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BACKGROUND: To develop and validate a prediction model for severe bronchopulmonary dysplasia (BPD) that integrates the
respiratory severity (RS) score with early postnatal risk factors.
METHODS: This retrospective cohort study included preterm infants born at less than 32 weeks gestation or with a birth weight of less
than 1500 g, from Aichi Prefecture (training dataset) and SaitamaMedical University (validation dataset) from April 1, 2016, to March 31,
2020. The primary outcome was severe BPD, defined as the use of home oxygen therapy or death due to BPD. We used classification
and regression tree (CART) analysis to explore the relationship between outcomes and BPD risk factors in the training dataset.
RESULTS: The incidence of severe BPD was 149 out of 2026 (7.3%) in the training dataset and 35 out of 387 (8.9%) in the validation
dataset. CART analysis identified gestational age and the RS score as significant predictors of outcome in the day 7 and day 14 models,
with C-statistics of 0.789 and 0.779, respectively. When applied to the validation dataset, thesemodels achieved C-statistics of 0.753 and
0.827, respectively.
CONCLUSION: Our prediction models demonstrated the ability to predict severe BPD, with the RS score being a crucial predictor.
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IMPACT:

● Many existing prediction models for bronchopulmonary dysplasia (BPD) use multiple predictors, and do not provide specific cutoff
values, which complicates their clinical application.

● To address this issue, we developed a prediction model for severe BPD based on a score derived from mean airway pressure and
inhaled oxygen concentration at 1–2 weeks of age.

● This user-friendly model can be easily integrated into clinical practice, facilitating treatment decisions based on predicted
probabilities.

INTRODUCTION
Approximately 50% of very preterm infants born between 22 and
27 weeks of gestational age (GA) have bronchopulmonary
dysplasia (BPD) at 36 weeks corrected GA, and the incidence of
BPD has remained high for the past 30 years.1 Reducing the
incidence of BPD is a critical issue, as it increases adverse
neurodevelopmental outcomes in infancy,2 rehospitalization, and
pulmonary hypertension.
Some examples of strategies for preventing the development or

progression of BPDmay include pharmacotherapy, such as caffeine;3

and corticosteroids4,5 administration of noninvasive surfactants;6

Nasal high flow therapy7 and neurally adjusted ventilatory assist
ventilation.8 However, because therapeutic agents for BPD can cause
side effects at the same time, avoiding unnecessary treatment for
populations at lower risk of BPD and selectively treating only those
with severe BPD may be beneficial in improving the outcome of
preterm infants. Furthermore, because novel therapies such as stem
cell therapy for BPD9 are expensive, it is necessary to select infants
who require the treatment based on health and economic factors.
However, it is difficult to predict the onset and severity of BPD early
in life. It is therefore critical to develop a “BPD prediction model” to
predict severe BPD in the early stages of life.
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Several previous studies have developed BPD prediction models
using various early potential risk factors.10–12 These systematic
reviews reported BPD prediction models using clinical parameters
universally available from immediately after birth to 2 weeks of
age. For example, the timing of obtaining the predictive factors
differs depending on the report, such as from immediately after to
2 weeks after birth, whereas the common factors include the GA at
birth, birth weight (BW), sex, multiple pregnancies, Apgar score,
chronic maternal hypertension, need for resuscitation at birth,
respiratory distress syndrome (RDS), patent ductus arteriosus
(PDA), and intraventricular hemorrhage (IVH). However, these
models are challenging to apply in clinical practice due to their
use of numerous predictors and the absence of specific cutoff
values for each predictor, which complicates their practical
implementation. Furthermore, their C-statistics ranged from 0.50
to 0.76, after external validation.11 It is thus critical to use
predictors with high predictive accuracy, to create simple models
with fewer predictors, and to define their cutoff values. As a
candidate, we focused on the respiratory severity (RS) score, which
is calculated by multiplying mean airway pressure (MAP) and
fraction of inspiratory oxygen (FiO2) during ventilation. The RS
score has also been shown to predict the development of severe
BPD, death, duration of ventilation, and pulmonary hyperten-
sion.13–15 Using a cutoff value of 3.0 for predicting severe BPD, the
positive and negative predictive values at 14 days of age were
79.07% and 61.54% respectively. However, the cutoff values for
the RS score used in these prediction models are based on single-
center data, and the prediction models have not been externally
validated. Furthermore, the cutoff values can differ depending on
the patient population, treatment outcome, and other variables.
Therefore, it is ideal to develop models based on multi-center data
and then validate them externally.
This study aimed to develop a BPD prediction model that could

be more simply used in clinical practice by combining the RS score
with clinical parameters that can be obtained early after birth.
Furthermore, a population-based study was conducted to estab-
lish higher-quality cut-off values for the predictive factors, and
classification and regression tree (CART) analysis was performed.

METHOD
Subjects
This was a retrospective cohort study that included all 21 perinatal and
neonatal centers in Aichi Prefecture, as well as the Department of
Pediatrics, Saitama Medical Center, and Saitama Medical University in
Saitama Prefecture. The oxygen saturation target was 85–95%, and no
difference was observed between the two cohorts. The population of Aichi
Prefecture is 6 million, with approximately 50,000 births per year. We
included preterm infants born at the above centers between April 1, 2016
and March 31, 2020, at less than 32 weeks gestation or less than 1500 g
BW, and who received invasive or noninvasive ventilation for at least seven
days. To ensure the simple use in clinical practice, the development of a
prediction model, including up to five or more prediction factors, was
considered in advance. To ensure the number of events per variable is ten
or more,16 at least 50 patients with event occurrence are required. The
Neonatal Research Network database in Japan indicated that the incidence
of BPD requiring home oxygen therapy (HOT) is approximately 8%,17 with
the target period calculated based on the annual number of births of
eligible cases in Aichi Prefecture. Exclusion criteria included neonatal
deaths within 7 days of birth, neonatal transport from the birth institution
to another healthcare facility between 7 and 28 days of age, cases with
major malformations affecting respiratory and circulation, and chromoso-
mal abnormalities.

Maternal and neonatal variables
Each term was defined using the definitions from the Neonatal Research
Network database Japan.18 Severe BPD was defined as the use of HOT,
home ventilation upon discharge, or death from BPD during hospitaliza-
tion. Clinical chorioamnionitis (CAM) was defined using the diagnostic
criteria established by Lencki et al.19 Histological CAM was defined as Stage

1 or higher on the Blanc classification.20 Symptomatic patent ductus
arteriosus (PDA) was defined as any circulatory condition that required
treatment. Intraventricular hemorrhage (IVH) was defined as any grade of
classification by Volpe et al.21 Sepsis was defined as the presence of
bacterial or fungal pathogens in a blood culture. The values of FiO2 and
MAP were extracted from the respiratory settings in the medical records.
The recording interval differed between facilities but was generally every 1
to 3 h, and the most frequent values during the 24 h of the subject days (7
and 14 days old) were chosen as representative values. The RS score was
calculated using the following formula, RS score = FiO2 × MAP. If MAP was
not recorded in the medical record, it was calculated using the following
formula from the values of maximum airway pressure (PIP), positive end-
expiratory pressure (PEEP), ventilation frequency (RR), and inspiratory time
(Ti), which were adopted according to the same definition: MAP= PEEP +
(PIP - PEEP× Ti × RR / 60).22

Statistical analysis
Data obtained from the perinatal and neonatal centers in Aichi Prefecture
was used as the training dataset, while data collected from the Department
of Pediatrics, Saitama Medical Center, Saitama Medical University was used
as the validation dataset. In each dataset, the χ2 test was used for
categorical variables and the Mann–Whitney’s U test for continuous
variables to compare the demographic and clinical characteristics of
infants with and without severe BPD or in the training and validation
datasets. The analysis was performed using JMP pro 16.1.0 (SAS Institute
Inc., Cary, NC) and SAS version 9.4 (SAS Institute, Inc., Cary, NC). Among the
factors identified as BPD risk factors in previous reports10–12,23 and
available from the Neonatal Research Network database Japan, the
following BPD risk factors were chosen as pre-determined covariate
candidates, GA, BW, BW standard deviation score (SDS), body length at
birth, body length at birth SDS, sex, clinical CAM, histologic CAM,
premature rupture of membrane (PROM), maternal steroid, Apgar score
at 1 min and 5min, respiratory distress syndrome (RDS), pulmonary
hemorrhage, symptomatic PDA, IVH, sepsis, intubation at birth, RS score (7
and 14 days of age).
Predictive models with vs. without severe BPD were developed using

CART analysis. CART analysis uses machine learning to identify explanatory
variables and cutoff values that influence the objective variable.24–26 The
cutoff value of the root node or daughter node is automatically selected
using the likelihood-ratio χ2 statistic. The total number of nodes was
limited to 4 to create simpler models with fewer predictors. Sensitivity
analysis was performed to create a decision tree by cost-complexity
pruning with tenfold cross-validation. The covariates to be adapted to the
model were chosen from a list of pre-determined candidate covariates,
taking into account the p-values from the univariate analysis. If there was a
strong correlation (correlation coefficient >0.90) between selected
covariates, factors commonly used in routine practice were added as
covariates and adjusted so that the variance inflation factor (VIF) was all
less than 5. A case with a missing value for an adapted covariate was
excluded from the training dataset for the CART analysis. The predictive
performance of the prediction model was evaluated using the C-statistic.
Then, the predictive model was applied to the validation dataset. At this
time, the generalizability of the prediction model, in addition to the total
validation dataset, confirmed the application of the prediction model to a
subgroup consisting of infants at <28 weeks of gestation and infants
treated with maternal steroids, and the true probability for each node was
computed. Finally, a calibration plot was created using the predicted and
actual probabilities for each value of the final node of the decision tree.
This study was approved by the Institutional Ethics Committee of

Nagoya University (approval number: 2020-0386).

RESULT
Training dataset
Figure 1 depicts a flowchart for this study. There were 2026
preterm infants with a GA of less than 32 weeks, or a BW of less
than 1500 g in the training cohort. The rates of eligible and severe
BPD were 1431 (70.6%) and 149 (7.3%), respectively. Table 1
shows the demographic characteristics of the study population.
The cause of death is shown in Supplemental 1. When comparing
the groups with and without severe BPD, median RS scores
(interquartile range) were 1.89 (1.31–2.65) and 1.26 (0.84–1.45) at
7 days of age, and 2.20 (1.43–3.81) and 1.05 (0–1.43) at 14 days of
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age respectively, which were significantly higher in the group with
severe BPD at both days of age. Furthermore, several factors,
including GA, BW, body length at birth, clinical CAM, histologic
CAM, PROM, Apgar scores at 1 min and 5min, RDS, symptomatic
PDA, IVH, sepsis, intubation at birth, and RS score, differed
significantly different between those with and without severe
BPD.

Prediction model
Of the pre-determined candidate covariates, the following risk
factors showed significant differences between groups with and
without severe BPD: GA, BW, body length at birth, clinical CAM,
histologic CAM, PROM, Apgar scores at 1min and 5min, RDS,
symptomatic PDA, IVH, sepsis, intubation at birth, and the RS score.
Due to a strong correlation (r > 0.90) between body length at birth
and BW among the candidate covariates, BW—commonly used in
routine practice—was adopted as a covariate, leading to exclusion
of body length at birth. With body length at birth excluded, all VIFs
were less than 5. Therefore, the following covariates were used to
develop the prediction model: RS score, GA, BW, clinical CAM,
histologic CAM, PROM, Apgar scores at 1min and 5min, RDS,
symptomatic PDA, IVH, sepsis, and intubation at birth.
Using CART analysis, two outcome prediction models were

developed for different days of age: the “Postnatal Day 7 Model,”
and the “Postnatal Day 14 Model.” Since the total number of
nodes was limited to four to create simpler models with fewer
predictors, two of the 13 covariates included in the CART model
were adopted as predictors: the RS score and GA. Although cases
with missing data for the adapted covariates were excluded from
the CART analysis dataset, no significant differences in clinical
characteristics were observed between the included and excluded
cases (Supplemental 2). The Postnatal day 7 (Figs. 2a and 3a) and
day 14 (Figs. 2b and 3b) models were adjusted for RS score and
GA, with C-statistics of 0.789 and 0.779 respectively. Sensitivity
analysis was performed to create a decision tree by cost-
complexity pruning with tenfold cross-validation. The number of
nodes in decision trees for days 7 and 14 were both eight, with
c-statistics of 0.751 and 0.778 for each model, respectively. Since
the difference in c-statistics was not observed, a model with the
number of nodes limited to four was adopted as the prediction
model, with careful consideration of its clinical usefulness.

External validation
The validation cohort included 387 preterm infants with a GA of
less than 32 weeks, or a BW of less than 1500 g in the validation
cohort. The rates of eligible and severe BPD were 284 (77.3%) and
35 (8.9%), respectively (Supplemental 3). The validation dataset
included infants with earlier GA than the training dataset, with
median (interquartile range) weeks of gestation of 27.7 (25.4–29.1)
and 29.2 (26.8–30.9) weeks, respectively. Furthermore, histological
CAM and systemic corticosteroid use were more common in the
validation dataset (Table 2). When the validation dataset was
applied to Postnatal day 7 and 14 models, the C-statistics were
0.753 and 0.827, respectively (Supplemental 4). Moreover, when
these models were used for infants born before 28 weeks of
gestation and those treated with maternal steroids, the C-statistics
measured were 0.579 and 0.692 for the subgroup of infants under
28 weeks and 0.777 and 0.873 for the maternal steroid subgroups,
respectively (Supplemental 5). Figure 4 shows calibration plots.
“Postnatal day 7 model” and “Postnatal day 14 model” tended to
overestimate when these predicted probabilities were high, yet
they still fit reasonably well. The calibration plot created using the
subgroup consisting of infants at <28 weeks of gestation and
those treated with maternal steroids was also reasonably fit
(Supplemental 6).

DISCUSSION
In this study, we have developed a method for predicting severe
BPD that can be easily applied in clinical practice using GA and RS
scores in the first 1–2 weeks of life. We developed a prediction
model through a retrospective population-based study in Aichi
Prefecture, and its predictive accuracy was consistent across
external validation using datasets from another region.
Furthermore, the predictive ability was maintained even when

this predictive model was used to subgroups considered to be at
higher risk; therefore, the generalizability was guaranteed. We
developed a BPD prediction model using only two predictors,
applicable as early as day 7 or 14 of age, which demonstrated high
predictive accuracy with C-statistics of 0.789 and 0.779, respec-
tively. This model was based on a population-based study
encompassing all eligible cases from all NICUs in one prefecture,
including 1400 cases with nearly 150 events. Additionally, the

Gestational age <32 weeks or birth weight <1500g 
(April 2016 – March 2020)

n = 2026 

Excluded
Neonatal transport between 7 and 28 days of age; n = 40 
Neonatal deaths within 7 days of birth; n = 44
Major malformations or chromosomal abnormalities; n = 121
No outcome data; n = 25

n = 230 (11.3%)

Invasive ventilation 
or

Non-invasive ventilation > 7 days
n = 1431 (70.6%)

No Invasive ventilation 
and

Non-invasive ventilation < 7 days
n = 365 (18.0%)

HOT at discharge
n = 143 (7.0%)

No HOT at discharge
n = 1251 (61.7%)

Dead at discharge
n = 37 (1.8%)

Dead due to BPD
n = 6 (0.3%)

Dead due to 
other than BPD

n = 31 (1.5%)

Severe BPD
n = 149 (7.3%)

No severe BPD
     n = 1251 (61.7%)

Fig. 1 Flowchart of the study population used in the training dataset.
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model underwent external validation and calibration testing.
Onland et al. examined 26 BPD prediction models and found that
when external validity was applied to 19 prediction models with
covariates consistent with the authors’ data set, the C-statistics
ranged from 0.50 to 0.76.11 In these prediction models, only four
used external validation, and none included calibration. Romijn
et al. conducted a systematic review of prediction models for
death or BPD at 14 days of age or younger.12 In this, the median
c-statistic during model development was reported as 0.84 (range
0.43–1.00), while the median C-statistic during external validation
was 0.77 (range 0.41–0.97). However, most prediction models are
considered at high risk of bias due to small sample size (events per
variable <10) or insufficient handling of missing data. Further-
more, these models used more predictors: the number of
predictors in the final model was 6 (range 2–21). The model,
which predicts with high accuracy using fewer predictors is ideal
because it makes the model easier to use in clinical practice.
Overall, the model in this study was designed and validated
appropriately, has less bias than previously reported models, and
is more useful and user-friendly in clinical practice.
In this study, we focused on the RS score as an indicator of

respiratory status. The Oxygenation Index (OI) is an effective
indicator of poor oxygenation in ventilated infants;27 however,
arterial blood samples are required to determine PaO2. Therefore,
to avoid the invasiveness of blood sampling, the RS score was

proposed as a noninvasive indicator for assessing the state of poor
oxygenation. There was a strong correlation (R2= 0.982) between
RS score and OI when oxygen saturation (SpO2) was kept between
88 and 94%.28 This condition would apply to the respiratory
management of preterm infants with SpO2 targets of less than
95%.29 There have also been several reports that show an
association between RS score and complications in preterm
infants. Malkar et al. evaluated RS scores in very low BW infants
who required ventilation until the 30th day of life and found that
an RS score >6.0 on the 30th day was associated with higher
mortality and a longer duration of ventilation.14 Jung et al. also
conducted a retrospective study on RS scores in preterm infants
born at less than 28 weeks’ gestation who were ventilated for
more than one week at a single center. They reported that the
sensitivity and specificity for predicting death or severe BPD were
57.6% and 81.63%, respectively, with an RS score cutoff value of
3.0 at 14 days of age.13 It should be noted that our BPD prediction
model, which simply combined GA and the RS score was able to
predict death or severe BPD as early as 7 days of age, surpassing
previous reports. Furthermore, both postnatal day 7 and 14
models maintained their predictive accuracy in external validation
using datasets from various health regions.
In our prediction model, GA was included alongside the RS

score as a predictor. Seo et al. found that GA, PROM, and weight-
standardized RS scores were all significantly associated with BPD-

Table 1. Demographic and clinical characteristics of the study population used in the training dataset.

Severe BPD
(n= 149)

No severe BPD
(n= 1251)

p-value

Gestational age (week) 25.4 (23.7–27.6) 29.4 (27.2–31.0) <0.0001

Birth weight (g) 712 (545–925) 1148 (861–1372) <0.0001

Birth weight (SDS) −0.5 (− 1.2–0.3) −0.64 (− 1.7–0.1) 0.0779

Body length at birth (cm) 31.3 (28.7–34.7) 37.0 (33.8–39.5) <0.0001

Body length at birth (SDS) −0.43 (− 1.3–0.2) −0.49 (− 1.4–0.3) 0.9707

Male (n,%) 77 (51.7) 625 (50.0) 0.6918

Clinical CAM (n,%) 41 (27.7) 145 (11.8) <0.0001

Histologic CAM (n,%) 67 (47.2) 308 (25.9) <0.0001

PROM (n,%) 57 (38.8) 338 (28.5) 0.0099

Maternal steroid (n, %) 90 (63.8) 771 (64.0) 0.9614

1min Apgar score 3 (1–5) 5 (3–7) <0.0001

5min Apgar score 6 (4–8) 8 (6–9) <0.0001

RDS (n,%) 111 (74.5) 741 (59.4) 0.0003

Pulmonary hemorrhage (n,%) 4 (2.68) 14 (1.13) 0.1116

Symptomatic PDA (n,%) 73 (49.3) 433 (35.6) 0.0011

IVH (n,%) 33 (22.5) 147 (12.1) 0.0005

Sepsis (n,%) 22 (14.97) 60 (4.94) <0.0001

Intubation at birth (n,%) 130 (87.2) 880 (71.2) <0.0001

RS score (day7) 1.89 (1.31− 2.65) 1.26 (0.84–1.45) <0.0001

RS score (day14) 2.20 (1.43− 3.81) 1.05 (0.0–1.43) <0.0001

Inhaled corticosteroid (n,%) 72 (48.3) 213 (17.7) <0.0001

Systemic corticosteroid (n,%) 79 (55.6) 154 (19.47) <0.0001

HFO (n,%) 88 (64.2) 257 (25.8) <0.0001

Length of Invasive ventilation (day) 43 (4–68) 2 (1–12) <0.0001

Length of Noninvasive ventilation (day) 39 (16− 59) 27 (10–41) <0.0001

Age at discharge (day) 137 (104–168) 73 (54–100) <0.0001

Values are presented as median (first quartile to third quartile) or numbers (%).
Severe BPD is defined as the use of home oxygen therapy (HOT) or home ventilation at discharge or death from BPD during hospitalization.
BPD bronchopulmonary dysplasia, SDS standard deviation score, CAM chorioamnionitis, PROM premature rupture of membrane, RDS respiratory distress
syndrome, PDA patent ductus arteriosus, IVH intraventricular hemorrhage, RS score respiratory severity score, HFO high-frequency oscillation.
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induced pulmonary hypertension in preterm infants born at less
than 30 weeks’ gestation.15 It implies that the combination of RS
score and GA is critical for developing an effective
prediction model.
Because some treatments for BPD have side effects, it is

preferable to target only those with severe BPD rather than
administering these treatments prophylactically to all infants.
Therefore, developing BPD prediction models that can be used
early after birth is crucial for improving outcomes in preterm

infants. One example of a BPD treatment associated with adverse
effects is corticosteroids. Several intervention trials have been
conducted to evaluate their efficacy. A Cochrane review published
in 2021 found that systemic corticosteroids administered before
7 days of age reduced the composite outcome of death or BPD at
36 weeks’ corrected age (RR 0.89, 95% CI 0.84 to 0.94); however,
also increased the risk of cerebral palsy (RR 1.43, 95% CI 1.07 to
1.92) and gastrointestinal perforation (RR 1.84, 95% CI 1.36 to
2.49).5 Therefore, corticosteroid treatment for BPD is not

RS score > 1.6

Yes No

Category % N

No severe BPD 89.1 1038

Severe BPD 10.9 127

Total 1165

Category % N

No severe BPD 70.1 189

Severe BPD 29.9 81

Total 270

Category % N

No severe BPD 94.8 849

Severe BPD 5.2 46

Total 895

Category % N

No severe BPD 52.2 43

Severe BPD 47.8 40

Total 83

Category % N

No severe BPD 78.1 146

Severe BPD 21.9 41

Total 187

Yes No
GA < 24.3 Category % N

No severe BPD 90.7 293

Severe BPD 9.3 30

Total 323

Category % N

No severe BPD 97.2 556

Severe BPD 2.8 16

Total 572

GA > 29.1
Yes No

a

RS score > 1.5

Yes No

Category % N

No severe BPD 89.4 1040

Severe BPD 10.6 124

Total 1164

Category % N

No severe BPD 73.2 245

Severe BPD 26.8 90

Total 335

Category % N

No severe BPD 95.9 795

Severe BPD 4.1 34

Total 829

Category % N

No severe BPD 43.9 25

Severe BPD 56.1 33

Total 58

Category % N

No severe BPD 79.4 220

Severe BPD 20.6 57

Total 277

No

RS score > 3.8

GA < 24.0

Yes

Category % N

No severe BPD 60.9 32

Severe BPD 39.1 21

Total 53

Category % N

No severe BPD 83.9 188

Severe BPD 16.1 36

Total 224

NoYes

b

Fig. 2 Classification and regression tree (CART) model for predicting severe BPD at 7 and 14 days of age. a Postnatal day 7 model.
b Postnatal day 14 model. Predictive models with and without severe BPD were created using classification and regression tree (CART)
analysis. The cutoff value for each root node or daughter node is automatically selected according to the likelihood-ratio chi-square statistic.
The following covariates were used to create the prediction model, RS score, gestational age, birth weight, clinical CAM, histologic CAM,
PROM, 1 min Apgar score, 5 min Apgar score, RDS, symptomatic PDA, IVH, Sepsis, and intubation at birth. The percentage represents
predicted probabilities, while the N value represents the number of infants in each category. BPD is bronchopulmonary dysplasia, CAM is
chorioamnionitis, PROM is premature rupture of membrane, RDS is respiratory distress syndrome, PDA is patent ductus arteriosus, IVH is
intraventricular hemorrhage, and RS score is respiratory severity score.
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recommended as a universal approach due to its associated side
effects. Conversely, stratifying the target population -based on the
risk of developing BPD has been suggested to improve treatment
outcomes. A 2014 meta-analysis of 20 randomized clinical trials

found that postnatal corticosteroids increased the risk of death or
cerebral palsy in populations with less than a 33% risk of BPD,
while they reduced the risk of these adverse events in populations
with a 60% or greater risk of BPD.30 Therefore, accurately

Table 2. Comparison of demographic and clinical characteristics of the study populations used in the training and validation datasets.

Training dataset
(n= 1400)

Validation dataset
(n= 277)

p-value

Gestational age (week) 29.2 (26.8–30.9) 27.7 (25.4–29.1) <0.0001

Birth weight (g) 1096 (806–1358) 926 (672–1161) <0.0001

Birth weight (SDS) −0.6 (− 1.6–0.1) −0.6 (− 1.5–0.4) 0.1524

Body length at birth (cm) 36.5 (33.0–39.0) 34.1 (31.0–37.0) <0.0001

Body length at birth (SDS) −0.47 (− 1.4–0.3) −0.51 (− 1.3–0.12) 0.3341

Male (n,%) 702 (50.1) 153 (55.2) 0.1214

Clinical CAM (n,%) 186 (13.5) 36 (13.0) 0.8232

Histologic CAM (n,%) 375 (28.2) 129 (47.4) <0.0001

PROM (n,%) 395 (29.6) 84 (30.3) 0.8128

Maternal steroid (n, %) 861 (64.0) 172 (62.0) 0.5449

1min Apgar score 5 (3–7) 5 (4–6) 0.3112

5min Apgar score 7 (6–9) 7 (6–8) 0.0171

RDS (n,%) 852 (61.0) 200 (72.2) 0.0004

Pulmonary hemorrhage (n,%) 18 (1.29) 5 (1.82) 0.4952

Symptomatic PDA (n,%) 506 (37.0) 121 (44.3) 0.0239

IVH (n,%) 180 (13.2) 43 (15.5) 0.3072

Sepsis (n,%) 82 (6.0) 21 (7.6) 0.3216

Intubation at birth (n,%) 1010 (72.9) 238 (85.9) <0.0001

RS score (day7) 1.26 (1.00–1.55) 1.63 (1.05–2.2) 0.0004

RS score (day14) 1.19 (0.0–1.68) 1.84 (1.05–3.3) <0.0001

Inhaled corticosteroid (n,%) 285 (21.0) 28 (12.3) 0.0023

Systemic corticosteroid (n,%) 233 (25.0) 136 (49.2) <0.0001

HFO (n,%) 345 (30.4) 152 (60.8) <0.0001

Length of Invasive ventilation (day) 3 (1–18) 17 (3–46) <0.0001

Length of Noninvasive ventilation (day) 28 (10–43) 32 (18–43) 0.0309

Age at discharge (day) 77 (56–109) 103 (79–136) <0.0001

Severe BPD (n,%) 149 (10.6) 35 (12.6) 0.3323

Values are presented as median (first quartile to third quartile) or numbers (%).
BPD bronchopulmonary dysplasia, SDS standard deviation score, CAM chorioamnionitis, PROM premature rupture of membrane, RDS respiratory distress
syndrome, PDA patent ductus arteriosus, IVH intraventricular hemorrhage, RS score respiratory severity score, HFO high-frequency oscillation.
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Fig. 3 Receiver operating characteristic (ROC) curves for the CART model for predicting severe BPD at 7 and 14 days of age (Training
dataset). a Postnatal day 7 model. b Postnatal day 14 model.
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identifying high-risk groups and targeting therapeutic interven-
tions accordingly can maximize treatment benefits. The model
developed in this study can identify high-risk infants early and
with high accuracy, allowing for targeted treatment and
potentially improving outcomes for preterm infants.
The strength of this study is that we created this very simple

BPD prediction model through a population-based study that
included all eligible cases in all NICUs in one prefecture, totaling
1400 cases and nearly 150 events. This allowed the model to be
free of facility selection bias and applicable to cases from a large
number of facilities. This study includes Japanese infants, which
few previous studies have investigated (mostly White population).
Conversely, this study has several limitations. The study involved
cases of GA between 28 to 32 weeks, during which severe BPD
occurrences were minimal, and maternal steroid use was
restricted. To assess these impacts, validation utilized a subgroup
dataset comprising infants under 28 weeks of gestation and those
administered maternal steroids. We generated a calibration plot
that showed a strong correlation between the predicted and
actual probabilities. These findings suggest good generalizability.
Data on demographic and clinical characteristics were obtained
from the Neonatal Research Network database in Japan, which did
not have access to all maternal and drug administration
information for infants, which could influence the onset and
severity of BPD. The criteria for HOT and the definition of severe
BPD may differ between institutions. However, the fact that the
prediction accuracy was maintained even when a training dataset
from a population-based study and a validation dataset from a
different healthcare area were used suggests that the general-
ization performance as a prediction model is guaranteed. Future
plans include establishing of a prospective registry to assess
outcomes using the same criteria and validating the accuracy of
the BPD prediction model.
Finally, we created a severe BPD prediction model that is easily

applicable in clinical practice. Furthermore, its accuracy was
maintained following external validation with datasets from
various healthcare areas. This simple prediction model developed
in this study is easily applicable in clinical practice, allowing for
treatment selection based on predicted probability.
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All data are available upon request.
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