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Abstract: Background/Objectives: Preterm infants represent a population group at in-
creased risk for vitamin D deficiency (VDD) and for its negative impact on various out-
comes like metabolic bone disease or rickets, respiratory complications like respiratory
distress syndrome and the development of bronchopulmonary dysplasia, necrotizing ente-
rocolitis, or retinopathy of prematurity. Methods: Despite the growing interest in vitamin D
research, there is still uncertainty regarding clear recommendations for each high-risk cate-
gory of premature infants concerning the optimal dosage, optimal product, and timing for
initiating vitamin D supplementation to prevent VDD. Results: An analysis of the literature
suggests that early intervention for the optimal enteral supplementation of vitamin D is
not only successful in achieving higher 25-hydroxi-vitamin D (25(OH)D) at one month but
is also linked with improved outcomes. Conclusions: The traditional concepts and current
recommendations for assessing vitamin D status and optimal supplementation need to be
revised. Since parenteral nutrition, fortified mothers” own milk, and special formula for
preterm infants cannot provide adequate vitamin D levels, initiating oral supplementation
soon after birth is essential to correct VDD in preterm infants.

Keywords: preterm infants; vitamin D; 25(OH)D levels; vitamin D deficiency; enteral
supplementation

1. Introduction

In the last decade, an increased concern has arisen worldwide regarding vitamin
D deficiency (VDD) among highly vulnerable groups of the population, like pregnant
and lactating mothers and their infants, especially preterm infants. Various risk factors
and influences have been evaluated in research studies, but the evidence indicates that
a one-size-fits-all dose regimen for vitamin D supplementation is not appropriate for all
population groups globally [1-3]. Therefore, the optimal 25(OH)D levels remain a subject
of debate among experts, while VDD seems to be a global health problem.

It was estimated that more than a billion people worldwide have deficient or insuffi-
cient vitamin D status, as defined by the Institute of Medicine IOM) [4] (Table 1). The risk
may be even higher in Europe, as most foods are not fortified with vitamin D [3-5].
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Table 1. Classification of vitamin D status by serum 25-OH vitamin D cut-off values as recommended
by various expert panels [4-7].

L Institute of Medicine Pediatric Endocrine Endocrine Societ American Academy of

Vitamin Society (PES) y Pediatrics (AAP)

D Status ng/mL nmol/L ng/mL nmol/L ng/mL nmol/L ng/mL nmol/L
Deficiency <12 <30 <15 <37.5 <20 <50 <15 -
Insufficiency  12-20 30-50 15-20 37.5-50 20-29 50-72.5 15-20 40-50
Sufficiency >20 >50 >20 >50 >30 >75 >20 >50

Excess >100 >250 >100 >250 - - - -

One of the population groups at high risk for vitamin D deficiency (VDD) and for its
negative impact on various outcomes is the vulnerable group of preterm infants [8-10].
Vitamin D insufficiency among pregnant women increases the risk for VDD in newborns,
especially in preterm infants, as the risk factors for preterm birth overlap with those for
VDD [11-21]. Preterm infants depend on maternal vitamin D levels in utero and vitamin D
in their dietary intake after birth [18,22]. Fetuses cannot produce vitamin D and most of
their vitamin D is transferred across the placenta during the third trimester of pregnancy.
As expected, a higher prevalence of VDD was found in preterm infants when compared to
term newborns [8,23,24]. Multiple studies reported an association between low vitamin D
status at birth and lower gestational ages, as well as increased rates of VDD with advancing
gestational age (GA) [19,25,26]. The prevalence of severe maternal VDD (defined as vitamin
D levels below 10 mg/mL) varies significantly, up to 56% [20].

In a recent meta-analysis including 72 studies, maternal vitamin D levels were in-
versely associated with the risk of preterm birth (risk ratio [RR] 0.67; 95% confidence
interval [CI] 0.57-0.79); the dose-response analysis indicated that for each increase of
25 nmol/L in 25(OH)D level, the preterm delivery risk decreased by 6% (RR: 0.94; 95% CI
0.90-0.98) [27]. In 2020, in a review, Kiely et al. [28] showed that there are still uncertainties
regarding nutritional needs and the benefits of vitamin D supplementation during preg-
nancy. Conversely, the multicenter study DALI revealed that vitamin levels > 50 nmol /L
were achieved in 97% by 24-28 weeks of gestation and in 98% by 35-37 weeks of gesta-
tion among pregnant women receiving vitamin D supplementation compared to placebo
(p < 0.001) [29]. Additionally, a meta-analysis comprising 42 studies published by Liu
et al. [30] and including 11,082 participants demonstrated that vitamin D supplementation
with over 400 IU/day as compared to less than 400 IU/day reduced the risk of vitamin
D insufficiency (RR 0.51; 95% CI 0.38-0.67) and led to increased neonatal 25(OH)D levels
(mean difference 27.72 nmol/L; 95% CI 20.51-34.92). These findings are consistent with
those reported in a previous meta-analysis published by Gallo et al. [31], which concluded
that vitamin D supplementation during pregnancy significantly increased both maternal
and neonatal 25(OH)D levels compared to non-supplemented cases; the authors also noted
a significantly increased birth weight (BW) (p = 0.012) in infants born to mothers receiving
vitamin D supplementation.

Still, there are no clear recommendations for the routine screening of serum concentra-
tion of 25(OH)D at birth. Both the World Health Organization (WHO) [32] and the recent
Endocrine Society Clinical Practice Guideline [33] recommend against routine screening for
vitamin D status or deficiency during pregnancy, but they differ in their recommendations
for vitamin D supplementation. The WHO suggests administering 200 IU of vitamin D if
VDD is suspected, particularly in cases of limited exposure to sunlight [32]. In contrast, the
Endocrine Society advocates for empiric vitamin D supplementation in pregnant women
(defining empiric as doses higher than the daily recommended intake established by the
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IOM and without measuring vitamin D status) as, according to evidence, it lowers the risk
of preeclampsia, intrauterine and neonatal death, preterm delivery, and delivery of small-
for-gestational-age infants). A dose of 600-5000 IU per day of vitamin D (2500 IU/day
in weighted average) in the form of fortified foods and prenatal vitamin formulations
containing vitamin D and/or vitamin D supplements is recommended by the Endocrine
Society [33].

The publication of the recently updated recommendations from the WHO [32] and
the Endocrine Society [33] reignited the discussions around the optimal vitamin D level
during pregnancy. In 2020, Tous et al. [34] showed that 25(OH)D levels < 20 ng/mL
are associated with increased risk for unfavorable pregnancy outcomes (preeclampsia,
pregnancy-induced hypertension, eclampsia, HELLP syndrome). Kurmangali et al. [35]
recently suggested that vitamin D concentrations of >30 ng/mL would be necessary to
improve pregnancy outcomes and levels of >40 ng/mL would bring even more benefits.
This hypothesis is also supported by Grant et al. [36] in a recent review based on an
analysis of multiple observational studies, who noted that vitamin D supplementation has
more pronounced beneficial effects in pregnant women with the lowest 25(OH)D levels
(<10 ng/mL). Criticizing the focus of the current guidelines on bone health, Grant et al. [36]
suggests a vitamin D supplementation of 20004000 IU/day during pregnancy. This
suggestion is in line with the recommendation of Kurmangali et al. [35] that all pregnant
women should be screened for vitamin D status and should receive >2000 IU vitamin D
per day in an individualized manner, according to their 25(OH)D level and risk factors, to
ensure their unique physiological needs are met.

The role of vitamin D in the intestinal absorption of calcium and phosphorus and
bone mineralization has been well understood for many years [3,33,37-39]. Recently,
studies revealed a more various range of the effects of vitamin D and its involvement in
development, cell growth and differentiation, lung maturation, and development [9,40—42].
Furthermore, it plays a critical role in normal fetal brain development and the prevention
of brain injury [43-45], as well as in modulating the immune system and inflammatory
responses [44,46-50]. Possible associations between inadequate levels of vitamin D and
the development of bronchopulmonary dysplasia (BPD) [40,51], necrotizing enterocolitis
(NEC), or retinopathy of prematurity (ROP) in premature infants were suggested. Vitamin
D (calciferol) is not only a fat-soluble vitamin with essential roles in various physiological
processes in the body [9] but is also classified as a secosteroid [30,52]; more precisely,
according to Yang et al. [18], it functions as a neuroendocrine immune-regulating hormone.

2. Vitamin D and Bone Health

Calcium, phosphorus, and vitamin D are the most important nutrients affecting
bone formation before and after birth. Beginning in the first trimester of pregnancy, the
conversion of 25(0OH) D to 1,25(0OH), D doubles, resulting in three-fold increase in the active
form of vitamin D. This change is accompanied by an increase in the binding protein for
vitamin D, which enhances intestinal calcium absorption and supports the mineralization
of the fetal skeleton [2,53,54].

Maternal vitamin D supplementation during pregnancy is linked to improved bone
mineral content and density, effects that persist into early childhood [55-57]. Additionally,
it is associated with a decreased incidence of fractures [57-59].

However, several factors complicate our understanding of the optimal vitamin D
dosage for promoting bone health in preterm infants. These factors include the non-linear
relationship between calcium metabolism and bone mineralization, the intricacies and
complexity of the vitamin D metabolism, and the existence of a potential threshold above
which increasing vitamin D supplementation does not further improve bone accretion. As
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a result, there is still limited evidence regarding the ideal vitamin D dosage for bone health
in this population [60].

In preterm neonates, metabolic bone disease, osteopenia, and rickets are mainly linked
to insufficient calcium and phosphorus retention [23,61-63]. According to Holick et al. [3],
rickets is almost entirely a consequence of insufficient calcium and phosphorus instead
of VDD. In preterm infants, inadequate mineral retention may occur secondary to a low
mineral intake due to inadequate milk fortification or limited fluid intake in an attempt to
avoid fluid overload [63,64]. Intestinal immaturity, feeding difficulties, altered microbioma,
and multiple co-morbidities associated with prematurity are increasing the risk of VDD
in preterm infants [65,66]. A recent study has reported that the use of fresh pasteurized
breast milk is associated with a 5.36-fold increased risk of osteopenia in very-low-birth-
weight (VLBW) infants [66]. The findings confirm the prior observation that pasteurization
increases the acidity of the milk, which in turn reduces the bioavailability of calcium and
phosphorus [67].

Ongoing discussions exist concerning the classification of risk categories, the optimal
timing for screening, and the identification of the most relevant biomarkers for metabolic
bone disease in preterm infants [68-71]. More evidence is needed to establish if preterm
infants at high risk for rickets or hepatic or renal insufficiency may require routine mon-
itoring and a higher vitamin D dosage for proper nutritional management. A Cochrane
protocol regarding vitamin D supplementation to prevent VDD among preterm and low-
birth-weight (LBW) infants was published in 2015; the protocol defines VDD by clinical
features (rickets, osteopenia, or bone fractures), a serum vitamin D status of <20 ng/mL, or
both after using a cumulative dose of >200 IU vitamin D for supplementation [72]. The
results of the proposed review have yet to be published and, to our knowledge, no other
statement has been made concerning this category of premature infants.

3. Vitamin D and Respiratory Effects and Outcomes

Several studies focused on the extraskeletal effects of vitamin D, including its im-
munomodulatory, anti-inflammatory, and antiproliferative effects, highlighting the poten-
tial link between VDD in premature infants and adverse neonatal outcomes like respiratory
distress (RD), respiratory distress syndrome (RDS), BPD, or acute respiratory lower tract
infections (ARLI), and emphasizing the possible disruption of lung development in associ-
ation with inadequate levels of vitamin D [9,33,40,42,65]. Respiratory distress syndrome
is particularly prevalent in very preterm infants (VPI) due to the decreased surfactant
synthesis by type 2 alveolar cells and secretion or its inactivation [73,74]. The identification
of vitamin D receptors (VDR) in type Il pneumocytes prompted researchers to investigate
vitamin D’s role in pulmonary maturation and surfactant proteins and phospholipids
production to determine if VDD is a risk factor for RDS and whether its effects can be
reversed [65,75,76]. This highlights the vital role of the active form of vitamin D as a
key influence on the lung, shaping its development during prenatal lung development.
The research has demonstrated a correlation between maternal VDD and decreased lung
volume and vital capacity, as well as increased airway muscle mass and reactivity in animal
studies [77]. Abnormal lung histology, reduced angiogenesis, increased total respiratory
system resistance, and elevated inflammatory factors have been linked to VDD in animal
models of BPD [78,79]. Mandell et al. [80] noted persistent lung growth abnormalities in the
offspring of a VDD animal model, including decreased alveolarization, increased vascular
anomalies, and impaired lung function. Additionally, human studies have shown that
vitamin D supplementation during lactation is associated with improved alveolarization
and enhanced lung function [75].
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A strong association between maternal vitamin D status and increased risk of RDS in
preterm infants (p < 0.001) was recently noted in the meta-analysis performed by Boskabadi
et al. [42]. Previous studies have found a link between lower levels of 25(OH)D in cord
blood and an increased risk of developing RDS or acute respiratory complications [14,81,82].
Liu et al. [81] reported that a neonatal level of 25(0OH)D is an independent risk factor for
RDS development. Numerous previous studies identified VDD at birth, in the first 24 h
of life, or at admission in the neonatal intensive care unit as a risk factor, or even as an
independent risk factor, for RDS in preterm neonates [41,82-89]. Dogan et al. [87] found
that higher neonatal VD status may play a protective role against RDS (risk ratio 0.089,
p = 0.040). This suggests that maternal supplementation with vitamin D could be beneficial
in reducing RDS incidence. However, the optimal timing and dosage for supplementation,
as well as the ideal maternal vitamin D status, remain unknown.

Routinely monitoring serum levels of vitamin D in premature infants at birth and
individualized vitamin D supplementation may become an important part of RDS manage-
ment that could decrease the incidence and severity of this severe neonatal complication.
Establishing a cut-off level for vitamin D at birth presents an opportunity for clinicians to
optimize 25(OH)D levels in preterm infants. The research indicates that a 25(OH)D level of
less than 50 nmol/L is a significant risk factor for RDS in this population, with an odds
ratio (OR) of 0.195 and a p-value of 0.017 [41]. Additionally, Yi et al. [25] highlighted an
increased incidence of RDS associated with severe VDD. Kim et al. [85] found that the
OR for RDS escalates considerably as vitamin D levels decrease: OR = 3.478 (p < 0.001)
for levels <30 ng/mL, OR = 4.549 (p < 0.001) for levels < 20 ng/mL, and OR = 17.267
(p = 0.044) at levels < 15 ng/mL. Furthermore, lower serum 25(OH)D concentrations are
significantly associated with an increased severity of RDS, including the need for sur-
factant administration, the duration of continuous positive airway pressure (CPAP) [86],
mechanical ventilation duration [90,91], the duration of oxygen therapy, and the incidence
of pneumothorax [91].

A recent meta-analysis and systematic review by Boskabadi et al. [42] comprising
1582 infants tried to evaluate the correlation between vitamin D status and the risk for
developing RD, RDS, and transient tachypnea of the newborn (TTN). The research indicates
that infants diagnosed with RD tend to have lower levels of 25(OH)D and the authors
suggested that the serum 25(OH)D concentration may be considered a valuable respira-
tory biomarker. Additionally, a significant correlation has been identified between serum
25(OH)D levels and the risk of both RD and TTN. Maternal prophylactic vitamin D sup-
plementation significantly reduced risk of RD, while vitamin D administration in preterm
newborns notably lowered the incidence of respiratory complications [42]. The research has
indicated important associations between lower 25(OH)D levels at birth and the incidence
of respiratory complications in term neonates. Recent findings by Yangin Ergon et al. [92]
established a connection between VDD and conditions such as TTN and RDS in infants
born at term. Additionally, insufficient vitamin D status at birth was significantly linked to
an increased risk of infectious pneumonia in term neonates (p < 0.05) [93], underscoring
the critical role of vitamin D in neonatal lung health.

Providing adequate nutrition to preterm infants presents a challenge, particularly for
those with BPD, as malnutrition can impair postnatal growth and reduce muscle strength [3].
The research examining the relationship between VDD and adverse respiratory outcomes,
such as BPD, has produced varied findings, underscoring the complexity of this issue
and the need for continued investigation [17,18,26,94]. A study by Cetinkaya et al. [40]
demonstrated that the vitamin D status of mothers and preterm infants at birth plays a
significant role in predicting the likelihood of BPD through univariable logistic regression.
A meta-analysis performed by Park et al. [26] demonstrated that low levels of 25(OH)D at
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birth (p = 0.046) and VDD at birth (p = 0.007) are significantly linked to the development
of BPD. Severe VDD, characterized by serum 25(OH)D level < 10 ng/mL, is linked to a
higher incidence of BPD as compared to moderate VDD (serum levels between 10 and
20 ng/mL) (29.4% versus 8.7%) [38]. Other studies have confirmed a significant correlation
between low vitamin D status at birth and an increased risk of BPD [45,89,95]. Additionally,
the 25(OH)D level in the umbilical cord or at admission was identified as an independent
risk factor for BPD [96]. Notably, in this study, each 1 ng/mL increase in vitamin D was
associated with a 6% reduction in the risk of developing BPD. If the serum 25(OH)D
concentration was <12.82 ng/mlL, each 1 ng/mL increase in serum 25(OH)D resulted in an
87% reduction in the incidence of BPD, indicating a non-linear association between vitamin
D status and BPD. Furthermore, a significant association between BPD and vitamin D was
also found one month after birth by Yu et al. [97] in a retrospective study of 267 infants born
before 32 weeks of gestation and with a BW of less than 1500 g. After demonstrating that
infants with BPD had significantly lower mean 25(OH)D concentrations in their umbilical
cords compared to those without BPD (11.6 versus 13.6 ng/mL; p = 0.016), follow-up results
indicated that the incidence of BPD was significantly lower in preterm infants with serum
25(0OH)D concentrations > 20 ng/mL (p = 0.024). Additionally, the authors found that
vitamin D status is an independent risk factor for BPD (OR = 0.993), and identified a serum
25(0OH)D level of 15.7 ng/mL as optimal for preventing BPD (area under the curve 0.585;
sensitivity 75.4%; specificity 42.9%). These findings and the research conducted by Ge
and colleagues in 2022 [98] strongly support the assertion made by Cui et al. [99] that
vitamin D status in the umbilical cord should be recognized as a viable biomarker for BPD.
However, multiple randomized controlled trials [6,51,98] failed to demonstrate that high
doses of vitamin D supplementation (800-1000 IU) can prevent BPD in VLBW infants when
compared to lower doses (200-400 IU).

In contrast, a meta-analysis showed no statistical association between 25(OH)D lev-
els and BPD occurrence, irrespective of the dose of vitamin D used for supplementation
(400 IU/day versus 800-1000 IU/day) [18]. Matejeck et al. [17] found no correlation be-
tween severe VDD and RDS or BPD, suggesting that GA was the only risk factor inde-
pendently associated with RDS in their study. However, these results should be carefully
interpreted as only appropriate-for-GA infants were included, the study size was small, a
significant proportion of the included infants failed to complete the study, not all the mater-
nal samples were available for analysis, and enteral supplementation with vitamin D3 began
only after enteral feeding exceeded 150 mL/kg/day. The late initiation of enteral vitamin
D supplementation could explain these conflicting results. In a more recent study by Tofe
Valera et al. [19], no significant association was found between 25(OH)D levels < 20 ng/mL
or >20 ng/mL and RDS and BPD in 50 preterm infants born at <32 weeks gestation and/or
BW < 1500 g monitored at 28 days and 4 months of life, despite the increased risk for RDS
and BPD in preterm neonates with 25(OH)D levels < 20 ng/mL compared to those with
vitamin D levels > 20 ng/mL. Notably, the mean 25(OH)D concentrations in the umbilical
cord were higher than those reported in other studies (17.97 & 9.35 ng/mL) and almost
similar to those recorded at 28 days of life (17.82 + 6.34 ng/mL) after administering vitamin
D supplementation of 1000 IU/day via nasogastric tube starting at 48 h of life.

These findings suggest that the ideal regimen for vitamin D supplementation to
support neonatal lung health may differ from that required for bone health. Therefore,
further extensive studies with an adequate design are necessary to determine the optimal
timing, dosage, and method of vitamin D administration, as well as to monitor and adjust
vitamin D status in at-risk preterm infants.
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4. Vitamin D and Associations with Infections

Sepsis, caused by a large variety of bacteria, viruses, and fungi, persists as a significant
cause of morbidity and mortality during the neonatal period, with potential adverse
effects on neurodevelopment. One of the most important risk factors for neonatal sepsis is
prematurity [100,101].

The presence of vitamin D receptors in various immune cells—such as T and B cells,
monocytes, macrophages, dendritic cells, and natural killer cells—has led to increased
research into the clinical implications of vitamin D in inflammatory and autoimmune
diseases, as well as infections. Studies have shown that these immune cells can express 1o
hydroxylase, which allows them to convert 25-OH vitamin D into its active form, 1,25(OH)2
vitamin D (calcitriol) [102]. Mendelian randomized trials have demonstrated a correla-
tion between certain autoimmune conditions and VDD [103]. Additionally, preclinical
studies suggest that vitamin D can stimulate innate immune responses while inhibiting
adaptive responses by regulating the transcription of several genes involved in immune
function [104,105]. The influence of vitamin D on immune cell differentiation, maturation,
and activation—specifically in T helper 1 and 2 cells [102]—is further evidence of its sig-
nificant role in inflammation and infection. Vitamin D’s ability to induce antimicrobial
peptides, such as cathelicidin and defensins [104,106,107], also supports this argument.
Furthermore, vitamin D has been reported to obstruct viral replication, which contributes
to viral clearance and reduces inflammatory responses associated with symptoms in viral
infections. In a study examining the adult population admitted to an intensive care unit,
vitamin D was found to be associated with an increased risk of severe infections, sepsis,
and worse outcomes [108]. De Pascale et al. [109] and Cutuli et al. [49] observed that
individuals with very low vitamin D levels experienced a longer duration of pneumonia
and mechanical ventilation, as well as a greater need for vasopressors in cases of septic
shock, when compared to those with vitamin D levels > 7 ng/mL. Zhou et al. [110] noted
that adult patients with sepsis had lower serum 25(OH)D concentrations compared to
those without sepsis. Furthermore, Li Y et al. [111] identified vitamin D as an independent
risk factor for mortality in sepsis. Vitamin D deficiency was also linked to urinary tract
infections during pregnancy [112].

A meta-analysis of 27 case—control and cohort studies involving infants and chil-
dren with sepsis found that 25(OH)D levels were significantly lower in those with sepsis
(p < 0.001). Additionally, the rate of sepsis was notably higher in patients with severe VDD
(OR =2.66, 95% CI 1.13-6.25, p < 0.001) [113]. In pediatric populations, there were several
correlations between deficient or insufficient vitamin D status and respiratory tract infec-
tions, including COVID-19 [114,115]. A recent meta-analysis by Gan et al. [116] found that
a 25(OH)D level < 20 ng/mL was significantly associated with urinary tract infections in
children (p = 0.036). Marino et al. [117] connected a specific vitamin D polymorphism with
increased severity of hepatitis B and higher viral load. Recently, Gao et al. [118] revealed
that vitamin D3 has protective effects against respiratory syncytial virus infection, acting at
the level of airway epithelial cells.

One of the first studies examining the implications of vitamin D during the neonatal
period was conducted by Cetinkaya et al. in 2015 [119]. They compared 50 term neonates
diagnosed with early-onset sepsis (EOS) to 50 neonates without EOS. The study found a
higher incidence of severe VDD in infants with EOS, highlighting an association between
low vitamin D status in both neonates and their mothers and the occurrence of EOS. These
findings were confirmed by Kanth et al. [120], as serum 25(OH)D levels were significantly
lower in term infants with EOS (p < 0.05); also, 35.9% of the infants diagnosed with
EOS had a mean 25(OH)D level < 12 ng/mL (p < 0.05). Vitamin D was evaluated as
an adjuvant therapy alongside antibiotics in a study involving 30 term newborns with
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sepsis. These infants were compared to another group of 30 neonates who were treated
with antibiotics alone. The researchers found that the infants with sepsis had significantly
lower concentrations of 25(OH)D (p < 0.05), and VDD (defined as levels < 20 ng/mL)
was identified as a predictor of neonatal sepsis. Furthermore, vitamin D supplementation
notably improved the sepsis scores and decreased high-sensitivity C-reactive protein (hs-
CRP) levels at 3, 7, and 10 days of treatment (p < 0.05) [121]. A recent study involving both
term and preterm infants found that both maternal and neonatal vitamin D levels were
lower in those with sepsis than in the control group. Additionally, there was a significant
correlation between maternal and neonatal vitamin D status and C-reactive protein, as well
as all markers of sepsis in the blood count. The authors suggested that a neonatal 25(OH)D
level <20 nmol/L, alongside a maternal vitamin D level < 40 nmol/L, could serve as an
early predictor of EOS [122]. Furthermore, Ergon et al. [92] recently confirmed a significant
association between VDD and EOS in infants born at term.

A study conducted by Dhandai et al. [22] aimed to asses if VDD could be a risk
factor for late-onset sepsis (LOS) in late preterm and term infants; the relationship be-
tween maternal and neonatal levels of vitamin D in a case-control study that included
120 infants divided into two groups, with or without sepsis, was investigated. The mean
value of serum 25(OH)D in the sepsis group was significantly lower compared to controls
(15.37 ng/mL versus 21.37, p = 0.001), and a significant risk for LOS was found in neonates
with VDD (OR = 1.7 (95%CI 0.52-5.51); 25(OH)D concentrations were significantly lower
in the mothers of septic infants compared to those of infants without sepsis (p = 0.004).
Research has shown similar associations between lower 25(OH)D levels or VDD and
EOS in preterm infants, as noted by Dogan et al. [87] and in VLBW infants, as noted by
Czech-Kowalska et al. [123]. Baldan et al. [90] identified a 25(OH)D level < 15 ng/mL as
a predictive threshold for LOS in 112 preterm infants, of which 60% had serum 25(OH)D
concentrations < 15 ng/mL. Additionally, VDD was correlated with neonatal sepsis and
was associated with mortality, need for ventilator support, longer hospital days, and pos-
itive blood cultures in both term and preterm infants [124]. In a study of 50 preterm
infants with GA < 32 weeks and/or a BW < 1500 g, Tofe Valera et al. [19] found no signifi-
cant differences in comorbidities, including LOS, between preterm infants with 25(OH)D
levels < 20 ng/mL and those with levels > 20 ng/mL. Notably, while these infants received
daily supplementation of 1000 IU of vitamin D, the rate of VDD was not reduced until
4 months after birth, and 90% of the infants with LOS had vitamin D levels < 20 ng/mL.
Furthermore, 25(OH)D concentration at 28 days of life was identified as an independent risk
factor for LOS. In term infants, insufficient vitamin D status was linked with an increased
risk for infectious pneumonia, sepsis, and cytomegalovirus infection (p < 0.05) compared to
those with sufficient 25(OH)D levels.

In a group of 619 newborns, including 292 preterm infants born at less than 27 weeks
gestation, vitamin D status was evaluated after 2—4 weeks of vitamin D supplementation
and no difference in the incidence of sepsis was observed among infants with deficient,
insufficient, and sufficient vitamin D levels [25]. Abdel-Hady et al. [125] reported that
interleukin 6 and tumor necrosis factor « concentration declined at 1 week of age and at
the time of discharge following vitamin D supplementation with 400 versus 800 IU per day;
however, no significant difference was found between the two dosage groups. Moreover,
no significant difference was found for the duration of antibiotic therapy.

Further research, focusing specifically on preterm infants, is needed to determine
the vitamin D threshold associated with an increased risk for neonatal sepsis (both EOS
and LOS) and to identify the appropriate vitamin D supplementation regimen (timing,
dose, monitoring, and dose adjustments). More studies are also required to confirm
the relationship between maternal vitamin D status, as well as to investigate whether
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implementing a vitamin D screening and supplementation protocol during pregnancy
could help prevent neonatal EOS.

5. Vitamin D and Retinopathy of Prematurity

Retinopathy of prematurity (ROP), a vasoproliferative disease with a multifactorial
etiology that affects most of the VPI, remains the leading cause of neonatal visual loss im-
pairment [126,127]. Numerous studies have investigated ROP development’s mechanisms
and risk factors [126-128]. Researchers have explored the potential link between VDD and
the severity of ROP, given vitamin D’s anti-inflammatory, immunomodulatory, antioxidant,
and anti-angiogenic properties [129].

Since vitamin D receptors (VDR) and 1 hydroxylase were identified in the retina, the
possible effects of 25(OH)D on the retina and its angiogenesis have been investigated. Jamali
etal. [130] demonstrated that the inhibitory effect of vitamin D on retinal neovascularization
depends on VRD expression and hypothesized that vitamin D plays an important role in
retinal development and maturation through VDR. The same group showed that vitamin D
and its receptors modulate retinal angiogenesis via the vascular endothelial growth factor
(VEGF), particularly under hypoxic and hyperoxic conditions [131]. Vitamin D may exert
anti-inflammatory effects, thus limiting the retinal and optic nerve damage; additionally,
the antioxidant properties of vitamin D could reduce the retinal oxidative stress. The
antiangiogenic, anti-inflammatory, and antioxidant effects are the proposed mechanism
for the protective role of vitamin D for the developing eye and visual system [127,132].
Another group of researchers studied the relationship between vitamin D (25(OH)D2 and
25(OH)D3) and VEGF in tears collected from preterm infants with ROP of various severity.
The authors found that vitamin D regulates VEGF in an oxygen-dependent manner as they
demonstrated a positive correlation between vitamin D and VEGF with ROP stage 1 (an
early stage when hypoxia dominates) and a negative correlation with ROP stage 3 (severe
ROP in a period characterized by hyperoxia) [133].

In a prospective study from Turkey including 97 preterm infants, 73.2% developed
ROP and had significantly lower serum 25(OH)D concentrations (p < 0.001) than those
without ROP. However, the study has a few limitations: the maternal level of 25(OH)D was
not assessed, nor was the vitamin D status of the preterm infants after supplementation
was initiated, and the cut-off values used for defining deficiency or sufficiency of vitamin D
were slightly different than the most frequently used, as levels > 16 ng/mL were considered
normal [128]. A retrospective study by Kim et al. [89] reported VDD at birth (<20 ng/mL)
as independent risk factor for ROP (OR = 5.49 (95% CI 1.16-26.00), p = 0.003). A significant
difference was found in ROP incidence among infants based on their 25(OH)D levels at
birth: 32.5% of infants developed ROP with levels < 10 ng/mL compared to 16.4% at levels
between 10 and 20 ng/mL and 5.3% with > 20 ng/mL (p = 0.001). Notably, the authors
reported very high rates of severe VDD (<10 ng/mL; 44.1%) and overall VDD (79.8%).
Vitamin D supplementation was individualized based on their vitamin D status at birth:
400 IU per day in preterm infants with sufficient vitamin D, 1200 IU per day for those with
severe VDD, and 400 to 800 IU for the others. A case—control study focusing on preterm
infants born before 34 weeks of gestation and weighing < 2000 g, supplemented with 100 IU
vitamin D per day from the second week of life, reported GA, BW, and vitamin D status as
significantly associated with ROP; also, VDD persisted at 4 weeks of life in preterm infants
that developed ROP [134].

Boskabadi et al. [135] found significant differences in both maternal (p = 0.015) and
neonatal (p < 0.001) levels of 25(OH)D between the premature infants who developed
ROP and those who did not. They also reported a negative association between VDD
and the severity of ROP [135]. In a recent study by Yin et al. [127] including 217 preterm
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infants (<32 weeks of gestation), ROP incidence was correlated with lower BW and GA,
sepsis, long-term need for non-invasive and invasive respiratory support and oxygen
therapy, and 25(OH)D levels. In multivariate regression, GA, BW, mechanical ventilation
duration, vitamin D status, and sepsis were identified as independent risk factors for ROP.
Furthermore, serum 25(OH)D concentrations at one month of life were significantly lower
in the ROP group compared to the non-ROP group (p < 0.001) despite infants receiving
vitamin D supplementation of 400 IU per day.

Our understanding of the relationship between vitamin D status at birth and postnatal
supplementation is improving as more studies emerge on this topic. Both experimental
and clinical research are needed to clarify how we can effectively use this inexpensive
treatment to prevent ROP, a serious and debilitating condition associated with extreme and
very preterm birth.

6. Vitamin D and Necrotizing Enterocolitis

Despite extensive research, NEC continues to be one of the most severe and life-
threatening complications associated with prematurity [49]. Several studies indicated that
VDD is linked with impaired intestinal barrier function, suggesting that adequate vitamin D
status could offer protection against injury to the intestinal epithelium, potentially reducing
the incidence of NEC. Vitamin D reduces intestinal permeability and tumor necrosis
factor o expression, thereby contributing to tight junction restoration and attenuation of
the intestinal inflammation [18,136,137]. The regulation of intestinal stem cell activity
has also been proposed as a protective mechanism by which vitamin D may alleviate
gut lesions [136]. The activation of toll-like receptor 4 (TLR4) plays a key role in NEC
development through reduced proliferation and increased apoptosis. Vitamin D exerts
one of its immunomodulatory effects by regulating TLR4 [138]. Barut et al. [139] explored
the genetic role of VDR gene polymorphism in NEC and demonstrated that Fok 1 C > T
polymorphism increases NEC risk by 2.697 times, while TT polymorphism is associated
with a 4.5-fold higher risk of NEC (p = 0.033).

Studies in adults demonstrated an association between insufficient vitamin D and
chronic inflammatory intestinal disease through its potential to regulate the innate and
adaptative immune system, protect and maintain the intestinal barrier, and influence
the intestinal microbioma [140]. In a study group of 82 children aged 1-3 years with
invasive enteritis, Yang et al. [141] found significantly lower levels of 25(OH)D compared
to 90 healthy children of the same age (p < 0.01). Interestingly, exclusive breastfeeding,
an increased duration of outdoor time, and regular vitamin D supplementation were
associated with a lower risk of invasive enteritis.

The study by Cetinkaya et al. [142] was the first that investigated the potential con-
nection between maternal and neonatal vitamin D status and the risk of NEC in preterm
infants. Apart from reporting that the preterm infants with NEC had significantly lower GA
and BW, higher rates of persistent ductus arteriosus, intraventricular hemorrhage (IVH),
ROP, BPD, and an increased need for respiratory support, the authors noted that both the
infants diagnosed with NEC and their mothers demonstrated significantly lower levels
of 25(OH)D compared to the control group (p = 0.001, 0.004, respectively). Additionally,
severe VDD was found in 80.8% of the preterm infants with NEC compared to 53% of
those without NEC. Notably, none of the preterm infants with NEC had sufficient levels
of serum 25(OH)D (>32 ng/mL). The risk of NEC was reduced by 0.86 times for each
1 ng/mL increase in the mother’s 25(OH)D level (OR = 0.858, 95% CI 0.765-0.962, p < 0.009).
Additionally, a sufficient neonatal 25(OH)D level was reported to reduce the NEC incidence
by 0.9 times (OR = 0.891, 95% CI 0.821-0.966; p < 0.005) in the univariate analysis; however,
this effect was not confirmed in the multivariate analysis [142].
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In a mixed study involving both preterm infants and a rat model of induced NEC,
Shi et al. [143] reported that preterm infants that developed NEC had significantly lower
25(OH)D levels (33.5 £ 3.58 versus 52.7 & 5.99 nmol /L) compared both to healthy preterm
infants and term neonates. The authors found elevated expression of TLR4 and suppressed
VDR expression in intestinal epithelium in the NEC experimental model. Moreover, vita-
min D treatment of the animal model attenuated intestinal apoptosis and inflammation,
protecting the gut barrier and function, and partially suppressed VDR inhibition. However,
the study sample size enrolled in this study was small. The comparison between preterm
infants with GA < 36 weeks with and without NEC revealed that both maternal and
neonatal serum 25(OH)D were lower in the NEC group as compared to the non-NEC one
(p < 0.001). Logistic regression showed that GA, BW, and maternal and neonatal 25(OH)D
were associated with NEC (p < 0.05) in a study by Yang LR et al. [144].

In contrast, Tofe Valera et al. [19] found no difference in the NEC rates between
preterm infants with 25(OH)D < 20 ng/mL and those with 25(OH)D levels > 20 ng/mL
(8% versus 8%; RR = 0.92), evaluated at 28 days of life. Similarly, another study found
no significant difference in NEC prevalence between preterm infants with severe VDD,
VDD, insufficient, and sufficient vitamin D status, evaluated at 2 and 4 weeks of life [25].
Consequently, more comprehensive studies are essential to determine whether sufficient
levels of 25(OH)D can lower the incidence of NEC, a significant comorbidity in preterm
infants, ultimately enhancing their survival rates. The effectiveness of maternal vitamin
D status screening and supplementation in preventing NEC is another potential field that
needs evaluation.

7. Vitamin D and Neurodevelopment

By regulating neural cell proliferation, differentiation, and survival in a developing
brain, vitamin D, a neurosecosteroid hormone, exerts important effects on brain health and
functions starting in fetal life [145,146]. Most evidence regarding the relationship between
vitamin D and children’s brain health originates from studies performed during pregnancy.
In a study comprising 1650 mother—child pairs, Morales et al. [147] demonstrated that, after
adjusting for cofounders, for each 10 ng/mL increase in the maternal 25(OH)D level there
is an 11% reduction in the total number of attention deficit-hyperactivity disorder (ADHD)
symptoms in the offspring. Moreover, higher maternal 25(OH)D concentrations were
associated with a decreased risk of ADHD. These findings were confirmed by Sucksdorff
et al. [148] in a nationwide populational case—control study; lower maternal vitamin D
status was, again, associated with ADHD in the offspring, even after adjusting for socio-
economic status and maternal age. A meta-analysis comprising 25 trials also evaluated the
effects of maternal vitamin D at birth on the child’s neurodevelopmental outcome. The
lowest maternal 25(OH)D concentrations during pregnancy were significantly associated
with a summed risk of ADHD (RR = 0.72, p = 0.002) and autistic traits (RR = 0.42, p = 0.001).
In contrast, a slight protective effect of higher levels of maternal vitamin D was found for
language development and behavioral disturbances; the authors concluded that an increase
in prenatal exposure of the fetus to vitamin D might improve cognitive abilities and reduce
the risk of autism traits and ADHD [149]. Lee et al. [150] noted an association between both
maternal and neonatal low vitamin D status and autism; the risk for autism was 1.75 times
higher at vitamin D levels under the median compared to levels above the median (95% CI
1.08-2.86), even after adjusting for cofounders. A meta-analysis by Tous et al. [34] reported
that maternal 25(OH)D levels < 50 nmol/L during pregnancy were associated with lower
mental and language scores at follow-up (nonsignificant). These results differ from the
secondary analysis of a randomized controlled study by Sass et al. [151], in which no effects
were found after vitamin D supplementation during pregnancy with 2800 IU versus 400 IU
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on motor, cognitive, global neurodevelopment, emotional, and behavioral problems in
551 children evaluated at 6 years of age.

Two interesting studies from Denmark demonstrated an association between low
neonatal vitamin D status at birth—evaluated on dried blood spots—with diminished
cognitive abilities in adolescence using a nested birth cohort [152] and between increased
vitamin D concentrations at birth and an increased risk for epilepsy diagnosed at 1 to
4 years of age in a case—cohort study [153]. Interestingly, in a review on the effects of
vitamin D, Grant et al. [145] also mentioned a U-type curve relationship between vitamin
D status—between too low and too increased—and lower cognitive scores.

Recently, Sammallahti et al. [154] reported a link between low maternal vitamin D
status during pregnancy and increased negative affectivity during infancy. In 546 infants
randomized to receive 1200 IU versus 400 IU vitamin D from 2 weeks of age up to 2 years,
Sandboge et al. [155] reported a decrease in the frequency of internalizing problems. In
contrast, in another Finish randomized trial, no association was found between vitamin D
levels and the primary neurodevelopmental outcomes evaluated using Ages and Stages
Questionnaire and Infant-Toddler Social and Emotional Assessment at 2 years of age after
THE randomization of term newborns to 1200 IU or 400 IU vitamin D starting at 2 weeks of
age [156]. However, 92% of the study group had sufficient vitamin D at birth.

In preterm infants, Fort et al. [51] assessed neurological problems during hospitaliza-
tion and the neurodevelopmental outcome in extreme premature infants (23-27 weeks of
gestation) randomized to receive no vitamin D supplementation or 200 IU or 800 IU vitamin
D. No difference was observed between groups in terms of IVH (each grade and all grades),
seizures, and neurodevelopment at 2 years. Similarly, Tofe-Valera et al. [19] observed no
difference in the IVH and periventricular leukomalacia (PVL) rates between preterm infants
with 25(OH)D levels < 20 ng/mL compared to those with levels > 20 ng/mL. Neither IVH
nor PVL were associated with vitamin D status at birth or at 28 days of life. No signifi-
cant difference between the morbidities and complications associated with prematurity,
including IVH, was observed in preterm infants at <32 weeks of gestation, with 25(OH)D
levels < 15 ng/mL compared to >15 ng/mL at birth (p = 0.07) according to Baldan et al. [90].

In 70 of 80 preterm infants born at 23-27 weeks of gestation, followed up in a study
by Salas et al. [43] at 2 years, no significant differences were found between the cognitive
scores of the infants with no supplementation and those supplemented with 200 IU or
800 IU vitamin D (p = 0.15). However, there was a tendency toward increased cognitive
scores and language development and reduced neurodevelopmental impairment in former
preterm infants supplemented with higher vitamin D doses. Vitamin D deficiency and
insufficiency were associated with significantly lower scores in five areas of the Gessel
scale at 10-18 corrected age (CA) (p < 0.05) in 161 late-preterm infants. Additionally, the
language scores were lower at 10 months CA and the motor scores were lower at 18 months
in vitamin D-deficient infants (p < 0.05). Furthermore, individualized supplementation
with 800 IU vitamin D led to increased adaptative ability at 10 and 18 months CA [157].
Recently, Guo et al. [158] demonstrated a positive correlation between 25(OH)D levels
with maternal supplementation with vitamin D during pregnancy and neonatal postnatal
supplementation (p < 0.05). Moreover, the vitamin D status of the infants at 42 days of life
and at 3 months were correlated with the developmental quotient (DQ) at 6, 9, 12, and
18 months (p < 0.05). Notably, the DQ was significantly lower in former preterm neonates
with VDD at 42 days and persistent VDD at 3 months (p < 0.05).

Interestingly, both maternal prenatal vitamin D status and neonatal vitamin D status
do not appear to affect short-term neurological outcomes, such as IVH, PVL, or seizures.
However, there is a growing body of evidence linking both low and high 25(OH)D levels
to medium- and long-term neurodevelopmental outcomes, including cognitive, motor,
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behavioral, and language development. Further research is needed to define the optimal
supplementation dose of vitamin D, particularly in extremely preterm infants, the popu-
lation at greatest risk for neurodevelopmental impairments. Exploring optimal maternal
vitamin D supplementation offers a valuable opportunity to enhance neurodevelopment in
both preterm and full-term newborns.

8. Other Potential Implications of Vitamin D in Neonatal Period
8.1. Vitamin D and the Kidney

The active form of vitamin D, 1,25(OH),D, is produced from 25(OH)D in the kidneys
through hydroxilation. Renal failure has been linked to decreased levels of 25(OH)D [23].
Studies in both adults and children have reported various associations between VDD and
acute kidney injury (AKI) [159,160], chronic kidney injury [160], renal scarring related to
recurrent urinary tract infections [161], and Fanconi syndrome [162]. In animal studies,
pretreatment with pericalcitol, a synthetic analog of calcitriol, reduced the levels and
expression of matrix metalloproteinases, thereby protecting the renal tubules from ischemic
reperfusion injury resembling AKI in a rat model [163].

Conflicting results regarding the prenatal effect of VDD on the number and maturation
of nephrons were reported in experimental models [164]. One study examined the impact
of nutritional intake during pregnancy on fetal development and found that maternal
low levels of 25(OH)D at mid-pregnancy were associated with the calculated creatinine
clearance but not with the calculated cystatin C clearance in offspring at school age (p < 0.05).
Furthermore, maternal 25(OH)D status was also associated with blood levels of creatinine
in children but not with the cystatin C blood levels in offspring (p < 0.05). The authors
interpreted these findings as evidence that maternal vitamin D status during pregnancy
may influence kidney structure and function [165]. To our knowledge, no studies in preterm
or term infants evaluated the effects of VDD on kidney function or renal outcomes in the
short or long term.

Further research is needed to enhance our understanding of how inadequate vitamin
D intake during pregnancy may affect kidney development, maturation, and function.

8.2. Vitamin D and Jaundice

Hyperbilirubinemia is a common condition during the neonatal period, and is usu-
ally benign if there are no factors that could lead to a dangerous increase in bilirubin
levels. Severe hyperbilirubinemia can result in serious complications, such as bilirubin
encephalopathy and kernicterus, with dramatic consequences for the infant’s neurodevel-
opment and increased risk of death. Vitamin D metabolism involves the hepatic conversion
of 7 dehydrocholesterol (provitamin D) into the 25(OH)D. Biswas et al. [166] recently
reported significantly lower mean 25(OH)D levels (p = 0.001) and a high prevalence of
VDD in 60 infants with cholestatic jaundice, with 60% of these infants diagnosed with
biliary atresia.

Asemi et al. [167] investigated the effect of maternal supplementation with vitamin D
during pregnancy; their analysis showed that the infants born to mothers who received
vitamin D supplements experienced jaundice less frequently compared to those born to
mothers in the placebo group (no vitamin D supplements) (27.3% versus 60.9%, p = 0.02).
In a cohort study on 304 pregnant women enrolled before 20 weeks of pregnancy, a higher
maternal vitamin D status and vitamin D binding protein levels were significantly asso-
ciated with lower bilirubin levels. However, the association became insignificant after
adjustment for the cofounders [168].

Recently, several studies reported on a possible association between VDD and neonatal
hyperbilirubinemia [169-173]. All studies were small and involved term infants, except the
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case—control trial by Al Banna et al. [169], which included a few late preterm infants, and all,
except the study by Mehrpisheh et al. [173], reported lower or significantly lower vitamin
D levels in jaundiced neonates compared to controls. The recent meta-analysis by Huang
et al. [174], which included six case—control studies and 409 cases, demonstrated that the
mean 25(OH)D level was 7.1 ng/mL lower in infants with hyperbilirubinemia compared to
the control group (p < 0.05). Moreover, if only infants with serum bilirubin values between
15 and 20 mg/dL were considered, the mean 25(OH)D value was 9.52 ng/mL lower than
in controls (p < 0.05). Polymorphisms of the vitamin D metabolic pathway genes could be
incriminated, at least in some cases, for the association between VDD and hyperbilirubine-
mia, according to Zhou et al. [175]. The authors identified the genotype rs12785878 in cases
associated with both severe VDD (<15 ng/mL) and severe hyperbilirubinemia.

Other authors reported on the effect of phototherapy with or without vitamin D
supplementation (400-800 IU/day) in term infants with neonatal bilirubinemia. Some
studies reported a beneficial effect of vitamin D supplementation (reduced bilirubin levels
and/or duration of phototherapy, reduced hospitalization days) [169,171,176]. However,
other studies found no significant effects [177].

Hyperbilirubinemia can have severe consequences for preterm infants as prematurity
is associated with various factors that may compromise the blood-brain barrier. If a
connection exists between VDD and an increased risk for hyperbilirubinemia, it is a question
that warrants investigation, as well as the potential of vitamin D supplementation to reduce
bilirubin concentrations in blood.

8.3. Vitamin D and Mortality

In the study by Mori et al. [178] including 63 preterm infants with GA < 34 weeks and
BW < 1500 g monitored up to the age of 1, no significant differences were found between
infants with and without significant morbidities regarding the 25(OH)D level in the umbil-
ical cord. Similarly, Matejek et al. [19] showed that 25(OH)D concentration < 25 nmol/L
was not correlated with the clinical outcomes of prematurity.

There are currently no studies specifically focused on the relationship between VDD
and mortality in preterm or term neonates, yet some authors reported observations on this
possible association. A study on 40 preterm infants found no correlation between vitamin
D status and mortality [179]. Abdel Hady et al. [125] showed no significant difference in
mortality between two groups of preterm infants with GA < 28 weeks supplemented with
daily 400 or 800 IU of vitamin D. Additionally, the research conducted by Xi et al. [25]
included 619 preterm infants, 292 of them born < 27 weeks gestational age, and reported no
difference in mortality based on 25(OH)D levels, categorized as severe deficiency, deficiency,
insufficiency, or sufficiency. The only study that reported an association between VDD and
mortality involved a group of 41 infants, both term and preterm, who were diagnosed with
sepsis [111].

9. Vitamin D: Recommendations for Supplementation

The traditional concepts and current guidelines for assessing vitamin D status and
optimal supplementation warrant careful reconsideration. Recent research has enhanced
our understanding of vitamin D’s protective role and effects. Additionally, some researchers
argue that the normal vitamin D values traditionally applied to children and adults may
not adequately account for the needs of premature infants [36,39,51,106,107].

Adnan et al. [138] reported a positive correlation between 25(OH)D levels and
BW (r=0.23, p = 0.03) and GA (r = 0.447, p < 0.001); 18% infants, 40% of them born
before <28 weeks, had serum 25(OH)D levels at birth consistent with VDD and 35% had
insufficient levels of vitamin D. Stronger correlations were observed by Budhwar et al. [24]:
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25(OH)D levels were correlated with GA with r = 0.9368, p < 0.0001 and with BW with
r=0.9559 and p < 0.001 in the comparison between preterm and term infants. Moreover,
a significant correlation between 25(0OH)D and GA and BW was also noted by Ardastani
et al. [86], while Choudhury et al. [180] identified an association between VDD and lower
GA and length. However, other studies found insufficient evidence to support a relation-
ship between 25(OH)D levels and GA or BW [21,179,181,182]. Park et al. [183] showed that
91.7% of preterm newborns had VDD at birth, while 51.1% had severe VDD at birth. No
correlation between severe VDD and early/moderate or late prematurity was identified.
Also, 25(0OH)D serum concentrations were significantly increased during autumn compared
to other seasons (p = 0.013).

Despite the significant prevalence of VDD in preterm infants, there is still a lack
of consensus on the optimal levels and daily intake requirements for supplementation.
This uncertainty presents challenges in ensuring that the specific needs of this high-risk
population are adequately met [18,39]. Previously, different strategies to prevent and
treat VDD were proposed based on various literature sources and guidelines worldwide.
However, the lack of standardization regarding the timing, dose, formulation, and method
of administration of vitamin D supplementation in preterm neonates is challenging and
hinders clear conclusions from being drawn from the available studies, as various protocols
are used by researchers in clinical trials (Table 2).

Table 2. Enteral vitamin D supplementation in preterm infants: recent trials.

Initiation of enteral
vitamin D supplementation

e  On the 2nd day of life [21].

e At 48 h of life [98], if feasible [19].

e  On the 7th day of life [184].

e  On the 7th day of life or when full enteral feeding is achieved [185-187].

e Atapproximately 1 week of life, after achieving the target Ca/P
supplementation in PN and stabilization of oral feeding post the early trophic
feeding period [188].

e  On the 8th day of life [41].
e  On the 14th day of life if enteral feeding is tolerated [189].
e  From the 15th day of life [97].

e  After the 14th day of life if parenteral nutrition is stopped (parenteral
nutrition is interrupted at 120 mL /kg/day) [138].

e At30mL/kg/day of enteral feeding [190].

e  With the initiation of enteral feeding, in addition to parenteral
supplementation [191].

e  Starting at a minimum of 75% of the full enteral feeding in the first 2 weeks of
life (median 9 days of life) [192].

e  On the first day when full enteral feeding is achieved [193,194].
e At 100 mL/kg/day enteral nutrition [195,196].
e At 100 mL/kg/day enteral feeding if no evidence of sepsis exists [197].

o  After full enteral feeding is achieved; cessation of the parenteral feeding at
100 mL/kg/day [71].
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Table 2. Cont.

Initiation of enteral
vitamin D supplementation

When at least 100 mL/kg/day enteral feeding is reached (7 +/—3 days
of life) [180,181].

At 140 mL/kg/day enteral feedings [198].
After reaching >150 mL/kg/day enteral feeding [20].

At >120-150 mL/kg/day enteral feeding (4/35 respondents to
the survey) [199].

At 160 mL/kg/day 20.1 & 15.5 days of life [200].

Based on feeding volume—56% of the respondents; when a minimum of

120 mL/kg/day of minimal enteral feeding is reached—71% of the
respondents; first week of life—34.8% of the respondents to the survey; in the
second week of life—19% [9].

Vitamin D dose at the initiation
of enteral supplementation

100 IU/kg/day [89].

200 IU/day [155].

200 vs. 800 IU/day [8,123].

400 IU/day [71,138,185,186,188,194-196,198,201-207].
400 IU/day—77% of the respondents to the survey [9].

400-500 IU/day—most of the respondents to the survey,
900-1000 IU/day—2/35 respondent units [199].

400 versus 800 IU/day [191,208].

400 versus 800 versus 1000 IU/day [192].
500 IU/day [20].

600 IU/day [21].

At a median of 609 IU/day (519-678) [209].
700 IU/day [41].

800 IU/day [97,98,180].

800-900 IU/day [189]

1000 IU/day [19,210].

Vitamin D formulation

Vitamin D solution [21,51,204].

Syrup with vitamin D, calcium, phosphorus, and syrup containing vitamin D
or drops of vitamin D solution [211].

Multivitamin solution containing vitamin D3 [138,193,212].
Vitamin D3 [20,89,188,190-192,198,208,213].
Stabilized aqueous vitamin D3 solution [197].

Seven (22%) of the Australian units used vitamin D3, 90% of the units in New
Zealand used multivitamin solution [199].

2.9% vitamin D2; 52.2% vitamin D3; 33% multivitamin solution [9].
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Vitamin D formulation

Multivitamin solution containing vitamin D2, A, E, and C or vitamin D2
solution [182].

Unspecified type of vitamin D used [8,19,41,51,71,97,98,180,194,196,200,211].

Route of administration

Orally, using a 1 mL syringe [211].

Orally, using a brown 1 mL syringe [191].

Orally, drops [20,89,180,182,193,197,198,212].

Orally [71,97,98,138,196].

Orogastric tube [8,19].

Orogastric tube or orally [41,190,213].

Orogastric tube, before feeding [51,189].

Orogastric tube or orally, mixed with feedings [192].
In human milk fortifier or formula [184].

Enteral, mixed with feeding, and divided at 6 h [208].
Not specified [21,188,194,196,199,200,204].

Vitamin D target for
supplementation

>75 nmol/L [191].

>50 nmol/L [21].

A minimum of 50 nmol/L up to a maximum of 120 nmol/L [182].

>24 ng/mL [81].

>30 ng/mL [85,189,192].

30-60 ng/mL [198].

Not specified [8,9,19,20,41,71,97,98,138,180,185,189,194,198,200,201,205,209].

For preterm infants, the current recommendations for vitamin D supplementation

dosage vary worldwide, ranging from 400 to 1000 IU per day [4,6,61,214] (Table 3). Most
of these recommendations primarily focus on bone density and mineralization, aiming to

prevent metabolic bone disease or rickets.

Table 3. Recommendations for vitamin D supplementation in preterm infants.

Recommendations for Vitamin

D Supplementation in Preterm  Vitamin D IU/Day

Infants by Medical Societies

IOM + WHO [4]

AAP [9]

ESPGHAN (2023) [61]
ESPGHAN (2023) [61]

400-1000

200400 IU up to max 1000 * (200 IU/day from PN/feeds)
800-1000

400-700 IU /kg/day up to maximum 1000 UI/day
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Table 3. Cont.

Recommendations for Vitamin
D Supplementation in Preterm  Vitamin D IU/Day
Infants by Medical Societies

Poland [215]

e Preterm infants < 32 weeks of gestation: 800 IU/day if enteral feeding is
possible, from the first day of life, irrespective of the feeding method; vitamin
D in the diet should be calculated from the second month of life; vitamin D
supplementation should be monitored with the first evaluation at 4 weeks of
age, with monitoring continued after discharge; doses over 1000 IU/day may
pose the risk of overdose, particularly in preterm infants with birth
weight <1000 g.

e  Preterm infants with GA of 33-36 weeks: 400 IU/day; no routine evaluation is
necessary; vitamin D supplementation under control should be considered if
risk factors for VDD are present (parenteral nutrition or ketoconazole or
anticonvulsants treatment > 2 weeks; cholestasis; birth weight < 1500 g)

* If infants tolerate full enteral feeding and achieve a weight > 1500 g. Legend: PN—parenteral nutrition;
Institute of Medicine (IOM) [4]; World Health Organization (WHO); American Association of Pediatrics (AAP) [9];
European Society for Pediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) [61].

The effectiveness of different dosing regimens for vitamin D supplementation in pre-
mature infants was evaluated in several studies to identify the optimal dose (Table 2). These
studies also examined the best timing for initiating enteral supplementation [8,9,18,51,198].
A recent randomized controlled trial (RCT) investigated the safety and benefits of different
regimens (200 IU in the parenteral nutrition/day versus 400 IU/day versus 1000 IU/day)
used for enteral vitamin D supplementation in extremely premature infants. The study
found important and relevant significant differences in 25(OH)D levels measured at 14 days
of life (p < 0.0001) and at 28 days of life (p < 0.001) among the three dosing groups, with
the highest dose being the most effective. The results suggest that the current AAP recom-
mended dose of 400 IU/day for vitamin D supplementation is inadequate for premature
infants. A higher dose was safe and may help improve VDD by 2 weeks of life, even before
achieving full enteral feeding [8].

Preterm infants require higher doses than term infants, as the evidence indicates
that higher doses (800-1000 IU/day) are associated with better immune function, im-
proved postnatal growth, and a faster improvement in VDD by the 14th day of life. Also,
no toxicity reports were mentioned that were related to the usage of higher doses of
vitamin D [8,9,18,51].

Vitamin D can be provided through either parenteral nutrition or oral administration.
In the Adnan et al. [138] study, parenteral nutrition was initiated from the 1st day of life and
provided at 120 IU/day for preterm infants with a BW < 1000 g and 260 IU/day for those
weighing 1000-3000 g. However, the parenteral administration of vitamin D is not available
worldwide. Giustina et al. [39] recommended against parenteral administration as it is
less efficient compared to enteral administration. Moreover, daily versus periodic admin-
istration of vitamin D supplements is recommended, in an individualized manner based
on the specific needs of different population groups, body weight, ethnicity, cutaneous
pigmentation, and latitude, which are all factors affecting 25(OH)D levels.

The effectiveness of oral daily intake versus the intramuscular administration of vi-
tamin D was also evaluated [216]. Numerous studies have demonstrated that both oral
vitamin D supplementation and intramuscular injections can increase 25(OH)D levels.
However, oral vitamin D supplementation results in a faster rise in these levels. Kashaki
et al. [10] showed that 25(OH)D levels were significantly increased in the group receiving
oral drops of vitamin D, 1000 IU/day compared to those who received a single intramus-
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cular dose of 15,000 IU (p = 0.006). Notably, although all preterm infants received an
intramuscular dose of 300,000 IU within the first few days of life, vitamin D supplementa-
tion was started only from the 16th day of life.

At present, there is no consensus regarding the optimal timing for the initiation of the
enteral supplementation of vitamin D in preterm infants, usually provided as cholecalcif-
erol (Vitamin D3) [8,138]. The timing of vitamin D supplementation varies considerably
across different studies (Tabel 2). To our knowledge, none of the studies initiated enteral
supplementation with vitamin D from birth.

In a study conducted by Matejek et al. [17], enteral supplementation with vitamin D3
began only after enteral feeding exceeded 150 mL/kg/day, while, in other studies, enteral
supplementation was started within the first week of birth using multivitamin drops via
orogastric tube [8,51]. Other studies report the initiation of oral vitamin D supplementation
with a multivitamin drop providing 400 IU vitamin D3 after the 14th day of life or when
parenteral nutrition ceased [138] (Table 2).

The prolonged use of parenteral nutrition and insufficient intake of breast milk sig-
nificantly increased VDD risk in VPIL. Cho et al. demonstrated that a low intake of breast
milk and long-term parenteral nutrition are significant risk factors for VDD [46]. In a study
conducted by Munshi et al. [198], it was found that more than 80% of preterm infants,
despite receiving 400 IU/day of oral vitamin D, still exhibited deficient or insufficient levels
of 25(OH)D after 4 weeks of supplementation. Enteral supplementation was initiated when
feeding volumes reached 140 mL/kg/day. Since parenteral nutrition, fortified mothers’
own milk, and enriched special formula cannot provide adequate 25(OH)D levels, initiating
oral supplementation soon after birth is essential to correct VDD in preterm infants [198],
as this approach may improve clinical outcome associated with VDD.

Most studies reported initiating oral vitamin D therapy based on the feeding volume
(Table 2), frequently when total enteral feeds reached >120 mL/kg/day [9]. An analysis
of the literature suggests that early intervention for the optimal enteral supplementation
of vitamin D is not only successful in achieving higher 25(OH)D status at one month but
is also linked with improved outcomes [9,47]. However, it remains unclear when or how
early the vitamin D supplementation should begin, or whether pure vitamin D drops or
multivitamin drops should be used.

The enteral supplementation of vitamin D was administered in various modes: drops
in the mouth, using a small syringe, on nasal or oral gastric tubes, before feeding or
mixed with milk, formula, or fortifier (Table 2). The infusion systems used for feeding are
associated with a significant loss of lipids. Long-term debates on lipids and lipid-soluble
vitamins waste on the walls of the plastic tubes or syringes used for preterm feeding have
come to an end, as effective strategies to reduce these losses were identified: the use of
syringes with eccentric adaptor tip, peristaltic pumps, frequent milk homogenization, and
the use of silicon tubes and syringes. Moreover, the infusion rate does not impact the
transfer of lipids [217,218]. Mixing vitamin D formulations with human milk, formula, or
fortifiers raises concerns related to the adverse effects of the increased osmolality (such as
necrotizing enterocolitis), but there is no evidence of this, as none of the studies using these
approach for vitamin D supplementation reported adverse effects.

There is a pressing need for consensus guidelines that specify the cut-off values
for determining sufficient, deficient, or insufficient vitamin D levels in preterm infants.
Additionally, guidelines should define the optimal dose for each high-risk category of
premature infants, the timing of the initiation of enteral vitamin D supplementation, and
the optimal product.

Experts are concerned about the unsatisfactory results of the randomized controlled
studies on vitamin D supplementation. The number of participants, their various levels of
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exposure to vitamin D, the measurements of vitamin D status at birth in direct correlation
with maternal vitamin D status and/or supplementation with vitamin D, the postnatal
protocol for vitamin D supplementation in terms of timing, dose, duration and monitoring,
and biases in conduct and/or analysis may lead to inconclusive or conflicting results. These
experts argue that studies on vitamin D’s associations with disease should be focused on
its potential extraskeletal benefits, not only on bone health, in all groups of population.
In this respect, observational studies seem more appropriate as these can treat vitamin
D as a nutrient, with cut-off levels for adverse effects, and not as a drug [36,106,107,219].
Furthermore, Gospodarska et al. [220] suggest that future studies should segregate patients
based on their genetic responsivity to vitamin D supplementation (high, medium, and low
responsivity) to conduct a genomic evaluation of individuals with low response to high
doses of vitamin D. This approach may also fit the population of preterm neonates, an
inhomogeneous, vulnerable group of infants.

10. Conclusions

For decades, vitamin D has played a crucial role in the prevention of bone demineral-
ization and metabolic bone disease management. Its significance in maintaining skeletal
health is well-established and it continues to be a vital component of international nutri-
tional guidelines. Recently, research has revealed additional effects of VDD in preterm
infants, linking it to multiple health conditions. Despite the growing interest in vitamin
D research, there is still uncertainty regarding clear recommendations for preterm infants
concerning the optimal dosage, type of product, and timing for initiating vitamin D supple-
mentation to prevent VDD, as well as in screening for VDD, monitoring protocol, and the
continuous adjustment of dosage to maximize benefits.

Preterm infants are particularly susceptible to VDD. It is well established that neonatal
vitamin D levels are influenced by the vitamin D status of their mothers; inadequate
maternal levels can negatively affect infant health. Therefore, it is crucial to implement
strategies to prevent VDD in pregnant women by developing clear recommendations for
screening and supplementing vitamin D in pregnant and lactating mothers.

Further exploration is essential to unlock the potential benefits of assessing maternal
vitamin D status during pregnancy and/or at birth. Additionally, whether screening for
VDD could serve as a low-cost intervention that impacts preterm delivery rates or severe
complications associated with prematurity, such as RDS, BPD, sepsis, NEC, ROP, neurode-
velopmental impairment, or impaired postnatal growth, should be explored. Larger studies,
with an appropriate design and standardized definitions, are required to develop effective
strategies for screening and supplementing vitamin D in preterm infants. These studies
should thoroughly investigate whether specific GA or BW cut-off values for defining VDD
can be identified, and determine whether the 25(OH)D level should be monitored even

after one month postnatal age until a normal level is reached.
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