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Abstract: Background/Objectives: There is a constant need to improve the prediction of
adverse neurodevelopmental outcomes in growth-restricted neonates who were born pre-
maturely. The aim of this retrospective study was to evaluate the predictive performance of
a three-layered neural network for the prediction of adverse neurodevelopmental outcomes
determined at two years of age by the Bayley Scales of Infant and Toddler Development,
3rd edition (Bayley-III) scale in prematurely born infants by affected by intrauterine growth
restriction (IUGR). Methods: This observational retrospective study included premature
newborns with or without IUGR admitted to a tertiary neonatal intensive care unit from Ro-
mania, between January 2018 and December 2022. The patients underwent assessment with
the Amiel-Tison scale at discharge, and with the Bailey-3 scale at 3, 6, 12, 18, and 24 months
of corrected age. Clinical and paraclinical data were used to construct a three-layered
artificial neural network, and its predictive performance was assessed. Results: Our results
indicated that this type of neural network exhibited moderate predictive performance in
predicting mild forms of cognitive, motor, and language delays. However, the accuracy of
predicting moderate and severe neurodevelopmental outcomes varied between moderate
and low. Conclusions: Artificial neural networks can be useful tools for the prediction of
several neurodevelopmental outcomes, and their predictive performance can be improved
by including a large number of clinical and paraclinical parameters.

Keywords: artificial neural network; IUGR; preterm; Bailey-3 scale; neurodevelopmental
delay

1. Introduction
Intrauterine growth restriction is a condition where the fetus fails to reach its growth

potential in utero, and it is associated with an increased risk of adverse perinatal outcomes
and long-term complications such as asphyxia, metabolic disruptions, physical retardation,
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neurodevelopmental disorders, obesity, hypertension, coronary heart disease, type 2 dia-
betes, and nephropathy [1–4]. Clinical observation, imaging, and developmental screening
can often predict severe neurodevelopmental outcomes in neonates.

The proposed mechanisms behind the neurological injury in growth-restricted fe-
tuses include neuronal apoptosis, neural inflammation, oxidative stress, excitatory toxicity,
disruption of the blood–brain barrier, and epigenetic changes [5].

Prediction of IUGR and adverse neurological outcomes occurrence in fetuses has
gained a lot of attention in recent years. A multicenter prospective study conducted by
the PORTO group evaluated the risk of adverse early childhood developmental outcomes
in children affected by growth restriction during pregnancy, as well as the role of cerebro-
placental ratio (CPR) in the prediction of these adverse neurodevelopmental outcomes [6].
Their results indicated that at the age of 3, children who had a subunitary CPR had consis-
tently shorter stature and lower weight, exhibited inferior neurodevelopmental outcomes,
as well as significantly worse neurological outcomes in all assessed categories using the
Bayley Scales of Infant and Toddler Development, 3rd edition (Bayley-III) [6,7].

The Bayley-III is designed for use with children from 1 month to 42 months of age,
allowing for the assessment of early development during infancy and toddlerhood [7]. It
underwent validation in various cultural backgrounds and proved overall good reliabil-
ity [8–10].

A recent observational cohort study by Gardella et al. investigated the association
between histopathological placental lesions and infant neurodevelopmental outcomes at
2 years of age in a cohort of pregnancies complicated by IUGR [11]. The results from this
study indicated that severe maternal vascular malperfusion was associated with an increased
risk of neonatal mortality, a high risk of developing major and minor neurodevelopmental
sequelae, as well as a high risk for personal-social, hearing, and speech disturbances.

The prediction of adverse neurological outcomes in neonates with IUGR is mainly
based on the antenatal screening of this disorder. Thus, maternal risk factors, abnormal
Doppler parameters, fetal biometry, and the fetal growth rate are considered parameters
with significant impact on the occurrence of adverse perinatal outcomes in such pregnancies,
including adverse neurological outcomes [12–14].

In recent years, artificial intelligence techniques, including machine learning algo-
rithms and artificial neural networks, have proven effective in predicting various medical
disorders, such as small for gestational age fetuses, preeclampsia, HELLP syndrome, and
seropositivity for hepatitis viruses [15–17]. However, the use of such techniques for the pre-
diction of adverse neurodevelopmental outcomes in infants affected by growth restriction
during pregnancy has not been studied before.

Thus, the aim of this retrospective study was to evaluate the predictive performance of
a three-layered neural network for the prediction of adverse neurodevelopmental outcomes
determined at two years of age by the Bayley-III scale in prematurely born infants affected
by IUGR during pregnancy.

2. Materials and Methods
This observational retrospective study included premature newborns admitted to

the neonatal intensive care unit of a tertiary maternity hospital—‘Cuza-Voda’, Iasi,
Romania—between January 2018 and December 2022. The inclusion criteria comprised the
following: singleton pregnancies, gestational age between 28 and 37 weeks of gestation,
and certain first-trimester pregnancy dating. The exclusion criteria were represented by
twin and term pregnancies, incomplete medical records, loss of follow-up, and lack of
maternal informed consent.
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Prematurely born patients were segregated into two groups depending on the presence
of growth restriction during pregnancy: group 1 (with IUGR; n = 27 patients) and group 2
(without IUGR; n = 179 patients).

The patients underwent assessment with the Amiel-Tison scale at discharge, as close
as possible to correct 40 weeks of gestation [18]. This scale evaluates the neuro-sensory
development, cranial morphology, muscular tone, active and passive muscular movements,
spontaneous motor activity, alimentary autonomy, visual fixation, and primary archaic
reflexes. This examination allows early detection of newborns with minor, moderate, or
severe neurological impairment.

Newborns were further included in a follow-up program that included the newborns’
evaluation using the Bailey-III scale at 3, 6, 12, 18, and 24 months of corrected age [7].
Only cognitive, language, and motor scales were included for analysis in the present study.
The Bayley-III raw scores were used to calculate the Cognitive Composite (CC), Language
Composite (LC), and Motor Composite (MC) scores. In relation to Bayley scores, mild,
moderate, and severe delays were defined as scores below 85 points (more than 1 standard
deviation below the mean), below 70 points (more than 2 standard deviations below the
mean), and below 55 points (more than 3 standard deviations below the mean), respectively.
The Bayley III scale is licensed and requires training.

The following additional data were recorded: demographic and clinical maternal
characteristics, gestational age at birth, birth weight, Apgar scores at 1 and 5 min, neona-
tal complications (retinopathy of prematurity—ROP; intraventricular hemorrhage—IVH;
periventricular leukomalacia—PVL; and acute respiratory distress syndrome—ARDS), the
need for invasive ventilations, and duration of hospitalization.

We used the Shapiro–Wilk test to check for the normality of the continuous data, and in
the case of non-normally distributed variables, we reported the medians and interquartile
ranges (IQR) and used the Mann–Whitney U test (Wilcoxon rank-sum test) for comparison.
If the continuous variables were normally distributed, we used a t-test for intergroup
comparisons and reported the means and standard deviations (SD). The comparisons of
categorical variables between groups were performed using Pearson’s χ2 test. p-values
under 0.05 were statistically significant. STATA SE (17, 2023, StataCorp LLC, College
Station, TX, USA) was used for these analyses.

All these data were included in a database that was further evaluated using a three-
layered neural network developed using Matlab (version R2023a, The MathWorks, Inc.,
Natick, MA, USA). Standardized data were segregated into 70% training and 30% testing.
The artificial neural network comprised one input layer, representing the input features of
the dataset (10 neurons corresponding to 10 features), 3 hidden layers (128, 64, and 32 neu-
rons), responsible for extracting hierarchical feature representations, and one output layer
(3 neurons) for the prediction of the three neurological outcomes, each with three severity
grades. A schematic representation of this three-layered neural network is presented in
Figure 1. A grid search approach was employed to optimize the number of neurons in each
layer. Also, a 5-fold cross-validation was performed, and the best combination (128, 64, and
32 neurons) was selected based on validation accuracy. A ReLU activation function and an
iteration limit of 1000 were employed. Also, a principal component analysis was used to
highlight the most informative features.

We calculated the predictive performance of this artificial neural network in relation
to the main adverse neurodevelopmental outcomes: severe cognitive, language, and motor
delay in IUGR patients. The sensitivity (Se), specificity (Sp), false positive rate (FPR),
Matthews correlation coefficient, accuracy, precision, and F1 score were determined.
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3. Results
In this retrospective study, we analyzed 206 newborns and their mothers. Their clinical

characteristics are presented in Table 1. The evaluated groups were relatively homogenous,
considering their age (p = 0.34), BMI (p = 0.76), and level of education (p = 0.67). The IUGR
group had a significantly higher frequency of maternal smoking during pregnancy (p<
0.001), and preeclampsia (p< 0.001). The personal history of adverse pregnancy outcomes
(preterm birth, preeclampsia, intrauterine growth restriction, emergency cesarean, etc) was
also significantly higher for the IUGR group (p = 0.01).

Table 1. Clinical characteristics of the evaluated mothers.

Clinical Characteristics IUGR Group (n = 27 Patients) Control Group (n = 179 Patients) p Value

Age, years (mean ± SD) 24.15 ± 4.36 26.16 ± 3.28 0.34
BMI, kg/m2, (mean and standard

deviation)
23.36 ± 2.61 23.48 ± 3.18 0.76

Level of education (n/%)

Primary school (≤4 years of study)-2
(7.4%)

Pre-high school (5–8 years of study)-7
(25.93%)

High-school (9–12 years of study)-12
(44.44%)

≥Bachelor degree-6 (22.22%)

Primary school (≤4 years of study)-20
(11.7%)

Pre-high school (5–8 years of
study)-62 (34.64%)

High-school (9–12 years of study)-63
(35.20%)

≥Bachelor degree-34 (18.99%)

0.67

Smoking habit (n/%) Yes =11 (40.7%) Yes = 16 (8.93%) <0.001
Vaginal infections (n/%) Yes = 3 (11.11%) Yes = 41 (22.9%) 0.16
Chorioamnionitis (n/%) Yes = 1 (3.7%) Yes = 9 (5.02%) 0.76

Prolonged rupture of membranes
(n/%) Yes = 1 (3.7%) Yes = 10 (5.58%) 0.68

Diabetes (n/%) Yes = 2 (7.4%) Yes = 5 (2.79%) 0.21
Preeclampsia (n/%) Yes = 15 (55.55%) Yes = 14 (7.8%) < 0.001

Abruptio placentae (n/%) Yes = 2 (7.4%) Yes = 4 (2.23%) 0.13
HELLP (Hemolysis, Elevated

Liver enzymes, and Low Platelets)
syndrome (n/%)

Yes = 1 (3.7%) Yes = 3 (1.67%) 0.47

Maternal thrombophilia (n/%) Yes = 1 (3.7%) Yes = 5 (2.79%) 0.79
History of adverse pregnancy

outcomes (n/%) Yes = 5 (18.5%) Yes = 10 (5.58%) 0.01

Legend: IUGR—intrauterine growth restriction, SD—standard deviation, n—number of patients, and BMI—body
mass index.
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On the other hand, the control group, which comprised preterm newborns without
IUGR, had higher rates of vaginal infections (22.9 vs. 11.11%), chorioamnionitis (5.02
vs. 3.7%), and prolonged rupture of membranes (5.58 vs. 3.7%), even though we could
not determine any significant differences between groups regarding these characteristics
(p > 0.05).

The neonatal outcomes in the evaluated groups are presented in Table 2. Premature
newborns with IUGR had a higher gestational age at birth compared with premature
newborns without IUGR, but this difference was not statistically significant (31 (IQR:30–32)
vs. 30 (IQR:28–32) weeks of gestation, p = 0.06). On the other hand, the birthweight was
significantly lower for the first group compared to the second group (1300 (1050–1400) vs.
1400 (1020–1750) grams, p = 0.04). No statistically significant differences were determined
between these groups regarding Apgar scores at 1 (p = 0.92) and 5 min (p = 0.95).

Table 2. Comparison of neonatal outcomes between groups.

Neonatal Outcome IUGR Group (n = 27 Patients) Control Group (n = 179 Patients) p Value

Gestational age at birth, weeks (median
and IQR) 31 (30–32) 30 (28–32) 0.06

Birthweight, g (median and IQR) 1300 (1050–1400) 1400 (1020–1750) 0.04
Apgar score at 1 min (median and IQR) 5 (4–7) 5.5 (4–7) 0.92
Apgar score at 5 min (median and IQR) 7 (5–7) 7 (5–7) 0.95

ARDS (n/%) Yes = 24 (88.8%) Yes = 170 (94.97%) 0.20
Need for mechanical ventilation (n/%) Yes = 16 (59.25%) Yes = 53 (29.6%) 0.005

ROP (n/%)
Stage I-2 (7.41%)
Stage II-1 (3.7%)
Stage III-0 (0%)

Stage I-17 (9.5%)
Stage II-17 (9.5%)
Stage III-1 (0.55%)

0.35

IVF (n/%)

Grade I-5 (18.52%)
Grade II-4 (14.81%)

Grade III-0 (0%)
Grade IV-1 (3.7%)

Grade I-29 (16.20%)
Grade II-17 (9.5%)
Grade III-4 (2.23%)

Grade IV-0 (0%)

0.21

PVL (n/%)

Grade I-2 (7.41%)
Grade II-1 (3.7%)
Grade III-1 (3.7%)
Grade IV-1 (3.7%)

Grade I-6 (16.20%)
Grade II-0 (0%)

Grade III-1 (0.55%)
Grade IV-0 (0%)

0.06

Duration of hospitalization, days
(mean ± SD) 46.25 ± 20.30 49.77 ± 29.30 0.27

Legend: IUGR—intrauterine growth restriction, SD—standard deviation, IQR—interquartile range, n—number of
patients, ROP—retinopathy of prematurity, IVH—intraventricular hemorrhage, PVL—periventricular leukomala-
cia, and ARDS—acute respiratory distress syndrome.

When comparing the rates of major neonatal complications, we could not deter-
mine any statistically significant differences between groups concerning the rates of ROP
(p = 0.35), IVH (p = 0.21), and PVL (p = 0.06).

ARDS occurred in 88.8% of neonates included in the first group, and in 94.97% of
neonates included in the second group (p = 0.20). In total, 59.25% of IUGR neonates needed
invasive mechanical ventilation, while 29.6% of neonates in the control group needed this
procedure, and the difference between groups regarding this outcome was statistically
significant (p = 0.005).

Finally, both groups presented similar hospitalization duration (46.25 ± 20.30 vs.
49.77 ± 29.30 days) without achieving statistical significance (p = 0.27).

The neurological and neurodevelopmental outcomes are presented in Table 3. We
could not find any statistically significant differences between groups regarding their
neurological outcomes at discharge or at 2 years follow-up.
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Table 3. Comparison of neurological and neurodevelopmental outcomes between groups.

Neonatal Outcome IUGR Group (n = 27 Patients) Control Group (n = 179 Patients) p Value

Amiel Tison scale at discharge
(n/%)

Mild-6 (22.22%)
Moderate-16 (59.25%)

Severe-5 (18.51%)

Mild-34 (18.99%)
Moderate-111 (14.81%)

Severe-34 (62.01%)
0.92

Bailey-III scale evaluation at
24 months considering CC score

Mild-4 (14.81%)
Moderate-2 (3.7%)

Severe-1 (3.7%)

Mild-20 (11.17%)
Moderate-14 (7.82%)

Severe-1 (0.55%)
0.42

Bailey-III scale evaluation at
24 months considering LC score

Mild-1 (3.7%)
Moderate-4 (14.81%)

Severe-3 (11.11%)

Mild-5 (2.79%)
Moderate-54 (30.16%)

Severe-26 (14.52%)
0.30

Bailey-III scale evaluation at
24 months considering MC score

Mild-7 (25.92%)
Moderate-3 (11.11%)

Severe-1 (3.7%)

Mild-32 (17.87%)
Moderate-13 (7.26%)

Severe-2 (1.11%)
0.38

Bailey-III scale evaluation at
24 months considering

mixed delays

Mild-1 (3.7%)
Moderate-1 (3.7%)

Severe-0 (0%)

Mild-7 (3.91%)
Moderate-5 (2.79%)

Severe-0 (0%)
0.47

Legend: IUGR—intrauterine growth restriction, SD—standard deviation, n—number of patients, CC—Cognitive
Composite, LC—Language Composite, and MC—Motor Composite.

In the final stage of our analysis, we evaluated the predictive performance of a three-
layered artificial neural network for the prediction of severe adverse neurodevelopmen-
tal outcomes in neonates affected by intrauterine growth restriction, and the results are
presented in Table 4.

Table 4. The predictive performance of a three-layered artificial neural network for the prediction of
adverse neurodevelopmental outcomes at a 2-year follow-up.

Neurodevelop-
mental Outcome Grade Se

(%)
Sp
(%)

FPR
(%)

Matthews
Coeffi-
cient

Accuracy
(%) Precision F1 Score MeanSe MeanSp MeanAcc

Cognitive delay
Mild 75 66.6 33.3 0.41 71.4 0.75 0.75 79.89 77.18 80.54

Moderate 66.6 94 5 0.73 85.7 0.85 0.73 84.55 81.42 85.29
Severe 50 100 0 0.63 83.3 1 0.66 62.76 80.51 73.30

Motor delay
Mild 75 90 10 0.66 83.3 0.85 0.8 85.03 82.14 85.72

Moderate 40 88.8 11 0.33 71.4 0.66 0.5 68.06 66.36 68.46
Severe 20 87.5 12.5 0.10 61.5 0.5 0.28 57.73 55.94 58.16

Language delay
Mild 62.3 87.5 12.5 0.37 80 0.5 0.5 78.50 76.07 79.08

Moderate 60 85.7 14.2 0.47 75 0.75 0.66 74.80 73.06 75.95
Severe 40 83.3 16.6 0.26 63.6 0.66 0.5 63.85 61.87 64.32

Legend: IUGR—intrauterine growth restriction, Se—sensibility, Sp—specificity, FPR- False positive rate.

The three-layered artificial neural network had an overall moderate predictive perfor-
mance for the prediction of mild forms of cognitive (Sensitivity—Se: 75%, Specificity—Sp:
75%, false positive rate—FPR: 33.3%, and accuracy of 71.4%), motor (Se: 75%, Sp: 90%, FPR:
10%, and accuracy of 83.3%), and language (Se: 62.3%, Sp: 87.5%, FPR: 12.5%, and accuracy
of 80%) delays.

On the other hand, the prediction of moderate and severe forms of neurodevelopmen-
tal outcomes varied between moderate and low, with the best results being achieved for
the prediction of moderate (Se: 66.6%, Sp: 94%, FPR: 5%, and accuracy of 85.7%) and severe
(Se: 50%, Sp: 100%, FPR: 0%, and accuracy of 83.3%) cognitive delays.

The model performed best for predicting mild (F1 = 0.75) and moderate cognitive
delay (F1 = 0.73), but severe cases of cognitive delay were frequently missed (F1 = 0.66).
When used to predict motor delay, the model performed best for the prediction of mild
motor delays (F1 = 0.80), while its performance was low for moderate (F1 = 0.50), and
severe motor delay (F1 = 0.28). Finally, the model achieved the best performance when
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used to predict moderate language delays (F1 = 0.66), but had limited capacity in predicting
severe language delays (F1 = 0.5).

The proposed artificial neural network had the lowest predictive performance for all
grades of language delay in comparison with cognitive and motor delays.

The feature importance for the prediction of the evaluated outcomes is presented in
Figure 2. Our results indicated that the need for mechanical ventilation, birthweight, and
gestational age at birth were the most important features with an impact on the prediction
of adverse neurological outcomes. Additionally, PVL, IVH, and ARDS were predictors
with moderate impact. Last but not least, the duration of hospitalization, ROP, and Apgar
scores at 1 and 5 min had the least importance in the prediction process.
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4. Discussion
Intrauterine growth restriction, especially for preterm newborns, can be associated

with important adverse neurological outcomes. Recently, the functional taxonomy of
preterm birth has been reevaluated, and the need for individualized follow-up of both
physical and psychomotor development until two years old of specific premature newborns
has been outlined [19]. This study included preterm neonates, with or without intrauterine
growth restriction, and followed up on their evolution in the intensive care unit over a
2-year’ timeframe. Our results outlined a higher prevalence of smoking mothers who have
a significant personal history of adverse pregnancy outcomes and preeclampsia in the
IUGR group compared with the control group.

These risk factors have been previously cited in the literature to have an important
influence on the IUGR occurrence in pregnancy. The mechanisms behind the harmful
effects of smoking during pregnancy include alteration of immunoregulation, trophoblast
function, and placental vasculature development and metabolism [20]. Smoking rates have
strong correlations with age and geographic location, but are primarily linked to education.
Specifically, women who persist in smoking throughout pregnancy are more prone to
having limited educational attainment, low income, and insufficient social support [21].
Our results indicated very high prevalence rates of smoking during pregnancy in the
IUGR group (40.7%). Our results regarding the smoking rates were higher than those of
other European countries [22]. Although the level of education did not significantly differ
between groups, we outline a low rate of high educational level, with a bachelor’s degree
being obtained only by 22.22% of mothers who gave birth to growth-restricted neonates.
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These findings outline the need to promote and implement smoking cessation campaigns
among pregnant women, especially in our region.

Both personal history of adverse pregnancy outcomes and preeclampsia have been
identified as risk factors for IUGR in many observational studies [17,23]. These risk fac-
tors contribute to the dysfunctional placental development that ultimately leads to the
occurrence of IUGR by limiting the placental exchange capacity [24].

Recently, Miglioli et al. conducted a prospective cohort study that evaluated the
hypothesis of altered fetal brain functional connectivity in fetuses with an increased risk
of preterm birth [25]. The authors used functional magnetic resonance imaging for scan-
ning the brains of 31 singleton fetuses between 28 and 34 weeks gestational age, with
high or low risk of preterm birth, and the collected data were included in random forest
algorithms that indicated an increased risk of preterm birth in case of fewer fetal brain
functional connections.

The continuous improvement in the neonatal care of premature and growth-restricted
newborns has led to the minimization of adverse neonatal outcomes associated with this
disorder. These changes are reflected by our results, which indicated that premature new-
borns with IUGR had significantly higher gestational age at birth compared with premature
newborns without IUGR. Moreover, we found no statistically significant differences be-
tween these groups regarding Apgar scores at 1 and 5 min, as well as the hospitalization
duration. However, we must outline that the main neonatal outcomes, such as mean Apgar
scores at birth, were low, while the acute respiratory distress rates were high for both
groups, thus requiring the admission to the neonatal intensive care unit.

Previous literature has cited higher rates of adverse neonatal outcomes in growth-
restricted newborns. A retrospective cohort study by Chu et al. included patients with or
without IUGR who received retinopathy of prematurity screening in a level IV neonatal in-
tensive care [26]. Their results indicated that IUGR infants were more likely to have a worse
stage of retinopathy of prematurity and treatment-requiring retinopathy of prematurity
compared to non-IUGR infants.

The intraventricular hemorrhage rates were higher in the IUGR group, even though
the differences were not statistically significant. A recent study by Misan et al. assessed the
endothelial damage in the thigh junctions as well as the brain-sparing effect in pregnancies
complicated by IUGR [27]. The authors found out that the IUGR newborns with centralized
circulation were about 20 times more likely to develop an intraventricular hemorrhage
(IVH) than the IUGR infants without this change.

Moreover, a prospective cohort study evaluated the risk of cranial ultrasound abnor-
malities, such as periventricular leukomalacia, intraventricular hemorrhage, and basal
ganglia lesions in growth-restricted newborns and controls [28]. The results from this study
indicated that growth-restricted newborns had a higher incidence of cranial ultrasound
abnormalities, as well as an increased risk of mortality due to these lesions.

We could not determine any statistically significant differences between groups regard-
ing the rates of prematurity retinopathy, intraventricular hemorrhage, and periventricular
leukomalacia between groups. These findings could be explained by the fact that the control
group also comprised preterm newborns admitted to the neonatal intensive care unit, who
had high rates of complications and required specialized care; thus, the differences were
significantly reduced between groups.

We could not find any statistically significant differences between groups regarding
their Amiel-Tison evaluation at discharge and the Bayley-III evaluation at 2 years follow-
up. A prospective study examined the association between the Amiel-Tison neurological
assessment in preterm infants and their psychosocial functioning during adolescence [29].
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The authors showed that among the three groups classified based on neurological
signs as normal, intermediate, or abnormal, parents of adolescents with normal Amiel-Tison
neurological assessment reported the fewest executive function problems and behavioral
symptoms [29]. Additionally, the adolescents themselves reported the fewest behavioral
symptoms and the highest quality of life. The authors concluded that utilizing this type
of examination could be beneficial in clinical settings for identifying children who are
at risk for future psychosocial issues and for the prevention of these problems by the
implementation of early interventional programs.

The psychometric properties of the Bayley-III were examined by Yu et al. for both
term and preterm infants [30]. A total of 47 full-term infants and 167 preterm infants
were systematically assessed using the Bayley Scales of Infant Development—2nd Edition
(BSID-II)— and the Bayley-III at 6, 12, 18, and 24 months of age (adjusted for prematurity).
In this study, the authors found out that term infants outperformed preterm infants on
all of the Bayley-III scales, with statistically significant differences, and concluded that
the Bayley-III is a dependable tool that enhances its previous version, particularly in the
evaluation of early language skills.

In our study, the rates of severe cognitive, language, and motor delays were low, and
our results are comparable to previously published data. Furthermore, Ballot et al. carried
out a cohort follow-up study to assess the proficiency of a sample of typical inner-city
children in South Africa by comparing their performance on the Bayley-III assessment
with that of the Bayley normative population using a cut-off of either 70 or 85 to define
handicap [31]. According to their findings, none of the children exhibited any signs of
developmental delay when utilizing a threshold score of 70. These findings suggest that
some cut-offs need adjustments for various populations. This aspect was confirmed in a
recent cross-sectional pilot study that enrolled 270 infants between 18 and 42 months of age
from Egypt who underwent assessment of cognitive, language, and motor skills using the
Bayle-III scale [32]. The results were compared to the American norm scores. The study
showed that the mean cognitive, language, and motor composite scores were significantly
lower compared to the American mean scores.

Finally, we constructed a three-layered artificial neural network for the prediction of
adverse neurodevelopmental outcomes in IUGR patients, considering the grading from the
Bailey-III scale. Our results indicated that this type of neural network exhibited moderate
predictive performance in predicting mild forms of cognitive, motor, and language delays.
However, the accuracy of predicting moderate and severe neurodevelopmental outcomes
varied between moderate and low. The best results were obtained for predicting moderate
cognitive delays, with a sensitivity of 66.6%, specificity of 94%, false positive rate of 5%,
and an accuracy of 85.7%. For predicting severe cognitive delays, the sensitivity was 50%,
the specificity was 100%, the false positive rate was 0%, and the accuracy was 83.3%. The
artificial neural network that was suggested exhibited the least accurate predicting ability
when compared to cognitive and motor delays across all levels of language delay. Our
results indicated that the need for mechanical ventilation, birthweight, and gestational
age at birth were the most important features with an impact on the prediction of adverse
neurological outcomes.

As far as we know, this is the first study that evaluated the predictive performance of a
three-layered artificial neural network for the prediction of adverse neurological outcomes
in preterm patients with IUGR; thus, comparable results are lacking in the literature. Our
findings could be explained by the fact that severe neurodevelopmental delays are rarer and
more unpredictable due to various factors that influence their occurrence in the postnatal
period. Moreover, a certain degree of neurodevelopmental delay in preterm infants is
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expected to occur, but its evolution depends on various factors such as the degree of
involvement from parents, environmental factors, access to specialized healthcare, etc.

Language delay was poorly predicted by our artificial neural network, and this might
be due to the lack of inclusion of factors that intervene during the follow-up process, such
as the parents’/caregivers’ involvement, the presence of siblings in the newborn’s place of
residence, and the socio-economic status.

This study is subject to certain limitations, namely a small cohort of patients, a limited
number of included parameters, and the lack of evaluation of the possible impact of
antenatal corticosteroid administration on neurodevelopmental outcomes. Conversely,
this study assessed how accurately a three-layered artificial neural network can predict
neurodevelopmental outcomes of growth-restricted infants that were admitted to a neonatal
intensive care unit in Romania. Additional research, with a greater number of patients,
could ascertain the cost-effectiveness of this particular neural network for predicting
neurodevelopmental outcomes in various clinical scenarios. Also, we plan to test the
predictive performance of various types of artificial neural networks and machine learning-
based algorithms that will include a higher number of features.

5. Conclusions
Intrauterine growth restriction is an important cause of iatrogenic prematurity, and

during the postnatal period, a variety of complications can occur.
The Bailey-III scale for the evaluation of neurodevelopmental delays in infants is a

recognized tool that allows proper stratification of patients.
There is a constant need to improve the prediction of adverse neurodevelopmental

outcomes in growth-restricted neonates who were born prematurely.
This study indicated that the predictive performance of a three-layered artificial neural

network for the prediction of mild adverse neurodevelopmental outcomes in growth-
restricted infants was moderate, while for severe neurodevelopmental outcomes it was low.

Further studies that will use various types of artificial intelligence-based techniques
should include a large number of parameters, including factors that can influence neurode-
velopmental outcomes during the postnatal follow-up.

Author Contributions: Conceptualization, A.B., L.G., B.D. and A.H.; methodology, V.H., A.-M.A. and
G.A.; software, I.-A.V., I.-S.S., and I.V.M., validation, C.S., I.-S.S., I.S.-C. and B.D.; formal analysis, V.H.,
A.H., A.-M.A. and G.A., investigation, A.B., I.-S.S. and I.S.-C.; resources, V.H., A.H., A.-M.A. and G.A.;
data curation, A.B., B.D. and A.H.; writing—original draft preparation, A.B., L.G., B.D. and A.H.;
writing—review and editing, A.B., L.G., B.D. and A.H.; supervision, A.B.; project administration, A.B.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. Ethical approval from the Institutional Ethics Committee of ‘Cuza voda’ was waived due
to its retrospective design.

Informed Consent Statement: Patient consent was waived due to its retrospective design.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to local policies.

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



Diagnostics 2025, 15, 111 11 of 12

References
1. Gaccioli, F.; Aye, I.; Sovio, U.; Charnock-Jones, D.S.; Smith, G.C.S. Screening for fetal growth restriction using fetal biometry

combined with maternal biomarkers. Am. J. Obstet. Gynecol. 2018, 218, S725–S737. [CrossRef]
2. Kesavan, K.; Devaskar, S.U. Intrauterine Growth Restriction: Postnatal Monitoring and Outcomes. Pediatr. Clin. N. Am. 2019, 66,

403–423. [CrossRef]
3. Sacchi, C.; Marino, C.; Nosarti, C.; Vieno, A.; Visentin, S.; Simonelli, A. Association of Intrauterine Growth Restriction and Small

for Gestational Age Status With Childhood Cognitive Outcomes: A Systematic Review and Meta-analysis. JAMA Pediatr. 2020,
174, 772–781. [CrossRef] [PubMed]

4. Mierzynski, R.; Dluski, D.; Darmochwal-Kolarz, D.; Poniedziałek-Czajkowska, E.; Leszczynska-Gorzelak, B.; Kimber-Trojnar, Z.;
Agnieszka, W.; Oleszczuk, J. Intra-uterine Growth Retardation as a Risk Factor of Postnatal Metabolic Disorders. Curr. Pharm.
Biotechnol. 2016, 17, 587–596. [CrossRef] [PubMed]

5. Wan, L.; Luo, K.; Chen, P. Mechanisms Underlying Neurologic Injury in Intrauterine Growth Restriction. J. Child. Neurol. 2021, 36,
776–784. [CrossRef]

6. Monteith, C.; Flood, K.; Pinnamaneni, R.; Levine, T.A.; Alderdice, F.A.; Unterscheider, J.; McAuliffe, F.M.; Dicker, P.; Tully, E.C.;
Malone, F.D.; et al. An abnormal cerebroplacental ratio (CPR) is predictive of early childhood delayed neurodevelopment in the
setting of fetal growth restriction. Am. J. Obstet. Gynecol. 2019, 221, 273.e271–273.e279. [CrossRef]

7. Albers, C.A.; Grieve, A.J. Test Review: Bayley, N. Bayley Scales of Infant and Toddler Development–Third Edition. San Antonio,
TX: Harcourt Assessment. J. Psychoeduc. Assess. 2007, 25, 180–190. [CrossRef]

8. Mendonça, B.; Sargent, B.; Fetters, L. Cross-cultural validity of standardized motor development screening and assessment tools:
A systematic review. Dev. Med. Child. Neurol. 2016, 58, 1213–1222. [CrossRef] [PubMed]

9. McLester-Davis, L.W.Y.; Shankar, A.; Kataria, L.A.; Hidalgo, A.G.; van Eer, E.D.; Koendjbiharie, A.P.; Ramjatan, R.; Hatch, V.I.;
Middleton, M.A.; Zijlmans, C.W.R.; et al. Validity, reliability, and transcultural adaptations of the Bayley Scales of Infant and
Toddler Development (BSID-III-NL) for children in Suriname. Early Hum. Dev. 2021, 160, 105416. [CrossRef]

10. McHenry, M.S.; Oyungu, E.; Yang, Z.; Hines, A.C.; Ombitsa, A.R.; Vreeman, R.C.; Abubakar, A.; Monahan, P.O. Cultural
adaptation of the Bayley Scales of Infant and Toddler Development, 3rd Edition for use in Kenyan children aged 18–36 months: A
psychometric study. Res. Dev. Disabil. 2021, 110, 103837. [CrossRef]

11. Gardella, B.; Dominoni, M.; Caporali, C.; Cesari, S.; Fiandrino, G.; Longo, S.; De Vito, G.B.; Naboni, C.; Tonduti, D.; Perotti, G.;
et al. Placental features of fetal vascular malperfusion and infant neurodevelopmental outcomes at 2 years of age in severe fetal
growth restriction. Am. J. Obstet. Gynecol. 2021, 225, 413.e411. [CrossRef]

12. Leite, D.F.B.; Cecatti, J.G. Fetal Growth Restriction Prediction: How to Move beyond. Sci. World J. 2019, 2019, 1519048. [CrossRef]
13. Leavitt, K.; Odibo, L.; Nwosu, O.; Odibo, A.O. Comparing the cerebro-placental to umbilico-cerebral Doppler ratios for the

prediction of adverse neonatal outcomes in pregnancies complicated by fetal growth restriction. J. Matern. Fetal Neonatal Med.
2022, 35, 5904–5908. [CrossRef] [PubMed]

14. Monaghan, C.; Kalafat, E.; Binder, J.; Thilaganathan, B.; Khalil, A. Prediction of adverse pregnancy outcome in monochorionic
diamniotic twin pregnancy complicated by selective fetal growth restriction. Ultrasound Obstet. Gynecol. 2019, 53, 200–207.
[CrossRef]

15. Harabor, V.; Mogos, R.; Nechita, A.; Adam, A.-M.; Adam, G.; Melinte-Popescu, A.-S.; Melinte-Popescu, M.; Stuparu-Cretu, M.;
Vasilache, I.-A.; Mihalceanu, E. Machine Learning Approaches for the Prediction of Hepatitis B and C Seropositivity. Int. J.
Environ. Res. Public Health 2023, 20, 2380. [CrossRef] [PubMed]

16. Melinte-Popescu, M.; Vasilache, I.A.; Socolov, D.; Melinte-Popescu, A.S. Prediction of HELLP Syndrome Severity Using Machine
Learning Algorithms-Results from a Retrospective Study. Diagnostics 2023, 13, 287. [CrossRef] [PubMed]

17. Vicoveanu, P.; Vasilache, I.A.; Scripcariu, I.S.; Nemescu, D.; Carauleanu, A.; Vicoveanu, D.; Covali, A.R.; Filip, C.; Socolov, D. Use
of a Feed-Forward Back Propagation Network for the Prediction of Small for Gestational Age Newborns in a Cohort of Pregnant
Patients with Thrombophilia. Diagnostics 2022, 12, 1009. [CrossRef] [PubMed]

18. Amiel-Tison, C. Update of the Amiel-Tison neurologic assessment for the term neonate or at 40 weeks corrected age. Pediatr.
Neurol. 2002, 27, 196–212. [CrossRef]

19. Villar, J.; Cavoretto, P.I.; Barros, F.C.; Romero, R.; Papageorghiou, A.T.; Kennedy, S.H. Etiologically Based Functional Taxonomy of
the Preterm Birth Syndrome. Clin Perinatol 2024, 51, 475–495. [CrossRef]

20. Morales-Prieto, D.M.; Fuentes-Zacarías, P.; Murrieta-Coxca, J.M.; Gutierrez-Samudio, R.N.; Favaro, R.R.; Fitzgerald, J.S.; Markert,
U.R. Smoking for two- effects of tobacco consumption on placenta. Mol. Asp. Med. 2022, 87, 101023. [CrossRef]

21. Härkönen, J.; Lindberg, M.; Karlsson, L.; Karlsson, H.; Scheinin, N.M. Education is the strongest socio-economic predictor of
smoking in pregnancy. Addiction 2018, 113, 1117–1126. [CrossRef] [PubMed]

22. Lange, S.; Probst, C.; Rehm, J.; Popova, S. National, regional, and global prevalence of smoking during pregnancy in the general
population: A systematic review and meta-analysis. Lancet Glob. Health 2018, 6, e769–e776. [CrossRef]

https://doi.org/10.1016/j.ajog.2017.12.002
https://doi.org/10.1016/j.pcl.2018.12.009
https://doi.org/10.1001/jamapediatrics.2020.1097
https://www.ncbi.nlm.nih.gov/pubmed/32453414
https://doi.org/10.2174/1389201017666160301104323
https://www.ncbi.nlm.nih.gov/pubmed/26927210
https://doi.org/10.1177/0883073821999896
https://doi.org/10.1016/j.ajog.2019.06.026
https://doi.org/10.1177/0734282906297199
https://doi.org/10.1111/dmcn.13263
https://www.ncbi.nlm.nih.gov/pubmed/27699768
https://doi.org/10.1016/j.earlhumdev.2021.105416
https://doi.org/10.1016/j.ridd.2020.103837
https://doi.org/10.1016/j.ajog.2021.03.037
https://doi.org/10.1155/2019/1519048
https://doi.org/10.1080/14767058.2021.1901880
https://www.ncbi.nlm.nih.gov/pubmed/33820478
https://doi.org/10.1002/uog.19078
https://doi.org/10.3390/ijerph20032380
https://www.ncbi.nlm.nih.gov/pubmed/36767747
https://doi.org/10.3390/diagnostics13020287
https://www.ncbi.nlm.nih.gov/pubmed/36673097
https://doi.org/10.3390/diagnostics12041009
https://www.ncbi.nlm.nih.gov/pubmed/35454057
https://doi.org/10.1016/S0887-8994(02)00436-8
https://doi.org/10.1016/j.clp.2024.02.014
https://doi.org/10.1016/j.mam.2021.101023
https://doi.org/10.1111/add.14158
https://www.ncbi.nlm.nih.gov/pubmed/29333764
https://doi.org/10.1016/S2214-109X(18)30223-7


Diagnostics 2025, 15, 111 12 of 12

23. Cornish, E.F.; McDonnell, T.; Williams, D.J. Chronic Inflammatory Placental Disorders Associated With Recurrent Adverse
Pregnancy Outcome. Front. Immunol. 2022, 13, 825075. [CrossRef] [PubMed]

24. Sun, C.; Groom, K.M.; Oyston, C.; Chamley, L.W.; Clark, A.R.; James, J.L. The placenta in fetal growth restriction: What is going
wrong? Placenta 2020, 96, 10–18. [CrossRef]

25. Miglioli, C.; Canini, M.; Vignotto, E.; Pecco, N.; Pozzoni, M.; Victoria-Feser, M.P.; Guerrier, S.; Candiani, M.; Falini, A.; Baldoli, C.;
et al. The maternal-fetal neurodevelopmental groundings of preterm birth risk. Heliyon 2024, 10, e28825. [CrossRef]

26. Chu, A.; Dhindsa, Y.; Sim, M.S.; Altendahl, M.; Tsui, I. Prenatal intrauterine growth restriction and risk of retinopathy of
prematurity. Sci. Rep. 2020, 10, 17591. [CrossRef]

27. Misan, N.; Michalak, S.; Kapska, K.; Osztynowicz, K.; Ropacka-Lesiak, M. Blood-Brain Barrier Disintegration in Growth-Restricted
Fetuses with Brain Sparing Effect. Int. J. Mol. Sci. 2022, 23, 12349. [CrossRef] [PubMed]

28. Khazardoost, S.; Ghotbizadeh, F.; Sahebdel, B.; Nasiri Amiri, F.; Shafaat, M.; Akbarian-Rad, Z.; Pahlavan, Z. Predictors of Cranial
Ultrasound Abnormalities in Intrauterine Growth-Restricted Fetuses Born between 28 and 34 Weeks of Gestation: A Prospective
Cohort Study. Fetal Diagn. Ther. 2019, 45, 238–247. [CrossRef]

29. Kodric, J.; Sustersic, B.; Paro-Panjan, D. Psychosocial functioning in adolescents: Results according to Amiel-Tison neurological
assessment in a group of preterm infants. Dev. Neurorehabil. 2019, 22, 47–52. [CrossRef] [PubMed]

30. Yu, Y.T.; Hsieh, W.S.; Hsu, C.H.; Chen, L.C.; Lee, W.T.; Chiu, N.C.; Wu, Y.C.; Jeng, S.F. A psychometric study of the Bayley Scales
of Infant and Toddler Development–3rd Edition for term and preterm Taiwanese infants. Res. Dev. Disabil. 2013, 34, 3875–3883.
[CrossRef] [PubMed]

31. Ballot, D.E.; Ramdin, T.; Rakotsoane, D.; Agaba, F.; Davies, V.A.; Chirwa, T.; Cooper, P.A. Use of the Bayley Scales of Infant and
Toddler Development, Third Edition, to Assess Developmental Outcome in Infants and Young Children in an Urban Setting in
South Africa. Int. Sch. Res. Not. 2017, 2017, 1631760. [CrossRef] [PubMed]

32. Salah El-Din, E.M.; Monir, Z.M.; Shehata, M.A.; Abouelnaga, M.W.; Abushady, M.M.; Youssef, M.M.; Megahed, H.S.; Salem,
S.M.E.; Metwally, A.M. A comparison of the performance of normal middle social class Egyptian infants and toddlers with
the reference norms of the Bayley Scales—Third edition (Bayley III): A pilot study. PLoS ONE 2021, 16, e0260138. [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/10.3389/fimmu.2022.825075
https://www.ncbi.nlm.nih.gov/pubmed/35529853
https://doi.org/10.1016/j.placenta.2020.05.003
https://doi.org/10.1016/j.heliyon.2024.e28825
https://doi.org/10.1038/s41598-020-74600-0
https://doi.org/10.3390/ijms232012349
https://www.ncbi.nlm.nih.gov/pubmed/36293204
https://doi.org/10.1159/000488904
https://doi.org/10.1080/17518423.2018.1434699
https://www.ncbi.nlm.nih.gov/pubmed/29400610
https://doi.org/10.1016/j.ridd.2013.07.006
https://www.ncbi.nlm.nih.gov/pubmed/24029804
https://doi.org/10.1155/2017/1631760
https://www.ncbi.nlm.nih.gov/pubmed/28835912
https://doi.org/10.1371/journal.pone.0260138
https://www.ncbi.nlm.nih.gov/pubmed/34855785

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

