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Abstract 

Background: Preterm infants are at high risk of osteopenia of prematurity (OOP) due to interrupted 
third-trimester mineral accretion and early postnatal deficits. Aim: To synthesize recent evidence on 
nutritional strategies—especially early, fortified enteral feeding—to prevent OOP, with emphasis on 
early fortified enteral feeding. Design: Narrative review (SANRA-guided) with a structured, 
reproducible search of PubMed, Scopus, and Google Scholar (January 2010 – June 2025); 
English/Polish; human neonatal data prioritized; mechanistic/animal data used for context. Findings: 
Across cohorts, early fortified human milk (typical Ca:P ≈ 1.6–1.8 with adequate protein and vitamin 
D) correlates with improved biochemical markers and lower OOP incidence versus unfortified feeds; 
prolonged PN (Parenteral Nutrition) and delayed enteral advancement are linked to higher OOP risk; 
unit-level protocols that optimize Ca:P delivery from day 1 and routine HMF (Human Milk Fortifier) 
use reduce MBD incidence. Evidence is heterogeneous in definitions and outcomes, precluding 
meta-analysis. Conclusions: Timely transition to fortified enteral nutrition with judicious 
mineral/vitamin D supplementation is central to OOP prevention. Standardized definitions, 
multicenter protocols, and longitudinal follow-up are needed to clarify long-term skeletal benefits. 

Keywords: preterm infants; osteopenia of prematurity; enteral nutrition; parenteral nutrition; human 
milk fortifier; calcium-to-phosphorus ratio; vitamin D; narrative review 
 

1. Introduction 

Nutritional treatment, often referred to as clinical nutrition, is a medical approach that involves 
delivering tailored nutritional formulations based on biochemical assessments and the patient’s 
overall health condition. This process also encompasses the monitoring of the patient’s nutritional 
status using appropriate medical equipment. Clinical nutrition is particularly crucial for individuals 
who are malnourished or at risk of malnutrition, especially in cases where oral intake is either not 
feasible or compromised [1]. 

Preterm infants – especially those with very low birth weight – are at high risk for osteopenia of 
prematurity, also known as metabolic bone disease of prematurity. This condition arises from 
inadequate mineral accretion due to the interruption of third-trimester calcium and phosphate 
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transfer, compounded by postnatal nutritional deficits [2]. Even with advances in neonatal care, 
radiographic evidence of bone demineralization is observed in up to ~40% of infants born before 28 
weeks’ gestation. Recent reports indicate that the incidence of metabolic bone disease reaches ~32% 
in very low birth weight (VLBW) preterm infants and over 50% in those of extremely low birth 
weight. Osteopenia in these infants can lead to fractures and rickets in early life and may have longer-
term consequences such as impaired skeletal growth and suboptimal peak bone mass, underscoring 
the need for effective preventive strategies [3]. 

Optimal nutrition in the neonatal period is widely recognized as a key modifiable factor in 
preventing osteopenia of prematurity. The primary approach to prevention and treatment centers on 
ensuring adequate mineral intake – principally calcium (Ca), phosphorus (P), and vitamin D – to 
approximate in utero accretion rates and support bone mineralization. However, unfortified human 
milk alone contains insufficient quantities of Ca and P to meet preterm infants’ needs. Thus, current 
practice relies on human milk fortification and the use of mineral-enriched preterm formulas to 
provide the necessary nutrient density. These nutritional interventions have markedly reduced the 
incidence of severe metabolic bone disease (for example, lowering the frequency of spontaneous 
fractures), yet mild to moderate osteopenic changes on X-rays remain common. Furthermore, there 
is no consensus on the optimal monitoring or bedside assessment of bone mineral status in preterm 
infants, reflecting persistent uncertainty in clinical management despite standard supplementation 
protocols [4,5]. 

Recent research and reviews highlight both progress and continuing gaps in our understanding 
of nutritional strategies to prevent osteopenia in preterm infants. Notably, expert consensus 
guidelines now advocate for earlier and more aggressive nutritional fortification. For example, it is 
recommended to initiate enteral fortification early, adding supplemental phosphate within the first 
days of feeding and introducing multi-component human milk fortifiers as soon as minimal feed 
volumes are tolerated, to support bone mineral accrual better. Early transition from parenteral 
nutrition to fortified enteral feeds is also emphasized, as high protein and caloric intake without 
adequate phosphate provision can precipitate increased cellular phosphate utilization and mineral 
deficiency. At the same time, the evidence base guiding these practices remains limited. Only a single 
randomized trial has followed preterm infants into adulthood after differing neonatal mineral 
intakes, and it found no significant effect of higher calcium/phosphorus intake on adult bone mineral 
content. Important knowledge gaps persist regarding nutrient interactions and optimal fortification 
methods: for instance, how the interplay of macronutrient intake with mineral supply affects bone 
deposition, or how best to individualize fortification to an infant’s needs, are questions that existing 
studies have not fully answered. In addition, long-term skeletal outcomes of current nutritional 
interventions are poorly documented. These gaps point to the need for a dedicated analysis of current 
evidence and an updated framework for nutritional care focused on bone health [6]. 

In light of the above, a focused review of nutritional strategies to prevent osteopenia in preterm 
infants is warranted. The present review critically examines recent advances and unresolved issues 
in the nutritional management of at-risk preterm neonates – including mineral supplementation 
regimens, human milk fortification strategies, and the timing of enteral feeding – with an emphasis 
on aspects that have been underrepresented in prior literature (such as nutrient–nutrient interactions, 
fortification protocols, and long-term outcomes). The objective is to elucidate effective early 
nutritional interventions and inform best practices for reducing osteopenia of prematurity. We 
hypothesize that the early introduction of enteral feeding enriched with human milk fortifier (HMF) 
in preterm infants will reduce the prevalence of osteopenia, thereby improving both immediate and 
long-term skeletal health outcomes in this vulnerable population. 

2. Materials and Methods 

Methods — Design and reporting: This narrative review follows  SANRA recommendations to 
enhance transparency. We implemented structured, reproducible search methods (without claiming 
a PRISMA-compliant systematic review), prespecified eligibility criteria, duplicate screening, and an 
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explicit search flow diagram labeled ‘Search flow diagram (narrative review)’. Given substantial 
heterogeneity in populations, interventions, and OOP definitions/outcomes, no meta-analysis was 
undertaken. A concise, design-appropriate quality appraisal using JBI/NOS-style domains is 
summarized in Table S2 to aid interpretation. 

Design rationale: This review was planned as a narrative synthesis rather than a systematic review 
because the topic integrates heterogeneous designs (clinical cohorts, QI initiatives, animal models, 
and guidelines). We followed SANRA to enhance transparency and quality. To aid reproducibility, 
we provide a PRISMA-style flow diagram with counts of records at each stage and explicitly separate 
human from non-human evidence. No formal risk-of-bias tool was applied; key limitations are 
discussed (Figure 1). 

 

Figure 1. Search flow diagram (narrative review). Full texts included (n = 115). Main exclusion reasons at 
full-text: not preterm/neonatal population; outcomes not related to bone health; language other than 
English/Polish; insufficient data quality. 

Literature Search Strategy 

We performed a structured literature search to identify relevant publications on nutrition and 
osteopenia of prematurity. The primary databases searched were PubMed/MEDLINE, Scopus, and 
Google Scholar, covering both medical indexing sources and broad academic search engines. The 
search spanned articles published from January 2010 up to June 2025. We used various combinations 
of keywords related to preterm infants, bone health, and nutrition. For example, search terms 
included “osteopenia of prematurity”, “nutritional treatment”, “enteral nutrition in preterm”, “calcium to 
phosphorus ratio”, “vitamin D supplementation in premature neonates”, “ω3 fatty acids and bone density”, 
“zinc and vitamin D in preterm infants”, and “maternal factors of osteopenia in neonates”. These terms were 
applied in different combinations using Boolean operators to capture studies on nutritional 
interventions (e.g., human milk fortifiers, specialized formulas, parenteral nutrition regimens) and 
their effects on bone mineralization in preterm or low birth weight infants. We restricted the search 
to English and Polish language publications (as the authors are proficient in these languages) and 
excluded papers in other languages. To ensure the review was up-to-date and inclusive, we also 
manually screened the reference lists of key articles identified in the database search for any 
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additional relevant studies that may have been missed by the keyword search. This snowball strategy 
allowed us to include pertinent articles cited in the literature, including important older studies or 
specialized documents not easily found via database queries. 

Inclusion and Exclusion Criteria 

We established clear criteria for selecting studies a priori to maintain focus and relevance. 
Inclusion criteria were defined as follows: 

• Time frame: Publications from 2010 onwards (January 2010 through June 2025) to capture the 
last 15 years of research and current knowledge. 

• Population focus: Studies involving preterm infants (typically <37 weeks gestation or low birth 
weight neonates) with outcomes related to bone health, osteopenia of prematurity, or metabolic 
bone disease. 

• Intervention/Exposure: Research examining nutritional factors or interventions – including 
enteral nutrition (e.g., breast milk fortification, preterm formulas, nutritional supplements), 
parenteral nutrition strategies, or specific nutrients (calcium, phosphorus, vitamin D, etc.) – and 
their impact on bone mineralization or the risk of osteopenia/rickets in the target population. 

• Article types: Given the narrative scope, a wide range of scientific literature was eligible. This 
included peer-reviewed original research articles (randomized trials, observational cohort or 
case–control studies, cross-sectional studies), clinical reviews and meta - analyses, relevant 
animal studies providing mechanistic insight, clinical guidelines or protocols, and other 
authoritative sources (such as textbook chapters or official reports on neonatal nutrition), 
provided they contained pertinent data on nutrition and bone outcomes. 

• Availability: Full-text access had to be available for assessment (through academic databases or 
institutional access), to ensure we could thoroughly review the methods and results. 

Exclusion criteria were applied to omit sources that were not relevant or of insufficient quality: 

• Outside time frame: Articles published before 2010 (older than 15 years) were generally 
excluded, to focus on up-to-date evidence (unless identified as a seminal study in reference 
scanning). 

• Language: Publications in languages other than English or Polish were excluded, due to the 
feasibility of analysis and to avoid translation-related biases. 

• Non-peer-reviewed literature: We excluded letters to the editor, editorials, opinion pieces, and 
other non–non-peer-reviewed reports, as well as anecdotal case reports lacking robust data. 

• Out-of-scope content: Studies that did not directly address the interplay between nutrition and 
bone health in preterm infants were excluded. For example, we omitted papers focused on 
technical complications of feeding (such as intravenous extravasation injuries during parenteral 
nutrition administration or methods of drug delivery via feeding tubes) and studies examining 
unrelated outcomes of enteral feeding (e.g., gastrointestinal complications not tied to bone 
metabolism). Such topics were beyond the scope of this review. 

• Quality concerns: If a study’s methodology or data quality was notably poor or if essential 
details were unavailable, we chose to exclude it in order to base our review on reliable evidence. 
In practice, all included sources were screened to ensure they met a minimum standard of 
scientific credibility (clear objectives, appropriate methodology, and reasonable sample size or 
rationale). 

Study Selection and Data Extraction 

The process of article selection followed recommended practices to enhance reliability. After 
executing the searches, all retrieved records were imported into a reference management tool, and 
duplicates were removed. Two authors independently screened the titles and abstracts of the 
remaining records to identify articles that potentially met the inclusion criteria. Studies that clearly 
did not match the inclusion criteria (based on title/abstract) were excluded at this stage. For records 
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that appeared relevant or ambiguous, we obtained and reviewed the full-text articles. Each full text 
was assessed in detail by at least two reviewers against the inclusion/exclusion criteria. Any 
disagreements or discrepancies in study inclusion were resolved through discussion and consensus 
among the reviewing authors, with consultation of a third author when necessary. This collaborative 
selection process helped minimize bias in choosing the literature for review. 

From each included article, we then extracted key data to inform our narrative synthesis. The 
extracted information included the publication details (authors, year, journal), the study design and 
setting (e.g., RCT, observational cohort, animal experiment, guideline, etc.), the characteristics of the 
population (for clinical studies, such as sample size, gestational age and birth weight of infants), the 
specifics of the nutritional intervention or exposure (e.g., type of feeding regimen, nutrient 
supplementation levels, duration of nutrition given), and the relevant outcomes related to bone 
health (such as bone mineral density measurements, incidence of osteopenia or rickets, biochemical 
markers of bone metabolism, or fracture rates). We also noted the main findings and conclusions of 
each study with respect to how nutrition influenced skeletal outcomes in preterm infants. This 
information was tabulated and thematically organized to facilitate comparison across studies during 
the write-up of results.Throughout the extraction and synthesis, we paid special attention to the level 
of evidence provided by different sources – distinguishing, for instance, outcomes supported by 
clinical trials in human preterm infants from those observed only in animal models or inferred from 
adult data – to appropriately contextualize the strength of evidence. No formal quantitative meta-
analysis was attempted, given the narrative scope and the anticipated heterogeneity in study designs 
and outcome measures across the literature. 

3. Results—Focus and Human Evidence 

We present human neonatal studies first (summarized in Tables 1 and 2), followed by a brief 
mechanistic context (moved to Supplementary where peripheral). 

Three consistent signals emerge: (i) early fortified enteral feeding improves bone 
markers/outcomes; (ii) prolonged PN and delayed enteral advancement are associated with OOP; 
(iii) optimized mineral delivery (Ca:P from day 1; routine HMF) reduces MBD incidence. 

A total of 115 full-text articles meeting the eligibility criteria were included in the narrative 
synthesis. For presentation, findings are organized into clinical (human) studies and 
animal/experimental evidence. Definitions of osteopenia/metabolic bone disease varied across 
studies (e.g., biochemical thresholds such as ALP (alkaline phosphatase)  > 500 IU/L or ALP > 900 
IU/L, radiographic rickets, or DXA-based bone mineral content), which we note when reporting 
results. 

Table 1. Summary of key clinical studies on nutritional interventions and osteopenia in preterm infants. 

Study (Year) 
 

Design / Sample Intervention / 
Comparison 

Key findings 

Bandara (2010) Retrospective; 
preterm infants 

Breast milk with vs 
without 
fortification/ 
supplementation 

Rickets: 40% without vs 16% with  
fortification; lower serum 
phosphate without fortification. 

Bijari (2019) Cross-sectional; 
NICU n = 100 

HMF use vs none 
among breast-fed 

Osteopenia (ALP > 900 IU/L): 
41%; 78% of osteopenic infants 
had no Ca:P      supplements; 
vitamin D regular use 32% vs 
88% in non-osteopenic. 

Mohamed 
(2020) 

Prospective case 
– control; <1250 g, n 
= 26 

Early nutrition in 
osteopenia vs  
non-osteopenia 

TPN: 11 vs 6 days; enteral by 6 
weeks:    27 vs 32 days; 
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25(OH)D: 21 vs 39 ng/mL; protein 
lower in osteopenia. 

Viswanathan 
(2014) 

Retrospective 
cohort; <30 weeks, n 
= 230 

Nutrient intake and  
outcomes (MBD vs 
no MBD) 

MBD 30.9%; lower early Ca, P,  
vitamin D, protein; more PN, 
BPD,    steroids/diuretics; 
mortality 14.1% vs 4.4%. 

Sureshchandra 
(2025) 

Pre–post QI in 
VLBW 

Higher Ca:P in TPN 
day 1 + HMF by 
~day 14 

MBD decreased from 35% to 
<20% after implementation. 

HMF, human milk fortifier; ALP, alkaline phosphatase; TPN, total parenteral nutrition; MBD, metabolic bone 
disease of prematurity; VLBW, very low birth weight; BPD, bronchopulmonary dysplasia; Ca, calcium; P, 
phosphorus. 

Table 2. Comparative baseline variables and outcomes across robust studies. 

Study Osteopenia 
definition/ 
incidence 

Sample  
characteristics 

Nutrition 
exposure 

Outcomes  
(osteopenia 
vs comparison) 

Bandara 2010 Radiographic 
rickets: 40% (no 
fortifier) vs 16% 
(fortified) 

Preterm infants 
(details not 
reported) 

Unfortified 
breast milk vs 
fortified/ 
supplemented 

Lower 
phosphate and 
higher rickets 
without  
fortification. 

Bijari 2019 ALP > 900 IU/L 
at 1 month: 41% 

NICU preterms 
n = 100 

HMF absent vs 
present; vitamin 
D 
irregular/ none 
vs  
regular 

Higher 
osteopenia with 
no HMF;  
vitamin D 
regular 32% vs 
88%. 

Mohamed 2020 DXA/radiographic 
evidence by 6 
weeks: 50% 

<1250 g, n = 26 Longer TPN, 
lower protein, 
later enteral 

TPN: 11 vs 6 
days; 25(OH)D: 
21 vs 39 ng/mL; 
shorter enteral 
duration. 

Viswanathan 
2014 

Radiographic 
MBD or ALP > 500 
IU/L: 30.9% 

<30 weeks, n = 
230 

Lower early 
Ca/P/vit 
D/protein; more 
PN and meds 

Higher 
mortality 
(14.1% vs 4.4%), 
BPD, 
cholestasis. 

Sureshchandra 
2025 

Unit incidence: 
35% → <20% 

VLBW infants 
(QI cohort) 

Early Ca:P in 
TPN    + HMF 
protocol 

Lower MBD 
after protocol 
adoption. 

HMF, human milk fortifier; ALP, alkaline phosphatase; TPN, total parenteral nutrition; MBD, metabolic bone 
disease of prematurity; VLBW, very low birth weight; BPD, bronchopulmonary dysplasia; Ca, calcium; P, 
phosphorus. 

Human Studies: Nutritional Interventions and Bone Outcomes 

Across clinical studies (Table 1), three signals were consistent: 
1. Early fortified enteral feeding improves bone outcomes. In a comparison of preterm infants fed 

unfortified breast milk vs fortified/supplemented feeds, rickets occurred in 40% without 
fortification vs 16% with fortification; serum phosphate was lower in the unfortified group 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 September 2025 doi:10.20944/preprints202509.0220.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.0220.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 22 

 

(Bandara 2010). In a NICU cohort, 41% had osteopenia at 1 month (ALP > 900 IU/L); lack of 
HMF and irregular/no vitamin D use were over-represented among osteopenic infants (Bijari 
2019). 

2. Prolonged parenteral nutrition and delayed enteral advancement are associated with 
osteopenia. In a prospective series of <1250 g infants, osteopenia cases had longer TPN (Total 
Parenteral Nutrition) (≈ 11 vs 6 days), later transition to enteral feeding (≈ 27 vs 32 days) of 
enteral nutrition by 6 weeks), and lower protein intake (Mohamed 2020). A larger cohort of <30 
weeks’ gestation infants reported 30.9% MBD with lower early Ca, P, vitamin D, and protein 
intakes, more PN exposure, and greater illness burden (Viswanathan 2014). 

3. Optimizing mineral delivery reduces MBD incidence. A unit-level quality-improvement 
program introducing higher Ca:P in TPN from day 1 and routine HMF from ~day 14 reduced 
MBD from 35% to <20% (Sureshchandra 2025). 

Biochemical and clinical correlates were concordant: lower serum 25(OH)D (≈ 21 vs 39 ng/mL), 
higher ALP, and lower early Ca:P and protein intakes tracked with osteopenia; adverse outcomes 
included longer hospitalization and higher mortality in affected cohorts (e.g., 14.1% vs 4.4%, 
Viswanathan 2014). Where reported, nutrient targets associated with favorable markers included a 
Ca:P ratio ~1.6–1.8 in fortified feeds and protein ~3.5–4 g/kg/day. 

Animal and Experimental Evidence 

Experimental models provide mechanistic support for clinical observations. Diets enriched with 
ω-3 fatty acids (EPA/DHA) reduced urinary calcium losses and improved mineral retention vs 
control fats, consistent with lower prostaglandin-mediated renal calcium excretion. Protein–mineral 
interactions were also evidenced: whey protein facilitates intestinal zinc uptake; zinc inhibited 
osteoclastogenesis in vitro, supporting a role in reducing bone resorption. Vitamin D acted 
synergistically with minerals (and influenced zinc transporters), and severe vitamin D deficiency 
produced rachitic phenotypes unless calcium intake was adequate. Together, these studies reinforce 
the importance of balanced Ca:P delivery, adequate vitamin D, sufficient high-quality protein, and 
potentially ω-3 fatty acids for bone mineralization in the neonatal context. As these are non-human 
or non-preterm data, they should be interpreted as supporting mechanisms rather than direct clinical 
estimates. 

3.1. Nutritional Treatment - Definition, Classification, Characteristics 

Nutritional therapy is a form of treatment for patients who are unable to eat orally or do not 
consume adequate amounts of food. The two common types of nutritional treatment are enteral 
feeding, which involves delivering nutrients directly to the stomach or intestine, and parenteral 
feeding, which is administered intravenously [7]. 

Parenteral nutrition remains necessary in cases where enteral feeding is contraindicated, such as 
in necrotizing enterocolitis, congenital intestinal anomalies, or acute critical illness. Patients who are 
unable to eat orally but have a functional gastrointestinal tract, such as premature infants, receive 
their nutrition through a nasogastric tube, which is inserted through the nose into the stomach [2,7]. 

3.2. Osteopenia of Prematurity - Symptoms, Risk, Factors, Diagnosis 

Osteopenia of prematurity is characterized by low levels of calcium and phosphorus in the 
bones. Infants with severe osteopenia may experience limited movement or swelling in an arm or leg 
due to bone fractures [8]. Osteopenia in premature infants raises the risk of osteoporosis in adulthood. 
This condition leads to an increase in the resorption activity of osteogenic cells compared to 
osteoblasts, which are responsible for bone formation. As a result, this imbalance can contribute to a 
higher incidence of bone fractures, particularly in the vertebrae, radius, and femoral head. The 
development of osteoporosis is often linked to disabilities that manifest as chronic pain, which can, 
in turn, lead to depression [27]. 
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The use of nutritional formulas that are not intended for premature infants leads to a deficiency 
of cholecalciferol, which is essential for the normal absorption of calcium and phosphorus in the 
intestines and kidneys. Low birth weight, preterm infants excrete more phosphorus in their urine 
compared to term-born infants [8]. Restricted intrauterine growth in infants born before 28 weeks’ 
gestation leads to impaired nutrient absorption [9]. Low serum phosphate levels in preterm infants 
receiving parenteral nutrition are due to an inadequate supply of phosphorus. This deficiency 
contributes to Metabolic Bone Disease of Prematurity (MBD), which is characterized by the 
demineralization of bone tissue and can lead to fractures [10]. A study by Cho et al. indicates that 
extended parenteral nutrition and insufficient breast milk intake significantly contribute to vitamin 
D deficiency in children born before 32 weeks of gestation [11]. The study by Nabiel et al. indicates a 
positive correlation between vitamin D deficiency and hypocalcemia in preterm infants [12]. Zinc 
deficiency may contribute to the death of osteoblast cells [13]. Medications commonly prescribed to 
preterm infants increase the risk of osteopenia through various mechanisms. Furosemide, caffeine 
citrate, and glucocorticoids (GCs) lead to increased calcium excretion [14–18]. As a result, 
hypercalciuria caused by the previously mentioned medications inhibits the formation of bone [19]. 
Phenobarbital and phenytoin induce the cytochrome enzyme system and contribute to increased 
breakdown of 25(OH) vitamin D3 [20]. 

Monitoring the nutritional status of preterm infants is crucial for adjusting both pharmacological 
and nutritional therapies, aiming to reduce the risk of osteopenia. To effectively monitor this 
nutritional status, appropriate medical equipment is essential. The lancet and Microtainer BD serum 
sampler (yellow) are used to collect capillary blood samples for measuring serum phosphate and 
calcium levels [21–23]. This yellow test tube contains an acrylate gel that forms a barrier between the 
serum and clotted blood, ensuring the stability of the elements being measured [22,23]. 

3.3. The Role of Nutritional Intervention in Preterm Infants 

It is important to avoid overheating and do not microwave; use gentle thawing/warming per 
milk-bank/NICU protocol. Doing so can destroy essential nutrients, probiotic bacteria (which help 
reduce the risk of cow’s milk protein allergy), and immune cells like immunoglobulins (types A, G, 
and M), as well as B and T lymphocytes, all of which are crucial for the baby’s health. Additionally, 
heating breast milk in these ways can potentially burn the baby’s digestive tract [24,25]. This food 
alone does not completely meet the energy and nutrient needs of preterm infants. Combining it with 
an HMF that provides additional nutrients can help prevent nutritional deterioration and support 
the health of preterm infants. Ready-to-feed preterm infant formula (RTF) is designed for preemies 
who cannot be breastfed. These formulations contain essential nutrients and whey proteins in higher 
quantities than those found in standard milk formulas intended for full-term newborns [26]. 
Fortification provides bioavailable calcium (salt form varies by product); adequate Ca and P are key 
to bone accretion. The absorption of calcium lactate is not significantly influenced by stomach acidity, 
unlike inorganic calcium carbonate [27]. 

3.4. The Significance of Nutrients Found in Milk Mixtures for Preemies 

3.4.1. Nutrients That Improve the Bioavailability of 

3.4.1.1. Calcium 

HMF and RTF are characterized by a calcium/phosphorus (Ca:P) ratio within the recommended 
range of 1.6 to 1.8 [28]. A suitable calcium-to-phosphorus ratio in both HMF and RTF helps prevent 
calcium loss from bones, thereby reducing the risk of osteopenia [28]. Additionally, it is essential for 
the process of proper bone formation [29]. Research by Abrams et al. suggests that lactose in milk 
mixtures enhances calcium absorption in infants [30]. 
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3.4.1.2. Zinc 

Milk proteins help bind zinc, which improves the absorption of this essential element in the 
intestines [31]. Park et al. found that zinc reduces osteoclastogenesis [32]. 

3.4.1.3. Phosphorus 

The presence of whey and casein proteins helps reduce the risk of hypophosphatemia caused by 
caffeine [33]. These ingredients enhance the absorption of phosphorus by binding to the element [34]. 
Nutrients that enhance the bioavailability of phosphorus are illustrated in Figure 2. 

 

Figure 2. Factors that enhance intestinal phosphorus (P) availability relevant to the prevention of osteopenia of 
prematurity. 

This schematic summarizes mechanisms in preterm enteral nutrition that support P availability 
and bone mineralization: (i) Milk proteins (whey, casein) form soluble protein–phosphate complexes 
that support luminal solubility and uptake and may mitigate caffeine-related hypophosphatemia; (ii) 
Adequate vitamin D status facilitates intestinal P handling and acts synergistically with calcium (Ca) 
when the dietary Ca:P ratio is balanced (~1.6–1.8); (iii) Prebiotic oligosaccharides (GOS/FOS) and 
probiotic Lactobacillus spp. promote short-chain fatty acid production, lowering luminal pH and 
improving mineral solubility; (iv) Sufficient protein and magnesium support transport and 
downstream bone deposition. Abbreviations: Ca, calcium; P, phosphorus; HMF, human milk 
fortifier; GOS, galacto-oligosaccharides; FOS, fructo-oligosaccharides; SCFAs, short-chain fatty acids. 

3.5. The Role of Phosphorus in Calcium Absorption 

Phosphorus enhances the bioavailability of calcium when the Ca:P ratio is appropriately 
balanced. It promotes the reabsorption of calcium ions in the distal part of the nephron and their 
incorporation into bone. If phosphorus supply surpasses calcium intake, it hinders calcium ion 
absorption in the small intestine, leading to increased elimination in the feces [34]. 

3.6. The Importance of ω-3 Fatty Acids for the Bioavailability of Calcium and Phosphorus 

DHA, an ω-3 polyunsaturated fatty acid, supports bone health by enhancing osteoblast 
formation and reducing bone resorption through its positive effects on calcium balance and the 
activity of bone-forming cells [35]. The study conducted by Maditz K.H. and colleagues demonstrates 
a positive correlation between the consumption of oils rich in ω-3 fatty acids, such as soybean oil and 
salmon oil, and the retention of calcium (Ca) and phosphorus (P). This consumption helps prevent 
deficiencies of these essential elements, attributed to the significant amounts of ω-3 fatty acids found 
in these oils [36]. 

3.7. Vitamin D3: Factors That Increase Its Uptake and Its Role 

Fats in nutritional formulations for preterm infants enhance the bioavailability of cholecalciferol 
by creating a hydrophobic phase in which the vitamin dissolves [37]. Vitamin D3 regulates cellular 
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zinc levels, enhancing zinc uptake [38]. Cholecalciferol supplementation is especially crucial for 
preemies receiving GCs, as these medications accelerate the metabolism of this vitamin [39]. 

3.8. Research Findings Highlighting the Significance of Nutrients in the Nutritional Treatment of Preterm 
Infants 

Bijari B.B. et al. conducted a cross-sectional study involving 100 premature infants admitted to 
the NICU of Afzalipour Medical Centre in Kerman between 2017 and 2018 [40]. The study aimed to 
determine alkaline phosphatase (ALP) levels, which are used as a screening criterion for osteopenia, 
in one-month-old infants. It also examined the relationship between ALP levels and various factors, 
including birth weight, weight gain, length of hospitalization, the amount of parenteral nutrition 
administered, formula volume, and supplementation provided. Results showed that among the 100 
preterm infants, 41 were diagnosed with osteopenia based on the criterion of ALP levels exceeding 
900 U/L. It was found that infants who were exclusively fed breast milk without nutrient-rich breast 
milk fortifiers were more likely to have preterm osteopenia. Additionally, the average length of 
hospitalization and total parenteral nutrition for those with osteopenia was significantly longer 
compared to infants without the condition. Notably, 78% (32 out of 41) of the preterm infants with 
osteopenia did not receive any additional calcium and phosphate supplementation beyond what was 
provided in breast milk. In contrast, most of their peers without osteopenia received breast milk 
fortifiers. Furthermore, cholecalciferol in drop form was administered irregularly to 61% (25 out of 
41) of the infants with osteopenia, and 7% (3 out of 41) did not receive it at all. On the other hand, a 
significant 88.1% (52 out of 59) of preterm infants without osteopenia received regular vitamin D 
supplementation [40]. Abrams’ research indicates that breast milk fortifiers, which provide additional 
doses of calcium, phosphorus, and vitamin D dissolved in breast milk, as well as vitamin D3 
supplementation, have positive effects on bone density in preterm infants [41]. 

Mohamed et al. (2020) conducted a prospective case-control study to evaluate the significance 
of protein and vitamin D intake in osteopenia among preterm infants with a birth weight of less than 
1250 grams [42]. Serum vitamin D levels were measured six weeks after birth, and wrist X-rays were 
taken at that time to diagnose osteopenia. Of the 26 preterm infants included in the study, 13 (50%) 
developed osteopenia, indicated by a loss of bone mass observed in the DEXA examination. The 
average vitamin D3 concentration in the group with osteopenia was significantly lower (mean 21 
ng/ml) compared to those without osteopenia, who had an average serum cholecalciferol 
concentration of 39.3 ng/ml. Alkaline phosphatase (ALP) levels exceeding 619 IU/L showed a 
sensitivity of 76.9% and a specificity of 75%, indicating the presence of osteopenia at six weeks after 
birth. Daily protein intake among the study participants varied between 2,2 and 3,6 g/kg of body 
weight. In preterm infants who developed osteopenia, the protein supply was significantly lower and 
deviated from the daily recommended intake for infants, which is 3.5-4 g/kg of body weight. 
Premature infants with osteopenia were on total parenteral nutrition for an average of 11 days and 
had significantly shorter durations of enteral nutrition (tube feeding of breast milk supplemented 
with HMF), lasting only 27 days. In contrast, infants without osteopenia averaged 6 days on total 
parenteral nutrition and 32 days on enteral nutrition at 120 ml/kg of body weight. Infants born 
prematurely with bone mineral density (BMD) had an average of 32 days on parenteral nutrition (11 
days total, with 21 days of partial tube feeding). In comparison, the group without BMD received 
parenteral nutrition for an average of 27 days (6 days total, with 21 days of partial and total parenteral 
feeding). The results of this study suggest that parenteral nutrition lasting longer than four weeks, 
delayed introduction of partial and total enteral feeding, as well as deficiencies in cholecalciferol and 
protein, contribute to the development of osteopenia in preterm infants. The findings of the study 
indicate that early initiation of enteral feeding in premature infants may help prevent MBD, including 
osteopenia [42]. 

The earliest symptom of mineral metabolism disturbance appears one to two weeks after birth 
and is characterized by hypophosphatemia. In infants exclusively fed breast milk, a serum phosphate 
concentration of less than 3.6 mg/dL (1.16 mmol/L) indicates mineral depletion and an increased risk 
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of developing metabolic bone disease (MBD). A serum phosphate concentration below 5.6 mg/dL 
(<1.8 mmol/L) has been strongly correlated with the occurrence of radiographically apparent rickets 
in preterm infants, who have a mean gestational age of 30.3 weeks (ranging from 24.7 to 33.0 weeks) 
and a mean birth weight of 1490 g (within the range of 735 to 2250 g). The bioavailability of calcium 
varies from 40% (for modified milk) to 70% (for breast milk), while phosphate bioavailability ranges 
from 60% to 95% for fully enteral-fed preterm infants. A study by Bandara S. et al. (2010) showed that 
newborns who did not receive formula milk added to their breast milk had lower phosphate levels 
compared to preterm infants who received breast milk fortifiers or phosphate supplementation. 
Furthermore, among preterm infants exclusively fed breast milk, rickets, resulting from osteopenia, 
occurred in 40% of cases, compared to only 16% of preterm infants who received nutritional 
supplements providing phosphorus, which is essential for bone development [43]. Viswanathan S. et 
al. demonstrated that infants born before 30 weeks of gestation who received lower average weekly 
amounts of calcium, phosphorus, cholecalciferol, and protein during their first eight weeks of life 
were more likely to develop metabolic bone disease compared to a control group [44]. Of the 230 
infants included in the study, 71 (30.9%) experienced MBD. Compared to the control group, these 
infants had lower average birth weights, were born at earlier gestational ages, and had a higher 
frequency of requiring mechanical ventilation. They also had increased incidences of chronic lung 
disease and cholestasis, a longer duration of parenteral nutrition, and more frequent use of 
furosemide, corticosteroids, and antibiotics. As a result, the mortality rate in the MBD group was 
significantly higher at 14.1% compared to 4.4% in the control group, and their hospital stays were 
longer. This analysis indicates that insufficient nutrient supply, along with these other factors, 
significantly increases the risk of death and disability [44]. 

Krithika et al. report that early supplementation of Ca and P in TPN, as well as the enrichment 
of breast milk with HMF rich in these elements, helps counteract insufficient bone mineralization 
caused by Ca and P deficiency [45]. The implementation of parenteral nutrition, supplemented with 
calcium and phosphorus from the first day of life, followed by the introduction of enteral nutrition 
starting at day 14 for preterm infants, was included as part of the quality improvement (QI) 
initiatives. This approach involved adding a human milk fortifier to breast milk to provide additional 
calcium and phosphorus supplementation. As a result of these QI efforts, the incidence of metabolic 
bone disease in preterm infants decreased from 35% to less than 20%. 

The beneficial effects of polyunsaturated fatty acids in reducing urinary calcium excretion were 
demonstrated in a study conducted by Baggio et al. [46]. Participants in the study group received 
three capsules containing 0.85 grams of fish oil each, totaling 2.55 grams per day for 30 days. This 
dosage provided 1.29 grams of eicosapentaenoic acid (EPA) and 0.99 grams of docosahexaenoic acid 
(DHA) daily. Daily urine collections were performed for all participants, including those in the 
control group who did not receive the capsules. The results showed a significant reduction in calcium 
excretion among those taking fish oil capsules compared to the control group [46]. The administration 
of EPA and DHA leads to a reduction in the synthesis of pro-inflammatory prostaglandin E2 (PGE2), 
which is known to contribute to calcium reabsorption in the renal tubules, thereby decreasing its 
elimination [46]. A study conducted by Sun et al. revealed that rats consuming fish oil had 
significantly lower calcium ion excretion compared to those given soybean oil. The differences in 
results likely stem from the higher linoleic acid content and the lack of EPA and DHA in soybean oil 
compared to fish oil. The presence of the polyunsaturated fatty acids EPA and DHA in fish oil is due 
to their very low melting points, which are below -40°C, allowing them to thrive in cold aquatic 
environments [47]. Therefore, the findings of studies mentioned in this review suggest that EPA and 
DHA may help prevent the adverse effects of GCs on decreased intestinal absorption of calcium and 
phosphate, as well as enhanced elimination of calcium [47]. As a result, ω-3 fatty acids can help 
prevent bone degradation by increasing bone density [48]. 

Ahmed et al. (2020) presented evidence on the prevalence of rickets in children in Bangladesh 
caused by calcium deficiency [49]. The authors reported that chronic low calcium intake leads to 
urinary phosphate loss, resulting in hypophosphatemia and active rickets. The results indicated that 
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children under 6 years old in Group A consumed significantly less calcium and slightly less 
phosphorus compared to the control group. Furthermore, the ratio of calcium to phosphorus intake 
in Group A was significantly lower than in the control group. Children with active rickets in Group 
A also had lower body weight and growth rates, along with lower vitamin D levels, where more than 
half of the participants had vitamin D levels below 25 nmol/L, relative to the control group. The 
biochemical profile of participants in Group A was characteristic of active rickets induced by calcium 
deficiency, indicating reduced serum calcium, reduced serum phosphorus, and increased phosphate 
excretion during daily urine collection. 

Additionally, cholecalciferol deficiency may contribute to calcium deficiency, particularly when 
calcium intake and the calcium-to-phosphorus ratio are low [49]. It is essential to maintain proper 
levels of vitamin D, calcium, and phosphorus to ensure the stability of bone tissue [50]. According to 
the recommendations by Embleton et al. (2022), the decision to transition from enteral to oral feeding 
should consider the health status of the preterm infant, including their nutritional status and 
gastrointestinal maturity. Additionally, the infant should have reached 32 weeks of gestation before 
this switch is made [51]. 

Future research should concentrate on comparing biochemical tests that measure levels of 
calcium, phosphorus, zinc, magnesium, potassium, and vitamin D in both preterm and term-born 
infants. This analysis aims to identify differences in their nutritional statuses. The clinical implications 
of these findings may lead to recommendations regarding the frequency of biochemical testing based 
on the nutritional treatments used in preterm infants. 

Unfortunately, during our literature review, we identified some gaps, particularly the scarcity 
of studies focused on preterm infants and the mechanism by which vitamins A and E enhance zinc 
uptake. Only Vendolovich and colleagues address this issue: “Zinc absorption is enhanced by the 
presence of vitamins A and E.,, There is an urgent need for a publication on enteral feeding in preterm 
infants, which should also outline the interactions between enteral formulae, breast milk fortifiers, 
and human milk. 

Further details on the nutritional significance of enteral feeding mixtures for preterm infants are 
provided in Tables 3 and 4. 

Table 3. The impact of specific nutrients in gastric tube feeding formulations on bone development. 

Nutrient Effects on Skeletal Development 
Zinc Zinc plays a crucial role in the deposition of citrate in bone apatite, which 

facilitates bone mineralization. This happens because citrate stabilizes 
liquid calcium phosphate precursors and enriches collagen fibers [52]. A 
study conducted by Vázquez-Gomis R. examined preterm infants and 
found a positive correlation between the z-score of bone mineral density 
relative to body length and serum Zn concentration at discharge. The 
results suggest that Zn plays a crucial role in bone growth [53]. 

Magnesium Crucial for growth and the mineralization of bone [54]. The release of 
parathormone (PTH) is triggered by conditions that prevent the 
occurrence of hypocalcemia [55]. It plays a role in the biosynthesis, 
transport, and activation of cholecalciferol as a cofactor [56]. Joseph A.’s 
research indicated a rise in serum magnesium levels that was directly 
proportional to vitamin D levels in humans [57]. Helps prevent the loss of 
potassium [58]. 

Potassium 
Citrate in RTF 
 

Jehle et al. demonstrated that potassium citrate significantly ↓ decreases 
the excretion of calcium in urine [59]. 
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Potassium Encourages the development and maturation of cells responsible for bone 
formation [60]. The study by Humald J.K. et al. indicated that potassium 
supplementation led to increased phosphate reabsorption [61]. 

Retinol  
(Vitamin A) 

A study by Choi M.J. indicates a connection between osteopenia and 
retinol deficiency, suggesting that vitamin A may help protect against 
osteopenia [62]. Essential for bone development, as it promotes the 
differentiation of cells that form bone [63]. 

Vitamin K M-Samedi V. and colleagues demonstrate that vitamin K inhibits bone 
turnover in infants [64]. Vitamin K plays a key role in synthesizing 
osteocalcin, which regulates bone structure and growth [65]. 
Menaquinone K2 activates osteocalcin, which transports calcium from the 
blood to the bones, positively affecting bone mineralization [66]. 

Vitamin C  
(ascorbic acid,  
AA) 

AA plays a vital role in the differentiation of osteoblasts [67].  Vitamin C 
is essential for the apoptosis of osteoclasts, the cells that degrade bone 
tissue [68,69]. The research by Martínez-Ramírez M.J. reveals an inverse 
correlation between blood AA levels and the likelihood of bone fractures 
[70]. 

Probiotics   
(Lactobacilli found 
in 
human milk) 

The results of Britton’s study show that probiotics ↓ the quantity of 
osteoclasts [71].  
Probiotic bacteria produce short-chain fatty acids, which increase the 
solubility of calcium, magnesium, and zinc, which are crucial for bone 
development [72]. 

Prebiotics (GOS) in 
RTF  

Galacto-oligosaccharides (GOS) reduce the pH in the large intestine, 
which enhances passive calcium absorption and stimulates bone 
mineralization [101]. 

Table 4. Nutrients that enhance the bioavailability of vitamins and minerals in nasogastric tube feeding 
formulations for preterm infants. 

Nutrient Factors that increase bioavailability References 
Potassium Probiotics (Lactobacilli found in human milk) [72] 

Phosphorous Vitamin D 
(Cholecalciferol) 

[73–75] 
Calcium [75,76] 

Magnesium  [77] 
Magnesium  

 
Peptides from casein or whey [78] 

Vitamin B6 (Pyridoxine) [79] 
Zinc Citrates found in human milk [80,81] 

Vitamin D  Zinc  [82] 
Calcium Alpha-lactalbumin (alpha-LA) present in  human 

milk 
[83] 

Calcium  
Magnesium   

Lactose 
 

[84] 

Zinc 
Magnesium 

Probiotics (La[85,86ctobacilli found in human milk) [85,86] 
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Calcium         
Phosphorus 

 [86] 

Zinc Vitamin A and E [87] 

Calcium ω-3 fatty acids [88–90] 
Vitamins: A, D, E, K Lipids [91] 

Zinc Vitamin D [92] 

Vitamin D Magnesium [93] 
Calcium Vitamin K [94] 

Zinc 
Calcium 

Casein proteins in human milk/HMF [95,96] 

Vitamin D ω-3 fatty acids [97] 

Zinc Whey protein (alpha-LA), peptides from casein [98–100] 

Calcium Galacto-oligosaccharides (GOS) in RTF  [101] 

Calcium 
Magnesium 

Zinc 

Fructooligosaccharides (FOS) in RTF  [102] 

Magnesium 
Phosphorus 

GOS and FOS in RTF  [103] 

3.9. Interaction of Nutrients in Enteral Feeding for Preterm Infants 

Enriching breast milk with human milk fortifiers is crucial for preventing osteopenia in preterm 
infants. Breast milk naturally contains synbiotics, which are a combination of probiotics and 
prebiotics. Prebiotics, primarily in the form of oligosaccharides, work alongside probiotics, such as 
lactic acid bacteria, to enhance the absorption of minerals that are essential for proper bone 
development [104]. Human milk has symbiotic properties that promote the production of short-chain 
fatty acids (SCFAs) such as acetate, butyrate, and propionate during bacterial fermentation. Short-
chain fatty acids (SCFAs) lower the pH level in the gut, which improves the solubility and 
bioavailability of minerals such as divalent cations (e.g., calcium, magnesium). The symbiotic action 
that facilitates calcium and phosphorus absorption also stimulates enterocyte proliferation, 
contributing to the expansion of the gut’s absorption surface, with bacterial fermentation playing a 
role. Additionally, breast milk as a natural symbiotic agent prevents the formation of insoluble 
complex compounds that hinder the absorption of essential minerals such as calcium, magnesium, 
and zinc [105]. 

If breastfeeding is not possible, modified milk should be given for the enteral feeding of preterm 
infants, with an appropriate GOS/FOS oligosaccharide ratio of 9:1 [106]. The correct ratio of GOS/FOS 
can help prevent mineral deficiencies that lead to osteopenia by lowering the cecum’s pH, thus 
improving the levels of calcium, phosphorus, and magnesium in bone tissue. This improvement 
contributes to better bone development and helps prevent stunted growth and fractures related to 
osteopenia. The study conducted by Bryk found a positive correlation between the administration of 
a 9:1 GOS/FOS prebiotic mixture and the absorption of calcium (Ca), phosphorus (P), and magnesium 
(Mg) in the colon [107]. 

Our synthesis is limited by its narrative design, heterogeneity of included studies (populations, 
definitions of osteopenia/metabolic bone disease, and outcome measures), and lack of formal 
risk-of-bias scoring. To partially mitigate this, we applied SANRA, reported a transparent PRISMA-
style search flow, separated neonatal-human evidence from animal/mechanistic findings, and 
provided comparative summary tables. Future work should employ standardized diagnostic criteria 
and formal quality appraisal across multicenter cohorts. 
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Our review demonstrates that targeted nutritional interventions play a pivotal role in managing 
osteopenia of prematurity. Strategies such as early human milk fortification, use of mineral-enriched 
preterm formulas, and supplementation with calcium, phosphate, and vitamin D were frequently 
associated with improved bone mineralization markers and reduced incidence of metabolic bone 
disease in preterm infants. These findings align with current practice recommendations that 
emphasize optimizing nutrition and mineral intake to support bone health. Importantly, practical 
implementation requires a multidisciplinary approach in the neonatal intensive care unit (NICU). 
Neonatologists must lead early identification and management of at-risk infants, while neonatal 
nurses ensure careful handling of fragile infants, vigilant monitoring of growth and biochemistry, 
and adherence to feeding protocols. In parallel, dietitians (clinical nutritionists) should tailor and 
adjust feeding plans to meet the high calcium and phosphate requirements of growing preterm 
infants, and pharmacists are integral in formulating parenteral nutrition and preparing 
supplementation (e.g., phosphate, calcium, vitamin D) to ensure safe and effective delivery [108–110]. 
The success of a recent quality-improvement initiative underscores this team - based approach: a 
multidisciplinary NICU team (including neonatologists, nurses, dietitians, and pharmacists) that 
standardized screening and nutritional management significantly reduced osteopenia-related 
fractures. These practical implications highlight that effective prevention and treatment of neonatal 
osteopenia depend on coordinated efforts across professions to implement nutritional strategies, 
monitor bone health, and minimize risk factors. 

Despite generally positive trends, our analysis also revealed substantial heterogeneity in study 
methodologies and definitions, which complicates the interpretation of the evidence. The included 
studies varied widely in design and quality, ranging from small single-center trials to observational 
case series, and used inconsistent criteria to define osteopenia or metabolic bone disease of 
prematurity. For example, some researchers diagnosed osteopenia based on biochemical markers 
(such as alkaline phosphatase or serum phosphate thresholds), whereas others required radiological 
evidence of rickets or fractures; no single uniform diagnostic criterion was applied across all studies. 
This lack of consensus is well recognized in the field: neonatal units and authors employ different 
thresholds for alkaline phosphatase (from ~500 IU/L up to > 900 IU/L) and various imaging 
modalities, reflecting significant variability in definitions and diagnostic cut-offs. A focused review 
in one NICU found that “unclear definitions” were a key barrier leading to inconsistent diagnosis 
and management of osteopenia. 

Moreover, the methodological quality of studies was inconsistent – many lacked control groups 
or had a high risk of bias – limiting the strength of conclusions. This variability in study populations, 
outcome measures, and quality makes it difficult to directly compare results or perform quantitative 
synthesis. Our findings must therefore be interpreted in light of these limitations. Standardization of 
definitions and high-quality study designs are needed to better delineate which nutritional 
interventions truly confer the greatest benefit. 

Given these limitations, we recommend specific directions for future research to strengthen the 
evidence base. Prospective, multicenter studies should be conducted to evaluate nutritional strategies 
for preventing osteopenia in preterm infants under uniform protocols. Enrolling larger patient 
cohorts from multiple NICUs would increase the power and generalizability of findings, and a 
common set of diagnostic criteria (for example, agreed-upon biochemical thresholds and imaging 
assessments) should be used to reduce heterogeneity. In addition, longitudinal tracking of bone 
outcomes is essential. Future studies ought to follow preterm infants beyond the neonatal period – 
through infancy and into childhood – with appropriate measures (such as serial dual-energy X-ray 
absorptiometry scans or other bone density assessments) to determine whether early nutritional 
interventions translate into improved long-term bone health. Such longitudinal data would clarify if 
initial improvements (e.g., in alkaline phosphatase levels or early growth) lead to meaningful 
differences in outcomes like fracture incidence, bone mineral density at later ages, or attainment of 
peak bone mass. Some recent investigations have also highlighted the need to establish age-specific 
reference standards and refine diagnostic cut-offs (e.g., optimal alkaline phosphatase levels for 
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different postnatal ages) through larger studies. Ultimately, well-designed multicenter trials and 
cohort studies with extended follow-up will help identify the most effective nutritional treatment 
protocols and inform evidence-based guidelines to reduce osteopenia of prematurity. 

3.10. Practice Points for NICU Teams (Concise, Evidence-Informed) 

• Initiate fortified human milk early once minimal feeds are tolerated; target Ca:P ≈ 1.6–1.8, 
adequate protein (~3.5–4 g/kg/day), and vitamin D per local guidance. 

• Minimize duration of exclusive PN where feasible; ensure adequate Ca:P in PN from day 1 per 
unit protocol. 

• Monitor phosphate and ALP using consistent thresholds; address low 25(OH)D and low P 
promptly. 

• Standardize protocols (nutrition + monitoring) through multidisciplinary NICU teams; audit 
OOP/MBD incidence over time. 

3.11. Research Agenda 

• Consensus OOP/MBD definitions (biochemical cut-offs + imaging) for preterm infants. 
• Multicenter protocols comparing fortification strategies and PN mineral targets. 
• Longitudinal follow-up into childhood/adolescence to link early nutrition to bone mass/fracture 

outcomes. 

4. Conclusions 

In conclusion, appropriate nutritional management is a cornerstone of preventing and treating 
osteopenia in preterm infants, but current evidence is constrained by inconsistent methodologies and 
definitions across studies. Our review indicates that ensuring sufficient mineral intake – via fortified 
feedings and judicious supplementation of calcium, phosphorus, and vitamin D – can improve short-
term indicators of bone health in vulnerable preterm neonates. However, the lack of standardized 
diagnostic criteria and the variable quality of available studies make it challenging to issue universal 
recommendations. There is a need to translate emerging evidence into consistent practice: neonatal 
units should consider adopting unified protocols for screening and nutritional care of at-risk infants, 
ideally developed by multidisciplinary teams and informed by the best available data. 

Moving forward, rigorous multicenter research with long-term follow-up is warranted to 
confirm which interventions yield sustained improvements in bone outcomes. Rather than broad 
generalizations or calls for “urgent” action, we advocate for specific, evidence-based steps: develop 
consensus definitions, implement collaborative nutritional strategies in the NICU setting, and 
conduct prospective studies to guide optimal care. By doing so, the neonatal community can more 
effectively mitigate osteopenia of prematurity and improve the lifelong bone health of former 
preterm infants. 
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