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Failure of the normal circulatory adaptation to extrauterine life results in persistent pulmonary hyper-
tension of the newborn (PPHN). Although this condition is most often secondary to parenchymal lung
disease or lung hypoplasia, it may also be idiopathic. PPHN is characterized by elevated pulmonary
vascular resistance with resultant right-to-left shunting of blood and hypoxemia. Although the pre-
liminary diagnosis of PPHN is often based on differential cyanosis and labile hypoxemia, the diagnosis is
confirmed by echocardiography. Management strategies include optimal lung recruitment and use of
surfactant in patients with parenchymal lung disease, maintaining optimal oxygenation and stable blood
pressures, avoidance of respiratory and metabolic acidosis and alkalosis, and pulmonary vasodilator
therapy. Extracorporeal membrane oxygenation is considered when medical management fails. Although
mortality associated with PPHN has decreased significantly with improvements in medical care, there
remains the potential risk for neurodevelopmental disability which warrants close follow-up of affected
infants after discharge.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Following birth, a rapid decrease in pulmonary vascular resis-
tance (PVR) and an increase in pulmonary vascular blood flow is
needed to establish the lungs as the organ of gas exchange. Failure
of the normal pulmonary vascular adaptation at birth results in
PPHN, a condition that is characterized by elevated PVR with right-
to-left shunting of deoxygenated blood at the patent foramen ovale
(PFO) and/or the patent ductus arteriosus (PDA), and resultant
hypoxemia. The incidence of PPHN has been reported to range
anywhere between 0.4 and 6.8 per 1000 live births in the USA and
between 0.43 and 6 per 1000 live births in the UK [1,2]. Despite
advances in the management of infants with PPHN, the early
mortality in infants withmoderate-to-severe disease is ~10%, and is
considerably higher in infants with pulmonary hypoplasia and
congenital diaphragmatic hernia. PPHN is associated with serious
long-term morbidities; up to 25% of infants with PPHN will have
significant neurodevelopmental impairment at 2 years of age
[3e5].
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2. Fetal and transitional circulation

During fetal life, the placenta functions as the site of gas ex-
change. There is reduced pulmonary blood flow because of elevated
PVR and, therefore, most of the right ventricular output crosses the
ductus arteriosus to the aorta, with only 13e21% of the combined
ventricular output perfusing the fetal lungs [6,7]. Various factors
play a role in the elevated fetal PVR including mechanical factors
(fluid-filled lungs), hypoxic pulmonary vasoconstriction, and
circulating vasoconstrictors (endothelin-1 and products of the
prostaglandin pathway, i.e. thromboxane and leukotriene) [8].

At birth, a series of circulatory events takes place including
removal of the low-resistance placental circulation with a subse-
quent increase in systemic arterial pressure. Simultaneously, the
PVR decreases rapidly with an increase in pulmonary blood flow.
Pulmonary vasodilation is facilitated by ventilation of the lungs and
an increase in oxygen tension [8]. There is an 8e10-fold increase in
pulmonary blood flow, which results in an increase in right atrial
pressure and closure of the PFO. Since the PVR is now lower than
the systemic vascular resistance (SVR), the flow reverses across the
PDA and the increase in arterial oxygen saturation leads to closure
of the ductus arteriosus and ductus venosus. Further decrease in
PVR is accompanied by rapid structural remodeling of the pulmo-
nary vascular bed [9].
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Vasoactive products released by the endothelium play an
important role in the normal cardiopulmonary transition at birth.
Endothelial nitric oxide (NO) production in the lungs increases at
birth secondary to shear stress from increased pulmonary blood
flow and increased oxygenation. NO mediates pulmonary vasodi-
lation via soluble guanylate cyclase and cyclic guanosine mono-
phosphate (cGMP). The arachidonic acideprostacyclin pathway
also plays an important role in pulmonary vasodilation via activa-
tion of adenylate cyclase and subsequent increase in cyclic adeno-
sine monophosphate (cAMP) concentration in the vascular smooth
muscle cells. Atrial natriuretic peptide (ANP), B-type natriuretic
peptide (BNP) and C-type natriuretic peptide (CNP) have also been
shown to increase cGMP levels, with resultant pulmonary vascular
dilation [10].

3. Pathophysiology of PPHN

Persistent pulmonary hypertension of the newborn results from
a failure of the normal circulatory transition at birth, and is char-
acterized by hypoxemia secondary to elevated pulmonary vascular
resistance and right-to-left extrapulmonary shunting of deoxy-
genated blood. It may be secondary to: (i) maladaptation of the
pulmonary vasculature, where the vasculature is structurally
normal but constricted, and is associated with lung parenchymal
diseases such asmeconium aspiration syndrome (MAS), respiratory
distress syndrome (RDS), pneumonia, and sepsis; (ii) remodeled
pulmonary vasculature with normal lung parenchyma (idiopathic
PPHN; 10%); or (iii) hypoplastic pulmonary vasculature as occurs in
patients with lung hypoplasia secondary to congenital diaphrag-
matic hernia (CDH) or oligohydramnios. Infants born to mothers
with diabetes, asthma, and obesity have been reported to be at
increased risk of developing PPHN. Neonatal risk factors include
male gender, delivery by cesarean section, delivery before 37 weeks
and after 41 weeks of gestational age, and small or large for
gestational age [11]. Among preterm infants born before 33 weeks
of gestation, prolonged premature rupture of membranes and oli-
gohydramnios are known risk factors for early pulmonary hyper-
tension [12,13]. Although the antenatal use of non-steroidal anti-
inflammatory drugs has previously been implicated in the early
closure of the PDA with subsequent development of PPHN [14], a
more recent retrospective epidemiologic analysis revealed no evi-
dence to support this hypothesis [15]. Exposure to selective sero-
tonin reuptake inhibitors in animal models and in humans in the
third trimester has also been implicated in increasing the risk of
PPHN [16e21].

Few genetic risk factors have been identified in patients who
develop PPHN. Trisomy 21 is associated with a risk of developing
PPHN, partly secondary to structural heart defects; however, an
increased incidence of PPHN is seen in these infants independent of
the presence of cardiac lesions [22e24]. Genetic abnormalities of
surfactant function, specifically surfactant protein B deficiency and
mutations in the ATP-binding cassette transporter 3 gene, have
been reported as causes of PPHN refractory to therapy [25e27]. A
rigorous genotype analysis revealed that genetic variations in
corticotropin-releasing hormone receptor-1 and corticotropin-
releasing hormone binding protein are associated with an
increased risk of PPHN [28]. More recently, a single nucleotide
polymorphism in the EDN1 gene has been reported to be associated
with an increased risk of PPHN in Chinese neonates with respira-
tory disease [29]. In term neonates with respiratory failure, with
and without echocardiographic evidence of PPHN, a polymorphism
in the rate-limiting enzyme of the urea cycle, carbamoyl-phosphate
synthetase-1, was associated with pulmonary hypertension, low
plasma arginine concentrations, and low plasma nitric oxide me-
tabolites [30].
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Alveolar capillary dysplasia (ACD), a condition characterized by
misalignment of the pulmonary veins, is a rare cause of interstitial
lung disease. It presents with severe hypoxemia and PPHN early in
life, and is often fatal [31,32]. Approximately 10% of reported cases
of ACD are familial, and deletions in the FOXF1 transcription factor
gene or deletions upstream of FOXF1 have been reported in 40% of
infants with ACD [33].

Congenital diaphragmatic hernia is a developmental defect
where there is abnormal development of the diaphragm and
herniation of the abdominal viscera into the thoracic cavity,
with resultant variable degree of pulmonary hypoplasia. There is
a developmental arrest in the normal pattern of airway branch-
ing and impaired alveolarization, as well as in pulmonary
arterial branching with reduced cross-sectional area of the
pulmonary vascular bed and thickening of the media and
adventitia of arterioles. The mortality rate remains quite high
(20e30%) and is dependent on the severity of pulmonary hypo-
plasia and PPHN.

PPHN has traditionally been considered a disease of term and
late preterm infants; however, it is now increasingly being recog-
nized in preterm infants. The presence of RDS, fetal growth re-
striction, and prolonged rupture of membranes with varying
degrees of pulmonary hypoplasia have been described as risk fac-
tors associated with PPHN in preterm infants [12,13,34]. Pulmonary
hypertension is now recognized as a frequent complication of
bronchopulmonary dysplasia; however, this entity is distinct from
PPHN, and is secondary to a reduced pulmonary vascular bed,
vascular remodeling, and impaired distal lung growth [35].

4. Clinical diagnosis and management of PPHN

Newborns with PPHN present with labile and/or profound
hypoxemia and differential cyanosis (higher pre-ductal SpO2 and
PaO2 compared to post-ductal measurements). However, these
findings are not specific to PPHN and it is important to differentiate
cyanotic heart disease from PPHN. Echocardiography remains the
gold standard to confirm the diagnosis of PPHN, and is useful in
identifying sites of extrapulmonary shunting, and assessing right
and left ventricular function (to guide appropriate vasodilator
therapy).

4.1. Supportive care

The severity of PPHN ranges frommild hypoxemiawithminimal
respiratory signs to severe and labile hypoxemia with cardiopul-
monary instability. General management principles include main-
tenance of normothermia, providing optimal nutritional support,
avoidance of stress, maintaining a “low-noise” environment, gentle
handling with sedation as needed, and maintenance of adequate
intravascular volume and systemic blood pressure. Skeletal muscle
relaxation has previously been shown to be associated with
increased mortality and should be avoided [1]. The underlying
disease process should be treated appropriately.

Acidosis induces pulmonary vasoconstriction and should be
avoided. In the pre-NO era, alkalosis by infusing sodium bicar-
bonate solutions or by hyperventilation was frequently used to
dilate the pulmonary vasculature [1]. Whereas transient
improvement in oxygenation was frequently observed with these
therapies, prolonged alkalosis was shown to induce an exagger-
ated pulmonary vascular constriction response to hypoxia in
animal models [36]. Furthermore, alkalosis induces cerebral
vasoconstriction with reduced cerebral blood flow and increases
the risk of neurodevelopmental impairments [37,38]. Therefore,
both acidosis and alkalosis should be avoided in neonates with
PPHN.
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4.2. Oxygen therapy and mechanical ventilation

Oxygen is a potent pulmonary vasodilator, and the increase in
oxygen tension that occurs after birth is important in reducing PVR.
Conversely, alveolar hypoxemia increases PVR and contributes to
the development of PPHN. Thus, oxygen therapy is routinely used
in the management of PPHN. Animal studies have demonstrated
that hypoxemia results in pulmonary vasoconstriction, whereas
normoxemia reduces PVR; however, hyperoxemia does not result
in additional pulmonary vasodilation [39e41]. In a ductal ligation
model of PPHN, maintaining pre-ductal oxygen saturation between
90% and 97% was associated with the lowest PVR [42]. More
recently, it has been shown in an animal model that hyperoxia
increases contractility of pulmonary arteries, reduces the pulmo-
nary dilator response to inhaled NO, and increases oxidative stress
[42]. Therefore, the short-term benefits of hyperoxia should be
weighed carefully against the significant risks of increased pul-
monary vascular contractility, decreased pulmonary vasodilator
response to inhaled NO (iNO), and potential systemic effects [43].

Optimal lung recruitment with the use of positive end-
expiratory pressure or mean airway pressure helps decrease PVR.
High-frequency ventilation is often used to optimize lung inflation
and reduce lung injury in infants with severe lung disease [44]. In
clinical studies, the combined use of high-frequency ventilation
and iNO resulted in the greatest improvement in oxygenation in
neonates with PPHN secondary to parenchymal lung disease, but
had no benefit in infants with idiopathic PPHN or CDH [45].

4.3. Surfactant

Surfactant deficiency or inactivation is seen in several neonatal
respiratory conditions such as RDS, MAS, and pneumonia. In infants
with parenchymal lung disease, early administration of surfactant
and optimal lung recruitment is associated with improved out-
comes and a reduced risk of the need for ECMO or death [46e49].

4.4. Glucocorticoids

Glucocorticoids have potent anti-inflammatory properties
which may prove beneficial, particularly in severe MAS, in the
presence of lung edema, pulmonary vasoconstriction, and inflam-
mation [50]. In a neonatal lamb model of PPHN, hydrocortisone
significantly improved oxygenation, attenuated oxidative stress,
and increased cGMP. In human neonates with MAS, glucocorticoids
reduce the duration of oxygen dependence.

4.5. Pulmonary vasodilators

In PPHN, impaired endothelial function results in an altered
balance between vasodilators and vasoconstrictors. There is
decreased production of vasodilators (such as NO and prostacyclin)
and increased production of vasoconstrictors [such as endothelin-1
(ET-1)] (Fig. 1). Therefore, once optimal lung recruitment has been
achieved, further pharmacologic management of infants with
PPHN should be directed towards selective pulmonary vasodilation,
restoration of normal endothelial function, and reversal of
remodeling of the pulmonary vasculature. The main therapeutic
agents for this condition can be categorized based on their action
via the cGMP, cAMP, and endothelin pathways.

4.5.1. Pulmonary vasodilators that act via the cGMP pathway
4.5.1.1. Inhaled nitric oxide. Shear stress secondary to increased
pulmonary blood flow soon after birth and increased oxygenation
results in increased endothelial nitric oxide synthase expression
and NO-mediated pulmonary vasodilation [8]. Inhaled nitric oxide
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(iNO) is a potent and selective pulmonary vasodilator. The biologic
effects of NO are mediated via activation of soluble guanylate
cyclase and a subsequent increase in cGMP levels. cGMP is a second
messenger that relaxes vascular smooth muscle cells via activation
of cGMP-gated ion channels and cGMP-dependent protein kinase
(Fig. 1).

Inhaled nitric oxide has been shown to acutely decrease oxygen
requirements and to reduce the need for ECMO in term infants with
PPHN [51e54]. It is the only therapy approved by the US Food and
Drug Administration (FDA) for clinical use in term and late preterm
(formerly near-term) newborn infants with PPHN. The use of iNO,
however, does not reduce mortality or duration of hospitalization,
or improve pulmonary function at follow-up [55]. Although use of
iNO in patients with less severe disease (oxygenation index of
15e25) does not reduce the need for ECMO and/or the risk of death,
delaying iNO therapy until respiratory failure is more advanced
increases length of time on supplemental oxygen [5,56,57].
Furthermore, iNO does not improve neurodevelopmental outcomes
in neonates with PPHN [4,5]. The typical starting dose is 20 ppm, a
dose which improves oxygenation and results in the most optimal
decrease in pulmonary to systemic arterial pressure ratio [58].
Higher doses are associated with higher levels of methemoglobin
and nitrogen dioxide (as well as less delivered oxygen), and are
therefore not recommended [51].

4.5.1.1.1. Inhaled nitric oxide and special populations.
Pulmonary vasodilators, such as iNO, should be used cautiously in
preterm infants because of potential deleterious effects on cardio-
pulmonary anomalies (PDA, pulmonary vein stenosis, left ventric-
ular dysfunction) encountered in this population [12,59]. Close
monitoring is obligatory.

Among infants with CDH, echocardiographic findings may be
valuable in guiding the selective use of iNO. Some infants with CDH
have left ventricular (LV) hypoplasia, impaired LV filling, and LV
dysfunction. In infants with CDH, right-to-left shunting at both the
atrial and ductal levels suggests a favorable response to iNO,
whereas the presence of LV dysfunction, right-to-left PDA shunting
accompanied by mitral insufficiency and left-to-right atrial shunt-
ing (consistent with pulmonary venous hypertension) predict a
poor response to iNO [60]. iNO may exacerbate left atrial and pul-
monary venous hypertension and contribute to pulmonary
hemorrhage.

4.5.1.1.2. Sildenafil. Phosphodiesterase-5 (PDE-5) hydrolyzes
cGMP to inactive GMP. Sildenafil is a selective PDE-5 inhibitor,
and enhances NO-mediated vascular relaxation (Fig. 1). It was
initially used to facilitate weaning from iNO following surgery for
congenital heart disease [61]. In a small randomized trial of term
infants with severe PPHN and without access to iNO, oral sil-
denafil improved survival compared to placebo [62]. Subsequent
case reports have shown that enteral sildenafil may facilitate
discontinuation of iNO in critically ill infants and may reduce
the duration of mechanical ventilation and length of ICU stay
[63,64]. A pharmacokinetic trial assessing different dosing regi-
mens showed that a loading dose of 0.4 mg/kg during a period of
3 h, followed by a continuous infusion of 0.07 mg/kg/h, was
effective in improving oxygenation, and provided the best ther-
apeutic levels [65]. A meta-analysis concluded that sildenafil
reduced mortality in infants with PPHN in a resource-limited
setting [66]. It is important to note that in 2012, based on the
results of the STARTS trial, the FDA issued an alert against the
use of sildenafil for pediatric patients aged 1e17 years with
pulmonary arterial hypertension. Sildenafil is not FDA-approved
for use in neonates with PPHN or other forms of pulmonary
hypertension. A multicenter, randomized clinical trial is under-
way to test the efficacy of sildenafil in iNO-resistant PPHN
(NCT01720524).
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Fig. 1. Endothelium-derived mediators: the vasodilators prostacyclin (PGI2) and nitric oxide (NO) and the vasoconstrictor endothelin (ET-1). Cyclooxygenase (COX) and prostacyclin
synthase (PGIS) are involved in the production of prostacyclin. Prostacyclin acts on its receptor (IP) in the vascular smooth muscle cell and stimulates adenylate cyclase (AC) to
produce cyclic adenosine monophosphate (cAMP). cAMP is broken down by phosphodiesterase 3A (PDE3A). Milrinone inhibits PDE3A and increases cAMP levels in arterial smooth
muscle cells and cardiac myocytes. Endothelin acts on ET-A receptors causing vasoconstriction. It also acts on ET-B receptors on the endothelial cell, stimulating NO release and
resulting in vasodilation. Endothelial nitric oxide synthase (eNOS) produces NO, which stimulates soluble guanylate cyclase (sGC) enzyme to produce cyclic guanosine mono-
phosphate (cGMP). cGMP is broken down by phosphodiesterase 5 (PDE5) enzyme. Sildenafil inhibits PDE5 and increases cGMP levels in pulmonary arterial smooth muscle cells.
cAMP and cGMP reduce cytosolic ionic calcium concentrations and induce smooth muscle cell relaxation and pulmonary vasodilation. NO is a free radical and can avidly combine
with superoxide anions to form peroxynitrite which is a vasoconstrictor. Medications used in persistent pulmonary hypertension of the newborn are shown in black; however, iNO
is the only medication approved by the US Food and Drug Administration for use in neonates with PPHN. (Copyright © Satyan Lakshminrusimha.)
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4.5.2. Pulmonary vasodilators that act via the cAMP pathway
4.5.2.1. Prostanoids. Prostacyclin (PGI2), a metabolite of arach-
idonic acid, is produced by the vascular endothelium and mediates
its vasodilator effects via activation of adenylate cyclase and
increased cAMP levels (Fig. 1). Prostacyclin is a potent pulmonary
and systemic vasodilator. PGI2 analogs are important pulmonary
vasodilators in adults and children with pulmonary arterial hy-
pertension. However, the associated systemic hypotension has
limited their use in neonates with PPHN. Inhaled epoprostenol
(Flolan®) has been shown to improve oxygenation and reduce
pulmonary hypertension in animal models and in clinical trials
without decreasing systemic blood pressure [67e70]. A series of
case reports in infants with PPHN has shown that endotracheal or
inhaled epoprostenol improves oxygenation, even in infants with
PPHN refractory to iNO, suggesting that infants who have an
inadequate response to iNO may have impaired cGMP-mediated
pulmonary vasodilation and may benefit from PGI2 which acts via
cAMP [71e74]. In a small trial, inhaled iloprost (Ventavis®) was
found to be more efficacious than sildenafil in time to adequate
clinical response, duration of mechanical ventilation, and require-
ment for support with inotropic agents. Importantly, no effect on
blood pressure was noted in the iloprost group [75]. Care must be
taken, as these compounds are strongly alkaline and long-term
safety has not been evaluated.

4.5.2.2. Milrinone. Vascular phosphodiesterase-3 (PDE-3) breaks
down cAMP in arterial smooth muscle cells and myocardium.
Milrinone, a PDE-3 inhibitor, increases cAMP levels in vascular
smooth muscle cells and the myocardium, and functions as a
vasodilator (Fig. 1). It has inotropic and lusitropic effects, and im-
proves ventricular function directly and by decreasing afterload.
Animal studies have shown that milrinone decreases pulmonary
artery pressure, and acts additively with iNO and synergistically
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with inhaled prostanoids [76e78]. Case reports in infants with
PPHN have shown thatmilrinone improves pulmonary vasodilation
and reduces oxygen requirement [79e81]. Indications for milri-
none use in infants with PPHN include ventricular dysfunction,
especially if associated with pulmonary venous hypertension, or
high left atrial pressure.

4.5.3. Pulmonary vasodilators that act via the endothelin pathway
4.5.3.1. Bosentan. Endothelin-1 (ET-1), a potent vasoconstrictor
[82], is produced by vascular endothelial cells and mediates its ef-
fects via ETA and ETB receptors. The ETA receptor mediates vaso-
constriction, whereas the ETB receptor mediates vasodilation via
endothelium-derived NO [83e85] (Fig. 1). Increased ET-1 gene
expression and levels, and decreased ETB protein have been re-
ported in fetal lamb lungs with pulmonary hypertension [86,87].
Elevated plasma ET-1 levels have also been described in infants
with CDH and PPHN, and may be an indicator of disease severity
[88,89]. Bosentan, an ET-1 antagonist, acts on both ETA and ETB
receptors, and has been shown to be efficacious in adults with
pulmonary hypertension [90]. In a randomized controlled trial in
neonates with PPHN, bosentan improved both short- and long-
term outcomes at 6 months of age compared to placebo [91].
However, in another randomized clinical trial, bosentan did not
improve oxygenation or other outcomes when used as an adjuvant
therapy in patients receiving iNO [92]. Bosentan is currently not
approved for the treatment of neonates with PPHN.

4.5.4. Other pulmonary vasodilators
4.5.4.1. Arginine vasopressin. Arginine vasopressin, an antidiuretic
hormone, is a neurohypophysial hormone associated with water
retention and vasoconstriction. Whereas this may seem counter-
intuitive in the context of PPHN, arginine vasopressin is used in
some centers to support infants with PPHN and hemodynamic
onary hypertension of the newborn, Seminars in Fetal & Neonatal
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instability. Adrenal insufficiency with resulting decreased cate-
cholamine drug responsiveness may accompany severe CDH.
Arginine vasopressin acts through arginine vasopressin 1A re-
ceptors on the VSMC in the systemic circulation to produce non-
catecholamine-dependent vasoconstriction. In infants with CDH
and refractory hypotension, vasopressin has been shown to
improve systemic hemodynamics and gas exchange without
adverse effects on PVR [60].

4.6. Extracorporeal membrane oxygenation (ECMO)

This is the only therapy known to be life-saving in infants with
severe PPHN who fail to respond sufficiently to medical manage-
ment [93]. Follow-up of infants treated with ECMO at 1 and 7 years
of age showed that ECMO support reduced the risk of death
without an associated increase in severe disability [94]. Advances in
the medical management of neonates with PPHN have led to a
substantial decrease in the number of neonates with PPHN who
require ECMO for respiratory disorders.

4.7. Summary

Despite significant advances in the management of infants with
PPHN over the past couple of decades, the morbidity and mortality
associated with this condition remains high. No therapeutic agent
or approach has been shown to be universally effective in the
treatment of PPHN, likely because of the complexity of the
involved signaling pathways. Up to one-third of infants with PPHN
fail to respond to iNO; thus, there is a need for improved under-
standing of the mechanisms underlying PPHN as well as the
development of additional pharmacotherapies that can be used
synergistically to act on the multiple processes that characterize
this disorder.

Practice points

� Overall goals of management include optimizing oxygenation
while minimizing lung injury and other therapy-related side-
effects.

� Optimizing lung recruitment, judicious use of oxygen, and sur-
factant administration in infants with parenchymal lung disease
are the mainstay of therapy.

� iNO is the only FDA-approved therapy.
� Milrinone should be considered in the presence of ventricular
dysfunction, especially if associated with pulmonary venous
hypertension or high left atrial pressure, and in combination
with iNO to promote vasodilation and provide synergy.
Research directions

� Alternative agents for iNO-resistant PPHN need further inves-
tigation. Long-term follow-up of infants enrolled in these
studies is needed to determine the safety of these therapies.

� Further research is needed to develop appropriate cost-effective
strategies for PPHN in resource-poor settings.
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