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A B S T R A C T

Bronchopulmonary dysplasia (BPD) and BPD-associated pulmonary hypertension (BPD-PH) are chronic in-
flammatory cardiopulmonary diseases with devastating short- and long-term consequences for infants born
prematurely. The immature lungs of preterm infants are ill-prepared to achieve sufficient gas exchange, thus
usually necessitating immediate commencement of respiratory support and oxygen supplementation. These
therapies are life-saving, but they exacerbate the tissue damage that is inevitably inflicted on a preterm lung
forced to perform gas exchange. Together, air-breathing and necessary therapeutic interventions disrupt normal
lung development by aggravating pulmonary inflammation and vascular remodelling, thus frequently pre-
cipitating BPD and PH via an incompletely understood pathogenic cascade. BPD and BPD-PH share common risk
factors, such as low gestational age at birth, fetal growth restriction and perinatal maternal inflammation;
however, these risk factors are not unique to BPD or BPD-PH. Occurring in 17–24% of BPD patients, BPD-PH
substantially worsens the morbidity and mortality attributable to BPD alone, thus darkening their outlook; for
example, BPD-PH entails a mortality of up to 50%. The absence of a safe and effective therapy for BPD and BPD-
PH renders neonatal cardiopulmonary disease an area of urgent unmet medical need. Besides the need to de-
velop new therapeutic strategies, a major challenge for clinicians is the lack of a reliable method for identifying
babies at risk of developing BPD and BPD-PH. In addition to discussing current knowledge on pathophysiology,
diagnosis and treatment of BPD-PH, we highlight emerging biomarkers that could enable clinicians to predict
disease-risk and also optimise treatment of BPD-PH in our tiniest patients.

1. Introduction

Once placental function is lost at birth, the preterm infant is sud-
denly confronted with the challenging task of oxygenating the blood
and removing metabolically-produced carbon dioxide (CO2) using a
respiratory system that is inadequately developed for the task. The rate
of transfer of gas across the lung is directly proportional to the surface
area for exchange and inversely proportional to the diffusion distance
between blood and air, according to Fick’s Law of diffusion. The lungs
of infants born very prematurely, i.e. infants born at 28 weeks of ge-
station or less, are yet to reach the alveolar stage of lung development,
when lung maturation becomes adequate for efficient gas exchange
(Madurga et al., 2013; Mullassery and Smith 2015). Therefore, as ge-
stational age falls towards 23 weeks (the gestational age currently

widely regarded as the threshold of viability), gas exchange occurs
across an ever-smaller surface area and increasing diffusion distance. To
bolster oxygen (O2) transfer to the baby, the clinician is forced to adjust
a third variable in Fick’s Law, namely the concentration of O2 in the
lung, which can readily be increased by adding O2 to the inspired air. In
the face of a preterm infant’s immaturity, both at the level of the lung
and the mechanics of the thorax, it is often necessary to use a me-
chanical ventilator to maintain lung volume, adequate ventilation and
arterial oxygenation. Although necessary to sustain the preterm infant’s
life, high concentrations of inspired oxygen and mechanical ventilation
damage the lung by precipitating pulmonary inflammatory pathways
and by disrupting lung angiogenesis and vasculogenesis (Gien and
Kinsella 2011). At present, with no effective therapy to counter in-
flammation and vascular dysgenesis, many preterm infants develop two
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diseases that severely compromise lung function and can lead to death,
namely bronchopulmonary dysplasia (BPD) and its gravest complica-
tion, pulmonary hypertension associated with BPD (BPD-PH) (Abman
2011).

Although this review briefly introduces BPD, its main focus is BPD-
PH, which we discuss from the perspectives of classification, epide-
miology, pathogenesis, diagnosis and current therapeutic options. In
light of emerging evidence for the need of early intervention in the
prevention or treatment of BPD-PH, another focus of this review lies on
potential physiological, biochemical and genetic predictors of BPD-PH.

2. Bronchopulmonary dysplasia (BPD)

BPD is a severe inflammatory chronic lung disease that affects
10,000–15,000 preterm babies each year in the USA (Van Marter 2009;
Stoll et al., 2010). BPD is a major contributor to neonatal morbidity
with an incidence that is inversely related to gestational age and birth
weight. In one study in the USA, approximately 50% of infants
weighing less than 1000 g developed the disease (Martin et al., 2013),
while in Australia and New Zealand, the incidence of BPD is 61% in
infants born at ≤25 weeks gestational age (GA) (Chow 2014). As no
safe and effective treatment for BPD is available, the health care costs
associated with this disease are staggering, exceeding $2.4 billion an-
nually in the USA alone (McAleese et al., 1993).

2.1. Definition and classification of BPD

The current definition of BPD is based upon a patient’s need for
respiratory support and supplemental oxygen therapy at 36 weeks
corrected GA (cGA). With such a subjective basis for categorising BPD,
it is unsurprising that BPD diagnosis and classification of its severity
vary widely between hospitals– and despite the efforts described below,
defining BPD frequently continues to pose a challenge (Jobe and
Steinhorn 2017).

In order to overcome inter-hospital variability, a more objective
‘physiological’ definition of BPD was established based upon the degree
of respiratory support at 36 weeks cGA and a “room air challenge” if
required (Jobe and Bancalari 2001; Walsh et al., 2003; Walsh et al.,
2006). In accordance with these guidelines, the Australia and New
Zealand Neonatal Network (ANZNN) defines BPD as lung disease with
ongoing requirement for supplemental oxygen therapy or respiratory
support (continuous positive airway pressure or mechanical ventila-
tion) at 36 weeks cGA (Chow 2014). In addition to this physiological
classification, BPD severity can be classified into one of three categories
as per the NICHD (United States National Institute of Child Health and
Human Development) and the NHLBI (United States National Heart,
Lung, and Blood Institute), namely mild, moderate and severe, ac-
cording to the criteria shown in Table 1 (Jobe and Bancalari 2001;
Short et al., 2007; Hayes et al., 2010).

While the diagnosis of BPD is assigned at 36 weeks cGA, the pre-
sence of the underlying pulmonary pathology can be suspected earlier;
the term used in this case is ‘evolving BPD’. In this review, “BPD” will

refer to the disease as defined by ANZNN and “evolving BPD” will refer
to suspected BPD before a diagnosis can formally be made.

2.2. Sequelae of BPD

Clinical management of BPD requires substantial intensive care in-
terventions, including mechanical ventilation and oxygen supple-
mentation. These necessary interventions frequently have adverse ef-
fects, including aggravation of the disease process, whereby they
contribute to the development of short- and long-term sequelae.
Examples of such complications include increased likelihood of neu-
rodevelopmental impairments (such as lower IQ and delayed cognitive,
motor and language development at 3 years of age (Short et al., 2007)),
reduced lung function in adolescence and adulthood (Kotecha et al.,
2013; Gough et al., 2014; Um-Bergstrom et al., 2017), and increased
airway obstruction at 18 years of age (Doyle et al., 2017). Another
serious complication of BPD is pulmonary hypertension (PH), which
can significantly add to the disease burden of extremely preterm infants
(Khemani et al., 2007; Bhat et al., 2012) as discussed below.

3. Pulmonary hypertension (PH)

The paediatric PH guidelines released in 2015 by the American
Heart Association and American Thoracic Society define PH as a resting
mean pulmonary artery pressure of ≥ 25 mmHg at sea level in children
at 3 months of age or older (Abman et al., 2015). In younger infants,
36 mmHg of systolic pulmonary artery pressure is commonly considered
the upper limit of normal (Lau et al., 2011; Parasuraman et al., 2016).
There is a lack of consensus on how to classify PH severity, possibly due
to the complexity and heterogeneity of the disease and its clinical
outcomes.

Two types of PH occur in the neonatal period, namely persistent
pulmonary hypertension of the newborn (PPHN) and BPD-PH. PPHN is
most readily understood with reference to the normal haemodynamic
transition at birth (Steinhorn 2010), which involves the first breaths
filling the lung with air, and a subsequent rapid rise in pulmonary and
systemic oxygen partial pressure and saturation. As oxygen partial
pressure and saturation rise, the hypoxic vasoconstriction that char-
acterises the fetal pulmonary vascular bed begins to abate (Abman
1999; Polglase et al., 2012), pulmonary blood flow increases, and flow
across the ductus arteriosus and foramen ovale falls. The ductus arter-
iosus and foramen ovale eventually close, and the pulmonary circula-
tion transforms into its mature condition of high flow, low resistance
and low pressure (Polglase and Hooper 2006). A failure to decrease
pulmonary vascular resistance immediately after delivery results in
continued right-to-left shunting across the ductus arteriosus and
foramen ovale, and persistence of high resistance and pressure in the
pulmonary circulation (Abman 1999), resulting in the condition termed
PPHN. The causes and consequences of PPHN have been extensively
reviewed recently (Teng and Wu 2013; Sharma et al., 2015) and thus
will not be discussed further here. Instead, in view of its high morbidity
and mortality, we focus on BPD-PH.

Of note, PH is currently classified by the World Health Organisation
into 5 subtypes according to shared pathologic and clinical features and
treatment strategies (Simonneau et al., 2014). However, this classifi-
cation is based on adult PH and does not take into account the het-
erogeneity of neonatal and paediatric PH and the multifactorial me-
chanisms that contribute to its development. The Pediatric Taskforce of
the Pulmonary Vascular Research Institute (PVRI) has proposed an al-
ternative classification of PH encompassing 10 categories that may be
more relevant to PH in neonates and children (Cerro et al., 2011); its
use is currently being evaluated.

3.1. Pulmonary hypertension secondary to BPD (BPD-PH)

PH can be considered the gravest complication of BPD as it

Table 1
NICHD/NHLBI diagnostic criteria for severity of BPD. The three categories of severity are
mild, moderate and severe BPD. Modified from Jobe and Bancalari (2001), Short et al.
(2007) and Hayes et al. (2010).

BPD Severity Criteria

Mild Supplemental oxygen required ≥28 days, termination of
supplemental oxygen by 36 weeks cGA or discharge

Moderate Supplemental oxygen required ≥28 days, requirement of< 30%
O2 at 36 weeks cGA or discharge

Severe Supplemental oxygen required ≥28 days, requirement of ≥30%
O2 and/or continuous positive airway pressure or mechanical
ventilation at 36 weeks cGA or discharge

C.B. Bui et al. Journal of Reproductive Immunology 124 (2017) 21–29

22



substantially worsens the prognosis of afflicted infants. PH occurs in
17–24% of BPD patients (Bhat et al., 2012; Kim et al., 2012; Ali et al.,
2013; Al-Ghanem et al., 2017), and as with BPD, the incidence of PH
increases as gestational age decreases, rising to 59% in infants born at
or prior to 25 weeks cGA (Khemani et al., 2007). Mortality in infants
with BPD-PH was reported to be between 14% and 38% (An et al.,
2010; Slaughter et al., 2011; Kim et al., 2012); however, in another
study, approximately half of the babies with severe PH succumbed to
heart failure within 2 years of diagnosis (with severe PH defined as an
estimated right ventricular (RV) pressure ≥100% of systemic pressure)
(Khemani et al., 2007).

Many of the risk factors for PH overlap with those for BPD, such as
low gestational age, fetal growth restriction, oligohydramnios, pro-
longed mechanical ventilation as well as oxygen dependency (Khemani
et al., 2007); multivariate analysis is yet to reveal any risk factors that
are unique to PH. In fact, the factors that contribute to the development
of PH are poorly understood, and there is controversy regarding the
correlation between BPD and PH: Some studies conclude that increasing
BPD severity is not always associated with a higher incidence of PH
(Khemani et al., 2007), whereas other papers report that infants with
severe BPD are more likely to also develop PH (An et al., 2010; Bhat
et al., 2012). Thus, the association between the severity of BPD and the
development of PH warrants further research.

The long-term outcomes for survivors of BPD-PH are largely un-
known, which has prompted an urgent call for research to better un-
derstand these outcomes, in particular the pulmonary and neurodeve-
lopmental consequences of the disease (Al-Ghanem et al., 2017). The
few existing reports suggest that structural pulmonary vascular disease
and increased vascular tone can persist into adolescence in BPD-PH
patients (Mourani et al., 2004). Despite normalisation of pulmonary
arterial pressures in childhood, hyper-reactivity to hypoxic stress was
observed in BPD-PH children at 5 years of age (Mourani et al., 2004;
Poon et al., 2013). Moreover, even in the absence of other signs of PH,
survivors of BPD-PH exhibited decreased right ventricular systolic
function, which is an independent predictor of future RV failure
(Sachdev et al., 2011; Kwon et al., 2016). In the shorter term, elevated
pulmonary arterial pressures have been shown to persist until discharge
in survivors of BPD-PH (Bhat et al., 2012).

3.2. Pathogenesis of BPD-PH

The patho-mechanisms that underlie BPD and BPD-PH are not well
understood, but it has been recognised that various insults, including
disruption of fetal lung development, perinatal infection/inflammation,
mechanical ventilation and hyperoxia, cause pulmonary inflammation
that can have deleterious impact on both the airways and alveoli as well
as the pulmonary vasculature (Hislop 2002; Speer 2006; Madurga et al.,
2013; Vogel et al., 2015).

Extremely preterm infants, who are at greatest risk of developing
BPD and BPD-PH, are born before 28 weeks and 0 days of gestation
(28 + 0), when the rudimentary bronchioles are developing and the
first stages of alveolar development can be discerned. Dysregulation of
lung development during this vulnerable phase substantially compro-
mises gas exchange, so that extensive and prolonged intensive care
interventions such as mechanical ventilation and oxygen supple-
mentation are required. These necessary and life-saving interventions
frequently have adverse effects, which, similar to the pathogenetic
triggers, include the induction of a pulmonary inflammatory response.
The resultant inflammatory milieu has been linked to disruption of al-
veolar and pulmonary vascular development (Fig. 1) (Benjamin et al.,
2010; De Paepe et al., 2010). Such disruption leads to a reduction in the
cross-sectional area of the pulmonary vasculature, and thus to a higher
than normal pulmonary vascular resistance (PVR) and to an increase in
pulmonary arterial pressure (Fig. 1) (Hislop and Haworth 1990;
Coalson 2003; Khemani et al., 2007).

Maturation of the pulmonary vasculature and the lung parenchyma

occurs concurrently. The proximal arteries develop via vasculogenesis
(de-novo synthesis of vessels from mesoderm-derived haemangio-
blasts), whereas the pre-acinar arteries develop via angiogenesis (the
growth of new capillary blood vessels from existing vasculature)
(Hislop 2002). Dysregulation of the processes underlying blood vessel
growth is thought to be an early contributing factor to the development
of PH (Fig. 1) (Budhiraja et al., 2004). Vascular endothelial growth
factor (VEGF) is an important regulator of angiogenesis and vasculo-
genesis, mediating normal development of the pulmonary vasculature
(Hislop 2002; Baker et al., 2014). Nitric oxide (NO) has also been im-
plicated in normal vascularisation, playing important roles in stimu-
lating endothelial proliferation through the VEGF-NO pathway (Hislop
2005; Baker et al., 2014). Disruption of the VEGF and/or NO pathways
leads to impairment of pulmonary microvascular and alveolar forma-
tion and has been implicated in the pathogenesis of BPD-PH (Baker
et al., 2014).

Such dysregulation of the growth of the pulmonary vasculature as
well as the lung parenchyma results not only in a reduced surface area
available for gas exchange, but also in an abnormal architecture of the
lung parenchyma where gas exchange occurs. These abnormalities give
rise to ventilation-perfusion mismatch, which exacerbates hypoxaemia
and hypercapnia and contributes to an increase in PVR via hypoxic
vasoconstriction (Fig. 1) (Aaronson et al., 2006). Moreover, hypoxia,
hyperoxia and mechanical ventilation aggravate pulmonary in-
flammation, which in turn may precipitate bronchial smooth muscle
and airway hyper-responsiveness (Hislop 2002; Royce et al., 2016).
Such hyper-responsiveness in combination with increased pulmonary
blood pressure promotes remodelling of the pulmonary vasculature
(Fig. 1). If not prevented from progressing, such remodelling may be-
come irreversible and lead to long-term dependence on respiratory
support, right heart failure and death (Khemani et al., 2007; Farquhar
and Fitzgerald 2010; Bhat et al., 2012).

3.3. Diagnosis of BPD-PH

Cardiac catheterisation is the gold standard for diagnosing PH, but
its invasiveness, the difficulty of performing it in tiny patients, and its
limited availability, explain why it is rarely used in preterm infants
(Revanna et al., 2016). Instead, non-invasive echocardiography usually
is the diagnostic tool of choice (Kim 2010; Revanna et al., 2016). Al-
though echocardiography relies upon skilled clinicians to perform the
examination and evaluate the results, a study showed that echo-
cardiography correctly diagnosed PH in children under the age of two
years in 79% of cases (Mourani et al., 2008).

Echocardiography uses ultrasound to image the heart and the large
vessels and Doppler-based methods to obtain estimates of pressures
(Bhat et al., 2012). In simple terms, measurement of the tricuspid re-
gurgitant jet velocity (TRJV) can be used to estimate systolic pulmonary
artery pressure. A TRJV of 2.8 m/s is equivalent to 36 mmHg, i.e. the
upper limit of normal (Lau et al., 2011; Parasuraman et al., 2016).
However, despite TRJV being the most commonly used echocardio-
graphy diagnostic parameter of PH (Berkelhamer et al., 2013), it is only
measurable in 31–61% of infants with BPD and suspected PH, and
absence of a measureable TRJV does not necessarily rule out PH
(Mourani et al., 2008; Revanna et al., 2016). When the TRJV cannot be
measured, additional echocardiographic variables such as right atrial
enlargement, RV hypertrophy and/or dilatation, septal flattening
during systole, left ventricular eccentricity index (LV sEI) and the time
to peak velocity/right ventricular ejection time ratio (TPV/RVET) have
been shown to be useful indicators of PH (King et al., 1983; Kim 2010;
Ajami et al., 2011; Howard et al., 2012; Revanna et al., 2016).

3.4. Treatment of BPD-PH

As for BPD alone, there is currently no safe and effective treatment
for BPD-PH. Besides therapeutic strategies aimed directly at BPD-PH,
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this section discusses BPD-focused therapies that may affect the course
of BPD-PH.

3.4.1. Corticosteroids
Despite the critical role of inflammation in the pathogenesis of BPD

and BPD-PH, the only anti-inflammatory drugs in clinical use to directly
target BPD in preterm infants are corticosteroids. Dexamethasone, the

best-studied corticosteroid, is a potent, non-specific inhibitor of in-
flammation that ameliorates BPD (Fig. 1) (Doyle et al., 2010a, 2010b).
While dexamethasone can thus be considered effective, it has severe
short-term (e.g. arterial hypertension, gastrointestinal perforation) as
well as long-term adverse effects (e.g. neurodevelopmental abnormal-
ities, in particular cerebral palsy) (Shinwell et al., 2000; Doyle et al.,
2010a, 2010b). An additional drawback of glucocorticoids in preterm

Fig. 1. Pathogenesis of BPD and BPD-PH.
Prenatal and postnatal events as well as genetic and epigenetic factors (purple headings) each precipitate injurious pulmonary inflammation in the preterm infant. Subsequently,
development of the lung, i.e. of alveoli and blood vessels, is disrupted, resulting in turn in BPD and/or BPD-PH (red). Key events in the pathogenetic cascades are shown in the blue boxes.
Exemplary therapeutic approaches currently used to treat BPD and PH (green) include: dexamethasone, a non-specific anti-inflammatory corticosteroid; iNO, a selective pulmonary
vasodilator; sildenafil, a selective PDE5 inhibitor; and bosentan, non-selective ET-1 receptor antagonist. BPD, bronchopulmonary dysplasia; iNO, inhaled nitric oxide; PH, pulmonary
hypertension; PPROM, preterm premature rupture of membranes; PVR, pulmonary vascular resistance.
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infants is that they inhibit alveolar growth (Vyas and Kotecha 1997),
the very pathway essential for permanent healing of BPD. Thus, dex-
amethasone cannot be recommended for routine therapy, but is re-
served for life-threatening pulmonary failure in the setting of BPD or
evolving BPD (Doyle et al., 2010a, 2010b).

3.4.2. Surfactant, caffeine and diuretics
Other drugs in clinical use to prevent or treat BPD or evolving BPD

include exogenous surfactant, caffeine and diuretics. Surfactant is
usually administered within the first 2 days after birth. When its use
became widespread in the 1980s and 1990s, there was hope that sur-
factant would render BPD preventable, but unfortunately surfactant
administration only moderately reduces the risk of BPD or death (RR
0.83) (Bahadue and Soll 2012). Caffeine also provides only moderate
benefits, and the evidence for diuretics in BPD is conflicting at best
(Schmidt et al., 2006). No effects for these drugs on BPD-PH have been
described (Berkelhamer et al., 2013).

3.4.3. Inhaled nitric oxide (iNO)
Pioneered by Abman and Kinsella (Kinsella et al., 2006), today iNO

is frequently used in infants to reduce acute increases in pulmonary
arterial pressure (Fig. 1) (Banks et al., 1999; Mourani et al., 2004). NO
is a potent vasodilator, which induces cyclic GMP (cGMP) and its
second messenger cascades to promote vascular smooth muscle re-
laxation (Thomae et al., 1995; Dweik 2002).

Inhaled NO as a therapy was reported to be effective in reducing the
incidence of BPD in infants born before 32 weeks of gestation with a
birth weight< 1250 g when administered within the first 7–21 days of
life (Ballard et al., 2006). However, more recent trials showed that iNO
has limited or no efficacy for preventing BPD (Mourani et al., 2008;
Donohue et al., 2011; Kinsella et al., 2014), and a systematic review of
several randomised controlled trials found that the incidence of BPD at
36 weeks cGA or death was reduced by only 7% in preterm infants
treated with iNO (Donohue et al., 2011). Thus, although iNO has a
modest benefit in BPD-PH and does not adversely affect neurodeve-
lopment (Walsh et al., 2010; Kinsella et al., 2014), the need to intubate
patients and the high cost of delivering the treatment argue against its
use.

3.4.4. Sildenafil
Sildenafil is a selective phosphodiesterase type 5 (PDE5) inhibitor

which induces NO-mediated vascular relaxation and suppresses smooth
muscle proliferation (Fig. 1) (Samiee-Zafarghandy et al., 2014). The
efficacy of sildenafil to ameliorate idiopathic PH is proven, and the drug
is currently used in children and adults for this purpose; however, it is
less clear whether sildenafil is safe and efficacious in infants with BPD-
PH (Herbert and Tulloh 2016). In 2013, the U.S. Food and Drug Ad-
ministration (FDA) cautioned against the use of sildenafil in children
with PH in light of the increases in mortality observed in children re-
ceiving high doses (Barst et al., 2012; Wardle and Tulloh 2013). Despite
a lack of high quality evidence and regulatory approval, sildenafil is
used off-license as a treatment of BPD-PH (Wardle and Tulloh 2013).
For example, a retrospective study involving sildenafil administration
to 22 infants with a diagnosis of BPD, a mean GA of 25 + 4 and a birth
weight of 631 g (Tan et al., 2015), reported a significant improvement
in echocardiographic markers of PH 27.5 days post initiation of treat-
ment. Indeed, two thirds of the cohort showed a ≥ 20% decline in RV
systolic pressure and the FiO2 decreased significantly from 0.57 to 0.42
(P = 0.02).

Animal data are also encouraging: In newborn rats, sildenafil pro-
moted adequate lung angiogenesis, decreased PVR, RV hypertrophy
and arterial medial wall thickness, and moreover reduced the pul-
monary inflammatory response and attenuated airway reactivity and
reduced fibrin deposition (Ladha et al., 2005; De Visser et al., 2009).

3.4.5. Bosentan
Bosentan, a non-selective antagonist of the endothelin-1 (ET-1) re-

ceptors ET-A and ET-B, has potent vasodilatory effects, thus reducing
pulmonary vascular resistance (Fig. 1) (Williamson et al., 2000;
Nakwan et al., 2009). ET-1 is a potent vasoconstrictor and promotes
endothelial cell dysfunction, inflammation and fibrosis (Yanagisawa
et al., 1988; Filep et al., 1995). Bosentan is widely and effectively used
to treat PH in adult patients. However, evidence for the efficacy of
bosentan therapy for BPD-PH is limited, and importantly, long-term
studies are lacking (Rubin et al., 2002; Nakwan et al., 2009; Kim 2010;
Berkelhamer et al., 2013).

4. Predictors of BPD-PH

As the lung injury that ultimately leads to BPD and PH commences
with preterm birth, it is intuitive that interventions should be ad-
ministered as early as possible so that pathogenetic cascades can be
prevented before irreversible damage is done. This concept was en-
dorsed by the NIH (National Institutes of Health) workshop on BPD
(Walsh et al., 2006), and we have published evidence in mouse models
that early therapeutic intervention promises success whereas late in-
tervention is far less effective (Nold et al., 2013; Rudloff et al., 2017).
Therefore, identifying biomarkers that predict an infant’s risk of de-
veloping BPD-PH is one of the important unmet challenges in this field.
Effective biomarkers for BPD and/or BPD-PH would be of great value to
treating clinicians who could use them to ensure that potential thera-
pies are given only to patients in need, sparing other babies a treatment
from which they will not benefit (McEvoy et al., 2014). Others have
reviewed potential predictive biomarkers in BPD (Bose et al., 2008;
Bhandari and Bhandari 2013; Zhang et al., 2014; Rivera et al., 2016);
thus, this review focuses on BPD-PH.

4.1. Predictive capacity of echocardiography

Whether there is an association between early signs of pulmonary
vascular disease and the development of BPD or BPD-PH was recently
assessed in 277 infants by comparing echocardiograms performed at
day 7 of postnatal age and at 36 weeks corrected GA (Mourani et al.,
2015). The parameters measured and used to diagnose PH in the infants
included estimated RV systolic pressure by TRJV, cardiac shunt and
ventricular septal wall flattening. In this cohort, early PH (day 7) was
identified in 42%, and late PH (36 weeks) was found in 14% of infants.
Of the 115 infants with early PH, 24 (21%) were diagnosed with PH at
36 weeks cGA and they had an increased risk of developing BPD. More
importantly, infants without evidence of PH at day 7 were unlikely to
have PH at 36 weeks cGA (negative predictive value 91%). The authors
suggest that early echocardiograms at day 7 of life can be used to
identify infants at high risk for BPD and late PH. These findings cor-
roborate an earlier study on 145 preterm infants; in that cohort, PH was
detected at 4–6 weeks of age in 9 out of the 26 babies (35%) who
presented with PH at 36 weeks cGA (Bhat et al., 2012). Thus, early signs
of PH can be detected by echocardiography in approximately one third
of infants in at-risk populations.

In addition to the parameters described above, recognition of the
incidence and magnitude of RV dysfunction, which is now possible due
to advances in ultrasound technology, may contribute to BPD-PH pre-
diction. For example, RV function was assessed in extremely preterm
infants with severe BPD at 36 weeks cGA to ascertain correlation with
respiratory outcomes (Sehgal et al., 2016). This prospective study
measured 2D fractional area change (FAC), M-mode tricuspid annular
plane systolic excursion, tissue Doppler velocities and the Tei index, all
parameters that are used to assess RV function. Higher mitral tissue
Doppler E/E’ (which estimates left atrial filling pressure and is in-
dicative of diastolic dysfunction) and lower FAC (which indicates de-
creased RV function) showed strong correlations (both r = 0.8,
P < 0.0001) with the duration of subsequent respiratory support. On
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comparison with infants with no BPD, tissue Doppler imaging (TDI)
systolic velocities and RV FAC were significantly lower.

B-type natriuretic peptide (BNP) is a mediator released by cardio-
myocytes in response to ventricular stretch and thus has been used as a
surrogate marker of ventricular dysfunction (De Lemos et al., 2003).
The abundance of BNP in the serum of adult PH patients was shown to
correlate with PH severity and to predict survival (Fijalkowska et al.,
2006). In a study involving 36 extremely low birth weight infants with
BPD-PH, peak serum BNP was lower in infants that survived in com-
parison to those that did not (128 vs 997 pg/ml; P < 0.004) (Cuna
et al., 2014). These findings suggest that serum BNP could predict
mortality in extremely low birth weight infants with BPD and BPD-PH.
Combining serum BNP measurement with echocardiography at 36
weeks cGA in 83 extremely preterm infants diagnosed with BPD, König
et al. showed that serum BNP was significantly higher if a TRJV was
detectable than when this was not the case (55 vs 41 pg/ml; P= 0.043)
(König et al., 2016). In addition, serum BNP was significantly higher in
babies with severe BPD than in infants without severe BPD (57 vs
39 pg/ml; P = 0.02). The difference in median serum BNP in infants
with BPD-PH between the two studies may be related to the time point
of BNP serum analysis: Cuna et al. considered the highest serum BNP
abundance for each infant during the duration of its hospitalisation,
whereas König and colleagues investigated serum BNP at only one time
point of 36 weeks cGA.

Thus, echocardiograms performed earlier than 36 weeks cGA may
be able to identify infants at risk of developing BPD-PH. Assessment of
RV dysfunction by mitral tissue Doppler E/E’, FAC and TDI systolic
velocities may also be useful in BPD-PH prediction. Furthermore, in
combination with echocardiography or alone, BNP emerges as a pro-
mising biomarker for BPD-PH, although additional studies in larger
cohorts are necessary to determine the ideal timing of sampling and the
threshold BNP serum abundance.

4.2. Markers of oxygen toxicity

The vital supplementation of oxygen for preterm infants comes at
the price of oxygen toxicity, which has been linked to the pathogenesis
of BPD and BPD-PH (Wedgwood and Steinhorn 2014). Exposure of a
preterm infant to hyperoxia results in an inflammatory response in the
immature lung, and the production of reactive oxygen species (ROS) by
infiltrating macrophages and neutrophils leads to a marked increase in
cell death as well as pulmonary airway remodelling (Bhandari and
Bhandari 2013). In the preterm infant, tissue-damaging free radicals
can disrupt postnatal alveolar development and exacerbate pulmonary
inflammation (Madurga et al., 2013).

One such free radical is the superoxide anion, which causes oxida-
tive injury to DNA, proteins and lipids of lung cells, and results in the
formation of isoprostanes (O’Donovan and Fernandes 2004). F2-iso-
prostanes in particular have been used as surrogate markers of oxida-
tive stress in adult patients with pulmonary diseases such as chronic
obstructive pulmonary disease (COPD) and asthma, as well as in idio-
pathic PH (Pratico et al., 1998; Montuschi et al., 1999; Cracowski et al.,
2001). In a study of 83 mechanically ventilated infants with a body-
weight of 0.5–1 kg, it was shown that plasma abundance of F2-iso-
prostanes was increased by approximately 40% comparing infants that
subsequently went on to develop BPD with those that did not (from 35
to 50 pg/ml on day 3 of life, and from 40 to 57 pg/ml on day 7;
P = 0.001) (Ahola et al., 2004). In contrast, another study of 40 babies
born at less than 30 weeks GA found no correlation between urinary F2-
isoprostanes measured in the first and third postnatal week and the
subsequent development of BPD (Reuter et al., 2007). In a smaller
study, plasma F2-isoprostane was 25% lower in patients with BPD-PH
(n = 12, 15 pg/ml) when compared to control patients (n = 18, 20 pg/
ml; P < 0.02) (Vera et al., 2012). It is important to note that this
smaller study was conducted in children between the ages of 1–16
years, with a median age of 2 for patients with BPD-PH. Due to the ages

assessed in this study, no conclusion can be drawn on the predictive
utility of F2-isoprostanes in the perinatal and postnatal periods when
inflammation wreaks its damage on the preterm lung, and when in-
tervention is most likely to be successful. Of interest, however, F2-iso-
prostanes were elevated in patients with paediatric idiopathic PH when
compared to control and BPD-PH patients. The authors concluded that
these results may highlight differences in the pathogenic mechanisms
between the two diseases (Vera et al., 2012).

In summary, the three studies performed to date suggest diverging
conclusions regarding the correlation between F2-isoprostanes and
BPD-PH, which may be due to differences in patient age and biological
fluid tested. Further research into the potential of F2-isoprostanes as a
predictive marker for BPD-PH is thus warranted.

4.3. Markers of angiogenesis

Pulmonary dysangiogenesis as a result of BPD is likely to contribute
to the development of BPD-PH. As in other organs, normal angiogenesis
in the lung involves the interplay between pro- and anti-angiogenic
factors, and there is evidence that inflammation disrupts this balance
(Thebaud 2007). Serum abundance of angiopoietin-1 (Ang-1), a pro-
angiogenic factor, and endostatin (ES), an anti-angiogenic mediator,
were measured in 318 infants of less than 30 weeks GA or a birth
weight of less than 1250 g (Kim and Kim 2014). Thirty-seven of these
infants developed severe BPD, of whom 15 were subsequently also di-
agnosed with BPD-PH. There was a significant increase in the serum
ES:Ang-1 ratio on postnatal day 7 in infants who went on to develop
severe BPD and BPD-PH in comparison to infants who subsequently
developed BPD but not PH (from a ratio of 19 in BPD without PH to 62
in BPD-PH patients; P < 0.05) (Kim and Kim 2014). The authors infer
that this association may indicate impaired angiogenesis and that the
ES:Ang-1 ratio may be a promising biomarker for early PH-risk pre-
diction in preterm infants with severe BPD.

4.4. Genetic biomarkers

Based on twin research that suggested BPD to have a genetic basis
(Bhandari et al., 2006; Lavoie et al., 2008), an increasing number of
studies have since focused on the identification of genes associated with
the risk to develop BPD, for example through candidate gene ap-
proaches, genome wide association studies (GWAS), identification of
disease-related single nucleotide polymorphisms (SNPs) and copy
number variations (CNVs) (Hadchouel et al., 2011; Elhawary et al.,
2013; Shaw and O’Brodovich 2013; Hoffmann et al., 2014; Wang et al.,
2014; Carrera et al., 2015; Li et al., 2015; Poggi et al., 2015; Petersen
et al., 2016; Piersigilli and Bhandari 2016). The results of these efforts
are summarised in several reviews (McEvoy et al., 2014; Lal and
Ambalavanan 2015; Yu et al., 2016). Whereas some GWAS failed to
identify SNPs associated with BPD (Wang et al., 2013), others have
identified polymorphisms that may be protective against BPD (see (Lal
and Ambalavanan 2015)). An interesting postulation from these studies
is that severe BPD could have a different genetic basis than mild/
moderate BPD (Ambalavanan et al., 2015).

While paediatric PH not associated with BPD has known genetic
associations, and genetic testing for several PH-associated genes has
been recommended for children with PH of unknown cause (Hansmann
et al., 2016), less is known about possible genetic contributions to the
development of BPD-PH. However, polymorphisms in the DDHA1 (di-
methylarginine dimethylaminohydrolase) and ARG1 (arginase 1) gene
have been described as protective against BPD-PH (Trittmann et al.,
2014; Trittmann et al., 2016). For example, one of 17 SNPs in the ARG1
gene (rs2781666) was less common in a group of preterm infants whose
odds of PH were 43% less than expected for their age (Trittmann et al.,
2014); also, of 36 SNPs examined in BPD patients in the DDHA1 and
DDHA2 genes, one SNP in the DDHA1 gene (rs480414) was 92% sen-
sitive and 53% specific for the presence of PH and decreased the risk of
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PH (odds ratio of 0.39) (Trittmann et al., 2016). As DDHA and Arg-1 are
part of arginine- and NO-related metabolic pathways, they are of
marked interest. While human data are few, animal research has
identified several mediators involved in the disruption of vascular re-
modelling associated with BPD-PH, including phosphodiesterase type 5
(PDE5), β-catenin, VEGF receptor 2 (VEGFR2), extracellular superoxide
dismutase (EC-SOD), and endothelial nitric oxide synthase (eNOS)
(Alapati et al., 2014; Delaney et al., 2015; Heilman et al., 2015).

Variations in genes that display such associations are of interest and
recent advances in exome and genome sequencing are likely to be
productive. If genetic variations associated with BPD-PH can be iden-
tified, verification of results in replication cohorts and prospective
studies to establish sensitivity, specificity and predictive values of gene
variations of interest would be needed to translate the knowledge
gained into clinical practice.

4.5. Epigenetic biomarkers

Epigenetic mechanisms allow for modulation of gene expression in
response to the environment without change in gene sequence. Many
environmental stressors, such as inflammation, hypoxic and hyperoxic
stress and ventilator-associated trauma, are likely to affect epigenetic
gene regulation in preterm babies at risk for BPD and BPD-PH; there-
fore, exploration of epigenetics is highly relevant to the study of the
environmental and developmental origins of BPD and BPD-PH.

The main epigenetic mechanisms are histone modification, micro-
RNAs and DNA methylation. The role of epigenetic mechanisms in lung
remodelling (Hagood 2014) and gene expression in the lung (Yang and
Schwartz 2011) has been reviewed by others. While studies have in-
vestigated the role of epigenetics in the development of pulmonary fi-
brosis, asthma and chronic obstructive disease (Hagood 2014), studies
in BPD and BPD-PH have been restricted to experimental models rather
than humans.

Mediators of interest identified through animal models are methyl
CpG-binding protein 2 (MeCP2) and histone deacetylases (HDAC1,
HDAC2), which are epigenetic modifiers of gene expression; as well as
peroxisome proliferator-activated receptor gamma (PPARγ), insulin like
growth factor 1 (IGF-1) and its receptor (IGF-1R) (Joss-Moore et al.,
2011; Hagood 2014), which are associated with cellular signalling
pertinent to vascular tone and remodelling (Rabinovitch 2010; Yang
et al., 2015). In fact, it has been postulated that epigenetic regulation of
IGF-1/IGF-1R may be involved in neonatal PH (Madonna et al., 2015).
The emerging role of micro-RNAs as epigenetic mediators of PH has
also been emphasised (Gamen et al., 2016; Huston and Ryan 2016).
Further investigation into the impact of histone modification, micro-
RNAs and DNA methylation on the development of BDP-PH is thus of
interest.

Due to relatively easy access to white blood cells, DNA methylation
patterns of white blood cell-derived genomic DNA would be well suited
to identify epigenetic biomarkers of potential clinical utility. Recently
developed array technologies require only small amounts of DNA and
have thus allowed genome wide and epigenetic studies in preterm ba-
bies. For example, methylation of blood-derived DNA of preterm babies
shows differences to term infants for thousands of CpG dinucleotide
sites (Cruickshank et al., 2013). Another study reported that a subgroup
of DNA methylation sites of blood-derived DNA can be utilised to de-
termine a baby’s gestational age, and that DNA methylation patterns
“mature” in preterm babies between preterm birth and term-equivalent
age (Knight et al., 2016). Moreover, DNA methylation of thousands of
markers changes in preterm babies exposed to neonatal intensive care
interventions after only 7 days (Theda, personal communication).
These findings indicate that developmental as well as environmental
modifications occur, even in short time periods. Thus, further studies
should explore potential utility of epigenetic changes as biomarkers for
the development of BPD and BPD-PH.

5. Conclusion

BPD and BPD-PH are common scourges of infants born prematurely
that are currently neither preventable nor treatable. Both diseases are
driven by incompletely characterised pulmonary inflammation, thus
anti-inflammatory treatment approaches hold promise; and in fact, this
promise is illustrated by preclinical studies (not reviewed here) in
which disease severity was reduced using strategies to curb inflamma-
tion. Recognising that inflammatory responses begin to wreak their
damage right from birth, anti-inflammatory treatments must commence
early in order to be effective. Early identification of patients at risk of
developing BPD and/or BPD-PH is therefore critical; accordingly, di-
agnostic biomarkers that predict the risk of individual patients to de-
velop BPD and/or BPD-PH represent an important unmet medical need.
Despite attempts to identify biomarkers for prodromal signs to enable
early diagnosis, efforts have not yet yielded robust biomarkers. In this
review, we considered markers of oxidative stress and angiogenesis as
well as physiological/echocardiographic, genetic and epigenetic mar-
kers that have demonstrated some potential to predict BPD-PH. We
conclude that progress in conquering BPD and BPD-PH awaits identi-
fication of reliable and sensitive disease predictors, as well as the dis-
covery of new anti-inflammatory treatments that ameliorate or even
prevent these devastating diseases.
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