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Abstract: Background/Objectives: Postnatal growth faltering (PGF) significantly affects
premature neonates, leading to compromised neurodevelopment and an increased risk
of long-term health complications. Methods: This retrospective study at a level IIl NICU
of a tertiary hospital analyzed 650 preterm neonates born before 33 weeks. Postnatal
growth was evaluated using the Fenton2013 and INTERGROWTH-21st growth charts,
with changes in weight z-scores from birth to discharge classified as normal growth
(AZ > —1), non-severe PGF (—2 < AZ < —1), and severe PGF (AZ < —2). Results: Mean
gestational and postmenstrual age at discharge was 30 weeks (SD 1.9) and 37.1 weeks
(SD 2.7), respectively. Fenton2013 growth curves revealed a higher prevalence of non-
severe and severe PGF (43% and 14.6%) compared to INTERGROWTH-21st (24.5% and
10.3%). A more rapid establishment of full enteral feeds was strongly associated with
reduced severe PGF prevalence in both growth charts (p < 0.001), as was shorter hospi-
talization. Late-onset sepsis was associated with an increased risk of severe PGF, while
being small for gestational age (SGA) was protective against severe PGF across both growth
charts (p < 0.001). A trend of decreasing PGF prevalence was noted over the study years,
most probably attributed to the implementation of updated nutritional guidelines. In-
terestingly, when machine learning classification models were evaluated in our Greek
cohort, a notable decline in predictive accuracy depending on the growth standard ap-
plied was observed. Conclusions: Our study highlights the need for standardizing PGF
definition in an attempt to enhance nutritional management and further investigate the
long-term impacts of nutritional interventions on growth, neurodevelopment, and overall
health outcomes.

Keywords: prematurity; restricted growth; SGA; PGF; extremely preterm; very preterm;
INTERGROWTH-21st; Fenton 2013; machine learning

1. Introduction

Advances in perinatal care have undeniably improved the survival rates of neonates,
particularly those born at extremely low gestational ages [1,2]. Nonetheless, extrauterine
growth restriction (EUGR) or postnatal growth faltering (PGF) using the alternative term
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remains a major problem seriously affecting premature neonates [3,4]. Besides poor somatic
growth, those neonates face compromised neurodevelopment and an increased risk of
chronic health issues such as hypertension, diabetes, and cardiovascular diseases [5-10].
Considering that suboptimal postnatal growth is potentially preventable, it emphasizes the
critical importance of accurate growth assessment in order to ensure optimal development
and well-being in preterm infants [11].

Premature neonates experience suboptimal growth during their early postnatal period,
often referred to as their ‘third trimester” of life. This is influenced by multiple factors
besides gestational age, including being small for gestational age (SGA), high energy
demands due to rapid brain growth and complications of prematurity, and suboptimal
feeding practices [12-16]. As a result, the initial period after birth is characterized by a
mismatch between energy requirements and actual nutritional intake of these preterm
neonates, being much more pronounced for the sickest neonates among them [17,18].

The prevalence of PGF among preterm infants has been observed to be alarmingly
high, necessitating urgent attention to address this issue [19]. However, existing studies
are difficult to compare due to the absence of a consistent definition, the formerly used
definition of extrauterine growth restriction (EUGR), and the considerable variation in
growth assessment charts being employed. The cross-sectional definition of EUGR relies on
z-scores or percentiles evaluated at specific timepoints, such as 3640 weeks postmenstrual
age (PMA) or at discharge, while longitudinal EUGR is defined as a decrease of 1 or 2
z-scores from birth to the aforementioned time points [20]. According to the latest position
paper by ESPGHAN [21], the term “postnatal growth faltering” is emerging to describe
insufficient postnatal growth and its usage is increasingly prevalent in recent studies [22,23].
The term “postnatal growth faltering” better reflects variations in z-scores and in the
literature is defined by longitudinal criteria as a decrease of 1 or 2 standard deviations
(SDs) from birth to specific time points, such as 36—40 weeks PMA or at discharge [22]. This
longitudinal approach is favored for evaluating inadequate growth and detecting infant
malnutrition, as it reflects growth trends over time and facilitates the earlier identification
of PGF [5,20].

Growth charts are percentile curves showing the distribution of selected body mea-
surements, such as weight, length, and head circumference, from the neonatal period
through adolescence. Understanding the methodology and the population used for their
construction is crucial for effective utilization [24]. The Fenton 2013 growth charts, derived
from a meta-analysis of six extensive population-based surveys encompassing almost four
million births in developed countries, are widely used. These charts were developed by
observing fetal growth patterns in the womb, enabling the assessment of nutritional status
during intrauterine development [25]. However, they have limitations in accounting for
postnatal weight changes in preterm infants, highlighting the substantial differences be-
tween prenatal and postnatal growth, influenced by diverse environmental and nutritional
factors [26]. The INTERGROWTH-21st Project is a prospective, longitudinal, multi-ethnic
study characterized by stringent selection criteria, focusing on describing the optimal
rather than average growth of preterm infants and incorporates preterm newborns who
experienced an uncomplicated intrauterine life and infancy. The INTERGROWTH-21st
Project introduced the INTERGROWTH-21st Postnatal Growth Standards to monitor the
postnatal growth of preterm infants, complementing the existing WHO Child Growth
Standards up to 64 weeks [27]. In 2016, the inclusion of preterm neonates from pathological
pregnancies broadened the dataset, leading to the creation of the INTERGROWTH-21st
Very Preterm Growth Charts [28].

Currently, there is no consensus regarding which growth assessment tool is suitable
for monitoring postnatal growth of preterm infants or defining EUGR or PGF [20,21,29]. In
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the literature, longitudinal EUGR or PGF has been shown to better predict somatic growth
outcomes at 24-30 months compared to cross-sectional EUGR [30]. However, a definitive
conclusion regarding its predictive value for neurodevelopmental outcomes has not been
established [31-34]. In our study, we chose to use the dynamic longitudinal definition
for assessing PGEF, recognizing the benefits of continuous evaluation. The primary aim
of the present study was to describe the difference of PGF prevalence among preterm
infants born before 33 weeks of gestational age in a level III Neonatal Intensive Care Unit
(NICU) according to the two growth charts most used in clinical practice (Fenton 2013 and
INTERGROWTH-21st). The secondary aim was to identify neonatal and nutritional factors
associated with PGF.

2. Methods

A clinical retrospective study was designed and carried out at the Department of
Neonatology /Neonatal Intensive Care Unit of the University General Hospital of Heraklion
(PAGNI), a level III NICU in a tertiary hospital with an annual admission rate of nearly
600 infants. A total of n = 738 preterm neonates born before 33 weeks were eligible to
participate in the study during a period of 15 years, from January 2008 to December 2022.
Exclusion criteria were major congenital malformations and genetic syndromes. Further
sample reductions were made due to death before hospital discharge (1 = 29), transfer to
another hospital before discharge (1 = 1), unattainable data in the medical records (1 = 39),
and being born in another hospital (n = 16). From the initial population, n = 650 preterm
newborns were finally studied.

Clinical, nutritional, and growth data were retrospectively collected from hospital
records. The study received approval from the University General Hospital of Herak-
lion Bioethics Committee Protocol Number 17946/07-09-2022 and the University Gen-
eral Hospital of Heraklion PAGNI Board of Directors decision Number 1143/19-10-2022,
which waived consent for retrospective data access to medical records, and all data were
anonymized before analysis.

The primary outcome was to assess the growth pattern of weight at two time
points—birth and NICU discharge—and to identify which neonates exhibited PGF based
on the two different growth charts. Birth weight, gestational age, and the biological sex of the
neonate were recorded within 1 h after delivery, as was the weight at discharge; weight was mea-
sured using adapted patient incubator and infant digital weighing scale. Gestational age (GA)
was determined according to either the last menstrual period or an early prenatal ultrasound or
calculated directly in case of in vitro fertilization. Postmenstrual age at discharge was calculated
as gestational age plus chronological age in weeks [35]. Growth data were plotted on both the
Fenton 2013 growth charts [25] and the INTERGROWTH-21st Very Preterm Growth Charts and
INTERGROWTH-21st Postnatal Growth Standards for weight at birth [28] and at discharge,
respectively [36]. PGF was assessed based on the longitudinal change in weight z-score (AZ)
from birth to hospital discharge. Infants were categorized into three groups according to the
magnitude of z-score decline. Normal growth was defined as a change in weight z-score greater
than or equal to —1 standard deviation (AZ > —1), non-severe PGF was marked by a decrease
in weight z-score between —1 and —2 standard deviations (—2 < AZ < —1), and severe PGF
was marked by a loss exceeding 2 standard deviations of weight z-score from birth to discharge
(AZ < —2) [4,21-23]. Evaluated nutritional factors in our study were the day of life that enteral
(EN) and parenteral nutrition (PN) were initiated, the time to reach full feeds, and the dura-
tion of parenteral nutrition. It should be noted that the study took place during a period of
15 years, so the feeding practices in NICUs have been changing, adapting to current international
recommendations [21,37—41]. Traditionally, a conservative feeding approach post-birth involved
delayed feeding initiation, with feeds introduced after four days, and a gradual increase in



Nutrients 2025, 17, 1726

40f19

feeding volume at a maximum rate of 24 mL/kg/day. However, evolving practices have
shifted towards a more liberal strategy. This approach includes the initiation of PN on the
first day of life and the early introduction of enteral feeding within 24-48 h after birth, with
gradual advancement based on the infant’s tolerance, aiming to achieve full enteral feeds in
a shorter period. Enteral feeding, whether with expressed own mother’s milk or specialized
formula for preterm infants, was initiated concurrently with a reduction in parenteral nutrition.
Breastfeeding was fortified upon reaching an enteral feeding volume of 100 mL/kg/day.

Additional information recorded for each infant included multiple gestation, type
of delivery, length of hospitalization, duration of ventilation (invasive and non-invasive),
oxygen administration, and morbidities related to prematurity, such as bronchopulmonary
dysplasia (BPD) [42], apnea of prematurity and its associated treatment [43,44], early-(<72 h)
and late-onset (>72 h) culture proven or suspected sepsis [45], hemodynamically significant
patent ductus arteriosus (hsPDA) requiring treatment [46], necrotizing enterocolitis (NEC)
staged according to the modified Bell criteria (stage IIIB) [47,48], anemia requiring at least
one blood transfusion [49,50], retinopathy of prematurity (ROP) (Stage II or greater) [51,52],
cystic periventricular leukomalacia (PVL), and intraventricular hemorrhage (IVH) grade
I-IV based on ultrasound diagnosis [53,54].

Statistical Analysis

Firstly, the distribution of the independent and outcome variables of interest was
examined by estimating descriptive statistics. Continuous variables were summarized as
mean =+ standard deviation (SD) if normally distributed or as median with interquartile
range (IQR) if not; the IQR, defined as the range between the 25th and 75th percentiles,
reflects the central 50% of the data. Cochran’s test was used to test for equality of pro-
portions between the different growth charts. Normality of distribution was tested with
the Shapiro-Wilk statistic indicating the appropriateness of non-parametric testing. Thus,
bivariate associations between continuous variables were examined using Spearman’s
correlation coefficient and Mann-Whitney or Kruskal-Wallis tests for categorical variables.
Finally, Pearson’s chi-square test was used to test the prevalence of categorical variables.

Initially, logistic regression models were employed in order to identify significant
clinical and nutritional factors associated with the risk of severe PGF. Multivariate models
included the factors found to be correlated (p < 0.05) at the bivariate comparisons pre-
viously described and to have expected frequencies above 5% in all three levels of the
outcome variables (i.e., PGF by Fenton and INTERGROWTH-21st). Thus, clinical factors
NEC, PDA, ROP, and PVL were not further examined in multivariate analysis due to
the abovementioned data restrictions. Multicollinearity between independent variables
was also assessed using the variance inflation factor (VIF), resulting in the exclusion of
mechanic and non-invasive ventilation from regression models. Effect modification by sex
was explored by stratifying the sample. Additional sensitivity analysis was performed
using multinomial logistic regression models in order to examine the effects of the various
clinical and nutritional factors with the severity of PGF. All statistical testing was based on
two-tailed hypotheses with 5% significance level. The statistical software used was Stata
v13 (Stata Corp, College Station, TX, USA).

Additional machine learning techniques were applied to the dataset, utilizing a combi-
nation of supervised and unsupervised approaches to analyze preterm populations. Infants
were first grouped by gestational age into three categories: extremely preterm (<28 weeks),
very preterm (28-31°/7 weeks), and moderately preterm (32-32%/7 weeks). Separately, they
were also categorized based on their birth weight in relation to gestational age into three
growth categories: SGA: small for gestational age, AGA: appropriate for gestational age,
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LGA: large for gestational age. These classifications served as a three-class target variable
for sample classification.

All machine learning algorithms used in this study, including Extreme Gradient Boosting
(XGBoost), HDBSCAN (Hierarchical Density-Based Spatial Clustering of Applications with
Noise), Hierarchical Clustering, and K-Means, were implemented using Python v. 3.81.
Specifically, the scikit-learn library was utilized for K-Means, Hierarchical Clustering, and
other preprocessing steps, while XGBoost and HDBSCAN were implemented using the
XGBoost and HDBSCAN libraries, respectively.

For classification, XGBoost [55], an optimized gradient boosting framework recognized
for its efficiency and scalability, was employed. We implemented a double-nested cross-
validation (CV) approach to develop and evaluate an XGBoost classifier while mitigating
overfitting risks [56]. The outer CV consisted of 10 folds for model performance assessment,
while the inner CV utilized 7 folds for hyperparameter optimization. For each outer
CV iteration, samples were split into training and test sets. Within each training set, a
randomized grid search was performed across the inner seven-fold CV to identify optimal
hyperparameters. The hyperparameter space included the number of estimators, maximum
tree depth, learning rate, minimum loss reduction for partition, L1 regularization, and
L2 regularization. The best-performing hyperparameter configuration from each inner
CV was used to train a model on the corresponding outer training fold and evaluate
performance on the outer test fold. To address any class imbalance, sample weighting
was applied, adjusting the contribution of each class during training based on its relative
frequency in the dataset. Feature importance values were extracted after each outer CV
iteration. The final variable importance was calculated as mean =+ standard deviation across
all outer CV iterations, providing robust estimates of each predictor’s contribution to the
model while accounting for variability in the feature selection process. This methodology
ensured unbiased performance evaluation while simultaneously optimizing the model and
quantifying the stability of feature importance.

Prior to model training, the dataset underwent preprocessing to ensure compati-
bility with machine learning algorithms. Numerical features were normalized using
z-score standardization, transforming each variable to have zero mean and unit vari-
ance. The categorical dependent variables were transformed using one-hot encoding, with
the first category dropped to avoid multicollinearity. These preprocessing steps were
applied consistently within the machine learning pipeline to prevent data leakage during
cross-validation.

Model performance was evaluated using multiple metrics to ensure a comprehensive
assessment of classification effectiveness. These included the Weighted F1-score, which
accounts for class imbalance by weighting the Fl-score of each class based on its fre-
quency; Cohen’s Kappa Score, which measures agreement between predictions and true
labels while correcting for chance agreement; Matthews Correlation Coefficient (MCC),
a robust metric for imbalanced classification that considers true positives, true negatives,
false positives, and false negatives; and Macro-Averaged Area Under the Receiver Op-
erating Characteristic Curve (AUC Macro Avg), which evaluates the model’s ability to
distinguish between classes across all classification thresholds. These metrics provided
a balanced and reliable evaluation, particularly in the presence of class imbalance, en-
suring that the model’s predictive performance was not biased toward majority classes
(Supplementary Table S1).

For unsupervised analysis, clustering techniques were applied, including Hierarchical
Clustering [57,58], K-Means [59], and HDBSCAN [60,61]. These methods were employed
to uncover underlying patterns and group the data based on inherent similarities, without
reference to the target variable. The clustering results were evaluated using several metrics
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such as Normalized Mutual Information (NMI), which measures the amount of information
shared between the clustering results and the true labels, adjusted for randomness; the
Adjusted Rand Index (ARI), which assesses the similarity between the predicted clusters
and the ground truth labels, adjusting for chance grouping; the Silhouette Score, which
evaluates the quality of the clusters by measuring how similar each point is to its own
cluster compared to other clusters, with higher values indicating better-defined clusters;
and the Davies—Bouldin Index, which measures the average similarity ratio of each cluster
with the one that is most similar to it, with lower values indicating better separation
between clusters. Clustering results were visualized using t-distributed Stochastic Neighbor
Embedding (t-SNE), a dimensionality reduction technique that allowed for the visualization
of high-dimensional data in two or three dimensions. Additionally, dendrograms were
generated for hierarchical clustering to illustrate the hierarchical relationships between
clusters. These visualizations provided valuable insights into the dataset’s structure and
complemented the supervised classification task. The combination of supervised and
unsupervised learning approaches allowed for both accurate classification and in-depth
data exploration, contributing to a comprehensive understanding of the dataset’s patterns
and relationships.

The evaluation of the machine learning models began by establishing baseline per-
formance using classification into clearly defined gestational-age groups. This initial step
confirmed that the algorithms effectively utilized clinical and nutritional factors to accu-
rately classify neonates within these gestational categories. After demonstrating robust
performance with these standard classifications, the same models were then applied to
classify infants based on the Fenton 2013 and INTERGROWTH-21st growth curves, which
represent alternative and potentially more complex methods of stratification.

3. Results

The study population characteristics are presented in Table 1. The sample was well
balanced between male and female infants, with a slightly higher percentage of males
(53.8%). Mean gestational age was 30 weeks (SD 1.9), whereas 12.3% of infants were born
before 28 weeks, 58.3% between 28 and 32 weeks, and 29% between 32 and 33 weeks of
gestation. Postmenstrual age at discharge had a mean value of 37.1 weeks (SD 2.7).

The prevalence of PGF varied across the years of study, with a decreasing trend
observed by the graphical representation (Figure 1). The prevalence of non-severe PGF
observed from the Fenton 2013 growth curves was recorded at 43%, compared to 24.5%
through the INTERGROWTH-21st growth curves. Additionally, the incidence of severe
PGF was reported at 14.6% in the Fenton 2013 growth curves, compared to 10.3% in the
INTERGROWTH-21st. Proportions of PGF were significantly different (p < 0.001) between
the Fenton and INTERGROWTH-21st growth charts, where the prevalence of both non-
severe and severe PGF using Fenton 2013 was higher.

Bivariate tests of unadjusted comparisons of measured clinical and nutritional fac-
tors with the prevalence of PGF revealed strong associations (Table 2). Infants born ex-
tremely preterm (<28 weeks of gestation) were more likely to experience severe PGF (48.7%
and 38.5%, by Fenton 2013 and INTERGROWTH-21st, respectively) compared to those
born between 28 and 32°%/7 weeks of gestation. On the contrary, SGA infants had sig-
nificantly lower percentage of severe and non-severe PGF (Fenton 2013: p = 0.018 and
INTERGROWTH-21st: p = 0.018). Median duration of hospitalization was more than dou-
ble for severe PGF [Fenton 2013: 76.5 (34.0); INTERGROWTH-21st: 83.5 (35.0) days] com-
pared to infants without PGF [Fenton 2013: 36.0 (18.0); INTERGROWTH-21st: 36.5 (19.0)
days]. Similar findings were observed for almost all clinical factors recorded, as shown in
corresponding Table 2.
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Table 1. Study population characteristics (1 = 650).

Characteristic N (%) Mean (SD)
Infant sex
Male 350 (53.8%)
Female 300 (46.2%)
Gestational age at birth 650 (100%) 304 (19)
(weeks)
Prematurity
<28 weeks 80 (12.3%)
28-31%/7 weeks 379 (58.3%)
32-326/7 weeks 191 (29.4%)
Birth weight (grams) 650 (100%) 1475.9 (399.4)
Multiple pregnancy
No 361 (55.6%)
Yes 288 (44.4%)
Type of delivery
Caesarean 574 (88.3%)
Vaginal 76 (11.7%)
Postmenstrual age at o
discharge (weeks) 650 (100%) 37.1(2.7)
Weight at discharge (grams) 650 (100%) 2405.5 (386.2)
PGF by Fenton 2013
Normal (AZ weight > —1) 273 (42.4%)
Non-severe PGF (-2 < AZ o
weight < —1) 277 (43.0%)
Severe PGF (AZ weight < —2) 94 (14.6%)
PGF by
INTERGROWTH-21st
Normal (AZ weight > —1) 420 (65.2%)
Non-severe PGF (-2 < AZ o
weight < —1) 158 (24.5%)
Severe PGF (AZ weight < —2) 66 (10.3%)

PGF, postnatal growth faltering; AZ weight, difference in standard deviation scores of weight from birth to
discharge. Note: Bolded text indicates major category headings (e.g., Infant sex, Type of delivery) to distinguish

them from their respective subcategories.

100
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Figure 1. Prevalence of postnatal growth faltering (PGF) by year of study.
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Table 2. Main clinical and nutritional factors associated with PGF for Fenton 2013 and
INTERGROWTH-21st growth charts.

Fenton 2013 * INTERGROWTH-21st *

Non-Severe Non-Severe

Normal PGF Severe PGF p-Value Normal PGF Severe PGF p-Value
N (%) N (%) N (%) N (%) N (%) N (%)
Male 135 (39.1%) 159 (46.1%) 51 (14.8%) 0.173 202 (58.6%) 104 (30.1%) 39 (11.3%) <0.001
Female 138 (46.2%) 118 (39.5%) 43 (14.4%) 218 (72.9%) 54 (18.1%) 27(9.0%)
Ges;fgﬁ‘fﬁ age 31.3(2.0) 31.0(2.3) 28.0 (3.0) <0.001 31.1(2.0) 30.3(2.6) 28.0 (3.0) <0.001
<28 weeks 21 (26.9%) 19 (24.4%) 38 (48.7%) <0.001 28 (35.9%) 20 (25.6%) 30 (38.5%) <0.001
28-31%/7 weeks 157 (41.6%) 171 (45.4%) 49 (13.0%) 245 (65.0%) 99 (26.3%) 33 (8.8%)
32-325/7 weeks 95 (50.3%) 87 (46.0%) 7 (3.7%) 147 (77.8%) 39 (20.6%) 3(1.6%)
B‘r(tg};:’;ght 1530 (500) 1560 (540) 1160 (580) <0.001 1565 (547.5) 1480 (530) 1150 (510) <0.001
SGA
No 248 (41.0%) 266 (44.0%) 91 (15.0%) 0.018 374 (63.6%) 152 (25.9%) 62 (10.5%) 0.018
Yes 25 (64.1%) 11 (28.2%) 3(7.7%) 46 (82.2%) 6 (10.7%) 4(7.1%)
Type of
delivery
Caesarean 249 (43.8%) 243 (42.8%) 76 (13.4%) 0.026 373 (65.7%) 143 (25.2%) 52 (9.2%) 0.037
Vaginal 24 (31.6%) 34 (44.7%) 18 (23.7%) 47 (61.8%) 15 (19.7%) 14 (18.4%)
Multiple
pregnancy
No 136 (38.2%) 157 (44.1%) 63 (17.7%) 0.014 223 (62.6%) 87 (24.4%) 46 (12.9%) 0.043
Yes 136 (47.4%) 120 (41.8%) 31 (10.8%) 196 (68.3%) 71 (24.7%) 20 (7.0%)
Median (IQR)  Median (IQR)  Median (IQR) Median (IQR)  Median (IQR)  Median (IQR)
HOS}(’g;‘SZ)‘"‘“"“ 36 (27-45) 41.0 (30-55) 76.5 (63-97) <0.001 36.5 (27-46) 46.5 (36-61) 83.5 (69-104) <0.001
Parenteral
nutrition 6(1-11) 7(1-13) 19 (9-35) <0.001 6(0-11) 9 (5-16) 22,5 (11-36) <0.001
(days)
Initiation of
enteral
nutrition (day 2 (2-4) 4(2-5) 6 (3-10) <0.001 2 (2-4) 4(3-7) 7 (3-11) <0.001
of life)
Full enteral
nutrition (day 9 (6-12) 12 (8-19) 25 (16-34) <0.001 9 (6-13) 16 (11-23) 27 (18-38) <0.001
of life)
Oxygen
therapy (days) 2.0 (0-4) 3.0 (1-6) 15.5 (3-38) <0.001 2.0 (0-5) 4.5 (2-8) 22.5 (6-44) <0.001
Respiratory
support (days) 3.0 (0-7) 3.0(0-8) 15.0 (3-37) <0.001 2.0 (0-7) 5.0 (1-13) 18.0 (5-38) <0.001
Mechanical
ventilation 0.0 (0-1) 1.0 (0-2) 4.0 (1-14) <0.001 0.0 (0-1) 1.0 (0-4) 5.0 (1-14) <0.001
(days)
Non-invasive
ventilation 2.0 (0-6) 1.0 (0-6) 7.0 (1-24) <0.001 1.0 (0-6) 2.0 (0-9) 9.5 (1-23) <0.001
(days)

Abbreviations: PGF, postnatal growth faltering; SGA, small for gestational age. * Descriptive measures of
continuous factors are presented as median and interquartile range (IQR), whereas categorical factors are presented
as frequencies and corresponding percentages. p-values obtained from Kruskal-Wallis non-parametric test for
distribution of continuous variables and Pearson’s chi-square test for categorical variables.

Finally, nutritional factors were also associated with the severity of PGF, where median
(IQR) duration of parenteral nutrition was 6 (10), 7 (12), and 19 (26) days by Fenton 2013 and
6 (11),9 (11), and 22.5 (25) days by INTERGROWTH-21st for infants without PGE, with non-
severe PGF, and with severe PGF, respectively (p < 0.001). Enteral nutrition was initiated
later for infants exhibiting non-severe PGF (fourth day of life) and infants with severe
PGF (sixth or seventh day of life) compared to infants without PGF (second day of life)
irrespective of the chart used. Furthermore, full enteral nutrition was achieved on the 9th
day of life for infants without PGF, 12th (Fenton 2013) or 16th (INTERGROWTH-21st) day
of life for infants with non-severe PGF, and 25th (Fenton 2013) or 27th (INTERGROWTH-
21st) day of life for infants with severe PGF (p < 0.001). Similar findings were obtained
from the comparison of clinical and nutritional factors with severe PGF presented in
Supplementary Table S2.

The assessed effect of the recorded clinical and nutritional factors on the risk of severe
PGF, using both reference charts, is presented in Table 3. The factor with significant
protective effect was SGA (Fenton 2013: OR = 0.11, 95% CI 0.01-0.92; INTERGROWTH-21st:
OR = 0.10, 95% CI 0.02-0.60). The prevalence of severe PGF was higher for each additional
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day staying at the hospital (Fenton 2013: OR = 1.04, 95% CI 1.02-1.06; INTERGROWTH-
21st: OR = 1.06, 95% CI 1.03-1.09). From the nutritional factors, for each additional day
of delay of full enteral nutrition, the risk of severe PGF increased by 5% or 6% respective
to the reference chart (Fenton 2013: OR = 1.05, 95% CI 1.01-1.09; INTERGROWTH-21st:
OR = 1.06, 95% CI 1.02-1.10). Late-onset sepsis was recognized as a risk factor for severe
PGF (Fenton 2013: OR = 2.14, 95% CI 1.09-4.19; INTERGROWTH-21st: OR = 2.78, 95%
CI 1.28-6.05).

Table 3. Effect of clinical and nutritional factors on the risk of severe PGF using Fenton 2013 and
INTERGROWTH-21st growth charts.

Fenton 2013 INTERGROWTH-21st

Factor

OR (95% CI)

OR (95% CI)

Gestational age (weeks)
Hospitalization (days)
Respiratory support(days)
Oxygen therapy(days)
Parenteral nutrition(days)
Enteral nutrition (day of life)
Full enteral nutrition (day of life)
Female sex
Vaginal delivery
Multiple pregnancy
SGA
Bronchopulmonary dysplasia
Late-onset sepsis
Anemia

0.81 (0.64, 1.03)
1.04 (1.02, 1.06)
0.97 (0.93, 1.00)
1.01 (0.98, 1.04)
1.01 (0.98, 1.05)
1.06 (0.98, 1.14)
1.05 (1.01, 1.09)
1.06 (0.57, 1.99)
0.88 (0.35, 2.20)
0.83 (0.43, 1.61)
0.11 (0.01, 0.92)
0.90 (0.30, 2.66)
2.14 (1.09, 4.19)
1.04 (0.45, 2.40)

1.01 (0.77, 1.32)
1.06 (1.03, 1.09)
0.98 (0.95, 1.02)
0.99 (0.96, 1.02)
1.01 (0.97, 1.05)
1.04 (0.95, 1.13)
1.06 (1.02, 1.10)
0.66 (0.30, 1.46)
0.58 (0.20, 1.71)
0.58 (0.25, 1.36)
0.10 (0.02, 0.60)
0.39 (0.11, 1.38)
2.78 (1.28, 6.05)
1.88 (0.64, 5.51)

Abbreviations: PGF, postnatal growth faltering; SGA, small for gestational age; odds ratios (ORs) and correspond-
ing 95% confidence intervals (95% Cls) were obtained from binary logistic regression models comparing children
with severe PGF to all other children. Models included adjustment for variables that were significantly associated
with the outcome in bivariate analyses (p < 0.05) and had expected frequencies above 5% across all three levels of
the outcome.

No effect modification by infant sex was observed when tested by sample stratification
(Supplementary Table S3); however, some effects were attenuated due to sample reduction.
Exclusion of SGA infants did not alter the results (Supplementary Table S4). Finally,
multinomial logistic regression models were used to estimate relative risk ratios comparing
non-severe PGF and severe PGF with reference to neonates without PGF (Supplementary
Table S5), but no deviations from the main findings were observed.

Machine learning models, both supervised and unsupervised, were applied as dis-
cussed in the methodology section. To evaluate the performance of various algorithms
for classification and prediction, the dataset was analyzed using clinically relevant ges-
tational age groups (extremely preterm (<28 weeks), very preterm (28-31%/7 weeks), and
moderately preterm (32-32°/7 weeks)) as they are clear and relevant to the actual dataset.
Among the supervised algorithms tested, XGBoost demonstrated superior classification
performance for these gestational age categories and was subsequently utilized to evaluate
classifications based on the Fenton 2013 and INTERGROWTH-21st growth curves (SGA,
AGA, LGA). Relevant ROC curves for these classifications are depicted in Figure 2 and the
corresponding confusion matrices are in Supplementary Figure S1.
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Figure 2. Birth weight for gestational age classification per Fenton 2013 /Intergrowth-21st growth
curves. Machine learning XGBoost supervised model ROC curves for GA preterm and growth curves
groups. Macro-Averaged Area Under the Receiver Operating Characteristic Curve (AUC Macro Avg)
evaluates the model’s ability to distinguish between classes across all classification thresholds.

Interestingly, while logistic regression analyses consistently highlighted clinical and
nutritional factors significantly associated with the risk PGF, findings from the machine
learning classification models highlight a different issue. Although these models exhibited
high accuracy in classifying infants based purely on gestational age using clinical and
nutritional predictors, their predictive accuracy significantly decreased when classifying
infants according to both the Fenton 2013 and INTERGROWTH-21st growth curves. Table 4
summarizes the average importance scores (mean £ SD) of the ten most important factors
for the gestational age preterm groups shown in Figure 2, evaluated across ten iterations
of the best XGBoost supervised models and aims to quantify the relative contribution
of each variable to the model’s predictive accuracy. Birth weight (0.279 £ 0.016) was
identified as the variable exerting the greatest influence, followed closely by the necessity
for respiratory support (0.151 & 0.021) and administration of aminophylline (0.146 = 0.006).
Supplementary Table S6 has all clinical and nutritional factor average importance scores
that influenced all XGBoost models.
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Table 4. Top clinical and nutritional factors that influenced XGBOOST supervised models for the
gestational-age preterm groups. Average importance scores (mean + SD) of ten most important
factors, evaluated across ten CV iterations of the XGBoost supervised model. Best model shown in
Figure 2 used the top four.

Average Significance

Factor Mean -+ SD

Birth weight (grams) 0.279 £ 0.016
Respiratory support (days) 0.151 £+ 0.021
Aminophylline administration (days) 0.146 £ 0.006
Caffeine administration (days) 0.100 4= 0.014
Red blood cell transfusion (count) 0.069 £ 0.011
Oxygen therapy (days) 0.067 £ 0.010
Enteral nutrition initiation (days) 0.062 4+ 0.015
Non-invasive ventilation (days) 0.059 4+ 0.019
Multiple birth 0.042 £ 0.007

Parenteral nutrition initiation (days) 0.025 £ 0.012

4. Discussion

In this retrospective study, we analyzed the prevalence of PGF at discharge in neonates
born before 33 weeks using two different growth charts. The results of our study demon-
strated that, upon discharge, a significantly higher proportion of infants met the criteria for
severe and non-severe PGF when assessed using the Fenton 2013 growth curves compared
to the INTERGROWTH-21st curves. This finding is consistent with other research [62-64],
although comparing these studies is challenging due to the significant variations in the defi-
nition of EUGR and the emerging term “"postnatal growth faltering” currently used [65]. In
our study, we chose to employ the term “postnatal growth faltering,” which better reflects
variations in z-score and allows for a continuous evaluation of weight changes from birth
to discharge. Also, in our analysis, severe PGF was defined as a decrease in weight z-score
of more than two standard deviations during the neonatal hospital stay, a threshold that
has been linked to an increased risk of adverse neurodevelopmental outcomes [9,66]. This
approach offers a more accurate representation of growth progression over time, whereas
single-time-point assessments reflect only size and may be influenced by factors such as
birth weight, limiting their ability to capture true growth trends.

The higher rate of PGF on Fenton 2013 growth charts could be attributed to the fact that
these charts are based on optimal intrauterine growth patterns, which set higher growth
expectations for preterm infants and, thus, characterize more infants as experiencing PGF.
In contrast, the INTERGROWTH-21st charts are based on postnatal growth data, which
may reflect the slower growth rates typically seen in preterm infants outside the womb due
to complications of prematurity, nutritional challenges, and the overall fragility of these
infants [26]. A recent ten-year retrospective study by Starc et al. [67] indicated that the
Fenton 2013 growth charts showed a notably higher prevalence of weight loss greater than
one SD in very-low-birth-weight neonates compared to the INTERGROWTH-21st charts.
However, while the same study found that the prevalence of weight loss greater than two
SDs in very-low-birth-weight neonates did not significantly differ across growth charts, our
research showed a notably higher prevalence of severe PGF when using the Fenton 2013
charts compared to INTERGROWTH-21st. Although all infants classified with PGF using
the INTERGROWTH-21st chart were also identified by the Fenton 2013 curves, the inverse
did not apply. This illustrates how different growth standards can lead to varying rates of
PGF diagnosis. The choice of reference chart can significantly influence the interpretation
of postnatal growth in preterm infants.
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The multivariate analysis in our study identified being SGA as a statistically significant
factor affecting severe PGF and specifically providing a protective effect. This finding con-
trasts with our department’s previous retrospective study on preterm neonates born before
32 weeks gestational age, which indicated a negative impact of SGA on cross-sectional
EUGR [68]. Nevertheless, this observation aligns with findings from a multicentral, Euro-
pean study by El Rafei et al. [66], which concluded that being SGA at birth had a negative
association with EUGR when characterized by percentile measures but a positive associa-
tion with EUGR when characterized with velocity measures. In our study, PGF is defined
dynamically, reflecting changes over time, which justifies the positive association observed.
Many neonates who are SGA at birth continue to grow below the 10th percentile and are
classified as EUGR at discharge according to cross-sectional standards. However, they
do not show a significant decline in z-score that would categorize them as experiencing
PGF under the longitudinal definition. Being SGA appears to have a paradoxically protec-
tive effect against PGF, likely due to their unique early growth patterns such as reduced
initial weight loss and early catch-up growth. Studies have shown that SGA infants typ-
ically lose less weight than AGA infants in the first days of life, and some even regain
their birth-weight percentile before discharge, which is rarely observed in AGA preterm
neonates [69,70]. A study by Molony et al. [70] indicated that preterm SGA neonates are
up to four times more likely than their non-SGA peers to improve their weight-for-age
z-score during their stay in the NICU. These findings may help explain the protective effect
observed in our study.

The Barker hypothesis indicates that an accelerated growth rate may increase the risk
of obesity, hypertension, and metabolic syndrome in later life. However, recent evidence
does not support these associations in preterm SGA infants. In fact, these infants frequently
demonstrate comparable—or sometimes even better—long-term health outcomes than
those born being AGA. A recent meta-analysis of 253,810 singletons specifically found that
gestational age, rather than birth weight, is more important for body size in infancy, with
preterm individuals showing similar mean BMI to term-born peers by adolescence [71].
Although prematurity is associated with an increased risk of overweight in adolescence
and cardiovascular risk later in life, overall obesity and cardiovascular disease risk remains
strongly influenced by lifetime environmental factors [71,72]. In fact, recent critiques have
questioned the credibility of the developmental origins of health and disease hypothesis,
citing biases and excessive adjustments to body weight statistics at the time of outcome
assessment in the original studies [73].

In our research, the length of hospitalization strongly correlated with severe PGF
across both growth charts, with each additional hospital day increasing severe PGF risk.
This could be attributed to the numerous complications of prematurity, which could extend
their hospital stay, along with various clinical factors. Preterm neonates with complications
of prematurity experience high energy expenditure, chronic stress, and fluid restrictions,
all of which contribute to a negative nitrogen balance, resulting in a higher incidence of
PGEF [74,75]. However, our multivariate analysis could not support these correlations except
that the late-onset sepsis was recognized as a risk factor for severe PGF in both growth
charts. Flannery et al. [76], in a study of nearly 700 very-low-birth-weight infants born at
<32 weeks’ gestation, reported that those with sepsis exhibited a significantly greater decline
in weight z-scores compared to infants without sepsis, with growth faltering becoming
evident by three weeks post-infection and persisting until NICU discharge. Sepsis may
contribute to PGF by increasing energy expenditure and inducing a catabolic state that
impairs lean mass and fat accumulation, while also disrupting IGF-1 levels essential for
early postnatal growth [76,77].
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Our research highlighted that while both early initiation and timely achievement of
full enteral feeding were associated with reduced PGEF, it was the attainment of full enteral
feeding that played a key role in reducing the risk of severe PGF—a finding consistent with
previous studies [78,79]. A prominent American multicenter study by Stevens et al. [79],
involving nearly 5500 neonates born under 31 weeks of gestational age, demonstrated
that improved nutritional practices, particularly earlier initiation and achievement of
full enteral feeding, significantly reduced the drop in the z-scores between birth and
discharge weights. However, the benefits of enteral nourishment for preterm infants
are tempered by gastrointestinal challenges ranging from feeding intolerance to surgical
necrotizing enterocolitis, complicating the initiation and advancement of feeding [80].
Despite these challenges, early and progressive enteral feeding is essential for delivering
key nutrients, promoting intestinal maturation, supporting a healthy microbiome, reducing
inflammation, and enhancing neurodevelopment [81]. It is important to note that in
our study, the prevalence of severe and non-severe PGF has been decreasing over the
years. This finding is in accordance with the results of a multicenter study in California
involving nearly 26,000 very-low-birth-weight infants born at 22 to 32 weeks GA, which
reported a significant decrease in weight z-scores by 0.112 between birth and discharge
during the study period [82]. Similarly, in a study by Gonzalez-Garcia [22] comparing two
periods, 2002-2006 and 2013-2017, very-low-birth-weight preterm neonates showed a lower
prevalence of PGF and an increased growth rate in the first 28 days in the second period
compared to the first. This improvement can be attributed to the adoption of more liberal
nutritional practices based on newer guidelines, including the earlier initiation of enteral
feeding, advancing enteral feeding more rapidly with higher volumes (30 mL/kg/day
compared to 15-20 mL/kg/day), and achieving full enteral feeding sooner. Our study
also explored the role of PN duration in the development of PGF; even though longer PN
duration was correlated positively with PGF, it was not identified as a risk factor in the
multivariate analysis for either growth chart, suggesting that the quality of nutrient intake—
particularly protein and energy content during the transitional phase when PN is reduced
and enteral feeds increased—may have a greater impact on growth outcomes [83,84].

The present study applied supervised machine learning methods, notably XGBoost, to
classify preterm neonates into distinct gestational age groups, effectively identifying clinical
and nutritional risk factors associated with PGF, consistent with recent literature validating
machine learning’s superior predictive capabilities in neonatal growth outcomes [85,86].
Interestingly, when classifications based on internationally recognized growth curves (Fen-
ton 2013 and INTERGROWTH-21st) were evaluated in our Greek cohort, a notable decline
in predictive accuracy was observed, aligning with previous research highlighting discrep-
ancies in PGF rates depending on the growth standard applied [64,68]. This discrepancy
likely arises because these international growth curves were not specifically developed
for or validated in the Greek neonatal population. Consequently, their limited predictive
power underscores the inherent mismatch when applying international standards that
fail to capture the distinct growth patterns of neonates in Greece, suggesting a pressing
need for nationally specific growth references to ensure accurate identification and man-
agement of PGF in this population. Out team recently demonstrated that the prevalence
of PGF among Greek preterm neonates significantly differed between these international
growth references, underlining their limited applicability to local populations [68]. Simi-
larly, studies from other Mediterranean and global cohorts underscore that international
standards do not adequately reflect specific population growth trajectories, leading to
potential misclassification and clinical mismanagement [87,88]. Consequently, our findings
support the critical need for nationally derived, population-specific growth references in
Greece. Integrating such tailored references with advanced machine learning methods
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could substantially enhance early risk identification and targeted nutritional interventions,
ultimately improving neonatal growth outcomes and reducing long-term morbidities in
vulnerable preterm populations [89].

There are several limitations to our study. First, as only weight at birth and at discharge
were registered in the database, information on growth patterns such as weight loss during
the first few days after birth or weight at specified timing (i.e., PMA 36 weeks) was not
provided. Additionally, due to the retrospective nature of our study, it was challenging to
collect body composition measurements, and as such data were not consistently recorded
in the past. Concerning dietary information, our study did not encompass the progression
of enteral feeding volume, the specific type of enteral feeding (such as breast milk or for-
mula feeding), and the composition of parenteral nutrition in terms of protein, lipids, and
energy. Additionally, we did not include information on maternal medical history during
pregnancy, such as diabetes mellitus and preeclampsia, preventing us from incorporating
these data into our study. The other limitation of this study was the lack of long-term
outcomes like growth, metabolism, and neurodevelopment, which are closely linked to
PGF [90]. According to Pampanini et al. [91], a significant proportion of prematurely born
children experiencing severe PGF exhibit growth retardation in childhood, highlighting the
necessity for close clinical monitoring of their growth during childhood and adulthood.
Neurodevelopment is a crucial factor in defining PGF and guiding necessary interventions.
Zozaya et al. [10] described that a decrease in the weight z-score by one point using the
Fenton 2013 charts correlates with a significant reduction in the Mental Development
Index (MDI) at 24 months of corrected gestational age in preterm infants under 34 weeks.
However, other studies have reported no link between PGF and poor neurodevelopmental
outcomes [23,92]. Further research using varied definitions of PGF and multiple neurode-
velopmental assessments is warranted. It is important to note that the accuracy of the
INTERGROWTH-21st growth curves in evaluating infants born before 33 weeks’ gestation
is questionable due to the limited contribution of preterm infants in developing these
curves. Therefore, additional research using extensive multicenter population-based data
is essential to explore the efficacy of employing these postnatal growth curves for preterm
infants with the smallest gestational ages [93].

5. Conclusions

In conclusion, our study confirms that severe and non-severe PGF significantly affects
premature neonates, although this trend has declined over the years covered by the study:.
This encouraging trend may be linked to the implementation of a quicker establishment
of full enteral feeds, which significantly reduces the risk of severe PGE. Notably, Fenton
2013 curves indicated a higher percentage of both severe and non-severe PGF compared to
INTERGROWTH-21st, highlighting the need for standardizing growth assessment tools.
Factors that seem to be associated with severe PGF in our study included prolonged
hospitalization and late onset sepsis, whereas being SGA appeared to have a protective
effect against severe PGFE. Further research is essential to determine the most suitable
growth curve for evaluating preterm infant growth. It is crucial to prioritize high-quality
studies using standardized neurodevelopmental tools beyond 2 years of age which may
be more predictive of later cognitive outcomes [94,95]. Finally, developing population-
specific growth references in Greece, enhanced by machine learning, could improve growth
monitoring and nutritional management in preterm infants.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/nul7101726/s1, Table S1. Quality Metrics for XGBoost
Models. Table S2. Main clinical and nutritional factors associated with severe PGF by Fenton 2013
and INTERGROWTH-21st growth charts. Table S3. Effect of clinical and nutritional factors on
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the risk of severe PGF using Fenton 2013 and INTERGROWTH-21st reference charts, stratified by
infant sex. Table S4. Effect of clinical and nutritional factors on the risk of severe PGF using Fenton
2013 and INTERGROWTH-21st reference charts, excluding SGA infants. Table S5. Clinical and
nutritional factors associated with severity of PGF by Fenton 2013 and INTERGROWTH-21st growth
charts. Table S6. Clinical and nutritional factors that influenced XGBOOST supervised models.
Average importance scores (mean + SD) of ten most important factors, evaluated across ten CV
iterations of the XGBoost supervised model. Figure S1. Confusion matrices for each of the XGBoost
results. For Gestational Age Preterm groups 1 is Extremely preterm (<28 weeks), 2 is Very preterm
(28-31%/7 weeks) and 3 is Moderate preterm (32-320/7 weeks).

Author Contributions: Conceptualization, I.K., N.H.A. and E.H.; Data curation, LK., S.P.,, T.R. and
E.H.; Formal analysis, T.R., E.P. and T.L.; Supervision, E.H.; Writing—original draft, LK. and T.R.;
Writing—review and editing, E.P, T.L., LK., TR., N.H.A. and E.H. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study received approval from the University General
Hospital of Heraklion Bioethics Committee Protocol Number 17946 /07-09-2022 and the University
General Hospital of Heraklion PAGNI Board of Directors decision Number 1143/19-10-2022, which
waived consent for retrospective data access to medical records, and all data were anonymized
before analysis.

Informed Consent Statement: Patient consent was waived by University General Hospital of
Heraklion PAGNI Board of Directors decision Number 1143/19-10-2022 for retrospective data access
to medical records.

Data Availability Statement: The datasets presented in this article are not readily available because
they contain patient data that are not for public use due to European data protection laws (GDPR).
Requests to access the datasets should be directed to corresponding author.

Conflicts of Interest: All authors declare no conflicts of interest.

References

1. Glass, H.C.; Costarino, A.T.; Stayer, S.A.; Brett, C.M.; Cladis, F,; Davis, P.J. Outcomes for Extremely Premature Infants. Anesth.
Analg. 2015, 120, 1337-1351. [CrossRef] [PubMed]

2. Litt, ].S.; Hintz, S.R. Quality Improvement for NICU Graduates: Feasible, Relevant, Impactful. Semin. Fetal Neonatal Med. 2021,
26, 101205. [CrossRef] [PubMed]

3. Bonnar, K;; Fraser, D. Extrauterine Growth Restriction in Low Birth Weight Infants. Neonatal Netw. 2019, 38, 27-33. [CrossRef]

4.  Poindexter, B.B.; Cormack, B.E.; Bloomfield, FH. Approaches to Growth Faltering. In World Review of Nutrition and Dietetics;
Koletzko, B., Cheah, F-C., Domell6f, M., Poindexter, B.B., Vain, N., Van Goudoever, ].B., Eds.; S. Karger AG: Basel, Switzerland,
2021; Volume 122, pp. 312-324. ISBN 978-3-318-06646-3.

5. De Rose, D.U.; Cota, F; Gallini, F.; Bottoni, A.; Fabrizio, G.C.; Ricci, D.; Romeo, D.M.; Mercuri, E.; Vento, G.; Maggio, L.
Extra-Uterine Growth Restriction in Preterm Infants: Neurodevelopmental Outcomes According to Different Definitions. Eur. J.
Paediatr. Neurol. 2021, 33, 135-145. [CrossRef]

6. Ong, KK ; Kennedy, K.; Castafieda-Gutiérrez, E.; Forsyth, S.; Godfrey, K.M.; Koletzko, B.; Latulippe, M.E.; Ozanne, S.E.; Rueda,
R.; Schoemaker, M.H.; et al. Postnatal Growth in Preterm Infants and Later Health Outcomes: A Systematic Review. Acta Paediatr.
2015, 104, 974-986. [CrossRef]

7. Ordoénez-Diaz, M.D.; Pérez-Navero, J.L.; Flores-Rojas, K.; Olza-Meneses, J.; Mufioz-Villanueva, M.C.; Aguilera-Garcia, C.M.;
Gil-Campos, M. Prematurity With Extrauterine Growth Restriction Increases the Risk of Higher Levels of Glucose, Low-Grade of
Inflammation and Hypertension in Prepubertal Children. Front. Pediatr. 2020, 8, 180. [CrossRef]

8.  Palomino-Fernandez, L.; Pastor-Villaescusa, B.; Velasco, L; Rico, M.D.L.C; Roa, J.; Gil, A,; Gil-Campos, M. Metabolic and
Low-Grade Inflammation Risk in Young Adults with a History of Extrauterine Growth Restriction. Nutrients 2024, 16, 1608.
[CrossRef]

9.  Shah, PS.; Wong, K.Y.; Merko, S.; Bishara, R.; Dunn, M.; Asztalos, E.; Darling, P.B. Postnatal Growth Failure in Preterm Infants:

Ascertainment and Relation to Long-Term Outcome. J. Perinat. Med. 2006, 34, 484-489. [CrossRef]


https://doi.org/10.1213/ANE.0000000000000705
https://www.ncbi.nlm.nih.gov/pubmed/25988638
https://doi.org/10.1016/j.siny.2021.101205
https://www.ncbi.nlm.nih.gov/pubmed/33589361
https://doi.org/10.1891/0730-0832.38.1.27
https://doi.org/10.1016/j.ejpn.2021.06.004
https://doi.org/10.1111/apa.13128
https://doi.org/10.3389/fped.2020.00180
https://doi.org/10.3390/nu16111608
https://doi.org/10.1515/JPM.2006.094

Nutrients 2025, 17, 1726 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zozaya, C.; Diaz, C.; Saenz de Pipaén, M. How Should We Define Postnatal Growth Restriction in Preterm Infants? Neonatology
2018, 114, 177-180. [CrossRef]

Clark, R.H.; Olsen, LE.; Spitzer, A.R. Assessment of Neonatal Growth in Prematurely Born Infants. Clin. Perinatol. 2014,
41, 295-307. [CrossRef]

Asbury, M.R,; Unger, S.; Kiss, A.; Ng, D.V.Y,; Luk, Y.; Bando, N.; Bishara, R.; Tomlinson, C.; O’Connor, D.L.; GTA-DoMINO Feeding
Group. Optimizing the Growth of Very-Low-Birth-Weight Infants Requires Targeting Both Nutritional and Nonnutritional
Modifiable Factors Specific to Stage of Hospitalization. Am. J. Clin. Nutr. 2019, 110, 1384-1394. [CrossRef] [PubMed]

Embleton, N.E.; Pang, N.; Cooke, R.]J. Postnatal Malnutrition and Growth Retardation: An Inevitable Consequence of Current
Recommendations in Preterm Infants? Pediatrics 2001, 107, 270-273. [CrossRef] [PubMed]

Figueras-Aloy, J.; Palet-Trujols, C.; Matas-Barcel6, I.; Botet-Mussons, F.; Carbonell-Estrany, X. Extrauterine Growth Restriction in
Very Preterm Infant: Etiology, Diagnosis, and 2-Year Follow-Up. Eur. J. Pediatr. 2020, 179, 1469-1479. [CrossRef]

Klevebro, S.; Lundgren, P.; Hammar, U.; Smith, L.E.; Bottai, M.; Domellof, M.; Lofqvist, C.; Hallberg, B.; Hellstrém, A. Cohort
Study of Growth Patterns by Gestational Age in Preterm Infants Developing Morbidity. BM] Open 2016, 6, e012872. [CrossRef]
Lima, PA.T.; de Carvalho, M.; da Costa, A.C.C.; Moreira, M.E.L. Variables Associated with Extra Uterine Growth Restriction in
Very Low Birth Weight Infants. J. Pediatr. 2014, 90, 22-27. [CrossRef]

Koletzko, B.; Cheah, F-C.; Domellof, M.; Poindexter, B.B.; Vain, N.; Van Goudoever, J.B. (Eds.) Nutritional Care of Preterm Infants:
Scientific Basis and Practical Guidelines; World Review of Nutrition and Dietetics; S. Karger AG: Basel, Switzerland, 2021; Volume
122, ISBN 978-3-318-06646-3.

Su, B.-H. Optimizing Nutrition in Preterm Infants. Pediatr. Neonatol. 2014, 55, 5-13. [CrossRef]

Clark, R H.; Thomas, P.; Peabody, J. Extrauterine Growth Restriction Remains a Serious Problem in Prematurely Born Neonates.
Pediatrics 2003, 111, 986-990. [CrossRef]

Fenton, T.R.; Cormack, B.; Goldberg, D.; Nasser, R.; Alshaikh, B.; Eliasziw, M.; Hay, WW.; Hoyos, A.; Anderson, D.; Bloomfield, E;
et al. “Extrauterine Growth Restriction” and “Postnatal Growth Failure” Are Misnomers for Preterm Infants. J. Perinatol. 2020,
40, 704-714. [CrossRef]

Embleton, N.D.; Moltu, S.J.; Lapillonne, A.; van den Akker, C.H.P,; Carnielli, V.; Fusch, C.; Gerasimidis, K.; van Goudoever, ].B.;
Haiden, N.; Iacobelli, S.; et al. Enteral Nutrition in Preterm Infants (2022): A Position Paper from the ESPGHAN Committee on
Nutrition and Invited Experts. J. Pediatr. Gastroenterol. Nutr. 2022, 76, 248-268. [CrossRef]

Gonzalez-Garcia, L.; Mantecén-Fernandez, L.; Sudrez-Rodriguez, M.; Arias-Llorente, R.; Lareu-Vidal, S.; Ib4fiez-Fernandez, A.;
Caunedo-Jiménez, M.; Gonzélez-Lépez, C.; Fernandez-Morén, E.; Fernandez-Colomer, B.; et al. Postnatal Growth Faltering:
Growth and Height Improvement at Two Years in Children with Very Low Birth Weight between 2002-2017. Children 2022,
9, 1800. [CrossRef]

Nyakotey, D.A.; Clarke, A.M.; Cormack, B.E.; Bloomfield, FH.; Harding, J.E. Postnatal Growth and Neurodevelopment at 2 Years’
Corrected Age in Extremely Low Birthweight Infants. Pediatr. Res. 2024, 96, 436—449. [CrossRef] [PubMed]

Silveira, R.C.; Procianoy, R.S. Preterm Newborn’s Postnatal Growth Patterns: How to Evaluate Them. J. De Pediatr. 2019, 95, 42—48.
[CrossRef] [PubMed]

Fenton, T.R.; Kim, J.H. A Systematic Review and Meta-Analysis to Revise the Fenton Growth Chart for Preterm Infants. BMC
Pediatr. 2013, 13, 59. [CrossRef]

Villar, J.; Giuliani, F; Barros, F.; Roggero, P.; Coronado Zarco, I.A.; Rego, M.A.S.; Ochieng, R.; Gianni, M.L.; Rao, S.; Lambert, A;
et al. Monitoring the Postnatal Growth of Preterm Infants: A Paradigm Change. Pediatrics 2018, 141, €20172467. [CrossRef]
Papageorghiou, A.T.; Kennedy, S.H.; Salomon, L.J.; Altman, D.G.; Ohuma, E.O.; Stones, W.; Gravett, M.G.; Barros, F.C.; Victora, C,;
Purwar, M.; et al. The INTERGROWTH-21st Fetal Growth Standards: Toward the Global Integration of Pregnancy and Pediatric
Care. Am. |. Obstet. Gynecol. 2018, 218, S630-S640. [CrossRef]

Villar, J.; Giuliani, F,; Fenton, T.R.; Ohuma, E.O.; Ismail, L.C.; Kennedy, S.H. INTERGROWTH-21st Very Preterm Size at Birth
Reference Charts. Lancet 2016, 387, 844-845. [CrossRef]

Greer, ER;; Olsen, I.LE. How Fast Should the Preterm Infant Grow? Curr. Pediatr. Rep. 2013, 1, 240-246. [CrossRef]

Peila, C.; Spada, E.; Giuliani, F; Maiocco, G.; Raia, M.; Cresi, F,; Bertino, E.; Coscia, A. Extrauterine Growth Restriction: Definitions
and Predictability of Outcomes in a Cohort of Very Low Birth Weight Infants or Preterm Neonates. Nutrients 2020, 12, 1224.
[CrossRef]

Gonzalez-Garcia, L.; Garcia-Lépez, E.; Ferndndez-Colomer, B.; Mantecén-Ferndndez, L.; Lareu-Vidal, S.; Sudrez-Rodriguez, M.;
Arias-Llorente, R.P.; Solis-Sdnchez, G. Extrauterine Growth Restriction in Very Low Birth Weight Infants: Concordance Between
Fenton 2013 and INTERGROWTH-21st Growth Charts. Front. Pediatr. 2021, 9, 690788. [CrossRef]

El Rafei, R.; Maier, R.F; Jarreau, P.H.; Norman, M.; Barros, H.; Van Reempts, P.; Van Heijst, A.; Pedersen, P.; Cuttini, M.; Johnson,
S.; et al. Postnatal Growth Restriction and Neurodevelopment at 5 Years of Age: A European Extremely Preterm Birth Cohort
Study. Arch. Dis. Child. Fetal Neonatal Ed. 2023, 108, 492-498. [CrossRef]


https://doi.org/10.1159/000489388
https://doi.org/10.1016/j.clp.2014.02.001
https://doi.org/10.1093/ajcn/nqz227
https://www.ncbi.nlm.nih.gov/pubmed/31536118
https://doi.org/10.1542/peds.107.2.270
https://www.ncbi.nlm.nih.gov/pubmed/11158457
https://doi.org/10.1007/s00431-020-03628-1
https://doi.org/10.1136/bmjopen-2016-012872
https://doi.org/10.1016/j.jped.2013.05.007
https://doi.org/10.1016/j.pedneo.2013.07.003
https://doi.org/10.1542/peds.111.5.986
https://doi.org/10.1038/s41372-020-0658-5
https://doi.org/10.1097/MPG.0000000000003642
https://doi.org/10.3390/children9121800
https://doi.org/10.1038/s41390-024-03054-1
https://www.ncbi.nlm.nih.gov/pubmed/38337041
https://doi.org/10.1016/j.jped.2018.10.006
https://www.ncbi.nlm.nih.gov/pubmed/30521768
https://doi.org/10.1186/1471-2431-13-59
https://doi.org/10.1542/peds.2017-2467
https://doi.org/10.1016/j.ajog.2018.01.011
https://doi.org/10.1016/S0140-6736(16)00384-6
https://doi.org/10.1007/s40124-013-0029-1
https://doi.org/10.3390/nu12051224
https://doi.org/10.3389/fped.2021.690788
https://doi.org/10.1136/archdischild-2022-324988

Nutrients 2025, 17, 1726 17 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

Maiocco, G.; Migliaretti, G.; Cresi, F.; Peila, C.; Deantoni, S.; Trapani, B.; Giuliani, E; Bertino, E.; Coscia, A. Evaluation of
Extrauterine Head Growth From 14-21 Days to Discharge With Longitudinal Intergrowth-21st Charts: A New Approach to
Identify Very Preterm Infants at Risk of Long-Term Neurodevelopmental Impairment. Front. Pediatr. 2020, 8, 572930. [CrossRef]
[PubMed]

Strobel, K.M.; Wood, T.R.; Valentine, G.C.; German, K.R.; Gogcu, S.; Hendrixson, D.T.; Kolnik, S.E.; Law, ].B.; Mayock, D.E,;
Comstock, B.A; et al. Contemporary Definitions of Infant Growth Failure and Neurodevelopmental and Behavioral Outcomes in
Extremely Premature Infants at Two Years of Age. |. Perinatol. 2024, 44, 811-818. [CrossRef] [PubMed]

Engle, W.A.; American Academy of Pediatrics Committee on Fetus and Newborn. Age Terminology during the Perinatal Period.
Pediatrics 2004, 114, 1362-1364. [CrossRef]

Villar, J.; Giuliani, E,; Bhutta, Z.A.; Bertino, E.; Ohuma, E.O.; Ismail, L.C.; Barros, E.C.; Altman, D.G.; Victora, C.; Noble, J.A.; et al.
Postnatal Growth Standards for Preterm Infants: The Preterm Postnatal Follow-up Study of the INTERGROWTH-21(5t) Project.
Lancet Glob. Health 2015, 3, e681-e691. [CrossRef]

Agostoni, C.; Buonocore, G.; Carnielli, V.P.; De Curtis, M.; Darmaun, D.; Decsi, T.; Domell6f, M.; Embleton, N.D.; Fusch, C.;
Genzel-Boroviczeny, O.; et al. Enteral Nutrient Supply for Preterm Infants: Commentary from the European Society of Paediatric
Gastroenterology, Hepatology and Nutrition Committee on Nutrition. J. Pediatr. Gastroenterol. Nutr. 2010, 50, 85-91. [CrossRef]
Van Goudoever, ].B.; Carnielli, V.; Darmaun, D.; de Pipaon, M.S.; Braegger, C.; Bronsky, J.; Cai, W.; Campoy, C.; Carnielli, V,;
Darmaun, D.; et al. ESPGHAN /ESPEN/ESPR/CSPEN Guidelines on Pediatric Parenteral Nutrition: Amino Acids. Clin. Nutr.
2018, 37, 2315-2323. [CrossRef]

Tacobelli, S.; Bonsante, F.; Gouyon, ].B. Fluid and Electrolyte Intake during the First Week of Life in Preterm Infants Receiving
Parenteral Nutrition According Current Guidelines. Minerva Pediatr. 2010, 62, 203-204.

Lapillonne, A.; Mis, N.E; Goulet, O.; van den Akker, C.H.P.; Wu, ].; Koletzko, B.; Braegger, C.; Bronsky, J.; Cai, W.; Campoy, C.;
et al. ESPGHAN/ESPEN/ESPR/CSPEN Guidelines on Pediatric Parenteral Nutrition: Lipids. Clin. Nutr. 2018, 37, 2324-2336.
[CrossRef]

Mesotten, D.; Joosten, K.; van Kempen, A.; Verbruggen, S.; Braegger, C.; Bronsky, J.; Cai, W.; Campoy, C.; Carnielli, V.; Darmaun,
D.; et al. ESPGHAN/ESPEN/ESPR/CSPEN Guidelines on Pediatric Parenteral Nutrition: Carbohydrates. Clin. Nutr. 2018,
37,2337-2343. [CrossRef]

Thébaud, B.; Goss, K.N.; Laughon, M.; Whitsett, ].A.; Abman, S.H.; Steinhorn, R.H.; Aschner, J.L.; Davis, P.G.; McGrath-Morrow,
S.A,; Soll, R.E; et al. Bronchopulmonary Dysplasia. Nat. Rev. Dis. Primers 2019, 5, 78. [CrossRef]

Erickson, G.; Dobson, N.R.; Hunt, C.E. Immature Control of Breathing and Apnea of Prematurity: The Known and Unknown. J.
Perinatol. 2021, 41, 2111-2123. [CrossRef] [PubMed]

Eichenwald, E.C.; Committee on Fetus and Newborn, American Academy of Pediatrics. Apnea of Prematurity. Pediatrics 2016,
137, €20153757. [CrossRef]

McGovern, M.; Giannoni, E.; Kuester, H.; Turner, M.A.; van den Hoogen, A.; Bliss, ].M.; Koenig, ] M.; Keij, EM.; Mazela, J;
Finnegan, R.; et al. Challenges in Developing a Consensus Definition of Neonatal Sepsis. Pediatr. Res. 2020, 88, 14-26. [CrossRef]
Hamrick, S.E.G.; Sallmon, H.; Rose, A.T.; Porras, D.; Shelton, E.L.; Reese, J.; Hansmann, G. Patent Ductus Arteriosus of the
Preterm Infant. Pediatrics 2020, 146, €20201209. [CrossRef]

Berman, L.; Moss, R.L. Necrotizing Enterocolitis: An Update. Semin. Fetal Neonatal Med. 2011, 16, 145-150. [CrossRef]
Robinson, J.R.; Rellinger, E.J.; Hatch, L.D.; Weitkamp, J.-H.; Speck, K.E.; Danko, M.; Blakely, M.L. Surgical Necrotizing Enterocolitis.
Semin. Perinatol. 2017, 41, 70-79. [CrossRef]

Howarth, C.; Banerjee, J.; Aladangady, N. Red Blood Cell Transfusion in Preterm Infants: Current Evidence and Controversies.
Neonatology 2018, 114, 7-16. [CrossRef]

Saito-Benz, M.; Flanagan, P.; Berry, M.]. Management of Anaemia in Pre-Term Infants. Br. ]. Haematol. 2020, 188, 354-366.
[CrossRef]

Chiang, M.F.; Quinn, G.E.; Fielder, A.R.; Ostmo, S.R.; Paul Chan, R.V.; Berrocal, A.; Binenbaum, G.; Blair, M.; Peter Campbell, J.;
Capone, A; et al. International Classification of Retinopathy of Prematurity, Third Edition. Ophthalmology 2021, 128, e51-e68.
[CrossRef]

Jefferies, A.L.; Canadian Paediatric Society, Fetus and Newborn Committee. Retinopathy of Prematurity: An Update on Screening
and Management. Paediatr. Child. Health 2016, 21, 101-108. [CrossRef]

Agut, T.; Alarcon, A.; Cabarias, F; Bartocci, M.; Martinez-Biarge, M.; Horsch, S. Preterm White Matter Injury: Ultrasound
Diagnosis and Classification. Pediatr. Res. 2020, 87, 37-49. [CrossRef] [PubMed]

Egesa, W.IL; Odoch, S.; Odong, R.J.; Nakalema, G.; Asiimwe, D.; Ekuk, E.; Twesigemukama, S.; Turyasiima, M.; Lokengama, R.K,;
Waibi, W.M.; et al. Germinal Matrix-Intraventricular Hemorrhage: A Tale of Preterm Infants. Int. ]. Pediatr. 2021, 2021, 6622598.
[CrossRef] [PubMed]

Chen, T.; Guestrin, C. XGBoost: A Scalable Tree Boosting System. arXiv 2016, arXiv:1603.02754.


https://doi.org/10.3389/fped.2020.572930
https://www.ncbi.nlm.nih.gov/pubmed/33330271
https://doi.org/10.1038/s41372-023-01852-9
https://www.ncbi.nlm.nih.gov/pubmed/38195921
https://doi.org/10.1542/peds.2004-1915
https://doi.org/10.1016/S2214-109X(15)00163-1
https://doi.org/10.1097/MPG.0b013e3181adaee0
https://doi.org/10.1016/j.clnu.2018.06.945
https://doi.org/10.1016/j.clnu.2018.06.946
https://doi.org/10.1016/j.clnu.2018.06.947
https://doi.org/10.1038/s41572-019-0127-7
https://doi.org/10.1038/s41372-021-01010-z
https://www.ncbi.nlm.nih.gov/pubmed/33712716
https://doi.org/10.1542/peds.2015-3757
https://doi.org/10.1038/s41390-020-0785-x
https://doi.org/10.1542/peds.2020-1209
https://doi.org/10.1016/j.siny.2011.02.002
https://doi.org/10.1053/j.semperi.2016.09.020
https://doi.org/10.1159/000486584
https://doi.org/10.1111/bjh.16233
https://doi.org/10.1016/j.ophtha.2021.05.031
https://doi.org/10.1093/pch/21.2.101
https://doi.org/10.1038/s41390-020-0781-1
https://www.ncbi.nlm.nih.gov/pubmed/32218534
https://doi.org/10.1155/2021/6622598
https://www.ncbi.nlm.nih.gov/pubmed/33815512

Nutrients 2025, 17, 1726 18 of 19

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Panteris, E.; Deda, O.; Papazoglou, A.S.; Karagiannidis, E.; Liapikos, T.; Begou, O.; Meikopoulos, T.; Mouskeftara, T.; Sofidis, G.;
Sianos, G.; et al. Machine Learning Algorithm to Predict Obstructive Coronary Artery Disease: Insights from the CorLipid Trial.
Metabolites 2022, 12, 816. [CrossRef]

Sneath, PH.; Sokal, R.R. Numerical Taxonomy. Nature 1962, 193, 855-860. [CrossRef]

Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 2020, 17, 261-272. [CrossRef]
Hartigan, J.A.; Wong, M.A. Algorithm AS 136: A K-Means Clustering Algorithm. J. R. Stat. Society. Ser. C (Appl. Stat.) 1979,
28, 100-108. [CrossRef]

Campello, R.J.G.B.; Moulavi, D.; Sander, J. Density-Based Clustering Based on Hierarchical Density Estimates. In Advances in
Knowledge Discovery and Data Mining, Proceedings of the 17th Pacific-Asia Conference, PAKDD 2013, Gold Coast, Australia, 14-17 April
2013; Pei, J., Tseng, V.S., Cao, L., Motoda, H., Xu, G., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 160-172.

McInnes, L.; Healy, J.; Astels, S. Hdbscan: Hierarchical Density Based Clustering. J. Open Source Softw. 2017, 2, 205. [CrossRef]
Reddy, K.V.; Sharma, D.; Vardhelli, V.; Bashir, T.; Deshbotla, S.K.; Murki, S. Comparison of Fenton 2013 Growth Curves and
Intergrowth-21 Growth Standards to Assess the Incidence of Intrauterine Growth Restriction and Extrauterine Growth Restriction
in Preterm Neonates <32 Weeks. ]. Matern.-Fetal Neonatal Med. 2021, 34, 2634-2641. [CrossRef]

Ribas, S.A.; Paravidino, V.B.; Soares, EV.M. Comparison of Growth Curves in Very Low Birth Weight Preterm Infants after
Hospital Discharge. Eur. J. Pediatr. 2022, 181, 149-157. [CrossRef]

Yazici, A.; Buyuktiryaki, M.; Sari, EN.; Akin, M.S.; Ertekin, O.; Alyamac Dizdar, E. Comparison of Different Growth Curves in
the Assessment of Extrauterine Growth Restriction in Very Low Birth Weight Preterm Infants. Arch. Pediatr. 2023, 30, 31-35.
[CrossRef] [PubMed]

Bagga, N.; Panigrahy, N.; Maheswari, A. Extra-Uterine Growth Restriction in Preterm Infants. Newborn 2022, 1, 67-73.

El Rafei, R.; Jarreau, P.-H.; Norman, M.; Maier, R.F.; Barros, H.; Reempts, P.V.; Pedersen, P; Cuttini, M.; Zeitlin, J.; EPICE Research
Group. Variation Very Preterm Extrauterine Growth in a European Multicountry Cohort. Arch. Dis. Child. Fetal Neonatal Ed. 2021,
106, 316-323. [CrossRef]

Starc, M.; Giangreco, M.; Centomo, G.; Travan, L.; Bua, J. Extrauterine Growth Restriction in Very Low Birth Weight Infants
According to Different Growth Charts: A Retrospective 10 Years Observational Study. PLoS ONE 2023, 18, e0283367. [CrossRef]
Kakatsaki, I.; Papanikolaou, S.; Roumeliotaki, T.; Anagnostatou, N.H.; Lygerou, I.; Hatzidaki, E. The Prevalence of Small for
Gestational Age and Extrauterine Growth Restriction among Extremely and Very Preterm Neonates, Using Different Growth
Curves, and Its Association with Clinical and Nutritional Factors. Nutrients 2023, 15, 3290. [CrossRef]

Fenton, T.R.; Samycia, L.; Elmrayed, S.; Nasser, R.; Alshaikh, B. Growth Patterns by Birth Size of Preterm Children Born at 24-29
Gestational Weeks for the First 3 Years. Paediatr. Perinat. Epidemiol. 2024, 38, 560-569. [CrossRef]

Molony, C.L.; Hiscock, R.; Kaufman, J.; Keenan, E.; Hastie, R.; Brownfoot, F.C. Growth Trajectory of Preterm Small-for-Gestational-
Age Neonates. |. Matern.-Fetal Neonatal Med. 2022, 35, 8400-8406. [CrossRef]

Vinther, ]J.L.; Cadman, T.; Avraam, D.; Ekstrem, C.T.; Serensen, T.I. A.; Elhakeem, A.; Santos, A.C.; Pinot de Moira, A.; Heude, B.;
Ifiguez, C.; et al. Gestational Age at Birth and Body Size from Infancy through Adolescence: An Individual Participant Data
Meta-Analysis on 253,810 Singletons in 16 Birth Cohort Studies. PLoS Med. 2023, 20, e1004036. [CrossRef]

Andraweera, P.H.; Condon, B.; Collett, G.; Gentilcore, S.; Lassi, Z.S. Cardiovascular Risk Factors in Those Born Preterm—
Systematic Review and Meta-Analysis. J. Dev. Orig. Health Dis. 2021, 12, 539-554. [CrossRef]

Elmrayed, S.; Metcalfe, A.; Brenner, D.; Wollny, K.; Fenton, T.R. Are Small-for-Gestational-Age Preterm Infants at Increased Risk
of Overweight? Statistical Pitfalls in Overadjusting for Body Size Measures. ]. Perinatol. 2021, 41, 1845-1851. [CrossRef]
Klevebro, S.; Westin, V.; Stoltz Sjostrom, E.; Norman, M.; Domellof, M.; Edstedt Bonamy, A.-K.; Hallberg, B. Early Energy and
Protein Intakes and Associations with Growth, BPD, and ROP in Extremely Preterm Infants. Clin. Nutr. 2019, 38, 1289-1295.
[CrossRef] [PubMed]

Wang, L.; Lin, X.-Z.; Shen, W.; Wu, E; Mao, J.; Liu, L.; Chang, Y.-M.; Zhang, R.; Ye, X.-Z.; Qiu, Y.-P; et al. Risk Factors of
Extrauterine Growth Restriction in Very Preterm Infants with Bronchopulmonary Dysplasia: A Multi-Center Study in China.
BMC Pediatr. 2022, 22, 363. [CrossRef] [PubMed]

Flannery, D.D.; Jensen, E.A.; Tomlinson, L.A.; Yu, Y; Ying, G.-S.; Binenbaum, G. Poor Postnatal Weight Growth Is a Late Finding
after Sepsis in Very Preterm Infants. Arch. Dis. Child. Fetal Neonatal Ed. 2021, 106, 298-304. [CrossRef]

Hellstrom, A.; Ley, D.; Hansen-Pupp, I.; Hallberg, B.; Lofqvist, C.; van Marter, L.; van Weissenbruch, M.; Ramenghi, L.A.;
Beardsall, K.; Dunger, D.; et al. Insulin-like Growth Factor 1 Has Multisystem Effects on Foetal and Preterm Infant Development.
Acta Paediatr. 2016, 105, 576-586. [CrossRef]

Makker, K.; Ji, Y.; Hong, X.; Wang, X. Antenatal and Neonatal Factors Contributing to Extra Uterine Growth Failure (EUGR)
among Preterm Infants in Boston Birth Cohort (BBC). J. Perinatol. 2021, 41, 1025-1032. [CrossRef]


https://doi.org/10.3390/metabo12090816
https://doi.org/10.1038/193855a0
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.2307/2346830
https://doi.org/10.21105/joss.00205
https://doi.org/10.1080/14767058.2019.1670795
https://doi.org/10.1007/s00431-021-04188-8
https://doi.org/10.1016/j.arcped.2022.11.008
https://www.ncbi.nlm.nih.gov/pubmed/36462987
https://doi.org/10.1136/archdischild-2020-319946
https://doi.org/10.1371/journal.pone.0283367
https://doi.org/10.3390/nu15153290
https://doi.org/10.1111/ppe.13081
https://doi.org/10.1080/14767058.2021.1974835
https://doi.org/10.1371/journal.pmed.1004036
https://doi.org/10.1017/S2040174420000914
https://doi.org/10.1038/s41372-021-01050-5
https://doi.org/10.1016/j.clnu.2018.05.012
https://www.ncbi.nlm.nih.gov/pubmed/29885776
https://doi.org/10.1186/s12887-022-03405-z
https://www.ncbi.nlm.nih.gov/pubmed/35751057
https://doi.org/10.1136/archdischild-2020-320221
https://doi.org/10.1111/apa.13350
https://doi.org/10.1038/s41372-021-00948-4

Nutrients 2025, 17, 1726 19 of 19

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Stevens, T.P,; Shields, E.; Campbell, D.; Combs, A.; Horgan, M.; La Gamma, E.F,; Xiong, K.; Kacica, M. Variation in Enteral
Feeding Practices and Growth Outcomes among Very Premature Infants: A Report from the New York State Perinatal Quality
Collaborative. Am. J. Perinatol. 2016, 33, 9-19. [CrossRef]

Assad, M.; Jerome, M.; Olyaei, A.; Nizich, S.; Hedges, M.; Gosselin, K.; Scottoline, B. Dilemmas in Establishing Preterm Enteral
Feeding: Where Do We Start and How Fast Do We Go? J. Perinatol. 2023, 43, 1194-1199. [CrossRef]

Thoene, M.; Anderson-Berry, A. Early Enteral Feeding in Preterm Infants: A Narrative Review of the Nutritional, Metabolic, and
Developmental Benefits. Nutrients 2021, 13, 2289. [CrossRef]

Griffin, L].; Tancredi, D.J.; Bertino, E.; Lee, H.C.; Profit, J. Postnatal Growth Failure in Very Low Birthweight Infants Born between
2005 and 2012. Arch. Dis. Child. Fetal Neonatal Ed. 2016, 101, F50-F55. [CrossRef]

Am, B;; Me, K.; S, E; Bp, M. Standardized Parenteral Nutrition for the Transition Phase in Preterm Infants: A Bag That Fits.
Nutrients 2018, 10, 170. [CrossRef]

Miller, M,; Vaidya, R.; Rastogi, D.; Bhutada, A.; Rastogi, S. From Parenteral to Enteral Nutrition: A Nutrition-Based Approach for
Evaluating Postnatal Growth Failure in Preterm Infants. J[PEN ]. Parenter. Enter. Nutr. 2014, 38, 489-497. [CrossRef] [PubMed]
Yoon, S.J.; Kim, D.; Park, S.H.; Han, J.H.; Lim, J.; Shin, J.E.; Eun, H.S.; Lee, S.M.; Park, M.S. Prediction of Postnatal Growth Failure
in Very Low Birth Weight Infants Using a Machine Learning Model. Diagnostics 2023, 13, 3627. [CrossRef] [PubMed]

Han, J.H.; Yoon, S.J.; Lee, H.S,; Park, G.; Lim, J.; Shin, J.E.; Eun, H.S.; Park, M.S.; Lee, S.M. Application of Machine Learning
Approaches to Predict Postnatal Growth Failure in Very Low Birth Weight Infants. Yonsei Med. |. 2022, 63, 640-647. [CrossRef]
Anne, R.P; Vardhelli, V.; Murki, S.; Deshabhotla, S.K.; Oleti, T.P. Comparison of Fenton, INTERGROWTH-21st, and Population-
Based Growth Charts in Predicting Outcomes of Very Preterm Small-for-Gestational-Age Neonates. Indian. |. Pediatr. 2022,
89, 1034-1036. [CrossRef]

Lan, S.; Fu, H.; Zhang, C.; Chen, Y,; Pan, L.; Song, S.; Wang, Y.; Hong, L. Comparison of Intergrowth-21st and Fenton Growth
Standards to Evaluate and Predict the Postnatal Growth in Eastern Chinese Preterm Infants. Front. Pediatr. 2023, 11, 1259744.
[CrossRef]

Cho, K.H,; Kim, E.S.; Kim, J.W,; Yun, C.-H.; Jang, ].-W.; Kasani, PH.; Jo, H.S. Comparative Effectiveness of Explainable Machine
Learning Approaches for Extrauterine Growth Restriction Classification in Preterm Infants Using Longitudinal Data. Front. Med.
2023, 10, 1166743. [CrossRef]

Lucaccioni, L.; lughetti, L.; Berardi, A.; Predieri, B. Challenges in the Growth and Development of Newborns with Extra-Uterine
Growth Restriction. Expert. Rev. Endocrinol. Metab. 2022, 17, 415-423. [CrossRef]

Pampanini, V.; Boiani, A.; De Marchis, C.; Giacomozzi, C.; Navas, R.; Agostino, R.; Dini, F,; Ghirri, P.; Cianfarani, S. Preterm
Infants with Severe Extrauterine Growth Retardation (EUGR) Are at High Risk of Growth Impairment during Childhood. Eur. J.
Pediatr. 2015, 174, 33-41. [CrossRef]

Gonzélez-Lopez, C.; Solis-Sanchez, G.; Lareu-Vidal, S.; Mantecén-Fernandez, L.; Ibafiez-Fernandez, A.; Rubio-Granda, A;
Sudrez-Rodriguez, M. Variability in Definitions and Criteria of Extrauterine Growth Restriction and Its Association with
Neurodevelopmental Outcomes in Preterm Infants: A Narrative Review. Nutrients 2024, 16, 968. [CrossRef]

Cordova, E.G.; Belfort, M.B. Updates on Assessment and Monitoring of the Postnatal Growth of Preterm Infants. Neoreviews 2020,
21, €98-e108. [CrossRef]

Anderson, PJ.; Burnett, A. Assessing Developmental Delay in Early Childhood—Concerns with the Bayley-III Scales. Clin.
Neuropsychol. 2017, 31, 371-381. [CrossRef] [PubMed]

Lowe, J.; Bann, C.M.; Dempsey, A.G.; Fuller, J.; Taylor, H.G.; Gustafson, K.E.; Watson, V.E.; Vohr, B.R.; Das, A.; Shankaran, S.; et al.
Do Bayley-III Composite Scores at 18-22 Months Corrected Age Predict Full-Scale IQ at 6-7 Years in Children Born Extremely
Preterm? |. Pediatr. 2023, 263, 113700. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1055/s-0035-1554794
https://doi.org/10.1038/s41372-023-01665-w
https://doi.org/10.3390/nu13072289
https://doi.org/10.1136/archdischild-2014-308095
https://doi.org/10.3390/nu10020170
https://doi.org/10.1177/0148607113487926
https://www.ncbi.nlm.nih.gov/pubmed/23674574
https://doi.org/10.3390/diagnostics13243627
https://www.ncbi.nlm.nih.gov/pubmed/38132211
https://doi.org/10.3349/ymj.2022.63.7.640
https://doi.org/10.1007/s12098-022-04175-3
https://doi.org/10.3389/fped.2023.1259744
https://doi.org/10.3389/fmed.2023.1166743
https://doi.org/10.1080/17446651.2022.2110468
https://doi.org/10.1007/s00431-014-2361-z
https://doi.org/10.3390/nu16070968
https://doi.org/10.1542/neo.21-2-e98
https://doi.org/10.1080/13854046.2016.1216518
https://www.ncbi.nlm.nih.gov/pubmed/27687612
https://doi.org/10.1016/j.jpeds.2023.113700
https://www.ncbi.nlm.nih.gov/pubmed/37640232

	Introduction 
	Methods 
	Results 
	Discussion 
	Conclusions 
	References

