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Despite the many advances in neonatology, bronchopulmo-
nary dysplasia (BPD) continues to be a frustrating disease of 
prematurity. BPD is a disease which is defined oddly by its treat-
ment rather than its pathophysiology, leading to frequently 
changing nomenclature which has widespread implications 
on our ability to both understand and follow the progression of 
BPD. As various treatment modalities for BPD were developed 
and a larger number of extremely preterm infants survived, 
the “old” BPD based on lung injury from oxygen therapy and 
mechanical ventilation transitioned into a “new” BPD focused 
more on the interruption of normal development. However, 
the interruption of normal development does not solely apply 
to lung development. The effects of prematurity on vascular 
development cannot be overstated and pulmonary vascular 
disease has become the new frontier of BPD. As we begin to 
better understand the complex, multifactorial pathophysi-
ology of BPD, it is necessary to again focus on appropriate, 
pathology-driven nomenclature that can effectively describe 
the multiple clinical phenotypes of BPD.

Bronchopulmonary dysplasia (BPD) has been a frustrating 
disease for neonatologists. Despite many other advances 

in neonatology, this is a disease for which we have made little 
progress. The primary risk factor, prematurity, is not in dispute 
and is quite consistent with the first report of BPD by a young 
Stanford radiologist (1). However, the changing definitions, as 
less mature infants survived, have made it difficult to deal with 
this disease, a disease defined oddly by its treatment (2). This 
has pulled us away from truly understanding BPD, causing us 
to focus on the epidemiology and nomenclature rather than 
the basic pathophysiology (3,4). A recent NIH study group, 
Prematurity Respiratory Outcomes Program (PROP), is tack-
ling both the semantics and the biology behind BPD (5,6).

To understand the epidemiology of BPD classifications and 
definitions, it is necessary to take a brief tour through the his-
tory of BPD. The term BPD was first coined in 1967 when 
Northway et al. outlined the previously undescribed sequelae 
of hyaline membrane disease/surfactant deficiency/respira-
tory distress syndrome (RDS) based upon a large group of 
preterm infants. BPD was described as a staged evolution of 
prolonged healing from RDS, compounded by oxygen toxic-
ity and damage from positive pressure mechanical ventilation. 

At that time, BPD was characterized as a chronic lung disease 
manifesting as cyanosis with an oxygen requirement clinically 
and radiologic changes on chest film (1). Based on this paper, 
over the next two decades, an oxygen requirement at 28 d of 
life became the main diagnostic criterion for BPD.

However, as larger numbers of very-low-birth-weight and 
extremely preterm infants began to survive, the clinical and 
radiologic progression of BPD was noted to be changing. In 
1988, a large follow-up study of 2-y-old children with a his-
tory of a birth weight less than 1,500 g was performed and 
demonstrated that the requirement of oxygen therapy at 36 wk 
postmenstrual age was a better predictor of abnormal pulmo-
nary findings at 2 y of age than an oxygen therapy requirement 
at 28 d of life (2). The previously accepted definition of BPD 
based on oxygen requirement at 28 d of life also appeared to be 
even less predictive in extremely preterm infants (< 30 wk ges-
tation at birth), who were surviving in greater numbers than 
ever before (2). This study did employ a very broad definition 
of “abnormal pulmonary findings” which likely resulted in the 
inclusion of a number of infants whose morbidities were not 
pulmonary-related in pathophysiology; however, the study is 
very notable for its introduction of a new classification system 
for BPD, utilizing the respiratory support required at 36 wk 
postmenstrual age. Multiple methods of categorizing BPD were 
compared in the PROP study as mentioned previously. This 
multicenter observational prospective cohort study assessed 
over 700 infants at 36 wk postmenstrual age and found a large 
degree of variation in assignment of BPD diagnoses. The 
study also noted that new clinical management strategies, for 
instance high flow nasal cannula, are not adequately accounted 
for in current definition strategies, leading to misclassification 
(5). And any good practicing neonatologist knows long before 
36 wk postmenstrual age whether a baby has BPD, so the prac-
tical application of the term is also inconsistent. An agreed 
upon and appropriate method of nomenclature is necessary if 
we are to study BPD, try to understand BPD, and especially if 
we want to look at long-term outcomes. To do so, we need reli-
able methods to classify these infants easily and in a straight-
forward manner, so we can put them in the proper category to 
study associations later in childhood or even adulthood.

Although neonatologists began to care for surviving 
extremely preterm infants more frequently, the diagnosis of 
BPD remained one based upon treatment, namely the need 
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for oxygen therapy and/or positive pressure/mechanical ven-
tilation, rather than pathophysiology. This definition of BPD 
can be largely impacted by an individual clinician’s judgment 
in regard to treatment and thus can lead to difficulties with 
standardized definitions of what it means to have BPD. More 
physiologic methods of characterizing BPD have been pro-
posed but have not gained widespread use at this time (7). 
While neonatologists were likely correct that oxygen toxicity 
and barotrauma from prolonged mechanical ventilation were 
important exacerbations of recovery from RDS, leading to 
“old” BPD, mostly in infants born at ≥ 30 wk gestation, the new 
population of extremely preterm infants born at < 30 wk gesta-
tion introduced a new collection of possible pathophysiologic 
mechanisms (8). These infants who are born during the late 
canalicular and early saccular stage of normal lung develop-
ment likely have pathology that exists independent of treat-
ment modalities such as mechanical ventilation and oxygen. 
Most notably, the interruption of normal development by pre-
term birth would predictably result in aberrations in both alve-
olar and pulmonary vascular development. These aberrations 
in development have been the focus of a multitude of animal 
studies, most notably in preterm baboons and lambs (9–11), 
and have introduced the concept of a “new” BPD which is sep-
arate from the “old” BPD previously described, focused more 
on “growth arrest” rather than lung injury per se (3).

As the pathophysiology of BPD continued to be a focus of 
research, new techniques were developed to attempt to ame-
liorate RDS and subsequent BPD including antenatal glu-
cocorticoids, gentler ventilation techniques, and surfactant 
administration. However, while these techniques certainly 
function to reduce further lung injury, they do not help with 
the prematurity-induced arrest of alveolar and pulmonary 
vasculature development that is seen in “new” BPD (12). 
Pathologic specimens of infants with BPD have demonstrated 
that routine surfactant treatment results in a reduction in the 
degree of fibrosis that was characteristic of “old” BPD, but does 
not prevent the arrest in lung development that is characteris-
tic of “new” BPD (13).

But now, as neonatologists have begun to understand the 
impairment of pulmonary growth and development associated 
with the “new” BPD concept, this disease is morphing again 
(Figure 1). Our current neonatal intensive care units (NICUs) 
are starting to resemble our “old” NICUs with more babies still 
in the NICU at several months of age, being discussed as pos-
sible pediatric intensive care unit candidates (14). We are see-
ing an increase in infants requiring tracheostomies and home 
ventilation, presumably due to more frequent survival of the 
extremely low birth weight and medically complex infants, 
prompting studies evaluating the appropriate timing of trache-
ostomies (15). These trends are resulting in the need for more 
complex home care mechanisms, more specialist involvement, 
and an overall larger economic burden (16,17).

The importance of the development of the vasculature of 
the lung cannot be overstated. It is clear that angiogenesis and 
lung development are intricately related (18). Vascular endo-
thelial growth factor gene therapy increases survival, promotes 

lung angiogenesis, and prevents alveolar damage in hyperoxia-
induced lung injury, providing evidence of the link between 
angiogenesis and alveolarization (19). Now, once again, BPD 
is transforming into a disease characterized by a different 
pathophysiology, prompting the need for research into which 
insults negatively impact the vasculature of the lung. In human 
infants who died with “old” BPD, there is near absence of 
normal vasculature (20,21). The fetal lung in utero develops 
in a very hypoxic environment and when an infant is deliv-
ered prematurely, the development of the premature neonatal 
lung begins to occur in what is a relatively hyperoxic environ-
ment, causing problems heretofore not well described. We 
do know that hyperoxia negatively impacts lung vasculature 
by mechanisms such as suppression of vascular endothelial 
growth factor and induction of angiopoietin 2, among others 
(22–24). Additionally, other contributing factors inherent to 
the development of BPD such as prematurity and mechanical 
ventilation appear to lead to further lung damage and impaired 
development through mechanisms such as induction of regu-
lators of angiogenesis such as endoglin (CD105) and matrix 
metalloproteinase 9 (25,26). However, preterm baboons that 
were not exposed to hyperoxia and were supported with gentle 
ventilation strategies still had evidence of arrested alveolar and 
pulmonary vasculature development, indicating that mechani-
cal ventilation and oxygen therapy are not the only contribu-
tors to this vasculature growth impairment (11).

This relatively new clinical concept of neonatal pulmonary 
vascular disease (PVD) is becoming more and more common, 
and can manifest in a multitude of ways including impaired gas 
exchange, intolerance of exertion, or altered pulmonary blood 
flow in the setting of acute respiratory infections to name a 
few (27). The most severe form of PVD occurs in babies with 
BPD who develop frank pulmonary hypertension. The risk for 
pulmonary hypertension in these infants with BPD is 18–25% 
based on two studies from Korea and Alabama, compiled 
nicely in an excellent review (27–29). Pulmonary hypertension 
is known to contribute significantly to morbidity and mortal-
ity in older BPD patients; however, limitations in methods of 

Figure 1. Historical phases of bronchopulmonary dysplasia (BPD). 
While prematurity remains a constant factor in the pathophysiology 
of BPD, the disease itself has progressed from one defined by injury to 
one defined by impairment of lung development and now to one with 
additional pathophysiologic mechanisms including pulmonary vascular 
disease.
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diagnosing and quantifying PVD and pulmonary hyperten-
sion represent a definite challenge, especially in those infants 
who may have “subclinical” PVD. As pulmonary hyperten-
sion is being diagnosed more frequently, more therapies such 
as sildenafil are being used in babies with BPD at 3–4 mo of 
age (30,31), with an especially increased use of sildenafil in the 
least mature infants, those with more severe BPD, and those 
who are small for gestational age. There also continues to be 
wide variation in clinical practice in terms of frequency and 
duration of sildenafil exposure for these infants (32). This is 
a significant problem that needs further attention, specifically 
with a further focus on the pathophysiology of PVD and pul-
monary hypertension; so, we can better understand and treat 
these babies.

What happens to the fetus, and logically also to a baby in the 
NICU during what would have been his or her third trimester, 
has important effects on later overall health and development. 
For example, simple hyperoxia exposure in the neonatal rodent 
results in adverse effects on the heart, kidney, and lungs, as well 
as deficits in spatial and recognition memory (33–38). The 
type of mechanical ventilation utilized in preterm sheep influ-
ences not only lung development, but also affects brain func-
tion later in life (39,40). As a result, the new horizon of BPD 
research must incorporate studies looking into much broader 
and long-term effects of neonatal respiratory care. However, 
these long-term effects cannot be limited to pulmonary disease 
alone. In order to understand and hopefully alter the course 
of BPD, which we now know has lifelong impacts on virtually 
every body system, we must adequately define nomenclature 
and classification. A simple biomarker during the neonatal 
period or a simple and physiologically relevant BPD classifica-
tion will improve our abilities to implement both retrospective 
and prospective studies. This is a topic that is discussed and 
debated among neonatologists and pediatric pulmonologists 
and we need to continue these important discussions. What 
clinical study groups are now understanding is that although 
babies with BPD may look similar at first glance, they actually 
are quite heterogeneous, requiring sorting into more catego-
ries than previously thought and likely arriving to a diagno-
sis of BPD through various pathophysiologies. More rigors in 

understanding the pathophysiology with the purpose of then 
assigning a BPD category might help us partition babies earlier 
in the NICU course to different prevention/treatment path-
ways. One prevention or treatment strategy is unlikely to be 
a “one size fits all” remedy. These BPD categories essentially 
would function as clinical phenotypes to help describe what 
pathophysiologic pathway a baby took to arrive at the final 
diagnosis of BPD (Figure 2). Examples of BPD categories 
could include in utero inflammation, maternal pre-eclampsia, 
immature respiratory control, genetic predisposition, chest 
wall instability, pulmonary vascular disease, oxygen toxicity, 
postnatal infection or sepsis, and mechanical ventilation. And 
as our understanding of BPD and its etiologies increases, more 
categories may need to be created to include the input from 
important contributors such as genetic predispositions and 
biomarkers.

In summary, the disease of BPD, or chronic respiratory 
disease of the preterm neonate, has evolved over time, as the 
lower limit of surviving infants has moved to earlier and earlier 
gestational ages and our NICU care has changed. As we learn 
more about the fundamental impairment of developing vas-
culature in infants who are born prematurely and exposed to 
hyperoxia and mechanical ventilation, the new biological fron-
tier involves understanding the underlying, significant PVD 
and devising treatments to support normal vascular develop-
ment of the lung. An additional challenge is to understand the 
ramifications of the entire NICU experience on a growing, 
premature infant’s future as an adult, which requires long-term 
and costly follow up. And finally, as we continue to improve 
and standardize our clinical phenotyping of babies with BPD, 
with an eye to pathophysiology, genetic and other biomarker 
studies will become more meaningful.
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