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Abstract

BACKGROUND—Bronchopulmonary dysplasia is a prevalent complication after extremely 

preterm birth. Inflammation with mechanical ventilation may contribute to its development. 

Whether hydrocortisone treatment after the second postnatal week can improve survival without 

bronchopulmonary dysplasia and without adverse neurodevelopmental effects is unknown.

METHODS—We conducted a trial involving infants who had a gestational age of less than 30 

weeks and who had been intubated for at least 7 days at 14 to 28 days. Infants were randomly 

assigned to receive either hydrocortisone (4 mg per kilogram of body weight per day tapered over 

a period of 10 days) or placebo. Mandatory extubation thresholds were specified. The primary 

efficacy outcome was survival without moderate or severe bronchopulmonary dysplasia at 36 

weeks of postmenstrual age, and the primary safety outcome was survival without moderate or 

severe neurodevelopmental impairment at 22 to 26 months of corrected age.

RESULTS—We enrolled 800 infants (mean [±SD] birth weight, 715±167 g; mean gestational 

age, 24.9±1.5 weeks). Survival without moderate or severe bronchopulmonary dysplasia at 36 

weeks occurred in 66 of 398 infants (16.6%) in the hydrocortisone group and in 53 of 402 (13.2%) 

in the placebo group (adjusted rate ratio, 1.27; 95% confidence interval [CI], 0.93 to 1.74). 

Two-year outcomes were known for 91.0% of the infants. Survival without moderate or severe 

neurodevelopmental impairment occurred in 132 of 358 infants (36.9%) in the hydrocortisone 

group and in 134 of 359 (37.3%) in the placebo group (adjusted rate ratio, 0.98; 95% CI, 

0.81 to 1.18). Hypertension that was treated with medication occurred more frequently with 

hydrocortisone than with placebo (4.3% vs. 1.0%). Other adverse events were similar in the two 

groups.

CONCLUSIONS—In this trial involving preterm infants, hydrocortisone treatment starting 

on postnatal day 14 to 28 did not result in substantially higher survival without moderate 

or severe bronchopulmonary dysplasia than placebo. Survival without moderate or severe 

neurodevelopmental impairment did not differ substantially between the two groups. (Funded 

by the National Institutes of Health; ClinicalTrials.gov number, NCT01353313.)

†A complete list of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Neonatal 
Research Network investigators is provided in the Supplementary Appendix, available at NEJM.org.

Dr. Watterberg can be contacted at kwatterberg@salud.unm.edu or at MSC10 5590, Department of Pediatrics, University of New 
Mexico Health Sciences Center, Albuquerque, NM 87131.
*Deceased.
The authors’ full names, academic degrees, and affiliations are listed in the Appendix.

Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.

A data sharing statement provided by the authors is available with the full text of this article at NEJM.org.
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Bronchopulmonary dysplasia remains prevalent after extremely preterm birth, affecting 

about half of survivors, and has not decreased over time.1–5 Its cause is multifactorial; 

prematurity, mechanical ventilation, oxygen exposure, and inflammation are postulated to 

contribute to its development.3 A diagnosis of bronchopulmonary dysplasia is associated 

with subsequent abnormal growth, neurodevelopment, and respiratory function.5–7 

Dexamethasone, a powerful glucocorticoid, became widely used in the 1990s after reports of 

shortterm respiratory benefit.8,9 Use declined when adverse effects emerged, particularly 

neurodevelopmental effects such as cognitive impairment and cerebral palsy4,10–12; 

however, many extremely preterm infants continue to be exposed.4,12

Dexamethasone is not an ideal therapeutic agent owing to its long biologic half-life, 

suppression of cortisol production, and disruption of the balance between mineralocorticoid 

and glucocorticoid signaling in the brain.13 Hydrocortisone has several potentially 

advantageous qualities. Like cortisol, it binds to both mineralocorticoid and glucocorticoid 

receptors in the brain. In animal models, hydrocortisone has neither the apoptotic effects of 

dexamethasone in the hippocampus nor the growth-restricting effects on brain and body 

weight.13–15 Randomized trials of hydrocortisone involving human infants are limited; 

however, in a recent randomized trial of hydrocortisone initiated between postnatal days 

7 and 14 with a starting dose of 5 mg per kilogram of body weight per day tapered over 

a period of 3 weeks, there was no evidence of adverse neurodevelopmental effects at 2 

years.16

Lower-dose hydrocortisone (1 to 2 mg per kilogram per day, estimated physiologic 

replacement17), given in the first postnatal week as prophylaxis for relative adrenal 

insufficiency, decreased the incidence of death or bronchopulmonary dysplasia.18 

Whether a higher, antiinflammatory dose of hydrocortisone given later can improve 

respiratory outcomes was not known when this trial started in 2011. This trial was 

undertaken to determine both the efficacy of hydrocortisone in increasing survival without 

bronchopulmonary dysplasia and its longer-term safety, as assessed by survival without 

moderate or severe neurodevelopmental impairment at 22 to 26 months of age, adjusted for 

prematurity.

METHODS

TRIAL DESIGN AND OVERSIGHT

This double-masked, placebo-controlled, randomized trial was designed by investigators of 

the Eunice Kennedy Shriver National Institute of Child Health and Human Development 

(NICHD) Neonatal Research Network (NRN) and was conducted in its 19 U.S. academic 

centers (including 50 neonatal intensive care units). Authors from RTI International had 

full access to the data and take responsibility for its integrity and the accuracy of analysis. 

The first author drafted the manuscript. Other author contributions are described in the 

Supplementary Appendix (available with the full text of this article at NEJM.org); all the 

authors vouch for the accuracy and completeness of the data and for the fidelity of the 

trial to the protocol (available at NEJM.org). The trial was approved by institutional review 

boards at each center; after written consent was obtained from a parent or guardian, infants 
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were enrolled from August 22, 2011, to February 4, 2018. Follow-up visits occurred from 

August 18, 2013, to March 29, 2020.

PARTICIPANTS

Infants were eligible from 14 to 28 postnatal days if they had an estimated gestational 

age at birth of less than 30 weeks, were born at or admitted to an NRN site at no 

more than 72 hours of postnatal age, had received mechanical ventilation through an 

endotracheal tube for at least 7 days, and were receiving mechanical ventilation through an 

endotracheal tube at trial entry. Among the exclusions were major congenital anomalies, a 

decision to limit intensive life support, indomethacin or ibuprofen treatment within 48 hours 

before trial entry, and previous systemic glucocorticoid treatment for bronchopulmonary 

dysplasia. Infants were also excluded if they had received hydrocortisone or other systemic 

glucocorticoids for at least 14 cumulative days or within 7 days before trial entry.

RANDOMIZATION

Randomization was performed individually in a 1:1 ratio by the NRN Data Coordinating 

Center at RTI International with the use of permuted-block randomization (in blocks of 

two and four), with stratification performed within center according to gestational age 

(<27 weeks vs. 27 to <30 weeks). Pharmacy personnel prepared masked hydrocortisone or 

placebo; all the other personnel remained unaware of the trial-group assignments.

INTERVENTION

Infants received saline placebo or hydrocortisone sodium succinate (Solu-Cortef plain, 

Pfizer), administered intravenously or orally (if no intravenous line was available) and 

tapered over a period of 10 days (4 mg per kilogram per day for 2 days, 2 mg per kilogram 

per day for 3 days, 1 mg per kilogram per day for 3 days, and 0.5 mg per kilogram per 

day for 2 days, on the basis of a review of antiinflammatory dosing schedules17). Mandatory 

extubation thresholds were specified. Although extubation could be elected at the discretion 

of the attending physician, an extubation attempt was required within 72 hours after starting 

hydrocortisone or placebo and within 24 hours after the following criteria had been met: 

a fraction of inspired oxygen (Fio2) of less than 0.40 to maintain a saturation of at least 

88%, a mean airway pressure of less than 8 cm of water, and a hemodynamically stable 

condition in the opinion of the clinical team. Trial personnel reviewed settings daily to 

monitor adherence. Successful extubation was defined as remaining extubated for at least 1 

week, including at least 3 days after the last dose of hydrocortisone or placebo.

PRIMARY OUTCOME

The primary outcome included both efficacy and safety measures. The efficacy outcome 

was improvement in survival without physiologically defined moderate or severe 

bronchopulmonary dysplasia at 36 weeks of postmenstrual age, defined as the use of 

supplemental oxygen, positive-pressure ventilation, or both to maintain an oxygen saturation 

of more than 90%. An ambient-air challenge was performed for infants estimated to be 

receiving an Fio2 of less than 0.30 by nasal cannula.6,19 The safety outcome was survival 

without moderate or severe neurodevelopmental impairment at 22 to 26 months of corrected 
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age, determined by an in-person trial visit and defined as any of the following: a Bayley 

Scales of Infant and Toddler Development–III (Bayley-III) cognitive composite score of 

less than 85 (standardized mean [±SD], 100±15; range, 55 to 145) or motor composite 

score of less than 85 (standardized mean, 100; range, 45 to 155), with lower scores 

indicating greater impairment20; a Gross Motor Function Classification System (GMFCS) 

level of at least II (on a scale from level 0 to V, with 0 indicating normal gross motor 

function and higher levels indicating greater impairment)21; severe vision impairment in 

both eyes (consistent with a visual acuity of <20/200); or bilateral hearing impairment 

with or without amplification (on the basis of observation during the trial visit; report by 

the parent, guardian, or primary caregiver; or chart review). The Bayley-III, neurosensory, 

and neurologic examinations were administered by annually certified examiners who were 

unaware of the trial-group assignments.22

SECONDARY OUTCOMES

The secondary outcomes were standard complications and growth measures after extremely 

preterm birth at 36 weeks of postmenstrual age and at 22 to 26 months of corrected 

age; successful extubation during the intervention period, defined as remaining extubated 

for at least 1 week, including at least 3 days after the last dose of hydrocortisone 

or placebo; use of open-label dexamethasone; and respiratory status at 40 weeks of 

postmenstrual age, according to the same measures used at 36 weeks. According to the 

protocol, dexamethasone was restricted to infants remaining on mechanical ventilation. 

Use of hydrocortisone after the treatment period was a protocol violation. Specific adverse 

events of interest included spontaneous gastrointestinal perforation, culture-proven sepsis, 

hyperglycemia resulting in insulin treatment, and hypertension treated with antihypertensive 

agents.

STATISTICAL ANALYSIS

A sample size of 800 infants was chosen for 80% power to detect an increase in survival 

without moderate or severe bronchopulmonary dysplasia of 10 percentage points from a 

baseline survival of 35% or less (estimated from NRN data); a two-sided type I error of 

0.05 was used. Simulations were used to ensure a probability of at least 80% of a successful 

safety evaluation, defined as follows. On the basis of previous data, we anticipated that 

hydrocortisone treatment would be associated with improved survival without moderate 

or severe neurodevelopmental impairment.23,24 We did not anticipate finding a significant 

benefit with this sample size; therefore, the safety evaluation was considered to be 

successful if either the risk of death or neurodevelopmental impairment was lower in the 

hydrocortisone group than in the placebo group or there was a higher risk of death or 

neurodevelopmental impairment in the hydrocortisone group than in the placebo group but 

the lower limit of a one-sided 95% confidence interval for the ratio of increased benefit for 

bronchopulmonary dysplasia to increased risk of neurodevelopmental impairment was equal 

to or greater than 4.

Eight protocol-specified interim analyses were conducted after every 100 infants reached 

status (death, discharge, transfer, or 120 postnatal days) to compare the incidence of 

serious adverse events (nosocomial sepsis, intestinal perforation, respiratory deterioration 
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or pneumonia, and death) between the two trial groups. A Pocock boundary of ±2.555, with 

a corresponding significance level of 0.011, was used for the interim safety evaluation.25 

Two futility analyses were conducted to evaluate the possibility of stopping the trial when 

approximately 400 and 600 infants had been evaluated for the primary efficacy outcome. 

Both design-based conditional power and the conditional power under current trend were 

computed.26 Because we did not have hypothesized effect sizes for the secondary outcomes, 

only the conditional power under current trend was computed for these outcomes. If these 

analyses showed a design-based conditional power for the primary outcome of 0.1 or less 

and provided the data and safety monitoring committee with little evidence of a benefit for 

any of the secondary outcomes, the data and safety monitoring committee was to consider 

stopping enrollment owing to futility.

All analyses were conducted according to the intention-to-treat principle with the use of 

SAS software, version 14.3 (SAS Institute).27 Robust Poisson regression with control for 

center and gestational-age strata as fixed effects was used to obtain adjusted relative risk 

(rate ratio) estimates and 95% confidence intervals for the primary efficacy and safety 

outcomes and binary secondary outcomes.28 There was no prespecified plan to adjust for 

multiplicity of testing for the secondary outcomes, and a P value is reported only for 

the primary outcome (with a two-sided P value of <0.05 considered to indicate statistical 

significance); all other analyses are reported as point estimates and 95% confidence intervals 

and are considered to be exploratory. Missing data regarding the primary safety outcome 

were assumed to be missing completely at random; sensitivity analyses were conducted by 

assuming all missing outcomes were either events or nonevents.

When the model failed to converge owing to sparse outcome data at some centers, Mantel–

Haenszel estimates for stratified data were obtained.29 Because the robust Poisson regression 

models did not converge, the Gail–Simon test for interactions between treatment effects 

and infant subgroups was used to test for the heterogeneity of the treatment effect on 

the risk of the primary efficacy outcome according to center, gestational-age strata, and 

sex.30 In addition, Fenton growth curve z scores for weight, length, and head circumference 

were calculated and analyzed with the use of linear regression.31 Adverse events were 

analyzed with the use of Poisson regression, and duration of respiratory support and length 

of hospital stay were analyzed with the use of median regression. All models were adjusted 

for center and gestational-age strata. The Cox proportional-hazards model was used to 

compare timing of successful extubation, and Kaplan–Meier estimates of the probability of 

remaining intubated within 14 days were computed.32

RESULTS

TRIAL POPULATION

Details on screening, randomization, and follow-up are shown in Figure 1. The mean 

(±SD) birth weight was 715±167 g, and the mean gestational age was 24.9±1.5 weeks. 

The outcome of survival without moderate or severe bronchopulmonary dysplasia was 

known for all enrolled infants, and the outcome of survival without moderate or severe 

neurodevelopmental impairment was known for 91.0%. Maternal and infant demographic 

characteristics are shown in Table 1. Baseline characteristics did not differ substantially 
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between the two groups except for sex, with more boys assigned to placebo than to 

hydrocortisone. Characteristics of enrolled infants were similar to those eligible but not 

enrolled (Table S5 in the Supplementary Appendix) and were representative of the wider 

population affected by bronchopulmonary dysplasia (Table S6).

PRIMARY EFFICACY OUTCOME

At 36 weeks of postmenstrual age, 66 of 398 infants (16.6%) in the hydrocortisone group 

were alive without moderate or severe bronchopulmonary dysplasia, as compared with 53 

of 402 infants (13.2%) in the placebo group (adjusted rate ratio, 1.27; 95% confidence 

interval [CI], 0.93 to 1.74) (Table 2). Results for components of the primary outcome were 

similar in the two groups (Table 2), as was the severity of bronchopulmonary dysplasia in 

survivors33 (Table 3). The rate ratios and 95% confidence intervals in subgroups defined 

by sex, gestational-age strata, and center are shown in Figure S1. The Gail–Simon test did 

not reveal evidence of differing effect according to center, gestational-age stratum, sex, or 

birth year; however, an interaction cannot be ruled out, because the trial was not powered for 

subgroup effects.

PRIMARY SAFETY OUTCOME

At 22 to 26 months of corrected age, survival without moderate or severe 

neurodevelopmental impairment occurred in 132 of 358 infants (36.9%) in the 

hydrocortisone group and in 134 of 359 (37.3%) in the placebo group (adjusted rate ratio, 

0.98; 95% CI, 0.81 to 1.18) (Table 2). In sensitivity analyses that accounted for missing 

data regarding the primary safety outcome, the results were materially unchanged, regardless 

of whether missing outcomes were assumed to be events (adjusted rate ratio, 0.99; 95% 

CI, 0.82 to 1.20) or nonevents (adjusted rate ratio, 0.98; 95% CI, 0.84 to 1.14). Other 

neurodevelopmental and growth outcomes did not differ substantially between the two 

groups (Tables 3 and S1).

SECONDARY EFFICACY OUTCOMES

During the treatment period, more infants in the hydrocortisone group were successfully 

extubated than in the placebo group (178 of 398 [44.7%] vs. 135 of 402 [33.6%]) (Fig. 

2). The rate ratio for extubation was 1.54 (95% CI, 1.23 to 1.93). The hydrocortisone 

group had fewer days of mechanical ventilation than the placebo group before 36 weeks of 

postmenstrual age (median, 37 days vs. 40 days; median difference, −3 days; 95% CI, −5 to 

−1) and before status (120 postnatal days; median, 37 days vs. 41 days; median difference, 

−4 days; 95% CI, −7 to −1). However, similar numbers in each group had been extubated 

by 36 weeks of postmenstrual age, and total duration of supplemental oxygen therapy 

and length of hospital stay did not differ substantially between the two groups (Table 3). 

Open-label dexamethasone was administered to 39.7% of the infants in the hydrocortisone 

group and 42.1% of those in the placebo group (Table 3). Other secondary outcomes were 

similar between the two groups (Tables 3 and S1).
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ADVERSE EVENTS AND PROTOCOL VIOLATIONS

Hypertension was more common in the hydrocortisone group; 4.3% were treated with 

antihypertensive medication, as compared with 1.0% in the placebo group (adjusted rate 

ratio, 4.27; 95% CI, 1.45 to 12.55) (Table S2). No infant was discharged while receiving 

antihypertensive medication. The frequency of other adverse events and causes of death 

were similar in the two groups, as shown in Tables S2 (adverse events) and S3 (causes 

of death). Protocol violations were also similar in the two groups (Table S4); the most 

frequent violations were a missed dose (7.0% in the hydrocortisone group and 8.0% in the 

placebo group) and dexamethasone treatment within the 14-day trial period (6.8% and 5.7%, 

respectively).

DISCUSSION

In this multicenter, randomized, placebo-controlled trial involving infants at high risk 

for bronchopulmonary dysplasia, hydrocortisone treatment did not lead to substantially 

higher survival without moderate or severe bronchopulmonary dysplasia at 36 weeks of 

postmenstrual age than placebo, nor did hydrocortisone treatment alter the severity of 

bronchopulmonary dysplasia assessed at that time. The great majority of infants (634 of 

753, 84.2%) had received a diagnosis of moderate or severe bronchopulmonary dysplasia at 

36 weeks, a finding similar to that of previous reports of infants mechanically ventilated for 

more than 36 days.35 Thus, our hypothesis that earlier extubation would result in a decreased 

incidence of moderate or severe bronchopulmonary dysplasia or death was not supported by 

these results. Survival without moderate or severe neurodevelopmental impairment and other 

growth and neurodevelopmental outcomes assessed at 2-year follow-up were similar in the 

two groups.

These results are consistent with those of the only known previous multicenter, randomized, 

controlled trial of hydrocortisone treatment begun after the first postnatal week, which 

enrolled 372 intubated infants between postnatal day 7 and day 14 and provided treatment 

for 22 days, starting with 5 mg per kilogram per day.36 That trial also showed that 

hydrocortisone increased the incidence of extubation during the treatment period but 

did not result in a significant improvement in survival without moderate or severe 

bronchopulmonary dysplasia. Outcomes at 2 years showed no significant difference in death 

or neurodevelopmental impairment between the trial groups.16 In contrast, randomized, 

controlled trials involving the use of lower-dose hydrocortisone in the first postnatal 

week as prophylaxis for possible relative adrenal insufficiency (1 to 2 mg per kilogram 

per day, estimated physiologic replacement dose17) showed a significant improvement 

in survival without moderate or severe bronchopulmonary dysplasia, as assessed in an 

individual patient data meta-analysis.18 Because early lung inflammation has been linked to 

bronchopulmonary dysplasia, earlier therapy could be more effective by ameliorating early 

adrenal insufficiency and thereby decreasing early lung inflammation,37,38 whereas later 

therapy may be ineffective owing to the presence of established inflammatory injury.

In reviews of glucocorticoid therapy, the authors concluded that although dexamethasone 

given after the first week probably decreases the risk of death or bronchopulmonary 

dysplasia, no recommendation can be made regarding the appropriate dose or timing; 
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in addition, long-term follow up has been inadequate to evaluate neurodevelopmental 

effects.39,40 Thus, a new multicenter trial is warranted to address these questions.

The only monitored adverse event that was more frequent in the hydrocortisone group 

than in the placebo group was hypertension (4.3% vs. 1.0% of infants treated with 

an antihypertensive agent). The incidences of culture-proven sepsis and of necrotizing 

enterocolitis were similar in the two groups (Table S1). Use of systemic glucocorticoids 

within the 14-day trial period or later was also similar in the two groups (Tables 3 and S1).

Strengths of this trial include a multicenter design, a larger sample than previous 

studies, a well-established multicenter clinical trials network, and certification of all the 

examiners performing the neurologic examinations and Bayley-III assessments at 2 years.22 

Limitations include the facts that only 35% of the eligible patients were enrolled and 

that there was a high incidence of subsequent treatment with open-label dexamethasone. 

Although this incidence is similar to that in many previous studies,40 it may limit 

interpretation of results. Only infants surviving to 14 days were eligible, which may limit 

generalizability. In addition, outcomes were limited to 2 years of follow-up. Currently, 

these children are being evaluated at 5 to 6 years to assess pulmonary and developmental 

outcomes.

We found that a 10-day tapering course of hydrocortisone for extremely preterm infants who 

remained intubated at 14 to 28 days did not result in substantially higher survival without 

moderate or severe bronchopulmonary dysplasia at 36 weeks of postmenstrual age than 

placebo. We found no adverse effects on growth or neurodevelopment at 2 years of corrected 

age, confirming the safety of this therapy to 2 years, as used in the trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 (facing page). Recruitment, Randomization, and Follow-up.
Infants were enrolled at 50 hospitals; however, the centers participating in the Neonatal 

Research Network changed over time, and the timing of approval by institutional review 

boards varied. Therefore, the number of hospitals enrolling at any given time was lower than 

50. Although 1523 infants were excluded for previous receipt of glucocorticoids, only 339 

of these infants had received glucocorticoid therapy for bronchopulmonary dysplasia (BPD). 

Thus, 3.4% of the 9837 ineligible infants were excluded for this reason. The majority (1184) 

had received early therapy for hypotension. There were 11 infants for whom the severity of 
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neurodevelopmental impairment (NDI) could not be determined. According to the protocol 

for the follow-up study, from which we obtained the NDI data in our trial, NDI could be 

determined if a component of a binary indicator in the NDI definition was known as “Yes,” 

but the severity level could be determined only when other components of level of severity 

were not missing.
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Figure 2. Infants Extubated According to Day of Treatment.
Shown are Kaplan–Meier estimates of the proportion of infants remaining intubated within 

the first 14 days of the trial. The probability of being extubated by the end of the treatment 

period was 44.7% in the hydrocortisone group and 33.6% in the placebo group. The rate 

ratio for extubation estimated from the proportional-hazards model was 1.54 (95% CI, 1.23 

to 1.93).
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