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Rajiv Uttam, Reeta Singh

Inhaled Nitric Oxide (INO)

Since the discovery of endothelium derived relaxing
factor and its subsequent identification as nitric oxide,'
recognition of its potent vasodilator properties and its
unique ability to be delivered as a gas to the lung, inhaled
nitric oxide (INO) has become an exciting new treatment
for several disorders, characterized by pulmonary hyper-
tension and pulmonary vasoregulation.

Endogenous NO

NO is produced by L- argine by a family of enzymes
called nitric oxide synthase (NOS) which exist in
constitutive and inducible forms.? Constitutive NOS is
always present, is calcium dependent and produce low
levels of NO intermittently, which is a major endogenous
regulator of vascular tone. In contrast the inducible NOS
is activated by cytokines and endotoxins, once induced it
produces large amounts of NO. The pathophysiological
role of this nitric oxide is evident in a variety of disease
including septic shock, asthma, and reperfusion endo-
genous injury, etc. (Fig. 43.2).

Clinical Pharmacology of INO

NO binds rapidly to iron in haem moiety of proteins such
as guanyl cyclase, hemoglobin and electron transport
chain. Activation of guanyl cyclase results in production
of cyclic guanosine monophosphate (cGMP) which leads
to vasodilation, and relaxation of smooth muscles of
cardiovascular, respiratory, gastrointestinal and genito-
urinary system. Because it binds to haem, it gets inacti-
vated in blood and does not enter systemic circulation.
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This accounts for selective effect of INO on pulmonary
circulation.?

INO appears to increase the partial pressure of arterial
oxygen (Pa0,) by dilating pulmonary vessels in better
ventilated areas of the lung, redistributing pulmonary
blood flow away from lung regions with low ventilation/
perfusion (V/Q) ratios towards regions with normal ratios.

Persistent pulmonary hypertension of newborns
(PPHN).

At birth, the pulmonary circulation changes dramati-
cally. Pulmonary blood flow increases 8-10 fold and
pulmonary arterial pressure decrease to less than half
systemic levels in the first 24 hours of life.* > Although
release of vasoactive mediators, increased oxygenation,
establishment of an airliquid interface have been shown
to play a central role in transition of pulmonary circu-
lation,® if postnatal adaption of pulmonary circulation
does not occur, a clinical syndrome, PPHN results.

It is characterized by extrapulmonary right to left
shunting across the foramen ovale and ductus arteriosus,
pulmonary hypertension and severe central hypoxemia,
that is not responsive to high concentrations of inspired
oxygen. PPHN is often complicated by parenchymal lung
injury, such as meconium aspiration, pneumonia and
surfactant deficiency, further compromising efforts to
improve oxygenation.

When other therapies fail neonates are treated with
extracorporeal membrane oxygenation.” This therapy
improves survival in neonates with respiratory failure,
but its administration is labor-intensive and costly an
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necessitates large amounts of blood products. The morta-
lity rate in neonates treated with extracorporeal membrane
oxygenation is 15-20 percent and 10-20 percent of the
neonates, whose survive have substantial developmental
delay.® Effective treatment has been limited by the
absence of a selective pulmonary vasodilators. Intra-
venous vasodilator agents can cause non-selective vasodi-
lation, resulting in worsening of intrapulmonary shunting
and systemic Hypotension.” Neonates with PPHN might
be hypoxemic from a combination of intrapulmonary
shunting secondary to parenchymal lung disease and
extrapulmonary shunting secondary to increased pulmo-
nary vascular resistance with or without myocardial
dysfunction. INO (Fig. 43.1) acutely improves
oxygenation in most- term and near term neonates by
reversal of extrapulmonary right to left shunting of blood
secondary to pulmonary vasodilation and also improves
VQ matching secondary to redistribution of pulmonary
blood flow to well ventilated lung regions.*>

Clinical trials indicate that need for ECMO is dimini-
shed by INO!® (Fig. 43.4). Responsiveness to INO in these
patients is dependent on the primary disease or
physiologic cause of hypoxemia, with the best response
rates observed in patients with idiopathic PPHN.!! In
neonates with severe parenchymal lung disease,
responsiveness to INO can be improved by therapies that
enhance lung recruitment, especially during high
frequency oscillatory ventilation (HFOV). The combi-
nation of HFOV and INO can be efficacious in patients
who fail to respond to either therapy alone.'?

Doses

Experimental data support the notion that the minimally
effective doses of INO should be used. At high concen-
trations INO can react with oxygen to form dioxygen
nitrite (NOO), which has been shown to cause surfactant
destruction.

The recommended dose is 10 to 20 part per million
(ppm).'®!> When dose is increased to 80 ppm, if the
improvement in PaO, was less than 20 mmHg, increased
incidence of methemoglobinemia occurs without any
increase in Pa0,.'* At the same time administration of a
subtherapeutic (2 ppm) dose of INO may adversely affect
the clinical response to a subsequent therapeutic doses
of INO."® Clark et al used INO at 20 ppm for 24 hours
followed by 5 ppm for next 96 hours and requirement for
subsequent ECMO was reduced.'® Figure 43.1 shows the
Nitric oxide delivery setup with dial regulator of PPM
dose of INO.
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Fig. 43.1: Nitric oxide delivery system

Duration of Treatment

No controlled data are available to determine the maximal
safe duration of INO therapy. In multicenterclinical trials
of INO, the typical duration of INO has been less than
5 days, which parallels the clinical resolution of PPHN,
16 IfINO is required for longer than 5 days, other causes
like pulmonary hypoplasia must be excluded. INO can
be discontinued if the fraction of inspired oxygen is less
than 0.6 and PaO, is more than 60 without evidence of
rebound pulmonary hypertension or an increase in FiO,

more than 15 percent after INO withdrawal.!?

Weaning

Sudden withdrawal can be associated with life-threatening
elevation of pulmonary vascular resistance, profound
desaturation and systemic hypotension caused by
decreased cardiac output. Exogenous NO may down-
regulate endogenous NO production, which contribute
to severity of pulmonary hypertension after INO
withdrawal. To avoid these rebound effects numerous
approaches have been used and INO should be reduced
in a step wise fashion.'’

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

308 Practical Approach to Pediatric Intensive Care

“Cytoprotective”

— Vasodiation

— Antiproliferative
— Antioxidant

-~ Anti-inflammatory
— Antithrombotic

“Cytotoxic”
— Nitrosative stress
— Proinflammatory
L— — Mutagenic
— Metabolic effects

Fig. 43.2: Inhaled nitric oxide therapy: a balance between
cytoprotective and cytotoxic effects

Unresponsiveness to INOTherapy in PPHN

Many neonates have only partial or transient improvement
in oxygenation during INO therapy. INO tends to increase
Pa0, more readily in idiopathic PPHN than in patients
with congenital diaphragmatic hernia.!” It’s use in
hypoxemic neonates without pulmonary hypertension.

Unresponsiveness to INO is commonly seen in
following situations:

1. INO use in hypoxemic neonates without pulmonary
hypertension.

2. Inability to deliver NO due to poor lung inflation.

3. Unsuspected or missed anatomic cardiovascular
lesions

4. Alveolar capillary dysplasia is a very rare cause for
PPHN and is characterized by a developmental abnor-
mality in the pulmonary vasculature. Despite aggres-
sive therapy with NO and ECMO survival is rare."”

5. Advanced vascular remodeling or severe lung
hypoplasia.

In some cases, INO therapy reverses right to left
shunting but hypoxemia may persist due to intrapulmo-
nary shunt, suggesting underlying disease. In these
situations changes in conventional ventilator management
or HFOV can further improve PaO2 by improving lung
inflation and may decrease the need for ECMO.!! In many
cases greater improvement is achieved with INO in
combination with either therapy alone.'?

Monitoring

Methemoglobinemia occurs after exposure to high
concentration of INO. This complication has not been
reported at lower doses. However, because methemo-
globin reductase deficiency may occur unpredictably, it
is reasonable to measure methemoglobin level by co-
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oximetry within four hours of starting INO therapy and
subsequently at 24 hour intervals.

Transport with INO

Although INO therapy is often effective, 30-40 percent
of sick newborns do not have sustained improvement in
oxygenation and hemodynamics after the initiation of
therapy often require transport to ECMO center. Abrupt
discontinuation may be dangerous and availability of NO
during transport is vital.2

Long term outcomes of neonates treated by INO has
been studied widely, preliminary studies show no excess
adverse health or neurodevelopmental outcome among
PPHN survivors treated with NO compared with those
treated with conventional therapies.”!

The premature newborns-uncertainities about use of
INO.

In the preterm neonate, severe respiratory failure is, in
large part, the result of surfacrant deficiency. Although
treatment with exogenous surfactant can cause dramatic
improvements in oxygenation. Some have suboptimal
responses. Low dose INO causes immediate improvement
in oxygenation in preterms.?? It may be effective as a lung
specific anti-inflammatory therapy to decrease lung
neutrophil accumulation and the associated inflammatory
injury and subsequent decreased incidence of chronic lung
disease. INO is shown to impair platelet function in vitro,
but clinical trials have not shown increased incidence of
ICH,” and a trend in the reduced risk and severity of
chronic lung disease among INO treated prematures is the
main working hypothesis for most of the ongoing trials.?*

INO in Chronic Lung Disease

Long term ambulatory use of NO via nasal canula causes
decrease in PVR and improved oxygenation in adults with
stable chronic obstructive pulmonary disease. It’s efficacy
is not proved in interstitial pulmonary fibrosis, although
transient improvement occurs. It can cause broncho-
dilation, but not as effectively as beta agonists.?

INO Therapy in Children with ARDS

The management of ARDS continues to be a challenge.
Clinically ARDS is characterized by pulmonary hyper-
tension and profound hypoxemia, abnormal vasoreactivity
and increased permeability. Unlike PPHN extrapulmo-
nary shunt does not occur in ARDS and hypoxemia is
primarily due to intrapulmonary shunt (perfusion of lung
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