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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 t0 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" 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" week of postconceptional age 148 out of 182 infants (81.3 %) in the study cohort devel-
oped bronchopulmonary dysplasia (BPD), among them 154 % had a mild form, 29.7 % a moderate one, and
in 363 % 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" 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.

Ileas. PazpaboTka aropyuT™Ma PAHHETO NPOTHO3UPOBAHUSA PA3BUTHS KIMHUYECKH 3HAUMMO OPOHXOETOY-
HOI JACIVIA3UH Y IIyOOKO HEZJOHOMEHHBIX JAETEH.

MarepHajabl H METOIBI. B PETPOCIEKTUBHOE UCCIEN0BAHNE, TIPOBEACHHOE B [IEPMCKOM KPAEBOM IIEPUHA-
TATBHOM IIEHTPE, GbUIN BKIIOUEHBI 226 Iy6OKO HEJOHOIIEHHBIX JIETEH, CO CPOKOM TeCTaliuu MeHee 31 He-
Jen, BeCoM npu poxaeHuu ot 490 1o 999 r., B Bogpacre ot 0 10 7 AHEN, ¢ HAUIMYUEM JIBIXATENBHON HEOC-
TATOYHOCTH, NOTPEOOBABIIEH ANNAPATHON NOAACPAKN. 11 TOCTPOEHUA IPOTHOCTUIECKON MOZE/IN UCTIONb-
30BAIUCH AITOPUTMBI MAIMHHOTO OOYYEHHSL: TOTUCTUYECKAS PETPECCHS, METO/] OTIOPHBIX BEKTOPOB, METOJ
CITy4afiHOTO JIECA, METOZ, TPUEHTHOrO OyCTUHIA. MCIIONb30BAIY AT [IEPEMEHHBIX XAPAKTEPUCTHK: MACCa
TeJA TIPU POAKICHUH, OLIEHKA TI0 IKaIE ANrap Ha 5-1 MUH XU3HH, OIEHKA 110 IKane CHIbBEPMaHa, KONInJe-
CTBO HEH MHBa3uBHOU WBJI, MeIMaHHOE 3HAYEHUE JIOMU KUCIOPO/A BO BIBIXAEMOM BO3/IyXE, U3MEPAEMOE
€XE/JHEBHO B IIEPBBIE CEMb JHEH XKU3HHU.

Pe3ympraTsl. Ha 36-if Hejie/ie MOCTKOHIIEITYATbHOTO BO3pacTa y 148 13 182 HOBOPOK/ICHHBIX HCCIIEYEMOL
KOropthl (81,3 %) passwiach 6ponxoneroynas aucmasusd (bJI): y 154 % ona 6bU1a OTHECEHA K JIETKOH, Y
29,7 % — K CpejiHeit TSsKeCTH, U Y 30,3 % — K TDKENOH. 13 YeThIpex M3YYEHHbIX AITOPUTMOB IPOTHO3UPOBA-
HUS B KAYECTBE NTOTOBOM BHIOPAHA MOJIENb JIOTUCTHYECKOH perpeccuu ¢ MeTpukamu: AUC = 0,840, TOYHOCTb
0,818, uyBcTBUTEMBHOCTE 0,972, criermbudHocTs 0,066. [IPUKIAIHOEC TPUMEHEHHE PE3YIBTATOB MOAIETUPO-
BAHUA OCYIIECTBICHO B BU/IE KAIBKYIATOPA BEPOATHOCTH.

BeIBOIBI. B paHHEM HEOHATATBHOM NEPUOJE TTYOOKO HEIOHOMEHHBIX ICTEH /11 NPOTHO3UPOBAHUS PA3BU-
i BJIJ] MOXXHO HUCHOJB30BATh COUETAHUE KIMHUYECKUX TIPEAUKTOPOB, TAKUX KAK MACCA TENA IIPU POX/E-
HIY, OIICHKA 110 MKane Anrap Ha 5-1 MUH, OLEHKA 1O mKane CHIbBEPMaH, KOJIMYECTBO THEN MHBA3UBHON
WBJI, MeauaHHOE 3HAYEHUE JJOU KUCTOPOAA BO BIBIXAEMOM BO3/YXE U3MEPAEMOE B IIEPBLIE CEMb JJHEN KU3-
HU. Mozienb JIOTUCTAYECKON PETPECCUU TTOKA3BIBAET BBICOKUE 3HAYEHUSA YyBCTBUTENLHOCTH, KOTOPBIE TT03BO-
JSIIOT MUHUMU3UPOBATD BEPOATHOCTD OMMOKUA BTOPOTO POJIA, YTO JEMAET €€ MPUMEHEHHE MOJIE3HBIM B 34/1d-
Yax PaHHETO IPOTHO3UPOBaHUA pa3suThs bJII y rTy6OKO HEIOHOMEHHBIX JIETEI.

KirroueBnie ¢10Ba. BpOHXONErouHas JUCIUIA3KA, HEJOHOMEHHBIE, IPOTHO3UMPOBAHKUE, MAIIMHHOE OOYYEHYE.

INTRODUCTION preterm labor as it has long-term conse-

quences [1]. Due to the advances in modern

Bronchopulmonary dysplasia (BPD) is  neonatal care, the survival rate of profoundly

one of the most crucial complications of  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
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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/y.
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,)
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, > 50 mm
Hg at FiO, 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),
128-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, — Q) corresponding
to the 25-75 % interval. Nominal data were
described by stating the absolute value and
percentage. Arithmetic mean (M), standard
deviation ($D) 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 [I° test.
Differences were considered statistically sig-
nificant if the level of significance was detet-
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-
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tinuous variables were standardized such that
their values ranged from O 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 EA. Wag-
net" 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 %) gitls and
88/182 (484 %) boys. The median birth
weight was 880.0 g with an interquartile
range (Q, — Q,) 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 (154 %) of them were
categorized as mild, 54/182 (29.7%) as
moderately severe, and 66/182 (30.3 %) 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. 706 = 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.
144 £+ 251, 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: 2870 (25.5-33.0) vs. 2350
(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, 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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Table 1
Clinical characteristics of profoundly premature infants
. Main group, Comparison group, i
Patients =120 n=62 p-value
Birth weight, g 8006 (720-900) 949 (893-990) 0.001
Birth gestational age, weeks 2615 28%15 0.001
Apgar score, score 6.13+091 7.06 + 0.86 0.001
Silverman scale score, score 5.98 = 0.80 5.11+0.88 0.001
Days on ALV 518+ 254 144 + 251 0.001
FiO,, median share, % 2870 (255-330) | 2350 (22.00-27.00) 0.001
Table 2
Classification characteristics (metrics) of the final models
Ne | Model Accuracy Precision Recall F1 Score AUC
1 | Logistic Regression 0.818 0.795 0972 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 0916 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” = (.37, variable “FiO, fraction” = (.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-
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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.

ROC Curve - Logistic Regression with Threshold 0.3
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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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