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Abstract

Bronchopulmonary dysplasia (BPD) is a chronic lung disease commonly affecting extremely preterm infants. Although
mechanical ventilation and oxygen requirements in premature infants are identified as inciting mechanisms for inflammation
and the development of BPD over time, data now support an array of perinatal events that may stimulate the inflammatory
cascade prior to delivery. Corticosteroids, such as dexamethasone and hydrocortisone, have proven beneficial for the
prevention and management of BPD postnatally due to their anti-inflammatory characteristics. This review aims to examine
the pharmacologic properties of several corticosteroids, appraise the existing evidence for postnatal corticosteroid use in
preterm infants, and assess steroid management strategies to ameliorate BPD. Finally, we aim to provide guidance based on
clinical experience for managing adrenal suppression resulting from prolonged steroid exposure since this is an area less

well-studied.

Introduction

Bronchopulmonary dysplasia (BPD) is one of the most
common morbidities in extremely preterm infants and is
strongly associated with poor neurocognitive outcomes [1].
Persistent inflammation, leading to abnormal lung
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development characterized by alveolar simplification and
fibrosis, plays a crucial role in BPD development [2]. The
inflammatory origins of BPD are multidimensional.
Inflammatory cell recruitment can begin in utero, in the
setting of clinical or histologic chorioamnionitis. Post-
natally, several factors may compound the inflammatory
process, such as sepsis, mechanical ventilation, oxygen
exposure, and/or intercurrent acute illnesses such as
necrotizing enterocolitis [1-3]. These inflammatory insults
can lead to recruitment of pro-inflammatory mediators and
inflammatory cells (e.g., polymorphonuclear leukocytes,
macrophages) within the premature lung tissue. The pro-
inflammatory setting contributes to the various pathologic
signs of epithelial necrosis, fibrosis, inappropriate alveolar
septation and simplification, and dysregulated micro-
vascular growth seen in evolving BPD [2]. The clinical use
of corticosteroids aims to decrease inflammation in the
lungs by reducing lymphocyte count, promoting anti-
inflammatory cytokines, and suppressing pro-inflammatory
cytokines by genomic modification [4].

Due to their anti-inflammatory properties, corticosteroids,
such as dexamethasone and hydrocortisone, are used to
prevent and manage BPD. We will review the pharmacology
of corticosteroids (“‘Steroid pharmacology”) and the existing
evidence for postnatal corticosteroids use in preterm infants
(“Postnatal steroid management in preterm infants”). We
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will also recommend steroid management strategies based
on the available evidence, using caution for when the evi-
dence is less robust. The evidence available regarding the
routine use of inhaled corticosteroids (ICS) for BPD treat-
ment suggests it is not recommended currently; therefore,
ICS will have limited discussion in this review.

Finally, a major challenge in using steroids for neonatal
lung disease is the concern for adrenal suppression and risk of
adrenal insufficiency if glucocorticoids are stopped too
rapidly. We will address this problem and possible manage-
ment strategies for the clinician (“Management of adrenal
suppression”). Since there are limited data available provid-
ing such guidance, we provide our shared clinical experience
in managing adrenal suppression as well as counseling
families, follow-up with the caregiver, and monitoring, if
needed, once the patient is discharged from the hospital.

Steroid pharmacology
Mechanism of action and drug properties

Corticosteroids exert their anti-inflammatory and immuno-
suppressive effects through genomic mechanisms [5]. They
diffuse across cell membranes and bind to receptors, indu-
cing a conformational change of the receptor and formation
of the receptor-corticosteroid complex [2, 4, 6]. The
receptor-corticosteroid complex enters the cell nucleus. For
glucocorticoids, the complex binds to DNA at a gluco-
corticoid response element (GRE) motif resulting in trans-
activation (upregulation of anti-inflammatory mediator
expression) and transrepression (inhibition of pro-
inflammatory mediator expression). An example of trans-
pression is illustrated by a GRE blocking expression of the
nuclear factor kB or activator protein 1, both of which are
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transcription factors responsible for promoting pro-
inflammatory gene expressions (Fig. 1) [5]. Other effects
of corticosteroids include inhibition of phospholipase A2
(which is also responsible for the production of pro-
inflammatory mediators) and inhibition of genes responsible
for the expression of cyclooxygenase-2 [4].

Glucocorticoid pharmacology

Glucocorticoids have rapid absorption and generally good
oral bioavailability, ranging from 60 to 100%. Endogen-
ously, 290% of serum cortisol becomes protein-bound
(reversible) with either albumin or transcortin (also known
as corticosteroid binding globulin (CBG) or Serpin A6)
[7, 8]. A similar mechanism occurs with synthetic corti-
costeroids, although the percentage bound to protein varies
for each drug [5]. The remaining unbound portion is the
biologically active component that traverses the cell mem-
brane and mediates the steroid’s molecular effects. At
higher steroid concentrations, CBG may become saturated,
leading to an increase in unbound steroid available to access
the cell [9]. Of note, CBG levels are lower in premature and
sick infants, increasing the amount of unbound steroid
[10, 11]. A cortisol level measures the total cortisol level
(bound and free). Therefore, cortisol measurements in these
infants may overestimate the need for a replacement since it
may not accurately reflect the free cortisol level. Gluco-
corticoids undergo hepatic metabolism through phase 1
oxidation and reduction reactions followed by phase II
conjugation. The phase II reactions involved in corticos-
teroid metabolism include sulfation or glucuronidation. The
inactive metabolites are excreted renally (1-20% excreted
as unchanged drug) [5, 9]. Since maturation of these organ
systems are impacted in the premature neonate, further
research is needed regarding the pharmacokinetics of
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various systemic glucocorticoids administered to preterm
infants for BPD prevention/treatment.

Comparison of corticosteroid agents

Natural steroids possess both glucocorticoid and miner-
alocorticoid activity to some degree [12]. Cortisol is the
endogenous glucocorticoid produced by the adrenal gland
via cholesterol metabolism. Aldosterone is the primary
mineralocorticoid produced by the zona glomerulosa of the
adrenal gland, with secretion regulated by the renin-
angiotensin system [4]. The mineralocorticoid effect
occurs primarily in the renal epithelial cells and is mediated
by intracellular mineralocorticoid receptors which regulate
transcription of sodium channels. This pathway enhances
sodium absorption and potassium excretion in the nephrons
with subsequent passive water reabsorption leading to
increased intravascular volume and blood pressure [13].
Synthetically derived corticosteroid analogs have intrin-
sic properties to mimic and increase glucocorticoid or
mineralocorticoid activity and potency. Synthetic structural
modifications (Fig. 2) improve glucocorticoid receptor
specificity and duration of receptor binding [4]. The basic
structure of cortisol includes four basic rings (A-D) and
several features important for both glucocorticoid and
mineralocorticoid activity. The non-planar orientation of the
various molecular groups attached account for the steroid’s
biological activity [5]. Structural components that are cri-
tical for both glucocorticoid and mineralocorticoid activity
include the 3-ketone group and the 4,5 double bond on ring
A. The presence of the 17-hydroxyl group contributes to
both the glucocorticoid function and potency. The 11-
hydroxyl group is also needed for glucocorticoid activity.
The primary corticosteroids utilized for the anti-
inflammatory effects in infants with BPD include hydro-
cortisone, dexamethasone, prednisolone, and methyl-
prednisolone. Although other corticosteroids, such as
betamethasone and fludrocortisone, have been considered,
there are limited and variable data available to support
either drug’s place in evolving BPD and these will not be
reviewed [14, 15]. The glucocorticoid and miner-
alocorticoid activity of these corticosteroids are described
relative to hydrocortisone, the synthetic analog of cortisol
(Table 1). Hydrocortisone primarily possesses glucocorti-
coid activity, although it exhibits mineralocorticoid activity
at supraphysiologic doses. The mineralocorticoid activity is
eliminated at physiologic doses (8—10 mg/m?/day) due to
the renal conversion of cortisol to cortisone by 11 f-
hydroxysteroid dehydrogenase type 2 [5, 16]. The higher
doses of hydrocortisone are necessary to alter the dysre-
gulated immune response that contributes to BPD. While
supraphysiologic doses of hydrocortisone could have
mineralocorticoid effect, the doses used in treating these
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Fig. 2 Molecular structure of endogenous cortisol and other syn-
thetic structural derivatives. The basic structure of cortisol, the
body’s endogenous corticosteroid, includes four basic rings (A-D) and
several features important for both glucocorticoid and miner-
alocorticoid activity. The non-planar orientation of the various methyl
(CH3) and hydroxyl (OH) groups account for the steroid’s biological
activity [5]. Structural components that are critical for both gluco-
corticoid and mineralocorticoid activity include the 3-ketone group
and the 4,5 double bond on ring A. The presence of the 17-hydroxyl
group contributes to both the glucocorticoid function and potency. The
11-hydroxyl group is needed for glucocorticoid, but not miner-
alocorticoid activity.

infants do not reach the pharmacologic threshold to induce
significant sodium retention or hypertension. Pharmacolo-
gic doses for BPD prevention or treatment can range from
slightly above physiologic doses to greater than recom-
mended stress dosing, and therefore may or may not induce
a mineralocorticoid effect (such as hypertension) depending
on the dose and duration [14, 17]. Due to its rapid oral
absorption and short-acting duration, hydrocortisone is
appropriate for physiologic cortisol replacement in the set-
ting of hypothalamic-pituitary-adrenal (HPA) axis sup-
pression that occurs with supraphysiologic doses of
glucocorticoids (Table 1) [4, 16]. This will be discussed
further in “Management of adrenal suppression”.
Dexamethasone is a long-acting glucocorticoid agonist
that is about 25 times more potent than hydrocortisone. The
potency of dexamethasone is attributed to its relative sta-
bility due to the halogenated structure (carbon 9) and the
additional double bond found between carbons 1 and 2
(Fig. 2). Dexamethasone possesses affinity solely for
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Table 1 Comparison of systemic

corticosteroids [4, 7. 14, 16]. Drug Apprommate Glucocorticoid Mineralocorticoid Duration of action (h)
equivalent dose potency potency
(mg)*
Hydrocortisone 20 1 1 Short acting
8-12
Prednisone 5 4 0.8 Intermediate acting
Prednisolone 12-36
Methylprednisolone 4 5 0.5 Intermediate acting
12-36
Dexamethasone 0.75 25 0 Long acting
>36
Betamethasone 0.75 25 0 Long acting
>36
Fludrocortisone -t 10 125 Intermediate acting
12-36

“Dose equivalents are reported for oral/[V administration; alternate routes may vary and are not

presented here.

®Fludrocortisone is used for mineralocorticoid activity only.

albumin (no affinity for transcortin) with ~75% plasma
binding capacity [5]. Unlike other glucocorticoids (e.g.,
prednisolone), dexamethasone’s bioavailability is not sub-
ject to processing by 11p-HSD (type 1 or 2). In fact, dex-
amethasone does not require activation to exert effects on
glucocorticoid receptors, and does not bind to miner-
alocorticoid receptors [18].

Prednisolone and methylprednisolone are synthetic glu-
cocorticoids with similar potency and are used inter-
changeably in practice. Prednisone is a prodrug that is
converted to its active form, prednisolone, by 11p-HSD1 in
the liver [2, 4]. Methylprednisolone, a corticosteroid con-
taining glucocorticoid potency similar to prednisolone, is
sometimes used in place of prednisolone when an intrave-
nous formulation is desired. Historically, these corticoster-
oids have been safely used for other pulmonary diseases,
primarily within the pediatric asthma population [19-21].

Postnatal steroid management in preterm
infants

Clinical trials examining the use of postnatal corticosteroids
to prevent BPD in preterm infants focus on two time periods
(defined by Cochrane reviews): “early” use (0-7 days of
age) and “late” use (>7 days of age) [22, 23].

Early use of postnatal corticosteroids (0-7 days of
age) to prevent BPD

Early use of postnatal corticosteroids (birth to 7 days of age)
targets relative cortisol insufficiency and mediates inflam-
matory injury in the perinatal period (such as chor-
ioamnionitis, surfactant insufficiency, and early invasive

SPRINGER NATURE

mechanical ventilation) [24, 25]. Dexamethasone has been
studied most extensively in randomized controlled trials
(RCT). Early dexamethasone (within 7 days after birth)
decreases the incidence of death or BPD at 36 weeks’
postmenstrual age (PMA) (relative risk (RR) 0.87, 95%
confidence interval (95% CI) 0.80-0.94), and decreases
BPD, defined as oxygen supplementation at 36 weeks’
PMA (RR 0.71, 95% CI 0.62-0.81) when compared to
placebo [22]. However, these pulmonary benefits are out-
weighed by the associated short-term adverse effect of
gastrointestinal perforation, specifically in conjunction with
indomethacin, and long-term neurodevelopmental adverse
effects [22]. Specifically, early dexamethasone increases
risk for neuromotor impairment and cerebral palsy (CP),
even considering treatment courses as short as 3 days
[26, 27]. In this setting, early use (<7 days of age) of
dexamethasone cannot be recommended as the short- and
long-term adverse effects are concerning and outweigh the
benefit of reduction in BPD.

In contrast, emerging data may support the role of early
hydrocortisone use for the prevention of BPD. In 2016, the
PREMILOC trial (N = 523) documented improved survival
without BPD at 36 weeks’ PMA in premature neonates
treated with 10 days of low-dose hydrocortisone starting at
<24 h of age compared to placebo (60% vs. 51%, OR 1.48,
95% CI [1.02-2.16], p =0.04) (Table 2) [28]. The PRE-
MILOC trial avoided the potential risk of increased gas-
trointestinal ~ perforation by prohibiting prophylactic
nonsteroidal anti-inflammatory drugs (NSAIDs) in the first
24 h of life. In contrast to dexamethasone, the PREMILOC
trial showed that early low-dose hydrocortisone produces
no increased risk for long-term neurodevelopmental
impairment (NDI) or CP [29]. In fact, for the subgroup of
infants born at 24-25 weeks’ gestational age (GA), a
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significant improvement in global neurological assessment
was observed in post hoc analyses of the hydrocortisone
group compared with the placebo group (moderate-to-
severe NDI 2% vs. 18%, p=0.02) [30]. Overall,
improvements in survival without BPD at 36 weeks’ PMA
without increasing the risk of NDI support hydrocortisone’s
role as the early corticosteroid of choice for infants with an
unacceptably high risk for pulmonary morbidity.

Administration of ICS may decrease pulmonary inflam-
mation while minimizing systemic exposure. The NEU-
ROSIS trial (N = 863) was a multinational, randomized trial
that administered high-dose inhaled budesonide or placebo
within 24 h after birth to infants (<28 weeks’ GA) until they
were off supplemental oxygen or reached 32 weeks’ PMA.
The trial showed a reduction of BPD for the inhaled
budesonide group compared to placebo (27.8% vs. 38.0%,
p =0.004) [31]. However, this benefit was offset by a non-
significant increase in mortality with budesonide compared
with placebo (16.9% vs. 13.6%, RR 1.24, 95% CI
[0.91-1.69], p=0.17). No difference was noted in com-
bined mortality or BPD (40% in inhaled budesonide group
vs. 46.3% in the placebo group, p =0.05). Although the
rate of neurodevelopmental disability did not differ between
the groups, the difference in mortality at 2 years of age
follow-up was higher for the treatment group (19.9% vs.
14.5%, RR 1.37,95% CI [1.01-1.86], p = 0.04) [32]. Based
on these findings, early administration of ICS cannot be
recommended at this time.

One of the limitations of ICS in preterm infants is poor
pulmonary deposition due to intrinsically low lung volumes
and inspiratory pressures [33, 34]. To overcome this limita-
tion, corticosteroids can be instilled into the lungs using
surfactant as a vehicle. Two single-center trials evaluated this
approach [35, 36]. In the larger randomized trial (N = 265),
very low birth weight (VLBW) neonates who received
intratracheal surfactant/budesonide compared with surfactant
alone had a significantly lower incidence of BPD or death (55
of 131 [42.0%] vs. 89 of 134 [66%], risk ratio 0.58, 95% CI
[0.44-0.77], p<0.001; number needed to treat 4.1, 95% CI
[2.8-7.8]) [36]. There were no differences in growth para-
meters or NDI between the intervention and control group at 2
to 3 years of age [36]. This promising single-center data may
be bolstered by the ongoing National Institute of Child Health
and Human Development (NICHD) funded trial “The
Budesonide in Babies (BiB) Trial” [37]. Until further data are
produced and a combined corticosteroid/surfactant prepara-
tion is commercially available, widespread adoption of this
approach is discouraged at this time.

Late use of postnatal corticosteroids (>7 days of age)

Late (>7 days of age) dexamethasone consistently produces
significant reductions in BPD and the combined outcome of
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death or BPD, along with lower extubation failure rates,
need for rescue corticosteroids, and for home oxygen ther-
apy [23]. However, an increased risk of CP has been
associated with late high-dose dexamethasone therapy,
although aggregate data analysis has shown no increase in
NDI [38-40]. The negative findings were primarily due to
the traditional higher and longer dosing courses (21-42-day
tapering courses) of dexamethasone. Recent data demon-
strate that delaying exposure to corticosteroids until after
7 days of age while utilizing shorter courses and lower
doses may favorably shift the risk:benefit ratio [23, 38].
Because the “late” period is expansive, we have identified
three periods for discussion: early evolving BPD
(7-28 days), late evolving BPD (28 days to 36 weeks’
PMA), and established BPD (236 weeks’ PMA).

Late use of postnatal corticosteroids (>7 days of
age): early evolving BPD (<28 days)

To address both the efficacy and safety of late low-dose,
short-course dexamethasone, Dexamethasone: A Rando-
mized Trial (DART) studied a cumulative dose of 0.89 mg/
kg over 10 days in extremely low birth weight or very
preterm infants older than a week of age (Table 2) [41]. This
pivotal trial was hampered by slow recruitment, owing to
the widespread backlash against dexamethasone therapy
among clinicians and parents concerned about potential
neurodevelopmental harm [42]. The median age at which
dexamethasone was initiated in this trial was 23 days, but
the trial was halted well before achieving the desired sample
size. Despite this limitation, the trial revealed that late low-
dose dexamethasone compared to placebo was able to
facilitate extubation (day 3: 34% vs. 3%, p<0.01; day 7:
51% vs. 12%, p < 0.01; day 10: 60% vs. 12%, p < 0.01), but
did not improve survival or oxygen dependence at
36 weeks’ PMA. DART follow-up showed no differences
in the rate of major disability, CP, or combined death or CP
at 2 years of age. However, the lack of statistical power
renders these findings inconclusive [43].

The STOP-BPD trial (N = 372) provides evidence for the
emerging utilization of late hydrocortisone therapy for BPD
prevention [44]. Preterm infants between 7 and 14 days of
age who were ventilator dependent and at high risk for
developing BPD were randomized to either high-dose
hydrocortisone or placebo (Table 2) [44]. There was no
difference in the primary composite outcome of death or
BPD at 36 weeks’ PMA (71% vs. 74%, respectively; p =
0.54); however, there was a significant reduction in the
mortality component of the primary endpoint (15.5% vs.
23.7%, p =0.048). Similar to dexamethasone in DART,
hydrocortisone compared to placebo facilitated extubation
(day 3: 16% vs. 7%, p=0.01; day 7: 46% vs. 22%, p<
0.001; day 14: 66% vs. 49%, p=0.001). Follow-up
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neurological outcomes remain pending for the STOP-BPD
trial. Clarity regarding the efficacy and safety of late
hydrocortisone will be bolstered by the ongoing “Hydro-
cortisone for BPD” trial, a large RCT by the NICHD’s
Neonatal Research Network on low-dose hydrocortisone
(18 mg/kg cumulative dose over 10 days) initiated at
14-28 days of age [45]. Outstanding questions regarding
both the relative efficacy and neurologic impact of dex-
amethasone and hydrocortisone highlight the urgent need
for direct comparison of relatively high-dose hydrocortisone
to low-dose dexamethasone in randomized trials [46, 47].

A specific meta-analysis of trials for both early and late
corticosteroids demonstrates a strong correlation between
baseline risk of BPD in the study population and risk of the
composite outcome of death or CP [48]. Randomization of
infants with a low baseline risk of moderate-to-severe BPD
(<33%) produces increased death or CP in the treatment
group. In infants with a high baseline risk (>60%), the
composite outcome of death or CP is reduced by corticos-
teroid treatment. In this context, many clinicians utilize
corticosteroids (either low-dose dexamethasone or high-
dose hydrocortisone) in infants who require persistent
invasive mechanical ventilation in the early evolving phase
of BPD. One way to identify high-risk infants who can be
considered for corticosteroid use is with the Neonatal BPD
Outcome Estimator [49]. This tool provides an objective
risk of BPD or death at various postnatal time points
depending on the infant’s GA, weight, sex, race, and
respiratory support. However, direct application of the
evidence-based moderate-to-severe BPD threshold of 60%
utilizing the Estimator is problematic since BPD risk
decreases as clinical status worsens due to increased mor-
tality risk [50, 51]. Therefore, centers must individualize a
treatment threshold that stratifies outcomes (e.g., death vs.
severe BPD) considering local risk profiles and family
priorities.

Late use of postnatal corticosteroids (>7 days of
age): late evolving BPD (28 days to 36 weeks’ PMA)

There are few data to guide the treatment of infants older
than 1-month postnatal age but not yet 36 weeks’ PMA.
However, from the National Institutes of Health’s Pre-
maturity and Respiratory Outcomes Program, dex-
amethasone is primarily used between 6 and 7 weeks’
postnatal age and a median of 32-33 weeks” PMA [52]. A
single-center retrospective study (N = 98) was performed to
assess short-term respiratory outcomes comparing 9—10 day
courses of dexamethasone (initial dose 0.2 mg/kg/day),
hydrocortisone (initial dose 4.8 mg/kg/day), and methyl-
prednisolone (initial dose 2.4 mg/kg/day). The study inclu-
ded intubated preterm infants who received initial steroids
at a mean postnatal age of 27 days with an average

30 weeks’ PMA. The results of the study suggest that
dexamethasone most effectively facilitates extubation by
day 7 of treatment (59% vs. 44% vs. 41%, respectively; p =
0.03); however, no difference was detected in the rates of
BPD between groups [53]. Further studies in this time
period could help guide clinicians on the timing and
effectiveness of corticosteroids to facilitate extubation,
reduce the severity of BPD, and assess improvements in
morbidities (e.g., NDI, CP).

Late use of postnatal corticosteroids (>7 days of
age): established BPD (=36 weeks’ PMA)

The desire to harness dexamethasone’s potent anti-
inflammatory activity with some mineralocorticoid effect
has led to the exploration of prednisolone and methyl-
prednisolone (synthetic glucocorticoids with predominantly,
but not exclusively, glucocorticoid activity). No prospective
RCT has been performed to evaluate their effectiveness for
the prevention or treatment of BPD. Retrospective studies
have reported prednisolone’s potential utility for infants
already >36 weeks’ PMA with varying degrees of estab-
lished BPD. Bhandari et al. administered prednisolone to
infants >36 weeks’ PMA (mean ~38 weeks’ PMA) on
supplemental oxygen but not on mechanical ventilation at
the time of trial enrollment (Table 2) [54]. This study
demonstrated that prednisolone therapy facilitated the abil-
ity to wean off supplemental oxygen in 63% of treated
infants. A retrospective study by Linafelter et al. adminis-
tered a longer course of prednisolone (nominally 28 days,
but the paper included only those who received >30 days,
median 67 days [Table 2]) and included infants with severe
BPD, half of whom were mechanically ventilated and half
on continuous positive airway pressure [55]. The investi-
gators noted a significant decrease in respiratory support
after one week of prednisolone therapy and noted no further
benefits from the prolongation of therapy and significant
linear growth impairment by week 4. The vast majority of
infants survived to discharge (86%), although over half
(57%) required a tracheostomy. Both the Bhandari and
Linafelter studies indicated a potential benefit for improving
the respiratory status of infants with established BPD.
However, both studies concluded that the benefits of pre-
dnisolone therapies may not be seen with a prolonged
course or multiple courses. Likewise, benefits must be
carefully measured against adverse effects.

ICS, such as beclomethasone, budesonide, and flutica-
sone, are also commonly used to treat evolving or estab-
lished BPD [52]. ICS use is inversely related to GA (and
directly related to duration of mechanical ventilation
exposure) [56]. Although the use of late ICS is common in
both neonatal intensive care unit and post-discharge settings
(used in 9-14% of infants born <29 weeks’ GA), the
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evidence supporting their efficacy is minimal [57]. Yuskel
et al. demonstrated the potential utility of beclomethasone
in a small randomized trial of preterm infants (N = 18),
documenting reductions in coughing and wheezing late in
the first year of life, and an increase in functional residual
capacity after 6 weeks of therapy [58]. However, the utility
of ICS in hospitalized infants and/or for a prolonged dura-
tion is less clear. Dugas et al. compared fluticasone vs.
placebo for a total of 4 weeks in 32 infants born <32 weeks’
GA with established moderate BPD (requiring supplemental
oxygen with a fraction of inspired oxygen >0.25) at post-
natal ages between 28 and 60 days [59]. The study con-
cluded that fluticasone does not reduce invasive mechanical
ventilation duration or the need for supplemental oxygen
use [59]. A prolonged 1-year course of fluticasone or pla-
cebo was also evaluated by Beresford et al. in 30 infants at
36 weeks’ PMA with established BPD. This study reported
no difference in respiratory symptoms, duration of supple-
mental oxygen use, respiratory illnesses, or need for hos-
pitalization [60]. At this moment, although there is limited
supporting evidence for the use of ICS, clinicians have few
therapeutic options for managing ongoing pulmonary
inflammation in preterm infants.

Management of adrenal suppression

In examining the highlighted trials above, we note that as
postnatal age and PMA increase, the treatment regimens
used both increased initial doses and cumulative doses
(Fig. 3) of steroids. The cumulative steroid dose can be very
high, particularly if infants are exposed to more than one
regimen or stall in their glucocorticoid weaning due to

Total Exposure of Preterm Infants to

Corticosteroids
Early
Steroid Antenatal Postnatal
2 Exposure 2 Steroids Steroids
Steroids RERioE BE
to decrease Chronic

+2

severityof +2 Steroids
BPD

Cumulative exposure is seldom considered when
initiating a new steroid course

Fig. 3 As a concept, any study trying to identify adverse associa-
tions of steroids needs to consider all steroids to which the infant
has been exposed. Often antenatal steroid exposure is not considered.
BPD bronchopulmonary dysplasia, BP blood pressure.
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failure to meet clinical outcomes, depending on the cumu-
lative exposure and duration of the corticosteroid course(s)
(Fig. 4). Infants are at risk for secondary adrenal insuffi-
ciency if the infant has been given supraphysiologic glu-
cocorticoid doses for more than 14 days [61]. Exogenous
supraphysiologic glucocorticoids cause secondary adrenal
insufficiency through a myriad of effects on the HPA axis,
the physiologic regulator of endogenous glucocorticoid
production (Fig. 5). The hypothalamus releases cortico-
tropin releasing hormone (CRH) from neurons in the
paraventricular nucleus. CRH then stimulates transcription
of pro-opiomelanocortin from the anterior pituitary gland
corticotropes. A series of proteolytic cleavages leads to the
production of adrenocorticotropic hormone (ACTH).
ACTH then stimulates the adrenal gland to produce cortisol.
ACTH upregulates cortisol production acutely by increasing
the available cholesterol substrate pool and stimulating the
synthesis of the steroidogenic acute regulatory protein
responsible for transporting cholesterol into the mitochon-
dria for steroidogenesis to occur.

Prolonged exposure to glucocorticoids affects all levels
of the HPA axis. Supraphysiologic steroid exposure blocks
the hypothalamic neurons’ ability to produce and store
CRH, and CRH receptor numbers are decreased in the
pituitary gland. In addition, glucocorticoid therapy sup-
presses both pro-opiomelanocortin production and storage
of ACTH. With long-term chronic suppression of ACTH
release, there is a diminished transcription of enzymes
involved in the biosynthesis of glucocorticoids. The adrenal
reserve is lost, leading to the risk of an adrenal crisis after
exogenous glucocorticoid treatment is discontinued. In
addition, low ACTH levels can result in atrophy of the
adrenal glands, as ACTH has a trophic effect on adreno-
cortical growth [62].

Recovery of the HPA axis after glucocorticoid exposure
is dependent on multiple factors, including the total dose,
potency, and length of glucocorticoid exposure. Experts
generally agree that adrenal suppression is unlikely to occur
in a patient treated with glucocorticoid for <10 days
[61, 63]. However, if an infant develops unexplained
hypoglycemia, electrolyte abnormalities, or refractory
hypotension, stress dose treatment with hydrocortisone
(~50 mg/m*/day) should be strongly considered [15]. For
infants who have been glucocorticoid -exposed for
>14 days, the risk of HPA axis suppression is high. Studies
in VLBW premature infants treated with a 3-week course of
dexamethasone demonstrated differential recovery of the
axis, with the hypothalamic-pituitary signaling (measured
by CRH testing) recovering earlier than adrenal gland
function (measured by ACTH stimulation testing) [64, 65].
This indicates that infants are at risk for an adrenal crisis
following glucocorticoid therapy and will require stress
dose steroids during critical illness, with or without fever,
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Steroid Courses (HC Equivalent)

9
Early Postnatal (0-7d) |
8

Starting Dose (HC Eq, mg/kg)

m—Starting Dose (HC Eq; mg/kg)

Early Evolving BPD (>7d to 28d) |

=@ Cumul

300
Established BPD (236 PMA)

200

100

Cumulative Dose (HC Eq, mg/kg)

64 104 245

e Dose (HC Eq; mg/kg)

Fig. 4 Hydrocortisone equivalence for protocolized systemic postnatal corticosteroids described in respective studies. Linafelter has two
different cumulative doses: 104 mg/kg represents the amount over 28 days as described by the protocol in the study; *245 mg/kg represents the
actual reported median hydrocortisone equivalent used in the babies in that study (prednisolone cumulative dose of 61 mg/kg) [55]. The blue bars/
starting dose uses the left vertical axis while the orange line/cumulative dose uses the right vertical axis.

Hypothalamus
GR (MR)

2D

CRF | (+) (-)

Anterior Pituitary (-)
GR (MR)

ACTH l (+)

cortisol

Adrenal Cortex

Fig. 5 Hypothalamic-pituitary-adrenal axis. Cortisol exerts negative
feedback on both the hypothalamus and anterior pituitary, leading to
decrease in both corticotropin releasing factor (CRF) and adreno-
corticotropic hormone (ACTH) predominantly through action on the
glucocorticoid receptor (GR). When cortisol levels drop or there is a
physiologic need for cortisol release, CRF and ACTH levels rise,
stimulating the secretion and production of cortisol by the adrenal
gland. Mineralocorticoid receptors (MR) are expressed at low levels in
the hypothalamus and anterior pituitary.

and for surgical procedures [61, 63]. Follow-up evaluation
of the HPA axis by provocative testing (see below) will
determine when stress dose steroids with an acute illness/
event can be discontinued.

Proposed glucocorticoid weaning protocol

For neonates who have been treated with supraphysiologic
dose glucocorticoids for <14 days, tapering the

glucocorticoid therapy for the final days of treatment may
decrease the risk of adrenal suppression. This strategy is
part of the regimens used in most postnatal corticosteroid
studies (Table 2). While there are no specific guidelines for
glucocorticoid weaning, we propose a protocol (Table 3). It
should be noted that methylprednisolone, prednisolone, and
dexamethasone are 4x, 5x, and 25X more potent than
hydrocortisone, respectively (Table 1) [S]. These potencies
are considered when developing glucocorticoid weaning
plans, as the goal is to reach a “maintenance” glucocorticoid
dose of 8—10 mg/m*/day hydrocortisone equivalent (HC Eq)
(Table 3).

For infants who have been on a steroid course for
10-14 days (including taper time), glucocorticoids can be
discontinued once the steroid course is completed (Table 3).
These infants generally do not require follow-up with
pediatric endocrinologists. However, they should be mon-
itored closely for signs and symptoms of adrenal insuffi-
ciency, including hypoglycemia, hypotension, and
hyponatremia, as well as lethargy, poor feeding, and list-
lessness. Glucocorticoids are essential for free water
excretion; thus, patients with central adrenal insufficiency
may develop fluid retention and hyponatremia [66, 67]. If
these symptoms develop, the infant should be started on
maintenance hydrocortisone (8—10 mg/m?*/day divided BID)
and referred to pediatric endocrinology for further man-
agement. If the infant is discharged within 14 days of the
steroid treatment, pediatrician evaluation post-discharge is
prudent to ensure adequate feeding, growth, and develop-
mental progress (Table 4) [68].

Infants who have been on steroids for >14 days are at
high risk for adrenal insufficiency [61, 63]. The suggested
weaning protocol (Table 3) has been used for several years
at Rainbow Babies & Children’s Hospital. A similar prac-
tice has been used for over a decade at the University at
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Table 3 Recommendations for

If dose is <20 mg/m?/day, change current steroid agent to hydrocortisone and go to step 4.

Continue current steroid agent, decreasing dose by 50% every 3 days until a HC Eq dose of 15-20
Discontinue current steroid agent and change agent to hydrocortisone at a dose of 15-20 mg/mzl

Wean hydrocortisone to 8—10 mg/m*/day divided twice daily. Continue this dose for two weeks.

weaning glucocorticoids Step 1 Conver’[- current ster(gid dose to HC Eq dose®.
(treatment >14 days). If dose is >20 mg/m“/day, go to step 2.
Step 2
mg/mzlday is reached®, then go to step 3.
Step 3
day divided twice daily for 3 days.
Step 4
Step 5  If wean has been tolerated, discontinue hydrocortisone.

Continue to monitor for adrenal insufficiency (hypoglycemia, hypotension, hyponatremia).
Refer to Table 4 for post-wean management.

*HC Eq dose, hydrocortisone equivalency dose (mg/m?/day).

°If the infant has any evidence of adrenal insufficiency during the wean, the dose can be increased back to the
previously tolerated dose and the time between weans can be extended by an additional 3-6 days.

Buffalo. In our experience, the protocol is safe and adap-
table for inpatient use. The initial step is to determine the
current HC Eq dose that the baby is receiving at the start of
the glucocorticoid wean (converting to HC dose in mg/m?/
day). Using the original glucocorticoid formulation,
decrease the dose by 50% every 3 days until the HC Eq
dose is 15-20 mg/m*day. At that point, convert over to
hydrocortisone administered as twice-daily dosing for
3 days. Then decrease to 8—10 mg/m*day hydrocortisone
and administer for 2 weeks (“maintenance” hydrocortisone)
before discontinuation. During this time, especially with
twice-daily dosing and lower exogenous HC levels, the
HPA axis has an opportunity to initiate endogenous cortisol
production. If the infant has any evidence of adrenal
insufficiency during the weaning process, the dose can be
increased to the previously tolerated dose, and the fre-
quency of dosing weans can be extended by an additional
3-6 days.

Once the steroid wean is complete, the infant should be
monitored closely for signs of adrenal insufficiency. The
team also needs to determine if and when the infant should
undergo provocative stimulation of the adrenal gland to
evaluate the recovery of the HPA axis [61, 63]. Based on
our collective experience and recommendations, Table 4
guides management with respect to the involvement of a
pediatric endocrinologist and the need for a stimulation test.
The length of steroid exposure and the anticipated obser-
vation period in the hospital after the steroid wean are
considered when making this decision. The recommenda-
tions in Table 4 have been followed since 2008 and 2011,
respectively, in the NICUs at Women and Children’s
Hospital of Buffalo and Medical University of South Car-
olina and have worked well.

To assess adrenal gland function following prolonged
glucocorticoid exposure, an ACTH stimulation test is con-
ducted by administering 1 mcg dose of cosyntropin (i.e.,
synthetic ACTH) intravenously. Cortisol levels are mea-
sured at baseline and then 20 and 30min after the
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administration of synthetic ACTH [69]. Some testing pro-
tocols measure cortisol at only 30 and 60 min; however,
cortisol generally peaks earlier in the low-dose ACTH test
[70]. A peak of >18 mcg/dl at any of the time points indi-
cates recovery of the HPA axis. Although obtaining cortisol
levels in infants after being weaned to maintenance (or off)
hydrocortisone might decrease the number of ACTH sti-
mulation tests, our collective recommendation is that
obtaining a pre-8 a.m. cortisol level is not useful in this
patient population. This is because infants, particularly
those in an intensive care setting, have not established a
diurnal rhythm for cortisol production [71, 72]. We
recommend consultation with a pediatric endocrinologist
for any patient with steroid exposure >14 days (Table 4).
The pediatric endocrinology team can assist with the
interpretation of adrenal function testing, can provide stress
dose counseling to families as needed, and plan outpatient
follow up as needed.

Stress dose teaching

Even with the recommended glucocorticoid weans, some
neonates will have either confirmed or presumed ongoing
secondary adrenal insufficiency at the time of discharge. For
these patients, a discharge plan should be developed with
pediatric endocrinology colleagues. Adrenal crisis is pre-
cipitated by physiologic stress, including fever, acute
respiratory and gastrointestinal illnesses, trauma, and/or
surgery. In such a situation, the family should be instructed
in advance to administer a “stress dose” of hydrocortisone,
teaching that should be provided by a pediatric endocri-
nologist. The daily oral emergency hydrocortisone dose is
50 mg/m*day, divided and administered three times
per day. Hydrocortisone is commercially available as a
tablet, which may be crushed and mixed with a small
amount of formula. Oral suspensions are also commonly
used and can be requested from a compounding pharmacy.
Regardless of the formulation used, parents should be
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Table 4 Determining if infant needs endocrine consult and/or ACTH stimulation test in the preterm infant with BPD.

>28 days

14-28 days 14-28 days

<9 days 10-14 days 10-14 days

Length of steroids
(including wean)

NA

<4 weeks

>4 weeks

<2 weeks

>2 weeks

NA

Length of time in hospital post

steroids

Yes

Yes

No

No

No

No

Endo consult?

2 weeks after steroids stopped or 2 weeks prior to estimated

hospital discharge, whichever is earlier

Yes

Immediately

If yes, consult when?

Determined at time of

consult
Yes

No

No

No

No

ACTH stim test?

Based on ACTH test

No

No No but PCP 1 week post-
hospital discharge
No

No

Endo follow-up

Based on ACTH test

Determined at time of

consult

No

No

No

Stress dose instructions

Endo pediatric endocrinology, ACTH adrenocorticotropic hormone, PCP primary care provider.

taught when and how much hydrocortisone should be
administered, and instructed to monitor the expiration date
of the formulation. Families can also be provided an
“Emergency Stress Dose Letter” (provided as an example,
Supplementary Document) that provides the following
relevant information: the diagnosis, how to contact the
endocrinologist, appropriate oral dosing, and intravenous
doses of hydrocortisone that should be administered in an
emergent situation such as acute illness, injury, or surgery.
This letter also guides future medical professionals to pro-
vide appropriate care for an infant during the recovery phase
of secondary adrenal insufficiency. Infants discharged from
the NICU with an ongoing diagnosis of secondary adrenal
insufficiency should be scheduled for outpatient follow-up
with pediatric endocrinology. The endocrinology team will
adjust hydrocortisone stress doses for growth, reinforce
stress dosing issues, assess recovery of the HPA axis and
answer guardian or caretaker questions.

The previous recommendations are based on a protocol
developed collaboratively between neonatology and endo-
crinology in Buffalo in 2008, which avoids routine cortisol
measurements. Anecdotally this protocol has worked well
and been safe for over a decade.

Summary

The development of BPD is multidimensional. The imbal-
ance of pro-inflammatory and anti-inflammatory pathways
contributing to the lung injury can be attributed to different
settings: prenatal (e.g., chorioamnionitis) and postnatal
(e.g., mechanical ventilation, relative hyperoxia, sepsis).
Systemic corticosteroids have anti-inflammatory properties
and provide clinicians with options to prevent, treat, or
mitigate the lung injury.

Dexamethasone and inhaled budesonide are not recom-
mended for use before 7 days of age. Although early dex-
amethasone significantly decreases the combined outcome
of death or BPD at 36 weeks’ PMA, this benefit is out-
weighed by an increased associated risk of gastrointestinal
perforation and NDI. Similarly, although inhaled budeso-
nide decreases the risk of BPD, it has been shown to
increase mortality. Favorable results from the PREMILOC
trial suggest promise for early hydrocortisone use. Clin-
icians at centers with high BPD rates could consider early
prophylactic hydrocortisone due to its benefit of improved
survival without BPD at 36 weeks’ PMA without any sig-
nificant NDI. If early hydrocortisone is used, concurrent
treatment with NSAIDs must be avoided to reduce the risk
of gastrointestinal perforation.

Infants with either evolving or established BPD may
benefit from late postnatal corticosteroids. Late use (>7 days
of age) of corticosteroids demonstrates the benefit of facil-
itating extubation or decreasing respiratory support without

SPRINGER NATURE



1794

Z. T. Htun et al.

NDI. However, a consensus approach balancing the benefits
and risks of corticosteroid treatment in early evolving BPD
does not exist. There are also no prospective trials com-
paring dexamethasone to hydrocortisone directly. The
relative benefits (timing of extubation, prevention of BPD,
and late pulmonary complications) and risks (long-term
NDI) of high-dose hydrocortisone compared to low-dose
dexamethasone remain a research priority. Both hydro-
cortisone (utilizing the STOP-BPD regimen) and dex-
amethasone (utilizing the DART regimen) facilitate
extubation without NDI. In our practice, if a steroid is to be
given before day 21, we consider hydrocortisone, rather
than dexamethasone, due to dexamethasone’s neurological
harm observed in animal models and retrospective data
before that time [46, 47, 73]. After 21 days of age, based on
clear efficacy in this window of lung disease, dex-
amethasone can be wused with less concern for
neurologic harm.

There is currently a research gap for infants with later
evolving BPD (28 days of age to 36 weeks’ PMA). In this
period, the evidence for BPD management with corticos-
teroids is minimal. For infants born at 24 weeks’ GA, for
example, this period of eight weeks (28 days of age to
36 weeks’ PMA) may represent a critical stage for BPD
evolution. In our practice, we continue to utilize the DART
regimen in this period. However, any further relevant ster-
oid treatment data available for infants >28 days of age will
help clinicians, and prospective studies are highly desirable.

For infants with established severe BPD, prednisolone
may be used, but data are based only on retrospective
analyses. In our practice, we tend to utilize the shorter
Bhandari et al. prednisolone dosing primarily in ventilated
infants who may be able to extubate or who have a con-
current severe exacerbation of their underlying lung disease
on high respiratory support. When prolonged prednisolone
courses in the Linafelter et al. age range are needed (i.e.,
>30 days), we feel that collaboration with a pediatric pul-
monologist is warranted. These longer courses of corticos-
teroids should be tailored to the infant’s goals of therapy
and response. Likewise, monitoring for adverse effects,
including growth failure, should be assessed regularly as a
multidisciplinary team.

Iatrogenic adrenal insufficiency is a side effect of this
glucocorticoid treatment and must be managed appro-
priately. By recognizing the different potencies of gluco-
corticoids and using rational weaning protocols, recovery of
the HPA axis is possible in the hospital. If this is not an
option, families should be educated on recognizing and
treating adrenal insufficiency in order to decrease the risk of
morbidity. The neonatal care team plays a definitive role in
the recognition and management of secondary adrenal
insufficiency while providing reassurance to caregivers that
this condition generally resolves as their child matures.

SPRINGER NATURE

Since systemic steroids are used commonly in premature
infants in various circumstances, including in the manage-
ment of BPD, we need to be strategic in how we safely
support the recovery of the HPA axis for these babies.
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