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Challenges, priorities and novel therapies for hypoxemic
respiratory failure and pulmonary hypertension in the neonate
JL Aschner1, J Gien2, N Ambalavanan3, JP Kinsella2, GG Konduri4, S Lakshminrusimha5, OD Saugstad6 and RH Steinhorn7

Future priorities for the management of hypoxemic respiratory failure (HRF) and pulmonary hypertension include primary
prevention of neonatal lung diseases, ‘precision medicine’ and translating promising clinical and preclinical research into novel
therapies. Promising areas of investigation include noninvasive ventilation strategies, emerging pulmonary vasodilators (for
example, cinaciguat, intravenous bosentan, rho-kinase inhibitors, peroxisome proliferator-activated receptor-γ agonists) and
hemodynamic support (arginine vasopressin). Research challenges include the optimal timing for primary prevention interventions
and development of validated biomarkers that predict later disease or serve as surrogates for long-term respiratory outcomes.
Differentiating respiratory disease endotypes using biomarkers and experimental therapies tailored to the underlying pathobiology
are central to the concept of ‘precision medicine’ (that is, prevention and treatment strategies that take individual variability into
account). The ideal biomarker should be expressed early in the neonatal course to offer an opportunity for effective and targeted
interventions to modify outcomes. The feasibility of this approach will depend on the identification and validation of accurate, rapid
and affordable point-of-care biomarker tests. Trials targeting patient-specific pathobiology may involve less risk than traditional
randomized controlled trials that enroll all at-risk neonates. Such approaches would reduce trial costs, potentially with fewer
negative trials and improved health outcomes. Initiatives such as the Prematurity and Respiratory Outcomes Program, supported by
the National Heart, Lung, and Blood Institute, provide a framework to develop refined outcome measures and early biomarkers that
will enhance our understanding of novel, mechanistic therapeutic targets that can be tested in clinical trials in neonates with HRF.
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INTRODUCTION
Management strategies for hypoxemic respiratory failure (HRF)
and pulmonary hypertension (PH) in the neonate continue to
evolve; however, the response to pharmacologic intervention
remains suboptimal.1–9 Challenges to developing evidence-based
therapies for HRF and PH in neonates include a broad range
of etiologies and disease phenotypes, the lack of early predictors
of clinically meaningful long-term outcomes and difficulties in
designing and conducting research in this population. This article
summarizes the challenges and considerations in carrying out
research in HRF and related PH, as well as promising directions
and priorities for future research. This article is the conclusion of a
series summarizing presentations and discussions from a round-
table discussion focused on HRF in neonates.

RESEARCH CHALLENGES
Recognizing phenotypes and identifying subpopulations with
distinct mechanisms of disease (endotypes) are critical to
identifying effective therapies for HRF and PH and reducing
exposure to therapies that are not likely to benefit specific
patients. For example, one of the more challenging areas of
research has been the prevention and treatment of PH associated
with severe bronchopulmonary dysplasia (BPD). The development

of BPD is influenced by complex and poorly understood
interactions between genetic and epigenetic factors and environ-
mental exposures during both antenatal and postnatal periods of
development.10 Structurally and biochemically immature lungs,
hyperoxia and oxidant injury, volutrauma, inflammation, and poor
respiratory drive have all been implicated in the aberrant
pulmonary development associated with BPD. Genomic hetero-
geneity also exists with distinct biologic pathways contributing to
the pathogenesis of mild/moderate BPD versus severe disease. It is
likely that distinct causal factors dominate in different patients.
Failure to identify subpopulations with distinct endotypes can
increase exposure to therapies unlikely to benefit individual
patients and fuels doubt about biologically plausible therapies
that may benefit a subset of at-risk infants.10

The failure to recognize BPD disease endotypes poses a
considerable challenge to researchers and contributes to the so-
called ‘negative trials.’ These trials, better termed ‘statistically
negative trials’ or ‘indeterminate trials,’ cannot prove that a
therapy is ineffective.11 Alternate explanations for a ‘negative trial’
include insufficient sample size; small effect size due to failure to
optimize the timing, dose or duration of therapy; and poor ‘noise-
to-signal ratio’ (that is, excess variation in outcome). The ability of
a clinical trial to identify a statistically significant effect is related to
the magnitude of the effect of the therapy (‘signal’) and the
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variation (‘noise’) in the outcome of the study that can be
introduced by heterogeneity in patient populations (highly
relevant to BPD research), heterogeneous center practices, clinical
care and medical co-interventions.11

Strategies to increase the likelihood of a positive trial (assuming
the intervention is indeed effective) include increasing the sample
size, enhancing the signal and reducing the noise. However, these
strategies involve tradeoffs in generalizability, cost, sample size,
signal or noise.11 For example, randomized registries or large
‘simple’ trials increase sample size, but registries typically rely on
electronic medical record data that are subject to noise while large
‘simple’ trials limit data collection and potentially introduce
control noise.11 Adequately powered intervention studies can be
complicated by concerns on the part of investigators, institutional
review boards and pharmaceutical companies about conducting
research in vulnerable populations such as neonates.10

Inherent research challenges in premature infants further
complicate the conduct of adequately powered intervention
studies. Recruitment of sufficient numbers of appropriate patients
with BPD-associated PH, for example, is hindered by the fact that it
is a rare condition characterized by substantial phenotypic and
endotypic diversity.10 Greater phenotypic and endotypic precision
have the potential to enhance the signal–noise ratio; however, the
tradeoff is sample size. As endotyping improves, smaller sample
sizes should be needed to demonstrate efficacy in targeted
populations; however, large multicenter collaborative efforts will
be needed to enroll adequate numbers of these highly selected
patient populations for sufficiently powered trials.
Optimizing the timing, dose and duration of therapy are

obvious strategies to increase the strength of the signal.11 Use of
alternative trial designs is another strategy. Adaptive or response-
adaptive trial designs, for example, allow investigators to modify
the intervention as information from the trial accrues, thereby
magnifying the signal. Adaptive designs are increasingly used in
oncology trials and there is an historical precedent in neonatology
with the randomized ‘play-the-winner’ statistical method or the
repeated significance test plan of the sequential analysis
described by Armitage.12 The ‘play-the-winner’ strategy was used
in early extracorporeal membrane oxygenation trials in neonatal
respiratory failure to adapt randomization in favor of the group
with improved survival.13 The sequential analysis method was
used to compare high-frequency jet ventilation with conventional
ventilation in neonates with HRF.14 In this trial, separate sequential
analyses (two-sided, α= 0.05, power = 0.95 to detect 85:15
advantage) were performed for mortality, air leak, BPD, intraven-
tricular hemorrhage and assignment crossover; and a combined
analysis was performed, with death overriding other outcome
variables. Enrollment was completed when the combined analysis
reached the sequential design boundary indicating no treatment
difference.14

Other than optimizing the dose and duration of therapy, the
most important concept for maximizing treatment effect is
targeting the causal pathophysiology of the disease (that is,
endotypes are important). Unfortunately, there are gaps in our
knowledge that place considerable limits on understanding BPD
and other neonatal respiratory diseases. Limited fundamental
understanding of the biology of some diseases, such as HRF and
specifically BPD, plus the lack of positive examples to guide
decisions, limits the adoption of this targeting strategy.
Current definitions of BPD are based on center-specific

preferences for oxygen use and oxygen saturation targets. The
operational definition of BPD has changed over time based on the
‘requirement’ for supplemental oxygen,15,16 and more recently,
timed room-air challenge in selected infants.17 However, increas-
ing use of respiratory support strategies that administer high or
low flow with ambient air or with supplemental oxygen confounds
oxygen-based definitions of BPD.18 None of the current definitions
of BPD take into account recent changes in management

strategies that increasingly involve the use of high-flow nasal
cannula systems at the full range of fraction of inspired oxygen
(FiO2), including FiO2 of 0.21, or extremely low-flow cannula
support (o0.1 Lpm) with FiO2 of 1.0.
Fundamentally, there are inherent shortcomings in defining a

disease by its management with no association to the underlying
pathophysiology, disease progression or phenotype variability.10

For example, the relevance of an outcome at 36 weeks’ gestational
age is problematic as lung development continues beyond term
and throughout childhood. A 36-week outcome may result in the
‘misclassification’ of infants whose oxygen need is a reflection of
immature control of breathing, immature oral feeding patterns, a
compliant chest wall or upper airway structural immaturity, rather
than lung pathology. Infants of a lower gestational age remain on
support longer and stay in the hospital longer, which undermines
the relevance of a 36-week outcome. Definitions based on the
need for supplemental oxygen are ill-suited for predicting longer-
term outcomes and evaluating the multifactorial nature of BPD.
Overall, current operational definitions of BPD lack endotypic
insight and fail to quantify disease severity or predict long-term
respiratory outcomes.18,19

It is important to recognize, however, that the key challenge is
not only the operational definition of BPD, but also our lack of
fundamental understanding of the pathobiology of BPD and other
neonatal respiratory diseases. The optimal timing for interventions
is unclear.10 There is no consensus regarding whether BPD has its
origins in utero, at the time of delivery or in the early postnatal
period. The timing of BPD initiation may be different in each
neonate, varying with gestational age and other maternal and
fetal or neonatal characteristics. For instance, BPD may have an
antenatal origin in a 23-week gestation infant exposed to preterm
labor and chorioamnionitis, but a postnatal onset in a 33-week
gestation infant exposed to high mechanical ventilator settings.
Both infants may have genetic components that predispose to or
modify the disease. Nor is it known how interactions between
antenatal exposures and postnatal events modulate the risk or
severity of BPD. Our understanding of how various BPD
phenotypes evolve over time is also incomplete. The lack of
validated biomarkers that predict later disease and can serve as
surrogates for long-term respiratory outcomes poses additional
challenges to research and therapeutic advances. In addition,
there is a great need for comprehensive genomic analysis of
existing and future BPD cohorts to identify genetic modifiers of
the disease. This approach could lead to partnerships in the
pharmaceutical industry that may provide ‘precision’ therapies
that will benefit some infants with specific genetic etiologies.
Efforts to overcome such challenges include the prospective
multicenter Prematurity and Respiratory Outcomes Program
(PROP), supported by the National Heart, Blood, and Lung Institute
(NHLBI), which will provide a highly granular description of
outcomes both at the time of discharge from the neonatal
intensive care units and throughout the first year of life, as well as
a comprehensive biorepository for identification of biomarkers
and genetic causes.18,20,21 Databases and cohorts such as PROP
should be combined and harmonized with those from other
collaborations and countries to accelerate discovery.

FUTURE PRIORITIES
To optimize outcomes in neonates at risk for lung diseases, future
priorities should focus on primary prevention, emerging
approaches (for example, ‘precision medicine’) and translating
promising clinical and preclinical research into novel therapies. A
recent NHLBI workshop highlighted promising areas for research,
including an understanding of normal and aberrant lung
development, distinguishing BPD endotypes and determining
biomarkers for targeted therapeutic approaches.10 The workshop
also identified research priorities that included a recommendation
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to validate sensitive and specific early ‘omic’ signatures to
differentiate BPD endotypes and adopt study designs that
integrate personalized medicine using biomarkers and experi-
mental therapies tailored to the underlying pathobiology.10

IDENTIFICATION OF BIOMARKERS
Identification of validated biomarkers of disease will facilitate the
development of tailored personalized therapeutic approaches22

while reducing healthcare costs and the risks associated with
broadly applying ineffective and potentially dangerous and costly
therapies. Improved patient endotyping with the use of biomar-
kers prior to randomization may enhance safety and efficacy of
randomized controlled trials of novel therapies. The downside
would be increased screening costs, which may result in fewer
eligible patients and require more collaborative efforts among
centers.
To ensure the broadest adoption and greatest clinical impact,

biomarkers in BPD and HRF should be practical, affordable and
predictive of later disease. They may also serve as surrogates for
the long-term respiratory outcomes that are most important to
patients and the healthcare system. Validation of a biomarker in
replication cohorts is a prerequisite for widespread acceptance;
however, there are several challenges to the development of
biomarkers for long-term respiratory disease outcomes. Both DNA
and microRNA, for example, can provide information about
genetic predisposition or resilience factors in lung disease, but it
is unknown which is the most useful or even which samples
should be collected (for example, amniotic fluid, tracheal aspirate,
blood, urine or stool). Normalization of biomarker values
represents another challenge. For instance, using urine creatinine
as the denominator of a urine biomarker in neonates drastically
increases the noise-to-signal ratio because of the wide range and
typically very low values of normal creatinine in newborns.
Another challenge for biomarker discovery is the presence of
multiple confounders and identification of an appropriate control
group—this is particularly challenging in very preterm neonates
who may or may not develop BPD.
In choosing a biomarker, there are statistical and methodolo-

gical issues to be addressed a priori, such as the use of absolute
values at a single time point versus values that change over time.
It may be that the pattern of change in a particular biomarker over
time rather than its absolute value is most predictive of long-term
respiratory outcomes.18,20 Interactions between various biomar-
kers, such as the balance between inflammatory and anti-
inflammatory biomarkers or oxidant versus antioxidant capacity,
must also be integrated into study designs and the selection
of biomarkers. Measuring inflammatory biomarkers alone may be
of little predictive value, for instance, but the balance of
inflammatory and anti-inflammatory cytokines (or oxidant versus
antioxidant capacity) may be prognostic.
Government-supported research organizations have proposed

initiatives to promote creative new approaches for detecting,
measuring and analyzing a wide range of biomedical information
including molecular, genomic, cellular, clinical and environmental
parameters. ‘Translational bioinformatics,’ which aim to link and
generate insights from clinical and genetic databases and apply
those data to clinical care, is a powerful tool that can generate
new biomedical knowledge relevant to neonatal care.23 Incorpora-
tion of knowledge derived from these data into clinical practice
via electronic medical records and other means can promote
prospective evaluation of its impact on patient outcomes and
facilitate delivery of personalized, precision medicine.

NOVEL AND EMERGING TREATMENT STRATEGIES
Translational bioinformatics and other techniques have the
potential to translate promising clinical and preclinical research

into novel HRF and PH therapies in the clinical setting. Innovative
lung recruitment strategies and ventilatory approaches such as
airway pressure release ventilation or ‘BiVent’ and neurally
adjusted ventilatory assist, pulmonary vasodilators, and hemody-
namic support are among the novel approaches deserving further
study. Greater insight into the pathobiology of chronic pulmonary
vascular disease in infants has led to the consideration of novel
pharmacologic treatment and prevention approaches. Although
these signaling pathways and medications are investigational at
this time, they do provide a glimpse into current research and
potential future approaches.
One therapeutic approach stems from our expanded under-

standing of the contribution of nitric oxide (NO) signaling to the
pathogenesis of PH. A growing body of evidence suggests that
disrupted L-citrulline–L-arginine–NO signaling is involved in the
pathogenesis of chronic hypoxia-induced PH in newborns.24,25

Hypoxia reduces NO production in pulmonary arterial endothelial
cells (PAECs) by uncoupling endothelial NO synthase, which is
responsible for synthesizing NO from L-arginine.24 L-arginine
supplementation can improve NO signaling and, thereby,
ameliorate chronic PH; oral citrulline may be more effective than
arginine in increasing serum L-arginine concentrations and
represents an alternate means for improving NO signaling.26,27

Putative mechanisms by which L-citrulline improves NO
signaling are via recoupling of endothelial NO synthase, reducing
superoxide generation and enhancing NO synthesis as shown in
hypoxic PAECs and in chronic hypoxia-induced PH in animal
models.24 In newborn piglets, L-citrulline ameliorated chronic
hypoxia-induced PH and increased NO production in animals
exposed to chronic hypoxia.28 Pulmonary arterial pressure and
pulmonary vascular resistance were significantly lower in hypoxic
animals treated with L-citrulline than in untreated hypoxic animals
(Po0.001). In vivo exhaled NO production (P= 0.03) and nitrite/
nitrate accumulation in the perfusate of isolated lungs (P= 0.04)
were significantly higher in L-citrulline-treated hypoxic piglets
compared with untreated hypoxic animals. Another in vivo study
demonstrated that L-citrulline administered subcutaneously
attenuates arrested alveolar growth and PH in experimental
oxygen-induced BPD in newborn rats.29 L-citrulline preserved
alveolar and vascular growth in oxygen-exposed rat pups and
decreased pulmonary arterial medial wall thickness and right
ventricular hypertrophy. Together, these findings suggest that
supplementation with L-citrulline or L-arginine may represent a
novel therapeutic approach to ameliorate PH and prevent BPD in
neonates.
Endothelin (ET) receptor blockers have historically been used as

rescue therapy late in the treatment course in infants with severe
established PH rather than as a pulmonary vasodilator early in the
course in infants at risk for the development of chronic PH. Given
the importance of elevated ET levels in the pathophysiology of
congenital diaphragmatic hernia (CDH)30 and other neonatal
respiratory conditions associated with PH, investigation of the
potential therapeutic efficacy of intravenous bosentan (a non-
specific ET-1 receptor blocker) may be warranted as potential
primary therapy from birth in neonates with CDH, prior to the
development of established PH.
Rho-kinase (ROCK) is another important signaling pathway that

regulates vascular tone and myogenic reactivity, and contributes
to hypertensive vascular remodeling in experimental models.31–35

Interestingly, ROCK inhibitors have been shown to be effective in
the setting of decreased endothelial NO synthase. In animal
models of genetically reduced endothelial NO production
(endothelial NO synthase knockout mice and spontaneously
hypertensive rats) and pharmacologically reduced endogenous
NO production, ROCK inhibition produces a strong vasodilator
response.36,37 In a fetal sheep model of experimental persistent PH
of newborn (PPHN), ROCK inhibition increased left pulmonary
artery blood flow and decreased pulmonary vascular resistance by
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25% both in fetal and neonatal lambs.33 After birth, the same
effect was seen with ROCK inhibition. Notably, the effects of ET-1
on pulmonary artery endothelial cell function are mediated by
ROCK, and blocking the pathway may be a novel approach to
managing PH associated with high ET levels.38,39

Peroxisome proliferator-activated receptor-γ (PPARγ) agonists
produce vasodilation through the inhibition of ROCK; thus, both
ROCK and PPARγ regulate smooth muscle cell proliferation and
contribute to vascular remodeling in adult PH.40 During fetal life,
PPARγ is present at constant levels in the lung, but tends to
decrease as the fetus transitions to a newborn and then into
adulthood. In experimental models of PH and lung injury,
activation of PPARγ prevents PH and reduces lung injury.41,42 In
PPHN, PAEC dysfunction contributes to impaired angiogenesis.
In vitro studies of isolated PAECs demonstrate that ET-1 decreases
PPARγ protein expression and activity, and impairs endothelial cell
function. Administering PPARγ agonists in that setting restores
PAEC function. Although these studies demonstrate a potential
role for PPARγ agonists in the treatment of PH, experience with
adult patients raises concern about toxicity, which may limit
translation to clinical use.
Impaired NO-cyclic guanosine monophosphate (cGMP) signaling

with decreased soluble guanylate cyclase (sGC) activity contributes
to severe PH post birth.43 In the presence of increased reactive
oxygen species, sGC becomes oxidized, decreasing the ability to
produce cGMP-mediated dilation. A study of the effects of
cinaciguat, an sGC activator that is effective in the setting of
oxidized sGC, found cinaciguat-induced pulmonary vasodilation in
fetal lambs with PPHN induced by in utero ductus arteriosus ligation.
Pulmonary vascular resistance was reduced by 36% (Po0.001).44

Importantly, the pulmonary vascular response to cinaciguat was
greater than the effects of increased oxygen and inhaled nitric oxide
alone. The effects of cinaciguat on enhanced cGMP production in
pulmonary artery smooth muscle cells from normal fetal sheep and
from sheep with chronic intrauterine PH were greater under
hyperoxic conditions (FiO2 50%) compared with its effects in room
air. It is particularly encouraging that cinaciguat increased cGMP
production in the presence of hyperoxia in both normal and PPHN
pulmonary artery smooth muscle cells. This suggests that in the
presence of oxidized sGC, cinaciguat may still be effective in
increasing cGMP production and vasodilation. Thus, cinaciguat may
provide a novel treatment option for severe PH.
Additional strategies could emerge from improved under-

standing of the role of oxidant stress in PH. The use of
intratracheal recombinant human superoxide dismutase acutely
induces pulmonary vasodilation, improves oxygenation and
decreases oxidative stress in lambs with PPHN.45 Oxidant stress
selectively induces the phosphodiesterase type 5 enzyme and
oxidizes sGC, resulting in the breakdown of cGMP. In addition to
sildenafil, newer long-acting phosphodiesterase type 5 inhibitors,
such as tadalafil, appear to be effective in animal models of
PPHN.46 Additional insights will likely be gained from a better
understanding of the generation of reactive oxygen species from
specific subcellular compartments.
Altered hemodynamics contribute to adverse outcomes in

PPHN, and limited success with current vasoactive therapies, such
as dopamine and epinephrine, has generated interest in novel
regulators of systemic vascular tone. Arginine vasopressin is a
vasopressor agent that acts through arginine vasopressin 1A
receptors on the smooth muscle cells in the systemic circulation to
produce vasoconstriction. Vasopressin is increasingly used in
some centers to support infants with PPHN and hemodynamic
instability, especially in the setting of CDH. The strength of this
compound is its ability to produce non-catecholamine-dependent
vasoconstriction. Thus, vasopressin can be effective in the setting
of catecholamine resistance. Intriguingly, in infants with CDH and
refractory hypotension, vasopressin improved systemic hemody-
namics and gas exchange without adverse effects on pulmonary

vascular resistance and was associated with a trend towards a
decrease in the pulmonary to systemic pressure ratio.47 These
results suggest a potential role for vasopressin therapy in patients
with CDH with catecholamine-resistant refractory hypotension.

CONCLUSIONS
In summary, the recognition of phenotypes and identification of
subpopulations with distinct mechanisms of disease (endotypes)
are critical to finding safe and efficacious therapies for HRF and
PH, and reducing exposure to therapies not likely to benefit
certain patients. As such, identification of biomarker-driven
BPD endotypes holds promise for a new era of research in the
prevention of BPD and HRF. Use of validated biomarkers to guide
treatment for distinct study populations should prove less risky
and costly than traditional randomized controlled trials that enroll
all infants deemed at risk. This ultimately should reduce the costs
of clinical care with the hope of improved outcomes. Future
research priorities should focus on primary prevention of neonatal
lung diseases, emerging approaches (for example, ‘precision
medicine’) and translating promising clinical and preclinical
research into novel therapies. Novel areas of investigation include
pulmonary vasodilators, including intravenous bosentan and
emerging agents (citrulline, cinaciguat, ROCK inhibitors, PPARγ
agonists), and hemodynamic support (arginine vasopressin).
Multicenter randomized trials are needed to evaluate the efficacy
of novel therapies in the setting of neonatal HRF and PH.
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