistance, improve ventilation-perfu-
sion inequalities, and reduce right-to-left intra-cardiac
shunting of blood through the foramen ovale and ductus
arteriosus,? all of which can contribute to improved arte-
rial oxygenation and hemodynamic stability.

Neonatal hypoxic respiratory failure may be caused by
persistent pulmonary hypertension of the newborn (PPHN)
and other diseases that contribute to pulmonary arterial
hypertension. These diseases include respiratory distress
syndrome, meconium aspiration syndrome, pneumonia,
sepsis, congenital diaphragmatic hernia, and some congen-
ital cardiac anomalies. In the early 1990s, several case
studies and case series reported the use of INO for the
treatment of PPHN. This was followed by several multi-
center randomized controlled double-blinded studies of
INO for PPHN. On December 23, 1999, the United States
Food and Drug Administration (FDA) approved the use of
INO for the treatment of term and near-term (> 34 wk)
neonates with hypoxic respiratory failure associated with
pulmonary hypertension.

The only FDA-approved formulation of INO is INO-
max, marketed by Ikaria, Clinton, New Jersey. The trade
name for INOmax and the specific labeled indication is

INOmax, in conjunction with ventilatory support
and other appropriate agents, is indicated for the
treatment of term and near-term (> 34 wk) neo-
nates with hypoxic respiratory failure associated
with clinical or echocardiographic evidence of pul-
monary hypertension, where it improves oxygen-
ation and reduces the need for extracorporeal mem-
brane oxygenation.

On September 23, 2005, the Therapeutic Products Di-
rectorate of Health Canada issued a Notice of Compliance
for INOmax, NO for inhalation, in essence approving Ikaria
to market NO for infants = 34 weeks in Canada.

INO is commonly used as a front-line therapy in neo-
nates with hypoxic respiratory failure associated with pul-
monary hypertension. However, many practical questions
remain related to its appropriate clinical use for its labeled
indication. The cost of the drug has been a concern since
its release. Its cost has a substantial impact on the operat-
ing costs of many hospitals. It appears that much of the
increase in the use of the drug has been for indications that
are off-label. The use of INO is increasingly used with
premature infants, pediatric patients, and adults with hy-
poxemic respiratory failure. However, for the purpose of
this evidence-based review and clinical practice guideline,
we will focus only on the evidence related to the FDA
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labeled indications in neonates with hypoxic respiratory
failure associated with pulmonary hypertension.

Accordingly, a systematic review of the literature was
conducted with the intention of making recommendations
related to the clinical use of INO for its FDA-approved in-
dication. Specifically, we wrote these evidence-based clinical
practice guidelines to address the following questions:

1. What is the evidence for labeled use?

2. What are the specific indications for INO for neo-
nates with acute hypoxemic respiratory failure?

3. Does the use of INO impact oxygenation, mortality,
or utilization of extracorporeal membrane oxygenation
(ECMO)?

4. Does INO affect long-term outcomes?

5. Is INO cost-effective?

6. How is the appropriate dosing regimen and dose re-
sponse to INO established?

7. How is the dose of INO titrated and weaned?

8. Which INO delivery systems should be used?

9. How should INO be implemented with different re-
spiratory support devices?

10. What adverse effects of INO should be monitored,
and at what frequency?

11. What physiologic parameters should be monitored
during INO?

12. Is scavenging of gases necessary to protect the care-
givers?

Methods

To identify the evidence addressing these questions, a
PubMed (MEDLINE) search was conducted using the fol-
lowing search terms:

“Inhaled nitric oxide” with limits of English language,
human studies, all child (0-18 y)

“Nitric oxide and neonate” with limits of English lan-
guage, human studies, all child (0-18 y)

“Nitric oxide therapy” with limits of English language,
human studies, all child (0-18 y)

“Nitric oxide administration” with limits of English lan-
guage, human studies, all ages

“Nitric oxide delivery” with limits of English language,
human studies, all ages

“Nitric oxide and monitoring” with limits of English
language, human studies, all ages

The search timeframe included published papers indexed
between January 1, 1990, and December 31, 2009. Refer-
ences and abstracts were retrieved into reference-manage-
ment software (EndNote, ISI, Berkeley, California) for
further analysis.

By inspection of their titles, references having no pos-
sible relevance to the study questions were eliminated. For
the titles that remained, the abstracts were reviewed and
assessed for relevance, and additional references were elim-
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inated as appropriate. This process was conducted inde-
pendently by 3 individuals, after which their reference lists
were merged to provide the reference base for further anal-
ysis. Throughout the process of developing these guidelines,
the authors surveyed cross-references to identify additional
references to be added to the reference base for analysis.
Results of the searches and inclusion and exclusion criteria
resulted in the inclusion of 131 relevant articles (Fig. 1).

Data were extracted from the selected references using
a standardized critique form. To validate this form and to
establish the reliability of the review process, several ref-
erences were initially evaluated by members of the com-
mittee during a face-to-face meeting. All references were
then independently examined by at least two of the au-
thors. The critiques were compared and differences were
resolved using an iterative process.

Recommendations were based on a modification of the
Grading of Recommendations Assessment, Development, and
Evaluation (GRADE) scoring system.# The strength of the
recommendation is given a level of 1 when the benefits clearly
outweigh the risks and burdens (or vice versa) for nearly all
patients. A level of 2 is weaker and given when risks and
benefits are more closely balanced or are more uncertain. The
quality of the evidence is given a grade of A, B, C, or D for
high, moderate, low, and very low, respectively.

The draft document was peer-reviewed by experts on
the subject of INO therapy in newborns. Each of the re-
viewer’s comments was carefully assessed and the docu-
ment was further revised as appropriate.

What Is the Evidence for the Labeled Indication?

The most comprehensive systematic review and meta-
analysis of the use INO therapy in term or near-term in-
fants comes from the Cochrane Collaboration.> Only ran-
domized trials were included in that review, resulting in 12
studies that were analyzed. The overall quality of the stud-
ies was variable. The highest quality studies were fully
blinded, adequately powered, multi-center randomized con-
trolled trials with external data-monitoring groups that ex-
amined clinically important outcomes.®? Some studies were
of intermediate quality, because they had variable degrees
of blinding and examined primarily oxygenation out-
come.?-10 A third group of studies were single (or few)
center studies that were unblinded, had very small sample
sizes, and/or investigated short-term oxygenation respons-
es.!!-15 Following this systematic review, the results of one
additional prospective randomized controlled and un-
blinded multi-center trial was reported.!®

What Are the Specific Indications for INO for
Infants With Acute Hypoxemic Respiratory Failure?

This is a practical question facing the clinician at the
bedside caring for a newborn with acute hypoxemic respi-
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Limits
English language, human studies, all
child (0-18 y)

Search Terms

inhaled nitric oxide

nitric oxide and neonate
nitric oxide therapy

nitric oxide administration
nitric oxide delivery

nitric oxide and monitoring

Search Date Range
January 1, 1990, to December 31, 2009

!

Citations
5,893

!

Review | Not Relevant
of Titles " 4,107

!

Relevant
1,786

!

Review . Not Relevant
of Abstracts 1,429

!

Relevant
357

!

Review
of Full =
Paper

!

Included
in Review
131

Not Relevant
226

Fig. 1. Literature review process.

ratory failure. It can be addressed by careful examination
of the evidence from randomized controlled trials (Ta-
ble 1)7-22 and observational studies (Table 2).23-45 The ran-
domized controlled trials enrolled term or near-term new-
borns born at = 34 weeks gestation. Although the criteria
for post-partum age differed among those studied, patients
were generally < 5 days old and were treated for a max-
imum of 14 days.

All studies included some criteria for the severity of
lung function and the degree of shunt. Although the oxy-
genation criteria differed to some extent among the stud-
ies, most were consistent with P, < 100 mm Hg on F\,
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1.0 and an oxygenation index (OI) > 25. Echocardio-
graphic evidence of PPHN was used in some studies, but
not all.

INO does not benefit newborns with congenital dia-
phragmatic hernia, and its use is not indicated in those
patients.” In addition, there are concerns that outcomes
may be worse in infants with congenital diaphragmatic
hernia who received INO, compared to controls. Data are
available from 2 studies related to the use of INO with
congenital diaphragmatic hernia.”-'” The incidence of death
or requiring ECMO was 40/46 in controls and 36/38 with
INO (relative risk 1.09, 95% CI 0.95-1.26). Mortality was
not affected by use of INO (18/46 controls, compared with
18/38 with INO, relative risk of death 1.20, 95% CI 0.74—
1.96). There were no significant differences in oxygen-
ation outcomes between the 2 groups 30 min following
study gas initiation.” Moreover, there was a significant
increase (P = .04) in the requirement for ECMO in the
group receiving INO (31/46 controls, compared with 32/38
with INO, relative risk 1.27, 95% CI 1.00-1.62).

The use of INO therapy has been described for the
preoperative and postoperative management of hypoxic
infants with pulmonary hypertension related to congenital
heart disease. In the preoperative cases, pulmonary hyper-
tension can arise from increased pulmonary blood flow
and consequent remodeling of the pulmonary vascular bed.
Cardiac catheterization studies have demonstrated that pul-
monary vascular resistance and pulmonary arterial pres-
sure are lower in infants with congenital heart disease
treated with INO therapy (20 ppm) than with F,5 1.0
(P < .02).46

Cardiopulmonary bypass during repair of congenital
heart disease has been associated with severe lung inflam-
mation and increases in pulmonary hypertension in the
immediate postoperative period.*” These postoperative hy-
pertensive crises occur in approximately 7% of patients
with congenital heart disease, with an associated mortality
of about 29%.48 In these infants, INO therapy administered
in the postoperative period was shown to decrease pulmo-
nary arterial pressure*® and increase cardiac output.>®

In a Cochrane review, Bizzarro and Gross®! evaluated
outcomes related to the use of INO therapy for the post-
operative management of patients with congenital heart
disease necessitating repair. Based on a low enrollment of
individual studies, the authors concluded that postopera-
tive use of INO does not result in a significant reduction in
mortality and the number of pulmonary hypertensive cri-
ses, nor does its use appear to significantly alter hemody-
namics or result in any improvement in other clinically
relevant outcomes such as arterial oxygenation. This anal-
ysis consisted of 4 randomized controlled trials in patients
who ranged in age from 1 day to 20 years of age. How-
ever, it is unclear how many of the infants included in
these studies met the FDA label claim. Thus, there are
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insufficient data to support the routine use of INO therapy
in postoperative management of hypoxic term or near-
term infants with congenital heart disease.

Although it has not been studied, strong physiologic
rationale supports the contraindication of using INO in
newborns with congenital heart disease dependent on right-
to-left shunt. Although also not studied, strong ethical ra-
tionale supports the contraindication of using INO in new-
borns with lethal congenital anomalies and congestive heart
failure.

Does the Use of INO Impact Oxygenation,
Mortality, or ECMO Utilization?

A major question surrounding the use of INO therapy is
whether it alters the clinical course of critically ill, hypox-
emic infants who have not responded to conventional meth-
ods of respiratory support. As mentioned previously, a
comprehensive Cochrane review and meta-analysis, sum-
marized by Finer and Barrington,> was designed to deter-
mine whether INO therapy in the term or near-term hy-
poxemic infant improves oxygenation and reduces
mortality and ECMO utilization.

The 2 indices of oxygenation typically reported in the
literature related to INO are the Ol and P, . Ol is calcu-
lated as:

OI = [(Fio, X P, )/P,q] X 100

where P, is mean airway pressure. OI at 30—60 min after
initiation of INO was reported in 6 studies.”11:12.15 All
but one trial'> reported a significant improvement in OI
following INO therapy. The meta-analysis by Finer and
Barrington,> showed that OI within 30—60 min of starting
INO is significantly lower (weighted mean difference
—9.59, 95% CI 12.50 to —6.68). P, 30-60 min after
treatment was evaluated in 6 studies.”--11112.15 All studies
except one!> reported a significant benefit of INO. The
meta-analysis®> shows that P, 30—60 min after treatment
was significantly higher in the INO group (weighted mean
difference 45.5 mm Hg, 95% CI 34.7-56.3).

Death or requirement for ECMO was reported in 8 tri-
als. In 6 studies,”-%-11-13.16 crossover use of INO in controls
who did not respond to initial treatment was not allowed,
while in the remaining 2 studies!®!'> crossover use of INO
in controls was permitted. Analysis’- of the 6 stud-
1es6:8:10.12.15.17 that did not allow crossover use of INO in
controls found a statistically significant reduction in the
combined outcome of death and requirement for ECMO
(relative risk 0.65, 95% CI 0.55-0.76, risk difference —0.20,
95% CI —0.27 to —0.13) (Fig. 2). None of the studies that
reported mortality found a significant effect on this outcome
alone (relative risk 0.91, 95% CI 0.60-1.37) (Fig. 3). Re-
quirement for ECMO was reported in 8 studies, and the meta-

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

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

Comparison: INO versus control
Outcome: Death or requirement for ECMO

Study or Subgroup INO Control Risk Ratio Weight Risk Ratio
(n/N) (n/N) (M-H, Fixed, 95% CI) (%) (M-H, Fixed, 95% Cl)
Studies that did not allow backup use of INO in controls
Christou, 2000" 5/21 11/20 — 5.1 0.43 (0.18-1.02)
Clark, 2000° 38/113 63/104 -+ 29.9 0.56 (0.41-0.75)
Davidson, 1998 33/114 16/41 —— 10.7 0.74 (0.46-1.20)
NINOS, 19977 52/114 76/119 - 33.9 0.71(0.56-0.91)
Roberts, 19978 12/30 20/28 — 9.4 0.56 (0.34-0.92)
Wessel, 1997% 9/26 8/23 -1 3.9 1.00 (0.46-2.15)
Subtotal (95% CI) 418 335 > 93.0 0.65 (0.55-0.76)
Total events: 149 INO, 194 control
Heterogeneity: chi-square =4.31, DF =5, P= .51, 12= 0%
Test for overall effect: Z = 5.35, P < .001
Studies that allowed backup use of INO in controls
Barefield, 1996™ 6/9 6/8 — 2.9 0.89 (0.48-1.64)
Cornfield, 1999 9/23 4/15 e 22 1.47 (0.55-3.92)
Mercier, 1998° 5/55 4/52 L E— 1.9 1.18 (0.34-4.16)
Subtotal (95% CI) 87 75 e 7.0 1.15(0.67-1.97)
Total events: 20 INO, 14 control
Heterogeneity: chi-square = 0.92, DF =2, P = .63, 12=0%
Test for overall effect: Z = 0.51, P = .61
Total (95% CI) 505 410 4 100 0.68 (0.59-0.79)
Total events: 169 INO, 208 control
Heterogeneity: chi-square = 8.44, DF =8, P= .39, 2=5%
Test for overall effect: Z = 4.92, P<.001
T T 1 T
02 05 1 2 5

Favors INO Favors Control

Fig. 2. Analysis of studies of inhaled nitric oxide (INO) that used the outcomes of survival or requirement for extracorporeal membrane
oxygenation (ECMO) with and without backup use of INO in controls. M-H = Mantel-Haenszel risk ratio. NINOS = Neonatal Inhaled Nitric

Oxide Study Group. (Adapted from Reference 5, with permission.)

analysis showed a significant reduction in requirement for
ECMO (relative risk 0.63, 95% CI 0.54-0.75, risk differ-
ence —0.19, 95% CI —0.26 to —0.12). The number-needed-
to-treat with INO to prevent one infant from requiring ECMO
18 5.3 (95% CI 3.8-8.3) (Fig. 4).

The majority of infants described in the Cochrane meta-
analysis by Finer and Barrington> were described as being
extremely ill when INO therapy was initiated. A number
of studies explored whether outcomes are better when INO
therapy is instituted earlier in the disease course.

Konduri et al?? reported that INO improves oxygenation
but does not reduce the combined incidence of ECMO/
mortality when initiated at an OI of 15-25, compared with
initiation at OI = 25, suggesting no benefit in terms of
outcome with initiation of INO earlier in the disease pro-
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cess. The Franco-Belgian Collaborative NO trial group!'®
evaluated outcomes in mechanically ventilated pre-term
(< 33 wk) and near-term infants (= 33 wk) treated with
early (OI 12.5-30) and later (OI 15-40) INO therapy at
10 ppm. In the near-term infants, low-dose INO therapy
instituted early in the course of respiratory failure signif-
icantly improved oxygenation, and shortened the duration
of mechanical ventilation and stay in the intensive care
unit.

Gonzilez et al'¢ evaluated whether early treatment with
INO therapy in newborns with moderate respiratory fail-
ure improves oxygenation and attenuates the development
of severe hypoxemic respiratory failure. Mechanically ven-
tilated infants were randomized to receive INO therapy as:
(1) an early method of therapy (with OI between 10 and
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Review: Nitric oxide for respiratory failure in infants born at or near term

Comparison: INO versus control
Outcome: Death

Study or Subgroup INO Control Risk Ratio Weight Risk Ratio
(n/N) (n/N) (M-H, Fixed, 95% CI) (%) (M-H, Fixed, 95% Cl)
Studies that did not allow backup use of INO in controls
Christou, 2000" 2/21 1/20 _ 2.3 1.90 (0.19-19.40)
Clark, 2000° 4/113 7/104 —_ 16.5 0.53 (0.16-1.74)
Davidson, 1998 9/113 1/41 _— 33 3.27 (0.43-24.98)
NINOS, 19977 16/114 20/121 —i— 44.0 0.85 (0.46-1.56)
Roberts, 19978 2/30 2/28 s m— 4.7 0.93 (0.14-6.18)
Wessel, 1997% 2/26 2/23 _— 4.8 0.88 (0.14-5.79)
Subtotal (95% CI) 417 337 > 75.7 0.92 (0.58-1.48)
Total events: 35 INO, 33 control
Heterogeneity: chi-square =2.78, DF =5, P= .73, 12= 0%
Test for overall effect: Z = 0.33, P =.74
Studies that allowed backup use of INO in controls
Barefield, 1996™ 2/9 1/8 —_— 2.4 1.78 (0.20-16.10)
Cornfield, 1999 2/15 7/23 — 12,5 0.44 (0.10-1.83)
Mercier, 1998° 5/55 4/52 ;r— 9.3 1.18 (0.34—4.16)
Subtotal (95% CI) 79 83 24.3 0.86 (0.37-1.98)
Total events: 9 INO, 12 control
Heterogeneity: chi-square = 1.52, DF =2, P = .47, 12= 0%
Test for overall effect: Z = 0.36, P =.72)
Total (95% CI) 496 420 <> 100 0.91 (0.60-1.37)
Total events: 44 INO, 45 control
Heterogeneity: chi-square = 4.28, DF =8, P = .83, 12=0%
Test for overall effect: Z = 0.46, P = .64
T T ] T
005 02 1 5 20

Favors INO Favors Control

Fig. 3. Analysis of studies of inhaled nitric oxide (INO) that used the outcome of survival with and without backup use of INO in controls.
M-H = Mantel-Haenszel risk ratio. NINOS = Neonatal Inhaled Nitric Oxide Study Group. (Adapted from Reference 5, with permission.)

30), or (2) when infants, being managed with Fo, 1.0 had
OI > 40. In the early-INO group (n = 28), mean OI
decreased significantly at 4 hours (P < .05) and remained
lower over 48 hours. In the control group (n = 28), OI
increased and remained significantly higher over the sub-
sequent 48 hours (P < .001) following administration of
INO. The median requirement for oxygen therapy was
significantly less in the early INO group than in the control
group (P < .003). The findings of that study suggest that
there may be some clinical benefit to initiating INO ther-
apy earlier in the disease process.

Does INO Therapy Affect Long-Term Outcomes?

Long-term outcomes were evaluated in 8 studies of dif-
ferent designs and methodological validity (Table 3).52-5°
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For survivors of the 1997 Neonatal Inhaled Nitric Oxide
Study Group (NINOS) study,® there was no significant
difference in the occurrence of neurodevelopmental se-
quelae between the INO and control infants.>” There were
no differences in the occurrence of hearing impairment or
in infant development scoring systems. The occurrence of
seizures was less in the INO infants (4/85 INO infants,
compared with 13/87 controls, P = .046). There were no
differences in requirement for later hospital readmission,
use of home medications, apnea monitors, home oxygen,
use of gastrostomy tubes, or requirement for speech ther-
apy. Survivors with congenital diaphragmatic hernia had
comparable neurodevelopmental outcomes at follow-up.
Rosenberg et al>2 conducted a prospective observational
longitudinal medical and neurodevelopmental follow-up
of 51 infants treated as neonates for PPHN with INO. The
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Review: Nitric oxide for respiratory failure in infants born at or near term

Comparison: INO versus control
Outcome: Requirement for ECMO

Study or Subgroup INO Control Risk Ratio Weight Risk Ratio
(n/N) (n/N) (M-H, Fixed, 95% CI) (%) (M-H, Fixed, 95% CI)
Studies that did not allow backup use of INO in controls
Christou, 2000" 3/21 11/20 o 5.6 0.26 (0.08-0.80)
Clark, 2000° 36/113 62/104 - 32.3 0.53 (0.39-0.73)
Davidson, 1998 25/114 14/41 —a— 10.3 0.64 (0.37-1.11)
NINOS, 19977 44/114 66/121 e 32.0 0.71 (0.53-0.94)
Roberts, 19978 12/30 20/28 —i— 10.3 0.56 (0.34-0.92)
Wessel, 1997" 8/26 8/23 — 4.2 0.88 (0.40-1.98)
Subtotal (95% CI) 418 337 * 94.8 0.61 (0.51-0.72)
Total events: 128 INO, 181 control
Heterogeneity: chi-square = 4.96, DF =5, P= .42, 12= 0%
Test for overall effect: Z = 5.57, P < .001
Studies that allowed backup use of INO in controls
Barefield, 1996 6/9 6/8 — 3.2 0.89 (0.48-1.64)
Cornfield, 1999 5/15 5/23 I B 2.0 1.53 (0.53-4.40)
Subtotal (95% CI) 24 31 - 52 1.14 (0.64-2.02)
Total events: 11 INO, 11 control
Heterogeneity: chi-square =0.93, DF =1, P= .34, 12=0%
Test for overall effect: Z = 0.43, P = .66
Total (95% CI) 442 368 < 100 0.63 (0.54-0.75)
Total events: 139 INO, 192 control
Heterogeneity: chi-square = 8.93, DF =7, P = .26, 12 = 22%
Test for overall effect: Z = 5.32, P< .001

0.1

T T
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Favors INO
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Fig. 4. Analysis of studies of inhaled nitric oxide (INO) that used the outcome of requirement for extracorporeal membrane oxygenation
(ECMO) with and without backup use of INO in controls. M-H = Mantel-Haenszel risk ratio. NINOS = Neonatal Inhaled Nitric Oxide Study

Group. (Adapted from Reference 5, with permission.)

Table 3.  Studies of Long-Term Outcomes in Patients Who Received
INO at Birth
First Year Study Design Subjects
Author
Rosenberg®™ 1997  Observational 51
cohort
Dobyns™? 1999  Observational 22
cohort
Lipkin®* 2002 Multi-center RCT 155 (41 control, 114 INO)
Clark™ 2003 Multi-center RCT 201 (total control and INO)
Ichiba>® 2003 Observational 18
cohort

NINOS>? 2000 Multi-center RCT
Ellington®® 2001 Multi-center RCT
Konduri* 2007 Multi-center RCT

173 (88 control, 85 INO)
60 (25 control, 35 INO)
199 (149 control, 150 INO)

INO = inhaled nitric oxide
RCT = randomized controlled trial

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12

original number of treated infants was 87, of whom 62
survived, 51 were seen at 1 year of age, and 33 completed
a 2-year evaluation. The 1-year and 2-year follow-up of
the INO infants found 11.8% (1-year) and 12.1% (2-year)
rates of severe neurodevelopmental disability. Rosenberg
et al concluded that medical and neurodevelopmental out-
comes were similar to those reported in non-treated PPHN
neonatal patients.

Dobyns et al>3 investigated whether the use of INO for
severe PPHN causes impaired lung function during in-
fancy. It was a prospective study of lung function in 22
infants who received (n = 15) or did not receive (n = 7)
INO, and were compared to healthy control infants (n = 18).
Passive respiratory mechanics and functional residual ca-
pacity were measured. No differences were found in lung
function between treatment groups and healthy control in-
fants of the same age. Dobyns et al concluded that INO for
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the treatment of severe PPHN does not alter lung function
during early infancy.

Lipkin et al>* evaluated the medical and neurodevelop-
mental outcomes of children with moderately severe PPHN
treated with or without INO. This was a follow-up at 1 year
of patients enrolled in the Davidson et al study.'® From an
initial enrollment of 155 subjects, there was follow-up for
133 of the 144 children who survived. No significant dif-
ferences between the placebo and INO groups were seen
for any long-term outcomes. Re-hospitalization occurred
in 22%, and growth did not differ. The composite neuro-
development and audiologic outcome showed impairment
in 46% of the infants. There were major neurologic ab-
normalities in 13%, cognitive delays in 30%, and hearing
loss in 19% of the infants. Adverse outcomes were the
same in INO and control groups.

Clark et al>® reported the 1-year follow-up of patients
enrolled in their randomized controlled trial of INO.” There
was no difference in 1-year mortality between infants who
received INO and controls. There were no inter-group dif-
ferences in the numbers of patients who required medica-
tions for pulmonary disease or supplemental oxygen. The
number of neonates reported to have an abnormal neuro-
logical examination or developmental delay was also sim-
ilar in both groups. Clark et al concluded that use of low-
dose INO reduces the use of ECMO without increasing the
incidence of adverse outcomes at 1 year of age.

Ellington et al>® assessed 60 of 83 survivors of a ran-
domized controlled trial of INO.!3 No differences were
found in pulmonary, neurologic, cognitive, behavioral, or
neurosensory outcomes; hospital readmission rates; or pa-
rental ratings of child’s health. The overall neurologic hand-
icap rate was 15%, and the rate of hearing deficit was 7%.
The rate of important behavioral problems was 26%. Lev-
els of satisfaction expressed were high for each group. No
differences in parental ratings were found between groups.
The authors concluded that no adverse health or neurode-
velopmental outcomes were observed among infants treated
with INO therapy. Enrollment in either arm of this ran-
domized controlled trial did not seem to affect parental
satisfaction with the hospital care that their child received.

Ichiba et al>¢ described the outcomes at 3 years in 18
term and near-term infants treated with INO. None of the
infants had substantial sensorial hearing loss at 3 years. A
third of the infants had reactive airways disease at
18 months, but 3 infants showed spontaneous resolution
by 3 years. One infant was diagnosed with mild neurode-
velopmental disability.

Konduri et al>® performed a neurodevelopmental fol-
low-up in survivors at 18 -24 months, who were supported
with early INO (OI 15-25) or a standard approach
(OI = 25).1° There were no differences in neurodevelop-
mental impairment or hearing loss between the 2 groups.
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Is INO Therapy Cost-Effective?

A concern related to the use of INO is its expense. The
cost-effectiveness of this therapy has been explored in
several studies. Lonnqvist et al3® reported that the cost of
INO compares favorably to ECMO. However, that analy-
sis is dated and does not apply to the current costs of INO.
Truog et al®® calculated the charges for INO therapy and
for ECMO for each patient, and concluded that INO can
reduce costs by avoiding ECMO. Neither of those studies
used sophisticated cost-effective analysis strategies.

Jacobs et al®! conducted a cost-effectiveness analysis
based on 123 subjects enrolled in the Canadian arm of 2
parallel randomized controlled trials of INO for hypox-
emic respiratory failure. It was conducted from the per-
spective of the provider and included cost until hospital
discharge. Costs were estimated from the resources used at
a single center. For babies without congenital diaphrag-
matic hernia, Jacobs et al found that patients receiving
INO therapy had mean costs of $2,404 United States dol-
lars more than patients receiving placebo, but that differ-
ence was not statistically significant. (P = .25). There was
no statistically significant difference in reported mortality.
In a follow-up study,%? Jacobs et al incorporated 18-24-
month follow-up cost and outcome data on the 96 babies
without congenital diaphragmatic hernia, 68 of whom com-
pleted follow-up (20 died). There were no statistically sig-
nificant differences in costs between treated and non-treated
infants reported.

Lorch et al®? created a decision model using outcomes
data from 6 published randomized controlled trials of INO
in hypoxemic newborns and from a cohort of 123 babies
with PPHN treated at a single hospital over an 11-year
period. Costs were estimated from the resources used by
the single-center cohort. They conducted their analysis
from the United States societal perspective. In the study,
INO increased the cost of care by $1,141 per infant, with
a cost-effectiveness of $33,234 per life saved and $19,022
per Quality-Adjusted Life Year (QALY) gained (with cost
analysis from intervention to 1 year post-discharge). Ex-
tending the time for cost analysis to lifetime improved the
ratio to $976 per QALY.

Angus et al®* used a decision model to assess the cost-
effectiveness of INO, using the outcome data from the 2
largest randomized controlled trials. Several sources were
used to convert resources to costs, including an analysis of
the detailed hospital bills of 260 babies referred to 1 of 4
ECMO centers for possible ECMO treatment. Their anal-
ysis was conducted from the United States societal per-
spective. They reported that if INO is used only in ECMO
centers it is both more effective and cheaper than placebo
(cost savings of $1,880 per case, 95% CI $7,420 cheaper
to $3,550 more expensive). The cost savings was predom-
inantly due to decreased need for ECMO in the INO group.
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The cost-effectiveness was $62,666 saved per QALY. The
relatively small sample sizes of the 2 trials on which the
analyses are based led to considerable uncertainty around
the point estimates of cost-effectiveness. It should be noted
that these cost-effectiveness studies were based on the
assumption of on-label use, and the time horizon was re-
stricted to the first year of life, conservatively assuming
that all costs and effects of INO have disappeared at 1 year.

How Is the Appropriate Dosing Regimen
and Dose Response to INO Established?

Starting doses of 5-20 ppm were used in randomized
controlled trials (Table 4) and observational trials (Ta-
ble 5) of INO in newborns. Evidence is lacking for benefit
of doses > 20 ppm. In the NINOS study,® infants with
severe hypoxemia were randomized to receive an Fy, of
1.0 (placebo control gas) or INO (experimental gas). For
infants who did not respond to 20 ppm INO or placebo,
similar proportions of the INO group and the control group
had at least partial responses to 80 ppm INO or placebo as
well. However, infants who had complete responses at
20 ppm did not have a similar response when INO was
increased to 80 ppm. In the Davidson et al study!© there
were no dose-dependent differences between the 5, 20,
and 80 ppm and its ability to produce a sustained improve-
ment in oxygenation. In that study, methemoglobinemia
(defined as > 7%) occurred only in the 80 ppm group. In
a study by Cornfield et al,!3 INO at 2 ppm did not acutely
improve oxygenation or prevent clinical deterioration, but
did attenuate the rate of clinical deterioration. Infants who
received 20 ppm had an acute improvement in oxygen-
ation only if they were not previously treated with 2 ppm.
Cornfield et al concluded that initial treatment with a sub-
therapeutic dose of INO may diminish the clinical response
to 20 ppm. Finer et al?® reported that INO at doses as low
as 1-2 ppm was as efficacious as 10 or 20 ppm. An initial
dose of 1-2 ppm did not differ significantly from an initial
dose of 10-20 ppm in terms of improving P,g , OL, or
response rate. The length of time that infants required INO
did not differ by the initial dose, but more infants in the
low-dose group required dose escalation, compared with
the high-starting-dose group. The authors of the Cochrane
Review> concluded that, on the basis of the evidence pres-
ently available, it appears reasonable to use INO with an
initial concentration of 20 ppm for term and near-term
infants with hypoxic respiratory failure who do not have a
diaphragmatic hernia.

For the studies that evaluated the initial response to INO
therapy, oxygenation criteria were evaluated. In those stud-
ies, INO therapy was typically discontinued if a response
could not be demonstrated. Due to the rapid onset of action
of INO, a response, if present, can be seen quickly (within
1 hour). Evidence is lacking for benefit of continuing INO
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therapy in patients who do not demonstrate a response in
terms of improved oxygenation. Due to the costs associ-
ated with INO therapy, its continued use when an im-
provement in oxygenation has not been demonstrated can-
not be supported by the available evidence.

It is possible that non-response to INO is related to a
lack of adequate ventilation and/or lung recruitment (eg,
the gas does not reach all portions of the lung). Thus, when
INO is initiated, the clinician should ensure (as much as
possible) that the lungs are adequately inflated and that
sufficient mean airway pressure is being applied to main-
tain end-expiratory lung volume.55-6¢

How Is the Dose of INO Titrated and Weaned?

An issue of practical importance is rebound hypoxemia
and pulmonary hypertension when INO is discontinued.®-7!
In aretrospective review, Sokol et al’> reported a 30 mm Hg
decline in P, when INO was discontinued from a dose of
1 ppm. Secondary analysis of a multi-center prospective
randomized double-blind study,!! reported that decreases
in the P, were observed only at the final step of with-
drawal (ie, when the INO was discontinued). The weaning
process began when respiratory status appreciably im-
proved (OI < 10). A reduction in INO to 1 ppm before
discontinuation of the drug minimized the decrease in P,q,
when INO was discontinued. By assessing the decrease in
Paoz, when INO was discontinued from a dose of 1 ppm,
they suggested that a rebound decrease in P, could be
prevented with a 20% increase in Fyg . In a retrospective
study, Carriedo and Rhine7 reported that withdrawing INO
in non-responders did not result in rebound when NO ex-
posure was limited to 30 min; this supports prompt dis-
continuation of INO following a short trial in non-
responders. Aly et al®” also reported that rebound
hypoxemia can be ameliorated by an increase in Fyq be-
fore discontinuation of INO. Case studies and case series
have reported benefit from use of phosphodiesterase in-
hibitors to attenuate rebound hypoxemia when INO is dis-
continued.”4-7°

Which INO Delivery System Should Be Used?

Prior to the late 1990s, the majority of mechanically
ventilated infants receiving INO therapy were supported
using time-cycled, pressure-limited, continuous-flow ven-
tilators. Customized INO gas delivery systems consisting
of separate NO and N, gas cylinders, gas blenders, flow
meters, stand-alone NO/NO, gas monitors, and improvised
scavenging systems were commonly implemented. NO was
continuously titrated into the inspiratory limb of the ven-
tilator, using a flow meter, and the mean delivered INO
concentration was estimated using a theoretical calcula-
tion, or was measured using a combined NO/NO, analyz-

1727



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

(panunuoo)

quore

AOHH UBY) 9A1)O9JJ0 210U

a1om ONI snid AOAH

pue ONI y10q ‘aseasp
Sun| renuelsqns INOYIA

"UOTB[IIUSA [BUOUIAUOD

PIM ONT 10 auofe AOAH

0} uey) 191909 sem ONI

snid AQJH 01 asuodsar
‘9SBaSIp SNy QI0AdS I

‘uoneuagAxo

Ur 9SBAIOIP B YIIM PIJRIOOSSE
jou Sem [EMBIPYIM ONI

[MUN PanuUNUOd JUSWIBAL], 'Y T
ISUJoue 10§ ParIesal ONI ‘ONI
SuIunUodSIp I13)je paureisns
jou uoneuadAxo oyenbope

'§0 = O pue SH wuw
09 < “©°g dMum ¥ ] 1589 18
10j wdd ¢ 0} paonpar oq pnod

— 9SOp UAUYM PANUIIUOISIP ONJ

— PaqLIdSAP JON

‘wdd of jJo wnwrxew

10 wdd 019z 0} pasearddp

ONI ‘9SIMIayIQ ToA9[ snoradxd

0) pauInjal ONJ ‘@3ueyo

PC Toye uw O] SH ww ¢¢ =

£q wdd (g7 = 03 pasearoop 0} 10 9G] AqQ pasearodp ©°q JI
A[pider asop ONJ ueips]y  ‘wdd (] £q paseardap ONI ‘SH

P ¢'§ uaunean ONI ww ¢¢ < ‘0% J1 “10yraIoy)
1S93U0T "ONI JO P T > Aep ® 201M) pue porrad
papaau sjuBjul Ay} JleH
Pyl

JO WNWIXEW dAR[NWND ¢ 0]
oNuUNUOd P[nod ONJ "paviodar
jou Surueom [njssedonsun
1018 ONJ Suniejsar

pUE ‘UOTEIOLISIOP [BITUI[O
1918 9s0p ONJ Sune[essa

wdd g 01 wdd g
woIj ONJ Sursearout
WOIj J1joudq IBa[d ON

wdd z—1 jo sjuowaodp Aq

— wdd o019z 0) wdd ¢ woiy paonpay

Apnis urw-(g 1938 paonpar ONJ

‘pamoqre sem wdd (f Jo [ein
‘wdd (g ym paurelsns Jou sem
SH ww (9 = “©°q J1 "wdd 9 0)

‘Kep yoea paydwope arom wdd ¢
0 SUONONPAI S0P pue Y 7|

01 dn ponunuod sem 2sop ey}
‘parero[o) 31 Y | 1eye wdd o 03
wdd (g woiy Isop Y} paIIMO]

jey) [0o0301d josaxd 1od Surueapy

PaqLIdSAP JON

"[oA9[ 9[qeidaooe

Arsnoraaxd oy 03 paster ONJ

uay) ‘oueyd oy Jayye urw ()|

urm SH W ¢ > 03 10 9G]

£q pasea1oop “©°( J1 "SH ww

§§ < “O°d j1 “Kep © 2o1m) pue
urw (g Joyye widd (] £q paonpay

asuodsar

rented e jseq] Je paonpoid

e} 9SOp ONJ 1S9MO][ Ay} 1e
ponunuod ‘osuodsar [enaed Yy
‘wdd g ‘esuodsar 9)oidwod
uey) ssof ynay wdd g 1e

‘wdd ¢ 03 syuowaIddp

wdd-¢ £q paonpar QNI uayl

‘/°0 > [nun paonpar uay) Ol

‘wdd gz mun wdd ¢ Aq paonpax
ONI ‘SH w g1 < “©°d J1

‘widd o

0) asuodsar paureisns e

pey pajrey ONJ wdd (g woym
ur yuoned oN "AQAH pue

J1 "penunuodsIip ONI ‘Y #¢ IV Pasea1dap uay) pue y 4 1oy widd oz QNI Pim porean s1opuodsar-uoN

OINDA PaAT1e0ar juaned 10

¢'0 > ‘O [Dun ponunuod ONI

asuodsox
rentur ou yim syuaned ur

panunuodsip Afererpawrial ONJ

wdd og 10 wdd g 1e

‘ONI Surueom 103 supuod[y  panunuod ‘asuodsar ajo[dwod Yy asuodsar ou J1 panunuodsip ONI

*9S0p 1By} JB paurejureun
ONI ‘SH ww 001 =

o 31 'widd (g £q pasearour

1o wdd (g Je perentur ONI ‘SH
w660 “°d 31 "wdd oy Aq
pasearour 1o wdd (f 18 pareniur

ONI ‘BH wu o > “O°q J

y g0y 01 Oy

uo S ww g9 = g 0z L66T g PIIOSUDY
parenyeAd JON 08 L66T £ [9SSOM
paren[eAd 10N 0C L661 A2

or >

Xapur uoneuadAxo
10 SH ww 66 <
OFJ J1 [nJssa0ons
PaIopIsuod ONI 08

SH ww

01 > :osuodsar oN
SH ww

07—01 :esuodsar [enreq
SH wuw o7 <

:asuodsar 9)erdwo)

ONI Jo uru og¢
1oye O ur aseatou] 0z

T

L6GT ¢S990

L661 [ SONIN

Yy <oy

SH ww g < ©°g 08-0¢ 9661 4 PPy

SJuQUIO)) BLIOIID) UONENUNIUOISIT ONI

uonent], Susoq ONI

s1opuodsaI-uoN
0} yoeorddy

(wdd)

BLINID) dsuodsay] as0q] SunIIg

JOYINY ISIL]

S[eI1], PO[[OIIUO)) PAZIWOPUEY WOI] ‘BLIAII) asuodsay pue asoq ONI

b Qe

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12

1728



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

(ponunuoo)

‘s1opuodsax

-Uuou Ul PonunuodsIp
ONI ‘T020j01d
asop-y3ry oy Jod
pasearour pue wdd (g

paLy ‘Y | I19Je osuodsar

[y & 2A®Y joU pIp
wdd g e juoned dnoi3

-asop-mof e J] “(wdd g

pue ‘0t ‘0t ‘01 dnoi3
asop-y3iy ‘wdd g pue

wdd -6 4 ‘7 ‘1 dnoi3 asop-mo[) xopur uoneuaSAxo ur (pouruajop
Jo sasop woly pauLiofrod 9%0S £q QNI 9SeaI109p 93uel asop [0d0j01d Ay ASBAIIAP 9 ()7 < pue A[uopuer)
— Sem UONENUNUOISI(] 0] Uy 7T A10A0 1dwony unpm ONJ Jo Suriqno@ - “O°g ur aseaIoul 9407 < 0701 10 -1 100T o tould
*A[rep pouruiIajop
sem 9sop ON]J Q[qeidoooe
1SOMO] 9} ‘9JBIOLIAIP
jou pIp uoneudsAxo Jj| Yy |
— PaqLIOSAp JON 10je wdd (g 01 pasearodq parenyead JON parenyead JON or 0002 ¢;nOISLYD
‘wdd ¢ ONI ‘U ¢ 1oyy
0] sem Ol
pue SH wuw 09 = O Jr
wdd (g 0) pauinjar 9q pnod
ONI ‘Y ¢ Is1 dy Suun(g
“JSIT] UWIBD JOAJUOIYM "9SLaIOIP
‘PIO P L Sem 9eUOdU ONI 10} 4 $ A10A9 pajen[ead
Y} 10 ‘Y 96 JI0J pajean uadq ASIMIAYO 66/, = Hd pue
PeY 21RU0SU o) /') > O ‘S ww g9 = ©O°g ‘arqeIs
— mun wdd ¢ je panunuod ONI J1Y 18 wdd ¢ 0) paseardo VN pajen[eAd JON 0T 000T oHeD
uenisAyd oreo-Arewrid
parade) Ajmors 0) 1J9[ SUOISIOAP yz 6661 dnoIn ey,
— PaqLIOSap JON pue widd ¢ 0) paseardsq Adexayy, “1e9poUn Je Xopul uoneuaSAxQ 01 ONI ueIS[eg-oouesy
asop ONJ dnnaderoyy
© 0} osuodsar [eoruro
1091Je A[osIoApe Kew wdd (g peareoar ONI 1oye 4 | Joj
asop ONI dnnaderoyi-qng PaqLIdSAp 10N paquosop JoN  wdd 7 01 s1opuodsar-uoN  G¢ > Xopul uoneudsAxQ z 6661 ¢ PIRLUIO)
unu ()¢ Joj SYH wuw
0 > “©°d :amirey ONI
O°H wo 0] >
y+t Jo amssaid Aemire
WNWIXEW € pue ui ()¢ Jo uvow pue 90 > Ol
‘PayoBaI SeM S0P [BNIUL WNWIUIW B Je SJUSWaIdap uo 3y wuw 9 = “©°g
— JO 95()7 UdyMm PanunuodSI ONI %07 enuanbag VN pasodur :$s900ns ONJ 08 10 ‘0T ‘S 8661 o Uospiaeq
s1opuodsaI-uoN (wdd)

SJUAWIWO))

BLIQJLID UOnenunuodsiq ONI

uonenL], Suisoq ONI

0} yoeoiddy

BLIDILIY) asuodsay

aso Sunieis

Joyiny ISILj

(PaNUNUO0d) S[RLL], PI[[ONUO)) PIZIWOPULY WOL]

‘eLI)II) asuodsay pue asoq ONI

¥ 2IqeL

1729

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

‘Fumnunuoosip
a1030q wdd ¢'() 01 paurom
3sop ONI ‘wWyiLose

wdd ¢ 0} pournjax
‘wdd (g e 9searour
forgq S ww O > J
“asealoul 0y Sy ww
01 = jr wdd g 1e 1doyy
‘wdd ¢ uo asearour

JJO paueom Kay)
[mun ‘osuodsar renrur

20UaIIJIp USBAXO [eLIdNIE-TR[0dA[R = CO(V) g
gqeordde 1ou = yN
uonemuaA AI101e[[19s0 Aouanbaij-ysy = AQJH

9PIXO OLIIU Pa[RYUl = ONI

s j0o0y01d ay) 1ad ‘ory SH ww o7 > Jo ssa[predar ‘ONI 0
— ‘S[BAIOIUT U-7] 1B SUurueap Jrwdd oz swdd ¢ 18 paurers U0 PanuIuod 1M [[Y ur 9seaIoul SH W (g = S $00T ; Hnpuoy|
‘payoear sem wdd (g
‘9GS < ulqo[Sowayjow [mun 1o asearour “©°gq
J1 10 PAAdIYIE GO0—€0 IaUuNy Ou [nun urwu
‘OL1 pue s3umpas Jo1R[MULA 0¢ A10A0 widd (z—01 Xopul uoneuadAxo
[Pwunw uoym K[uo JO SISBAIOUL AQ PIMOI[O) s1opuodsax 10 OV
— PaMo[[e QNI JO Surueap, ‘wdd 1 18 parrels -uou Ul PanuUnuodSIp ONI ur JuawaAoxduwr 9,07 < 0801 €00T ;brpes
s1opuodsaI-uoN (wdd)

SuSWWO)) BLID)JIID) UONENUNUOISI] ONI

uonent], Sursoq ONI

0) yoeoiddy

'L dsuodsoy

aso Sunieig oWy st

(panunuod) s[eLL], PA[ONUOD) PIZIWOPUERY WOT]

‘eI asuodsay pue 9soq ONI '+ 9L

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12

1730



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

(panunuoo) 9507 > dsearoul
‘O11 panmbor pue [emeIpyIM
ONI 1o3je 9[qe)S PaurewI

“O°g 31 panunuodsIp ONI 80 =
L] pue O°H WO 9 = JAAd Win

oe
d

159q ) PAAAYDE Jey)
9sop Yy pasn ‘Funsa)

doys yoeo 10j utw G|
‘ONI wdd og pue ‘ot ‘0¢

wdd (g sem asop 2A1NPH ydwene uonenunuodsip ONI A[req osuodsar-asop 101y ‘01 ‘S ‘1 PIm uonenn aso ‘org 0C 9661 B3R
Surueom ONI
1958 O g urejurew 0) dseaIoul
o1y Lrerodwoy, *Kpiqers Jrqrssod
AKreuowrndorpied jJo uoneIOLIAJOP se Apjomb se ‘wdd ¢
pasned uondnirojur sso[un 0) uay ‘wdd g1 0 Xopur uoneuasLxo
— ‘9'0 > ‘Ol uoym paueam ONJ paseardap ‘4 g Joj wdd (g parels JON €oey) g o g 0C 9661 cYeUBIS
s1opuodsal wdd g 01 dn ‘syuowarour SH ww
— y 71 K10A0 PoIs9) [emeIpyiim ONI -uou Ur panunuodsIp ONI wdd-(] ur pasearour aso( 07 Jo asearour O°g 0T 9661 (eI
Xopur uoneuasAxo
yzi—+ ur 901 10 Vg
— pareIs 10N je wdd 9 03 paseardeq ONDH Y pojear; syuejuy ur 9,7 JO 9sea1dd( 0T S661 MOqIn
ONI 1o ¢ = '
UO PIARIYOE 9q P[NOd IH W JuswaAoxdur paalesqo asuodsar aanisod
0S < ‘0°q uoym 10 ‘0 onoxdwr 04 paurRISns AAdIYOR mun (wdd pg 0y dn) SH ww 0] =
— 0] pasead ONJ USUM ponunuodsi] O} PIAJeY IO PA[qnop SO S[eAIOJUI UTW-()] 18 Pa[qno(J aseatour ‘O 8 S661 goAomyng
asop snoraaxd
0) paseaIdul ONJ
‘SH wiw ()] peseaIdsp
O° 31 "uw G|
K1on9 widd ¢ paseardop
9sop UYL Y +¢
Sasop 10J osuodsar e pajerouad 13pIo uoneInes <o ur 08
Y Jo Aue usamioq 0] > xopur JBY) 9SOP 1SAMO] WOpUERI Ul PAIISIUIUpPE %01 1o “©°q ur 34 10 ‘09 ‘OF
douaIaIp Vg oN uoneuasAxo J1 panunuodsip ONI PaArdal s1opuodsay saso “Apnis asuodsar-aso ww ()] Jo 9seardu]  ‘0¢ ‘0T ‘01 ‘S $661 ,AoUr]
Y ¢ Joyjoue J0J pajreIsal
ONI ‘paureisns jou (01°0 >
onel U9SAX0 Je[OAR/[BLIDNE) Y (g Suimoj[oy ay)
uoneuagAxo arenbape 10} wdd g 03 paseardop y 7 Xopur uoneuadLxo
— J1 7Y 7 Je ponupuodsip ONI ~ 9s0p udy ‘y  Joj wdd (g 10J ONI PRAIROaI SJUBUL ([ FOV) g Forg 0T Y661 o BIRSULY
paurejurew
9q Jou P[nNOd uoneUIFAXO 0z
J1L Y $7—C1 10J poyreIsay 103 wdd 9 0) peseardap y 7 Xapur uoneuagAxo
— " ¢ & panunuodsip ONI ~ ONI ‘wdd g 1 y ¢ 10y 10} ONI PPAIROAI SJUBUL [V FoV g forg 0T €661 ¢ BIIOSUY
1000301d Apnys 1od wdd gz pue o] I®
- 4 $T 10 Y { 191Je panunuodsip ONI AN parsstutwpe K[enuonbos ONI g 0C-01 661 yelesuly]
unu ()¢ Joyye syoalqns [re ur fodg
— PoNUNUOdSIp ONJ "Apnis WId}-1I0ys VN VN  [eonp-isod pasorduy 08 T661 ¢ S19q0Y
s1opuodsaI-uoN (wdd)

SJUQWIWIO)) BLIOILID) UONENUNUOISI

uoneniy, suisoq

0) yoeoiddy

'L suodsay

3so Sunaeisg

Ioyiny ISILj

SOIPNIS [BUOTIBAIISQQ WOI] ‘BHIANLID) 2suodsay] pue asod ONI

S 9I9eL

1731

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

(panunuoo)

‘apeur sem
jdwepe Jurueam QNJ puodas

® pue () £q paseaIour sem

‘Ol ‘pa1oA09aI JURJUT A INJY
‘wdd ¢ je paje)sal sem ONJ pue
QIn[Iej SuTUBOM PAIOPISUOD SBM
SIY) 968 > 01 10 901 paddop

wdd ¢
0} UMOP ‘PJLIS[0) SB
‘Y $—¢ AI9A9 SJUSWIOAP

uonernyes <O JI JueISuOd wdd-g ur Surueam (%06 <
‘OLy Surdeay o[Iym PINUNUOSIP ONI paydwane ‘9[qers Kqeeyaid) 9508 <
— ONI ‘wdd ¢ Jo ONT UO 9[qeis 90U  JuBJuI pue 9°() > Ol usym ONDA 0) 2sBaIOUI UONRINES <O ST 7002 ¢ Bdnn
oner amssard pardde
wnwmndo [BLIS)IE OIW)SAS Awopuex
wdd (g Jo asop ONI [enu] pajels JON Ppajels JON Ppajels JON -01-Areuowrind pue ©°g ‘0 10 ‘07 ‘S 1002 pAZRIOM
sdoys wdd-o1 ur ‘wdd g 03
— pajels JON pajels JoN wdd (] woiy pasearour QNI ‘oryg 01 0002 (198803
wdd o
wnwixew o} dn ‘wdd (1
— pajels JoN pajels JoN Jo sdoys Aq pesearour ONJ 0w 10 Oy 01 8661 ,cueqrg
sIopuodsal
-Uuou Ul panunuodsIp ONI
‘wdd o pue (g jo srewn Xopul uoneuadLxo
— pAeIS 10N pajels 10N ‘wdd (1 01 esuodsar ou Jp ur 9seaIddp %07 01 L661 octoYdsqne]
paNUNUOdSIp payoeaI sem panunuodsIp ONI ‘Y ¢
ONI 19)Je unys enuia 1o <OCV)g wdd | mun 10 ‘osuodsax unpim asuodsal [erorjouaq unys fenua 1o <OV g
Xopul uoneua3Axo ‘uoneInjes [eI01joURq 9Y) paurejurew ou J] ‘paadryoe asuodsar Xopul uoneua3Axo
uadAxo Ot ur a3uryd 967 > Jey) 9SOP 1SMO[ [e1O1joURq [IIUN U Ul 9SBAIOIP 96T
® SBM 219U} JI PAIBISAI J0U ON] ) 0 Ut ()¢ AIoA9 0¢ £19A9 (wdd g 01 dn) 10 ‘uonermes <Q 10 ©0°g
— 1dwepne uonenunuodsp ONJ Areq wdd ¢ £q paseardep ONI wdd 1 £q pasearour asoq IOUJIO UT 9SBAIOUT 9G7 4 L661 UBWJOH
sjuaned
Surpuodsar jo Ajuofewr
ISeA 9 Ul 956 =
£q xapur uoneuagAxo wdd o1
) 9SBAIOAP O} JUSIOLIINS Pue ‘09 ‘0€ ‘01 ‘¢ e U XopurI uoneua3Axo
a1om wdd (¢ > sasop ONI pajels JON Apms asuodsar-asoq 01 :9searour ONJ 2smdag Ul 9SBAIOP 96T = ¢ L661 ,Istabuuo
"PIUTULIAIOP SBM 94,G6 PUB
988 U29M]2q UORINIES
‘pasn €0 revonp-isod ayy
sem (wdd ¢ >) QNI 9SOp-MmO[ daay 01 papasu asop ONI
“I'0 < sem oseatour “©OLy panmbar 1SAMO[ Y, "padueyoun
J1 '9%88 < uoneInes QO urejurew s3umes Joje[nuaA Jurdody
0] POMO[E Seam dsearour Oly SMyM ur Og—g] A19A9 ‘org
— [°0 ® ‘ponunuodsIp sem QNI USYA\ wdd z—1 Aq paonpar ONI wdd o7 18 et ONI ur JuawaAoxdwl 9,07 < 0z 9661 ¢ UBWP[OD
s1opuodsaI-uoN (wdd)

SIuAWWo))

BLIJID UONBNUNUOISI]

uonenty, sursoq

0) yoeoxddy

'L dsuodsoy aso] SunImg

Ioyiny ISILy

(Panunuod) SAPNIS [RUOTIAIRSqQ) WOI] ‘BLIAII) dsuodsay pue asoq ONI

‘S oIqeL

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12

1732



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

‘pawnsar sem QN ‘UOnRUITAXO

9[qeideooe urejurewt

0) payrey juaned JJ “sioy

[BIOAQS JOAO SIUQWIAP ONI

wdd-T e1a Surueapy '9'0 = Ol

— J1wdd ¢ 1 ONJ WoIj poauBdAy
(wdd gz <) ONI
9sOp-y3Iy Se SnOIoedIJd
se oq 03 sieadde

%06 <

uonernyes uagAxo 10

8H ww 09 < “O°q 1doy

Jel) 2SOP ISAMO[ PIAIIAI

JuanEed "S[eAIOUI UTW-G|

18 ‘wdd ¢ pue ‘g1 ‘0z 01

paonpal uay) ONI 'Y I

1SB9[ Ik 10J paurejurewt

pue wdd (), 03 paonpax
3S0p ‘ONI Sunaels 1aye 4 |

elep ou = (N
arquoridde jou = yN

uoneuagAxo sueiquiaw [earodiooenxs = QDI
20UaIJIp USSAXO [eLIANIE-TR[0AA[R = CO(V) g

9PIX0 JuIU pafeyqul = ONI

ONI Jo Y [ Jayye ©0Vq

10 X9pul uoneudIIAX0

ur asealdul 90¢ < 08 S00T ¢ nIsonE]
7T < esop ySIH
CC—81 9sOp-pIA

(wdd 81 >) ONI ds0p-m0] pajels JON pajels 10N pajels 10N “oLyforg 81 > :980p MO] $00T 1,°HIND
%88 > 0110 901 £q
paseardap “©dg 1 parrersar ONT Y 6— A19A9 poydwone QJURIQHJIP UONRINIES
— ‘30 03 wdd ¢ woiy pasearddp ONI wdd ¢ jo JuoweIddp ONI pajels JoN uagAxo [eyonp-jsod/aig 01-S $00T ¢, Suemy
s1opuodsaI-uoN (wdd)

SJuSUIIO)) BLIOJIID) UONENUNUOISI(]

uonent], Sursoq

0) yoeoxddy

eI dsuodsay IoyNY ISIL]

aso Sunieis

(panunuod) sAIPN)§ [RUOTIBAISSq() WOI ‘BLIAII) asuodsay pue aso ONI 'S °[qel

1733

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

er.80-81 In order to maintain consistent INO delivery to the
patient, the clinician was required to manually adjust the
INO gas flow, using a flow meter, following changes in
ventilator settings or with changes in the patient’s inspira-
tory flow and minute ventilation requirements.®?> Adequate
gas mixing and a relatively stable INO level could be
obtained when continuous-flow INO delivery systems were
used in earlier-generation infant ventilators.®3 Clinicians
applied continuous-flow INO delivery systems to newer-
generation microprocessor ventilators that provided phasic
(or intermittent) gas flow profiles during the respiratory
cycle, which results in greater fluctuations and underesti-
mation of INO gas delivery to the patient.84-8¢ Moreover,
continuous INO gas delivered to the circuit during exha-
lation had the potential for accumulation of a large and
potentially toxic bolus of NO/NO, gas to be delivered to
the patient with the onset of the next ventilator breath.81-86.87
In addition to the wide variability of delivered INO, con-
tinuous-flow INO delivery systems have also been identi-
fied with patient-safety issues during mechanical ventila-
tion, including tidal volume augmentation, ventilator trigger
compromise, and ventilator failure.®® Based on these fac-
tors, systems that use a constant flow titration of INO gas
may not provide an accurate and reliable INO level, may
pose major patient-safety issues, and are not be recom-
mended to deliver INO therapy.

Following FDA approval in 1996, the first universal
INO delivery system with an integrated gas injector mod-
ule, hot-film flow sensor, fast-response gas monitoring/
alarm system, and back-up delivery system was designed
for use with most forms of mechanical ventilation.®® This
INO delivery system measures flow within the ventilator
system, using a hot-film anemometer, and injects NO into
the inspiratory limb, using mass flow controls, at a rate
that is proportional to the measured ventilator flow to de-
liver the desired INO level (aka proportional-flow sys-
tem).?° Compared with earlier-generation INO delivery sys-
tems (constant flow titration method), proportional-flow
INO delivery systems have been shown to provide more
consistent and accurate delivery of INO gas concentra-
tion®-20 without having to independently adjust the NO
flow following changes in the ventilator settings.”!

According to the FDA, INO therapy should only be
administered using an approved delivery system.®? This
system is composed of a gas injector module that is capa-
ble of maintaining a constant INO concentration during
the inspiratory flow, regardless of variation in flow rate
within the respiratory cycle. The delivery system should
also minimize the amount of time that INO is mixed with
oxygen, to avoid potentially toxic gases from forming. In
addition, this system should include the following compo-
nents: (1) INO gas analyzer with high/low alarms, (2) NO,
gas analyzer with high alarms, and (3) oxygen analyzer
with high/low alarms. Continuous monitoring of gas levels
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and alarms can warn the clinician of changes in the deliv-
ered INO and F,, concentrations, accumulation of NO,,
and disruption in the gas supply (ie, catastrophic emptying
of gas cylinders and unintended disconnections). Cylinder
gauges that monitor the gas pressure are also helpful in
determining the level of gas supply. Back-up gas cylinders
and a manifold system that provides uninterrupted gas
supply to the patient are useful in providing seamless de-
livery of INO therapy when exchanging gas cylinders. In
the event that the INO system becomes inoperable, a sec-
ondary or back-up INO delivery system (ie, manual ven-
tilation) should also be included to minimize disruption of
gas delivery and potential patient decompensation. These
systems should also have a back-up battery in the event of
a power failure.

Current INO delivery systems use a single aluminum
gas or drug canister with pharmaceutical grade NO
(800 ppm) mixed with N, as the inert gas (INOmax). The
cylinder contains 1,936 L of NO/N, at 2,000 PSI and
weighs 44 1bs when full. The gas is also certified to con-
tain less than 5 ppm of nitrogen dioxide (NO,). All INO
drug mixtures must be handled and stored in compliance
with federal, state, and local regulations.

Currently there are 3 FDA-approved commercially avail-
able delivery devices for the administration of INO. They
are the INOvent (Datex-Ohmeda), INOmax DS (Ikaria),
and AeroNOx (International Biomedical). The INOvent is
the most widely used system, and is most commonly em-
ployed with conventional and high-frequency ventilators.
This device is being phased out as a delivery system by the
gas manufacturer and replaced with the INOmax DS. The
AeroNOx system can also be used with mechanical ven-
tilators, but is only capable of stable INO delivery during
periods of constant flow. This device is most frequently
used for INO therapy during patient transport. A brief
description of the operational principles of these devices is
listed in Table 6. Each has a safety feature that shuts down
delivery when the monitoring system measures an NO
concentration of = 100 ppm.

How Should INO Be Implemented With Different
Respiratory Support Techniques?

INO delivery devices are typically used with conven-
tional, anesthesia, transport, manual, high-frequency oscil-
latory, and high-frequency jet ventilators. Due to the im-
proved understanding of the role of ventilators in the
initiation of lung injury®3-%> and potential for increasing
pulmonary vascular resistance,”® INO therapy is also ap-
plied noninvasively in spontaneously breathing infants, us-
ing nasal cannula, infant oxyhoods, and nasal CPAP sys-
tems. It should be noted that there may be subtle differences
in system configuration when using different INO delivery
systems in conjunction with the multitude of available
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Table 6.  Device-Specific Details on INO Delivery Systems
INOvent, Datex-Ohmeda INOmax DS, Ikaria AeroNOXx, International Biomedical
Delivery Delivers NO into the inspiratory limb. Delivers NO into the inspiratory limb. ~ Valve controls NO flow out of the device
Provides a user-set, constant INO Provides a user-set, constant INO and into the patient circuit. NO flow
concentration throughout the concentration throughout the measured by a mass flow meter.
inspiration. Specifically designed inspiration. Specifically designed
injector enables tracking of ventilator injector enables tracking of
waveforms and delivery of a ventilator waveforms and delivery
synchronized and proportional INO of a synchronized and proportional
dose. INO dose.
Monitoring Continuous online monitoring of NO, Continuous online monitoring of NO, Continuous online monitoring of NO,
NO,, and O, via electrochemical cells NO,, and O, via electrochemical NO,, and O, via electrochemical cells.
cells
Sampling rate 230 mL/min from the inspiratory limb 230 mL/min from the inspiratory limb 150 mL/min from the inspiratory limb of
the circuit
Alarms NO, NO,, O, NO, NO,, O, NO, NO,, O,
Backup delivery ~ Backup delivery fixed at 20 ppm at 15 INOBlender 0-80 ppm at 5-14 L/min, =~ AeroNOx Bagger fixed at 250 mL/min =
L/min or fixed at 250 mL/min bleed 20 ppm at 10 L/min

Battery Bedside up to 30-min. Transport head up

to 3 h fully charged

INO = inhaled nitric oxide

Up to 6 h fully charged

Up to 6 h fully charged

respiratory support modalities. Connections to various de-
livery systems are unique to each device. There are few
studies that have been designed to test safety and efficacy
of each respiratory support device during INO therapy.
Where evidence-based recommendations on device safety
and efficacy are lacking, the clinician should always refer
to the specific manufacturer recommendations prior to
implementing INO therapy with any form of respiratory
support.

Mechanical Ventilation

During mechanical ventilation, the stability of delivered
INO gas concentration may be affected by the respiratory
rate, inspiratory-expiratory ratio, minute volume, inspira-
tory time, flow rate, mode, peak inspiratory pressure, and
PEEP. The location of the gas injector module in the in-
spiratory limb of the ventilator circuit is a critical factor in
establishing the appropriate dose of INO. Corrugated pa-
tient tubing has been shown to provide better mixing of
INO than smooth-bore tubing, without an increase in NO,
accumulation.? Although the vast majority of the research
has been done using continuous-flow INO delivery sys-
tems, the same principles of gas mixing and monitoring
apply to proportional-flow systems during mechanical ven-
tilation. Gas injection placed into the inspiratory limb close
to the patient may not allow enough time for NO and
ventilator system gas flow mixing to occur within the cir-
cuit, resulting in an inconsistent level of INO delivery.8! It
has been suggested that the INO gas injector module be
placed where circuit gas flow fluctuations are minimal, to
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maintain the appropriate delivered NO concentration
throughout the entire respiratory cycle. Placing the injector
module between the ventilator gas output and the dry side
of the humidifier allows more time for gas mixing to oc-
cur, and, thus, a more stable level of INO can be provided
to the patient.®’

INO delivery systems sample gas from the inspiratory
limb of the ventilator system to analyze INO, NO,, and
Fio, concentrations. This is most commonly achieved by
placing the sampling port in the inspiratory limb of the
respiratory support device, downstream from the site of
injection, no greater than 15 cm before the patient con-
nection/interface. Additionally, the continuous gas sam-
pling by the INO monitoring system may affect triggering,
tidal volume delivery, and PEEP stability during mechan-
ical ventilation. However, since these systems also add gas
to the inspiratory limb of the ventilator, these changes are
minimal. Regardless, it is necessary to continuously mon-
itor the ventilation system for disparities between the set
and measured ventilation parameters before and after im-
plementation of INO therapy, and with changes in the INO
settings. Of equal importance, it is also necessary to adjust
the ventilator accordingly, to obtain the desired minute
ventilation and mean airway pressure during INO therapy.

Manual ventilation is frequently administered in com-
bination with INO delivery, using self-inflating and flow-
inflating resuscitator bags.”® Most INO delivery systems
incorporate manual resuscitators as the back-up form of
ventilation, and should be used during an electric or in-
jector module failure. Clinicians will also use these sys-
tems during periodic disconnection from mechanical ven-
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tilation and during patient transport. These systems are
used only on an intermittent basis, and, thus, the reservoirs
and tubing of manual resuscitators may allow NO to mix
with oxygen to form NO,. It has been suggested that using
the smallest manual resuscitator possible to adequately
deliver the desired tidal volume and the highest rated gas
flow that is practical should reduce these effects. Further,
once the flow has been turned on, the bag should be squeezed
4—6 times to empty residual gas in the bag prior to using
the system to ventilate the patient.3°

Anesthesia Ventilators

INO therapy is used during and following the surgical
repair of certain congenital cardiac lesions or during car-
diac catheterization in infants with pulmonary hyperten-
sion. Therefore, it is frequently necessary to safely admin-
ister INO therapy in conjunction with inhaled anesthetic
gases using an anesthesia ventilator. The issues surround-
ing the use of INO delivery systems with anesthesia ven-
tilators have been described using adult test lung models.”®
However, the safety and efficacy of this practice are yet to
be determined in infants.

During administration of anesthetic gas a partial re-
breathing or circle system is used. This system allows the
patient to breathe a combination of fresh and exhaled gas,
following CO, elimination with an absorbing apparatus, to
conserve the amount of anesthesia used. The presence of
an anesthesia bag in the circuit can promote gas mixing
but also potentially allows the formation of NO,. When
the INO injector module is placed within the inspiratory
limb of the ventilator, flow is measured and INO gas is
titrated accordingly. However, since the monitor is also
measuring exhaled breath INO content, the measured INO
level in the circuit will increase over time.

Ceccarelli et al*® evaluated the use of a proportional
INO delivery device during anesthesia ventilation, using
an adult test lung model. They found that, as long as the
fresh gas supply was set higher than the patient’s minute
ventilation requirement, the delivered INO level was ap-
proximately within 10% of the set INO level. However,
when the fresh gas supply fell below the patient’s minute
ventilation, the INO delivery system measured a higher
delivered INO level than what was set. One limitation of
that in vitro study was that Ceccarelli et al did not evaluate
INO delivery using ventilator settings commonly used with
neonates. As such, these adult data would be very difficult
to extrapolate to neonatal ventilation. In many cases, cli-
nicians resort to using conventional mechanical ventilators
in the operating room for administration of INO therapy to
neonates.
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High-Frequency Ventilation

Because INO therapy may produce a more favorable
response when using a ventilatory approach that optimizes
alveolar recruitment,'® it is frequently administered dur-
ing high-frequency oscillatory ventilation (HFOV) and
high-frequency jet ventilation (HFJV). In a study by Coates
et al,'°! hypoxic infants with pulmonary hypertension who
required INO had similar short-term outcomes, regardless
of whether INO therapy was delivered via HFOV or HFJV.

Fujino et al'%? evaluated simulated INO delivery during
HFOV, using both continuous-flow and proportional-flow
INO delivery systems. The 3100a HFOV (CareFusion,
Yorba Linda, California) was configured using settings
commonly used to support neonates, and at a multitude of
INO settings. The major finding of the study was that INO
therapy was more consistent using the proportional-flow
INO delivery system. In addition, placing the INO injector
before the humidifier (where pressure fluctuations are min-
imal) resulted in appropriate mixing of INO within the
circuit, and, thus, a more stable delivered INO level. These
findings also suggest that analyzed NO and NO, levels
could be accurately monitored by placing the gas sampling
line in the inspiratory circuit, either close to the patient
Y-piece or midway through the circuit. The active exha-
lation during HFOV can cause flow to travel back and
forth through the injector, which may result in delivery of
INO twice that of the desired (or set) level. Therefore, it
has been suggested that a one-way valve be placed be-
tween the injector and dry side of the humidifier, to pre-
vent retrograde flow back into the injector.

Two studies'03-104 have evaluated INO delivery during
HFIJV using the Life Pulse HFJV (Bunnell, Salt Lake City,
Utah). Of note, the HFJV is used in conjunction with a
conventional mechanical ventilator. Mortimer et al'%3 con-
ducted a bench study where INO was injected into the
patient circuit of the conventional ventilator only. They
concluded that INO delivery during HFJV is reliable using
certain ventilator settings, but that this practice is unreli-
able and should be avoided due to poor entrainment of
INO from the conventional ventilator circuit during tan-
dem jet breaths.

Platt et al'%* injected INO directly into the HFJV circuit
using a proportional-flow INO delivery system during sim-
ulated neonatal ventilation. The effects of air entrainment
from the conventional ventilator circuit and mixing of NO
injected through the endotracheal tube adapter were eval-
uated by measuring NO proximal as well as distal to the
endotracheal tube. INO therapy was evaluated during HFJV
used in conjunction with the conventional ventilator set on
CPAP and intermittent positive-pressure ventilation. The
concentration of INO measured proximal to the endotra-
cheal tube was appreciably different from the level set on
the INO delivery system because of the relatively low flow
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rate of gas through the HFJV circuit at the injection site,
which was well below the minimum flow rate specified for
this INO delivery system. This was more evident when
using an INO level > 20 ppm and could be remedied by
adjusting the set INO level to obtain the desired level
based on the proximal INO measurement. Fluctuations of
INO concentration, caused by entrainment of NO-free in-
termittent-mandatory-ventilation breaths (5 breaths/min)
from the conventional ventilator circuit, were generally
< 10% of the set concentrations. The effects of air en-
trainment from the ventilator circuit appeared negligible
when INO therapy was administered in the therapeutic
range of 10-20 ppm, where distally measured NO levels
were < 0.5 ppm from the set value. Measured NO, was
= 1.3 ppm for all ventilator settings and NO concentra-
tions. Based on these findings, administering INO therapy
appears to be safe and effective as long as it is injected
through the HFJV circuit.

Nasal Continuous Positive Airway Pressure

INO therapy has been used in combination with nasal
continuous positive airway pressure (CPAP) systems to
support spontaneously breathing infants with hypoxic lung
disease. Lindwall et al'03.196 reported that INO can be
delivered safely and effectively using continuous-flow-
titration INO delivery devices with the Infant Flow Nasal
CPAP system (CareFusion, Yorba Linda, California). Tre-
visanuto et al evaluated the feasibility of INO therapy
using a neonatal CPAP helmet in a bench study,!'7 fol-
lowed by a case report!'® describing the successful appli-
cation in the long-term treatment of an infant with pulmo-
nary hypertension. INO therapy appeared feasible with
that system and was found to be an effective treatment
option in one patient. However, those systems were stud-
ied using only a continuous-flow INO titration system.

There are currently no studies that have been designed
to evaluate the safety and efficacy of applying an approved
proportional-flow INO delivery device during nasal or hel-
met CPAP. Additional studies are required to properly
assess the consistency of NO delivery, rate of NO, pro-
duction, and the potential effects of sampling on the de-
livered CPAP level to the patient.

Oxygen Administration Devices

Ivy et al'® were the first to describe the application of
INO therapy using an oxygen hood and nasal cannula to
support a spontaneously breathing infant with PPHN. The
infant was supported with INO of 6-23 ppm. Methemo-
globin was measured twice daily and remained < 5%
throughout the treatment period. Kinsella et al''© evaluated
whether the prolonged treatment with noninvasive INO
therapy delivered through a nasal cannula would sustain

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12

pulmonary vasodilation in neonatal patients at risk for de-
veloping PPHN following extubation from mechanical ven-
tilation. Infants were supported initially using an oxygen
hood, and eventually weaned to a nasal cannula. A pro-
portional-flow INO delivery system was used in conjunc-
tion with the nasal cannula, set at 1 L/min, using a blended
gas source, to obtain INO concentrations of 5-10 ppm.
Additionally, NO was measured using an NO analyzer
sampling port placed into the nasopharynx. Nasopharyn-
geal NO concentrations were 5.4 = 0.5 ppm and
2.4 £ 0.4 ppm with INO measured proximally in the de-
livery device at INO set at 10 and 5 ppm, respectively. In
this series of patients, 10 of 47 (21%) newborn infants
with protracted PPHN were treated successfully using INO
therapy administered via nasal cannula following discon-
tinuation of mechanical ventilation.!10

Ambalavanan et al'!! evaluated INO therapy with a pro-
portional-flow delivery system applied to infants with
PPHN, using an infant hood. In this pilot study, 8 new-
borns were randomized to receive INO therapy delivered
through an infant hood or oxygen delivered through a
nasal cannula. Two of the infants who received INO ther-
apy via oxygen hood had a P, > 100 mm Hg, whereas
oxygenation was unchanged in the patients receiving ox-
ygen via nasal cannula.

What Adverse Effects of INO Should Be Monitored?

Continuous monitoring of INO, NO,, and O, is recom-
mended during the delivery of INO. As mentioned previ-
ously, this is achieved by sampling gas from the inspira-
tory limb of the respiratory support device downstream
from the site of injection, no greater than 15 cm before the
patient connection/interface. The available approved INO
delivery devices use electro-chemical cells to measure the
concentrations of INO, NO,, and O,. NO and NO, are
measured in ppm and O, is measured in percentage. Alarm
packages include high and low NO and O,, and high NO,
alarm settings.

Nitric Oxide

Inhaled NO in sufficient concentrations is considered an
environmental pollutant, and when inhaled at extremely
high doses (5,000-20,000 ppm) can have direct toxic ef-
fects on the lung.!'> NO is a free oxygen radical that can
react with molecules to form toxic chemical compounds in
the lung, including peroxynitrite formation, which dam-
ages DNA, induces lipid peroxidation, and reacts with
proteins.!!3 INO-mediated lung injury results primarily
from inactivation of surfactant protein A!''# and decreased
surfactant production.!’>-116 Prolonged INO exposure is
also associated with a transient increase in markers of
oxidative lung injury, but this finding does not appear to
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predict the development of chronic lung disease in term or
near-term newborns with hypoxic respiratory failure.!'”
Additionally, hypoxic newborn infants treated with INO
(= 20 ppm) do not appear to be at any greater risk of
developing pulmonary toxicity than are infants not treated
with INO therapy.!18

Despite the claims that INO therapy, used within the
therapeutic range, does not increase the risk for infants
developing INO-mediated toxicity and consequent lung
injury, clinicians should monitor INO continuously and
wean patients aggressively from INO therapy if they are
not responding, to eliminate any unnecessary exposures.
Additionally, alarm limits should be set to warn clinicians
about potential increases in INO concentration. Currently,
there are no recommended guidelines for setting NO alarms
during INO therapy.

Fio,

The delivered Fq, can be reduced as a result of dilution
with INO therapy. For example, in INO delivery devices
that inject INO distal to the ventilator gas outlet, at an INO
dose of 20 ppm (with a gas source of 800 ppm), the Fq,
will be reduced by approximately 2.5%. Therefore, it makes
it difficult to near impossible to obtain an Fi, of 1.0
during INO therapy.*® The F;, measured by the INO de-
livery system downstream from the point of NO injection
should be used, whereas the Fi5 monitored at the venti-
lator is measured prior to any gas mixing in the system.

Nitrogen Dioxide

Nitrogen dioxide (NO,) is a toxic byproduct that forms
when NO and O, gases are allowed to mix. This chemical
reaction can take place in the gas delivery system or ven-
tilator, the airway interface, and the lungs. In animal stud-
ies, inhaled NO, at approximately 2 ppm affected alveolar
development and surfactant production, altered the epithe-
lial lining of the terminal bronchioles, and induced loss of
cilia.!!®120 In human studies, inhaled NO, at approximately
2 ppm affected alveolar permeability'?! and increased air-
way responsiveness.!??

NO, accumulation is more likely to form when using
high F, in combination with a high INO concentration.'>
Location of the INO injection site and the type of mechan-
ical ventilator used are 2 important considerations that
may result in gas mixing differences and NO, produc-
tion.!2# For instance, ventilators that apply low bias flow
or no bias flow during exhalation may allow more contact
time for gases to chemically react and allow greater NO,
production than do earlier-generation ventilators that ap-
ply a constant flow rate during the respiratory cycle. How-
ever, these effects have not been evaluated extensively
using proportional-flow INO delivery systems.
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There are a number of strategies that can help to avoid
excessive NO, delivery to patients during INO therapy.
Accumulation of NO, can form in the manifolds and tub-
ing of the INO delivery system, and, thus, proper purging
(as recommended by the system manufacturer) of these
systems is vital prior to instituting INO therapy. Further,
systems that have been stagnant for some time period may
have NO, accumulation (eg, self-inflating manual resus-
citator) that would benefit from being purged prior to be-
ing used in a patient.

Sampling close to the patient ensures an accurate NO,
measurement because INO and O, react very rapidly to
form NO,. Sampling is done on the inspiratory limb to
ensure that the exhaled NO and NO, are not measured.
Although this has not been studied, the gas sampling is
most commonly performed from the inspiratory limb of
the respiratory support device downstream from the site of
injection, no greater than 15 cm before the patient con-
nection/interface. There are no established clinical guide-
lines for setting upper alarm limits on the INO delivery
device for patients receiving INO therapy. Based on the
limited available experimental data in humans and ani-
mals, it appears reasonable to set the upper NO, alarm
limit at approximately 2 ppm, to prevent toxic gas expo-
sure to the lungs.

In one study, the NO, level was found to be less than
0.5 ppm whether the neonates were treated with placebo,
5 ppm INO, or 20 ppm INO over the first 48 hours. The
80 ppm group had a mean peak NO, of 2.6 ppm.!! In the
majority of the randomized controlled trials evaluating INO
in the therapeutic range, the reported levels have all been
well below 2 ppm, and in infants receiving > 20 ppm,
INO therapy was not discontinued but rather reduced due
to increased methemoglobin (Table 7).

Methemoglobinemia

Methemoglobinemia is a complication that results when
INO binds with heme groups within the hemoglobin. The
greatest risk factor for methemoglobin formation is asso-
ciated with the use of high INO doses. Methemoglobin can
reduce the capacity of the hemoglobin molecule to bind
with O,, and consequently reduces systemic O, delivery.
In the majority of clinical trials, the maximum methemo-
globin level was reached approximately 8 hours after ini-
tiation of inhalation. In one study, 13 of 37 (35%) of
neonates treated with INO 80 ppm had methemoglobin
exceeding 7%; whereas, lower methemoglobin levels were
virtually nonexistent at lower INO doses.!!-!5 In some sit-
uations the methemoglobin level may peak as late as
40 hours following the initiation of INO therapy. Follow-
ing discontinuation or reduction of INO, the methemoglo-
bin level typically returns to baseline over a period of
hours. Based on these data, severe methemoglobinemia is

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

dnoi3 QNI 1oyio
ur 1opIosIp uonenseod 1o
Surpas|q Jo douaproul 1YY ON

HDI 212A2S Pey sjuejur
[0NU0d 7 pue Juejul ONJ 2UQ

paInseaur JON

HOI pey sjuvjur oN

HOI Jo dousprout
10ySTY M PAJRIOOSsE 10U ONT
pamseaw JON

HOI jo ouaprout
10431y YIIm pAJeIoosse Jou ONJ

painseawr JON

painseawr JON

painseawr JON

sdnoi3 Apms
U29M19q HDJ JO 2dUdpIdul
10 AJLI2ASS UT SIOUIRJJIP ON

HOI padofaaap sjuejur
[01U0d 7 pue UBJUT ONJ 2UQ

oejonbos

5130[0MAU 10 SIOPIOSIP
SuIpas|q ur SOOULIAYIIP ON

dno13 QNI
Ay} ul HDI Jomoj 10 Aouapua],

HDI padofoaap juejur auQ

ONDH Sulnp HDJI woyy
patp dnoi3 QNI 2y ul yuejul duQ

ONI ym
pajean sjuejul ay) ur LN PAIBA[R ON

TON 01 2np UONENUNUOISIP

ONI paxmbar sjuejur oN

painseaur JON

TON 01 2np UONENUNUOISIP
ONI paambar syuejur oN

wdd ¢ < TON pey siened oN
S[oA9] CON [euLIOUqE ON

painseawr JON

painseawr JON

payodar JoN

painseawr JON

TON 01 2np UONENUHUOISIP
ONI paambar syuejur oN

TON 01 2np UONENUNUOISIP
ONI paxmbar sjuejur oN

CON 01 dnp uONBNUNUOISIP
ONI paainbar syuejur oN

wdd ¢ < ON

pawjuod pey juaned oN syuened
9z Jo 61 ut wdd | = CON eed

painseaur JON

paInseaur JON

A[snonupuod parojruowr LON

wdd ¢ < j1 panunuodsip

pue ‘wdd g—¢ CON J1 paueam
ONI "A[snonunuod palojuowr CON

A[snonupuod parojruowr LON

ysny

pautewal CON JI panunuodsip pue

wdd ¢'¢ < ON Jt %0¢ Aq paonpai
ONI "A[snonunuod paiojuowr LON

usy

paurewal CON JI pANUNUOdSIP pue

‘wdd ¢ < CON JT %08 Aq paonpar
ONI "A[snonunuod palojuowr CON
K[snonunuod pazojuowr CON

painseawt JON

K[snonunuod pazojuowr CON
panodar
10U Inq “I01B3NSIAUL pyseWUn
ue £q A[snonunuod pamseaw QN

painseawt JON

A[snonunuod pazojuowt LON
wdd /= TON J1 %05 Aq pasearoop
ONI 'wdd / < TON J1 panunuodsip

ONI "A[snonunuod palojuowr CON
Y 7 A12A2 pap10dan
pue A[snonunuod paioyiuouw QN

A[snonupuod parojruowr LON

A[snonupuod parojruowr LON

painseaur JON

ONI Wism pajean
SJUBJUL SY) UT dSEAIOUT QHIOIN partodar oN

QHIQIAL PAIBAR[D O) aNp JUBJUT
Aue ur panunuodsIp 10 PauLIM 10U ONJ
Juoned Aue
Ul 9, < PA2JX3 JOU PIp QHIRIA "PALAN
swuened [[e Ul %660 F ST AHION UBSI
qHIPN
PAILAS[2 0] NP JUBJUI AUB UT PANUNIUOISIP
10 paueam jou ON]J "dnoi3 asop-mo|
ur g1'[ ¥ 9¢'[ pue “‘dnois asop-ONI
USIY Ut %99°T F 61°C QHWIN Yead ueay

%t < qQHIIA pey stwened g A[uQ
96 > syudwaInseaw qHIN [V

painseawt JON

pouad Y $7 © 1040 95¢ [—6°() dSurs qHION

panodar 10N

U #1940 %L p—('| d3uLr QHPIN

QHIPIA 03 paje[ar
ONI JO uonenunuodsip paxmbar syuejur oN

qHISIN 01 pae[ar
ONI Jo uonenunuodsip parmbar sjuejur oN

qHISINl 01 pae[ar
ONI Jo uonenunuodsip parmbar sjuejur oN

%L1 GHIPIN Yead ueipajy

uonenuaa 19 Kouonboiy-ySiy Sutmp

(% < swoned 7) €0 F ' ‘uonenuaA
[RUONUSAUOD SULIND %[°0 F ST QHPIN

9%/ > SIUAUWIAINSEO
QHIPI [TV "SIUEJUL [[& UL 951°¢ GHIPIN UBN

uoneuadAxo aueiquiow [ealodiooenxs = QDA
aSeyuoway [erueENUl = HOI

urqojSowayoWw = qHIRN

9PIXO oLnIu pafeyul = ONI

ONI UO 3[1ym
[ $ A10Ad pue QN 210Joq PINSEaw qHION 0z
%01 < QHWIN JI panunuodsip
ONI %S < QHIPIN J! paueam
ONI "peuonuaw Kouanbaiy Juswarmseaw oN 07§

010T o Zo1pZU0D

00T ¢ Lmpuosy

%S < QHWIA J1 paueam

ONI "pauonuaw Kouanbaiy Juswamseaw oN 0801 £€00C |brpes
%8 < paurewral qHIPI Ji
ONI ponunuodsI(q “%¢ < qHII It %0S
£q ONI poonpay “Ioyearoy) y § K10Ad

pue ‘g 9 1® pue ONJ 2I10Joq paInseaws GHIPIN 08-1T
"YBIY paurewar qHIPIN Jt ONI
PaNURBUODSIP PUB %t < qHIPIN I %0S
£Qq ONI Paonpay "ONI Sutnp y 96 pue

100€ (outd

¥T ‘v 18 pue ONI 210J2q painseauwt GHIN 0T-¢ 000T ¢M1e1D
Aqrep pamseaw QI 00T 000T ¢ nOISLUYD
6661
2&:80 [eur
panseau JON 01 ONI ueISjag-oouery
Apmis
JO uonemp Ioj A[Iep 01Mm] 1SeI[ Je pue
Kep 1s11} 9y} U0 Y 9 KI0AD paInseaw qHIDA z 6661 ¢ PlRYUIO)

panodar jou Inq ‘10jensoAur

paysewun ue \AL painseaw qHIPN 08¢ 8661 E:Omﬂvm>wﬁ—

ONI

Jo uoyeIp 10 Y HT KIAD PUL Y pT pue ‘[
‘b T T ‘Ul Og *durjaseq 1e paInseaw qHIN 079 L66T g RISy

%01 < GHIIAL JI panunuodsip

ONI "%01-S QHIPIN 31 %08 £q paueam

ONI "UONENUNUOISIP 193¢ Y T [Hun ‘ONI
I9Je Y 7] PuB ‘9 ‘¢ ‘[ Je painseaw qHIR 08-0T

%01 < GHIPIAL J1 PINUNUOISIP

ONI %01~ QHIRIA J1 %08 £q pauvam

ONI "UONENUNUOISIP YL [ $7 [Hun ‘ONI
I2)J€ [ 7] PUB ‘9 ‘¢ ‘T Je PAINSeawW qHIAA 08-0T

L66T ¢SH2q0Y

L661 ,SONIN

y 71 e Apuenbasqns pue ‘uoneniur

I9)J€ [ 7] PUB ‘9 ‘¢ ‘T Je PAINSEAW qHIA L661 ,;SONIN

Juaunean ONI

SUIMO[[0] [ ¢ PUE UL G PaImseaw qHIRN 08-¢ L661 £([9SSOM

Jusuean QNI SUIMOo[[o)

urw 090 pue ONI 210J3q PaInseatt GO 0z L661 |, fea
ONI U0 4 8~
K19A9 pue QN]J 210j2q painseawr qHIPN 08-0T 9661 iﬁ—u@okmm

suonesrdwo)) Surpasig

S[OARTT CON PINSEIN

10903014 SULIOJUOA] CON

S[OAQ] UIQO[SOWAYISA| PINSEIA

(wdd) panrodoy

090101 SULIOIUOJA] UIqO[SOWAIAA o500 ONI [PnI[

JoyIny IS

S[eI1], PO[[ONIUO)) PazIwopuey woL] ‘ONJ Jo suonesrdwo)

‘L 219BL

1739

RESPIRATORY CARE ® DECEMBER 2010 VoL 55 No 12



INHALED NITRIC OXIDE FOR NEONATES WITH ACUTE HYPOXIC RESPIRATORY FAILURE

not a major cause for concern if INO is delivered at the
suggested starting dose of = 20 ppm (see Table 7). Patient
serum methemoglobin should be monitored approximately
8 hours and 24 hours after initiation of therapy, and daily
thereafter. As a general clinical rule, it has also been sug-
gested that INO should be weaned or discontinued if the
methemoglobin level rises above 5%.

Bleeding Disorders

INO therapy has been shown to inhibit platelet aggre-
gation, adhesion, and agglutination.!>> A major concern is
that there may be an increased risk of intracranial hemor-
rhage in newborn infants. In a small group of infants with
hypoxic lung disease, the bleeding time on INO (40 ppm
for 30 min) was prolonged significantly, when compared
with the bleeding time performed 24 hours after the INO
therapy was discontinued (P < .05); however, no infants
had any clinical evidence of bleeding before or after the
study was conducted.!?¢ In all of the randomized con-
trolled trials in infants, the use of INO has not been re-
ported to increase the occurrence of intracranial hemor-
rhage or any other bleeding-related disorders (see Table 7).
Thus, the clinical risks of coagulopathy during INO ther-
apy appear to be negligible. In addition, other laboratory
tests may be included in the regular panel for patients at
risk for bleeding, including platelets, clotting time, hemat-
ocrit, and hemoglobin. However, there are no clinical rec-
ommendations suggesting that these tests are necessary for
all infants receiving INO therapy. In addition, these find-
ings compare well with the evidence that INO does not
result in any long-term neurodevelopmental sequelae in
treated infants.

What Physiologic Parameters Should Be Monitored
During INO Therapy?

In addition to the gas monitoring capabilities built into
INO delivery systems, as well as clinician monitoring for
toxic effects in patients, there are certain unique physio-
logic monitoring requirements for patients receiving INO.
Patients on INO are nearly always in a critical care or
transport environment and thus are typically monitored
with the customary cardio-respiratory monitoring systems.
Hemodynamic monitoring may be useful to detect cardio-
vascular rebound effects when weaning INO. Echocardio-
graph is a useful, but expensive, method used to assess the
degree of pulmonary hypertension and response to INO
therapy. Pulmonary hypertension has been estimated in
infants via echocardiogram as the presence of either tri-
cuspid regurgitation; and/or as bidirectional or right-to-left
shunting at the ductus arteriosus or foramen ovale; and/or
as systolic pulmonary artery pressure = two thirds of the
systemic systolic blood pressure.!8
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Monitoring pre-ductal and post-ductal oxygen satura-
tions may provide a useful noninvasive strategy for deter-
mining the effectiveness of INO. A disparity between the
pre-ductal and post-ductal saturation measurements > 5%
can indicate increases in right-to-left shunting due to in-
creased pulmonary vascular resistance. In patients with
severe pulmonary hypertension, a large disparity between
pre-ductal and post-ductal saturations (approximately 30%)
may be initially seen. However, post-ductal oxygen satu-
ration begins to approach pre-ductal oxygen saturation in
patients who are responding to INO. Pulse oximetry pre-
sents some unique challenges in this population because of
the possibility of elevated methemoglobin, which can cause
pulse oximeters to read falsely low or high S, .

Is Scavenging of Gases Necessary to Protect the
Caregiver During INO Therapy?

Early INO systems advocated scavenging (ie, contained
collection and elimination of exhaled and unused gas) to
reduce the risk of NO and NO, exposure to healthcare
providers and patients in adjacent work areas. This was
accomplished by exhausting gases through anesthesia fil-
ters or large canisters attached to the hospital vacuum
system. The exposure limit set by the Occupational Safety
and Health Administration (OSHA) for INO is 25 ppm as
atime-weighted average throughout an 8-hour work shift.?”
The exposure limit for NO, is 5 ppm,'?® which is a ceiling
limit, not to be exceeded at any time during the work shift.
Studies done in intensive-care and transport settings have
demonstrated that the NO and NO, levels in the area im-
mediately adjacent to the patient receiving INO were well
below the OSHA safe exposure levels without gas scav-
enging.

Philips et al'?® evaluated employee and area exposure
during simulated conventional, manual, and high-frequency
ventilation in an intensive-care room, and during initial
set-up (ie, purging) and disassembly of the INO delivery
system. Based on their observations, personal exposures
were found to be infrequent, of short duration, and well
below the established regulatory limits. They concluded
that the NO and NO, were quickly diluted by mixing with
room air and by providing adequate air exchange in the
room (approximately 6 cycles per hour), so personal ex-
posure is thus limited.

Lindwall et al'°¢ evaluated caregiver exposure during
simulated INO therapy using nasal CPAP administration
within an Isolette and during catastrophic release of an
INOmax cylinder. They found that short-term exposures
were brief and well below the recommended workplace
exposure limits.

The standard application of INO therapy and catastrophic
release of NO during transport raise concerns for exposing
healthcare providers and non-ventilated patients to dan-
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gerously high levels of environmental NO and NO, while
confined to close spaces (fixed wing, helicopters, and am-
bulance cabins). Portable scavenging systems have been
previously described in these settings.!3° Kinsella et al'3!
evaluated the potential environmental risks for exposing
caregivers to NO/NO, during INO therapy combined with
mechanical ventilation and following simulated cata-
strophic release of an INO gas cylinder (D-type cylinder).
These experiments were conducted within the patient care
cabins of a helicopter, fixed wing, and ground transport
ambulance. During INO therapy with mechanical ventila-
tion, the measured NO and NO, levels (< 0.1 ppm) were
well below the recommended healthcare giver exposure
limits. Adequacy of air exchange within ambulances and
aircraft appears to render environmental toxicity unlikely
and the use of scavenging systems unnecessary during
transport. However, important measures should be taken
to provide adequate air exchange is cycling through the
travel compartment at all times.

Recommendations

1. A trial of INO is recommended in newborns (= 34 wk
gestation, < 14 d of age) with P, < 100 mm Hg on F,q,
1.0 and/or an oxygenation index (OI) > 25 (Grade 1A).

2. It is recommended that INO therapy be instituted
early in the disease course, which potentially reduces the
length of mechanical ventilation, oxygen requirement, and
stay within the intensive care unit (Grade 1A).

3. It is recommended that INO should not be used rou-
tinely in newborns with congenital diaphragmatic hernia
(Grade 1A).

4. It is suggested that INO therapy should not be used
routinely in newborns with cardiac anomalies dependent
on right-to-left shunts, congestive heart failure, and those
with lethal congenital anomalies (Grade 2C).

5. It is suggested that there are insufficient data to sup-
port the routine use of INO therapy in postoperative man-
agement of hypoxic term or near-term infants with con-
genital heart disease (grade 2C).

6. The recommended starting dose for INO is 20 ppm
(Grade 1A).

7. It is recommended that response to a short trial (30—
60 min) of INO should be judged by an improvement in
P,o, or oxygenation index (OD); if there is no response,
INO should be discontinued (Grade 1A).

8. For the newborn with parenchymal lung disease, it is
recommended that optimal alveolar recruitment be estab-
lished prior to initiation of INO therapy (Grade 1A).

9. For newborns with a response to INO therapy, it is
recommended that the dose should be weaned to the low-
est dose that maintains that response (Grade 1A).

10. It is recommended that INO should not be discon-
tinued until there is an appreciable clinical improvement;
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that the INO dose should be weaned to 1 ppm before an
attempt is made to discontinue; and that the F, should be
increased prior to discontinuation of INO therapy
(Grade 1A).

11. It is recommended that FDA-approved INO delivery
systems should be used to assure consistent and safe gas
delivery during therapy (Grade 1C).

12. During conventional mechanical ventilation, it is
suggested that the INO gas injector module should be
placed on the dry side of the humidifier (Grade 2C).

13. During conventional ventilation, it is suggested that
the sampling port be placed in the inspiratory limb of the
ventilator, downstream from the site of injection, no greater
than 15 cm proximal the patient connection/interface
(Grade 20).

14. It is suggested that the F,5 be measured down-
stream from the injection of INO into the circuit (Grade 2C).

15. It is suggested that the patient/ventilator system be
continuously monitored for changes in ventilation param-
eters, with adjustments to maintain desired settings during
INO therapy (Grade 2C).

16. It is suggested that the lowest effective doses of INO
and O, be used, to avoid excessive exposure to NO, NO,,
and methemoglobinemia (Grade 2C).

17. It is suggested that the INO delivery system be
properly purged before use to minimize inadvertent expo-
sure to NO, (Grade 2C).

18. It is suggested that the high NO, alarm be set at
2 ppm on the delivery system to prevent toxic gas expo-
sure to the lungs (Grade 2C).

19. It is suggested that methemoglobin be monitored
approximately 8 hours and 24 hours after therapy initiation
and daily thereafter.

20. It is suggested that the INO dose be weaned or
discontinued if methemoglobin rises above 5% (Grade 2C).

21. It is suggested that continuous pulse oximetry and
hemodynamic monitoring be used to assess patient re-
sponse to INO therapy (Grade 2C).

22. It is suggested that scavenging of exhaled and un-
used gases during INO therapy is not necessary (Grade 2C).
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