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Persistent pulmonary hypertension (PPHN) is a consequence of failed pulmonary vascular tran-
sition at birth and leads to pulmonary hypertension with shunting of deoxygenated blood
across the ductus arteriosus (DA) and foramen ovale (FO) resulting in severe hypoxemia, and
it may eventually lead to life-threatening circulatory failure. PPHN is a serious event affecting
both term and preterm infants in the neonatal intensive care unit. It is often associated with
diseases such as congenital diaphragmatic hernia, meconium aspiration, sepsis, congenital
pneumonia, birth asphyxia and respiratory distress syndrome. The diagnosis of PPHN should
include echocardiographic evidence of increased pulmonary pressure, with demonstrable
right-to-left shunt across the DA or FO, and the absence of cyanotic heart diseases. The main-
stay therapy of PPHN includes treatment of underlying causes, maintenance of adequate sys-
temic blood pressure, optimized ventilator support for lung recruitment and alveolar
ventilation, and pharmacologic measures to increase pulmonary vasodilation and decrease pul-
monary vascular resistance. Inhaled nitric oxide has been proved to treat PPHN successfully
with improved oxygenation in 60e70% of patients and to significantly reduce the need for
extracorporeal membrane oxygenation (ECMO). About 14%e46% of the survivors develop
long-term impairments such as hearing deficits, chronic lung disease, cerebral palsy and other
neurodevelopmental disabilities.
Copyright ª 2017, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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1. Introduction

Persistent pulmonary hypertension of the newborn (PPHN)
is defined as failure to achieve or sustain the normal
decrease in pulmonary vascular resistance (PVR) at birth.
PPHN affects both term and preterm infants and commonly
complicates the diseases of congenital diaphragmatic her-
nia, meconium aspiration, sepsis, congenital pneumonia,
birth asphyxia and respiratory distress syndrome. Inhaled
nitric oxide (NO) has been demonstrated as an effective
treatment to improve oxygenation and reduce the need for
extracorporeal membrane oxygenation (ECMO) therapy in
infants with diverse causes of PPHN.1 However, survivors of
the infants with PPHN may develop long-term impairments,
particularly neurodevelopmental disabilities.2

2. Normal fetal pulmonary vascular
development and transition

At birth, a rapid decrease in PVR leads to an increase in
pulmonary blood flow and enhances pulmonary venous re-
turn and left atrial pressure, promoting functional closure
of the foramen ovale (FO). As PVR falls below systemic
level, blood flow through the patent ductus arteriosus (DA)
reverses to a left-to-right shunting. These physiologic
changes effectively separate the pulmonary and systemic
circulation and establish normal postnatal circulatory
pattern. The normal transition is mediated partly by nitric
oxide (NO)-cyclic guanosine monophosphate (c-GMP)
pathway and prostacyclin-cyclic adenosine monophosphate
(c-AMP) pathway. Both pathways lead to pulmonary vaso-
dilation through a decrease in intracellular calcium con-
centrations (Fig. 1).

3. Pathophysiology

The common pathophysiologic features of PPHN include
sustained elevation of PVR and hypoxemia secondary to
right-to-left extrapulmonary blood flow shunting across DA
or FO. Pulmonary hypertension may be associated with a
wide range of cardiopulmonary disorders (Fig. 2). There are
three main types of PPHN as follows:3

(1) Maladaptation: The structurally normal but abnor-
mally constricted pulmonary vasculature due to lung
parenchymal diseases such as meconium aspiration
syndrome (MAS), respiratory distress syndrome (RDS),
pneumonia, hypothermia, acidosis or hypoxia.

(2) Maldevelopment (excessive muscularization): Normal
lung parenchyma but remodeled pulmonary vascula-
ture characterized by increased smooth muscle cell
thickness and distal extension of muscle to vessels
that are usually nonmuscular.

(3) Underdevelopment: Hypoplastic pulmonary vascula-
ture, as seen in congenital diaphragmatic hernia.

4. Other causes of neonatal pulmonary
hypertension

Studies have demonstrated strong associations between
PPHN and maternal smoking and ingestion of aspirin or
other non-steroid anti-inflammatory drugs (NSAID).4 More-
over, exposure to selective serotonin reuptake inhibitors
during late gestation may increase the likelihood of PPHN.5

A recent report showed that pulmonary hypertension was a
rare but potentially fatal complication of ibuprofen
administration in preterm infants.6 Several case reports
have described the correlation between pulmonary hyper-
tension with congenital CMV infection,7 severe neonatal
anemia,8 and increased blood viscosity such as
polycythemia.

5. Evaluation of infants with PPHN

PPHN is typically characterized by labile SpO2 which is
poorly responsive to supplemental oxygen. Pulse oximetry
may demonstrate the shunting of blood through the DA with
a difference of greater than 10 percent (right upper ex-
tremity and either lower extremity) oxygen saturation.
However, it is important to recognize that the absence of a
preductal and postductal oxygenation gradient does not
exclude the diagnosis of PPHN. A similar pattern of post-
ductal desaturation with fixed hypoxemia may also be
observed in ductus-dependent cardiac diseases, such as
hypoplastic left heart syndrome, total anomalous pulmo-
nary venous return and interrupted aortic arch.

Radiographic findings depend on the primary disease
associated with PPHN and also are not diagnostic. Labora-
tory findings may include hypoglycemia, hypocalcemia,
polycythemia, or thrombocytopenia. A prospective cohort
study demonstrated that an initial brain natriuretic peptide
(BNP) level of 550 pg/ml or greater was predictive of PPHN
with a sensitivity of 85% and a specificity of 100%.9

The echocardiogram is crucial to exclude structural
heart disease, determine the predominant direction of
extrapulmonary shunting and assess bi-ventricular function.
High pulmonary venous pressure secondary to left ventric-
ular dysfunction will cause right-to-left shunting at the
ductal level but left-to-right shunting at the FO level sec-
ondary to high left atrial pressure. Finally, the velocity of
tricuspid regurgitation jet, acceleration of pulmonary
arterial flow, position of the interventricular septum and
direction of shunting flow at DA/FO are common parame-
ters used to assess severity of PPHN.

6. Assessment of PPHN severity

Both alveolar-arterial oxygen differences (AaDO2) and
oxygenation index (OI) are used frequently in evaluating
the severity of PPHN and disease progression. AaDO2 rep-
resents the difference between alveolar and arterial oxy-
gen content and is calculated by following formula:

AaDO2Z
�
PATM � PH2O

�� FiO2 � PaO2 � PaCO2=RQ

PATM represents atmospheric pressure, which is usually
equal to 760 mmHg at sea level. PH2O refers to the pressure
of vapored water in 1 atmospheric pressure and is consid-
ered to be 47 mmHg. FiO2 is the fraction of inspired oxygen.
Respiratory quotient (RQ) is used for PaCO2 correction and
the RQ value depends on energy sources of CO2 production.
Usually, the value of RQ equals 0.8 or 1 when the energy
source is a combination of carbohydrate, protein and lipid



Figure 1 Endothelin-1, nitric oxide (NO) and prostacyclin (i.e., prostaglandin I2) signaling pathways that regulate pulmonary
vascular tone in the developing lung [Copyright Satyan Lakshminrusimha (SL)].

Figure 2 Pathophysiologic classification of PPHN [Copyright SL].
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or purely glucose, respectively. The use of ECMO should be
considered when AaDO2 is above 600 with maximal support.

Oxygen index ðOIÞZ ½Mean airway pressure � FiO2 = PaO2�
� 100

A term or late preterm infant with an OI � 25 should
receive care in a center where high-frequency oscillatory
ventilation (HFOV), inhaled NO (iNO),10 and ECMO are
readily available.1

7. General support for PPHN

General management principles for PPHN include mainte-
nance of normal temperature, electrolytes (particularly
calcium), glucose, hemoglobin, and intravascular volume. A
hemoglobin concentration between 15 and 16 g/dL is
reasonable to preserve adequate tissue oxygenation. On
the contrary, polycythemia should also be corrected with
partial exchange transfusions. Oxygen concentration should
be adjusted to maintain a targeted preductal PaO2 goal of
between 50 and 80 mmHg (oxygen saturation 90e97
percent), but caution is advisable in preterm very low birth
weight (VLBW) infants. All of these modalities for general
support are meant to optimize lung and cardiac function as
well as to support sufficient oxygen delivery.

7.1. Assisted ventilation

Optimal lung expansion is essential for adequate oxygen-
ation as well as the effective delivery of iNO.1 “Gentle”
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ventilation strategies with permissive hypercapnia are
recommended to ensure adequate lung expansion with
limited barotrauma. PaO2 in the range of 50e70 mmHg and
PaCO2 between 40 and 60 mmHg as reported by Wung
et al.11 may be the optimal strategy to minimize lung injury
associated with high tidal volume in acute phase of the
disease although this has not been strictly tested. More-
over, PaCO2 levels should not be lower than 35 mmHg,
since aggressive hyperventilation with hypocapnia may
cause cerebral vasoconstriction and reduce cerebral blood
flow, which is identified to be a significant risk factor for
hearing impairment in PPHN survivors.2 Oxygen is a potent
pulmonary vasodilator; however, no additional beneficial
effects on pulmonary vasodilation have been found when
the oxygen concentration is increased to greater than
50%.12 Previous studies in neonatal lambs suggest that
hyperoxia does not confer significant additional pulmonary
vasodilation and may paradoxically impair the vasodilator
responses to iNO through increasing lung injuries and
oxidant stress.13

Although both conventional and high-frequency venti-
lation (HFV)14 can reduce the V/Q mismatch, neither mode
of ventilator is more effective in preventing ECMO.15,16 HFV
in combination with iNO results in the greatest improve-
ment in oxygenation in some newborns who have severe
PPHN complicated by diffuse parenchymal lung disease and
underinflation.17 Infants with RDS and MAS benefit most
from a combination of HFV and iNO therapy.14,15,18,19

For infants without associated lung disease, hypoxemia
is caused by right-to-left shunting rather than by
ventilation-perfusion imbalance. Minimizing mean airway
pressure and shortening inspiratory time are reasonable
therapeutic approaches in this circumstance. When PPHN is
associated with lung disease, atelectasis and the resulting
maldistribution of ventilation may exacerbate high PVR.
Assisted ventilation with optimal PEEP is used to recruit
atelectatic segments, maintain adequate resting lung vol-
ume, and ensure appropriate oxygenation and ventilation.
Some newborns with parenchymal lung disease associated
with PPHN demonstrated marked improvements in
oxygenation as well as decreased extrapulmonary shunting
after lung recruitment during HFV.10 Combined therapy
with HFOV and iNO was reported to be more effective than
HFOV or iNO alone, with a lower rate of death or need for
ECMO.1

7.2. Sedation

Infants with PPHN may breathe out of synchrony with the
ventilator and become agitated. Agitation may further in-
crease right-to-left shunting, as well as catecholamine
release, resulting in increased PVR. A patient-triggered-
ventilator mode may improve synchrony. If asynchrony
presents, application of sedatives is a common practice in
management of PPHN, either by benzodiazepine or narcotic
agents.

7.3. Surfactant therapy

Surfactant deficiency or inactivation is commonly attrib-
uted to PPHN, and administration of surfactant may be
useful in management of PPHN when significant paren-
chymal lung disease exists. Previous evidence revealed
beneficial effects in infants with parenchymal lung diseases
such as MAS and sepsis, for which surfactant can improve
oxygenation and decrease need for ECMO. A study of sur-
factant lung lavage showed an improvement in oxygena-
tion, a decrease in mean airway pressure, and oxygen
gradient between alveoli and arteries (A-a gradients);
however, it did not improve the duration of mechanical
ventilation, use of inhaled NO, length of hospitalization, or
overall complications.18 In infants with congenital dia-
phragmatic hernia, surfactant treatment increased risk of
the need for ECMO, incidence of chronic lung disease and
mortality rate among this population.20,21

7.4. Correction of acidosis

Alkalosis, induced either by hyperventilation or infusion of
sodium bicarbonate, produces transient effect of pulmonary
vasodilation. However, the use of sodium bicarbonate in-
fusions to induce alkalosis provides no short-term or long-
term benefit.15 Furthermore, prolonged hypocapnic alka-
losis may paradoxically potentiate ischemia-reperfusion-
induced acute lung injury.22 The effect on reducing cere-
bral blood flow through alkalosis-induced cerebral vasocon-
striction has raised much concern because of the association
with neurodevelopmental impairment, including sensori-
neural hearing loss.15

7.5. Glucocorticoids in PPHN

In the fetal lamb model of PPHN, postnatal hydrocortisone
treatment has been shown to improve oxygenation, in-
crease c-GMP levels, and reduce ROS levels.23 Genetic ab-
normalities in the cortisol pathway and the association with
PPHN provide further basis for exploring the role of gluco-
corticoids in PPHN.24 However, routine glucocorticoids
administration needs more evidence by clinical trials.

7.6. Optimized hemodynamics

Systemic hemodynamics should be optimized with volume
and cardiotonic therapy to support both left and right
ventricular function and to enhance systemic O2 transport.
PPHN is frequently associated with hypotension and low
cardiac output, in part because increased right ventricular
afterload with deviated interventricular septum toward left
ventricle may restrict left ventricular filling and subse-
quently cause myocardial dysfunction. Attempt to reverse
the ductal shunt by elevating systemic vascular resistance
may temporarily improve pulmonary blood flow and
oxygenation; however, this may further aggravate right
ventricular dysfunction if PVR does not also fall. In infants
with PPHN associated with left ventricular dysfunction, the
hypoxemic respiratory failure may result from increased
left atrial and pulmonary venous pressure, which gives rise
to increased pulmonary arterial pressure and causes right-
to-left shunting at ductal level but left-to-right shunting
at atrial level with little pulmonary vasoconstriction. In
such circumstances, pulmonary vasodilators should be used
with caution and the treatment must be targeted to
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improve left ventricular performance and also decrease left
ventricular afterload.

Inotropic agents such as dopamine and milrinone are
commonly administered to infants with PPHN. Dopamine
can act on a1-, a2-, b1- and dopaminergic receptors,
contributing to increasing systemic blood pressure. More
importantly, dopamine is not a selective vasoconstrictor of
systemic circulation and may increase PVR in higher doses.
The same concern should be considered while using
epinephrine as an inotrope.25 Milrinone, a phosphodies-
terase type 3 (PDE3) inhibitor, which acts on car-
diomyocytes as both inotrope and lusitrope (myocardial
relaxation) and functions as a vasodilator on pulmonary
arterial smooth muscle.26 The term of “inodilator” has been
used for its dual effects; and it is especially useful in the
condition of left ventricular dysfunction with pulmonary
hypertension.27

Some prospective studies have also reported the roles of
norepinephrine and dobutamine in PPHN-induced cardiac
dysfunction. Application of norepinephrine can increase
systemic pressure and left ventricular output, which results
in decreasing pulmonary-to-systemic artery pressure ratio,
optimizing cardiac performance and improving post-ductal
oxygen saturation.28 However, in another study, the use of
dobutamine seems superior to norepinephrine in restoring
right ventricular contractility and cardiac output because
of its more pronounced inotropic effect.29

7.7. Antibiotics

Nosocomial infection is another complication attributed to
mortality of infants with PPHN. The clinician needs to be
alert to the possibility of infection after three days of
hospitalization when pulmonary condition should usually
improve. Infection should also be suspected if the baby on
the path of recovery shows signs of deterioration without
other obvious explanation.

8. Pulmonary vasodilation agents

8.1. Inhaled nitric oxide

Inhaled NO improves oxygenation and reduces the need for
ECMO therapy in patients with diverse causes of
PPHN.10,30e34 Several studies have suggested an effective
dosage ranging from 5 to 20 ppm, and increasing the dose
beyond 20 ppm in non-responders does not significantly
improve outcomes. Approximately one third of infants with
PPHN fail to respond to iNO, and higher NO concentration
has some potential risks including methemoglobinemia and
prolonged bleeding time. Although no iNO-associated
serious adverse effects have been identified during long-
term follow up, it is important to note that iNO does not
reduce the mortality, length of hospitalization or risk of
neurodevelopmental impairment associated with PPHN in
centers with access to ECMO.31,32,35

The optimal threshold for introduction of iNO therapy
remains unclear. The oxygen index (OI) is commonly used
to assess the severity of PPHN. In previous randomized
trials, hypoxic respiratory failure infants who were born
after 34 weeks of gestation with OI greater than 25 under
assisted ventilation were studied for iNO treatment. These
studies have demonstrated that iNO therapy reduced the
use of ECMO, but it had no significant benefits in mortality
among this patient group.30,33 One recent trial investigated
earlier use of iNO in infants with moderate hypoxic respi-
ratory failure, whose mean OI equaled 22, revealed
improved oxygenation and a decreased the probability of
developing severe hypoxemic respiratory failure compared
to infants who received iNO therapy until OI was greater
than 40. This study suggested that initiating iNO at early
phase of disease was associated with decreased use of
ECMO.36

The application of iNO therapy for newborns >34 weeks’
gestation complicated with PPHN and hypoxemic respira-
tory failure is approved by the Food and Drug Administra-
tion. There is still lack of proper randomized placebo
controlled trials to evaluate iNO use for preterm neonates
of less than 34 weeks of gestation. However, some recent
studies have reported beneficial effects for preterm infants
with severe hypoxemic respiratory failure, particularly in
association with prolonged oligohydramnios and pulmonary
hypoplasia rather than parenchymal lung disease.37

8.2. Other pulmonary vasodilators

Several vasodilators have been proposed as alternative
treatments for PPHN, such as magnesium sulfate, adeno-
sine, phosphodiesterase inhibitors (sildenafil and milri-
none), synthetic prostacyclin analogs (iloprost and
treprostinil), and endothelin receptor antagonists (bosen-
tan). Some specific pulmonary vasodilators commonly used
to decrease pulmonary pressure are listed in Table 1.

8.3. Phosphodiesterase inhibitors

Sildenafil, a highly specific phosphodiesterase type 5
(PDE5) inhibitor, has the potential to independently
decrease pulmonary vascular resistance through cGMP-
mediated vasodilation pathway and improve oxygenation
in infants with PPHN.38 Sildenafil may serve as a useful
adjunct for infants with poor iNO responsiveness. In some
resource-limited countries, sildenafil can offer a less
expensive but effective alternative.39 In addition to acting
as an adjuvant to iNO therapy, theoretically, sildenafil may
be the ideal therapeutic choice in infants with PPHN
following prolonged hyperoxic ventilation such as bron-
chopulmonary dysplasia.40 As for safety profile, systemic
reviews of 49 studies concerning the safety of sildenafil
administration revealed no evidence of serious adverse
events in infants.41

Milrinone has been shown to decrease pulmonary artery
pressure and resistance in infants with PPHN. Recent
studies indicate that the addition of intravenous milrinone
to neonates with severe PPHN and poor iNO responsiveness
was associated with improvement in oxygenation without
compromising hemodynamic status.42,43 The adjuvant use
of milrinone to iNO promotes the effect of vasodilation and
provides synergy. Furthermore, the properties of dual
“inodilator” effects make it particularly effective in
treatment of PPHN with associated left ventricular
dysfunction.27



Table 1 Common pulmonary vasodilator agents.

Drugs Dosage Mechanism Use in PPHN

Nitric oxide Inhaled
5e20 ppm

Produced in the vascular
endothelium, causing
vasodilation through the
increase in intracellular cGMP
in the lung smooth muscle

Selective pulmonary
vasodilator
Monitor methemoglobin and
NO2 during use

Milrinone Intravenous (IV)
0.3e0.8 mcg/kg/min

Inhibitor of the
phosphodiesterase enzyme
type III, responsible for
degradation of cAMP

May potentiate the action of
prostaglandins
Improves right cardiac output
by reduction of afterload

Prostaglandins Prostacyclins: continuous IV or inhaled
Iloprost: inhaled 0.5e2 mcg/kg/dose

Produced from arachidonic
acid, causing vasodilatation by
increasing cAMP in lung smooth
muscle

Vasodilatation through
alternative and complementary
pathway to NO, may enhance
its action
Prostacyclin is a nonspecific
pulmonary vasodilator and may
have systemic effects

Sildenafil IV or oral route
0.5e2 mg/kg/dose every 6 h

Inhibitor of the
phosphodiesterase enzyme
type V, responsible for
degradation of cAMP

May potentiate NO action.
Safe and easy to administer
It may worsen oxygenation due
to vasodilation of unventilated
areas

cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; NO2, nitrogen dioxide; NO, nitric oxide.
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8.4. Synthetic prostacyclin analogs

Prostacyclin (PGI2) stimulates adenylate cyclase to in-
crease intracellular cAMP level, which produces vasodila-
tion through a decrease in intracellular calcium
concentration. Recent studies showed that intravenous
PGI2 may be used as a rescue therapy for infants with se-
vere PPHN. However, systemic hypotension may raise some
concern.44 The inhaled PGI2 (e.g., iloprost or treprostinil) is
possessed of vasodilator effects limited to pulmonary cir-
culation, and its efficacy has been reported to be similar to
that of iNO.45 VLBW infants with RDS suffering from severe
pulmonary hypertension may benefit from inhaled ilo-
prost.46,47 Inhaled iloprost may be a therapeutic option in
newborns with PPHN when iNO and ECMO are not available.
A recent study reported that inhaled iloprost appeared to
be more effective than oral sildenafil as an alternative
treatment of PPHN.48 Further multicenter comparative
randomized clinical trials are needed to confirm this
suggestion.

8.5. Endothelin receptor antagonists

Endothelin-1 (ET-1), which is synthesized by vascular
endothelial cell, acts on two kinds of endothelin receptor
to cause vasoconstriction. Study in a newborn lamb model
has demonstrated that the increased ET-A mediated vaso-
constriction with loss of ET-B mediated vasodilation may be
associated with the pathogenesis of PPHN.49 Higher plasma
level of ET-1 was also found in newborns with PPHN.50

Bosentan is a non-selective ET-1 antagonist acting on both
ET-A and ET-B receptors. In neonates, the evidence of
bosentan use in PPHN is limited to two recent randomized
controlled trials and some case reports.51,52 A single-center
randomized controlled trial showed that bosentan could
improve oxygenation in PPHN newborns without iNO expo-
sure.51 Another multicenter trial revealed no additive ef-
fect of bosentan as adjuvant therapy to iNO in newborns
with PPHN.52
9. Novel emerging targets and strategies

With greater understanding of the pathophysiology of pul-
monary vascular disease in infants, investigation of novel
therapies targeting intrinsic signaling pathways facilitating
vascular regulation have been conducted to treat PPHN.
Several approaches have been proposed such as antioxi-
dants, L-citrulline, soluble guanylate cyclase (sGC) activa-
tors, Rho- kinase inhibitors and PPAR g agonists. However,
further evaluation and clinical trials are needed to eluci-
date the clinical effects.

9.1. Antioxidants

An increase in reactive oxygen species (ROS) such as su-
peroxide and hydrogen peroxide in the smooth muscle and
adventitia of pulmonary arteries has been demonstrated in
the PPHN lamb model,13 and it may promote vasoconstric-
tion. The administration of recombinant human superoxide
dismutase (rhSOD) diminished ROS production and
improved endothelial nitric oxide synthase function in fetal
lambs53 and might be useful in the treatment of PPHN in
newborns.
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9.2. L-citrulline

To date, evidence reveals that an impaired L-citrullinee
L-arginineenitric oxide pathway is involved in the patho-
genesis of chronic hypoxia-induced PPHN.54 Hypoxia may
reduce NO production through uncoupling nitric oxide syn-
thase in pulmonary arterial endothelial cells, which results
in decreasing NO formation from L-arginine. Application of
L-arginine can improve NO signaling and assist vascular
regulation. However, oral L-citrulline rather than L-arginine
supplementation is even more effective in increasing serum
L-arginine concentrations. Therefore, oral L-citrulline sup-
plementation may be a novel strategy for treatment of
PPHN associated with chronic hypoxia.
9.3. Soluble guanylate cyclase activators

Soluble guanylate cyclase (sGC) involved in NO-cGMP
signaling pathway can enhance cGMP-mediated vasodila-
tion effect. Decreased activity of sGC may reduce the cGMP
production and contribute to PPHN.55 When facing with
hyperoxic exposure, the sGC becomes oxidized and it may
reduce sGC function and impair its ability to produce cGMP-
mediated vasodilation.56 Cinaciguat, an sGC activator, has
been shown to improve cGMP production after oxidative
stress and ameliorate pulmonary vasodilation in fetal lambs
with PPHN.57 Additionally, better cinaciguat improvement
of cGMP production is observed under hyperoxic condition,
which makes it a promising treatment option for severe
PPHN with hyperoxic exposure.
10. Extracorporeal membrane oxygenation
(ECMO)

Infants who fail to respond to medical management with
persistent OI >40 and metabolic acidosis require treatment
with ECMO.17 However, the use of ECMO may be associated
with potential adverse effects, such as intracranial hem-
orrhage and ligation of common carotid artery. Recently,
venovenous ECMO (VV-ECMO) has been used increasingly in
the management of severe PPHN without the need for
arterial cannulation and ligation.
11. Outcomes and prognosis

The long-term outcomes of infants with PPHN are mainly
determined by their underlying diseases and the thera-
peutic interventions they receive at birth. The manage-
ment for PPHN, including hyperoxic exposure, prolonged
mechanical ventilation and ECMO, may also adversely
affect outcomes. Feeding problems and short-term respi-
ratory morbidities can be seen in 24% of PPHN survivors.58

Furthermore, in long-term follow up, high risk of neuro-
developmental disabilities ranging from 14% to 46% has
been reported, which includes sensorineural hearing loss,
cerebral palsy and delays in either cognitive or motor
performance. To date, four major clinical trials have been
conducted to evaluate the long-term outcomes after
treatment of iNO; nevertheless, no additional benefits have
been found in reducing neurodevelopmental impairment or
mortality.32,35,59,60

12. Summary

Persistent pulmonary hypertension is a serious event
affecting both term and preterm infants in the neonatal
intensive care unit. In the past 20 years, experimental work
on basic mechanisms of vascular regulation of the devel-
oping pulmonary circulation has improved the therapeutic
approaches to neonates with PPHN. In particular, inhaled
NO has been proved to be a selective and effective pul-
monary vasodilator, although successful clinical manage-
ment requires meticulous care of all aspects of the
associated lung and cardiac diseases. Current researches
are focusing on developing a better understanding of
cellular responses in the remodeled vasculature that will
likely elucidate additional signaling pathways and lead to
new therapeutic strategies.
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2. Hendricks-Muñoz KD, Walton JP. Hearing loss in infants with
persistent fetal circulation. Pediatrics 1998;81:650e6.

3. Roofthooft MT, Elema A, Bergman KA, Berger RM. Patient
characteristics in persistent pulmonary hypertension of the
newborn. Pulm Med 2011;2011:858154.

4. Van Marter LJ, Leviton A, Allred EN, Pagano M, Sullivan KF,
Cohen A, et al. Persistent pulmonary hypertension of the
newborn and smoking and aspirin and nonsteroidal anti-
inflammatory drug consumption during pregnancy. Pediatrics
1996;97:658e63.

5. Chambers CD, Hernandez-Diaz S, Van Marter LJ, Werler MM,
Louik C, Jones KL, et al. Selective serotonin-reuptake in-
hibitors and risk of persistent pulmonary hypertension of the
newborn. N Engl J Med 2006;354:579e87.

6. Amendolia B, Lynn M, Bhat V, Ritz SB, Aghai ZH. Severe pul-
monary hypertension with therapeutic L-lysine ibuprofen in 2
preterm neonates. Pediatrics 2012;129:e1360e3.

7. Manzoni P, Vivalda M, Mostert M, Priolo C, Galletto P, Gallo E,
et al. CMV infection associated with severe lung involvement
and persistent pulmonary hypertension of the newborn (PPHN)
in two preterm twin neonates. Early Hum Dev 2014;90:S25e7.

8. Landau D, Kapelushnik J, Harush MB, Marks K, Shalev H.
Persistent pulmonary hypertension of the newborn associated
with severe congenital anemia of various etiologies. J Pediatr
Hematol Oncol 2015;37:60e2.

http://refhub.elsevier.com/S1875-9572(17)30480-1/sref1
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref1
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref1
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref1
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref2
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref2
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref2
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref3
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref3
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref3
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref4
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref4
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref4
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref4
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref4
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref4
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref5
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref5
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref5
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref5
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref5
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref6
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref6
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref6
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref6
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref7
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref7
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref7
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref7
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref7
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref8
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref8
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref8
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref8
http://refhub.elsevier.com/S1875-9572(17)30480-1/sref8


22 M.-Y. Lai et al
9. Reynolds EW, Ellington JG, Vranicar M, Bada HS. Brain-type
natriuretic peptide in the diagnosis and management of
persistent pulmonary hypertension of the newborn. Pediatrics
2004;114:1297e304.

10. Kinsella JP, Abman SH. Clinical approach to inhaled nitric oxide
therapy in the newborn with hypoxemia. J Pediatr 2000;136:
717e26.

11. Wung JT, James LS, Kilchevsky E, James E. Management of
infants with severe respiratory failure and persistence of the
fetal circulation, without hyperventilation. Pediatrics 1985;
76:488e94.

12. Lakshminrusimha S, Russell JA, Steinhorn RH, Swartz DD,
Ryan RM, Gugino SF, et al. Pulmonary hemodynamics in
neonatal lambs resuscitated with 21%, 50%, and 100% oxygen.
Pediatr Res 2007;62:313e8.

13. Lakshminrusimha S, Swartz DD, Gugino SF, Ma CX, Wynn KA,
Ryan RM, et al. Oxygen concentration and pulmonary hemo-
dynamics in newborn lambs with pulmonary hypertension.
Pediatr Res 2009;66:539e44.

14. Kinsella JP, Truog WE, Walsh WF, Goldberg RN, Bancalari E,
Mayock DE, et al. Randomized, multicenter trial of inhaled
nitric oxide and high-frequency oscillatory ventilation in se-
vere, persistent pulmonary hypertension of the newborn. J
Pediatr 1997;131:55e62.

15. Walsh-Sukys MC, Tyson JE, Wright LL, Bauer CR, Korones SB,
Stevenson DK, et al. Persistent pulmonary hypertension of the
newborn in the era before nitric oxide: practice variation and
outcomes. Pediatrics 2000;105:14e20.

16. Clark RH, Yoder BA, Sell MS. Prospective, randomized compari-
son of high-frequency oscillation and conventional ventilation in
candidates for extracorporealmembraneoxygenation. J Pediatr
1994;124:447e54.

17. Kinsella JP, Abman SH. Clinical approaches to the use of high-
frequency oscillatory ventilation in neonatal respiratory fail-
ure. J Perinatol 1996;16:S52e5.

18. Gadzinowski J, Kowalska K, Vidyasagar D. Treatment of MAS
with PPHN using combined therapy: SLL, bolus surfactant and
iNO. J Perinatol 2008;28:S56e66.

19. Kinsella JP, Abman SH. High-frequency oscillatory ventilation
augments the response to inhaled nitric oxide in persistent
pulmonary hypertension of the newborn: Nitric oxide study
group. Chest 1998;114:S100.

20. Van Meurs K. Congenital diaphragmatic hernia study group. Is
surfactant therapy beneficial in the treatment of the term
newborn infant with congenital diaphragmatic hernia? J
Pediatr 2004;145:312e6.

21. Lally KP, Lally PA, Langham MR, Hirschl R, Moya FR, Tibboel D,
et al. Surfactant does not improve survival rate in preterm
infants with congenital diaphragmatic hernia. J Pediatr Surg
2004;39:829e33.

22. Laffey JG, Engelberts D, Kavanagh BP. Injurious effects of
hypocapnic alkalosis in the isolated lung. Am J Respir Crit Care
Med 2000;162:399e405.

23. Perez M, Lakshminrusimha S, Wedgwood S, Czech L, Gugino SF,
Russell JA, et al. Hydrocortisone normalizes oxygenation and
cGMP regulation in lambs with persistent pulmonary hyper-
tension of the newborn. Am J Physiol Lung Cell Mol Physiol
2012;302:L595e603.

24. Byers HM, Dagle JM, Klein JM, Ryckman KK, McDonald EL,
Murray JC, et al. Variations in CRHR1 are associated with
persistent pulmonary hypertension of the newborn. Pediatr
Res 2012;71:162e7.

25. Cheung PY, Barrington KJ. The effects of dopamine and
epinephrine on hemodynamics and oxygen metabolism in
hypoxic anesthetized piglets. Crit Care 2001;5:158e66.

26. Lakshminrusimha S, Steinhorn RH. Inodilators in nitric oxide
resistant persistent pulmonary hypertension of the newborn.
Pediatr Crit Care Med 2013;14:107e9.
27. James AT, Corcoran JD, McNamara PJ, Franklin O, El-
Khuffash AF. The effect ofmilrinone on right and left ventricular
function when used as a rescue therapy for term infants with
pulmonary hypertension. Cardiol Young 2016;26:90e9.

28. Tourneux P, Rakza T, Bouissou A, Krim G, Storme L. Pulmonary
circulatory effects of norepinephrine in newborn infants with
persistent pulmonary hypertension. J Pediatr 2008;153:345e9.

29. Kerbaul F, Rondelet B, Motte S, Fesler P, Hubloue I,
Ewalenko P, et al. Effects of norepinephrine and dobutamine
on pressure load-induced right ventricular failure. Crit Care
Med 2004;32:1035e40.

30. Clark RH, Kueser TJ, Walker MW, Southgate WM, Huckaby JL,
Perez JA, et al. Low-dose nitric oxide therapy for persistent
pulmonary hypertension of the newborn. Clinical Inhaled Nitric
Oxide Research Group. N Engl J Med 2000;342:469e74.

31. Davidson D, Barefield ES, Kattwinkel J, Dudell G, Damask M,
Straube R, et al. Inhaled nitric oxide for the early treatment of
persistent pulmonary hypertension of the term newborn: a
randomized, double-masked, placebo-controlled, dose-
response, multicenter study. The I-NO/PPHN Study Group.
Pediatrics 1998;101:325e34.

32. Konduri GG, Vohr B, Robertson C, Sokol GM, Solimano A,
Singer J, et al. Early inhaled nitric oxide therapy for term and
near-term newborn infants with hypoxic respiratory failure:
neurodevelopmental follow-up. J Pediatr 2007;150:235e40.

33. Roberts Jr JD, Fineman JR, Morin 3rd FC, Shaul PW, Rimar S,
Schreiber MD, et al. Inhaled nitric oxide and persistent pul-
monary hypertension of the newborn. The Inhaled Nitric Oxide
Study Group. N Engl J Med 1997;336:605e10.

34. Barrington KJ, Finer N. Inhaled nitric oxide for respiratory
failure in preterm infants. Cochrane Database Syst Rev 2010;
(12):CD000509.

35. Clark RH, Huckaby JL, Kueser TJ, Walker MW, Southgate WM,
Perez JA, et al. Low-dose nitric oxide therapy for persistent
pulmonary hypertension: 1-year follow-up. J Perinatol 2003;
23:300e3.
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