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Abstract: Bronchopulmonary dysplasia (BPD) is a common morbidity affecting preterm 
infants and is associated with substantial long-term disabilities. There has been no change in 
the incidence of BPD over the past 20 years, despite improvements in survival and other 
outcomes. The preterm lung is vulnerable to injuries occurring as a result of invasive ventilation, 
hyperoxia, and infections that contribute to the development of BPD. Clinicians caring for infants 
in the neonatal intensive care unit use multiple therapies for the prevention and management of 
BPD. Non-invasive ventilation strategies and surfactant administration via thin catheters are 
treatment approaches that aim to avoid volutrauma and barotrauma to the preterm developing 
lung. Identifying high-risk infants to receive postnatal corticosteroids and undergo patent ductus 
arteriosus closure may help to individualize care and promote improved lung outcomes. In 
infants with established BPD, outpatient management is complex and requires coordination from 
several specialists and therapists. However, most current therapies used to prevent and manage 
BPD lack solid evidence to support their effectiveness. Further research is needed with appro-
priately defined outcomes to develop effective therapies and impact the incidence of BPD. 
Keywords: bronchopulmonary dysplasia, neonate, preterm infant, chronic lung disease

Introduction
Bronchopulmonary dysplasia (BPD) is a syndrome of aberrant alveolar and vascular 
development of the lungs resulting in impaired gas exchange.1,2 Infants with BPD often 
have substantial long-term respiratory and neurodevelopmental morbidities, in addition to 
increased likelihood of re-hospitalization, asthma, and chest wall deformities.3–9 BPD is 
a common morbidity in preterm infants; and depending on which definition is used 
(Table 1), the incidence ranges from 32% to 59%.10 Even though the incidence of other 
neonatal morbidities has decreased in recent years, the incidence of BPD has been 
relatively unchanged.3 While this is in part a reflection of improved survival of infants 
predisposed for developing BPD, there is also limited evidence suggesting the effective-
ness of current preventive interventions.2,4,10,11 Most pharmacologic agents that are 
prescribed in an effort to prevent BPD are also used for the management of established 
BPD.11 In this review, we summarize current evidence behind strategies used for the 
prevention and management of BPD (Table 2), and the evolving research of new 
therapeutic targets.

Lung Protective Ventilation Strategies
Mechanical ventilation via an endotracheal tube exposes the developing lung to 
volutrauma and barotrauma. These insults contribute to lung fibrosis and 
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inflammation, which are both important factors in the 
development of BPD.12 Non-invasive management strate-
gies, in which infants receive respiratory support without 
the need for an endotracheal tube, have been studied as 
a strategy to avoid direct trauma to the developing lung, 
and potentially reduce the risk of developing BPD.13–15

Delivery Room Stabilization
Three of the largest randomized controlled trials (RCTs) 
that compared delivery room stabilization with early nasal 
continuous positive airway pressure (CPAP) to intubation 
and surfactant found a small, but non-statistically signifi-
cant reduction in the rates of death or BPD at 36 weeks 
postmenstrual age (PMA).13–15 The Surfactant, Positive 
Pressure, and Pulse Oximetry Randomized Trial was 
a multicenter RCT that examined early treatment with 
CPAP compared to early intubation, followed by surfac-
tant administration within one hour of birth in 1316 extre-
mely low birth weight (ELBW) infants.13 The study found 
no significant difference between the two groups in the 
rate of death or BPD, both when analyzed with the phy-
siological definition of BPD (p=0.59) and when defined by 
the need for supplemental oxygen at 36 weeks PMA 
(p=0.53). The study also found that when compared to 
the surfactant group, the CPAP group had lower preva-
lence of corticosteroid use for treatment of BPD 
(p<0.001), fewer days of ventilation (p=0.03), and greater 
survival free of mechanical ventilation at day 7 (p=0.01).13 

Similarly, the Continuous Positive Airway Pressure or 
Intubation at Birth trial compared nasal CPAP with intuba-
tion and ventilation at 5 minutes after birth in 610 ELBW 
infants, and found no statistically significant reduction in 
the rate of death or BPD.14 Finally, the Vermont Oxford 
Network DRM Study Group compared three study groups: 
prophylactic surfactant treatment followed by brief 
mechanical ventilation, prophylactic surfactant followed 
by rapid extubation to nasal CPAP, and CPAP with selec-
tive surfactant treatment.15 The study found no statistically 
significant difference in death or BPD between the 
groups.15 A Cochrane meta-analysis comparing prophylac-
tic CPAP with intubation and mechanical ventilation noted 
a small but significant reduction in the incidence of BPD at 
36 weeks [relative risk (RR) 0.89, 95% confidence interval 
(CI) 0.79–0.99].16 Based on current evidence, delivery 
room stabilization with CPAP in spontaneously breathing 
ELBW infants results in improved short-term outcomes, 
but a reduction in BPD has not been seen consistently.

Non-Invasive Ventilation
Other studies have compared the effectiveness of various 
techniques of non-invasive ventilator support in reducing 
BPD. Nasal intermittent positive pressure ventilation 
(NIPPV) is a form of non-invasive ventilation that delivers 
a baseline distending pressure similar to CPAP, but with 
the addition of superimposed peak inspiratory pressures at 
intervals.17 A Cochrane analysis of ten studies including 

Table 1 Definitions of Bronchopulmonary Dysplasia (BPD)

Author and Year Definition

Shennan et al, 1988146 Use of supplemental oxygen at 36 weeks PMA

NIH consensus, 

2001147

Oxygen use for 28 days (not consecutive), with severity based on amount of supplemental oxygen and mode of 

respiratory support at 36 weeks PMA; mild (room air), moderate (<30% supplemental oxygen), severe (≥30% 
supplemental oxygen and/or positive pressure)

Walsh et al, 2004148 Receipt of positive pressure or supplemental oxygen at 36 weeks PMA. In infants receiving ≤ 30% oxygen via hood or 
nasal cannula, a stepwise room air challenge test is performed. Failure of the room air challenge, or need for mechanical 

ventilation and/or positive pressure are classified as BPD

Isayama et al, 2017149 Use of oxygen and/or respiratory support (including invasive and non-invasive support) at 40 weeks PMA

NICHD workshop, 

2018

Supplemental oxygen or positive pressure at 36 weeks PMA along with radiographic evidence of parenchymal lung 

disease, irrespective of prior duration of oxygen supplementation. Incorporates 3 grades of severity depending on levels 

of supplemental oxygen and mode of support150

Jensen et al, 2019151 Any respiratory support at 36 weeks PMA, irrespective of prior duration or current level of oxygen therapy. Further 

categorized according to disease severity: grade 1, nasal cannula at flow rates ≤2L/min; grade 2, nasal cannula at flow rates 
>2L/min or non-invasive positive airway pressure; and grade 3, invasive mechanical ventilation
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Table 2 Summary of Interventions for the Prevention and Management of Bronchopulmonary Dysplasia (BPD)

Intervention Use Proposed Mechanism of Action Evidence

Non-invasive 
ventilation

Prevention Decreases lung injury due to barotrauma and 
volutrauma by avoidance of intubation

Meta-analyses showing reduction in BPD or death 
support use of early CPAP16

Oxygen 
saturation 

targets

Prevention Avoids lung injury secondary to hyperoxia-induced 
free radicals

Increase in mortality, but no difference in rates of BPD 
with lower (85–89%) oxygen saturation targets.24 

Recommend targeting SpO2 levels in low 90s.26

Surfactant Prevention Prevents and treats respiratory distress syndrome, 

and facilitates early extubation

Early surfactant administration shown to decrease risk 

of BPD.38 

Less invasive techniques for surfactant administration 

are promising and may reduce BPD.39

Caffeine Prevention Reduces duration of mechanical ventilation by 

improving respiratory drive, tidal volume, lung 

compliance, and reducing total lung resistance. Also 
has anti-inflammatory and diuretic effects.

Use of early caffeine associated with 36% decrease in 

BPD.78 Early caffeine use (first 10 days of age) 

recommended.79–81

Vitamin A Prevention Promotes respiratory epithelial cell growth and 
differentiation

Decrease in incidence of BPD with intramuscular 
administration of vitamin A.118 Use recommended 

depending on local incidence of BPD.

Diuretics Prevention Reduces interstitial pulmonary edema and fluid 

overload.

Short term improvement in pulmonary mechanics.103 

Some evidence to suggest use of furosemide 

decreases BPD, others found no difference.98,99 

Insufficient evidence to make recommendation.

Management Short term decrease in airway resistance, and increase 
in airway compliance with furosemide in infants with 

BPD.100,101 May improve respiratory scores, lung 

mechanics, and decrease fraction of inspired 
oxygen.102,152 

No difference in mortality with loop diuretic use in 

infants with severe BPD.105

Antenatal 

steroids

Prevention Stimulates surfactant production Decreased frequency and severity of RDS, and need 

for mechanical ventilation. No difference in overall 
risk for BPD.53,54

Postnatal 
steroids

Prevention Anti-inflammatory properties ameliorate inflammation 
secondary to ventilator induced injury, oxygen 

toxicity, or infection

Early (<7 days of age) use of dexamethasone 
associated with significant adverse effects and is not 

recommended.59 Strong evidence to support later use 

of dexamethasone in infants at high risk of developing 
severe BPD.60,64,65 Emerging evidence to suggest that 

use of hydrocortisone may improve BPD-free survival, 

and avoid neurotoxicity.69 Early use of inhaled 
corticosteroids decreases BPD, but increases 

mortality, and is not recommended.73,74 Promising 

data showing decreased risk of BPD when 
intratracheal corticosteroids are administered with 

surfactant.72

Management Inhaled corticosteroids may improve oxygenation, 

increase airway compliance, functional residual 

capacity, decrease airway resistance.153 Oral 
prednisolone may facilitate oxygen wean in established 

BPD.154

(Continued)
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1061 infants comparing early NIPPV and early CPAP use 
determined that even though infants randomized to early 
NIPPV had reduced risk of requiring intubation (RR 0.78 
CI 0.64–0.94) and respiratory failure (RR 0.65 CI 0.51– 
0.82), there was no reduction in the risk of BPD among 
infants who received NIPPV.18 Another meta-analysis of 
the use of NIPPV versus CPAP in preterm infants after 
extubation found a reduction in BPD associated with syn-
chronized NIPPV (RR 0.64, 95% CI 0.44–0.95) on sub-
group analysis, but in the overall cohort no difference was 
found in the rates of BPD between the two groups (RR 
0.94, 95% CI 0.80–1.10).19

High Frequency Ventilation
The use of high-frequency ventilation has been proposed 
as a way to prevent ventilator associated lung injury, but 
the evidence is scarce. In centers reporting high survival 
rates of infants born at <23 weeks gestation, first-intention 
high-frequency ventilation is used as a method to limit 
barotrauma and volutrauma.20 An RCT of 797 infants 
born 23–28 weeks gestation that randomized infants to 
either high-frequency oscillatory ventilation or conven-
tional ventilation, found no significant difference in the 
outcome of death or BPD between the two groups.21 

A Cochrane review of 19 studies including 4096 infants 
explored high frequency oscillatory ventilation compared 
with conventional ventilation on the incidence of BPD. 
The meta-analysis found a small but inconsistent reduc-
tion in the risk of BPD with the use of high frequency 
oscillatory ventilation compared with conventional 
ventilation.22 Advantages of high-frequency ventilation 

over conventional ventilation have not been clearly 
demonstrated.

Oxygen Saturation Targets
Exposure to supraphysiological oxygen has been asso-
ciated with BPD, thus defining optimal oxygen saturation 
targets has been well studied. Infants born at <30 weeks 
randomized to high-saturation target (95–98%) have 
a significantly higher risk of needing supplemental oxygen 
at 36 weeks compared to infants randomized to 92–94% 
[odds ratio (OR) 1.40, 95% CI 1.15–1.70].23 An individual 
patient meta-analysis of the five RCTs of the Neonatal 
Oxygen Prospective Meta-Analysis (NeOProM) 
Collaboration examined restricted (85–89%) versus liberal 
(91–95%) oxygen saturation targets in infants less than 28 
weeks gestation, and found no significant difference in the 
composite outcome of death or major neurodevelopmental 
outcomes, or severe visual problems at 18–24 months 
between the two groups (RR 1.04, 95% CI 0.98–1.09).24 

Significantly fewer infants in the restricted oxygen satura-
tion target group received supplemental oxygen at 36 
weeks PMA (RR 0.81, 95% CI 0.74–0.90) but there was 
also an increase in the risk of death (RR 1.17, 95% CI 
1.04–1.31) and NEC (RR 1.33, 95% CI 1.10–1.61) in this 
group.25 While further studies are needed to make defini-
tive conclusions, some authors suggest maintaining oxy-
gen saturation targets between 88% and 92%, and a higher 
alarm limit of 96%.26

Surfactant Administration
Endogenous surfactant production by type II pneumocytes 
begins at approximately 20 weeks gestation, and is 

Table 2 (Continued). 

Intervention Use Proposed Mechanism of Action Evidence

PDA closure Prevention Reduces pulmonary interstitial edema caused by 

increased pulmonary blood flow through 

a hemodynamically significant PDA

Inconclusive evidence to suggest PDA closure leads to 

reduction in risk of BPD.87–89 Possible benefit in 

a subset of extremely premature infants.95,97

Bronchodilators Management Improves short term lung mechanics by increasing 

compliance, and decreasing pulmonary resistance by 
dilating smaller airways with muscular atrophy

Lack of evidence supporting use for management of 

BPD.109 May have short term benefit when strong 
component of bronchospasm is present.109

Macrolides Prevention Treats Ureaplasma infection and has anti-inflammatory 
properties

Few studies showing small risk reduction in BPD when 
used prophylactically, larger studies needed to 

establish safety and effectiveness.133

Abbreviations: PMA, postmenstrual age; NIH, National Institute of Health; NICHD, National Institute of Child Health and Human Development; CPAP, continuous positive 
airway pressure; RDS, respiratory distress syndrome; PDA, patent ductus arteriosus.
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insufficient in infants born prematurely.27 This deficiency of 
surfactant leads to respiratory distress syndrome (RDS), 
characterized by increased surface tension and a reduction 
in pulmonary compliance.28,29 Exogenous surfactant repla-
cement therapy decreases surface tension within the alveoli, 
improves ease of inflation of the lung, thereby treating 
RDS.30–32 Early studies done prior to the routine use of 
antenatal corticosteroids, found that exogenous surfactant 
administration reduced mortality and BPD.31–35 However, 
subsequent meta-analyses have failed to show exogenous 
surfactant leading to a consistent reduction in BPD.36–37 

Timing of surfactant administration appears to play a role 
in the development of BPD. A Cochrane analysis of six 
RCTs that compared early surfactant administration with 
delayed in infants with RDS concluded that early adminis-
tration of surfactant was associated with a decreased the risk 
of BPD.38

While surfactant has multiple benefits, its administra-
tion traditionally involves intubation with subsequent 
mechanical ventilation, which can lead to ventilator- 
associated lung injury and higher risk for BPD. The 
INSURE (Intubation Surfactant Extubation) technique of 
surfactant administration by transient intubation, surfactant 
administration, and immediate extubation has allowed for 
a method of medication delivery that may mitigate lung 
trauma associated with prolonged ventilation.39 

A systematic review and meta-analysis of nine trials 
(1551 infants) comparing INSURE with CPAP found no 
statistically significant difference between the two, though 
the RR favors INSURE in regard to reduction in BPD and 
death in BPD (RR 0.88, 95% CI 0.76–1.02), with a 14% 
decrease in BPD.39 Existing data suggests that the 
INSURE method is not universally successful in all pre-
term infants with RDS, with failure rates ranging from 
19% to 49%.40,41 A possible cause of failure of INSURE 
is the inability of preterm lung with RDS to maintain 
adequate functional residual capacity that would allow 
for equal and homogenous exogenous surfactant 
distribution.42 In an effort to overcome this, the IN-REC- 
SURE (INtubate, RECruit-SURfactant-Extubate) trial was 
recently published which compared surfactant administra-
tion after alveoli recruitment using high frequency oscilla-
tory ventilation, followed by extubation with the 
traditional INSURE method in preterm infants who failed 
nasal CPAP.42 Although there was a reduced requirement 
for mechanical ventilation during the first 72 hours of age 
in the IN-REC-SUR-E (40%) group compared to the IN- 
SUR-E (54%) group (p=0.037), no difference was found 

between the two groups in the incidence of moderate to 
severe BPD.43 The decreased need for mechanical ventila-
tion is promising, but adequately powered studies are 
needed to determine any benefits for BPD.

As a way to circumvent the need for mechanical venti-
lation entirely, administration of surfactant via a thin 
catheter has been evaluated.44 A RCT of 200 infants less 
than 36 weeks gestation compared surfactant administra-
tion through tracheal instillation of a catheter during CPAP 
in a method called the Take Care technique. When com-
pared with INSURE, the authors found a significantly 
lower rate of mechanical ventilation and BPD.45 Less 
invasive surfactant therapies (LIST) through a thin tra-
cheal catheter were compared to standard administration 
of surfactant through an endotracheal tube in a meta- 
analysis of six RCTs. LIST was found to be associated 
with decreased risk of BPD (RR 0.71, 95% CI 0.52–0.99), 
BPD or death (RR 0.74, 95% CI 0.58–0.94), and need for 
invasive ventilation (RR 0.67, 95% CI 0.53–0.84).46 The 
role of aerosolized surfactant has also been evaluated as 
a less invasive alternate route of surfactant administration. 
A recent RCT of 457 infants born between 23 and 41 
weeks gestation found that infants who received aeroso-
lized surfactant within the first 12 hours of age were less 
likely to require later intubation and surfactant 
administration.47 In a recent meta-analysis comparing var-
ious non-invasive ventilation strategies (including 
INSURE, LISA, and nebulized surfactant), the use of 
LISA was associated with the lowest likelihood of BPD 
at 36 weeks PMA [OR 0.53, 95% credible interval (CrI) 
0.27–0.96].48 While the combination of less invasive sur-
factant delivery and non-invasive ventilation may be ben-
eficial in treating RDS and reducing the need for 
mechanical ventilation, more robust data is needed to 
establish the effect on BPD.

Synthetic Surfactant
A wide variety of surfactant preparations have been devel-
oped, including synthetic surfactant, which may contain 
protein or be protein-free; and animal-derived surfactant 
that is derived from both porcine or bovine sources.49 

Animal-derived surfactant is not only expensive to pro-
duce, but is also in limited supply, thus leading to the 
development of synthetic preparations.50 Comparisons of 
animal-derived surfactant with early generations of syn-
thetic surfactant found a shorter duration of invasive 
ventilation, quicker weaning off of respiratory support, 
and decreased mortality with animal-derived 
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preparations.49 A later meta-analysis comparing animal- 
derived surfactant with protein-free synthetic surfactant 
found no effect of surfactant preparation on the risk of 
BPD at 36 weeks adjusted age (RR 0.99, 95% CI 0.91– 
1.09), or the composite outcome of BPD or death (RR 
0.97, 95% CI 0.90–1.04).49 A recent randomized trial 
comparing poractant alfa (porcine surfactant) with the 
synthetic surfactant CHF5633 (first fully synthetic surfac-
tant enriched with surfactant proteins, SP-B and SP-C 
peptide analogues) found no difference in BPD between 
the two preparations (RR 1.03, 95% CI 0.81–1.32), and 
otherwise had a similar safety and efficacy profile.51 

Thus, while newer generations of protein-containing sur-
factant preparations may be used in place animal-derived 
preparations, they have not shown additional benefit in 
prevention of BPD.

Corticosteroids
Antenatal Corticosteroids
Antenatal corticosteroids are routinely administered to 
mothers at risk for preterm delivery for its known benefit 
in lung maturation and decreasing RDS in the 
newborn.11,52 In a recent Cochrane review of 1368 infants 
analyzing the effect of antenatal corticosteroids on the 
development of BPD there was a reported decrease in 
the need for mechanical ventilation (RR 0.68, CI 0.56 to 
0.84) and moderate/severe RDS (RR 0.59, 95% CI 0.38– 
0.91).53 Despite this, six of the studies examining antenatal 
corticosteroid use and BPD found inconclusive evidence 
of antenatal corticosteroids and the development of BPD 
(RR 0.86, 95% CI 0.42 to 1.79).53 Other observational 
studies have found that a full course of antenatal steroids 
was associated with a small but statistically significant 
reduction in the composite outcome of BPD or death in 
lower gestational age infants.54–56 Thus, while a universal 
decrease in BPD has not been established, antenatal ster-
oids reduce the severity of RDS and other serious morbid-
ities (including death and longer term neurodevelopmental 
impairment), and may also have a role in reducing BPD in 
the lowest gestational age group of infants.54,56

Postnatal Systemic Corticosteroids
Corticosteroids are commonly used as a component of 
BPD prevention and management due to their anti- 
inflammatory effects.44 However, clinicians considering 
use of corticosteroids, particularly dexamethasone, must 
weigh benefit to the lung against established side effects 

that include increased risk for neurodevelopmental impair-
ment, intestinal perforation and impaired growth.11,57 In 
2002, concerns about these risks led to a statement by 
American Academy of Pediatrics Committee on the 
Fetus and Newborn recommending against the use of 
systemic dexamethasone in the prevention or treatment 
of BPD in very low birth weight (VLBW) infants.58

The side effect profile is especially pronounced when 
systemic dexamethasone is used early after birth.59 The 
most recent Cochrane review examining the use of early 
(<8 days) systemic corticosteroids in the prevention of 
BPD found improvement in the rates of BPD and 
a composite of BPD and death.59 The review also noted 
an increase in the risk of adverse effects including intest-
inal perforation, hypertrophic cardiomyopathy, cerebral 
palsy, and major neurosensory disability. Given this side 
effect profile, early dexamethasone use for prevention of 
BPD is not recommended.59 An alternate strategy is to 
administer postnatal steroids in ventilator-dependent 
infants, who are at highest risk of developing BPD.60 

This was initially studied in the Dexamethasone: 
A Randomized Trial study, which included 70 infants 
who were ventilator dependent after the first week of 
age. This study found that treatment with dexamethasone 
improved ventilator and oxygen requirements, and 
decreased duration of intubation. However, there was no 
effect seen at later mortality (OR 0.52, 95% CI: 0.14–1.95; 
p=0.33) or rates of BPD (OR 0.58, 95% CI 0.08–0.32, 
p=0.71).61 A subsequent Cochrane review of late (>7 
days) corticosteroids of 21 RCTs reported improvement 
in development of BPD, but with increased short-term side 
effects and a trend towards cerebral palsy.62 In another 
meta-analysis of 47 RCTs including 6747 infants treatment 
with high and low-dose dexamethasone was associated 
with decreased risk of BPD (high dose OR 0.11, 95% 
CrI 0.02–0.4; low dose OR 0.37 CrI 0.16–0.67).63 

A recent systematic review and meta-analysis suggests 
that moderately early initiated (8–14 days of age) systemic 
dexamethasone at a medium cumulative dose of 2–4 mg/ 
kg may be the most appropriate regimen for preventing 
BPD.64 An important consideration is the association of 
neurodevelopmental impairment with BPD itself, and fac-
toring in individual patient risks and benefits.60 In infants 
with >60% risk for BPD, postnatal steroids reduce the risk 
of death and cerebral palsy, thus it is reasonable to admin-
ister steroids to such infants.60 Administration between 
weeks 2–7 of age may minimize the risk of severe BPD 
in infants with evolving lung disease, with the lowest 
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unadjusted rate of severe BPD seen with administration at 
22–28 days (Table 2).60,65

As an alternate strategy without the neurotoxic risk 
profile, hydrocortisone has been evaluated for its efficacy 
in prevention of BPD.66 In an RCT of low-dose hydro-
cortisone for ELBW infants requiring mechanical ventila-
tion, rates of survival without BPD were similar between 
the groups, however, there was improved survival without 
BPD among chorioamnionitis exposed infants.67 This 
study was stopped early due to concern for increased 
spontaneous gastrointestinal perforation in the hydrocorti-
sone group, with a heightened effect among infants treated 
with hydrocortisone and indomethacin.67 Thereafter, the 
PREMILOC study of infants born between 24 and 27 
weeks gestation randomized to low-dose hydrocortisone 
or placebo for the first 10 days of age, found that the 
hydrocortisone group had significantly improved survival 
without BPD at 36 weeks (p=0.04). This particular study 
did not show any increased rate of gastrointestinal perfora-
tion between the two groups, but did note a nearly twofold 
increase in the rate of late-onset sepsis in infants between 
24 and 25 weeks gestation who received hydrocortisone.68 

A recent individual patient meta-analysis including 4 stu-
dies and 982 infants examined low-dose hydrocortisone 
used as prophylaxis for adrenal insufficiency, and found 
that treatment with low-dose hydrocortisone for 10–15 
days significantly increased survival without BPD 
(p=0.007).69 The study also found increased risk for gas-
trointestinal perforation when indomethacin and hydrocor-
tisone were used (p=0.004), and increased incidence of 
late onset sepsis (p=0.04).69 The recently published STOP- 
BPD study that randomized 372 infants to receive either 
a 22-day course of systemic hydrocortisone or placebo 
found no difference in the rates of death or BPD (aOR 
0.87, 95% CI 0.54–1.38).70 With conflicting data, further 
studies regarding the dosage, safety, efficacy and long- 
term effects of hydrocortisone are needed.

Inhaled Corticosteroids
Inhaled corticosteroids have been an area of interest for 
management of BPD, as the targeted delivery allows for 
the anti-inflammatory benefit in the lungs without the 
systemic side effects.57 Small studies have found short- 
term benefits in oxygenation with inhaled corticosteroids 
in infants with BPD, but no long-term effect.71 Others 
have evaluated treatment with budesonide and surfactant 
compared to surfactant alone in management of infants at 
high risk for BPD, who required mechanical ventilation.72 

There was a significantly lower incidence of BPD or 
death in the group managed with budesonide (p<0.001), 
with no increase in adverse events between the two 
groups.72 The NEUROSIS trial that randomized infants 
to either inhaled budesonide or placebo until they no 
longer required supplemental oxygen and positive pres-
sure ventilation found a statistically significant decrease 
in BPD (RR 0.74, 95% CI 0.60–0.91), although an 
increase in mortality was seen at 36 weeks PMA (RR 
1.24, 95% CI 0.91–1.69) and at 2 years (RR 1.37, 95% 
CI 1.01–1.86).73,74 There are other trials currently 
ongoing examining intratracheal budesonide, including 
the PLUSS trial and others.75–77

Caffeine
Caffeine is used routinely for the treatment of apnea of 
prematurity, and is one of the few drugs known to reduce 
the risk of BPD at 36 weeks PMA.78 The Caffeine for 
Apnea of Prematurity Trial examined 2006 infants with 
birth weights between 500 and 1250 g, who were ran-
domly assigned to either the caffeine or placebo. It was 
found that treatment with caffeine led to a 36% decrease in 
BPD (aOR 0.63, p<0.001).78 Infants treated with caffeine 
also had earlier successful extubations (median PMA of 
29.1 weeks vs 30.0 weeks, p<0.001), discontinuation of 
positive airway pressure (31.0 weeks vs 32.0 weeks, 
p<0.001), and were weaned to room air earlier (33.6 
weeks vs 35.1 weeks, p<0.001).78 A post hoc analysis of 
this trial found a greater reduction in the duration of 
respiratory support among infants who received early caf-
feine therapy (<3 days of age), compared to later on (>3 
days).79

Other studies have evaluated the timing of caffeine 
initiation and the effect on BPD. A retrospective data 
analysis of 2951 infants found that early initiation of 
caffeine (0–2 days) compared with delayed initiation (3– 
10 days) was associated with reduction in BPD (OR 0.69, 
p<0.001) or BPD and death (OR 0.77, p=0.01).80 The 
initiation of early (<3 days of age) compared to late (≥ 
to 3 days of age) caffeine therapy was studied in 
a retrospective cohort study of 140 infants with birth 
weight less than 1250g.81 The study demonstrated 
improved outcomes with early caffeine therapy, with 
25% of infants who received early caffeine developing 
the outcome of death or BPD compared to 53% of infants 
in the late caffeine group (aOR 0.26, p<0.01).81 Another 
retrospective cohort study of 5517 infants born less than 
31 weeks’ gestation examined early (<3 days) compared to 
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late (≥ 3 days) caffeine administration. Again, this study 
showed decreased odds of development of the outcome of 
death or BPD in the early caffeine group (aOR 0.81).82 

Current evidence thus supports the use of caffeine, espe-
cially when initiated within the first 10 days of age, as one 
of the few pharmacological therapies proven to prevent the 
development of BPD (Table 2).

Patent Ductus Arteriosus (PDA) 
Closure
Left-to-right shunting across a PDA can lead to increased 
pulmonary congestion and worsen pulmonary edema 
resulting in impaired alveolar development and increased 
need for mechanical ventilation.83 Observational studies 
have shown an association between the presence of PDA 
and development of BPD in premature infants, but this 
does not necessarily imply causation.84–86 Multiple RCTs 
designed to evaluate pharmacological ductal closure have 
failed to show a reduction in risk of BPD.87–89

A randomized controlled non-inferiority trial examin-
ing ibuprofen treatment compared with non-intervention 
for PDA closure found that the non-intervention group was 
not inferior to the treatment group with regards to the 
incidence of BPD or death (non-inferiority margin −0.2, 
p=0.51). This may in part due to the low efficacy of 
ibuprofen closure particularly in infants born at 23–26 
weeks.90 Another study evaluating PDA closure with 
either indomethacin or surgical ligation compared to non- 
intervention found lower rates of BPD in the non- 
intervention group (p<0.05) and no statistically significant 
difference in mortality and morbidities including necrotiz-
ing enterocolitis (NEC), intraventricular hemorrhage, and 
periventricular leukomalacia.91 It is important to note that 
most modern day RCTs have been designed to determine 
the efficacy of several pharmacologic therapies to close the 
PDA, and may be underpowered in estimating the impact 
on preventing BPD.92 A recent meta-analysis of RCTs and 
observational studies found no difference in the morbid-
ities or mortality related to various medical treatment 
options (ibuprofen, indomethacin, acetaminophen) for 
PDA closure.93

Other studies have investigated the timing of PDA 
closure and its effect on BPD. The PDA-TOLERATE 
Trial compared early with later conservative pharmacolo-
gic treatment of moderate-to-large PDA.94 In infants who 
had ongoing respiratory support needs and had 
a moderate-to-large PDA, there was a higher incidence 

of BPD in those intubated >10 days (75%) compared to 
infants intubated <10 days (27%, p<0.0001). However, 
among the infants intubated greater than 10 days, pro-
longed exposure to moderate-to-large PDA was associated 
with increased risk of BPD (p=0.04). These findings sug-
gest that an increased risk of BPD among infants with 
exposure to moderate-to-large PDA and receiving pro-
longed mechanical ventilation >10 days.94

With the lack of conclusive evidence surrounding PDA 
closure to prevent BPD, and adverse effects of all avail-
able management strategies, there is an increase in a more 
conservative approach of “watchful waiting” across 
centers.95 A threshold of 7–13 days of exposure to 
a moderate to severe PDA has been found to lead to 
a significant increase in the incidence of BPD or death 
(OR 2.12, 95% CI 1.04–4.32) in infants <28 weeks 
gestation.96 These data suggest that while expectant man-
agement may be prudent in a majority of cases, there is 
likely a subset of infants who benefit from PDA closure, 
such as those who are extremely premature (in whom 
spontaneous closure is delayed)97 or those with hemody-
namically significant PDAs.95

Diuretics
In premature infants, clinicians often use diuretics with the 
goal of decreasing pulmonary edema and the amount of 
respiratory support needed, thereby improving risk factors 
leading to the development of BPD. In a large retrospec-
tive cohort study of 37,693 infants born at 23–29 weeks 
gestational age and who were exposed to diuretics between 
postnatal day 7 and 36, an increase in the number of days 
of furosemide therapy by 10% was associated with 
decreased incidence of BPD (4.6%, p=0.001) and BPD 
or death (3.7%, p=0.01).98 In this study, 51% of all extre-
mely preterm infants were treated with furosemide during 
hospitalization.98 However, in 835 infants in the 
Prematurity and Respiratory Outcomes Program observa-
tional cohort, no temporal association between administra-
tion of diuretics and change in respiratory status was noted 
between diuretic exposed and unexposed infants.99

Diuretics are also commonly used in the management 
of established BPD. In small studies, diuretics have been 
shown to improve pulmonary mechanics by increasing 
airway compliance and decreasing airway resistance in 
infants with BPD.100–102 A Cochrane review aimed to 
evaluate loop diuretic use in infants with or developing 
BPD. The review included six RCTs involving diuretic use 
in infants less than 37 weeks gestation with either oxygen 
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or ventilator dependency beyond five days of age. The 
review found a decreased risk of failure to extubate within 
a week of furosemide usage and improvement in pulmon-
ary compliance with a one-to-two-day course of furose-
mide. Overall, the authors concluded there was not enough 
evidence to recommend loop diuretics in patients with or 
developing BPD.103 There is currently no standard practice 
in the chronic diuretic treatment of ELBW infants with 
a diagnosis of BPD, and nearly 20% of infants discharged 
home are treated with diuretics.104 There is also significant 
variability in loop diuretic use, suspected to be due to 
a lack of consensus in evidence-based practice.105 

A retrospective cohort study of 3252 infants less than 32 
weeks gestation with severe BPD examined between- 
center variation in loop diuretic use for treatment of 
bronchopulmonary dysplasia, with an adjusted mean 
range of 7.3–49.4% of days.105 The study found similar 
mortality rates at high-use centers compared with low-use 
centers (aOR 0.98, p=0.98), and similar discharge age 
between both the low-use and high-use centers (47.3 
weeks vs 47.4 weeks, p=0.96).105 The variation in use 
across centers, and conflicting evidence regarding long- 
term benefits, coupled with side effects of chronic diuretic 
use, highlight the need for future studies designed to 
understand which infants are best suited for diuretic 
therapy.

Bronchodilators
Inhaled bronchodilators, such as albuterol and ipratropium, 
are used in the management of bronchospasm associated 
with established BPD.106 Their use may be beneficial in 
managing acute symptoms by decreasing airway resistance 
and increasing lung compliance following 
administration.107,108 However, randomized trials have 
not shown any benefit in the management or improvement 
in the severity of BPD.109 Despite this, nearly half of 
hospitalized infants with severe BPD are prescribed 
bronchodilators, with exposure higher in infants with 
more serious illness, and varying greatly across hospitals 
(0–59%).110 This marked variability in inhaled bronchodi-
lator use in the absence of supporting evidence demon-
strates a need for future studies in this population.

Nutritional Interventions
Intrauterine growth and postnatal nutrition management 
play a critical role in the development and management 
of BPD in extremely premature infants. Small for gesta-
tional age (SGA) preterm infants have higher rates of 

adverse pulmonary outcomes when compared with those 
grown appropriately.111 A case-control study of 2255 
infants born before 33 weeks gestation found SGA infants 
have higher risk of later development of BPD, indicating 
that growth restriction may be a risk factor.111 

Furthermore, infants with established BPD have been 
shown to have postnatal growth failure as a result of 
their higher energy expenditures, and potentially as 
a side effects of medications used for treatment.112,113 

Optimizing nutrition has been recognized as an area for 
both prevention and treatment of BPD.

Breast milk is well known for its protective effect 
against NEC, and has also been studied for its role in 
preventing BPD.114–116 In a multicenter cohort study of 
1587 preterm infants who received an exclusively human 
breast milk-based diet, the incidence of BPD was signifi-
cantly lower compared to infants who received either pre-
term formula or maternal breast milk with bovine fortifier 
(56.3% vs 47.7%, p = 0.0015).116 A pooled meta-analysis 
of eight observational studies showed a BPD protective 
effect of donor human milk compared to formula when 
used as supplement to mother’s own milk (RR 0.78, 95% 
CI 0.67–0.90).116 However, meta-analysis of three RCTs 
found no statistically significant difference in BPD 
between infants receiving donor human milk compared 
to preterm formula when mother’s own milk was unavail-
able (RR 0.89, 95% CI 0.60–1.32).115

Vitamin A
Vitamin A is involved in lung growth and the development 
of the epithelial cells of the respiratory tract, making it an 
attractive agent for supplementation.117 A Cochrane 
review of eleven trials found a small benefit in the risk 
of BPD at 36 weeks PMA with intramuscular vitamin 
A supplementation in VLBW infants.118 During 
a vitamin A shortage in the United States, a large observa-
tional study found similar rates of BPD in infants who 
received vitamin A, compared to those who did not.119 

Given these data, and the need for frequent intramuscular 
administration, vitamin A is not being universally admi-
nistered. As an exploration for alternate routes of admin-
istration, a recent RCT of 188 infants born less than 28 
weeks gestation evaluated enterally administered vitamin 
A compared to intramuscular. While it was found that 
following enteral treatment plasma retinol levels 
increased, there was no improvement in severity of 
BPD.120 The ongoing NeoVitA trial is a multicenter, dou-
ble-blind RCT comparing high-dose oral vitamin A vs 
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placebo. The study aims to evaluate the effect of enteral 
vitamin A supplementation on the outcome of BPD or 
death in ELBW infants.121 The results of this study will 
further guide the efficacy of oral vitamin A use.

Infants with BPD have increased energy requirements 
as compared to those without.122 It has been estimated that 
infants with BPD have 15–25% increased energy expen-
diture compared to controls.122 A Cochrane analysis to 
evaluate the effects of increased energy intake compared 
to standard intake on infants with BPD could not identify 
any eligible trials.123 Increased protein and calorie intake 
is needed to meet the metabolic needs of these infants, and 
many require up to 30 calorie fortified breast milk or 
formulas to achieve intakes of >130 kCal/kg/day.124–126 

Along with enriched formula, calcium, phosphorous, zinc 
and other micronutrients and vitamins help infants with 
BPD to have improved lung growth and bone mass.127 

Ultimately, the nutritional management post-hospital dis-
charge requires an interdisciplinary team approach.

Infection Prevention and Antibiotic 
Stewardship
Multiple infectious organisms have been implicated in the 
development of BPD.128–131 Ureaplasma is one such 
organism, and given the anti-inflammatory properties of 
macrolides used to treat Ureaplasma, they have been pro-
posed as a potential therapy for both prevention and man-
agement of BPD.132 A meta-analysis evaluating the use of 
prophylactic azithromycin therapy for BPD in 3 small 
trials found a small reduction in BPD (RR 0.83, 95% CI 
0.71–0.91).133 However, a more recent RCT of a three-day 
course of IV azithromycin therapy in infants born 24–28 
weeks gestation demonstrated that although this treatment 
regimen is effective in eradication of respiratory tract 
Ureaplasma colonization, there was no difference in the 
incidence of BPD between the two groups.134 Some cen-
ters report screening extremely premature infants for 
Ureaplasma soon after birth, and selectively treating 
those infants requiring prolonged mechanical ventilation 
with azithromycin.135 Larger trials are needed to establish 
the safety and effectiveness of prophylactic azithromycin, 
and must balance out the risk of BPD associated with 
antibiotic use.

Nosocomial infections contribute to BPD, likely related 
to persistent inflammatory mediators that contribute to the 
development of BPD.136 A retrospective cohort study using 
the California Perinatal Quality Care Collaborative database 

noted that nosocomial infection significantly increased the 
risk of BPD (OR 2.74, 95% CI 2.54–2.94).137 The study also 
found that as the rates of nosocomial infection decreased 
from 24.7% to 15% as a result of quality improvement 
efforts, the rates of BPD decreased by 8%.137 This is of 
particular importance because antibiotics used to treat infec-
tions may in fact increase the risk of developing BPD. In 
ELBW infants, early empiric antibiotic therapy of 4–7 days is 
associated with increased adjusted odds of BPD, and each 
additional day of antibiotics in the first 2 weeks of age 
significantly increases the risk of severe BPD (OR 1.15, 
95% CI 1.08–1.27).138,139 Other studies have found an asso-
ciation between total antibiotic exposure in the neonatal 
intensive care unit and an increased risk for BPD.140 

Ultimately, prevention of nosocomial infections by imple-
mentation of strict hand hygiene policies and central-line 
care bundles are identifiable strategies to reduce the compo-
nent of increasing BPD risk caused by infection and anti-
biotic exposure.

Emerging Areas of Research
Stem Cells
Mesenchymal stem cells (MSCs) have emerged as 
a potential new therapeutic target in both the prevention 
and treatment in BPD. In animal models, treatment with 
MSCs was shown to reverse alveolar injury and improve 
lung functioning.141 These results have motivated research 
evaluating the safety of MSC treatment in humans. 
Placental derived human amnion epithelial cells (hAECs) 
infusion was evaluated for safety in a small scale first in 
human study. The authors determined that hAECs were safe 
and well tolerated by their study population.142 Results 
from a recently concluded Phase II trial demonstrated safety 
and feasibility of MSCs in preterm infants between 23 and 
28 weeks gestation, although it was underpowered to detect 
therapeutic efficacy towards preventing BPD, and larger 
clinical trials are underway.143 MSC-derived extracellular 
vesicles have pro-regenerative and immune modulating 
effects and have been shown to improve lung morphology, 
pulmonary function and suppress inflammation in animal 
models.144 While these findings are promising, their clinical 
implications are yet to be established.

IGF-1
Insulin-like growth factor (IGF-1) is a growth factor 
involved in vascular development.11 IGF-1 levels typically 
rise in the third trimester and are important in tissue 
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growth. IGF-1 levels are lower in infants born prematurely 
than those age matched fetal in utero levels due to loss of 
maternal source of IGF-1 and postnatal factors such as 
poor nutrition which account for a slow rise in IGF-1 
following delivery. It has been shown that in infants who 
develop BPD, these low serum IGF-1 levels are persistent 
after birth. This identifies IGF-1 as a potential therapeutic 
target for BPD through improving vascular 
development.145

Conclusion
While there has been tremendous progress in the under-
standing of the pathophysiology and progression of BPD, 
its prevention and management continue to be major 
challenges for neonatologists, especially with the increas-
ing survival of extremely premature infants. Strategies 
that are theoretically effective have failed to translate to 
clinical settings. Most strategies to prevent and treat BPD 
lack evidence and have long-term adverse effects. 
Additionally, none of the current medications in practice 
are labeled by the US Food and Drug Administration to 
prevent or treat BPD in infants, and yet are being used 
widely. There is continued need for future meta-analyses 
and prospective randomized controlled studies designed 
to measure clinically meaningful outcomes, and an even 
greater need to design trials evaluating the safety, effi-
cacy, and dosing of pharmacologic agents in this 
population.
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