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Rationale: Benefits of identifying risk factors for bronchopulmonary
dysplasia in extremely premature infants include providing prog-
nostic information, identifying infants likely to benefit from pre-
ventive strategies, and stratifying infants for clinical trial enrollment.
Objectives: To identify risk factors for bronchopulmonary dysplasia,
and the competing outcome of death, by postnatal day; to identify
which risk factors improve prediction; and to develop a Web-based
estimator using readily available clinical information to predict risk
of bronchopulmonary dysplasia or death.
Methods: We assessed infants of 23–30 weeks’ gestation born in 17
centers of the Eunice Kennedy Shriver National Institute of Child
Health and Human Development Neonatal Research Network and
enrolled in the Neonatal Research Network Benchmarking Trial from
2000–2004.

Measurements and Main Results: Bronchopulmonary dysplasia was
defined as a categorical variable (none, mild, moderate, or
severe). We developed and validated models for bronchopulmo-
nary dysplasia risk at six postnatal ages using gestational age, birth
weight, race and ethnicity, sex, respiratory support, and FIO2

, and
examined the models using a C statistic (area under the curve).
A total of 3,636 infants were eligible for this study. Prediction
improved with advancing postnatal age, increasing from a C
statistic of 0.793 on Day 1 to a maximum of 0.854 on Day 28. On
Postnatal Days 1 and 3, gestational age best improved outcome
prediction; on Postnatal Days 7, 14, 21, and 28, type of respiratory
support did so. A Web-based model providing predicted estimates
for bronchopulmonary dysplasia by postnatal day is available at
https://neonatal.rti.org.
Conclusions: The probability of bronchopulmonary dysplasia in
extremely premature infants can be determined accurately using
a limited amount of readily available clinical information.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Bronchopulmonary dysplasia is the most common se-
rious pulmonary morbidity in premature infants. Al-
though accurate predictive models of bronchopulmonary
dysplasia risk are sometimes used in research, none are
currently used in common clinical practice for a variety
of reasons.

What This Study Adds to the Field

In this study, we identified the change in the relative
contributions of a variety of risk factors to the prediction
of bronchopulmonary dysplasia with advancing postnatal
age. This tool may help identify patients most likely to
benefit from postnatal treatment and assist in the design of
clinical trials to assess the efficacy of preventive therapies
in high-risk populations.
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Bronchopulmonary dysplasia (BPD) is the most common
serious pulmonary morbidity in premature infants (1, 2). The
costs of the disorder are both social and economic and are
measured in impaired childhood health and quality of life (3),
family stress and economic hardship, and increased healthcare
costs (4). Clinicians, parents, and researchers would benefit
from an accurate predictive model of BPD risk based on readily
available clinical information. Previous predictive models of
BPD risk have been reported (5–14). Although sometimes used
in research (15), none are currently used in common clinical
practice for a variety of reasons (e.g., the populations were from
the presurfactant era or before widespread use of antenatal
steroids, BPD was defined as a dichotomous variable at a post-
natal age of limited relevance [28 d], or death was not included
in all models as a competing outcome for BPD).

An additional problem with previously reported analyses is
a lack of detail regarding the change in BPD risk with advancing
postnatal age (5–14). Traditionally, researchers identified risk
factors for BPD by categorizing premature infants as having or
not having BPD at 28 postnatal days or 36 weeks postmenstrual
age, and then examining all factors that influenced risk up to the
time of diagnosis. Subsequent multivariable models included
risk factors identifiable at birth, and exposures up to the time of
diagnosis of BPD. Using this approach, risk factors for BPD
include lower birth weight, lower gestational age, male sex,
patent ductus arteriosus (PDA), sepsis, and mechanical venti-
lation, among many others (16–19). These models typically do
not include postnatal age and therefore cannot quantify the
variable contribution of neonatal exposures over time. Includ-
ing postnatal age facilitates the development and evaluation of
potentially time-sensitive preventive or therapeutic strategies to
modify BPD risk.

Our objectives were to identify risk factors for BPD (defined
according to the National Institute of Child Health and Human
Development consensus definition of no, mild, moderate, and
severe BPD [20, 21]) and the competing outcome of death, by
postnatal day; to identify which risk factors improve prediction;
and to develop a Web-based ‘‘BPD estimator’’ using readily
available clinical information that accurately predicts the risk of
BPD or death. Some of the results of these studies have been
previously reported in the form of abstracts at the Pediatric
Academic Societies Meetings (22–24).

METHODS

Eligibility Criteria

We performed a secondary analysis of data from the Eunice Kennedy
Shriver National Institute of Child Health and Human Development
Neonatal Research Network Benchmarking Trial. This study enrolled
infants from 17 centers admitted from 2000–2004 in a cluster-random-
ized, controlled trial to test whether neonatal intensive care units
trained in benchmarking and multimodal quality improvement tech-
niques could improve survival without BPD compared with centers
with usual practice (25). All sites’ institutional review boards approved
the study. To be eligible for the Benchmarking Trial, infants needed to
survive more than 12 hours and have a birth weight of 401–1,250 g. For
this secondary analysis, infants less than 23 weeks of age were not
included because they all developed BPD, and infants greater than 30
weeks of age were not included because less than 1% of these infants
developed BPD.

Risk Factors

In the Benchmarking Trial, trained research coordinators using stan-
dardized definitions collected data before discharge, including gesta-
tional age, birth weight, race and ethnicity, and sex at birth; respiratory
support and FIO2

were recorded on specified postnatal days (26).
Gestational age (completed weeks of age) was determined by the best

obstetric estimate using the last menstrual period or early ultrasono-
graphic examination, except in unusual circumstances when only an
estimate by the pediatrician (27) was available.

Race and ethnic group were assigned by maternal report. The FIO2

and respiratory support were recorded every 6 hours starting at 0600
hour on each of the Postnatal Days 1, 3, and 7, and then once on Days
14, 21, and 28. Mean FIO2

was used on Days 1, 3, and 7 when more than
one FIO2

was recorded. We assigned the respiratory support as none,
nasal cannula, nasal continuous positive airway pressure (NCPAP),
conventional mechanical ventilation (either synchronized or non-
synchronized intermittent mandatory ventilation), or high-frequency
ventilation every 6 hours on Days 1, 3, 7, 14, 21, and 28. Infants who
never received mechanical ventilation (i.e., NCPAP only) were in-
cluded in the data. If an infant had more than one respiratory support
recorded, we used the ‘‘highest’’ form of ventilation for that day (e.g., if
an infant received both conventional mechanical ventilation and
NCPAP, the infant was coded as having received conventional
mechanical ventilation on that day). Five infants who received oxygen
via hood were included in the nasal cannula group. We did not assess
the type (e.g., continuous flow vs. variable flow) or manufacturer of any
positive–pressure device, including mechanical or high-frequency ven-
tilation. The nasal cannula flow rate was not recorded.

We examined the use of postnatal corticosteroids (15) and the
diagnoses of necrotizing enterocolitis (NEC) (28, 29) and sepsis (30),
and therapy for PDA (31) by postnatal day using standardized Neo-
natal Research Network definitions. The date of surgical ligation of the
PDA was unavailable.

Definition of BPD

BPD was defined as a categorical variable (none, mild, moderate, or
severe) among survivors by modifying the National Institutes of Health
consensus definition of BPD (20, 21) to include infants transferred
before 36 weeks and by defining the need for oxygen at 36 weeks using
a physiologic challenge (32). BPD was defined as follows: no BPD as
not receiving supplemental oxygen (O2) for 28 days or at 36 weeks;
mild BPD as receiving O2 for greater than or equal to 28 days but not
at 36 weeks; moderate BPD as receiving O2 for greater than or equal to
28 days plus treatment with less than 30% O2 at 36 weeks; and severe
BPD as receiving O2 for greater than or equal to 28 days plus greater
than or equal to 30% O2 or positive pressure at 36 weeks. For infants
transferred between 28 days and 36 weeks, we defined BPD using the
O2 therapy at the time of transfer. For infants who were discharged or
transferred less than 28 postnatal days for whom 28-day data were
unavailable, we defined no BPD as not receiving O2, mild BPD as
receiving FIO2

0.21–0.30, moderate BPD as receiving FIO2
0.31–0.5, and

severe BPD as FIO2
greater than 0.5 at the time of transfer.

Statistical Methods

A set of a priori risk factors was considered for inclusion in each
postnatal day model based on their known association with the
outcomes of BPD or death and availability in clinical records. Those
selected for potential inclusion in the models included gestational age,
birth weight, race and ethnicity, sex, respiratory support, FIO2

, treat-
ment for PDA, sepsis, NEC, postnatal corticosteroids, and center (16–
19). We examined each risk factor in each category of BPD or death,
first using unadjusted analysis and then in multivariable analysis.

A series of multinomial logistic regressions were performed using
SAS software version 9.2 (SAS Institute Inc., Cary, NC), simulta-
neously modeling level of BPD or death as a function of the previously
mentioned risk factors to develop predictive models for severity of
BPD or death. Models were developed separately for each of six time
periods: Postnatal Days 1 (day of birth), 3, 7, 14, 21, and 28. Infants
were included in the model if they survived through the day of
prediction (e.g., infants in the Postnatal Day 7 model had to survive
to that day).

Final model selection was based less on statistical significance and
more on how a predictor enhanced the predictive ability of the model.
Each covariate was entered into the model using stepwise forward
selection. Six risk factors were included in the final model: (1)
gestational age, (2) birth weight, (3) race and ethnicity, (4) sex, (5)
respiratory support, and (6) FIO2

. Other variables, such as sepsis, NEC
(either medical or surgical), treatment for PDA (a substitute for
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diagnosis of PDA because this variable was not in the dataset), and
postnatal corticosteroids, did not enhance the predictive ability of the
models beyond that achieved by the previously mentioned six factors
and thus were not further evaluated. Because of the need to develop
a predictive model that can be widely used, we could not include
clinical center as a factor in the models. We tested for the effect of
adding center to the models and found that the predictive ability of the
models increased only marginally: the C statistic increased by 0.9%–
1.3% for models that included center.

Predictive performance of our models was assessed using a C
statistic, which corresponds to the area under the receiver–operating
characteristic curve, which is suitable for multinomial outcomes, such
as our five-level outcome. Internal validation was accomplished by
dividing the cohort into two parts: two-thirds of the infants were
randomly selected from each site as the model development cohort,
and the remaining third were used as an internal model validation
cohort. External validation was accomplished by applying the de-
velopment models on two different cohorts of infants and comparing
the results. One cohort included infants in the recently reported
Neonatal Research Network Surfactant Positive Airway Pressure and
Pulse Oximetry Trial in Extremely Low-birth-weight Infants (SUP-
PORT) trial who were at the same centers as the Benchmarking Trial,
and the other cohort included infants in the Benchmarking Trial who
were at the same gestational age and center as those in SUPPORT
(33, 34).

RESULTS

We identified 4,095 infants with Benchmarking Trial data: 3,636
(88.8%) infants were eligible for this study; 68 infants were
excluded because of death at less than or equal to 12 hours. Ten
infants at less than 23 weeks (100% developed BPD) and 381
infants at more than 30 weeks gestation (,1% developed BPD)
were also excluded. There were seven infants for whom an
outcome was not determined.

The mean birth weight for the cohort was 897 6 203 g, the
mean gestational age was 26.7 6 1.9 weeks, the mean maternal
age was 27.2 6 6.5 years, 51% were male, and 13% received
postnatal corticosteroids (Table 1). In addition, 85% received
antenatal steroids, and 81% received surfactant.

When examining categories of BPD, increasing severity of
BPD was inversely proportional to gestational age and birth
weight (Table 1). As the severity of BPD increased, the
percentage of male infants increased. Infants with increasing
severity of BPD were also more likely to have other morbidities
of prematurity, such as PDA, sepsis, and surgical NEC (Table
1). A higher proportion of infants receiving mechanical venti-
lation, either conventional or high-frequency, compared with
NCPAP, nasal cannula, or no support at each postnatal day

developed severe BPD (Table 2). At each time point studied,
FIO2

was higher with increasing severity of BPD and death. We
present the adjusted odds ratios for each of the risk factors by
postnatal day for all outcomes in Appendix 1.

The six covariates in the final models were (1) gestational
age; (2) birth weight; (3) race and ethnicity; (4) sex; (5)
respiratory support (none, nasal cannula, NCPAP, conventional
mechanical ventilation, or high-frequency ventilation); and (6)
FIO2

. These six covariates were independently strongly associ-
ated with outcome and collectively predicted outcome well.
Using the six risk-factor model, the C statistic for the Postnatal
Day 1 model was 0.793. Models for subsequent days had
a steadily increasing C statistic, reaching a maximum of 0.854
on Postnatal Day 28 (Table 3). The factor that contributed most
to model prediction changed depending on the postnatal day
(Table 3). Gestational age best improved prediction of the
outcome on Postnatal Days 1 (C statistic 5 0.750) and 3 (C
statistic 5 0.745). On Postnatal Days 7, 14, 21, and 28, type of
respiratory support increasingly improved outcome prediction
(from a C statistic of 0.771–0.823) more than any of the other
factors.

C statistics derived by fitting these models to the internal
validation cohort were similar (Table 4). In addition, we
identified 1,055 infants in the Benchmarking Trial and 722
infants in SUPPORT between 23 and 27 weeks’ gestation and at
the same centers. We applied the Postnatal Day 1, 3, 7, and 14
development models to both cohorts of infants and found that
the C statistic was always within 2% (Table 4). FIO2

data after
Day 14 were unavailable in SUPPORT.

Estimator

A prediction tool was developed that provides individual
predicted estimates of BPD risk or death at each of six postnatal
days. The model requires birth weight, gestational age, sex, race
and ethnicity, respiratory support, and FIO2

as inputs. Table 5
presents two examples of BPD risk or death for two hypothet-
ical infants. A Web-based version of this tool is available at
https://neonatal.rti.org/.

DISCUSSION

Our large, multicenter study identified the change in the
relative contributions of a variety of risk factors to the pre-
diction of BPD with advancing postnatal age. This knowledge
is important because the benefits of postnatal treatment
strategies might depend on baseline BPD risk. For example,

TABLE 1. RISK FACTORS OF STUDY POPULATION, INCLUDING OVERALL AND BY OUTCOME

No BPD Mild BPD Moderate BPD Severe BPD Death All

Number of subjects with outcome 1,218 757 714 472 468 3,629

Birth weight, g, mean 6 SD 1,042 6 149 891 6 174 839 6 180 788 6 177 727 6 173 897 6 203

Gestational age, wks, mean 6 SD 28.2 6 1.4 26.4 6 1.4 26.2 6 1.6 25.8 6 1.7 25.1 6 1.7 26.7 6 1.9

Male, % 44.2 49.4 55.9 58.9 56.4 51.1

Race: black not Hispanic, % 42.5 38.3 34.5 38.6 45.1 39.9

Ethnicity: Hispanic, % 18.1 18.8 15.4 15.7 18 17.4

Patent ductus arteriosus, n (%) 301 (25) 346 (46) 388 (54) 278 (59) 230 (49) 1,543 (43)

Indomethacin, n (%) 228 (19) 296 (39) 330 (46) 228 (48) 172 (37) 1,254 (35)

Ligation, n (%) 22 (2) 73 (10) 146 (20) 141 (30) 37 (8) 419 (12)

Early onset sepsis < 72 h, n (%) 13 (1) 14 (2) 13 (2) 10 (2) 25 (5) 75 (2)

Late-onset sepsis .72 h, n (%) 211 (17) 243 (32) 276 (39) 270 (57) 164 (35) 1,164 (32)

Necrotizing enterocolitis

Medical, n (%) 46 (4) 49 (6) 29 (4) 33 (7) 18 (4) 175 (5)

Surgical, n (%) 19 (2) 25 (3) 20 (3) 35 (7) 73 (16) 172 (5)

Postnatal corticosteroids, n (%) 9 (1) 62 (8) 154 (22) 222 (47) 32 (7) 479 (13)

Definitions of abbreviations: BPD 5 bronchopulmonary dysplasia; SD 5 standard deviation.
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the benefits of postnatal steroids for the prevention of BPD
seem to outweigh the risks only in populations of premature
infants at high risk of BPD. A meta-regression analysis of
randomized, controlled trials of BPD demonstrated that, as

the BPD risk increased above 65% in the control groups,
postnatal steroid use was associated with a decrease in the risk
of mortality or cerebral palsy; at lower baseline risk, treatment
was associated with increased risk of mortality or cerebral

TABLE 2. RESPIRATORY SUPPORT AND MEAN FIO2
FOR EACH OUTCOME BY POSTNATAL DAY (ROW PERCENTS)

Day Respiratory Support No BPD Mild BPD Moderate BPD Severe BPD Death

Maximum N 5 1,218 Maximum N 5 757 Maximum N 5 714 Maximum N 5 472 Maximum N 5 468

1 HFV, % 6 16 22 17 39

CMV, % 27 23 22 15 13

NCPAP, % 63 15 11 7 4

Nasal cannula, % 74 18 5 3 0

No ventilation, % 85 8 3 0 5

Mean FIO2
, % 38 39 42 46 53

3 HFV, % 7 19 24 19 31

CMV, % 16 25 28 18 14

NCPAP, % 53 20 14 9 4

Nasal cannula, % 63 22 8 4 3

No ventilation, % 87 6 3 2 3

Mean FIO2
, % 35 37 37 38 47

7 HFV, % 1 14 31 24 31

CMV, % 7 25 31 24 13

NCPAP, % 37 28 21 10 5

Nasal cannula, % 56 24 12 6 2

No ventilation, % 86 7 4 1 2

Mean FIO2
, % 41 37 36 37 44

14 HFV, % 1 11 30 33 26

CMV, % 5 25 34 27 10

NCPAP, % 27 33 24 13 3

Nasal cannula, % 47 32 17 3 2

No ventilation, % 93 3 2 2 2

Mean FIO2
, % 44 42 43 46 54

21 HFV, % 1 12 33 34 20

CMV, % 5 23 36 29 9

NCPAP, % 22 37 26 13 2

Nasal cannula, % 43 34 17 5 2

No ventilation, % 97 1 1 1 1

Mean FIO2
, % 41 42 44 47 55

28 HFV, % 1 11 31 39 19

CMV, % 4 20 37 32 7

NCPAP, % 16 37 30 16 1

Nasal cannula, % 32 41 21 5 1

No ventilation, % 97 1 1 1 1

Mean FIO2
, % 36 41 44 47 54

Definitions of abbreviations: BPD 5 bronchopulmonary dysplasia; CMV 5 conventional mechanical ventilation; HFV 5 high-frequency ventilation; NCPAP 5 nasal

continuous positive airway pressure.

TABLE 3. MODEL PREDICTION C STATISTIC (AKIN TO AREA UNDER THE RECEIVER–OPERATING CHARACTERISTIC CURVE) AND
INDIVIDUAL VARIABLES FOR DAYS 1–28 MODELS FOR THE DEVELOPMENT COHORT*

Day 1 Day 3 Day 7

Variable C Statistic Variable C Statistic Variable C Statistic

Gestational age 0.750 Gestational age 0.745 Respiratory support 0.771

Birth weight 0.772 Respiratory support 0.787 Gestational age 0.806

FIO2
0.784 Birth weight 0.798 Birth weight 0.814

Respiratory support 0.790 FIO2
0.805 FIO2

0.817

Race and ethnicity 0.791 Male sex 0.807 Race and ethnicity 0.817

Male sex 0.793 Race and ethnicity 0.807 Male sex 0.818

Day 14 Day 21 Day 28

Variable C Statistic Variable C Statistic Variable C Statistic

Respiratory support 0.795 Respiratory support 0.802 Respiratory support 0.823

Birth weight 0.819 FIO2
0.831 FIO2

0.852

Gestational age 0.825 Gestational age 0.833 Birth weight 0.851

FIO2
0.826 Birth weight 0.835 Race and ethnicity 0.853

Race and ethnicity 0.826 Race and ethnicity 0.835 Gestational age 0.853

Male sex 0.827 Male sex 0.836 Male sex 0.854

* For example, on Day 7, respiratory support provides 77.1% of the predictive ability of the C statistic, with a small incremental increase in the C statistic with

additional variables to a final model C statistic of 81.8%.

1718 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 183 2011



palsy (35). In infants with more severe lung disease, cortico-
steroids seemed to reduce risk of adverse neurodevelopmental
outcome (15). In addition, steroids seem to be of greatest
benefit if used after the first postnatal week (36, 37). Our
models provide a precise and objective estimate of BPD risk
at various postnatal ages, which is essential information for
conducting trials to determine if preventive therapies, such as
postnatal corticosteroids or inhaled nitric oxide, are beneficial
in high-risk populations. These models might serve as a foun-
dation for researchers to assess long-term respiratory risk
including the development of asthma, long-term pulmonary

function test status, and potential development of emphysema
in adult life.

Previously identified risk factors for BPD include birth
weight, gestational age, male sex, oxygen therapy at 24 hours,
mechanical ventilation at 48 hours, and duration of assisted
ventilation (16–19). These factors, measured in greater detail
and at different time points, were included in our model.
We added the contribution of these factors relative to each
other and their relative importance at different postnatal
ages. For example, although oxygen exposure is a risk factor,
its independent contribution to prediction of BPD risk is

TABLE 4. INTERNAL AND EXTERNAL VALIDATION OF THE PREDICTIVE MODELS

Internal Validation External Validation

Benchmarking: Development

(n 5 2,415)

Benchmarking: Validation

(n 5 1,214)

Benchmarking*

(n 5 1,055)

SUPPORT

(n 5 722)

Demographics

Gestational age, wk 6 SD 26.7 6 1.9 26.8 6 1.9 25.7 6 1.1 25.7 6 1.1

Birth weight, g 6 SD 894 6 203 903 6 202 830 6 175 842 6 168

Male, % 49 54 50 56

Black, % 40 40 43 46

Hispanic, % 17 18 18 6

White, % 43 42 39 48

Antenatal steroids, % 85 85 87 96

Outcome at 36 wks PMA, %

No BPD 33 34 19 21

Mild BPD 21 21 25 30

Moderate BPD 20 19 26 23

Severe BPD 13 14 19 13

Death 13 12 11 13

Models: C statistic

Day 1 0.793 0.795 0.721 0.720

Day 3 0.807 0.810 0.738 0.732

Day 7 0.818 0.823 0.744 0.736

Day 14 0.827 0.834 0.757 0.761

Day 21 0.836 0.848 N/A N/A

Day 28 0.854 0.854 N/A N/A

Definitions of abbreviations: BPD 5 bronchopulmonary dysplasia; PMA 5 postmenstrual age; SD 5 standard deviation.

* Subset of Benchmarking Trial development model subjects who have comparable birth weight, gestational age, and clinical center to the SUPPORT study subjects.

TABLE 5. TABLE OF ESTIMATED PROBABILITIES OF BRONCHOPULMONARY DYSPLASIA OR DEATH BY POSTNATAL DAY FOR TWO
HYPOTHETICAL INFANTS

25-wk gestational age, 700-g birth weight, white, male

Probability of Outcome

Day Respiratory support and FIO2
Death Severe BPD Moderate BPD Mild BPD No BPD

1 HFV and FIO2
5 50% 0.31 0.17 0.31 0.20 0.01

3 HFV and FIO2
5 100% 0.52 0.17 0.19 0.12 0.00

7 HFV and FIO2
5 100% 0.42 0.20 0.28 0.10 0.00

14 CMV and FIO2
5 50% 0.07 0.28 0.36 0.27 0.02

21 NCPAP and FIO2
5 50% 0.02 0.19 0.36 0.39 0.04

28 Nasal cannula and FIO2
5 50% 0.01 0.06 0.28 0.57 0.07

28-wk gestational age, 1,000-g birth weight, black, female

Probability of Outcome

Day Respiratory support and FIO2
Death Severe BPD Moderate BPD Mild BPD No BPD

1 CMV and FIO2
5 70% 0.06 0.09 0.15 0.23 0.47

3 CMV and FIO2
5 35% 0.05 0.09 0.22 0.30 0.34

7 Nasal cannula and FIO2
5 50% 0.01 0.04 0.09 0.21 0.65

14 No ventilation and room air 0.02 0.01 0.01 0.03 0.93

21 No ventilation and room air 0.01 0.01 0.01 0.01 0.96

28 No ventilation and room air 0.01 0.00 0.00 0.01 0.97

Definitions of abbreviations: BPD 5 bronchopulmonary dysplasia; CMV 5 conventional mechanical ventilation; HFV 5 high-frequency ventilation; NCPAP 5 nasal

continuous positive airway pressure.
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small relative to gestational age on Postnatal Day 1 and to
respiratory support thereafter. Risk factors that were found
to be significant in previous studies but that we did not
include in our final models include PDA, NEC, sepsis, and
postnatal corticosteroids (16–19). None of these factors
improved prediction of the risk of BPD after adjustment for
the six critical risk factors.

Previous BPD prediction scoring systems have been de-
scribed, but none has been widely adopted. Some have satis-
factory sensitivity and specificity but use oxygen therapy at 28
postnatal days as a definition of BPD, which is now outdated (5–
7). Some include radiographs as part of the scoring system,
which introduces subjectivity and reduces generalizability (8–
11). Other problems limiting the use of these models are the
inclusion of ventilated infants only, the lack of categorization of
BPD by severity, the exclusion of infants who die, and underuse
of antenatal corticosteroids and surfactant therapy (8–13, 38,
39). Most importantly, none examined models by postnatal day
through the first 28 postnatal days. In addition, we internally
and externally validated our models; our models were able
successfully to classify infants in the internal validation sample
into the correct level of BPD or death in more than 8 out of 10
cases. The models performed similarly in subjects in the
SUPPORT trial who were born between 2004 and 2009. The
C statistic is lower for both the subset of subjects in the reduced
Benchmarking group and SUPPORT group because the ex-
cluded subjects had higher and lower gestational ages, and
outcome is more accurately predicted at the extreme values
(i.e., subjects with higher gestational age have better outcomes,
with more accuracy; subjects with lower gestational age have
worse outcomes, again with more accuracy).

We developed an on-line application of the prediction
models. Caution should be exercised when using the on-line
estimator to identify BPD risk in populations in which the
demography or care practices differ markedly from our cohort.
Our models and the on-line application were based on data
from Level III neonatal intensive care units at large, mostly
urban academic medical centers. Because our BPD definitions
depended in part on various respiratory therapies, center-
specific use of these therapies might influence the prediction
models. For example, we speculate that high-frequency venti-
lation was most likely used in our study centers as a ‘‘rescue’’
therapy for infants with profound respiratory failure or pulmo-
nary interstitial emphysema (40), and therefore BPD risks were
higher among infants exposed to high-frequency ventilation. In
centers where high-frequency ventilation is used as a primary
therapy, BPD risk might be overestimated using our model (41).

In conclusion, we found that gestational age conveyed the
most predictive information for BPD risk on Postnatal Days 1
and 3, and respiratory support on Days 7, 14, 21, and 28. The
BPD estimator will provide prognostic information for families
and clinicians, and will assist in identifying the optimal candi-
dates for enrollment in clinical trials to prevent BPD.

Author Disclosure: M.M.L. was on a Data Safety and Monitoring Board for Pfizer
and was a consultant for Nycomed Inc. and Astellas Pharma Inc. He received
grant support from Biosynexus and received lecture fees from Duke University.
J.C.L. does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript. C.L.B. is a Board Member of the
Vermont Oxford Network. P.B.S. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript. N.A.
does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript. K.A.K. does not have a financial
relationship with a commercial entity that has an interest in the subject of this
manuscript. B.J.S. is an employee of Emory University. S.B. does not have
a financial relationship with a commercial entity that has an interest in the
subject of this manuscript. A.R.L. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript. R.A.E.
does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript. C.M.C. received institutional grant

support from Duke University. He gave expert testimony for medical malpractice
case reviews and received lecture fees from Casolini Medical Center. D.E.W.-C.
does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript. S.A.S. does not have a financial
relationship with a commercial entity that has an interest in the subject of this
manuscript. K.P.V.M. received travel accommodations from Ikaria. A.D. does not
have a financial relationship with a commercial entity that has an interest in the
subject of this manuscript. M.G.G. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript. N.N.F.
does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript. B.A.Y. does not have a financial
relationship with a commercial entity that has an interest in the subject of this
manuscript. R.G.F. was a consultant for Biosynexus and gave expert testimony for
various firms on neonatal and prenatal issues. W.A.C. does not have a financial
relationship with a commercial entity that has an interest in the subject of this
manuscript. K.R.S. does not have a financial relationship with a commercial entity
that has an interest in the subject of this manuscript. N.S.N. does not have
a financial relationship with a commercial entity that has an interest in the subject
of this manuscript. A.D. does not have a financial relationship with a commercial
entity that has an interest in the subject of this manuscript. R.D.H. does not have
a financial relationship with a commercial entity that has an interest in the subject
of this manuscript. M.C.W. does not have a financial relationship with a com-
mercial entity that has an interest in the subject of this manuscript.

Investigators, in addition to those listed as authors, who participated in this
study: Neonatal Research Network Steering Committee Chairs: Alan H. Jobe, M.D.,
Ph.D., University of Cincinnati; Michael S. Caplan, M.D., University of Chicago,
Pritzker School of Medicine. Alpert Medical School of Brown University and Women
& Infants Hospital of Rhode Island (U10 HD27904): William Oh, M.D.; Angelita M.
Hensman, R.N., B.S.N.; Dan Gingras, R.R.T.; Susan Barnett, R.R.T.; Sarah Lillie,
R.R.T.; Kim Francis, R.N.; Dawn Andrews, R.N.; Kristen Angela, R.N. Case Western
Reserve University Rainbow Babies & Children’s Hospital (U10 HD21364, M01
RR80): Avroy A. Fanaroff, M.D.; Bonnie S. Siner, R.N.; Duncan Neuhauser, Ph.D.;
Leslie Clarke, R.N., M.S.N., M.B.A. Cincinnati Children’s Hospital Medical Center,
University Hospital, and Good Samaritan Hospital (U10 HD27853, M01 RR8084):
Edward F. Donovan, M.D.; Vivek Narendran, M.D., M.R.C.P.; Kate Bridges, M.D.;
Barbara Alexander, R.N.; Cathy Grisby, B.S.N., C.C.R.C.; Marcia Worley Mers-
mann, R.N., C.C.R.C.; Holly L. Mincey, R.N., B.S.N.; Jody Hessling, R.N. Duke
University School of Medicine, University Hospital, Alamance Regional Medical
Center, and Durham Regional Hospital (U10 HD40492, M01 RR30): Ronald N.
Goldberg, M.D.; Kathy J. Auten, M.S.H.S.; Kimberly A. Fisher, Ph.D., F.N.P.-B.C.,
I.B.C.L.C.; Katherine A. Foy, R.N.; Gloria Siaw, B.S.N., C.R.A. Emory University,
Children’s Healthcare of Atlanta, Grady Memorial Hospital, and Emory University
Hospital Midtown (U10 HD27851, M01 RR39, UL1 RR25008): Anthony Piazza,
M.D.; David P. Carlton, M.D.; Ellen C. Hale, R.N., B.S., C.C.R.C.; Marcia Berry
Bishop, N.N.P.-B.C.; Irma Seabrook, R.R.T. Eunice Kennedy Shriver National
Institute of Child Health and Human Development: Stephanie Wilson Archer,
M.A. Indiana University Hospital, Methodist Hospital, Riley Hospital for Children,
and Wishard Health Services (U10 HD27856, M01 RR750): Brenda B. Poindexter,
M.D., M.S.; James A. Lemons, M.D.; William A. Engle, M.D.; Faithe Hamer, B.S.;
Dianne E. Herron, R.N.; Richard Hooper, R.R.T.; Lucy C. Miller, R.N., B.S.N.,
C.C.R.C.; Leslie D. Wilson, B.S.N., C.C.R.C. National Heart, Lung, and Blood
Institute: Mary Anne Berberich, Ph.D.; Carol J. Blaisdell, M.D.; Dorothy B. Gail,
Ph.D.; James P. Kiley, Ph.D. RTI International (U10 HD36790): W. Kenneth Poole,
Ph.D.; Margaret Cunningham, B.S.; Betty K. Hastings; Amanda R. Irene, B.S.;
Jeanette O’Donnell Auman, B.S.; Carolyn Petrie Huitema, M.S.; Jeanette O’Don-
nell Auman, B.S.; James W. Pickett II, B.S.; Scott E. Schaefer, M.S.; Dennis
Wallace, Ph.D.; Qing Yao, Ph.D.; Kristin M. Zaterka-Baxter, R.N., B.S.N. Stanford
University, Lucile Packard Children’s Hospital (U10 HD27880, M01 RR70, UL1
RR25744): David K. Stevenson, M.D.; M. Bethany Ball, B.S., C.C.R.C., Melinda S.
Proud, R.C.P.; William D. Rhine, M.D.; Carol Kibler, R.N.; Jeffrey R. Parker, R.R.T.
Tufts Medical Center, Floating Hospital for Children (U10 HD53119, M01 RR54):
Ivan D. Frantz III, M.D.; John M. Fiascone, M.D.; Anne Furey, M.P.H.; Brenda L.
MacKinnon, R.N.C.; Ellen Nylen, R.N., B.S.N. University of Alabama at Birming-
ham Health System and Children’s Hospital of Alabama (U10 HD34216, M01
RR32): Monica V. Collins, R.N., B.S.N., M.Ed.; Shirley S. Cosby, R.N., B.S.N.;
Vivien A. Phillips, R.N., B.S.N. University of California – San Diego Medical Center
and Sharp Mary Birch Hospital for Women (U10 HD40461): William Rhine, M.D.;
Maynard R. Rasmussen, M.D.; Paul R. Wozniak, M.D.; Wade Rich, R.R.T.; Gregory
Heldt, M.D.; Mindy Grabarczyk, B.S.N.; Christina Joseph, R.R.T.; Kathy Arnell,
R.N.; Renee Bridge, R.N.; Clarence Demetrio, R.N.; Jim Goodmar, R.R.T.; Chris
Henderson, R.C.P., C.R.T.T. University of Iowa Children’s Hospital (U10 HD53109,
M01 RR59, UL1 RR24979): Edward F. Bell, M.D.; John A. Widness, M.D.; Jonathan
M. Klein, M.D.; Karen J. Johnson, R.N., B.S.N.; Nancy J. Krutzfield, R.N., M.A.
University of Miami Holtz Children’s Hospital (U10 HD21397, M01 RR16587):
Shahnaz Duara, M.D.; Charles R. Bauer, M.D.; Ruth Everett-Thomas, R.N.,
M.S.N.; Amy Mur Worth, A.R.N.P. University of New Mexico Health Sciences
Center (U10 HD53089, M01 RR997): Kristi L. Watterberg, M.D.; Robin K. Ohls,
M.D.; Julie Rohr, M.S.N., R.N.C., C.N.S.; Conra Backstrom Lacy, R.N. University of
Rochester Medical Center, Golisano Children’s Hospital (U10 HD40521, M01 RR44):
Nirupama Laroia, M.D.; Dale L. Phelps, M.D.; Robert A. Sinkin, M.D., M.P.H.;
Linda J. Reubens, R.N., C.C.R.C.; Mary Rowan, R.N.; Erica Burnell, R.N. University
of Texas Health Science Center at Houston Medical School and Children’s Memorial
Hermann Hospital (U10 HD21373): Jon E. Tyson, M.D., M.P.H.; Brenda H. Morris,
M.D.; Beverly Foley Harris, R.N., B.S.N.; Anna E. Lis, R.N., B.S.N.; Sarah Martin,
R.N., B.S.N.; Georgia E. McDavid, R.N.; Sharon L. Wright, M.T. (A.S.C.P.); Esther

1720 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 183 2011



G. Akpa, R.N., B.S.N.; Patty A. Cluff, R.N.; Claudia I. Franco, R.N.C., M.S.N.; Patti
L. Pierce Tate, R.C.P. University of Texas Southwestern Medical Center at Dallas,
Parkland Health & Hospital System, and Children’s Medical Center Dallas (U10
HD40689, M01 RR633): Pablo J. Sánchez, M.D.; Walid A. Salhab, M.D.; Charles R.
Rosenfeld, M.D.; Luc P. Brion, M.D.; James Allen, R.R.T.; Alicia Guzman; Gaynelle
Hensley, R.N.; Melissa H. Leps, R.N.; Susie Madison, R.N.; Melissa Martin, R.N.;
Nancy A. Miller, R.N.; Araceli Solis, R.R.T.; Diana M. Vasil, R.N.C.-N.I.C.; Kerry
Wilder, RN. University of Utah Medical Center, Intermountain Medical Center, LDS
Hospital, and Primary Children’s Medical Center (U10 HD53124, M01 RR64): Jill
Burnett, R.N.; Jennifer J. Jensen, R.N., B.S.N.; Karen A. Osborne, R.N., B.S.N.,
C.C.R.C.; Cynthia Spencer, R.N.C.; Kimberlee Weaver-Lewis, R.N., B.S.N. Wake
Forest University, Baptist Medical Center, Brenner Children’s Hospital, and Forsyth
Medical Center (U10 HD40498, M01 RR7122): T. Michael O’Shea, M.D., M.P.H.;
Nancy J. Peters, R.N., C.C.R.P. Wayne State University, Hutzel Women’s Hospital,
and Children’s Hospital of Michigan (U10 HD21385): Beena G. Sood, M.D., M.S.;
S. Nadya J. Kazzi, M.D., M.P.H.; Rebecca Bara, R.N., B.S.N.; Maria Batts, R.R.T.;
Elizabeth Billian, R.N., M.B.A.; Kimberly Hayes-Hart, R.N., M.S.N., N.N.P.-B.C.;
Mary Johnson, R.N., B.S.N.; Geraldine Muran, R.N., B.S.N. Yale University, Yale-
New Haven Children’s Hospital, and Bridgeport Hospital (U10 HD27871, M01
RR125, M01 RR6022, UL1 RR24139): Vineet Bhandari, M.D., D.M.; Harris C.
Jacobs, M.D.; Pat Cervone, R.N.; Patricia Gettner, R.N.; Monica Konstantino,
R.N., B.S.N.; JoAnn Poulsen, R.N.; Janet Taft, R.N., B.S.N.

Acknowledgment: The authors are indebted to their medical and nursing
colleagues and the infants and their parents who agreed to take part in this
study. Study concept and design: Matthew Laughon, Carl Bose, Brian Smith,
Michael Cotten, Namasivayam Ambalavanan, Bradley Yoder, Waldemar Carlo,
Kathleen Kennedy, Krisa Van Meurs, Richard Ehrenkranz, Marie Gantz, and
Deanne Wilson-Costello. Acquisition of data: Barbara Stoll, Richard Ehrenkranz,
Waldemar Carlo, Rosemary Higgins, Seetha Shankaran, Deanne Wilson-Costello,
Roger Faix, Bradley Yoder, Krisa Van Meurs, Kurt Schibler, Susan Buchter, Neil
Finer, Richard Ehrenkranz, Abhik Das, Marie Gantz, Nancy Newman, and Michael
Cotten. Analysis and interpretation of data: Matthew Laughon, Carl Bose, P. Brian
Smith, Alexis Davis, Namasivayam Ambalavanan, Barbara Stoll, Abbot Laptook,
Bradley Yoder, Roger Faix, Waldemar Carlo, Rosemary Higgins, Abhik Das, Krisa
Van Meurs, Kathleen Kennedy, Michael Cotten, and Deanne Wilson-Costello.
Drafting of the manuscript: Matthew Laughon, Carl Bose, Waldemar Carlo, Alexis
Davis, and Michael Cotten. Critical revision of the manuscript for important
intellectual content: all authors. Statistical analysis: Matthew Laughon, John
Langer, Michele Walsh, P. Brian Smith, Waldemar Carlo, Marie Gantz, and Abhik
Das. Obtained funding: Barbara Stoll, Waldemar Carlo, Seetha Shankaran,
Michele Walsh, Krisa Van Meurs, Waldemar Carlo, Neil Finer, Rosemary Higgins,
Abhik Das, Roger Faix, and Michael Cotten. Administrative, technical, or material
support: Matthew Laughon, Barbara Stoll, Richard Ehrenkranz, Waldemar Carlo,
Rosemary Higgins, Abhik Das, Kurt Schibler, and Neil Finer. Study supervision:
Matthew Laughon, Carl Bose, Abbot Laptook, Bradley Yoder, Waldemar Carlo,
Rosemary Higgins, Abhik Das, Roger Faix, Deanne Wilson-Costello, Susan
Buchter, and Michael Cotton.

References

1. Horbar JD, Badger GJ, Carpenter JH, Fanaroff AA, Kilpatrick S,

LaCorte M, Phibbs R, Soll RF; Members of the Vermont Oxford
Network. Trends in mortality and morbidity for very low birth weight
infants, 1991–1999. Pediatrics 2002;110:143–151.

2. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC,

Hale EC, Newman NS, Schibler K, Carlo WA, et al.; Eunice Kennedy
Shriver National Institute of Child Health and Human Development
Neonatal Research Network. Neonatal outcomes of extremely pre-
term infants from the NICHD Neonatal Research Network. Pediat-
rics 2010;126:443–456.

3. Katz-Salamon M, Gerner EM, Jonsson B, Lagercrantz H. Early motor

and mental development in very preterm infants with chronic lung
disease. Arch Dis Child Fetal Neonatal Ed 2000;83:F1–F6.

4. McAleese KA, Knapp MA, Rhodes TT. Financial and emotional cost of

bronchopulmonary dysplasia. Clin Pediatr 1993;32:393–400.
5. Ryan SW, Nycyk J, Shaw BN. Prediction of chronic neonatal lung

disease on day 4 of life. Eur J Pediatr 1996;155:668–671.
6. Subhedar NV, Hamdan AH, Ryan SW, Shaw NJ. Pulmonary artery

pressure: early predictor of chronic lung disease in preterm infants.
Arch Dis Child Fetal Neonatal Ed 1998;78:F20–F24.

7. Romagnoli C, Zecca E, Tortorolo L, Vento G, Tortorolo G. A scoring

system to predict the evolution of respiratory distress syndrome into
chronic lung disease in preterm infants. Intensive Care Med 1998;24:
476–480.

8. Toce SS, Farrell PM, Leavitt LA, Samuels DP, Edwards DK. Clinical

and roentgenographic scoring systems for assessing bronchopulmo-
nary dysplasia. Am J Dis Child 1984;138:581–585.

9. Corcoran JD, Patterson CC, Thomas PS, Halliday HL. Reduction in the

risk of bronchopulmonary dysplasia from 1980–1990: results of a mul-
tivariate logistic regression analysis. Eur J Pediatr 1993;152:677–681.

10. Noack G, Mortensson W, Robertson B, Nilsson R. Correlations between

radiological and cytological findings in early development of bron-
chopulmonary dysplasia. Eur J Pediatr 1993;152:1024–1029.

11. Yuksel B, Greenough A, Karani J. Prediction of chronic lung disease

from the chest radiograph appearance at seven days of age. Acta
Paediatr 1993;82:944–947.

12. Bhutani VK, Abbasi S. Relative likelihood of bronchopulmonary

dysplasia based on pulmonary mechanics measured in preterm
neonates during the first week of life. J Pediatr 1992;120:605–613.

13. Kim YD, Kim EA, Kim KS, Pi SY, Kang W. Scoring method for early

prediction of neonatal chronic lung disease using modified respiratory
parameters. J Korean Med Sci 2005;20:397–401.

14. Bhering CA, Mochdece CC, Moreira ME, Rocco JR, Sant’Anna GM.

Bronchopulmonary dysplasia prediction model for 7-day-old infants.
J Pediatr (Rio J) 2007;83:163–170.

15. Wilson-Costello D, Walsh MC, Langer JC, Guillet R, Laptook AR, Stoll

BJ, Shankaran S, Finer NN, Van Meurs KP, Engle WA, et al.; Eunice
Kennedy Shriver National Institute of Child Health and Human
Development Neonatal Research Network. Impact of postnatal
corticosteroid use on neurodevelopment at 18 to 22 months’ adjusted
age: effects of dose, timing, and risk of bronchopulmonary dysplasia
in extremely low birth weight infants. Pediatrics 2009;123:e430–e437.

16. Rojas MA, Gonzalez A, Bancalari E, Claure N, Poole C, Silva-Neto G.

Changing trends in the epidemiology and pathogenesis of neonatal
chronic lung disease. J Pediatr 1995;126:605–610.

17. Marshall DD, Kotelchuck M, Young TE, Bose CL, Kruyer L, O’Shea

TM. Risk factors for chronic lung disease in the surfactant era:
a North Carolina population-based study of very low birth weight
infants. North Carolina Neonatologists Association. Pediatrics 1999;
104:1345–1350.

18. Oh W, Poindexter BB, Perritt R, Lemons JA, Bauer CR, Ehrenkranz

RA, Stoll BJ, Poole K, Wright LL; Neonatal Research Network.
Association between fluid intake and weight loss during the first ten
days of life and risk of bronchopulmonary dysplasia in extremely low
birth weight infants. J Pediatr 2005;147:786–790.

19. Ambalavanan N, Van Meurs KP, Perritt R, Carlo WA, Ehrenkranz RA,

Stevenson DK, Lemons JA, Poole WK, Higgins RD. NICHD Neo-
natal Research Network, Bethesda, MD. Predictors of death or
bronchopulmonary dysplasia in preterm infants with respiratory
failure. J Perinatol 2008;28:420–426.

20. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit

Care Med 2001;163:1723–1729.
21. Ehrenkranz RA, Walsh MC, Vohr BR, Jobe AH, Wright LL, Fanaroff

AA, Wrage LA, Poole K; National Institutes of Child Health and
Human Development Neonatal Research Network. Validation of the
National Institutes of Health consensus definition of bronchopulmo-
nary dysplasia. Pediatrics 2005;116:1353–1360.

22. Laughon M, Langer J, Walsh M, for the NICHD Neonatal Research

Network. Predictive models for bronchopulmonary dysplasia by
postnatal day in premature infants. ePAS 2009;3450.7.

23. Carlo W, Finer N, for the SUPPORT Subcommittee of the NICHD

Neonatal Research Network. Randomized trial of oxygen saturation
targets in premature infants: the SUPPORT trial. ePAS 2010;2760.5.

24. Finer N, Carlo W, for the SUPPORT Subcommittee of the NICHD

Neonatal Research Network. The surfactant positive airway pressure
and pulse oximetry trial in extremely low birth weight infants: the
SUPPORT trial. ePAS 2010;1670.1.

25. Walsh M, Laptook A, Kazzi SN, Engle WA, Yao Q, Rasmussen M,

Buchter S, Heldt G, Rhine W, Higgins R, et al.; National Institute of
Child Health and Human Development Neonatal Research Network.
A cluster-randomized trial of benchmarking and multimodal quality
improvement to improve rates of survival free of bronchopulmonary
dysplasia for infants with birth weights of less than 1250 grams.
Pediatrics 2007;119:876–890.

26. Donovan EF, Tyson JE, Ehrenkranz RA, Verter J, Wright LL, Korones

SB, Bauer CR, Shankaran S, Stoll BJ, Fanaroff AA, et al. Inaccuracy
of Ballard scores before 28 weeks’ gestation. National Institute of
Child Health and Human Development Neonatal Research Network.
J Pediatr 1999;135:147–152.

27. Ballard JL, Novak KK, Driver M. A simplified score for assessment

of fetal maturation of newly born infants. J Pediatr 1979;95:769–774.
28. Hintz SR, Kendrick DE, Stoll BJ, Vohr BR, Fanaroff AA, Donovan EF,

Poole WK, Blakely ML, Wright L, Higgins R; NICHD Neonatal
Research Network. Neurodevelopmental and growth outcomes of
extremely low birth weight infants after necrotizing enterocolitis.
Pediatrics 2005;115:696–703.

Laughon, Langer, Bose, et al.: BPD Prediction in Premature Infants 1721



29. Bell MJ, Ternberg JL, Feigin RD, Keating JP, Marshall R, Barton L,
Brotherton T. Neonatal necrotizing enterocolitis. Therapeutic de-
cisions based upon clinical staging. Ann Surg 1978;187:1–7.

30. Stoll BJ, Hansen NI, Adams-Chapman I, Fanaroff AA, Hintz SR, Vohr
B, Higgins RD; National Institute of Child Health and Human
Development Neonatal Research Network. Neurodevelopmental
and growth impairment among extremely low-birth-weight infants
with neonatal infection. JAMA 2004;292:2357–2365.

31. Madan JC, Kendrick D, Hagadorn JI, Frantz ID III. Patent ductus
arteriosus therapy: impact on neonatal and 18-month outcome.
Pediatrics 2009;123:674–681.

32. Walsh MC, Wilson-Costello D, Zadell A, Newman N, Fanaroff A.
Safety, reliability, and validity of a physiologic definition of broncho-
pulmonary dysplasia. J Perinatol 2003;23:451–456.

33. Carlo WA, Finer NN, Walsh MC, Rich W, Gantz MG, Laptook AR, Yoder
BA, Faix RG, Das A, Poole WK, et al. Target ranges of oxygen satu-
ration in extremely preterm infants. N Engl J Med 2010;362:1959–1969.

34. Finer NN, Carlo WA, Walsh MC, Rich W, Gantz MG, Laptook AR,
Yoder BA, Faix RG, Das A, Poole WK, et al. Early CPAP versus
surfactant in extremely preterm infants. N Engl J Med 2010;362:1970–
1979.

35. Doyle LW, Halliday HL, Ehrenkranz RA, Davis PG, Sinclair JC. Impact
of postnatal systemic corticosteroids on mortality and cerebral palsy

in preterm infants: effect modification by risk for chronic lung disease.
Pediatrics 2005;115:655–661.

36. Halliday HL, Ehrenkranz RA, Doyle LW. Early (, 8 days) postnatal
corticosteroids for preventing chronic lung disease in preterm infants.
Cochrane Database Syst Rev 2009;CD001146.

37. Halliday HL, Ehrenkranz RA, Doyle LW. Late (.7 days) postnatal
corticosteroids for chronic lung disease in preterm infants. Cochrane
Database Syst Rev 2009;CD001145.

38. Sinkin RA, Cox C, Phelps DL. Predicting risk for bronchopulmonary
dysplasia: selection criteria for clinical trials. Pediatrics 1990;86:728–
736.

39. Rozycki HJ, Narla L. Early versus late identification of infants at high
risk of developing moderate to severe bronchopulmonary dysplasia.
Pediatr Pulmonol 1996;21:345–352.

40. Keszler M, Donn SM, Bucciarelli RL, Alverson DC, Hart M, Lunyong
V, Modanlou HD, Noguchi A, Pearlman SA, Puri A, et al. Multicen-
ter controlled trial comparing high-frequency jet ventilation and
conventional mechanical ventilation in newborn infants with pulmo-
nary interstitial emphysema. J Pediatr 1991;119:85–93.

41. Cools F, Henderson-Smart DJ, Offringa M, Askie LM. Elective high
frequency oscillatory ventilation versus conventional ventilation for
acute pulmonary dysfunction in preterm infants. Cochrane Database
Syst Rev 2009;CD000104.

1722 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 183 2011


