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ARTICLE INFO ABSTRACT
Keywords: Background: Bronchopulmonary dysplasia (BPD) is a prevalent and critical complication among
Bronchopulmonary dysplasia premature infants, with potentially long-lasting adverse effetcs. The present study aimed to

Premature infants

establish a nomogram model to predict the risk of BPD in premature infants born at <32 weeks
Risk identification

gestational age.

Methods: A retrospective single-center study was conducted on premature infants admitted to the
neonatal intensive care unit (NICU) of the Children’s Hospital of Nanjing Medical University from
January 2018 to December 2020. Data were collected from clinical medical records, including the
perinatal data and the critical information after birth. Clinical parameters and features were
analyzed using univariate and multivariate logistic regression. A nomogram based on clinical data
was established and validated using bootstrapping samples. The specificity and sensitivity of the
nomogram were estimated using the receiver operating characteristic (ROC) based area under the
curve (AUCQ).

Results: A total of 542 premature babies were included, and 152 infants (28.04%) were diagnosed
with BPD. Birth weight, cesarean delivery, invasive/non-invasive ventilation at day 7 and 14 were
identified as significant factors (p < 0.05) using univariate and the multivariate logistic regression
analysis, and were entered into a nomogram. The calibration curve for BPD probability demon-
strated a favorable concurrence between actual probability and predicted ability of the BPD
nomogram. The nomogram showed potential differentiation, with an AUC of 0.925, 89.90%
sensitivity, 76.71% specificity, and 86.35% accuracy.

Conclusion: The nomogram developed in this study provides a straightforward tool to predict the
probability of BPD and assist clinicians in optimizing treatment regimens for premature infants
born at <32 weeks gestational age. This study highlights the importance of identifying and
monitoring significant clinical factors associated with BPD in premature infants to improve
clinical outcomes.

Prediction
Nomogram

1. Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease and a significant complication of premature infants. Despite advances
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in perinatal medicine, BPD continues to be a rising concern in extremely and very preterm infants [1]. BPD incidence in preterm infants
born at < 29 weeks gestational age (GA) is as high as 45% [2]. BPD affects not only lung function but also systemic health, resulting in
lifelong effects on quality of life and health outcomes [3,4]. Studies have shown that surviving premature infants with BPD have an
increased risk of short-term complications and sequelae such as pulmonary hypertension, growth retardation, and readmission, as well
as long-term effects such as asthma, airway obstructive disease, and cardiovascular sequelae [5]. Therefore, BPD seriously affects and
threatens the life quality and safety of premature infants, also poses a significant burden on the families and communities.

Currently, there is no specific and effective treatment for BPD. Therefore, preventing its occurrence is of utmost importance.
Developing a simple, easy-to-use, and accurate predictive model for premature infants prone to BPD can help clinicians adjust
treatment strategies timely and improve prognosis. Previous studies have developed predictive models for onset disease, the severity of
onset disease, and the occurrence of childhood respiratory diseases after BPD [6-8]. However, these models have varied in the factors
they include. Some models have included chest X-ray or computed tomography (CT) imaging scores, which are subjective and not
standardized between centers [9,10]. Other models have introduced blood inflammation-based specific indicators [11], which are not
readily available for routine clinical detection and increase the economic burden. In addition, most prediction models are based on the
European and American populations [6], and their applicability to Asian populations needs further investigation.

Therefore, based on three-year dataset from a tertiary NICU center in China, our study aims to construct a BPD nomogram pre-
diction model based on common parameters that are readily available in prenatal, perinatal, and postpartum clinics. Such a model
could assist clinicians in optimizing treatment regimens for premature infants born at <32 weeks gestational age and improve clinical
outcomes.

2. Methods
2.1. Study design

A retrospective single-center study was carried out in the NICU of the Children’s Hospital of Nanjing Medical University. Infants
admitted to the NICU from January 01, 2018, to December 31, 2020, were included in the study if they met the following inclusion
criteria: (1) born at <32 weeks GA; (2) had a hospital stay> 28 days. Exclusion criteria were: (1) congenital abnormalities or inborn
errors; (2) suspected genetic metabolic diseases or chromosomal abnormalities; (3) infection at admission; (4) requirement of surgery
during the hospital stay; (5) missing/incomplete clinical data such as maternal pregnancy and childbirth-related information.

2.2. Clinical data collection

Hospital records were used to collect data on the following: (1) infants’ general condition, including GA, birth weight (BW), gender,
mode of delivery, twins and multiple births, Smin Apgar Score <7, and resuscitation at birth; (2) maternal conditions, including
premature rupture of membranes (PROM) > 18 h, gestational diabetes, gestational hypertension, antenatal corticosteroids use and
ages of parents; (3) clinical manifestations and complications, including neonatal respiratory distress syndrome (NRDS), pulmonary
hemorrhage, pneumothorax, pneumonia and/or sepsis, patent ductus arteriosus (PDA), hemodynamically significant PDA (hsPDA),
periventricular/intraventricular hemorrhage (PVH/IVH), retinopathy of prematurity (ROP), necrotizing entrocolitis (NEC); (4)
treatment strategies, including pulmonary surfactant therapy, invasive and non-invasive ventilation, duration of invasive ventilation,
invasive/non-invasive ventilation at day 7 and 14.

GA was defined as the number of weeks between the first day of the mother’s last menstrual cycle and the day of birth. NRDS was
characterized as the onset of respiratory distress that cannot be addressed through other causes as determined by a chest x-ray and
other medical tests. Pneumonia was determined based on clinical indicators and thoracic imaging data. Clinical manifestations,
positive blood tests and inflammatory markers were used to diagnose sepsis. Within the first 1 week of life, a 2D color Doppler
screening was used to confirm PDA. The echocardiogram was repeated according to clinical need. A diagnosis of hs-PDA met the
relevant clinical features such as deterioration of respiratory system, low diastolic or mean blood pressure, unexplained acidosis,
feeding intolerance, and one of the criteria from echocardiographic: >1.5 mm ductal diameter, >1.5 left atrium/aorta ratio, 1.5 peak
velocity of ductus arteriosus. According to the modified criteria of Bell, NEC was diagnosed. Meanwhile, the international classification
of ROP was used to identify ROP. PVH/IVH was determined by the ultrasound of the cranial at a series of weekly check-ups after birth.

In our NICU, the diagnosis of BPD was established according to the criteria outlined by the National Institute of Child Health and
Human Development (NICHD) criterion established in 2001 [12]. The diagnostic criteria included: (1) treatment with supplemental
oxygen (FiO2 > 0.21) for a minimum duration of 28 days; (2) worsening or persistent respiratory insufficiency; and (3) exclusion of
other respiratory support-dependent conditions such as pneumothorax, severe congenital cardiopathy, pleural effusion, among others.
The clinical grading of BPD was determined by evaluating the infants’ respiratory support at 36 weeks postmenstrual age (PMA) or at
discharge. The severity of BPD was classified as mild (no supplemental oxygen required), moderate (<0.3 level of FiO2), or severe
(>0.3 level of FiO2 and/or mechanical ventilation or positive pressure ventilation). This standardized approach allowed for consistent
and accurate diagnosis of BPD in our NICU, which is crucial for appropriate management and follow-up of affected infants.

2.3. Nomogram development and statistics analysis

In our study, variables that followed a normal distribution were expressed as mean =+ standard deviation and analyzed using an
independent t-test. For variables that did not follow a normal distribution, median (IQR) was used, and a non-parametric Mann-
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Whitney test was conducted. For categorical variables, both the y2 test and Fisher’s exact test were employed, and percentages were
reported. Univariate logistic regression was conducted to examine each variable, and only statistically significant variables (p < 0.05)
were selected for further multivariate logistic regression analysis. The Enter approach was used to calculate the adjusted odds ratio
(OR) and the corresponding 95% confidence interval (CI) in the multivariate analysis. Based on the significant risk factors identified
from the multivariate analysis, we constructed a nomogram to predict the probability of BPD occurrence. To evaluate the performance
of the nomogram, we conducted calibration and discrimination analyses. The calibration plot was used to visually compare the actual
and predicted probabilities of BPD, while 1000 bootstraps resamples were utilized for internal validation. The discriminative capa-
bility of the nomogram was measured using the area under the curve (AUC) of the receiver operating characteristic (ROC) curve. We
defined a statistically significant difference as p < 0.05. SPSS 22.0 (IBM Inc., Chicago, USA) and R 3.1.2 (Rstudio Co., Boston, USA)
with the rms statistical packages were used for statistical analyses and graphics.

3. Results
3.1. Demographic characteristics of the study

Our study included a cohort of 554 premature infants born at <32 weeks GA, of which 8 infants had congenital heart disease and/or
surgery intervention, and 4 infants abandoned therapy or died before PMA of 36 weeks. Therefore, 542 premature infants were ul-
timately included in our analysis, of which 152 premature infants were diagnosed with BPD and 390 infants were without BPD. The
cohort included 245 (45.2%) females and 297 (54.8%) males, with a median GA of 29.71 weeks and a mean BW of 1326.12 g. Of the
mothers, 56.5% were given the complete doses of antenatal corticosteroids. Among the infants with BPD, 77 (50.7%), 43 (28.3%), and
32 (21.1%) had mild, moderate, and severe BPD, respectively.

Table 1 displays the demographic characteristics of premature infants categorized into two groups, BPD and non-BPD. The BPD
group was observed to have smaller weight and less gestational age than non-BPD patients [1112.24 4 239.97 g vs 1409.47 + 254.58 g
(p < 0.001), 28.71 (27.57, 29.71) weeks vs 30.29 (29.14, 31.14) weeks (p < 0.001), respectively]. Additionally, the proportion of
cesarean delivery was significantly lower in the BPD group than in the non-BPD group (41.4% vs. 56.2%, p = 0.002). Patients who
developed BPD were also found to have a higher incidence of 5min Apgar Score <7 (13.8% vs 3.6%, p < 0.001), and elevated incidence
of resuscitation at birth (18.4% vs 8.5%, p < 0.001). Furthermore, surfactant administration (51.3% vs 39.7%, p = 0.015) and hs-PDA
(15.1% vs 5.6%, p < 0.001) were also more prevalent in the BPD group. Rates of both invasive and non-invasive ventilations were
elevated in the BPD group (68.4% vs 32.6%, p < 0.001, 94.1% vs 66.7%, p < 0.001, discretely), and the duration of invasive ventilation
was also longer [84 (0, 236.25) h vs 0 (0,39.25) h, p < 0.001]. Moreover, the BPD group had a higer probability of invasive/non-

Table 1
Clinical characteristics of the prematures and their parents by BPD status.
Non-BPD group (n = 390) BPD group (n = 152) P
Gestational age (weeks), median (IQR) 30.29 (29.14, 31.14) 28.71 (27.57, 29.71) <0.001
Birth weight (g), mean (SD) 1409.47 (254.58) 1112.24 (239.97) <0.001
Male,n (%) 207 (53.1) 90 (59.2) 0.197
Twins and multiple births,n (%) 131 (33.6) 40 (26.3) 0.102
Cesarean delivery,n (%) 219 (56.2) 63 (41.4) 0.002
5min Apgar Score<7,n (%) 14 (3.6) 21(13.8) <0.001
Resuscitation at birth,n (%) 33(8.5) 28 (18.4) 0.001
Age of father, mean (SD) 32.32(5.43) 32.81 (6.1) 0.364
Age of mother, mean (SD) 30.52 (4.8) 31.12 (5.1) 0.206
Complete cause of antenatal corticosteroid,n (%) 228 (58.5) 78 (51.3) 0.132
PROM>18 h,n (%) 88 (22.6) 37 (24.3) 0.659
Gestational diabetes,n (%) 39 (10.0) 18 (11.8) 0.530
Gestational hypertention,n (%) 64 (16.4) 26 (17.2) 0.821
NRDS,n (%) 206 (52.8) 83 (54.6) 0.708
Pulmonary hemorrhage, n (%) 8(2.1) 7 (4.6) 0.100
Pneumothorax,n (%) 1(0.3) 1(0.7) 0.489
Pneumonia and/or sepsis,n (%) 141 (36.2) 60 (39.5) 0.472
PDA,n (%) 219 (56.2) 94 (61.8) 0.228
hs-PDA,n (%) 22 (5.6) 23 (15.1) <0.001
PVH-IVH(>ID),n (%) 371 (95.1) 140 (92.1) 0.173
ROP(>2),n (%) 51 (13.1) 17 (11.2) 0.550
NEC (>IB),n (%) 90 (23.1) 34 (22.4) 0.860
PS therapy, n (%) 155 (39.7) 78 (51.3) 0.015
Non invasive ventilation,n (%) 260 (66.7) 143 (94.1) <0.001
Invasive ventilation (%) 127 (32.6) 104 (68.4) <0.001
Ventilation at day 7,n (%) 153 (39.2) 144 (94.7) <0.001
Ventilation at day 14,n (%) 68 (17.4) 128 (84.2) <0.001
Duration of invasive ventilation (h), median (IQR) 0 (0,39.25) 84 (0, 236.25) <0.001

PROM, premature rupture of membranes; RDS, respiratory distress syndrome; PDA, patent ductus arteriosus; hs-PDA, hemodynamically significant
PDA; PVH-IVH, periventricular/intraventricular hemorrhage; ROP, retinopathy of prematurity; NEC, necrotizing enterocolitis; PS, pulmonary sur-
factant; Ventilation at day 7 = Invasive/Non-invasive ventilation at day 7; Ventilation at day 14 = Invasive/Non-invasive ventilation at day 14.
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invasive ventilation at day 7 and day 14 [94.7% vs 39.2%, p < 0.001, 84.2% vs 17.4%, p < 0.001]. The study observed no significant
differences between the two groups with respect to gender, twins and multiple births, ages of parents, complete cause of antenatal
corticosteroid, PROM>18 h, gestational diabetes, and gestational hypertension. There were no significant differences in the incidence
of NRDS, pulmonary hemorrhage, pneumothorax, pneumonia and/or sepsis, PDA, PVH-IVH, ROP and NEC.

4. Risk factors in preterm infants with BPD

In our study, we utilized univariate regression to determine the differences between premature infants with and without BPD.
Twelve variables were found to be significantly different between the two groups, including: GA, BW, cesarean delivery, 5Smin Apgar
Score <7, resuscitation at birth, pulmonary surfactant therapy, hsPDA, invasive and non-invasive ventilation, duration of invasive
ventilation, invasive/non-invasive ventilation at day 7 and 14 (p < 0.05). Subsequently, we conducted a multivariable logistic
regression analysis and identified birth weight (OR = 0.997, 95% CI: 0.995-0.998), cesarean delivery (OR = 0.441, 95% CI:
0.243-0.801), invasive/non-invasive ventilation at day 7 (OR = 6.004, 95% CI: 2.515-14.334) and invasive/non-invasive ventilation
at day 14(OR = 7.099, 95% CI: 3.802-13.255) as independent risk factors associated with BPD (Table 2). These findings suggest that
careful management of ventilation and delivery mode may be important in reducing the incidence of BPD in premature infants.

4.1. Nomogram construction

A nomogram was constructed based on the significant risk factors identified by multivariate regression analysis to predict the
development of BPD in premature infants (Fig. 1). The BW was found to be the most significant risk factor for BPD, followed by
invasive/non-invasive ventilation at day 14, invasive/non-invasive ventilation at day 7 and cesarean delivery. By combining the points
assigned to each variable, the nomogram provides a tool to estimate the likelihood of BPD in a given infant. For example, a premature
infant with vaginal delivery and a BW of 800 g requiring ongoing invasive or non-invasive ventilation at day 7 and 14 would have
approximately a 90% probability of developing BPD. This nomogram may help clinicians to identify infants at high risk for BPD and
implement preventive measures accordingly.

4.2. Validation and efficacy of nomogram

To evaluate the calibration of BPD, a calibration curve was used. The results showed a high level of consistency between the
predicted probability and the actual probability of BPD, as demonstrated by the curve (Fig. 2A). For internal validation, the nomogram
was applied to 1000 bootstrapping resamples, which demonstrated high prediction accuracy. Furthermore, ROC analysis was utilized
to assess prediction efficiency of the nomogram for BPD (Fig. 2B), and the results showed an AUC value of 0.925 (95% CI: 0.902-0.948)
on the ROC curve, with high sensitivity (89.90%), specificity (76.71%) and accuracy (86.35%). Thus, the nomogram model, which
incorporated four variables, demonstrated superior predictive ability for BPD compared to individual variables, indicating its reliable
performance in clinical settings.

5. Discussion

BPD is a chronic disease that results from multiple factors, including genetic, prenatal or postnatal influences [13-17]. Despite
extensive research, the pathogenesis of BPD remains incompletely understood, although it is believed to arise from lung immaturity,
infection, inflammation, oxygen toxicity, mechanical ventilation. Abnormal repair following injury is also thought to contribute to the
development of BPD [13]. Unfortunately, there are currently no effective and specific treatments available for BPD. Therefore,

Table 2

Univariate and multivariate logistic regression for analyzing the risk factors for BPD.
Characteristic Univariate Multivariate

OR 95%CI P OR 95%CI P

Gestational age 0.515 0.446-0.596 <0.001 0.997 0.786-1.265 0.978
Birth weight 0.995 0.994-0.996 <0.001 0.997 0.995-0.998 <0.001
Cesarean delivery 0.553 0.378-.808 0.002 0.441 0.243-0.801 0.007
5min Apgar Score <7 4.305 2.128-8.712 <0.001 1.945 0.656-5.767 0.230
Resuscitation at birth 2.436 1.415-4.195 0.001 1.368 0.562-3.328 0.490
Pulmonary surfactant therapy 1.598 1.096-2.330 0.015 0.629 0.325-1.216 0.168
hs-PDA,n (%) 2.982 1.608-5.533 0.001 1.022 0.411-2.543 0.963
Invasive ventilation 4.487 3.001-6.709 <0.001 1.117 0.533-2.341 0.769
Non-invasive ventilation 7.944 3.923-16.090 <0.001 2.115 0.813-5.501 0.125
Ventilation at day 7 27.882 13.298-58.462 <0.001 6.004 2.515-14.334 <0.001
Ventilation at day 14 25.255 15.189-41.991 <0.001 7.099 3.802-13.255 <0.001
Duration of invasive ventilation 1.009 1.007-1.011 <0.001 1.002 0.999-1.005 0.118

hs-PDA, hemodynamically significant PDA; Ventilation at day 7 = Invasive/Non-invasive ventilation at day 7; Ventilation at day 14 = Invasive/Non-
invasive ventilation at day 14.
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Fig. 1. The nomogram of BPD in premature infants. The value of each variable was given a score on the point scale axis. A total score could be
calculated by summing every single score. The probability of BPD in premature infants will be estimated easily, by projecting the total score to the
lower total point scale. Ventilation at day 7 = Invasive/Non-invasive ventilation at day 7; Ventilation at day 14 = Invasive/Non-invasive ventilation
at day 14.
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Fig. 2. Calibration plot and ROC curves for the nomogram. (A) The x-axis represents the nomogram-predicted probability and the y-axis
represents the diagnosed BPD. Perfect prediction would correspond to the 45° dashed line. The dotted line represents the entire cohort (n = 542) and
the solid line is bias-corrected by bootstrapping (B = 1000 repetitions), indicating observed nomogram performance. (B) The prediction nomogram
model for BPD includes the variables: birth weight, cesarean delivery, ventilation at day 7 and 14. The AUC, specificity, and sensitivity for the
nomogram model are higher than any of the four included risk factors alone. Ventilation at day 7 = Invasive/Non-invasive ventilation at day 7;
Ventilation at day 14 = Invasive/Non-invasive ventilation at day 14.

accurate prediction of BPD in the early postnatal period is of great clinical significance, as it could acilitate the optimization of
treatment plans and enable the adoption of active prevention strategies.

Our study was a retrospective analysis that examined data collected over a three-year from a single center, including preterm
infants bore at < 32 weeks GA. We found that the incidence of 5 min Apgar Score<7 and resuscitation at birth decreased significantly
in the non-BPD group, whih had a higher cesarean section rate compared to the BPD group. Multivariate regression analysis
demonstrated that cesarean section was protective factor against BPD, a relationship that has not been clearly reported in previous
studies. Our findings suggest that if the mother has complications or the fetal intrauterine condition is unstable, a cesarean section may
reduce the need for resuscitation in the delivery room, thereby decreasing the risk of asphyxia-related complications and improving the
overall stability of premature infants in the early postnatal period [18]. This protective effect of cesarean section has been reported in
previous studies as well, such as Tucker et al. [19] who found that extremely preterm infants with breech at 23-25 weeks of gestation
had a relatively higher survival rate when delivered by cesarean section. Our study provides further insights into the potential benefits
of cesarean section in improving outcomes for preterm infants, particularly with respect to reducing the risk of developing BPD.

PDA has been identified as a risk factor for BPD in previous studies [11,20], particularly in cases of hs-PDA. hs-PDA leads to changes
in the hemodynamics of the heart and systemic circulation, causing pulmonary edema and increasing the likelihood of pulmonary
hemorrhage, which can worsen lung compliance and injury [11]. In our study, hs-PDA was found to be significantly more common in
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BPD group, and the probability of pulmonary hemorrhage was also elevated, consistent with previous studies. However, while some
studies suggest a causal relationship between PDA and BPD [21], this has not yet been proven conclusively [22,23]. In our study,
hs-PDA was identified as a risk factor BPD by univariate analysis, but not by multivariate regression analysis, possibly due to the
sample size of hs-PDA in our study. While our findings support close monitoring of children with PDA, further evaluation and veri-
fication of the relationship between PDA and BPD in larger cohorts is warranted.

The risk factors for BPD in preterm infants are multifactorial and complex. In our study, we found the rate and duration of invasive
mechanical ventilation in BPD group were significantly higher than non-BPD group, which is consistent with the previous research
[11]. The use of invasive mechanical ventilation is associated with an increased risk of BPD [24-27], due to the pressure and volume
injury caused by excessive stretching of lung tissue [28]. Multivariate regression analysis identified invasive/non-invasive ventilation
at day 7 and 14 as independent risk factors for BPD, consistent with the study by Daniela et al. [7]. Although non-invasive ventilation is
considered more beneficial for lung protection than invasive mechanical ventilation, both forms of ventilation should be used with
caution, and positive pressure breathing support should be withdrawn as soon as possible to minimize lung damage. Our findings
highlight the importance of timely and dynamic assessment of the condition of premature infants with ventilation and emphasize the
need for individualized ventilation strategies to reduce the risk of BPD.

Eestablishing a predictive model that can accurately identify high-risk premature infants and reveal independent influencing
factors of BPD is critical for clinical decision-making and management. In this study, we developed a nomogram for predicting the risk
of BPD in preterm infants, utilizing independent risk factors for BPD. The nomogram was built based on easily obtained clinical in-
dicators, including birth weight, cesarean delivery, invasive/non-invasive ventilation at day 7 and 14. The model’s high predictive
accuracy and simplicity make it an important tool for clinicians in a wide range of clinical settings, without adding to the burden of
clinicians and children. Moreover, We intend to validate the nomogram prediction model with future prospective studies, further
confirming its potential clinical significance in improving the quality of care for premature infants.

Our study has certain limitations that should be acknowledged. Firstly, the exclusion of infants who abandoned therapy or died
before 36 weeks of PMA, may have resulted in incomplete and biased data. Secondly, our study was conducted retrospectively in a
single center, which may limit the generalizability of our findings. Further studies with larger, multicenter infant cohorts are needed to
validate the applicability of our model.

In conclusion, our study developed a nomogram prediction model based on independent risk factors for BPD, which demonstrated
promising predictive performance. Our nomogram model is straightforward and easy to apply, offering a valuable tool for clinical
prediction of BPD and optimization of treatment strategies for neonatology specialists. We believe that this prediction model has the
potential to assist neonatology specialists in the early identification of newborns at risk for BPD, thus lowering the incidence of BPD
and enhancing outcomes for premature infants.
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