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Abstract: In recent years, significant advancements in respiratory and nutritional care have
markedly improved the survival rates of preterm infants and enhanced long-term health
outcomes. Despite these improvements, emerging research highlights the lasting impacts
of early growth patterns on an individual’s health trajectory. Adults born prematurely face
a higher incidence of health issues related to their early birth. The American Academy of
Pediatrics recommends that preterm infants should achieve growth rates similar to those
of fetuses, with clinicians emphasizing nutrition delivery to help these infants reach their
expected weight for gestational age. However, this approach often results in altered body
composition, characterized by increased fat mass and decreased fat-free mass compared to
full-term infants. Air displacement plethysmography stands out as a highly reliable method
for measuring preterm body composition, while DEXA scans, despite their reliability, tend
to overestimate body fat. Other methods include bioelectric impedance, isotope dilution,
MRI, ultrasound, and skinfold thickness, each with its own strengths and limitations. In
this paper, we aim to raise awareness among neonatal clinicians about the importance of
achieving acceptable neonatal body composition. We discuss the pros and cons of different
body composition measurement methods, the impact of nutrition and other factors on
body composition in preterm infants, long-term follow-up data, and the potential use
of body composition data to tailor nutritional interventions in NICU and post-discharge
settings. This comprehensive approach is designed to optimize health outcomes for preterm
newborns by focusing on their body composition from an early stage.

Keywords: body composition; preterm infants; postnatal growth; anthropometry

1. Introduction
Advancements in respiratory and nutritional care have significantly improved the

survival rates of preterm infants, leading to better long-term health outcomes. Despite
these improvements, early growth patterns have lasting impacts on an individual’s health.
Adults born prematurely often face health issues related to their early birth. The American
Academy of Pediatrics advocates for growth rates in preterm infants that mimic those of
fetuses, emphasizing growth to achieve expected weight for gestational age [1]. However,
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this approach can result in altered body composition, characterized by increased fat mass
(FM) and decreased fat-free mass (FFM) compared to full-term infants [2].

Body composition in preterm infants is an important factor influencing their imme-
diate and long-term health outcomes. The balance between FFM and FM significantly
impacts both neurodevelopmental and metabolic health. Understanding these dynamics is
crucial for optimizing care and improving outcomes. Neurodevelopmental outcomes are
particularly influenced by the proportion of FFM in preterm infants. Higher levels of FFM
are associated with improved neurodevelopment, as evidenced by studies that correlate
increased FFM with larger brain size and better cognitive and motor scores at various
corrected ages [3–5]. In extremely preterm infants, Binder et al. found a significant asso-
ciation between FFM z-scores, including for cerebral biparietal diameter, bone biparietal
diameter, and transverse cerebellar diameter at term-equivalent age, indicating enhanced
brain growth [3]. Similarly, Ramel et al. demonstrated that early gains in FFM, rather than
FM, were linked to improved neurodevelopment at 12 months corrected age in very low
birth weight (VLBW) infants [5]. These findings underscore the importance of promoting
FFM accrual in preterm infants to support optimal brain development. Metabolic health is
another area where body composition plays a crucial role. Preterm infants often exhibit a
deficit in FFM and increased adiposity at term-equivalent age compared to full-term infants,
potentially predisposing them to metabolic diseases later in life. Specifically, higher FM
gains in the early postnatal period are linked to adverse metabolic outcomes such as higher
blood pressure at 4 years of age in very preterm infants [6]. Conversely, gains in FFM
during the first three months of life are positively associated with better metabolic health,
including higher FFM at preschool age, which is considered protective against metabolic
syndrome [7]. This emphasizes the need for nutritional strategies that enhance FFM while
minimizing excessive fat gain.

Optimizing nutrition is essential to achieving a favorable balance between FFM and
FM. Increased protein and energy intake during hospitalization have been associated with
higher FFM at discharge, which is a key surrogate marker for organ growth and neu-
rodevelopment [8,9]. However, surplus energy provision can lead to increased adiposity,
which is undesirable. Therefore, nutritional management must be carefully tailored to
promote healthy growth patterns in preterm infants. Accurate assessment of body compo-
sition is crucial for guiding nutritional interventions. Air displacement plethysmography
(ADP) provides a reliable method for measuring neonatal body composition, while DEXA
scans, though reliable, tend to overestimate body fat. Other methods include bioelectric
impedance, isotope dilution, MRI, ultrasound, and anthropometric measurement equa-
tions incorporating skinfold thickness. The main objectives of this review are to critically
evaluate and summarize the current research on body composition in preterm infants,
specifically focusing on the following: (1) the advantages and limitations of various body
composition measurement techniques; (2) the influence of postnatal nutrition and other
factors on body composition in preterm infants during neonatal intensive care unit (NICU)
hospitalization and post-discharge settings, and (3) long-term follow-up data regarding
body composition outcomes.

2. Methods
This narrative review aims to synthesize the recent evidence linking preterm infants

with body composition outcomes. A comprehensive literature search was conducted across
four major databases: PubMed, Scopus, Cochrane Central Registry of Controlled Trials,
and Google Scholar. The search was restricted to articles published from January 2004 to
October 2024. Only studies published in English were included to ensure the accessibility
and consistency of the data reviewed. The search strategy employed a combination of
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specific key terms, including “Preterm infants”, “Postnatal growth”, “body composition”,
“anthropometry”, “early nutrition”, and “breastfeeding”. These terms were chosen to
capture a broad range of studies focusing on the growth and nutritional aspects influencing
body composition in preterm infants.

3. Body Composition Measurement Methods
There are several techniques for measuring body composition in preterm infants. Each

of these techniques has its own advantages and limitations, and the choice of method
may depend on the specific clinical or research context. An overview of the different
methods of measuring body composition in preterm infants highlighting their advantages
and limitations is given in Table 1.

Table 1. An overview of the different methods of measuring body composition in preterm infants
highlighting their advantages and limitations.

Measurement Technique Advantages Limitations

Air displacement
plethysmography (ADP)

- Non-invasive and quick
- No radiation exposure, suitable for

repeated measurements
- Provides data on FM and FFM
- Availability of standardized

normative body composition growth
charts (Norris charts)

- Requires specialized equipment
- Requires regular calibration and

maintenance
- May be less accurate in very small or

unstable infants
- Not practical for infants receiving

oxygen or IV fluids

Dual-energy X-ray
absorptiometry (DXA)

- High precision and accuracy
- Provides detailed information on

bone mineral content, FM, and
lean mass

- Exposure to low levels of radiation
- Requires infants to remain still
- DXA may overestimate fat content
- DXA accuracy varies with

operator skill
- Limited availability and high cost
- Limited validation in preterm infants

Bioelectrical impedance
analysis (BIA)

- Portable and relatively inexpensive
- Quick and easy to perform

- Accuracy can be affected by
hydration status and evolving nature
of body composition in preterm
infants

- Electrode placement influences
accuracy

- Less precise in very preterm infants,
compared to reference standards,
need more validation and
standardization

Isotope dilution
techniques (total body
water (TBW) analysis)

- Safe, non-invasive, and radiation-free
- Precise estimate of TBW, and FFM

- Need for specialized equipment and
expertise to administer the isotope
and analyze the samples

- Time-consuming and expensive
- Accuracy can be affected by

hydration status
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Table 1. Cont.

Measurement Technique Advantages Limitations

Magnetic resonance
imaging (MRI)

- Safe, non-invasive, and radiation-free
- Highly detailed images, high accuracy
- Can assess organ structures and

regional adiposity (subcutaneous vs.
visceral), and can track changes
over time

- Expensive and not widely available
- Requires sedation or infant stillness
- Lengthy procedure time

Ultrasound
- Safe, non-invasive, and radiation-free
- Portable and relatively inexpensive

- Need for trained personnel,
operator-dependent measurement
variability

- Lack of standardized protocols
- Limited ability to assess deep body

fat or comprehensive whole-body
composition data

Anthropometric
measurements equations

- Easy to obtain, practical for
generalized use

- Cost effective

- Inconsistent and less reliable
- Inadequate representation of whole

body composition

Abbreviations: FM: fat mass, FFM: fat-free mass.

Air displacement plethysmography (ADP): This method, often using devices like
the PEA POD (COSMED, Concord, CA, USA), is a non-invasive, radiation-free method
and provides accurate measurements of FM, FFM, and body fat percentage (BF%) in
newborns [10–14]. It is suitable for use in clinical settings and research, particularly in
preterm infants. The PEA POD system, with its temperature-controlled chamber, enhances
comfort and ensures safety for repeated assessments in vulnerable populations such as
preterm infants, minimizing their stress. The procedure is quick, typically taking only a few
minutes, which is advantageous in clinical settings allowing for rapid assessments with
minimal handling. ADP provides comprehensive data by estimating body volume, which
is used to calculate body density and subsequently determine FM and FFM.

ADP using PEA POD is considered reliable and has been used to generate reference
charts (Norris charts) for body composition assessment in preterm neonates, allowing for
the monitoring of growth and nutritional status from 30 weeks GA through the first six
months of life [15]. These charts offer percentile curves derived from a large cohort of
healthy preterm and term infants, allowing for evaluation of an infant’s body composition
against standardized norms for age, sex, and size. This comparison is vital for detecting
deviations in growth patterns, potentially indicating nutritional deficits or other health
issues. However, ADP does have limitations. Infants who are unstable or require oxygen
and intravenous fluids cannot easily undergo PEA POD measurements. It requires special-
ized equipment, which may not be available in all clinical settings due to cost and space
requirements. The equipment also requires regular calibration and maintenance to ensure
measurement accuracy, which can be resource intensive.

Dual-energy X-ray absorptiometry (DXA): DXA is considered a gold standard for
body composition assessment, providing detailed information on bone mineral density, FM,
and lean body mass. However, it involves exposure to low levels of radiation, which may
limit its use in preterm infants [16–19]. Movement artifacts due to the infants’ propensity to
move during scans can compromise the accuracy and precision of measurements, although
advanced analysis techniques have been developed to address these issues [18]. Addition-
ally, DXA is known to overestimate fat content, showing poor agreement with methods like
ADP and isotope dilution, leading to inconsistent results [16,17,19]. The accuracy of DXA
is also affected by technical and operator variability, with significant differences observed
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due to varying skills and software used for analysis [20]. Moreover, DXA’s validation for
use in preterm infants is limited, and its results may not be directly comparable to other
validated methods [17,21]. Finally, the high cost and limited availability of DXA machines
in clinical settings further restrict their routine use for body composition assessment in the
preterm population [22].

Bioelectrical impedance analysis (BIA): BIA is a valuable tool for assessing body com-
position in preterm infants by measuring resistance and reactance to estimate total body
water (TBW) and FFM [23–25]. It is non-invasive, portable, cost-effective, and particularly
useful in NICUs for monitoring fluid and nutritional status [23–25]. BIA has been vali-
dated against reference methods such as deuterium and bromide dilution, showing good
correlation with TBW and extracellular water but with notable biases and wide limits of
agreement [23,26]. However, its accuracy is influenced by several factors, including the
need for specific resistivity coefficients, electrode positioning, and the dynamic nature of
body composition in preterm infants [23,24,27]. The lack of standardized protocols for
electrode placement and hydration status further complicates its reliability. Validation
studies comparing BIA to ADP (PEA POD) demonstrate improved prediction accuracy in
older infants but not significantly in those younger than three months [23,26]. This limita-
tion is likely related to the dynamic changes in body water content in early life. Though
BIA provides practical advantages for body composition assessment in preterm infants, its
clinical utility is limited by methodological challenges, necessitating further validation and
standardization for broader applications.

Isotope dilution techniques: Isotope dilution techniques are a validated and reliable
method for assessing body composition in preterm infants. This method involves adminis-
tering a known quantity of a stable isotope, such as deuterium oxide (D2O) or oxygen-18
(18O), and measuring its dilution in body fluids like saliva or urine to estimate TBW. The
TBW measurement is then used to calculate FFM and FM using established hydration
constants. Isotope dilution is considered the gold standard for measuring TBW, having
been validated against other methods such as ADP and DXA [17,28,29]. The technique is
non-invasive and safe, making it suitable for medically fragile populations, and it avoids
ionizing radiation, allowing for repeated measurements [13,17]. However, it requires spe-
cialized equipment and expertise, which can be costly and time-consuming. Additionally,
the accuracy of the method can be influenced by the infant’s hydration status, necessitating
careful control [10,13,17]. While isotope dilution techniques offer significant advantages
in terms of safety and precision and are often used in research, they are less practical for
routine clinical use due to their complexity and cost.

Magnetic resonance imaging (MRI): MRI is a sophisticated tool for assessing body
composition in preterm infants, offering detailed images of regional fat distribution and
organ size without the use of ionizing radiation, making it safe for repeated use [10,30–33].
MRI’s high-resolution capabilities allow for precise quantification of various tissue types,
such as lean body mass, adipose tissue, and brown adipose tissue, and enable the assess-
ment of regional body composition to better understand growth patterns and nutritional
needs [10,30–33]. Techniques such as the 2-Point Dixon and free-breathing radial sequences
are employed to create fat and water images, which are then analyzed to quantify tissue
types. These methods have been validated in studies demonstrating high correlation with
body weight and good repeatability for adiposity measurements [10,30,31]. However, MRI
is limited by its high cost and the need for specialized equipment and personnel. The
requirement for infants to remain still during scans can be challenging, often necessitating
sedation or other protocols to reduce motion artifacts. MRI is a feasible, accurate, and repeat-
able method for assessing body composition in preterm infants, with significant advantages
in detail and safety, but it is limited by practical and logistical challenges [10,13,31,32].
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Ultrasound: Ultrasound techniques are increasingly utilized for assessing body com-
position in preterm infants due to their non-invasive nature and practicality in clinical
settings. This method employs high-frequency sound waves to capture detailed images of
soft tissue structures, focusing on measuring subcutaneous fat and muscle thickness at vari-
ous anatomical sites such as the biceps, triceps, subscapular, and abdominal regions. These
measurements can be performed at bedside, making them particularly suitable for fragile
preterm infants in NICUs [34,35]. Studies have validated the reliability and reproducibility
of ultrasound in measuring subcutaneous fat and muscle thickness. For example, Buck
et al. demonstrated high inter-rater and intra-rater reliability, with intraclass correlation
coefficients ranging from 85.8 to 99.9 for subcutaneous fat measurements in very preterm
infants [34]. Additionally, McLeod et al. found ultrasound effective in detecting influences
of macronutrient intake on tissue accretion rates, highlighting its clinical utility [35]. Advan-
tages of ultrasound include its non-invasive, portable nature, absence of ionizing radiation,
and cost-effectiveness compared to other imaging modalities like MRI and DXA [22,34,35].
However, limitations include the need for trained personnel and standardized protocols,
as variability in measurement techniques can impact the consistency of results. Moreover,
ultrasound may not provide comprehensive whole-body composition data as accurately as
other methods [22,36].

Anthropometric measurement equations: Estimating body composition in preterm
infants using anthropometric measurements is an important aspect of neonatal care, yet
its reliability varies across different methods. Routine anthropometric measures, such as
weight and length indices, are traditionally employed but often fail to accurately reflect
body composition in preterm infants due to their unique growth patterns. Ramel et al.
highlighted that while body weight without length adjustment strongly correlates with
FFM, weight/length indices do not reliably indicate %BF in preterm infants near birth
(R2 = 0.97 for FFM) [37]. Similarly, studies like the INTERGROWTH-21st project have found
that simple anthropometric ratios are inadequate for predicting neonatal body composition,
necessitating more sophisticated techniques [38]. Upper arm anthropometry, including
mid-upper arm circumference (MUAC), has also been assessed but with inconsistent
results. Pereira-da-Silva et al. demonstrated that upper arm measures are not valid
predictors of regional body composition, showing poor correlation with MRI-measured
cross-sectional arm areas (r2 < 0.56) [39]. Conversely, mid-arm circumference (MAC) has
been identified as a more reliable and cost-effective measure for monitoring body fat
deposition, accounting for 60.4% of the variability in %BF by ADP [40]. A systematic
review by Yumani et al. concluded that conventional anthropometric measures, including
weight and length indices, body circumferences, and skinfold thickness, are inadequate
for representing body composition in preterm infants [17]. They suggested that advanced
methods like ADP, DXA, and isotope dilution provide more trustworthy assessments,
though results may not always be comparable [17]. While mid-arm circumference offers
a practical approach for estimating body composition in preterm infants, other routine
anthropometric measurements are less reliable. The integration of simple anthropometric
methods with advanced techniques could enhance the accuracy and reliability of body
composition assessments in preterm infants.

4. Impact of Postnatal Nutrition on Body Composition
Given the strong association between FFM and neurodevelopmental outcomes in

preterm infants, [3–6] the question arises: how can FFM growth be increased in this
population? Nutrition provision is a modifiable factor, and numerous studies have explored
the relationship between nutrition and body composition in preterm infants. Research
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has primarily focused on several key areas: parenteral nutrition (PN), enteral feeding—
including the use of human milk and its fortification—and post-discharge nutritional care.

PN is frequently initiated immediately for the smallest and youngest preterm infants
and is continued until they achieve enteral autonomy [41]. However, the duration of
PN has been shown to negatively correlate with FFM z-scores at term corrected age, as
indicated by a case-control study [42]. Liotto et al. examined the transition from parenteral
to enteral nutrition, finding that VLBW infants with higher weight growth velocity during
this transition received greater parenteral protein intake and subsequently had a higher
percentage of FFM at term corrected age [43]. The Nutritional Evaluation and Optimization
in Neonates (NEON) trial explored the effects of amino acid provision and found no
significant difference in FFM between infants receiving higher versus lower amino acid
doses [44]. However, there was a significant interaction effect with lipid emulsion. The
investigators concluded that immediate high-dose amino acid provision offers no benefit
and may pose potential harm. This suggests that while immediate high doses of amino
acids are not advantageous, maintaining higher protein provision during the transition
from PN to enteral feeding could enhance FFM outcomes.

Additionally, a secondary analysis from the NEON trial revealed that infants pre-
dominantly fed formula had higher non-adipose tissue mass at term age compared to
those exclusively fed human milk, even after adjusting for total nutritional intake [45].
The authors have explained that unfortified human milk has a lower protein:energy ratio
than preterm formula and this may explain the lower non-adipose tissue in the breastfed
compared with formula-fed infants [45]. Conversely, a study of 379 NICU infants assessing
growth, body composition via ADP, and neurodevelopmental outcomes found that human
milk feeding at discharge was significantly associated with higher FFM z-scores [46]. A
pilot study also suggested that a higher proportion of donor to parental human milk intake
was negatively associated with BF% in VLBW infants [47]. These findings emphasize the im-
portance of tailored nutritional strategies in supporting the growth and body composition
of preterm infants.

Research indicates that protein intake and its ratio with carbohydrate and energy
provision play crucial roles in the growth and body composition of preterm infants. In
a study involving 50 preterm infants born before 32 weeks gestational age, it was found
that the protein to carbohydrate ratio was a significant predictor of FFM at 34–37 weeks
corrected age, even after adjusting for factors such as birth weight, birth weight z-score,
and postmenstrual age [48]. Similarly, Ramel et al. demonstrated that increased energy
and protein intake during the first week after birth, as well as sustained protein intake
throughout NICU hospitalization, were linked to higher FFM z-scores at discharge in
a cohort of 103 VLBW infants [8]. Additionally, a study of 141 preterm infants born
before 35 weeks gestational age showed that a higher protein to energy ratio at days
10 and 21 was significantly associated with a reduced risk of FFM deficit [49]. These
findings underscore the importance of optimizing early and sustained protein and energy
intake in the nutritional management of preterm infants to promote healthy growth and
development. According to the American Society for Parenteral and Enteral Nutrition,
a protein to energy ratio of 3.0 to 3.5 g/100 kcal is recommended for preterm infants to
support adequate growth and body composition [50].

One limitation of many studies examining the nutritional effects of human milk
fortification is the lack of direct human milk analysis, with many relying on assumed
macronutrient values based on published averages. This can lead to inaccuracies because
human milk is a complex and variable biological system, and its composition can fluctuate
significantly [51]. Although human milk is the preferred source of nutrition for preterm
infants, treating it as a homogenous nutritional product in studies may overlook the
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complex interplay of various components such as microbiota, xenobiotics, hormones, and
immune factors [52]. For instance, a study involving 82 very preterm infants found no
difference in body composition at term corrected age when analyzing their exposure to
different concentrations of human milk oligosaccharides, suggesting that these complex
interactions may influence study outcomes [53].

Fortification is added to human milk to provide additional nutrients, such as protein,
calcium, phosphorus, and sodium, to create a more complete nutritional source for preterm
infants that better mimics intrauterine provision [41]. There is significant inter-center
variability in feeding protocols. The “IMPACT” trial (Increased Milk Protein to Accrue
Critical Tissue) by Salas et al. randomized extremely preterm infants to receive either an
unfortified human milk diet or a human milk-based fortification starting on the second
day of life [54]. At the study’s endpoint, the FFM z-score was higher in the intervention
group, although the difference did not reach statistical significance. Other anthropometric
markers of growth were improved in the intervention group. It is possible that if all study
subjects had been able to undergo body composition measurements—since the use of ADP
was limited by respiratory contraindications—the difference in FFM might have achieved
statistical significance [55]. Other studies have conducted direct human milk analysis to
evaluate different milk fortification strategies and their impact on body composition in
preterm infants. A small study found that VLBW infants receiving targeted individualized
human milk fortification, as opposed to standard fortification, had higher FFM and flank
skin fold thickness at 37 weeks corrected age or prior to discharge [56]. A randomized
controlled trial involving 40 infants compared standard and targeted human milk fortifi-
cation strategies using bovine multi-component milk and modular nutrient supplements,
found no statistically significant difference in BF% or weight between the groups [57].
Similarly, another study involving 60 preterm infants born before 32 weeks gestational age,
randomized to standard or individualized fortification, did not find a difference in body
composition at 40 weeks or at four months corrected age [58]. Additionally, Piemontese
et al. evaluated the impact of human milk on body composition, taking into account the
variability in macronutrient content [59]. In this study, 73 VLBW infants received either
parental or donor milk that was target fortified with bovine multicomponent and modular
nutrient fortifiers after analysis. It was found that being fed human milk constituting 50%
or more of total milk intake was associated with an increase in FFM percentage at term
corrected age [59].

Multiple studies have examined the body composition of former preterm infants in the
first year of life following NICU discharge [60,61]. Some of these studies have compared
the use of preterm formula versus term formula as post-discharge nutrition [62,63]. For
instance, the 2012 study by Roggero et al. found that appropriate-for-gestational-age former
preterm infants who were randomized to receive preterm (nutrient-enriched) formula after
NICU discharge exhibited increased FFM. However, it is important to note that some
of these older studies may not fully reflect current growth patterns, as there have been
concurrent changes in NICU care practices over the years [64,65].

5. Sex Differences in Body Composition
Sexual dimorphism in body composition is a well-documented phenomenon in adults,

with distinct patterns of fat distribution linked to health outcomes such as diabetes [66].
In adults, women typically have more subcutaneous fat, while men have more visceral
fat, which is associated with higher diabetes risk [66]. Hence, paying attention to body
composition in both sexes has health implications. Let us examine whether similar sex
differences exist in the body composition of term and preterm infants and how current
nutritional practices might influence these differences.
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Intrauterine body composition studies using MRI have revealed significant sexual di-
morphism between 30–36 weeks of gestation. Males were found to have higher body mass,
FFM, and FFM%, while females showed a higher FM% [67]. These findings underscore
the importance of considering sex-specific growth trajectories during prenatal assessments.
The Multicenter Infant Body Composition Reference Study (MIBCRS) further supports
these findings in infants from birth to 24 months, noting higher FM indices and lower FFM
indices in female infants [68]. This study reinforced the intrauterine body composition
results of sexual dimorphism in term infants. The body composition of preterm infants
is also specific to their sex. The INTERGROWTH-21st study reported higher FM% in
female preterm infants compared to males, with males having more FFM [38]. Female
infants had more significant skin fold thickness measurements and larger central to total
skinfold ratio (CTS) values in every gestational age group, with significant differences from
35 weeks gestation onwards. The CTS ratio is used to index the central pattern of adiposity
distribution, especially in the thoracic and abdominal subcutaneous fat [69]. These studies
highlight that even preterm infants exhibit adult-like patterns of fat distribution at birth.

Preterm infants’ body composition at corrected term gestation differs significantly
from term infants, often showing higher total body fat and less FFM indicating altered
growth patterns [2]. MRI studies have shown that extremely preterm infants have less
subcutaneous adipose tissue and increased intra-abdominal fat, which is linked to insulin
resistance [70]. Nutrition plays a crucial role in the development of body composition in
preterm infants. A prospective cohort study found that preterm infants fed their mother’s
own milk (MOM) had an FM% similar to term infants, whereas those fed formula had a
higher FM% [71]. This suggests that sex-specific nutrition might be beneficial, as MOM
is naturally tailored to the infant’s sex, unlike formula. Further studies confirm that sex-
specific differences in body composition, such as higher FM% in female term infants, are
not observed in preterm infants fed formula [72]. This lack of differentiation suggests that
unisex nutritional approaches may not adequately support the distinct growth needs of
preterm infants [73]. The reasons for these sex differences are not fully understood but may
involve hormonal factors like fetal testosterone production.

6. Impact of Body Composition on Long-Term Clinical Outcomes
While the promotion of adequate growth across all anthropometric measurements is

a primary goal of neonatal nutrition support, ensuring appropriate body composition is
equally important. Preterm infants are likely to undergo significant physiological changes
during NICU hospitalization, affecting body composition, including the proportions of
FM and FFM. Given that various nutritional and non-nutritional clinical interventions can
influence growth, clinicians must carefully consider the implications of these interventions
on the resulting body composition.

The relationship between neonatal body composition and longitudinal outcomes con-
tinues to be a focus of research. Increased accrual of FFM, which includes lean body mass,
is suggested as a crude surrogate indicator of proper organ and tissue development in the
neonatal period. For example, in extremely low birth weight (ELBW) infants, increased
FFM but lower FM z-scores for age, as measured by ADP, have been associated with larger
physical brain size [3]. Increasing FFM during NICU hospitalization for VLBW infants
has been linked to improved cognitive and motor scores on the Bayley Scales of Infant
Development at one-year corrected age, even after adjusting for birth size, age, and clinical
factors [5,8]. Similarly, in a cohort of infants born before 32 weeks gestation or with VLBW,
higher increases in FM, FFM, and BF% from 32 to 37 weeks gestational age were associated
with lower odds of developing retinopathy of prematurity at stages greater than two [74].
Notably, while relationships between increased FM gain and neurocognitive benefits were
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not observed [5,8], suggesting that increasing adipose tissue beyond normal proportions
relative to FFM accrual during the neonatal period does not confer neurocognitive advan-
tages, data from a cohort of infants born before 35 weeks gestational age indicated that
gains in BF% from term to 3–4 months corrected age were associated with lower memory
performance at 4 years of age [75]. These findings underscore the significance of body
composition and highlight the time sensitivity of such changes in early life, emphasizing
the potential long-term cognitive implications of altered adiposity in preterm infants.

Current knowledge regarding early neonatal nutrition and body composition suggests
that these factors also contribute to programming for body composition and function in
later life. For example, a study of infants born before 32 weeks gestation or with VLBW
identified a relationship between FFM within the first 3 months of corrected age and
FFM at 4–7 years of age [7]. Additionally, data have shown lower lean body mass and
height in adults who were born with VLBW [76]. However, increased early neonatal
protein provision in VLBW infants has been associated with greater adult FFM and a higher
resulting metabolic rate [77].

More data are being collected to understand the distribution of adipose tissue in
preterm versus term-born infants and the relationship between overall neonatal body
composition and later cardiometabolic health. For instance, among infants born before
32 weeks gestation or with VLBW, higher FM gain from term to 4 months corrected age
has been positively associated with blood pressure at 4 years of age [6]. Browning of white
adipose tissue and adaptation to respond to oxidative stress is known to play a role in
critical illness in adults, but this physiology or potential mechanism is not yet described
in critically ill preterm infants [78]. Future studies will not only examine birth weight or
weight gain trajectories during NICU hospitalization but also body composition and its later
effects on glucose metabolism, blood lipid concentrations, and cardiovascular function.

7. Body Composition Data for Optimizing Nutrition for Preterm Infants
The nutritional management of VLBW and preterm infants is a critical component

of care during NICU hospitalization and continues to be important post-discharge. The
use of body composition data, specifically measurements of FFM and FM, has become
increasingly valuable in guiding nutritional interventions that enhance individualized care
and improve long-term outcomes for these infants.

In the NICU, traditional measures such as weight and length do not differentiate
between FFM and FM. Body composition measurements provide a more accurate assess-
ment of FFM and FM, which can help to optimize nutritional strategies. For instance,
increased energy and protein intake during hospitalization are associated with higher FFM
at discharge, which is vital for organ growth and neurodevelopment in preterm infants.
Monitoring body composition allows for adjustment of macronutrient intake, ensuring that
infants receive adequate protein and energy to support FFM accretion without excessive fat
gain [8,48]. The frequency of body composition monitoring is vital for timely nutritional
adjustments aimed at promoting FFM accretion while minimizing excessive fat gain. Stud-
ies suggest that monitoring every 2–4 weeks is effective in detecting significant changes
in body composition, allowing for timely adjustments in nutritional interventions [79].
Frequent monitoring supports clinicians in adjusting macronutrient intake, particularly
protein and energy, to support optimal growth and development [80].

Post-NICU discharge, individualized nutritional strategies can continue to be informed
by body composition data. Feeding preterm infants with protein- and mineral-enriched
post-discharge formulas has been shown to improve lean mass and bone mineral content
compared to standard term formulas [81]. Furthermore, body composition data can help
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identify infants at risk of postnatal growth faltering and guide the use of fortified human
milk or specialized formulas to support enhanced growth and neurodevelopment [82].

While protein-enriched formulas are effective in promoting lean mass accretion and
improving growth parameters [83], they can also lead to gastrointestinal disturbances
such as increased frequency of spit-ups and softer stool consistency [84,85]. Additionally,
there is a potential risk of metabolic burden associated with protein overprovision, which
can lead to long-term issues such as insulin resistance and obesity [86,87]. The use of
high-quality protein formulas, which include components like alpha-lactalbumin and
partially hydrolyzed whey, can mitigate some of these risks by improving protein quality
and reducing the overall protein intake required [84].

Incorporating body composition data into the nutritional management of preterm in-
fants enables precise and individualized care, improving short-term growth and long-term
health outcomes by tailoring interventions based on body composition. As research ad-
vances, this approach will likely become a standard component of neonatal care, promoting
optimal growth, neurodevelopment, and minimizing adverse metabolic risks.

8. Routine Clinical Use of Body Composition Strategies for
Individualized Care in NICU

The integration of body composition strategies into NICUs for preterm infants is an
emerging focus aimed at enhancing individualized care and precision nutrition. To ad-
dress this, advanced body composition assessment methods, including ADP, bioelectrical
impedance analysis, and skinfold measurements, have been explored for their clinical
utility in preterm infants. We have described the implementation process for routine
body composition using ADP into routine NICU clinical practice previously [88]. These
techniques provide more precise insights into the nutritional status and growth patterns
important for optimizing neurodevelopmental and metabolic outcomes [88–91]. Despite
the potential benefits, routine clinical adoption of these methods remains limited due to
challenges such as the need for standardized protocols and additional workload [79,88,91].
Though body composition strategies offer substantial potential for advancing individu-
alized care and precision nutrition in the NICU, further research and the establishment
of standardized protocols are crucial for their complete integration into routine clinical
practice. By overcoming these challenges, healthcare providers can significantly improve
the quality of care for preterm infants, promoting healthier growth trajectories and better
long-term health outcomes.

9. Future Directions and Addressing Knowledge Gaps in Body
Composition of Preterm Infants

Understanding body composition in preterm infants is vital due to its significant
impact on both immediate and long-term health outcomes. To effectively integrate body
composition assessment into routine care and improve health outcomes, several key re-
search areas and clinical practices must be addressed.

A major challenge is the lack of standardized protocols for body composition assess-
ment across clinical settings. Techniques such as ADP offer valuable insights but require
consistent application and interpretation standards. While increased energy and protein
intake is known to enhance FFM, optimal nutritional strategies for achieving favorable body
composition remain unclear. Research should focus on the effects of different macronutrient
quantities and ratios as well as the timing of nutritional interventions on body composition,
including human milk fortification and specialized formulas post-discharge. This will aid
in developing personalized nutrition plans that support healthy growth trajectories.
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Another critical area is understanding the link between neonatal body composition
and long-term health outcomes like neurodevelopment and metabolic health. Studies
should aim to determine how early body composition affects cognitive and motor develop-
ment and the risk of metabolic disorders later in life. Longitudinal studies tracking body
composition from the neonatal period through adulthood will provide essential insights
into these relationships.

For routine adoption of body composition strategies in NICUs, challenges such as
equipment availability, staff training, and integration of data into electronic health records
must be addressed. Developing cost-effective and user-friendly technologies for body
composition assessment will facilitate their widespread use. Additionally, educational
programs for clinicians on data interpretation and application will enhance clinical utility.

Beyond nutrition, factors such as medical interventions, maternal health, and genetic
predispositions may influence body composition in preterm infants. Further research is
needed to understand these influences and their interaction with nutritional strategies on
growth and development. Future studies should also consider the moderating effects of
concurrent medical interventions and baseline demographic variables and exposures, such
as maternal hypertension or diabetes, and intrauterine growth restriction, which impact
outcomes. Sex differences in body composition from the intrauterine period through infancy
influence nutritional strategies for preterm infants. Current unisex nutritional practices
may not be optimal, highlighting the need for sex-specific nutritional requirements to
support healthy growth and development. Research limitations include issues such as
attrition, feasibility or contraindications to body composition measurement in clinical
care, and standardization of results to reference trajectories accounting for gestational
age and sex differences. Addressing these areas will enhance our understanding of body
composition’s role in the health and development of preterm infants, leading to more
effective interventions and improved long-term health outcomes.

10. Conclusions
Advancing body composition strategies in the care of preterm infants promises signifi-

cant improvements in individualized care and precision nutrition. Addressing knowledge
gaps through targeted research and standardized protocol development will empower
healthcare providers to enhance care quality. Integrating body composition assessments
into routine practice will better support the growth and development of preterm infants,
ultimately leading to healthier outcomes throughout their lives. As the field advances,
these strategies are likely to become integral to neonatal care, promoting optimal growth
and minimizing long-term health risks.
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