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Objective. To develop the model for early prediction of clinically significant bronchopulmonary dysplasia in 
extremely premature infants. 
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Materials and methods. 226 premature infants with gestational age less than 31 weeks, birth weight from 
490 to 999 g, age from 0 to 7 days, and respiratory failure requiring ventilatory support (ventilator support) 
were included into a retrospective study conducted in the Perm Regional Perinatal Center. Machine learning 
algorithms such as logistic regression, support vector machine, random forest method, and gradient boosting 
method were used for the prognostic model building. Five variables were used: birth weight, Apgar score in 
the 5

th
 minute of life, Silverman score, number of days of invasive ventilatory support, median oxygen fraction 

in the inhaled air measured daily during the first seven days of life. 
Results. In the 36

th
 week of postconceptional age 148 out of 182 infants (81.3 %) in the study cohort devel�

oped bronchopulmonary dysplasia (BPD), among them 15.4 % had a mild form, 29.7 % a moderate one, and 
in 36.3 % of patient it was severe. Among the four studied prediction algorithms, logistic regression model was 
chosen as the final model with metrics: AUC = 0.840, accuracy 0.818, sensitivity 0.972, specificity 0.666. The 
practical application of the modeling results was implemented in the form of a probability calculator. 
Conclusions. In the early neonatal period of extremely premature infants, a combination of clinical predic�
tors such as birth weight, Apgar score in the 5

th
 minute of life, Silverman score, number of days of invasive 

ventilatory support, median oxygen fraction in the inhaled air measured during the first seven days of life can 
be used to predict the development of bronchopulmonary dysplasia. The logistic regression model shows 
high sensitivity that minimizes the probability of an error of second kind. Thus, its application is useful in the 
early prediction of bronchopulmonary dysplasia in premature infants. 
Keywords. Bronchopulmonary dysplasia, prematurity, prediction, machine learning. 
 
Цель. Разработка алгоритма раннего прогнозирования развития клинически значимой бронхолегоч�
ной дисплазии у глубоко недоношенных детей. 
Материалы и методы. В ретроспективное исследование, проведенное в Пермском краевом перина�
тальном центре, были включены 226 глубоко недоношенных детей, со сроком гестации менее 31 не�
дели, весом при рождении от 490 до 999 г., в возрасте от 0 до 7 дней, с наличием дыхательной недос�
таточности, потребовавшей аппаратной поддержки. Для построения прогностической модели исполь�
зовались алгоритмы машинного обучения: логистическая регрессия, метод опорных векторов, метод 
случайного леса, метод градиентного бустинга. Использовали пять переменных характеристик: масса 
тела при рождении, оценка по шкале Апгар на 5�й мин жизни, оценка по шкале Сильвермана, количе�
ство дней инвазивной ИВЛ, медианное значение доли кислорода во вдыхаемом воздухе, измеряемое 
ежедневно в первые семь дней жизни. 
Результаты. На 36�й неделе постконцептуального возраста у 148 из 182 новорожденных исследуемой 
когорты (81,3 %) развилась бронхолегочная дисплазия (БЛД): у 15,4 % она была отнесена к легкой, у 
29,7 % – к средней тяжести, и у 36,3 % – к тяжелой. Из четырех изученных алгоритмов прогнозирова�
ния в качестве итоговой выбрана модель логистической регрессии с метриками: AUC = 0,840, точность 
0,818, чувствительность 0,972, специфичность 0,666. Прикладное применение результатов моделиро�
вания осуществлено в виде калькулятора вероятности. 
Выводы. В раннем неонатальном периоде глубоко недоношенных детей для прогнозирования разви�
тия БЛД можно использовать сочетание клинических предикторов, таких как масса тела при рожде�
нии, оценка по шкале Апгар на 5�й мин, оценка по шкале Сильверман, количество дней инвазивной 
ИВЛ, медианное значение доли кислорода во вдыхаемом воздухе измеряемое в первые семь дней жиз�
ни. Модель логистической регрессии показывает высокие значения чувствительности, которые позво�
ляют минимизировать вероятность ошибки второго рода, что делает ее применение полезным в зада�
чах раннего прогнозирования развития БЛД у глубоко недоношенных детей. 
Ключевые слова. Бронхолегочная дисплазия, недоношенные, прогнозирование, машинное обучение. 

 

 

INTRODUCTION 

 Bronchopulmonary dysplasia (BPD) is 

one of the most crucial complications of 

preterm labor as it has long�term conse�

quences [1]. Due to the advances in modern 

neonatal care, the survival rate of profoundly 

premature infants has improved significantly, 
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which is contributing to the increasing inci�

dence of BPD worldwide [2]. The optimiza�

tion of strategies for the prevention and 

treatment of BPD is based on scientific pre�

diction of the probability of its development, 

the main goal of which is to ensure a per�

sonalized approach to each child.  

Many BPD prediction models have 

been developed in recent years. For exam�

ple, T. C. Kwok (2023) included 64 studies 

with 53 prediction models in his review [3], 

H. B. Peng (2022) described 21 prediction 

models from 13 studies [4], M. Romijn 

(2023) examined 65 studies, including 158 

development models and 108 externally 

validated models, however, the problem is 

that the existing models are of varying qual�

ity and they may produce contradictory re�

sults, and this leads to difficulties about the 

kind of  model to use or to recommend [5]. 

Mathematical approaches in medical pre�

diction include the use of statistical meth�

ods and machine learning. Statistical meth�

ods can be used to analyze disease data, pa�

tient data, and epidemiological trends to 

identify patterns and factors that affect 

health. Machine learning allows to create 

models based on large amounts of data, 

which helps in predicting diagnoses, treat�

ment results and possible complications 

[6; 7]. Various algorithms have been effecti�

vely applied to process data generated in 

neonatology over the past decade, for ex�

ample, for the prediction of the hemody�

namic significance of a functioning ductus 

arteriosus among preterm neonates [8; 9]. 

The model based on machine learning of 

support vectors was proposed in Denmark 

in 2021 to predict the occurrence of BPD 

by combining postpartum clinical charac�

teristics and the amount of nitrogen in ex�

haled gas, the accuracy of the model was 

about 90 % [10]. In another study was cre�

ated a machine learning model to predict 

serious BPD using clinical data and genom�

ics, the AUC of the model was 0.872 [11]. 

The results of BPD prediction based on 

deep machine learning technologies, par�

ticularly with the help of neural networks, 

have been published now [12; 13]. Tradi�

tionally, all researchers identify risk factors 

for BPD's development by classifying pre�

term infants for the presence or absence of 

BPD at 28 days postnatal period or 36 weeks 

postconceptional age (PCA). Then research�

ers examine all factors that influenced risk 

up to the time of diagnosis. Most BPD's pre�

diction models use clinical indicators, in�

cluding prenatal, perinatal, and postnatal 

factors. Although there were a lot of attempts 

to examine the correlation between bio�

markers and BPD in the majority of studies, 

only few biomarkers have been included in 

prediction models (14). Today the main 

known risk factors for BPD's development 

listed in studies are low birth weight, gesta�

tional age, male sex, open ductus arteriosus, 

sepsis, and artificial pulmonary ventilation. 

Nevertheless, considering the fact that the 

development of BPD is determined by the 

influence of a large number of factors, the 

interrelationship of which is still controver�

sial, the optimal set of factors predicting the 

development of BPD is still unknown.   
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The aim of the study is to develop an 

algorithm for early prediction of the devel�

opment of clinically significant bronchopul�

monary dysplasia among profoundly prema�

ture infants. It is hypothesized that there is an 

optimal combination of predictive features 

(predictors) that will result in the highest 

probability of BPD's development. 

MATERIALS AND METHODS 

A retrospective study, conducted at the 

Perm Regional Perinatal Center, included 

226 profoundly premature infants that were 

born between October 2015 and April 2020. 

Conditions of inclusion in the observation 

groups were: gestational age less than 

31 weeks, birth weight from 490g to 999g, 

age from 0 to 7 days, respiratory insuffi�

ciency requiring artificial pulmonary ventila�

tion (ALV), main diagnosis according to  

ICD�10: P 27.1 – bronchopulmonary dyspla�

sia that occurred in the perinatal period. Ex�

clusion criteria: serious congenital malforma�

tions such as chromosomal abnormalities, 

congenital lung disease, congenital heart de�

fects (except open ductus arteriosus (OAD) 

and atrial septal defect) and malformations 

of the central nervous system, as well as in�

complete clinical data. The information was 

obtained by retrospective examination of 

medical records of reporting forms No. 112/у. 

In our study, we defined BPD according to 

the wording of R.D. Higgins (2018) stated in 

the clinical recommendations: bronchopul�

monary dysplasia is a chronic diffuse paren�

chymatous (interstitial) lung disease that oc�

curs among premature infants as an out�

come of respiratory distress syndrome 

and/or pulmonary hypoplasia, diagnosed on 

the basis of oxygen dependence at 28 days of 

life and/or 36 weeks postconceptional age 

[15]. 60 potential prognostic features were 

identified based on literature review and our 

own hypotheses, and 37 of them were ex�

cluded as uninformative in subsequent 

analysis. As a result, 5 variable characteristics 

(predictors) of the early neonatal period 

were used to develop a prediction model: 

birth weight, the 5�minute Apgar score, 

Silverman score, the amount of days of inva�

sive ALV, and the median value of the frac�

tion of oxygen in the respired oxygen (FiO
2
) 

recorded daily during the first seven days of 

life. Invasive ALV was defined as any type of 

assisted ventilation requiring intubation and 

artificial ventilation from a CPAP machine. 

The indication for ALV was frequent apneas, 

increasing symptoms of RI in the form of 

participation of auxiliary muscles in the 

breathing process, persistent respiratory acido�

sis in blood gasses, increasing PaCO
2
 > 50 mm 

Hg at FiO
2
 60 % in the supplied mixture. 

Laboratory methods of research included 

general clinical blood analysis (Sysmex XN 

9000 analyzer), biochemical blood analysis 

(Sapphire 400 analyzer). Echocardiographic 

study (echocardiography) was conducted 

among all infants on the 1st, 3rd, 7th, and 

28th days of life with Vivid&GE (USA),  

12S�RS and 8S�RS transducers. Neurosono�

graphic study (NSG) was conducted on the 

1st and 3rd day of life using a Vivid&General 

Electric ultrasound multifunctional scanner 
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(USA) with color coded Doppler flow map�

ping. Standard ECG recordings were con�

ducted among all infants using an electro�

cardiograph “Alton EKZT�12�03 (2007)” on 

the second day of life. Chest organ radiogra�

phy (OGC) was conducted on the 1st, 3rd, 

28th days and at 36 weeks of PCA (TMS 300 

RDR mobile X�ray unit). Round�the�clock 

monitoring of vital functions was conducted 

among all infants and included monitoring 

of heart rate, saturation and blood pressure. 

The results were subjected to statistical 

processing by using parametric and non�

parametric analysis methods. Quantitative 

indices, which distribution differed from 

normal, were described using median (Me) 

values with quartiles (Q
1
 – Q

3
) corresponding 

to the 25–75 % interval. Nominal data were 

described by stating the absolute value and 

percentage. Arithmetic mean (M), standard 

deviation (SD) and 95 % confidence interval 

(95 % CI) limits were calculated for quantita�

tive indices having normal distribution. The 

Student's t�criterion (for normal distribution) 

and the Mann – Whitney (U) criteria for non�

normal distribution were calculated for com�

parative analysis of mean values. Nominal 

data were compared using Pearson's �2
 test. 

Differences were considered statistically sig�

nificant if the level of significance was deter�

mined to be p < 0.05. The connection be�

tween the phenomena, which were repre�

sented by quantitative data, was evaluated 

using Spearman's rank correlation coefficient. 

The following algorithms were used to de�

velop the model: logistic regression, support 

vector machines (SVM), Random Forest Clas�

sifier and Gradient Boosting Classifier. Con�

tinuous variables were standardized such that 

their values ranged from 0 to 1. Non�binary 

categorical variables were converted to binary 

variables via One Hot Encoder. Models were 

developed using the training dataset and 

evaluated using 5�fold cross�validation. The 

test dataset was used for internal validation. 

The area under the ROC curve (AUC) of each 

model was calculated to evaluate the charac�

teristics of the models. The evaluation of the 

following metrics were used: Accuracy, Preci�

sion, Recall, and F1 Score. 

Data accumulation, adjustment, summa�

rization and visualization were accomplished 

in standard Microsoft Office Excel 2016 

spreadsheets. Jamovi, SPSS 26.0 software was 

used for statistical analysis.All experiments 

were conducted in Python 3.9.5 using the 

following libraries: scikit�learn 0.24.1, mat�

plotlib, scipy. All procedures in this research 

involving human people were conducted in 

accordance with the Declaration of Helsinki 

(revised in 2013). The study was approved 

by the local ethical committee of the Federal 

State Budgetary Educational Institution of 

Higher Education "Perm State Medical Uni�

versity named after Academician E.A. Wag�

ner" of the Ministry of Health of the Russian 

Federation (Perm, Russia). Written informed 

consent was obtained from the patients' par�

ents or legal guardians. 

RESULTS AND DISCUSSION 

A total of 226 infants, born before 30 

weeks gestation, were enrolled in the study. 

Retrospectively, 44 infants were excluded 

from the study due to death before the 28th 
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day of life, 21 dropped out of the study be�

cause of other reasons. Thus, there were a 

total of 182 children included in the final 

analysis, including 94/182 (51.6 %) girls and 

88/182 (48.4 %) boys. The median birth 

weight was 880.0 g with an interquartile 

range (Q
1
 – Q

3
) from 770 to 960.0 g, the av�

erage gestational age was 26.7 ± 1.74 weeks, 

and the average mother's age was 27.2 ± 6.5. 

148 out of 182 infants (81.3 %) diagnosed 

with BPD at the 36th week of postconcep�

tional age, 28/182 (15.4 %) of them were 

categorized as mild, 54/182 (29.7 %) as 

moderately severe, and 66/182 (36.3 %) as 

serious. Considering the insignificant clinical 

manifestations of mild BPD, it was decided 

to divide the data into two groups: moder�

ate/serious BPD (main group, 120 patients) 

and absence/mild BPD (comparison group, 

62 children). There were significant differ�

ences between the groups, such as median 

weight in the main group was 806  

(720–900) g, in the comparison group it was 

949 (893–990) g, p < 0.001, the average ges�

tational age in the main group was  

26.1 ± 1.5, in the comparison group it was 

28 ± 1.5 – (p < 0.001). The length of stay in 

the intensive care unit was prolonged among 

infants with BPD (in average of 52.2 days vs. 

21.7 days without BPD (p < 0.001)). Apgar 

score was lower among patients with later 

BPD's progression (main group): 6.13 ± 0.91 

vs. 7.06 ± 0.86, p < 0.001. The Silverman 

scale score (respiratory disease severity 

score) in the main group was 5.98 ± 0.80 vs. 

5.11 ± 0.88 points, p < 0.001. The average 

amount of days on ALV was significantly 

higher in the main group (5.18 ± 2.54 vs. 

1.44 ± 2.51, p < 0.001). The median value of 

respired oxygen fraction FiO2 in the first 

7 days of life was significantly higher in the 

main group: 28.70 (25.5–33.0) vs. 23.50 

(22.00–27.00), p < 0.001 (Table 1).   

Four machine learning algorithms were 

used to develop a BPD prediction model. 

The task type is binary classification, the tar�

get variable is the probability of BPD pro�

gression, it takes one of two possible  

values – 0 or 1, the independent variables 

are a set of five studied features. Data prepa�

ration was conducted, outliers (four values) 

were removed, and the final dataset size for 

the simulation was 178 observations. The 

dataset was randomly divided into two sub�

sets: the training dataset, which consisted of 

75 % of the cohort (133 children), and the 

test dataset, which consisted of the remain�

ing 25 % (45 children). The following vari�

ables were used as predictors: birth weight, 

the 5�minute Apgar score, Silverman score, 

number of days of invasive ALV and median 

FiO
2
 value. In our work, in the context of the 

task of predicting the probability of develop�

ing BPD among preterm infants, we chose 

the Recall metric as the leading one, because 

it is important to minimize false negative 

results. When the model incorrectly predicts 

the absence of BPD of the infant, as the 

wrong treatment tactics may be chosen. We 

reduce the number of such errors by choos�

ing the model with the maximum Recall 

value. The logistic regression model showed 

the highest Recall value among the four used 

algorithms (Table 2).  
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T a b l e  1  

Clinical characteristics of profoundly premature infants 

Patients 
Main group, 

n = 120 
Comparison group, 

n = 62 
p�value 

Birth weight, g 806 (720–900) 949 (893–990) 0.001 
Birth gestational age, weeks 26 ± 1.5 28 ± 1.5 0.001 
Apgar score, score 6.13 ± 0.91 7.06 ± 0.86 0.001 
Silverman scale score, score 5.98 ± 0.80 5.11 ± 0.88 0.001 
Days on ALV 5.18 ± 2.54 1.44 ± 2.51 0.001 
FiO

2
, median share, % 28.70 (25.5–33.0) 23.50 (22.00–27.00) 0.001 

T a b l e  2  

Classification characteristics (metrics) of the final models 

№ Model  Accuracy Precision Recall F1 Score AUC 
1 Logistic Regression  0.818 0.795 0.972 0.875 0.840 
2 Random Forest  0.763 0.780 0.888 0.831 0.830 
3 Gradient Boosting  0.740 0.823 0.777 0.799 0.800 
4 SVC  0.720 0.733 0.916 0.814 0.800 

 

A logistic regression equation was de�

veloped on the basis of the obtained results 

with the coefficients intercept = 1.18, vari�

able “Birth weight” = –0.68, variable 

“Silverman score” = 0.67, variable “Apgar 

score” = –0.62, variable “Number of days on 

ALV” = 0.37, variable “FiO
2
 fraction” = 0.78. 

The final equation is provided to the user in 

a convenient format in the form of a calcu�

lator (Web interface). Our final logistic re�

gression model has the following classifica�

tion characteristics (metrics): Recall 0.972; 

AUC 0.840; Accuracy 0.818, which allow its 

application in clinical practice (Figure). 

The advantage of this study is that the 

proposed algorithm is conducted on the 

seventh day of the infant's life, providing 

clinicians the opportunity of early progno�

sis. In addition, the used predictors are un�

complicated and available in clinical prac�

tice. A limitation of our study is the rela�

tively small number of participants. It can 

lead to potential bias. Therefore, further lar�

ger studies are needed to confirm the find�

ings and determine their clinical utility. 

 
Fig. ROC<curve graph for the logistic regression model 

CONCLUSIONS 

A combination of clinical predictors 

such as: birth weight,  the 5�minute Apgar 

score, Silverman score, number of days of 
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invasive ALV, median respired oxygen frac�

tion measured in the first seven days of life 

can be used to predict the development of 

BPD in the early neonatal period of pro�

foundly premature infants. The logistic re�

gression model shows high sensitivity values 

that allow minimizing the probability of the 

second type of error, which makes its appli�

cation useful in the tasks of predicting the 

BPD progression among premature infants 

with ELBW in the early neonatal period.  
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