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POSTNATAL STEROIDS TO PREVENT BRONCHOPULMONARY

DYSPLASIA IN HIGH-RISK PRETERM INFANTS

EMILY O’DAY
ABSTRACT

Bronchopulmonary dysplasia (BPD) is diagnosed in approximately 40% of extremely
preterm infants, those born before 28 weeks’ gestational age, and affects roughly 10,000
to 15,000 infants annually in the United States alone. Current treatment of BPD aims to
not only aid in the survival of the infant but to also minimize further lung damage and
promote physiologic growth to enhance lung development and repair. As the
pathogenesis of the disease is multifactorial, including pre-, peri-, and postnatal factors,
treatment and prevention approaches to BPD are diverse and include both medical
treatment and ventilation strategies. Late postnatal steroids (> 7 days of life) have been
proven to facilitate extubation and reduce the incidence of BPD in preterm infants.
However, there is evidence that the use of steroids may contribute to increased rates of
neurological impairment, including increased incidence of cerebral palsy. Given these
findings, the American Academy of Pediatrics (AAP) guidelines recommend against the
routine use of systemic steroids in the prevention of BPD and instead argues its use
should be limited to infants who are considered extremely high-risk. The aim of this
study is to determine whether the use of postnatal dexamethasone decreases the risk of
developing BPD in a subset of high-risk infants, those with a concomitant diagnosis of
necrotizing enterocolitis or late onset sepsis. A sample size of 200 extremely preterm

infants with either necrotizing enterocolitis (NEC) and/or sepsis will be enrolled in a
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multi-center double-blinded randomized controlled trial comparing a low-dose
dexamethasone taper and saline placebo. Infants will be evaluated for the development of
BPD based on respiratory support and supplemental oxygen requirement at 36 weeks’
post-menstrual age (PMA). Infants will also be evaluated for presence of
neurodevelopmental outcomes at 18- to 22-months follow-up. The results of this
proposed study will build the evidence base for the safety and efficacy of postnatal
steroids in the prevention of BPD in a subset of high risk, extremely preterm infants. This
will help to establish a more detailed characterization of infants for which the benefits of
steroids outweigh the risks. The results will enable clinicians to make more informed
decisions regarding the medical care of extremely preterm infants and more accurately
counsel parents on the incidence of subsequent BPD development, as well as long-term

morbidities.
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INTRODUCTION

Background

According to the Centers for Disease Control, preterm birth, a birth taking place before
37 weeks of gestational age, affects nearly one in ten children born in the United States.*
Historically, infants born prematurely had a very limited chance of survival. However, in
the recent decades with advances in perinatal and neonatal care, outcomes have vastly
improved. The widespread establishment of neonatal intensive care units (NICUs), as
well as the use of exogenous surfactant therapy, antenatal steroids, and improved
mechanical ventilators, has decreased the mortality rates among preterm infants who
previously had little chance of survival.?

With increased survival rates, however, there is concern of short- and long-term
morbidity among preterm infants. One of the most common complications of preterm
birth is bronchopulmonary dysplasia (BPD), a chronic lung disease affecting infants that
require mechanical ventilation and supplemental oxygen therapy for respiratory distress
syndrome (RDS).2 BPD affects around 40% of extremely preterm infants, those born
before 28 weeks’ gestational age, and comprises roughly 10,000 to 15,000 infants
annually in the United States alone.3* The disease was first characterized in 1967 but, as
technology and medical therapy have improved and as increasingly immature preterm
infants have survived, the pathologic findings and clinical course of BPD have evolved.>5
The “new” description of BPD is defined by the arrest of lung development and

inflammation with accompanying pro-inflammatory cytokine response and fibrosis.’



BPD is a complex medical condition without a known cure.® Current treatment of
BPD aims to not only aid in the survival of the infant but to also minimize further lung
damage and promote physiologic growth to enhance lung development and repair. As the
pathogenesis of the disease is multifactorial, including pre-, peri-, and postnatal factors,
the treatment and prevention approaches to BPD are diverse and include both medical

treatment and ventilation strategies.>*

Statement of the Problem

Late postnatal steroids (> 7 days of life) have been proven to facilitate extubation and
reduce the incidence of BPD in preterm infants.® However, there is evidence that the use
of steroids may contribute to increased rates of neurological impairment, including
increased incidence of cerebral palsy.® Given these findings, the American Academy of
Pediatricians (AAP) guidelines recommend against the routine use of systemic steroids in
the prevention of BPD.1%!! Rather, the AAP argues its use should be limited to
“exceptional clinical circumstances,” such as infants who are unable to be extubated or
are considered extremely high-risk.!!

Clinical practices currently vary substantially between hospitals, as it remains
unclear which infants merit the designation of high-risk and would benefit from postnatal
steroids.® At Boston Medical Center and Brigham and Women’s Hospital, infants with
necrotizing enterocolitis (NEC) and/or sepsis who require prolonged mechanical

ventilation are often administered corticosteroids, although the assessment differs from



physician to physician. The field lacks evidence that these subsets of preterm infants

benefit from a course of postnatal steroids.

Hypothesis
The use of late postnatal low-dose dexamethasone in extremely preterm infants with
necrotizing enterocolitis and/or sepsis will decrease the risk of BPD at 36 weeks’

postmenstrual age without negatively impacting neurodevelopmental outcome.

Objectives and specific aims

While the AAP recommends to conserve the use of postnatal corticosteroids to preterm
infants at high risk of developing BPD, clinical practices vary widely as there are no clear
defining factors to determine which subsets should be considered high risk. The objective
of this study is to further explore the risks and benefits of the use of postnatal
dexamethasone in the prevention of BPD in infants with necrotizing enterocolitis and/or
sepsis. Specific aims of the study are as follows:

1. To determine whether the use of postnatal dexamethasone decreases the risk of
developing BPD in infants with a concomitant diagnosis of necrotizing
enterocolitis and/or sepsis.

2. To compare the effects of low-dose dexamethasone treatment on length of time on
ventilation and supplemental oxygen among infants with necrotizing enterocolitis

and/or sepsis



3. Todetermine if low-dose dexamethasone in the setting of necrotizing enterocolitis
and/or sepsis is associated with neurodevelopmental impairment at 18 to 22

months of age



REVIEW OF THE LITERATURE

Overview of Preterm Birth

Preterm birth, or birth earlier than 37 weeks of gestation, affects an estimated 15 million
babies each year.>? The United States is the only resource-rich country that continuously
ranks as having one of the highest rate of preterm births globally.! Infants born preterm
are often sub-categorized based on gestational age (GA). The World Health Organization
(WHO) defines infants as moderate to late preterm, very preterm, and extremely preterm
based on gestational age (Table 1).13 However, as low birth weight is a frequent
concurrent finding amongst this population, preterm infants may also be categorized

based on birth weight independent of gestational age (Table 2).14

Table 1: Classification of Preterm Infants Based on Gestational Age

Gestational Age

Moderate to Late Preterm 32-37 weeks GA
Very Preterm 28-32 weeks GA

Extremely Preterm <28 weeks GA

Table 2: Classification of Preterm Infants Based on Birth Weight

Birth Weight
Low Birth Weight (LBW) <2500 g (<5 Ib. 8 0z)
Very Low Birth Weight (VLBW) <1500 g (<3 Ib. 5 0z)

Extremely Low Birth Weight (ELBW) <1000 g (<2 Ib. 3 0z)



Rates of preterm birth in the United States have been rising over recent years for a
number of reasons, including increased rates of obesity and hypertension, lack of access
to sufficient prenatal care, and tobacco use.® Thirty percent of preterm births are caused
by multiple gestation, often in the setting of artificial reproductive technology
(ART).11216 Other known causes of preterm birth include genital tract infections, cervical
incompetence, and premature rupture of membranes.'? While many of these risk factors
can be identified early and prevented with methods such as cervical cerclage, bed rest,
and prophylactic tocolytic therapy, 30% of preterm births are idiopathic.'%’

Preterm birth is the leading cause of neonatal mortality in the United States and
can cause significant morbidity in infancy and into childhood.'? Developmental
immaturity associated with preterm birth affects nearly every organ system in an infant,
leaving one more susceptible to acute neonatal illnesses and complications throughout
childhood.'® The most common complications of prematurity include pulmonary and
neurologic injury, however necrotizing enterocolitis (NEC) and sepsis are also very
common.'81° Below, the respiratory system and its complications associated with preterm
birth will be discussed. However, complications associated with a premature nervous

system will not be discussed as it is beyond the scope of this study.

Respiratory Distress Syndrome

Respiratory distress syndrome (RDS) is an acute respiratory illness associated with
surfactant deficiency that primarily affects neonates born before 37 weeks of gestation.?°
The incidence of RDS increases with decreased gestational age, as well as decreased birth
weight, male sex, and birth by cesariansection.?! Of note, among infants born before 27
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weeks of gestation, 80% will develop RDS.8 The severity of RDS can range from the
need for low supplemental oxygen to severe respiratory failure requiring mechanical
ventilation.?2 While RDS is less common in infants born after 33 weeks of gestation, it

remains a serious medical condition that can result in sustained lung dysfunction.'8.20

Introduction to Bronchopulmonary Dysplasia

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that is the most serious and
significant sequelae of RDS, affecting roughly 10,000 to 15,000 infants annually in the
United States alone.* Among infants born between 22 and 28 weeks’ gestation, its
incidence rate is as high at 68%.%>% BPD is relatively uncommon in those whose birth
weight is greater than 1250 grams or whose gestational age is greater than 30 weeks.?*
The disease was first characterized in 1967 when Northway et al reported clinical,
radiological, and pathological changes seen in premature infants with severe RDS who
had been treated with prolonged mechanical ventilation and high oxygen supplementation
(concentrations of oxygen = 80-100%).6 This is now referred to as the “old BPD.”

While the definition of BPD historically has lacked uniformity and, even today,
can be quite variable among medical practices, the most common clinical definition is
based on prolonged supplemental oxygen requirement.'82526 In 2000, the National Heart,
Lung and Blood Institute (NHLBI) partnered with both the Office of Rare Diseases
(ORD) and the National Institute of Child Health and Human Development (NICHD) to
review the definition of BPD.?” The new definition that was developed as a result of this

partnership takes into consideration positive pressure requirements, total duration of



oxygen supplementation, and gestational age (Table 3).32” Furthermore, these diagnostic
criteria have been validated as effective in identifying a risk-based spectrum of the

disease more accurately than previously definitions.?®

Table 3: Diagnostic Criteria for Bronchopulmonary Dysplasia (Adapted from Jobe
& Bancalari)?’

Gestational Age < 32 weeks =32 weeks
Time of Assessment 36w postmenstrual age Between 29-55d postnatal
or time of discharge age or time of discharge
Treatment with oxygen >21% for at least 28 days plus:
Mild BPD Breathing room air
Moderate BPD Need for < 30% oxygen
Severe BPD Need for > 30% oxygen and/or positive pressure

Short- and Long-Term Outcomes of BPD

Approximately 25% of infants with BPD are identified as having pulmonary
hypertension (PH), characterized by elevated pulmonary pressures.® BPD-associated PH
has been found to result in mortality rates between 14% and 38%.3 Although this rate has
decreased due to recent advances in the management of PH, those who survive are
significantly more likely to have neurodevelopmental impairments.?® The diagnosis of
BPD is also associated with respiratory morbidities into childhood and even
adulthood.®%3! These respiratory morbidities include increased risk of respiratory illness,
decreased lung function, increased incidence of emphysema, and a higher frequency of

wheezing episodes.®? Recent data has also found that adolescents and adults with BPD as
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an infant may show signs of decreased right ventricular function, increased

cardiovascular risk, and higher incidence of arterial hypertension.3?

Pathogenesis and Pathophysiology of BPD

Overview of Fetal Lung Development

To effectively understand the pathophysiology of BPD, it is necessary to review the
stages of normal lung development in the human body. There are five stages of lung
development, including embryonic, pseudoglandular, canalicular, saccular, and alveolar
(Figure 1).” The embryonic stage begins between 4 and 7 weeks’ gestation and involves
the formation of two buds emerging from the ventral foregut with successive branching
to form lobar and segmental airways.” Cellular differentiation continues into the
pseudoglandular stage, where adult structures of cartilage, vasculature, bronchial smooth
muscle, and submucosal glands begin to form.

BIRTH
FPreterm birth = high risk for BPD
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Figure 1: Five Stages of Fetal Lung Development (Adapted from Rivera et al, 2016)



Between 17- and 27-weeks’ gestation, the canalicular stage begins and respiratory
airways form. The epithelium thins to form the blood-gas barrier and the differentiation
of epithelial cells into type I and 11 pneumocytes occurs. Production of surfactant, a
complex lipoprotein, is initiated by type Il pneumocytes.”3® Surfactant maturation
continues into the saccular stage, which occurs between 24 and 36 weeks’ gestation.’
During this stage, primary septation occurs, in which connective tissue forms thin septa
within spaces containing a double capillary layer. Lastly, in the alveolar stage beginning
at 36 weeks’ gestation, tissue extends from the existing primary septa and further divides
them into alveoli to fully complete pulmonary development.

Infants born prior to the saccular and alveolar stages of lung development are at
risk for severe respiratory complications, including respiratory distress syndrome and its

sequela bronchopulmonary dysplasia.

Pathogenesis

Despite several decades having passed since the discovery of BPD, the pathogenesis of
this condition remains complex. The cause of BPD is multifactorial, resulting from insult
to small airways and interference with alveolarization.®> Contributing factors can be
separated into pre-, peri-, and postnatal causes (Figure 2).%° During the pre- and perinatal
period, the most significant factors impacting the development of BPD include
immaturity of the lung, disruption of surfactant homeostasis, genetic susceptibility,
intrauterine and perinatal infections, and lung growth restriction secondary to placenta
insufficiency.® Recent literature also suggests that preeclampsia alone increases the risk
for subsequent development of BPD.3* Infants with maternal preeclampsia were found to

10



have higher cord blood levels of fms-like tyrosine kinase 1 (sFlt-1), a protein with
antagonistic activity to VEGF, leading to lower levels of VEGF and the subsequent
development of BPD.34 Other prenatal risk factors include chorioamnionitis and prenatal
inflammation. Elevated pro-inflammatory cytokine levels such as tumor necrosis factor
alpha (TNF-a), Interleukin-1 beta (IL-1p), Interleukin-6 (IL-6), Interleukin-8 (IL-8), and
C-reactive protein (CRP) in the setting of severe chorioamnionitis is associated with the

development of BPD.3

Pathogenesis of BPD

Infection/Cytokines Glucocorticoids
Initiation of

@ ventilation
\
\ /
\ -
? Lung injury;
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\@

Figure 2: Multifactorial Pathogenesis of Bronchopulmonary Dysplasia*

In the postnatal period, mechanical ventilation and supplemental oxygen, though
necessary life sustaining treatment, may result in barotrauma and oxidative stress,
inducing a pulmonary inflammatory response.>° Even in the absence of
chorioamnionitis, elevated levels of pro-inflammatory cytokines have been found in both
serum and tracheal aspirates of infants with respiratory distress syndrome or those
requiring mechanical ventilation.3* Specifically, Gien and Kinsella argue that elevated
levels of IL-1, IL-6, IL-8, IL-10, and Interferon-gamma (INF-y) and lower levels of IL-17
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are predictive of the development of BPD.3* Other notable risk factors include male
gender, genetic variant of surfactant protein Al (SP-Al), small size for gestational age
(SGA), which is defined as <10™ percentile on the Olsen Intrauterine Growth Curves, and
high marks on Score for Neonatal Acute Physiology (SNAP).”35 SNAP a physiology
severity index based on clinical items measured during the first 24 hours of life.”

As technology and medical therapy have improved with the utilization of
antenatal steroids and noninvasive ventilation strategies, the pathologic findings and
clinical course of BPD have also transformed.®> Although most neonatologists agree that
BPD is due to elevated oxygen levels and extended time on ventilation, research suggests
that a “new” physiological definition of BPD should include the arrest of lung
development rather than simply lung injury.>73 BPD was formerly defined as causing
epithelial damage, atelectasis, smooth muscle hyperplasia with areas of over-inflation,
thickening and fibrosis of the alveolar septae, and necrotic and inflammatory changes in
the bronchial and bronchiolar mucosa.”?63¢ Alternatively, BPD is now defined by the
arrest of lung development and inflammation with accompanying pro-inflammatory

cytokine response and fibrosis.’

Pathophysiology

While BPD can occur in full term infants, it is most common in extremely preterm and
VLBW infants because there is an interruption in lung development at the saccular and
alveolar stages.” The inefficient alveolar and capillary network, characterized by
dysmorphic alveoli and pulmonary vasculature, in addition to various pre-, peri-, and
postnatal factors, contributes to disease development and the release of inflammatory

12



cytokines that ultimately activate cell death in the infantile lungs.” While these cytokines
are often released in the setting of infection, they may also present in conditions of
inflammation associated with mechanical ventilation.

Studies have suggested that a disruption in normal pulmonary vasculature may be
a significant component of BPD.3":3 In one study with animal models, Wilson et al found
that hyperoxia-exposed developing lungs showed alterations in both the number and
distribution of pulmonary vessels in the distal lung.%” Not only was there a significant
decrease in arterial concentration but there was also muscular hypertrophy of pulmonary
arteries and decreased arterial lumen diameter.3” With continued hyperoxic exposure, this
was associated with right ventricular hypertrophy and eventually failure to thrive.

In one study by Bhatt et al, autopsied lungs from infants with BPD were
examined at a molecular level and compared to lungs of infants without BPD.* The
lungs of infants with BPD had decreased expression of platelet and endothelial cell
adhesion molecule-1 (PECAM-1) and vascular endothelial growth factor (VEGF), both
of which play part in the disruption of pulmonary vascularization.”3 PECAM-1, a cell
adhesion and signaling receptor expressed on hematopoietic and endothelial cells,
promotes endothelial cell migration and in vivo angiogenesis.3® With the loss of PECAM-
1 function, postnatal lung development is impaired with inhibition of alveolarization and
thus, angiogenesis.83°

Similarly, VEGF regulates vasculogenesis, or the differentiation of endothelial
cells, as well as angiogenesis.®® In molecular studies of the developing lung, VEGF is

highly expressed in distal airspace epithelial cells, which suggests that this epithelium
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may regulate the development of alveolar capillaries.®¥4% Additional studies in mice
found that during alveolar development, mRNA levels of VEGF are significantly
increased, further supporting this claim.” Hyperoxia and inflammatory cytokines, both of
which are found in the pathogenesis of BPD, are toxic to endothelial cells, resulting in
decreased VEGF expression and, ultimately, impaired vascular growth and alveolar

differentiation.3438

Management of Bronchopulmonary Dysplasia

BPD is a complex medical condition without a known cure.® Despite recent
advancements in treatment and improved outcomes for infants with BPD, there has not
been a reduction in the overall incidence of BPD."** Current treatment of BPD is aimed
at not only aiding the survival of the infant but also minimizing further lung damage and
promoting physiologic growth to enhance lung development and repair. As the
pathogenesis of the disease is multifactorial, treatment approaches are diverse and include
both medical treatment and ventilation strategies.® While the use of corticosteroids in the
treatment and prevention of BPD is the main focus, additional therapies will be briefly

discussed below.

Ventilation Strategies
Mechanical ventilation is often necessary life support for infants with RDS but it has
been shown to contribute to lung injury and subsequent development of BPD.*! The

incorporation of gentle, non-invasive ventilation strategies in recent years, in addition to
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the introduction of antenatal steroids and postnatal surfactant, has resulted in milder
pulmonary sequelae with less lung fibrosis and altered the definition of BPD.2 Replacing
pressure-limited ventilation with volume-targeted ventilation has not only reduced the
rates of BPD and death but also decreased ventilator-associated inflammation and the
duration of ventilation time required.342

Other preventative techniques used include permissive hypercapnia, early
initiation of continuous airway pressure (CPAP), and early extubation attempts for those
infants who do require intubation.® A meta-analysis by the American Academy of
Pediatrics reported that initiation of CPAP at time of birth resulted in lower rates of BPD
when compared to prophylactic or early surfactant therapy, while infants were not at an
increased risk of adverse outcomes from delaying the administration of surfactant.*
Based on these findings, the American Academy of Pediatrics (AAP) recommends initial
treatment with CPAP for all patients with RDS and intubation and surfactant
administration only for those who demonstrate persistent severe respiratory distress, as
defined by apnea or a fraction of inspired oxygen (FiO2) of 0.40 or higher.*

In addition to ventilation strategies, there have been extensive efforts to determine
optimal oxygen saturation targets for the prevention and treatment of BPD.3 Several
studies worldwide have compared low saturation (85%-89%) and high saturation (91%-
95%) on the subsequent outcome of BPD. However, despite multiple studies, the optimal
saturation target that balances risk of mortality and minimizes the risk of BPD remains

unclear.44-46
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Other Pharmacological Therapies

Pharmacological interventions for BPD include thiazide and loop diuretics, as well as
more novel therapies including caffeine, bronchodilators, vitamin A, and inhaled nitric
oxide.®® Diuretic therapy has been found to improve short-term pulmonary outcomes,
though there is no evidence that it has had an effect on long-term clinical outcomes of
infants with BPD. However, with diuretic therapy it is important to monitor for adverse
effects, including hypokalemia, alkalosis, hyponatremia, and volume contraction.®
Caffeine therapy is routinely used in the prevention of BPD, however vitamin A has

recently fallen out of use due to prolonged shortages.>*’

Corticosteroids
Corticosteroids are a type of steroid hormone produced by the adrenal cortex, specifically
in the zona glomerulosa and zona fasciculata.*® Corticosteroids can be further divided
into glucocorticoids and mineralocorticoids and play an active role in a wide variety of
physiological processes.*® Most pertinent to BPD are the role corticosteroids play in
reducing inflammation, as well as in the maturation of fetal organs during gestation.*®
Prenatal corticosteroids have been used for decades with the first randomized
controlled trial (RCT) of betamethasone conducted in 1972 by Liggins and Howie.*
Given prenatally, exogenous corticosteroids have been found to enhance the maturation
process of the pulmonary system and stimulate surfactant production in the lungs.*¢
This subsequently improves respiratory function after birth and reduces the incidence of
RDS and BPD.*%0 Specifically, Liggins and Howie found that the incidence of RDS for
infants treated prenatally with betamethasone was 9.0%, while the incidence in the

16



untreated group was 25.8%.4° For this reason, the American College of Obstetricians and
Gynecologists recommends a single course of corticosteroids for pregnant women
between 24 0/7 weeks and 33 6/7 weeks gestation who are at risk of preterm delivery

within 7 days.5!

Postnatal Corticosteroids

By reducing inflammation in the lungs, postnatal corticosteroids have been proven to
facilitate extubation and reduce the incidence of BPD in preterm infants.? Corticosteroids
were first utilized in neonatal medicine in the 1970s, when hydrocortisone was
unsuccessfully used in attempt to modify the course of RDS.%? Later, in the 1980s, two
small randomized controlled trials studied high dose dexamethasone (0.5 mg/kg/day) in
infants with severe BPD and prolonged ventilator use.>3%* Both studies noted a
statistically significant improvement in lung compliance and ability to be weaned from
the ventilator in those who had been treated with dexamethasone.%%* In fact, the
difference in pulmonary outcomes was so substantial between the dexamethasone and
control groups that both studies were terminated early.5354 Although these studies found
an increased rate of infection among those who were treated with steroids, other adverse
effects of the treatment were not reported.>* Meta-analyses of randomized controlled
trials confirmed the initial finding that dexamethasone reduced the rates of BPD and
facilitated extubation, while the associated adverse effects (hypertension, hyperglycemia,
stunting of growth) were not considered to outweigh the benefits of steroids treatment

and were found to be reversible after cessation of treatment.>®

17



In a follow-up study performed in 1998, researchers found that at two years of
age, although the control group had higher rates of upper respiratory infection and
rehospitalization secondary to respiratory problems, the dexamethasone group had a
significantly increased incidence of neuro-motor dysfunction and somatic growth
impairment.>® Furthermore, Shinwell et al found that a three day course of
dexamethasone initiated within the first 12 hours of life to infants with RDS was
associated with a significantly increased incidence of cerebral palsy.® Given the double-
blind design, adequate sample size, and uniform populations, these studies were
considered generalizable and thus, in 2002, the AAP published guidelines recommending
against the routine use of systemic steroids in the prevention of BPD.% 1156 Rather, the
AAP argued its use should be limited to “exceptional clinical circumstances,” such as
infants who are on maximum oxygen support or unable to be extubated.** In these
complex clinical circumstances, the clinical team and parents were advised to together

discuss the known short- and long-term risks and agree on a treatment plan.*!

Timing of Dexamethasone Administration

While the use of dexamethasone postnatally decreased after the publications of
the AAP recommendations, the incidence and severity of BPD was reported to have
increased.>’ Since then, studies reporting the long-term follow up on infants treated with
corticosteroids have been published to further investigate the appropriateness of the
AAP’s recommendations.>”58 A Cochrane Review in 2010 examined 28 RCTs enrolling a
total of 3740 infants who were treated with early postnatal dexamethasone (< 7 days of

life) and found that, although the administration of early dexamethasone facilitated an
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earlier extubation and reduced oxygen requirements at 36 weeks post-menstrual age
(PMA), it was associated with increased rates of cerebral palsy and neurological
impairment, as well as significant short-term adverse events, including gastrointestinal
perforation, gastrointestinal hemorrhage, hyperglycemia, and hypertension.>® Updates of
this review were published in both 2014 and 2017, which again supported the conclusion
that the benefits of early dexamethasone use may not outweigh the potential adverse
effects.6061

The use of late postnatal dexamethasone (> 8 days of life) was also analyzed in a
2009 Cochrane review, in which 19 RCTs enrolling a total of 1345 infants were
reviewed.®? In contrast to that of early dexamethasone treatment, this analysis concluded
that not only was late dexamethasone treatment associated with a lower incidence of BPD
at 36 weeks PMA but was also associated with decreased mortality rate at 28 days of life
and fewer infants discharged home on oxygen.®? Follow-up data on 777 infants showed
no evidence of differences in major neurosensory disability or the incidence of cerebral
palsy.®2 While four studies comprising 200 infants did report increased incidence of
abnormal neurological examination, the significance of this finding was unclear and the
authors noted several limitations in follow-up, including the lack of power to reliably
detect increased rates of long-term neurodevelopmental impairment.®82 Updates to this
review were published in 2014 and 2017, again both supporting the previous findings.364
Although most of the studies evaluated in the 2009 Cochrane review were randomized,
double-blind trials, the methodological quality of the long-term neurological follow-up is

variable.®? It should be noted that some of the studies reporting cerebral palsy as an
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outcome did so before five years of age, an age at which the diagnosis of cerebral palsy
cannot yet be certain.®2%° In addition to this, no study was sufficiently powered to detect
clinically significant differences in long-term neurosensory outcomes.®? Given these
findings, the AAP revised its previous guidelines and recommended that while early
postnatal corticosteroid use be avoided, late postnatal corticosteroid use could be
considered in high risk infants with severe disease and those who cannot be weaned from

mechanical ventilation.>’

Dose and Duration of Dexamethasone Administration

Most recent studies used high dexamethasone doses of 0.5 to 1.0 mg/kg/day in various
durations ranging from 3 to 42 days.%®5¢ |t was postulated that perhaps the high dosage
and long duration of corticosteroid treatment may be responsible for the poor
neurodevelopmental outcomes and that a lower dose for a shorter duration may be
associated with less adverse effects.%® The DART study (Dexamethasone: A Randomized
Trial) analyzed the effects of short-term low-dose dexamethasone, defined as a 0.15
mg/kg/day dose tapered over a 10 day period for a cumulative 0.89 mg/kg exposure.®’
Although the study was terminated early due to difficulty enrolling eligible participants,
they found that low-dose dexamethasone treatment after the first week of life not only
decreased the duration of intubation in ventilator-dependent, very preterm/extremely low
birth weight infants but also did not have any associated adverse outcomes.®” The limited
two year follow-up showed no evidence for differences in outcomes, including mortality
rate and incidence of cerebral palsy or major neurologic disabilities.5® While the AAP
regarded the DART study as having insufficient evidence to make a recommendation for
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or against the use of low dose dexamethasone, this protocol has been adopted by clinical

teams in NICUs worldwide for patients who are deemed high risk of developing BPD.%’

Considerations for High Risk Classification

Available data regarding postnatal steroids have been determined inconclusive and it is
recommended that they be reserved for infants who are considered “high risk” of
developing BPD or are unable to be weaned off ventilation.®® However, it remains
unclear which clinical characteristics and diagnoses merit the designation of “high risk”
and, for this reason, clinical practices vary substantially from hospital to hospital.

While it is important to acknowledge that postnatal corticosteroids are associated
with increased risk of neurodevelopmental impairment, one must also remember that
preterm birth itself also increases this risk.*® Furthermore, BPD, brain injury, and severe
retinopathy of prematurity, all of which are common complications of preterm birth, have
been found to strongly predict the risk of neurodevelopmental impairment in ELBW
infants, as well as risk of death.%® Thus, clinicians often encounter a dilemma --
neurodevelopmental impairment is a possible outcome regardless of use of postnatal
steroids. To assess the risk of steroid use, the medical team must consider additional
factors that may predict poor outcome of premature birth.

Neonatal infection, a common complication of prematurity, is also associated with
poor clinical outcomes and may predispose an infant to BPD.8° Additionally, as
mentioned in Pathogenesis and Pathophysiology of BPD, elevated levels of certain pro-

inflammatory cytokines are predictive of the development of BPD.** Given this,
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comorbidities that result in a subsequent systemic inflammatory response, such as NEC

and sepsis, may be considered a prominent risk factor in the development of BPD.

Necrotizing Enterocolitis

NEC, characterized by ischemic necrosis of the intestinal mucosa, is one of the most
common gastrointestinal emergencies in a preterm infant and a major cause of morbidity
and mortality.”%’* Although the pathophysiology is unclear, it is thought to be secondary
to an innate immune response to intestinal microbiota by the neonate’s immature
intestinal tract.”> This leads to intestinal inflammation and injury, which then may
progress to systemic inflammation, sepsis, organ failure, and death.’? It has been shown
that the diagnosis of NEC is associated with increased levels of pro-inflammatory

cytokines including IL-6, IL-8/CXCLS, IL-10, IL-18, CRP, and NT-4.7

Sepsis

Sepsis is thought to be the systemic response to infection and is defined as a documented
infection in addition to the presence of systemic inflammatory response syndrome
(SIRS).™ Criteria for SIRS diagnosis includes tachycardia (heart rate >90 beats/min),
tachypnea (respiratory rate >20 breaths/min), fever or hypothermia (temperature >38 or
<36° C), and leukocytosis, leukopenia, or bandemia (white blood count >1200/mm?3,
<4000/mm?, or bandemia >10%).”>7® As mentioned previously, inflammation is a risk
factor for BPD, and thus, given the definition of sepsis, sepsis itself is a risk factor for
BPD. Additionally, studies have shown that bacterial sepsis developing at least 3 days

after birth is associated with the subsequent development of BPD."’
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Systemic Inflammation as Elevated Risk Factor

Given the association of NEC and/or sepsis with systemic inflammation and
systemic inflammation with the development of BPD, it can be concluded that a
comorbid diagnosis of NEC and/or sepsis may further increase a preterm infant’s risk for
BPD. This may warrant treatment with postnatal corticosteroids in this subset of infants,
not only to decrease the risk of BPD, but also to decrease time on ventilation. While these
comorbidities are common factors in the clinical decision-making process, there is no
evidence that these “high risk” infants truly benefit from the use of postnatal
corticosteroids. This gap in the literature is ultimately what prompts the proposed

intervention.
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METHODS
Study design
The proposed study design is a double-blinded randomized controlled trial comparing the
effects of low-dose dexamethasone to placebo on the subsequent development of
bronchopulmonary dysplasia in extremely preterm infants. Given the controversial nature
of postnatal corticosteroid use, this study aims to help guide clinicians in their decision-
making process of whether a preterm infant may benefit from a course of steroids. This
study will focus on certain subsets of extremely preterm infants that may be at increased
risk of poor outcomes, including those with necrotizing enterocolitis and/or sepsis. The
primary outcome of this study is the development of bronchopulmonary dysplasia, as
defined as an oxygen requirement at 36 weeks PMA. The secondary outcomes of this
study include oxygen requirement, time to extubation, overall length of ventilation, and

neurologic status at 18-22 months.

Study population and sampling

The study will be conducted in the neonatal intensive care units of Boston Medical
Center (BMC) and Brigham and Women’s Hospital (BWH) over a period of 48 months.
In order to yield sufficient power, each study arm requires a sample size of 91 infants for
a total of 182 infants.”® This was calculated based on the average prevalence of BPD
among extremely preterm infants (40%), alpha (o) value of 0.05, a 1:1 allocation to each
study arm, beta () value of 0.20, and a relative risk of 0.5 for BPD among infants given

postnatal corticosteroids.® Given that some mothers may opt to seek pediatric care outside
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of the BMC and BWH networks, around 10% are expected to be lost to follow up. The
sample size will be adjusted to a total of 200 infants in order to account for the
anticipated loss to follow up.

Eligible participants will include extremely preterm infants diagnosed with sepsis
and/or NEC that require reintubation for management and remain ventilated after 3-5
days. The diagnosis of neonatal sepsis will be made by the finding of culture-proven
bloodstream infection with pathogenic bacteria and clinical signs and symptoms. As false
negative results are not uncommon in the preterm neonate, the clinical diagnosis of
“probable sepsis™ at the discretion of the treating team will also be included.”® Infants
who qualify for the NEC subset must be diagnosed with Stage 11 or Stage 111 NEC based
on the modified Bell Staging Criteria.”® There are no baseline values for oxygen or
ventilator requirements. Infants with prior steroid therapy in the first week after birth, as

well as those with congenital neurological defects, are to be excluded from the study.

Intervention

Participants will be randomly stratified into treatment groups using a computer-generated
system that will be independent of all investigators, except for the statistician. The
allocation will be a 1:1 ratio for treatment to control groups. After written informed
consent is obtained from the parent or legal guardian, infants will be randomly allocated
to receive twice-daily doses of either a 10-day tapering course of dexamethasone sodium
phosphate or an equivalent volume of 0.9% saline placebo. As the DART trial is the

protocol of choice in the BMC NICU, the researcher will utilize this protocol for the
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means of the study. Following the DART protocol, the 10-day taper of dexamethasone
sodium phosphate will be comprised of 0.15 mg/kg/day for 3 days, 0.10 mg/kg/day for 3
days, 0.05 mg/kg/day for 2 days, and 0.02 mg/kg/day for 2 days, for a total of 0.89 mg/kg

over the course of 10 days.®’

Study variables and measures

Baseline demographic and medical information will be collected from mothers upon
enrollment and will be supplemented by existing data in the BMC and BWH electronic
medical record (EMR) (Tables 4 and 5). Additionally, size for gestational age will be
plotted on the Olsen Intrauterine Growth curve using gestational age, birth weight,

length, and head circumference.

Table 4: Maternal Demographic Information to be Collected

Maternal age at delivery

Race/ethnicity

Gravida and parity

Smoking status during pregnancy

Preeclampsia

Chorioamnionitis

Prenatal steroids

Cesarean delivery
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Table 5: Infant Medical Information to be Collected

Sex

Gestational age

Birth weight, length, head circumference
Multiple birth

Apgar scores at 1 and 5 minutes
Intubated in delivery room

Length of initial intubation, days
Surfactant administration

Ventilator settings, oxygen requirements, and weight will be recorded for all
infants at time of enrollment and daily until time of extubation. Overall length of time on
ventilation, and oxygen and ventilator requirements from enrollment until 36 weeks PMA
will be recorded. Presence of BPD diagnosis will be recorded at 36 weeks PMA.
Diagnosis will be based on oxygen requirement at 36 weeks PMA. The severity of BPD
will be assessed by amount of supplemental oxygen required at 36 weeks PMA with
moderate BPD requiring < 30% oxygen and severe BPD requiring > 30% oxygen and/or
CPAP. Neurologic outcomes will be measured using the Hammersmith Infant
Neurological Examination (HINE) score.® The HINE scoring system was selected
because it is a well-studied neurological assessment, is easily performed without
associated costs, and has proven to be reliable and precise.?! The HINE includes 26 items
that assess cranial nerve function, posture, muscle tone and movement, reflexes and
reactions.8? A HINE score below 40 will indicate severe motor impairment, scores
between 41 and 60 will indicate moderate impairment, and scores above 60 will indicate
normal neurologic outcome.®? A standardized form will be developed in Epic for the

HINE with drop down menus to score each of the 26 items.8! In order to ensure accuracy
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and appropriate use of the HINE scoring system, staff pediatricians will be asked to

participate in a brief online training module regarding the aspects of the exam.

Recruitment

To facilitate the accrual of participants into the study, NICU clinicians will be informed
of the study, including its inclusion/exclusion criteria, intervention, and outcomes.
Research personnel will make certain to continuously update clinical staff with protocol
changes and any suspensions on recruitment. Research personnel will also play an active
role in reminding clinicians of the available study and ensuring all potential candidates
are identified and screened for enrollment.

Clinicians will be asked to notify research staff when they have identified
potential candidates. The clinicians will inform the infant’s parent or legal guardian of the
study and, if interested, will request the research assistant to provide detailed information
and obtain signed informed consent. Anticipated recruitment time is approximately 48
months, given that BMC and BWH report treating a combined 126 extremely preterm

infants each year with an average of 50 infants who acquire NEC and/or sepsis.*’

Data collection

The majority of the data will be collected by EMR extraction and supplemented by
mother or clinician as needed. Baseline data, including maternal demographics and infant
medical data, will be extracted from EMR by trained professional research assistants.

Day of life of extubation, as well overall length of time on ventilation, will be extracted
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from the procedures note in EMR. Ventilator settings and oxygen supplementation will
be recorded by nursing staff every shift change as per standard of care, whereas weight
will be recorded daily. Oxygen and ventilator requirements at 36 weeks PMA will be
recorded using EMR. The diagnosis and severity of bronchopulmonary dysplasia will be
extracted from EMR based on oxygen requirement at 36 weeks PMA with moderate BPD
requiring <30% oxygen and severe BPD requiring >30% oxygen and/or CPAP.

Upon discharge, research personnel will confirm that each infant is scheduled for
an 18- to 22-month follow-up visit with a staff pediatrician. At time of visit, the
pediatrician will perform a neonatal assessment including both standard of care and
research aspects. Clinicians will be asked to fill out the HINE assessment form in Epic. In
the visit note, clinicians will be asked to include a provided Epic dot-phrase that will be
curated specifically for this research study. The dot-phrase will contain all the clinical
and medical information needed for follow-up, oxygen supplementation, occurrence of
respiratory illnesses, and hospital readmissions. A summary assessment from the HINE
form will automatically be extracted and placed into the dot-phrase note. Patients who are

lost to follow up will not be excluded from primary analysis.

Data Analysis

Upon completion of data collection, participants’ data will be entered into a statistical
computing program. A professional statistician will be consulted to perform all data
analysis. Univariate analysis of individual differences in maternal demographic data and

baseline infant characteristics will be assessed for all study subjects. The dataset will be
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analyzed for differences between the intervention and control groups by study aims as
described below.

Aim 1: To determine whether the use of postnatal dexamethasone decreases the risk of
developing BPD in infants with a concomitant diagnosis of necrotizing enterocolitis
and/or sepsis.

The prevalence of BPD, defined as an oxygen requirement at 36 weeks PMA, will be
compared between dexamethasone-treated and non-dexamethasone-treated infants using
a chi-square test. Among those who are diagnosed with BPD at 36 weeks PMA in each
arm, the severity will be compared using a chi-square test. A further stratified analysis
will be performed to determine the individual significance among those with comorbid
NEC and/or sepsis.

Aim 2: To compare the effects of low-dose dexamethasone treatment on length of time on
ventilation and supplemental oxygen requirement

The unpaired t test will be used to compare the length of time on ventilation after
diagnosis of necrotizing enterocolitis and/or sepsis, recorded in hours, for infants in each
of the two study arms, as well as the percentage of supplemental oxygen required at 36
weeks PMA.

Aim 3: To determine if low-dose dexamethasone is associated with neurodevelopmental
impairment at 18 to 22 months of age

Neurological outcomes at 18 to 22 months of age, as assessed by HINE score and
categorized as normal, moderate impairment, and severe impairment, will be compared

using a chi-square test.
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Timeline and Resources

Based on calculated sample size and 18-month follow-up period, projected date of
completion and submission of publication of this study is October 2024, approximately
60 months after study initiation (Table 6).

Table 6: Projected Timeline

July 2019 — September 2019 - IRB submission and approval
October 2019 — October 2023 - Recruitment of participants
- Data cqllection, EMR data
extraction
November 2023 — April 2024 - Completion of recruitment

- Continue with data collection
and EMR extraction

April 2024 — August 2024 - Completion of data collection

- Data consolidation and analysis

August 2024 — October 2024 - Completion of data analysis

- Preparation and submission of
publication

Resources for this study include administrative support, clinical support, and logistical
supplies (Table 7). This includes clinical research assistants and primary investigators at
both BMC and BWH, and a statistician for data analysis. The support of pediatric staff is
necessary for proficient follow-up during the 18- to 22-month outpatient visit. Logistical
supplies include IRB approval, paperwork for the consenting process, an electronic data

collection software, and statistical analysis software.
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Table 7: Resources

Administrative Support
- Clinical research assistants
- Primary investigator and co-investigator

- Statistician

Clinical Support

- Pediatric consultation

Logistical Supplies
- IRB approval
- Paperwork for consenting
- Electronic data collection software

- Statistical software

Institutional Review Board
The study protocol will be submitted to both the BMC and BWH Institutional Review
Board for ethical approval. Extremely preterm infants are a high-risk, vulnerable

population and, therefore, this study will warrant full board review to protect the human

participants.
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CONCLUSION
Discussion
Despite an abundance of research on the role of postnatal dexamethasone in its
prevention of BPD, current guidelines continue to recommend its use exclusively in high
risk infants.>” However, researchers have not explored identifying individual
characteristics of infants that benefit most from the use of postnatal steroids. For
example, infants with NEC and/or sepsis who require reintubation are often administered
dexamethasone, however, there is no evidence that these infants truly benefit from a
decreased incidence of BPD at 36 weeks PMA. This study is designed to address these
current gaps in literature. Strengths of this study include a randomized, double-blinded
design and large sample size from a medically and socioeconomically diverse sample of
patients, making it generalizable to the United States population at large.

The proposed intervention of this study is adapted from the well-known DART
trial, which is used clinically by neonatologists at BMC. It is important to acknowledge
that the DART trial experienced recruitment difficulty and was stopped early with a total
of 70 patients, despite a calculated sample size of 814.%” Though it is unclear why they
encountered recruitment difficulties, this must be considered a potential obstacle to the
completion of the proposed study. Should enrollment be an issue, it is possible to
consider extending the length of recruitment or opening enrollment to neighboring
hospitals, such as Tufts Medical Center and St. Elizabeth’s Medical Center.

The analysis of neurodevelopmental outcomes is another anticipated obstacle in

this study. While literature indicates that postnatal dexamethasone increases the incidence
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of neurodevelopmental impairment and cerebral palsy, premature birth and BPD in
general are also known to be associated with increased incidences.®?® Thus, the
differentiation between these associations may be difficult to assess. Additionally, similar
to previous studies, it is possible that this study may be underpowered to detect

significant differences in neurological outcomes.®?

Summary

Optimal prevention and treatment of BPD has not been established, despite recent
advances in medical research and technology, such as non-invasive ventilation techniques
and the use of exogenous surfactant. Postnatal corticosteroid use has been a topic of
interest in neonatal research for several years. Despite apparent benefits of
dexamethasone in preventing BPD, its use remains controversial as it is difficult to
ascertain whether its benefits outweigh the increased risk of neurodevelopmental
impairment. The AAP continues to recommend against routine use of postnatal steroids
and instead advises the consideration of its use only in very high-risk infants.5’

There is currently no literature on which subsets of high-risk infants warrant and
benefit from the use of postnatal steroids and, as a result, clinical practice varies widely.
As dexamethasone has been proven to prevent the development of BPD, the investigation
of which subsets of preterm infants should receive treatment warrants further study. This
proposed study will investigate a 10-day taper of low-dose dexamethasone in infants with

NEC and/or sepsis, who require reintubation for management and its effects on the

34



subsequent diagnosis of BPD, in hopes that it will identify a subset of high-risk infants

whose benefits of steroid use outweigh its risks.

Clinical and public health significance

Preterm birth, affecting 1 in 10 infants in the United States, is an outstanding burden
medically and financially, both to the parents and the healthcare system.* BPD is one of
the most common and significant adverse effects of preterm birth and, although not yet
curable, it is preventable not only with non-invasive ventilatory strategies but also with
the use of corticosteroids pre- and post-natally.?

The results of this proposed study will build the evidence base for the use of
postnatal steroids in the prevention of BPD in extremely preterm infants. This will help to
establish a more detailed characterization of infants for whom the benefits of steroids
outweigh the risks. The results will enable clinicians to make more informed decisions
regarding the medical care of extremely preterm infants and more accurately counsel
parents on the incidence of subsequent BPD development, as well as long-term
morbidities. Ultimately, the goal for the proposed study is to provide data to support
optimal and comprehensive care for this vulnerable population of extremely preterm

infants.

35



LIST OF JOURNAL ABBREVIATIONS

Adv Neonatal Care

Am J Respir Cell Mol Biol

Am J Respir Crit Care Med

Anesth Analg

Arch Dis Child Fetal Neonatal Ed

BMJ

BMJ Clin Evid
Curr Opin Pediatr
Cochrane Database Syst Rev
Fertil Steril

Front Med

Front Pediatr

Int J Gen Med
Int J Pediatr
JAMA

J Biol Chem

J Clin Med

Advances in Neonatal Care

American Journal of Respiratory Cell and
Molecular Biology

American Journal of Respiratory and Critical
Care Medicine

Anesthesia and Analgesia

Archives of Disease in Childhood. Fetal and
Neonatal Edition

British Medical Journal

British Medical Journal Clinical Evidence
Current Opinion in Pediatrics

Cochrane Database System Review

Fertility and Sterility

Frontiers in Medicine

Frontiers in Pediatrics

International Journal of General Medicine
International Journal of Pediatrics

Journal of the American Medical Association
Journal of Biological Chemistry

Journal of Clinical Medicine

36



J Matern Fetal Neonatal Med Journal of Maternal-Fetal Neonatal Medicine

J Perinatol Journal of Perinatology

Mol Cell Pediatr Molecular and Cellular Pediatrics

N Engl J Med New England Journal Medicine

Pediatr Neurol Pediatric Neurology

Pediatr Res Pediatric Research

Semin Fetal Neonatal Med Seminars in Fetal and Neonatal Medicine
Semin Perinatol Seminars in Perinatology

37



REFERENCES

. Preterm Birth | Maternal and Infant Health | Reproductive Health | CDC.
https://www.cdc.gov/reproductivehealth/maternalinfanthealth/pretermbirth.htm.
Published April 24, 2018. Accessed June 1, 2018.

Valcamonico A, Accorsi P, Sanzeni C, et al. Mid- and long-term outcome of
extremely low birth weight (ELBW) infants: an analysis of prognostic factors. J
Matern Fetal Neonatal Med. 2007;20(6):465-471. doi:10.1080/14767050701398413

Davidson LM, Berkelhamer SK. Bronchopulmonary Dysplasia: Chronic Lung
Disease of Infancy and Long-Term Pulmonary Outcomes. J Clin Med. 2017;6(1).
doi:10.3390/jcm6010004

Sherlock L, Abman SH. 20 - Bronchopulmonary Dysplasia. In: Wilmott RW,
Deterding R, Li A, etal., eds. Kendig’s Disorders of the Respiratory Tract in
Children (Ninth Edition). Philadelphia: Content Repository Only!; 2019:367-381.e5.
doi:10.1016/B978-0-323-44887-1.00020-1

Federico MJ, Baker CD, Deboer EM, et al. Respiratory Tract & Mediastinum. In:
Hay Jr William W, Levin MJ, Deterding RR, Abzug MJ, eds. Current Diagnosis &
Treatment: Pediatrics. 24th ed. New York, NY: McGraw-Hill Education; 2018.
accessmedicine.mhmedical.com/content.aspx?aid=1153308493. Accessed May 3,
2019.

Northway WH, Rosan RC, Porter DY. Pulmonary disease following respirator
therapy of hyaline-membrane disease. Bronchopulmonary dysplasia. N Engl J Med.
1967;276(7):357-368. d0i:10.1056/NEJM196702162760701

Rivera L, Siddaiah R, Oji-Mmuo C, Silveyra GR, Silveyra P. Biomarkers for
Bronchopulmonary Dysplasia in the Preterm Infant. Front Pediatr. 2016;4:33.
doi:10.3389/fped.2016.00033

Collins JJP, Tibboel D, de Kleer IM, Reiss IKM, Rottier RJ. The Future of
Bronchopulmonary Dysplasia: Emerging Pathophysiological Concepts and Potential
New Avenues of Treatment. Front Med (Lausanne). 2017;4.
doi:10.3389/fmed.2017.00061

Shinwell ES, Karplus M, Reich D, et al. Early postnatal dexamethasone treatment

and increased incidence of cerebral palsy. Arch Dis Child Fetal Neonatal Ed.
2000;83(3):F177-181. doi:10.1136/fn.83.3.f177

38



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Halliday HL, Ehrenkranz RA, Doyle LW. Early postnatal (<96 hours) corticosteroids
for preventing chronic lung disease in preterm infants. Cochrane Database Syst Rev.
2003;(1):CD001146. doi:10.1002/14651858.CD001146

Newborn C on F and. Postnatal Corticosteroids to Treat or Prevent Chronic Lung
Disease in Preterm Infants. Pediatrics. 2002;109(2):330-338.
doi:10.1542/peds.109.2.330

Haas DM. Preterm birth. BMJ Clin Evid. 2011;2011.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3217816/. Accessed November 27,
2018.

Quinn J-A, Munoz FM, Gonik B, et al. Preterm birth: Case definition & guidelines
for data collection, analysis, and presentation of immunisation safety data. Vaccine.
2016;34(49):6047-6056. doi:10.1016/j.vaccine.2016.03.045

Low birthweight. http://www.marchofdimes.org/complications/low-birthweight.aspx.
Accessed May 3, 20109.

Tanne JH. Preterm and low weight births rise again in the US. BMJ. 2017;358:j3311.
d0i:10.1136/bmj.j3311

Dunietz GL, Holzman C, McKane P, et al. Assisted reproductive technology and the
risk of preterm birth among primiparas. Fertil Steril. 2015;103(4):974-979.e1.
doi:10.1016/j.fertnstert.2015.01.015

Behrman RE, Butler AS, Outcomes | of M (US) C on UPB and AH. Diagnosis and
Treatment of Conditions Leading to Spontaneous Preterm Birth. National Academies
Press (US); 2007. http://www.ncbi.nlm.nih.gov/books/NBK11373/. Accessed
November 28, 2018.

Behrman RE, Butler AS, Outcomes | of M (US) C on UPB and AH. Mortality and
Acute Complications in Preterm Infants. National Academies Press (US); 2007.
http://www.ncbi.nIm.nih.gov/books/NBK11385/. Accessed November 28, 2018.

Glass HC, Costarino AT, Stayer SA, Brett C, Cladis F, Davis PJ. Outcomes for
Extremely Premature Infants. Anesth Analg. 2015;120(6):1337-1351.
doi:10.1213/ANE.0000000000000705

Respiratory Distress Syndrome in Neonates - Pediatrics. Merck Manuals Professional
Edition. https://www.merckmanuals.com/professional/pediatrics/respiratory-
problems-in-neonates/respiratory-distress-syndrome-in-neonates. Accessed
December 11, 2018.

39



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Dani C, Reali MF, Bertini G, et al. Risk factors for the development of respiratory
distress syndrome and transient tachypnoea in newborn infants. European
Respiratory Journal. 1999;14(1):155. d0i:10.1034/].1399-3003.1999.14a26.x

Kamath BD, MacGuire ER, McClure EM, Goldenberg RL, Jobe AH. Neonatal
Mortality From Respiratory Distress Syndrome: Lessons for Low-Resource
Countries. Pediatrics. 2011;127(6):1139-1146. doi:10.1542/peds.2010-3212

Bronchopulmonary Dysplasia | National Heart, Lung, and Blood Institute (NHLBI).
https://www.nhlbi.nih.gov/health-topics/bronchopulmonary-dysplasia. Accessed
December 11, 2018.

Bronchopulmonary Dysplasia: Practice Essentials, Background, Pathophysiology.
https://reference.medscape.com/article/973717-overview#a5. Accessed May 3, 2019.

Bronchopulmonary Dysplasia (BPD) - Pediatrics. Merck Manuals Professional
Edition. https://www.merckmanuals.com/professional/pediatrics/respiratory-
problems-in-neonates/bronchopulmonary-dysplasia-bpd. Accessed December 11,
2018.

Keller RL. The Bronchopulmonary Dysplasia Diagnosis: Definitions, Utility,
Limitations. In: Hibbs AM, Muhlebach MS, eds. Respiratory Outcomes in Preterm
Infants: From Infancy through Adulthood. Respiratory Medicine. Cham: Springer
International Publishing; 2017:45-60. d0i:10.1007/978-3-319-48835-6_4

JOBE AH, BANCALARI E. Bronchopulmonary Dysplasia. American Journal of
Respiratory and Critical Care Medicine. December 2012.
doi:10.1164/ajrccm.163.7.2011060

Ehrenkranz RA, Walsh MC, Vohr BR, et al. VValidation of the National Institutes of
Health Consensus Definition of Bronchopulmonary Dysplasia. Pediatrics.
2005;116(6):1353-1360. doi:10.1542/peds.2005-0249

Nakanishi H, Uchiyama A, Kusuda S. Impact of pulmonary hypertension on
neurodevelopmental outcome in preterm infants with bronchopulmonary dysplasia: a
cohort study. J Perinatol. 2016;36(10):890-896. doi:10.1038/jp.2016.108

Shahzad T, Radajewski S, Chao C-M, Bellusci S, Ehrhardt H. Pathogenesis of
bronchopulmonary dysplasia: when inflammation meets organ development. Mol
Cell Pediatr. 2016;3. d0i:10.1186/s40348-016-0051-9

Walter EC, Koepsell TD, Chien JW. Low birth weight and respiratory

hospitalizations in adolescence. Pediatric Pulmonology. 46(5):473-482.
doi:10.1002/ppul.21398

40



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Alvarez-Fuente M, Moreno L, Mitchell JA, et al. Preventing bronchopulmonary
dysplasia: new tools for an old challenge. Pediatric Research. 2019;85(4):432-441.
doi:10.1038/s41390-018-0228-0

Behrman RE, Butler AS, Outcomes | of M (US) C on UPB and AH. Biological
Pathways Leading to Preterm Birth. National Academies Press (US); 2007.
http://www.ncbi.nlm.nih.gov/books/NBK11353/. Accessed December 7, 2018.

Gien J, Kinsella JP. Pathogenesis and Treatment of Bronchopulmonary Dysplasia.
Curr Opin Pediatr. 2011;23(3):305-313. d0i:10.1097/MOP.0b013e328346577f

Van Marter LJ. Epidemiology of bronchopulmonary dysplasia. Semin Fetal Neonatal
Med. 2009;14(6):358-366. doi:10.1016/j.siny.2009.08.007

Wilson WL, Mullen M, Olley PM, Rabinovitch M. Hyperoxia-induced pulmonary
vascular and lung abnormalities in young rats and potential for recovery. Pediatr Res.
1985;19(10):1059-1067. doi:10.1203/00006450-198510000-00023

Bhatt AJ, Pryhuber GS, Huyck H, Watkins RH, Metlay LA, Maniscalco WM.
Disrupted Pulmonary Vasculature and Decreased Vascular Endothelial Growth
Factor, Flt-1, and TIE-2 in Human Infants Dying with Bronchopulmonary Dysplasia.
Am J Respir Crit Care Med. 2001;164(10):1971-1980.
doi:10.1164/ajrccm.164.10.2101140

DeLisser HM, Helmke BP, Cao G, et al. Loss of PECAM-1 Function Impairs
Alveolarization. J Biol Chem. 2006;281(13):8724-8731.
doi:10.1074/jbc.M511798200

Maniscalco WM, Watkins RH, D’Angio CT, Ryan RM. Hyperoxic injury decreases
alveolar epithelial cell expression of vascular endothelial growth factor (VEGF) in
neonatal rabbit lung. Am J Respir Cell Mol Biol. 1997;16(5):557-567.
d0i:10.1165/ajrcmb.16.5.9160838

Ambalavanan N, Carlo WA. Ventilatory strategies in the prevention and management
of bronchopulmonary dysplasia. Semin Perinatol. 2006;30(4):192-199.
doi:10.1053/j.semperi.2006.05.006

Klingenberg C, Wheeler K1, McCallion N, Morley CJ, Davis PG. Volume-targeted
versus pressure-limited ventilation in neonates. Cochrane Database Syst Rev.
2017;10:CD003666. doi:10.1002/14651858.CD003666.pub4

Newborn C on FA. Respiratory Support in Preterm Infants at Birth. Pediatrics.
2014;133(1):171-174. d0i:10.1542/peds.2013-3442

41



43.

44,

45,

46.

47.

48.

49.

50.

o1.

52.

53.

Schmidt B, Whyte RK, Asztalos EV, et al. Effects of targeting higher vs lower
arterial oxygen saturations on death or disability in extremely preterm infants: a
randomized clinical trial. JAMA. 2013;309(20):2111-2120.
doi:10.1001/jama.2013.5555

SUPPORT Study Group of the Eunice Kennedy Shriver NICHD Neonatal Research
Network, Carlo WA, Finer NN, et al. Target ranges of oxygen saturation in extremely
preterm infants. N Engl J Med. 2010;362(21):1959-1969.
doi:10.1056/NEJM0a0911781

Manja V, Saugstad OD, Lakshminrusimha S. Oxygen Saturation Targets in Preterm
Infants and Outcomes at 18-24 Months: A Systematic Review. Pediatrics.
2017;139(1):€20161609. doi:10.1542/peds.2016-1609

Stewart AL, Brion LP. Routine use of diuretics in very-low birth-weight infants in the
absence of supporting evidence. J Perinatol. 2011;31(10):633-634.
doi:10.1038/jp.2011.44

Levesque B. Overview of Bronchopulmonary Dysplasia at Boston Medical Center.
May 2019.

Olaloko O, Mohammed R, Ojha U. Evaluating the use of corticosteroids in
preventing and treating bronchopulmonary dysplasia in preterm neonates. Int J Gen
Med. 2018;11:265-274. doi:10.2147/1JGM.S158184

Liggins GC, Howie RN. A Controlled Trial of Antepartum Glucocorticoid Treatment
for Prevention of the Respiratory Distress Syndrome in Premature Infants. Pediatrics.
1972;50(4):515-525.

Effect of corticosteroids for fetal maturation on perinatal outcomes. NIH Consensus
Development Panel on the Effect of Corticosteroids for Fetal Maturation on Perinatal
Outcomes. JAMA. 1995;273(5):413-418.

Roberts D, Dalziel SR. Antenatal corticosteroids for accelerating fetal lung
maturation for women at risk of preterm birth. In: The Cochrane Collaboration, ed.
Cochrane Database of Systematic Reviews. Chichester, UK: John Wiley & Sons, Ltd;
2006:CD004454.pub2. doi:10.1002/14651858.CD004454.pub2

Baden M, Bauer CR, Colle E, Klein G, Taeusch HW, Stern L. A controlled trial of
hydrocortisone therapy in infants with respiratory distress syndrome. Pediatrics.
1972;50(4):526-534.

Avery GB, Fletcher AB, Kaplan M, Brudno DS. Controlled trial of dexamethasone in
respirator-dependent infants with bronchopulmonary dysplasia. Pediatrics.
1985;75(1):106-111.

42



54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Mammel MC, Green TP, Johnson DE, Thompson TR. Controlled trial of
dexamethasone therapy in infants with bronchopulmonary dysplasia. Lancet.
1983;1(8338):1356-1358.

Halliday HL. Postnatal steroids: still a dilemma for neonatologists and parents?
Archives of Disease in Childhood - Fetal and Neonatal Edition. 2018;103(6):F500-
F502. doi:10.1136/archdischild-2018-314842

Yeh TF, Lin YJ, Huang CC, et al. Early dexamethasone therapy in preterm infants: a
follow-up study. Pediatrics. 1998;101(5):E7.

Newborn C on F and. Postnatal Corticosteroids to Prevent or Treat
Bronchopulmonary Dysplasia. Pediatrics. 2010;126(4):800-808.
doi:10.1542/peds.2010-1534

Society CP. Postnatal corticosteroids to treat or prevent chronic lung disease in
preterm infants | Canadian Paediatric Society.
https://www.cps.ca/en/documents/position/postnatal-corticosteroids-chronic-lung-
disease. Accessed May 8, 2019.

Halliday HL, Ehrenkranz RA, Doyle LW. Early (< 8 days) postnatal corticosteroids
for preventing chronic lung disease in preterm infants. Cochrane Database Syst Rev.
2010;(1):CD001146. doi:10.1002/14651858.CD001146.pub3

Doyle LW, Ehrenkranz RA, Halliday HL. Early (< 8 days) postnatal corticosteroids
for preventing chronic lung disease in preterm infants. Cochrane Database Syst Rev.
2014;(5):CD001146. doi:10.1002/14651858.CD001146.pub4

Cheong JL, Ehrenkranz RA, Halliday HL, Doyle LW. Early (< 8 days) systemic
postnatal corticosteroids for prevention of bronchopulmonary dysplasia in preterm
infants. Cochrane Database Syst Rev. 2017;2017(10).
d0i:10.1002/14651858.CD001146.pub5

Halliday HL, Ehrenkranz RA, Doyle LW. Late (>7 days) postnatal corticosteroids for
chronic lung disease in preterm infants. Cochrane Database Syst Rev.
2009;(1):CD001145. doi:10.1002/14651858.CD001145.pub2

Doyle LW, Ehrenkranz RA, Halliday HL. Late (> 7 days) postnatal corticosteroids
for chronic lung disease in preterm infants. Cochrane Database Syst Rev.
2014;(5):CD001145. doi:10.1002/14651858.CD001145.pub3

Cheong JL, Ehrenkranz RA, Halliday HL, Doyle LW. Late (> 7 days) systemic
postnatal corticosteroids for prevention of bronchopulmonary dysplasia in preterm
infants. Cochrane Database Syst Rev. 2017;2017(10).
d0i:10.1002/14651858.CD001145.pub4

43



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Stanley FJ. Using Cerebral Palsy Data in the Evaluation of Neonatal Intensive Care: a
Warning. Developmental Medicine & Child Neurology. 1982;24(1):93-94.
doi:10.1111/j.1469-8749.1982.tb13594.x

Gupta S, Prasanth K, Chen C-M, Yeh TF. Postnatal Corticosteroids for Prevention
and Treatment of Chronic Lung Disease in the Preterm Newborn. Int J Pediatr.
2012;2012. doi:10.1155/2012/315642

Doyle LW, Davis PG, Morley CJ, McPhee A, Carlin JB, DART Study Investigators.
Low-dose dexamethasone facilitates extubation among chronically ventilator-
dependent infants: a multicenter, international, randomized, controlled trial.
Pediatrics. 2006;117(1):75-83. doi:10.1542/peds.2004-2843

Doyle LW, Davis PG, Morley CJ, McPhee A, Carlin JB, DART Study Investigators.
Outcome at 2 years of age of infants from the DART study: a multicenter,
international, randomized, controlled trial of low-dose dexamethasone. Pediatrics.
2007;119(4):716-721. d0i:10.1542/peds.2006-2806

Bassler D, Stoll BJ, Schmidt B, et al. Using a Count of Neonatal Morbidities to
Predict Poor Outcome in Extremely Low Birth Weight Infants: Added Role of
Neonatal Infection. Pediatrics. 2009;123(1):313-318. doi:10.1542/peds.2008-0377

Gregory KE, DeForge CE, Natale KM, Phillips M, Van Marter LJ. Necrotizing
Enterocolitis in the Premature Infant. Adv Neonatal Care. 2011;11(3):155-166.
d0i:10.1097/ANC.0b013e31821baaf4

Neonatal necrotizing enterocolitis: Clinical features and diagnosis - UpToDate.
https://www.uptodate.com/contents/neonatal-necrotizing-enterocolitis-clinical-
features-and-
diagnosis?search=necrotizing%?20enterocolitis&source=search_result&selectedTitle=
2~150&usage_type=default&display rank=2. Accessed June 3, 2019.

Tanner SM, Berryhill TF, Ellenburg JL, et al. Pathogenesis of Necrotizing
Enterocolitis. Am J Pathol. 2015;185(1):4-16. doi:10.1016/j.ajpath.2014.08.028

Maheshwari A, Schelonka RL, Dimmitt RA, et al. Cytokines Associated with
Necrotizing Enterocolitis in Extremely Low Birth Weight Infants. Pediatr Res.
2014;76(1):100-108. d0i:10.1038/pr.2014.48

Fry DE. Sepsis, systemic inflammatory response, and multiple organ dysfunction: the
mystery continues. Am Surg. 2012;78(1):1-8.

Marik PE, Taeb AM. SIRS, gSOFA and new sepsis definition. J Thorac Dis.
2017;9(4):943-945. doi:10.21037/jtd.2017.03.125

44



76.

77.

78.

79.

80.

81.

82.

Bone RC, Balk RA, Cerra FB, et al. Definitions for sepsis and organ failure and
guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus
Conference Committee. American College of Chest Physicians/Society of Critical
Care Medicine. Chest. 1992;101(6):1644-1655. doi:10.1378/chest.101.6.1644

Shah J, Jefferies AL, Yoon EW, Lee SK, Shah PS, Canadian Neonatal Network. Risk
Factors and Outcomes of Late-Onset Bacterial Sepsis in Preterm Neonates Born

at <32 Weeks’ Gestation. Am J Perinatol. 2015;32(7):675-682. doi:10.1055/s-0034-
1393936

Sample size - Proportions. Sample Size Calculators. March 2014. http://www.sample-
size.net/sample-size-proportions/. Accessed May 13, 20109.

Time for a Neonatal-Specific Consensus Definition for Sepsis. Medscape.
http://www.medscape.com/viewarticle/828787. Accessed July 11, 2019.

Hay K, Nelin M, Carey H, et al. Hammersmith Infant Neurological Examination
Asymmetry Score Distinguishes Hemiplegic Cerebral Palsy From Typical
Development. Pediatr Neurol. 2018;87:70-74.
doi:10.1016/j.pediatrneurol.2018.07.002

Maitre NL, Chorna O, Romeo DM, Guzzetta A. Implementation of the Hammersmith
Infant Neurological Exam in a High-Risk Infant Follow-Up Program. Pediatr Neurol.
2016;65:31-38. d0i:10.1016/j.pediatrneurol.2016.09.010

Romeo DM, Ricci D, Brogna C, Mercuri E. Use of the Hammersmith Infant
Neurological Examination in infants with cerebral palsy: a critical review of the
literature. Developmental Medicine & Child Neurology. 2016;58(3):240-245.
doi:10.1111/dmcn.12876

45



CURRICULUM VITAE




47



