1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Fetal Neonatal Med. Author manuscript; available in PMC 2023 August 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Fetal Neonatal Med. 2022 August ; 27(4): 101367. doi:10.1016/j.siny.2022.101367.

Pulmonary vasodilator strategies in neonates with acute
hypoxemic respiratory failure and pulmonary hypertension

Michael W. Cookson&b”, Steven H. AbmanP¢, John P. Kinsella®P, Erica W. Mandell&b

aSection of Neonatology, Department of Pediatrics, University of Colorado Anschutz School of
Medicine and Children’s Hospital Colorado, Aurora, CO, United States

bPediatric Heart Lung Center, Department of Pediatrics, University of Colorado Anschutz School
of Medicine and Children’s Hospital Colorado, Aurora, CO, United States

¢Section of Pulmonary Medicine, Department of Pediatrics, University of Colorado Anschutz
School of Medicine and Children’s Hospital Colorado, Aurora, CO, United States

Abstract

The management of acute hypoxemic respiratory failure (AHRF) in newborns continues to

be a clinical challenge with elevated risk for significant morbidities and mortality, especially
when accompanied with persistent pulmonary hypertension of the newborn (PPHN). PPHN is a
syndrome characterized by marked hypoxemia secondary to extrapulmonary right-to-left shunting
across the ductus arteriosus and/or foramen ovale with high pulmonary artery pressure and
increased pulmonary vascular resistance (PVR). After optimizing respiratory support, cardiac
performance and systemic hemodynamics, targeting persistent elevations in PVR with inhaled
nitric oxide (iNO) therapy has improved outcomes of neonates with PPHN physiology. Despite
aggressive cardiopulmonary management, a significant proportion of patients have an inadequate
response to iNO therapy, prompting consideration for additional pulmonary vasodilator therapy.
This article reviews the pathophysiology and management of PPHN in term newborns with AHRF
while highlighting both animal and human data to inform a physiologic approach to the use of
PH-targeted therapies.
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1. Introduction

The normal fetal circulation is characterized by high pulmonary artery pressure secondary
to high pulmonary vascular resistance (PVR) with low pulmonary blood flow (Qp), leading
to right-to-left shunting of blood flow across the ductus arteriosus and foramen ovale.

This physiology allows for the preferential distribution of combined ventricular output

"Corresponding author. Section of Neonatology, Department of Pediatrics, University of Colorado Anschutz School of Medicine and
Children’s Hospital Colorado, Aurora, CO, 80045, United States. michael.cookson@cuanschutz.edu (M.W. Cookson).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cookson et al.

Page 2

to the placenta, providing efficient gas exchange to enable optimal tissue oxygenation

in the developing fetus. Successful transition from intra-uterine to extra-uterine life is
dependent upon a rapid and dramatic decrease in PVR to accommodate an 8-10 fold
increase in pulmonary blood flow, as tissue oxygenation becomes dependent upon alveolar
gas exchange and high flow through the postnatal pulmonary circulation [1]. Infants who
fail to achieve or sustain the normal decrease in PVR at birth develop severe hypoxemia,
recognized as persistent pulmonary hypertension of the newborn (PPHN).

PPHN is a syndrome associated with diverse neonatal cardiac and pulmonary disorders
that are characterized by a common physiology, which includes sustained elevations in
PVR causing extrapulmonary right-to-left shunting of blood across the patent ductus
arteriosus (PDA), the foramen ovale (PFO), or both, resulting in critical hypoxemia, poorly
responsive to inspired oxygen and optimal mechanical ventilation. PPHN affects ~0.2%

of live births and is associated with a one-year mortality of 7.6% of all babies [2].
Importantly, the incidence of PPHN is directly associated with the degree of prematurity,
with rates as high as 18% in infants born at 22—-23 weeks gestational age [3]. This review
discusses selected aspects of perinatal pulmonary vascular development and physiology, and
the pathophysiology, clinical manifestations and management of PPHN, highlighting the
physiologic basis of pulmonary vasodilator therapy in late preterm and term newborns. We
will briefly discuss implications for approaches to the growing understanding of PPHN and
targeted PH drug therapies in preterm neonates.

2. Fetal pulmonary vascular tone and regulation

To meet the high metabolic demands in the developing fetus, the fetal circulation has
adapted to ensure optimal oxygen delivery by directing highly oxygenated blood from

the placental circulation to the fetal heart and brain. Blood returning to the heart via
placental circulation preferentially streams across the right atrium, through the foramen
ovale into the left atrium, and is ejected by the left ventricle to be available for coronary
and cerebral circulation. Venous return from the cerebral circulation mixes with coronary
venous return and this desaturated blood enters the right ventricle where the majority of
right ventricular output is directed across the ductus arteriosus to the placenta via the
descending aorta. Animal studies have demonstrated that the fetal lung receives 3-7% of
combined ventricular output, increasing as gestational age increases [4]. Human studies
indicate a similar progressive increase in Qp throughout gestation, but Doppler ultrasound
and phase-contrast magnetic resonance imaging studies estimate Qp to be proportionately
greater than Qp reported in sheep, ranging from 11% to 25% [5-8]. Despite marked distal
pulmonary vascular growth throughout late gestation, PVVR remains high in the late preterm
fetus, suggesting an important role for active vasoconstriction in the developing lung before
birth.

In utero, high PVR is maintained through various mechanisms including vascular
compression by the fluid filled distal lung, hypoxemic vasoconstriction, sustained
production of vasoconstrictor mediators (especially the potent agent, endothelin-1 [ET]),
limited release of endogenous vasodilators (such as prostacyclin [PGI5] and nitric oxide
[NO]), and enhanced myogenic tone, which opposes vasodilation in response to diverse
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hemodynamic, metabolic and molecular stimuli [9, 10]. Intrauterine mechanisms that limit
production of endogenous vasodilators and enhance the production of vasoconstrictors

are likely related to diverse maturational changes in endothelial and smooth muscle cell
function, and the failure of pulmonary vascular growth and vasodilation at birth likely
reflects the impact of perinatal vascular injury [11-16].

2.1. Fetal to newborn transition

With the loss of the low resistance placental circulation and oxygen-breathing at birth, the
normal transition from fetal to extrauterine life is characterized by a rise in systemic vascular
resistance and fall in PVR, favoring a marked increase in Qp, as tissue oxygenation requires
the rapid establishment of the alveolar-capillary gas transfer interface. Alveolar ventilation,
increased oxygen tension, and alterations in vasoactive stimuli, especially NO and PGI2,

act synergistically to optimize the rapid increase in Qp [17]. Disruptions of the NO-cyclic
guanosine monophosphate (cGMP), prostacyclin—cyclic adenosine monophosphate (CAMP),
and ET-1 pathways play an important role in the pulmonary vasoconstriction associated with
PPHN. At birth, increases in endothelial NO synthase activity increases NO production,
stimulating smooth muscle cell soluble guanylate cyclase activity and causing vasodilation
via increased cGMP production. The arachidonic acid-prostacyclin pathway also plays an
important role in pulmonary vasodilation via activation of adenylate cyclase and subsequent
increase in CAMP concentration in the vascular smooth muscle cells. The effects of

ET-1 are mediated through two receptors: ET 4 receptors on smooth muscle cells mediate
vasoconstriction, and ETg receptors on endothelial cells, which enable ET-1 clearance from
the circulation and further mediate vasodilation, with a relative increase in ET 5 receptors in
experimental models of PPHN [18]. (Fig. 1).

3. Clinical manifestations and the diagnosis of PPHN

PPHN is characterized by failure of the fetal circulation to transition at birth resulting in
sustained elevations in PVR. Persistent elevations in PVR lead to increased extrapulmonary
right-to-left shunting of deoxygenated blood across the PFO and PDA, reduced Qp and
refractory hypoxemia. It is imperative that the clinician recognize that not all newborns
with acute hypoxemic respiratory failure (AHRF) have PPHN physiology. The diagnosis of
PPHN in the setting of AHRF in term or preterm neonates is confirmed most commonly by
echocardiographic (ECHO) evidence of extrapulmonary right-to-left shunting and increased
pre- and post-ductal gradients in PaO, or saturation.

While diverse mechanisms potentially contribute to PPHN and can evolve over time, PPHN
has traditionally been classified into 1 of 3 categories: (1) maladaptatior. pulmonary
vessels have normal structure and number but have abnormal vasoreactivity, which is

the most common type, including respiratory distress syndrome (RDS), sepsis, and
meconium aspiration syndrome (MAS); (2) excessive muscularizatior. increased smooth
muscle cell thickness and distal extension of muscle to vessels that are normally not
muscularized, resulting from antenatal injuries including chronic intrauterine hypoxemia
and idiopathic PPHN, and (3) vascular underdevelopment. lung hypoplasia associated

with decreased pulmonary artery number, including congenital diaphragmatic hernia
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(CDH), oligohydramnios associated pulmonary hypoplasia, and multiple developmental
lung disorders (Table 1).

Although helpful, this paradigm is incomplete, as these categories are imprecise and
there can be multiple overlapping features between groups and clinical causes of PPHN
are often multifactorial. For example, PPHN often complicates the course of newborns
with CDH, in which mechanisms of elevated PVR can include decreased lung vascular
growth, hypertensive arterial remodeling, and abnormal vasoreactivity [19]. In addition,
left ventricular systolic or diastolic dysfunction may contribute to high pulmonary artery
pressure secondary to left atrial and pulmonary venous hypertension in CDH, as well as
other diseases [20].

Infants with PPHN often present with labile hypoxemia and clinical evidence of right-to-left
extrapulmonary shunting, demonstrated as a gradient in pre-ductal and post-ductal oxygen
saturations greater than 10% [21]. Labile hypoxemia is the result of abrupt increases in
PVR leading to increased right-to-left shunting. Acutely reducing PVVR with pulmonary
vasodilator drug therapy is fundamental in maintaining systemic arterial oxygen saturations
by reducing extrapulmonary shunting. Past studies have clearly shown the need to first
optimize mechanical ventilation and cardiac performance before applying PH-targeted drug
therapies such as inhaled NO (iNO) [22]. Initial evaluation including a careful physical
examination and chest radiography can be helpful in differentiating PPHN from other
etiologies of hypoxemic respiratory failure. Physical findings are often subtle including a
loud second heart sound or a systolic murmur of tricuspid regurgitation, though this murmur
is not uncommon in the first days of a neonate’s life. In general, the degree of hypoxemia is
disproportionate to the severity of radiographic evidence of lung disease in primary PPHN.
Chest radiographs remain useful and can help differential parenchymal lung disease such as
RDS or MAS from other non-pulmonary etiologies of PPHN. Typical radiographic findings
in idiopathic PPHN include pulmonary vascular oligemia, normal or slight hyperinflation
and a lack parenchymal infiltrates.

ECHO is the tool of choice to diagnose and monitor infants with PPHN. Timely ECHO is
critical to address the infant’s underlying physiology, including confirming extrapulmonary
shunting across the PDA or PFO, and excluding the diagnosis of structural heart disease.
ECHO evidence of PPHN should be demonstrated by evidence of bidirectional or
predominantly right-to-left shunting across the PFO and/or PDA.

Structural heart disease presenting as PPHN may include total anomalous pulmonary
venous return, and lesions with ductal-dependent systemic circulation, such as severe aortic
coarctation and hypoplastic left heart syndrome. Without ECHO, empiric use of iNO or
other PH-targeted therapies to decrease PVR may lead to systemic hypoperfusion, worse
hypoxemia and increased pulmonary edema, especially in the setting of LV dysfunction
which can delay initiation of targeted interventions.

Additional information can be obtained by careful assessments of other echocardiographic
metrics. These include tricuspid regurgitant peak velocity (TRJV), right ventricular systolic
time intervals, and septal flattening, but have not been demonstrated to reliably predict
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pulmonary artery pressures [23-25]. Decreased right ventricular function in the setting of
PPHN is associated with more severe disease and can be secondary to persistent afterload,
hypoxemia, inflammation or other mechanisms [26-28]. It is essential to recognize the
presence of left ventricular dysfunction, suggested by the presence of right-to-left shunting
across the PDA with left-to-right shunting across the PFO, to prioritize optimization of
cardiac performance prior to the use of pulmonary vasodilators. In the setting of LV
dysfunction, PH-targeted drugs may lead to worsening pulmonary edema, and these infants
may be best managed with LV support and reducing systemic afterload. PH drug therapy
should follow steps to first enhance lung recruitment, avoid overdistension or atelectasis, and
to support systemic hemodynamics and left ventricular function.

4. Management of PPHN

4.1. Approach to respiratory support

Initial care of newborns with evidence of PPHN requires optimal lung recruitment with
mechanical ventilation to establish adequate gas exchange and optimize functional residual
capacity (FRC). Specific ventilator strategies are partly dependent upon the blend of
underlying airways and lung parenchymal disease, but failure to achieve an optimal FRC
can worsen PVR because of low lung volumes or marked hyperinflation. Achieving optimal
lung volumes decreases ventilation-perfusion mismatch while attempting to avoid ventilator-
induced lung injury (VILI) from phasic stretch, especially in the setting of low FRC. Some
infants may benefit from high frequency oscillatory or jet ventilation to increase lung
recruitment and maintain FRC while avoiding stretch-induced injury to the lung, which can
in itself decrease right-to-left extrapulmonary shunting and improve oxygenation without
requiring additional PH-targeted drug therapy [22,29,30].

4.2. Oxygen therapy

As O, delivery is imperative for maintenance of tissue metabolism and has pulmonary
vasodilator effects, it remains the first line therapy for PPHN. O, causes selective pulmonary
vasodilation through direct activation of calcium-activated K+ channels and enhanced

NO production after birth [31,32]. However, even relatively brief periods of hyperoxia

may contribute to oxidative stress, impair NO-cGMP signaling, augment inflammation

and exacerbate pulmonary vascular injury [33]. In addition to improving pulmonary
hemodynamics, cardiac output and ventilation-perfusion matching, the ability of iNO and
other PH-targeted drugs to lower the need for higher levels of supplemental oxygen may
provide an indirect “lung protective” effect.

5. PH-targeted drug therapies

5.1. Inhaled nitric oxide

Optimal management of PPHN involves selective pulmonary vasodilation without
worsening systemic hemodynamics. Inhaled nitric oxide (iNO) readily diffuses from
alveoli into pulmonary smooth muscle cells causing pulmonary vasodilation with minimal
systemic consequences because of its short half-life (2-6s) and rapid inactivation by avid
NO-hemoglobin binding in the circulation [22,34]. Inhaled NO is a rapid and selective
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vasodilator secondary to the ability to deliver this small gas molecule via inhalation,

both invasively and non-invasively, to air spaces approximating the pulmonary vasculature
causing decreased intrapulmonary right-to-left shunting and improved V/Q matching [35].
Inhaled NO which has repeatedly been shown to be safe and effective in reducing the need
for ECMO, including large placebo-controlled multicenter trials, remains the only United
States Food and Drug Administration (FDA) approved specific pulmonary vasodilator
therapy for late preterm and term infants with AHRF and PPHN [36]. Initial RCTs
demonstrated a decreased need for ECMO support in late preterm and term infants with
severe PPHN and an oxygenation index (Ol) of 25-40 [37,38]. A subsequent large trial did
not report reductions in ECMO use or death with earlier use of iNO in infants with moderate
respiratory failure (median Ol of 20) [39].

Past work suggests that an appropriate starting dose in term neonates is 20 parts per

million (ppm) (Table 2). Higher doses rarely add much clinical benefit in patients with poor
responses but have been used in some patients [40]. The most common reason for failure

to respond to iNO is inadequate lung recruitment and measures to improve lung volume,
including changes in ventilator strategy, initiation of high frequency ventilation or surfactant
administration, should be addressed prior to dose alterations. Once an infant demonstrates
stable hemodynamics accompanied by maintained oxygenation with decreased fraction of
inspired oxygen (FiOy)requirements it is reasonable to progressively wean the dose at 2—4 h
intervals to a goal of 5 ppm. At 5 ppm the dose should be gradually decreased by 1 ppm at
similar time intervals. Abrupt changes in iNO dose can result in “rebound vasoconstriction,”
causing acute hypoxemia, which can be managed by returning the iNO dose to the prior
level, and repeating trials at lower doses on subsequent days. Weaning can generally be
accomplished in 4-5 days. Prolonged need for iNO therapy without resolution of disease
should lead to a more extensive evaluation to determine whether other developmental lung
diseases or worsening cardiac function are contributing to persistent elevations in PVR
(Table 1).

Findings from past RCTs highlight that iNO at studied doses has minimal toxicity

in late preterm and term infants. In the presence of elevated oxygen concentrations,

NO is converted to a cytotoxic small molecule, nitrogen dioxide (NO,). Similarly,
methemoglobinemia results from avid binding and metabolism of NO with hemoglobin,
but methemoglobin levels are typically low when used at recommended doses.

5.2. Sildenafil

Phosphodiesterase type 5 (PDES) is a cGMP-specific phosphodiesterase isoenzyme that
catalyzes the catabolism of cGMP to its inactive metabolite, 5 -GMP, in vascular smooth
muscle, which can augment pulmonary vasoconstriction and limit responsiveness to
exogenous iNO therapy [41,42]. Various animal studies have demonstrated that hyperoxia
leads to increased PDES5 activity, further highlighting the importance of judicious oxygen
therapy use [42-44].

Sildenafil (Revatio), available as intravenous (1V) and enteral forms, is the primary PDE5S
inhibitor used for the treatment of PH. Sildenafil is a useful adjuvant therapy in acute
PPHN for infants with an inadequate response to iNO or with the lack of iNO availability,
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especially in resource limited countries. As with iNO therapy, sildenafil should be used
cautiously in infants with LV dysfunction, because of a high risk for pulmonary edema,
and may be most beneficial in combination with agents targeting cardiac performance

or reducing LV afterload. Two trials demonstrated the early use of sildenafil improved
oxygenation and outcomes in late preterm and term infants who were not treated with
concurrent iNO therapy [45,46]. In a recent multicenter trial, IV sildenafil did not
demonstrate a decreased need or duration of iNO therapy, though the treatment effect may
have been diluted by inclusion of infants with a lower Ol at enrollment [47]. Apart from
acute PPHN, enteral sildenafil is a potentially useful agent in cases of chronic pulmonary
hypertension such as congenital diaphragmatic hernia (CDH) or BPD-associated PPHN
[48,49].

Sildenafil is generally well tolerated when administered at recommended doses with the
most common side effect being systemic hypotension. 1V dosing consists of an initial
loading dose of 0.4 mg/kg over 3 h, followed by a continuous infusion of 0.067 mg/kg/hr
[46]. Oral sildenafil therapy most often consists of an initial dose of 0.5 mg/kg, followed by
increases to 1-2 mg/kg every 6-8 h [36]. (Table 2).

Sildenafil undergoes near complete first pass hepatic metabolism via hepatic cytochrome
P450 (CYP) enzymes, specifically, CYP3A, in adults, with limited renal excretion [50].
While various pharmacologic studies demonstrate appropriate therapeutic levels are reached
using studied dosing regimens, significant variability exists in neonatal pharmacokinetics
[51-54]. Compared to adults, infants demonstrate higher clearance rates and larger volume
of distribution, resulting in variable sildenafil concentrations. Sildenafil dosing should be
adjusted clinically as serum levels fluctuate over time because of clearance rates increasing
with chronological age and secondary to drug-drug interactions via changes in CYP activity.
Particular attention should be paid with co-administration of fluconazole, an inhibitor of
CYP3A4 inhibitor, which decreased sildenafil clearance by 47-59% in various models [53—
55].

5.3. Milrinone

Inhibition of phosphodiesterase 3 (PDE3), a cAMP specific phosphodiesterase isoenzyme
that localizes to cardiac myocytes and vascular smooth muscle cells, offers a unique
opportunity in the management of PPHN to improve Qp though optimization of cardiac
function by reducing PVR and decreasing LV afterload. Milrinone is a PDE3 inhibitor

that enhances intracellular cAMP signaling through inhibition of PDE3, which may lead to
improved myocyte contractility, improved lusitropy, and vascular smooth muscle relaxation
[56,57]. Unlike iNO, milrinone is not selective for the pulmonary circulation and may impair
myocardial perfusion through the reduction of systemic vascular resistance and arterial
blood pressure, but these systemic effects may be helpful in PPHN with LV dysfunction.
Some neonates with PPHN have ECHO evidence of paradoxical left-to-right atrial level
shunting, reflecting the potential contribution of pulmonary venous hypertension from
increased left atrial pressure associated with LV hypoplasia or diastolic dysfunction. In

this setting, milrinone may serve a unique purpose by improving LV performance secondary
to systemic afterload reduction, while augmenting pulmonary vasodilation [58,59]. The
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addition of milrinone therapy in late preterm and term neonates with PPHN who are poorly
responsive to iINO can reduce extrapulmonary shunting, improve oxygenation and augment
the response to iNO [58,60].

Initial milrinone infusions range from 0.2 to 0.33 mcg/kg/min with the ability to titrate

to 1 mcg/kg/min as tolerated hemodynamically [59,61,62]. (Table 2) Given the long
half-life of milrinone, numerous studies have evaluated the use of a loading dose to
rapidly obtain therapeutic concentrations perioperatively for congenital cardiac surgery in
neonates; however, limited pharmacologic data exists to guide the use of a loading dose

in PPHN [63,64]. Milrinone clearance in neonates is decreased compared to older children
and significant variability exists between individual infants and across gestational ages
[61,65]. We caution the use of a loading dose due to the uncertain and variable clearance
rates of milrinone, placing infants at risk for acute and prolonged systemic hypotension,
particularly when renal clearance is further impaired such as during therapeutic hypothermia
for hypoxic-ischemic encephalopathy or significant renal injury [66].

5.4. Endothelin receptor antagonists

Endothelin (ET-1) is a robust vasoconstrictor and elevated concentrations have been found
in neonates with PPHN [67]. In a fetal sheep model of PPHN, chronic /n uteroET

receptor blockade decreased pulmonary artery pressure, right ventricular hypertrophy, distal
muscularization of small pulmonary arteries, and improved the fall in PVR at birth [68-70].
Bosentan is an oral dual ET receptor antagonist approved for children and adults with
chronic pulmonary hypertension and has been used as a treatment for infants with severe
PH with poor responsiveness to iNO and sildenafil [71]. Its use as an acute pulmonary
vasodilator for infants with PPHN continues to evolve. In a pilot study, bosentan improved
oxygenation in term neonates compared to placebo in a setting where iNO was unavailable
[72]. However, a RCT failed to show that the early addition of bosentan to iNO therapy
conferred clinical benefit [73]. Bosentan should only be used after screening for liver disease
with serum hepatic transaminases and liver ultrasound, and serum enzyme levels should be
monitored during therapy (Table 2).

No pharmacologic studies have examined bosentan in the neonate. Bosentan undergoes
primary hepatic metabolism and similar to adults, the half-life in young children is 4-5 h,
though this is likely to be variable in neonates. Simultaneous use of sildenafil and bosentan
results in decreased sildenafil concentrations and elevated bosentan concentrations [74-76].

5.5. Prostanoid therapy

Prostacyclin (PGl»), is a potent vasodilator that increases intracellular cAMP through
activation of adenylate cyclase. IV PGl agents are well established in the management of
older children and adults with pulmonary arterial hypertension, but until recently, there has
been less experience reported in PPHN. Concerns include the risk of systemic hypotension,
the potential for worsening ventilation-perfusion mismatch in neonates with parenchymal
lung disease, and the need for central venous access. However, increasing case series have
shown that the addition of systemic prostanoid therapy may be of benefit in PH refractory to
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other PH-targeted therapies (Table 2). A recent observational study reported a decreased Ol
and need for ECMO in iNO-refractory PPHN with the addition of IV epoprostenol [77].

Past studies have suggested that intratracheal or aerosolized PGI, can improve oxygenation
and appears well tolerated in neonates with refractory PPHN [78-80]. However; in the
critically ill neonate, the use of inhaled PGl has been limited because of problems with
inconsistent delivery, airways irritation, and bronchoconstriction. Newer PGE; analogs and
preparations are emerging as possible therapeutic options, especially in severe PPHN or
PPHN associated with developmental lung diseases, including 1V epoprostenol (Flolan),
intermittently inhaled Iloprost (MVentavis), and Treprostinil (Remodulin) administered
subcutaneously or IV (Table 2).

5.6. Soluble guanylate cyclase activators

The lack of response to iNO in some infants may result from impaired NO-sGC signaling
[15,81]. Exposure to high oxygen tension results in the oxidation of sGC and decreased
ability to produce sGC-mediated vasodilation leading to the investigation of direct SGC
activators. In fetal lambs with experimental PPHN, cinaciguat, a SGC activator, increased
Qp, decreased PVR, and resulted in sustained cGMP production from isolated pulmonary
endothelial cells under oxidative stress [82]. Riociguat, an oral sGC activator, approved
for use in adults with chronic PH, may evolve as a novel therapy for refractory PPHN in
the setting of prolonged hyperoxia exposure [82—84]. Sildenafil must be discontinued with
initiation of riociguat because of the risk of severe systemic hypotension.

6. Approach to iNO resistant disease

The use of combined pulmonary vasodilator therapy is shaped by the underlying
pathophysiologic process, anticipated clinical course, and evolving interactions of the
cardio-pulmonary axis of individual patients. It is imperative to reiterate that while

critical to the management of PPHN, successful use of vasodilator therapy is dependent
upon optimizing supportive measures including systemic hemodynamics and pulmonary
recruitment. Both changes in oxygenation and hemodynamics should be serially assessed to
guide the addition, titration, and weaning of pulmonary vasodilators.

Following confirmation of pulmonary hypertensive physiology without significant LV
dysfunction, iNO is the preferred initial therapy. An adequate response to iNO is
demonstrated as a decrease in Ol of >10% or increase in PaO, of >15%. As noted above,
an inadequate response to iNO is often due to decreased alveolar delivery secondary to
suboptimal pulmonary recruitment and changes in ventilation including high frequency
ventilation should be considered prior to initiation of additional pulmonary vasodilators.
Higher concentrations of iNO are unlikely to be beneficial and increase the risk of adverse
effects [40]. Reassessment of systemic hemodynamics and serial ECHOs are useful in
guiding therapy when oxygenation remains minimally response to iNO.

Limited data exists to support dual vasodilator therapy in PPHN, but careful consideration
of augmenting iNO therapy with 1V sildenafil, inhaled PGI5, or IV PGl are reasonable
options for infants whose Ol remains >20 in the acute setting without systemic hypotension
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and who have normal left ventricular function. IV milrinone at a dose of 0.2 mcg/kg/min
may be helpful to improve Qp by decreasing pulmonary venous pressures in the setting of
LV dysfunction. Fluid resuscitation or inotropic support should be anticipated due to the
nonspecific properties of systemically administered vasodilators.

Minimal clinical data exists to support the use of bosentan or soluble guanylate cyclase
activators in acute PPHN. Due to the limited data and variable response of individual
patients, the inability to wean iNO with the addition of a second therapy or lack of
improvement by ECHO, may be an indication for the addition of a third vasodilator
agent. Refractory PH should be approached from a multidisciplinary approach involving
neonatologists, pulmonologists, and cardiologists with experience in pediatric PH.

For infants who initially stabilized with iNO alone, but develop evidence of rebound PH, or
are at risk for chronic PH (cPH), the addition of PO sildenafil may be helpful to facilitate
weaning from iNO and invasive mechanical ventilation. There is minimal evidence to guide
weaning of pulmonary vasodilators in the setting of combined therapy. With improvement
in oxygenation and weaning of inotropic support, weaning of individual therapies should be
considered. With near normalization or normalization of cardiac function and PH on serial
ECHOs, therapies can be gradually weaned with close clinical monitoring.

7. PPHN in preterm infants with AHRF

The incidence of PPHN has an inverse relationship to the degree of prematurity [3].
Although AHRF and the need for respiratory support after birth is common in premature
neonates, the diagnosis of PPHN still requires ECHO confirmation of right-to-left
extrapulmonary shunting. Despite RCTs suggesting the safety of iNO use in preterm infants,
the use of iNO in preterm infants is not recommended for those with AHRF in the absence
of documented PPHN physiology.

Inhaled NO has an evolving and controversial role in the treatment of early PPHN for
infants <34 weeks’ GA with variable iNO use ranging from 2% to 9% in extremely preterm
infants 22—-30 weeks’ GA [85]. A recent observational study demonstrated that iNO therapy
is equally effective in improving oxygenation in preterm and term neonates [86]. While
iNO has not been shown to decrease BPD in RCTs, none of these trials included ECHO
documentation of PPHN physiology [87]. However, multiple case series that studied the
effects of iNO in preterm infants with PPHN have shown improved oxygenation, especially
in infants with suspected lung hypoplasia from prolonged premature rupture of membranes
or oligohydramnios, leading to recommendations for selective use in preterm infants with
proven PPHN [88,89].

When used at lower doses (5-10 ppm) in premature neonates, multiple RCTs have not
demonstrated an increased risk for severe intraventricular hemorrhage (IVH) or bleeding,
with some data showing a reduction in severe IVH [90,91]. As with term infants, caution
is needed with rapid decreases in iNO therapy, rebound pulmonary vasoconstriction may
worsen pulmonary and systemic hemodynamics.
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8. Summary

The use of preclinical animal models of pulmonary hypertension has significantly
contributed to our understanding of transitional neonatal physiology and the development
of pulmonary hypertension therapies. Despite advances in our ability to care for infants
with PPHN, these infants remain at significant risk for morbidity and mortality. While iNO
is an effective therapy for many neonates, there are some with an inadequate response,
emphasizing the complexity of pulmonary artery and smooth muscle signaling and diversity
of disease phenotypes. Thus, ongoing research is needed to better understand adjunctive
therapies both in preterm and term neonates.
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Practice points

PPHN is a common clinical problem affecting preterm and term neonates

Successful optimization of oxygenation, cardiac performance, and systemic
perfusion rely on strategies that include adequate lung recruitment, careful use
of oxygenation, selected use of surfactant, and cardiotonic therapies, rather
than PH-targeted drug therapy alone

iNO use is a safe, selective and often effective vasodilator therapy for PPHN
management but should not be used without confirming the diagnosis of
PPHN in the setting of AHRF

Sildenafil is a useful adjunctive therapy in neonates poorly responsive to iNO
or in resource-limited settings

Milrinone should be considered in the setting of incomplete responsiveness
to iNO and with evidence of severe right or left ventricular dysfunction
complicating PPHN, and only in the setting of stable systemic hemodynamics

Partial responsiveness to or the prolonged need for aggressive therapies with
evidence of sustained PH should lead to early consideration of genetic studies
to diagnose developmental lung diseases

iNO should be considered in premature neonates with clinical evidence of
PPHN and historical features suggestive of pulmonary hypoplasia.

Research directions

The use of preclinical studies including whole animal and /n vitro models will
continue to be beneficial in understanding cellular mechanisms of PPHN and
help in identifying additional therapeutic modalities.

Ongoing research is needed to better understand the efficacy and safety of
diverse pulmonary vasodilator drugs as well as novel targets for treatments
to enhance lung vascular remodeling and growth in both preterm and term
neonates.
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Fig. 1.
Pulmonary Hypertension Drug Therapies Target Endothelial Cell Derived Pulmonary

Vasodilator Pathways. Nitric oxide (NO) and prostacyclin (PGl,) signaling pathways
regulate pulmonary vascular tone in the developing lung. ATP, Adenosine triphosphate;
CcAMP, cyclic AMP; cGMP, cyclic GMP; COX-1, cyclooxygenase 1; GTP, guanosine
triphosphate; NOS, nitric oxide synthase; PDE3, phosphodiesterase 3; PDES5,
phosphodiesterase 5; PBF, pulmonary blood flow; PGIS, prostacyclin synthase. (Created
with BioRender.com)
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Table 1

Systems based approach to persistent pulmonary hypertension of the newborn.

Systems Based Approach to PPHN Etiology

Pulmonary

Cardiovascular

« Respiratory Distress Syndrome

« Congenital Pneumonia

« Sepsis

* Meconium Aspiration

 Antenatal Asphyxia

« Pulmonary Hypoplasia (Oligohydramnios)
« Idiopathic

« Congenital Diaphragmatic Hernia

« Developmental Lung Disorders

* Trisomy 21

* TBX-4 Mutations

« Alveolar Capillary Dysplasia (FOXF1)

* CRH Receptor-1

« Congenital Surfactant Deficiencies (ABCA3,SP-
B/C)

Other

« Neuromuscular Disease

« Inborn Errors of Metabolism

» Maternal Medication Use

« Selective Serotonin Reuptake Inhibitors (SSRI)
 Aspirin/NSAID

« Polycythemia

« Thrombocythemia

« Left Ventricular Dysfunction

« Total Anomalous Pulmonary Venous
Return

« Structural Cardiac Disease

« Aortic Coarctation

« Interrupted Aortic Arch

« Transposition of the Great Arteries

« Ebstein’s Anomaly

« Mitral Stenosis

« Pulmonary Atresia

« Glycogen Storage Disease Il (Pompe’s
Disease)

* Hepatic Arteriovenous Malformations (AVM)
« Cerebral AVMs (Vein of Galen)

« Pulmonary Vein Stenosis

« Premature DA Closure
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TBX-4, T-Box Transcription Factor-4 gene; FOXF1, Forkhead Box F1 gene; CRH, Cortisol-releasing Hormone; ABCA3, ATP-binding Cassette
AZ3; SP, Surfactant Protein; NSAID, Nonsteroidal Anti-inflammatory Drug.
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