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A B S T R A C T

The premature infant is born into the world unprepared to naturally thrive in a foreign environment. Lung
development entails immense growth, structural remodeling and differentiation of specialized cells during the
normal term perinatal and postnatal periods. Thus, the premature infant presents with a lung deficient for
appropriate respiration. Disruption of lung development seen in bronchopulmonary dysplasia (BPD) and chronic
lung disease (CLD) results in not only impaired airway growth but also a deficiency in the accompanying vas-
culature including the capillary system required for gas exchange. Deficient vascular area can lead to elevated
pulmonary vascular resistance and the development of pulmonary hypertension (pH). Unlike PH seen in children
and adults with pulmonary arterial hypertension (PAH), treatment with conventional pulmonary vasodilators
can be limited in developmental lung disease-associated PH because there are fewer blood vessels to dilate. In
this brief review, we highlight some of the knowledge on PH in the premature infant presented at the
Proceedings of the 22nd Annual Update on Pediatric and Congenital Cardiovascular Disease.

1. Introduction

The use of surfactant combined with the technological and medical
care advancements made by neonatologists have led to improved sur-
vival in the extremely low birth weight and premature neonate.
However, sequelae such as bronchopulmonary dysplasia (BPD) and
chronic lung disease (CLD) of prematurity result in significant mor-
bidity and mortality. BPD is clinically defined by gestational age and
the presence and duration of oxygen-dependence and/or positive
pressure ventilation in the postnatal period [1,2]. BPD in the surfactant
era differs from previous classifications of pre-surfactant BPD in that it
now is predominantly disrupted normal lung development in the con-
text of premature birth [3]. While the use of surfactant therapy and
gentle ventilation techniques has decreased the severity and prevalence
of fibrosis in BPD, interstitial fibrosis remnant of “old BPD” does con-
tinue in the modern era as demonstrated by autopsy in infants with the
most severe manifestations of BPD [4,5].

2. Epidemiology of PH and lung disease of the premature infant

Despite improved care, recent studies in the surfactant era reveal a
steady prevalence and incidence of BPD in premature infants [6–11].

With this, co-morbidities such as pulmonary hypertension have become
an increasingly common manifestation with BPD. Epidemiological
studies in premature infants indicate that up to 25% of premature in-
fants with BPD develop PH [6,12–16]. In addition, BPD severity cor-
relates positively with the risk for developing PH, and infants with both
BPD and PH have an increased risk of mortality [17]. Furthermore, data
examining PH-related hospitalizations reveals that a co-diagnosis of
BPD is associated with increased mortality, length of stay, and hospital
charges [18].

3. Lung development and its relevance to neonatal lung disease
pathogenesis

Disruption of the normal development of the lung in the setting of
prematurity continues to be a leading mechanism for BPD/CLD. Lung
development is typically classified in five stages that include em-
bryonic, pseudoglandular, canalicular, saccular, and alveolar stages.
Within these stages of lung development, there is a tightly regulated
process of lung cellular specification, growth and branching morpho-
genesis, and structural remodeling to form a complex modality con-
sisting of tissue interactions to produce conducting airways, vascu-
lature, stroma, and alveoli for gas exchange. For a detailed description
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of lung development, we instruct the reader to a number of reviews on
lung development [19–23].

Briefly, lung identity and specification occur during organogenesis
in both mouse and human lung development [19]. Following inductive
cues from the surrounding mesoderm, the foregut endoderm expresses
the pioneering transcription factor, NKX2-1, that gives lung identity to
the foregut endoderm. Soon after, the extension of two lung buds occurs
followed by a period of rapid growth to finish the embryonic stage.
Around 12weeks of gestational age in humans, the fetal lungs initiate
branching morphogenesis and growth to produce a more complex organ
system. Concomitantly, there is patterning of the lung airway into
proximal and distal fates marked by expression of the transcription
factors, SOX2 and SOX9/ID2, respectively. In addition, this specifica-
tion into proximal and distal fates determines the future conducting
airway and alveolus of the lung, respectively. This period of branching
morphogenesis is accompanied by growth and remodeling of the pul-
monary vascular plexus so that the proximal pulmonary arterial tree
follows the branching pattern of the lung epithelium. The process of
vascular growth occurs throughout both the pseudoglandular and ca-
nalicular stages and ends near 24–26weeks of gestation. Congenital
defects that can arise during these stages of early development include
branching, lobation, and specification defects observed in congenital
pulmonary airway malformations (CPAMs) and congenital diaphrag-
matic hernia (CDH) that may result in pulmonary hypoplasia and PH
[19].

Defects such as BPD and later CLD result in functional pulmonary
hypoplasia as well, but they arise due to premature birth during the
saccular stage of lung development. This stage of development is im-
portant in that cell specification into terminal fates occurs in the
proximal and distal lung and is accompanied by structural remodeling
of the distal lung into a thin-walled primitive alveolus and capillary
network for gas exchange. While alveolar epithelial cell fate has been
classically defined to occur at sacculation, recent evidence indicates
that alveolar epithelial cell fate occurs much earlier in lung develop-
ment during branching morphogenesis [24]. These data are congruent
with recent clinical advances allowing the successful resuscitation of
premature infants< 24weeks and suggest that alveolar development
occurs early [10,25]. Nevertheless, the alveoli and capillary and arterial
vasculature are limited as development of the majority of the pul-
monary vasculature including capillaries and arteries occurs following
the saccular stage during alveologenesis and years into the postnatal
period [26,27]. In addition to vascular growth, alveologenesis involves
significant structural remodeling via a process of secondary septation of
the primitive alveolus resulting in a marked increase in surface area for
gas exchange. In patients with BPD, there is a marked reduction in
secondary septation resulting in alveolar simplification, loss of capillary

bed, and aberrant pulmonary arteriole remodeling (Fig. 1).

4. Pathophysiology of PH in lung disease in the premature infant

In addition to disrupted lung development after preterm birth, in-
jury can occur during resuscitation and postnatal care, exacerbating the
limitation of lung growth. Perinatal and postnatal infection, aspiration,
atelectasis, barotrauma from ventilation, and oxidative stress all con-
tribute to lung inflammation and can lead to further damage to the lung
[28]. Cellular interactions consisting of epithelial-endothelial-me-
senchymal communication are important and rely on reciprocal sig-
naling among the three cell lineages. Thus, disruption in development
of the airway epithelium in BPD also results in deficits of mesenchymal
and arterial, venous, and capillary endothelial growth. This reciprocal
signaling is nicely demonstrated in studies that have manipulated the
important vascular pathway mediated by vascular endothelial growth
factor (VEGF). Both deletion of VEGF production in the lung epithelium
in mice as well as inhibition of the VEGF receptor using chemical in-
hibitors or blocking antibodies result in significant deficiencies not only
in the pulmonary vasculature but also the distal airway/alveolar epi-
thelial region [29–31].

A deficient capillary bed and pulmonary arterial and venous hy-
poplasia in the setting of BPD can lead to severe loss of vascular area
and increased resistance in the lung and PH. Resistance calculations on
dog models in the 1960s suggest that all three vascular compartments
contribute to a normally low resistant circuit in the lung. Interestingly,
the allocation of resistance to each vascular bed was portioned at 46%
for arterial, 34% for capillary, and 20% for venous circulations [32]. In
addition, recruitment of the capillary bed has been implicated as an
important component of maintaining a low PVR in the setting of in-
creased cardiac output in exercise and at rest, which can be impaired in
certain disease states [33–36]. As such, BPD/CLD pathology with a
severe reduction in capillary area would lead to an elevated PVR and
subsequent aberrant pulmonary arterial remodeling and PH.

5. Evaluation and treatment of lung disease and PH in the
premature infant

Diagnosis and treatment of PH in the BPD/CLD patient involve a
multidisciplinary approach. Recent guidelines have provided practical
recommendations for screening and treatment of PH related to BPD/
CLD [37,38], however, practice varies between institutions [39]. De-
spite this, an algorithm has been defined that outlines screening and
treatment of PH related BPD/CLD (Fig. 2) [37]. While the severity of PH
tends to correlate with more severe lung disease, some infants with mild
BPD have severe PH [40], making screening protocols essential for
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Fig. 1. Pathology observed in bronchopulmonary dysplasia. Hematoxylin and eosin staining of tissue sections from a term infant (A) and 55weeks corrected
gestational age patient with bronchopulmonary dysplasia. Note severe alveolar simplification concomitant with medial wall thickening of pulmonary arteries in B
compared to A. Asterisks define pulmonary arteries. Scale bar= 10 μm.
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identification and treatment of PH. Screening echocardiograms play an
important role in not only diagnosis but also evaluation of response to
therapies, especially in those with severe BPD/CLD. After initial
screening, a cardiac catheterization remains the gold standard and can
be used prior to initiation of pulmonary vasodilator therapy to assess
the responsiveness of the pulmonary vasculature. But given the tenuous
condition of patients with severe BPD/CLD and PH, an echocardiogram
may be a preferable given a requirement for continuous critical care
and potential complications of general anesthesia.

The use of pulmonary vasodilators is becoming more common in the
neonatal population, but there remains very little data on the efficacy
and safety of these drugs in the long term. The use of vasodilator
therapy other than inhaled nitric oxide (iNO) predominantly includes
sildenafil, and data on sildenafil use is limited to small retrospective
studies or retrospective administrative databases [41–43]. However,
sildenafil use should be adjunctive and secondary to lung protective
strategies that reduce the risk of developing BPD, limit further lung
injury, and promote lung development and growth to improve vascular

area.

5.1. Lung protective strategies

Lung protective strategies are employed throughout the intensive
care admission for preterm infants to minimize the risk of BPD. Over the
last few decades, several strategies have been identified through ran-
domized controlled trials and meta-analyses. These therapies focus
largely on improving lung compliance, minimizing ventilator-induced
barotrauma and volutrauma, and promoting lung growth and recovery.
Observational studies have identified intubation in the delivery room,
male gender, younger gestational age, and prolonged mechanical ven-
tilation (> 7 days) as risk factors for severe BPD [44]. Non-invasive
support in the delivery room and early surfactant have been identified
as protective factors.

Antenatal corticosteroids are one of the best-studied interventions
for preterm infants. Antenatal corticosteroids promote fetal lung ma-
turation by upregulating expression of surfactant proteins in the fetal

Fig. 2. Clinical algorithm for the evaluation and treatment of pulmonary hypertension in bronchopulmonary dysplasia. ECHO, echocardiogram; SAP, systemic
arterial pressure; LVDD, left ventricular diastolic dysfunction, O2, oxygen. Permission obtained, 5.17.2019: Reprinted from The Journal of Pediatrics, Vol. 188,
Krishnan U et al., Evaluation and Management of Pulmonary Hypertension in Children with Bronchopulmonary Dysplasia, 24–34. Copyright (2017), with permission
from Elsevier.
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lung, thereby improving lung compliance after preterm delivery. The
administration of steroids before anticipated preterm birth was first
described by Liggins and Howie in 1972, in which a randomized con-
trolled trial found that betamethasone phosphate/acetate reduced re-
spiratory distress syndrome and mortality in premature infants< 32
weeks gestation [45]. Subsequent randomized controlled trials re-
ported similar findings with dexamethasone [46]. Meta-analyses by
Crowley [47] and Roberts [48] support these conclusions and highlight
additional benefits of antenatal corticosteroids including a reduction in
IVH, NEC, need for mechanical ventilation, and systemic infections in
the first 48 h of life. Interestingly, though antenatal corticosteroids
prevent several serious co-morbidities, alone they are not associated
with a reduction in BPD [48], highlighting the multifactorial etiology of
BPD.

Exogenous surfactant administration is another mainstay of early
respiratory management of preterm infants. Surfactant decreases al-
veolar surface tension and improves lung compliance, reducing the
need for prolonged mechanical ventilation. Despite the recent focus on
non-invasive ventilation for preterm infants, the rate of non-invasive
failure remains high, and up to 65% of extremely preterm infants will
require surfactant administration for respiratory distress syndrome
[49]. A meta-analysis by Soll noted a significant reduction in the risk of
BPD when exogenous artificial surfactant was administered to preterm
infants with RDS [50]. When surfactant is given, it is most effective
when administered within 2 h of life [51]. Newer studies focus on
strategies for administering surfactant. The technique of INtubation,
SURfactant administration during brief mechanical ventilation, fol-
lowed by Extubation (INSURE) was introduced with a goal of mini-
mizing exposure to mechanical ventilation. A meta-analysis by Stevens
found that compared with selective, late administration of surfactant,
an early INSURE approach was associated with less BPD in addition to
fewer air leak syndromes and a decreased need for mechanical venti-
lation [52]. In addition, instillation of surfactant into the trachea using
a thin catheter while infants are spontaneously breathing may avoid
invasive ventilation altogether for preterm infants, but evaluation of
this technique remains ongoing [53].

Initial observational studies comparing the rates of BPD at different
centers noted that centers with the highest rates of non-invasive ven-
tilation by nasal continuous airway pressure (nCPAP) reported the
lowest rates of BPD [54]. The use of nCPAP facilitates alveolar re-
cruitment and maintains a constant mean airway pressure to prevent
atelectrauma, which results from alveolar expansion and collapse. In
addition, nCPAP can avoid barotrauma and volutrauma inherent to
mechanical ventilation. Several large, multi-center randomized con-
trolled trials examined the role of early delivery room stabilization on
nCPAP versus prophylactic surfactant administration and/or mechan-
ical ventilation [55–57]. While there are methodological differences
between these studies, a trend toward lower rates of BPD was noted in
the early nCPAP groups. Various meta-analyses have noted a lower
association of the combined outcome of data or BPD in those infants
with early nCPAP stabilization [58].

When premature infants require mechanical ventilation due to a
combination of hypercarbia, hypoxia, and apnea of prematurity, a
thoughtful approach is necessary to avoid barotrauma and volutrauma.
Continuous-flow, time-cycled, pressure-limited ventilators have become
standard in NICUs throughout the developed world. Volume-targeted
ventilation delivers more stable tidal volumes than pressure-limited
ventilation, and it maintains adequate minute ventilation in the face of
changing lung compliance, thereby avoiding overdistension. The ben-
efits of volume-targeted ventilation were supported in a meta-analysis
that demonstrated reduced death or BPD in infants receiving volume-
targeted ventilation [59]. High frequency ventilation provides a con-
stant distending mean airway pressure and avoids atelectrauma and
volutrauma from under- and over-distended alveoli respectively.
However, a meta-analysis of trials from the last two decades demon-
strated that high frequency ventilation is comparable to conventional

ventilation with regard to the outcomes of mortality and BPD [60].
Caffeine is one of the most commonly prescribed and cost-effective

medications used in the NICU. Caffeine is a methylxanthine that re-
duces central nervous system adenosine signaling. In animal and human
studies, caffeine increased diaphragmatic excursion and improved
normoxic respiratory drive, and clinically facilitates ventilator weaning
in extremely premature infants [61,62]. The Caffeine for Apnea of
Prematurity (CAP) randomized, controlled trial demonstrated that
compared with placebo, caffeine citrate reduced the rate BPD at
36 weeks post menstrual age as well as improved neurodevelopmental
outcomes at 18 to 22months chronological age in infants< 1250 g at
birth [63,64]. Additional studies support this finding when caffeine is
initiated in the first 72 h of birth [65].

Dexamethasone, a potent glucocorticoid, has been discussed ex-
tensively in the neonatal literature to facilitate ventilator weaning and
prevention of BPD. Its initial use early in postnatal life and at high doses
readily facilitated weaning of respiratory support but was later de-
monstrated to contribute to adverse neurodevelopmental outcomes. In
more recent years, investigators have attempted to identify a dosing
regimen for dexamethasone that balances the short-term goal of ven-
tilator weaning with the effect on neurodevelopmental outcome [66]. A
meta-analysis concluded that late (> 7 days of life) postnatal treatment
with steroids facilitated ventilator weaning, reduced extubation failure,
and reduced BPD. However, the included trials were not powered suf-
ficiently to detect adverse effects on neurodevelopment, and therefore,
the benefits of steroid therapy may not outweigh the risks [67]. A meta-
regression by Doyle attempted to quantify the risk-benefit ratio with
regards to death or cerebral palsy. The benefit of steroids depended on
the risk of BPD in the enrolled population such that when steroids are
used in a population with the highest risk of BPD, the risk of death or CP
is reduced [68].

5.2. Nutritional support for lung growth

Nutritional considerations are vital to all aspects of neonatal care,
not least of which is lung development. Lower caloric intake in the first
14 days of life was significantly associated with the development of BPD
[69]. Infants born small for gestational age or who develop extra
uterine growth failure are also more likely to develop BPD [70]. Vi-
tamin A has been identified as a key factor in lung maturation, and its
deficiency may contribute to impaired lung healing, increased loss of
cilia, a decreased number of alveoli, and an increased susceptibility to
infection [71]. A randomized controlled trial by Tyson in 1999 found
that extremely low birthweight infants supplemented with vitamin A
IM reduced the primary outcome of death or BPD with a number
needed to treat of 14 to 15 to prevent one case of BPD [72].

6. Conclusion

Technological and medical care advancements will likely lead to an
increasing prevalence of PH and lung disease in the premature infant.
Our understanding of lung development is increasing and indicates that
survival is possible for the increasingly premature infant. However,
with these advancements, the burden of care will also escalate.
Although there is some evidence of benefit in some patients, current
pharmacological therapy can be potentially futile in the patient with a
limited vascular bed. Until discovery of novel therapeutics to improve
lung growth are available, care and therapy should continue to be di-
rected toward reducing further insult and injury, allowing for the lung
to “heal” and advance through normal development and improve vas-
cular area.
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