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Background: In standard fortification of human milk (HM), the HM
macronutrient content is assumed, and a fixed amount of a multinutrient fortifier
is added to achieve recommended nutrient intakes. In target fortification, the HM
macronutrient content is regularly measured, guiding the addition of modular
macronutrient supplements to the fortified HM, to achieve the nutritional targets
more precisely. Objective: The study aimed to investigate whether this addition of
modular supplements, unaccompanied by mineral supplementation, predispose to
metabolic bone disease (MBD). Methods: This is a secondary analysis of a larger
study of infants born with <33 weeks gestational age. Fortifications based on
the assumed (Group 1) or measured (Group 2) of the HM macronutrient content
were compared, using low serum phosphate levels as an indicator of MBD,
and length growth as a surrogate of bone growth. Results: Eighty-four infants
were included, 35 in Group 1 and 49 in Group 2. During the exposure period,
infants of Group 2 received higher mean fat (6.1 vs. 5.3 g/kg/day, P < 0.001)
and carbohydrate (13.0 vs. 11.7 g/kg/day, P < 0.001) intakes; in addition, they
exhibited lower mean serum phosphate (5.5 vs. 6.0 mg/dL, P = 0.022) and faster
mean length velocity (1.06 vs. 0.89 cm/week, P = 0.003). Conclusions: These
findings suggest that feeding fortified HM with extra fat and carbohydrate content,
unaccompanied by mineral supplementation, promotes increased bone growth,
as indicated by accelerated length growth, but with insufficiently mineralized
osteoid, indicated by low serum phosphate levels. Intervention studies using direct
biomarkers of bone mass content and mineral density are necessary to corroborate
our findings.

Keyworbps: Bone mineralization, human milk fortification, length growth,
metabolic bone disease, preterm infants, target fortification
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INTRODUCTION
steomalacia is a form of metabolic
bone disease (MBD) of prematurity,

characterized by deficient mineralization of bone
matrix (osteoid).’] Risk factors for MBD include
the absence of mechanical stimulation and the use of
systemic.!"*7 Bronchopulmonary dysplasia, severe forms
of necrotizing enterocolitis, and cholestasis are preterm
comorbidities that have been associated with MBD.B7:8

Preterm infants are susceptible to MBD, and they
require a balanced supply of energy and macronutrients
for osteoid synthesis, as well as minerals for osteoid
mineralization.”'”)  Indeed, the nutrients involved
in growth and bone mineralization have a complex
interrelationship, as their effects on these processes
are interconnected and interdependent.'l The basic
approach to prevent MDP of prematurity is the provision
of high amounts of minerals and an adequate amount of
Vitamin D.["?!

Human milk (HM) alone is insufficient to meet the
high nutritional requirements of growing preterm
infants. Therefore, the supplementation of HM with
multinutrient fortifiers is necessary to provide adequate
nutrition to these infants.'¥! For this purpose, fortifiers
are formulated to provide additional nutrients to enhance
growth, including minerals essential for bone health.!!4!*
The method of HM fortification can impact the growth
of preterm infants.' In “standard fortification,” the
macronutrient content of HM is assumed, and a fixed
amount of HM multinutrient fortifier is added to achieve
recommended nutrient targets.') On the other hand,
“target fortification” involves regularly measuring the
macronutrient content of HM, which then guides the
addition of modular macronutrient supplements to
fortified HM. This approach allows for a more precise
and accurate achievement of the desired nutrient
targets.['*!* In this regard, studies have reported that
target fortification provides higher energy intake and
supports better overall growth, particularly length
growth, compared to fortification based on assumed HM
macronutrient content,!¢18!

Length growth is considered a surrogate marker of
skeletal growth and reflects bone nutrition in infants.!'”]
Therefore, monitoring linear growth can provide valuable
insights into the overall bone health and nutritional
status of preterm infants.

Low phosphate and elevated alkaline phosphatase serum
levels are commonly used biochemical markers for
screening of MBD of prematurity,?” although resorting
to reference imaging methods is needed for diagnostic
accuracy.?!!

Based on previous reports, we hypothesize that the provision
of additional energy and macronutrients through modular
macronutrient supplementation of fortified HM, without
individualized mineral supplementation,!'>?? predispose to
the accumulation of compromised mineralized osteoid.['>**]

This study aimed to investigate the variations in bone
mineralization and bone growth among preterm infants
who are fed fortified HM. It compared two approaches
to HM fortification: one based on assumed HM
macronutrient content and the other based on measured
HM macronutrient content. The two approaches
were anticipated to result in different levels of extra
energy and macronutrient intake. By examining these
differences, the study sought to understand the impact
of fortification methods on bone health and growth
outcomes in preterm infants.

METHODS
Study design, setting, and recruitment

This entails a post hoc secondary analysis within a
mixed-cohort study conducted at the maternity ward
of a tertiary university hospital. The STROBE reported
guidelines were followed.

A comparison of the effects on growth between
two methods of HM fortification in infants born
appropriate-for-gestational age at <33 weeks of gestation
was conducted. In Group 1, HM was fortified based
on assumed HM macronutrient content, whereas in
Group 2, HM was fortified based on measured HM
macronutrient content.!'®!

For this secondary analysis, infants who had serum
and/or urine measurements of calcium, phosphate, and
alkaline phosphatase, as biochemical markers of MBD,
were initially eligible. However, on conducting an
exploratory search, it was found that serum phosphate
was the only marker that had been measured consistently.
Therefore, only infants who had their serum phosphate
measured during fortified HM feeding, defined as the
exposure period, were included in this analysis.

Ethics statement

This post hoc secondary analysis, nested within a
mixed-cohort study, was approved by the hospital
ethics committee (Nr 558/2018). The recruitment of
participants in this study required the written informed
consent from the parents or legal representatives of the
infants.

Nutritional support

The same institutional protocol, following international
and national guidelines for parenteral and enteral
nutrition, was used in both groups as thoroughly
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explained elsewhere.['®?4  Briefly, both fortification
methods started with “standard fortification,” by
adding a predetermined dose of multinutrient fortifier
to HM (4.4 g/100 mL). The same multinutrient HM
fortifier (Aptamil FMS; Danone GmbH, Friedrichsdorf,
Germany) was utilized, containing the following
nutrient composition per 1 g of powder: 3.47 kcal of
total energy, 0.25 g of protein, 0.62 g of carbohydrates,
19.41 mg of calcium, 8.72 mg of phosphorus, and
1.15 mg of magnesium. The consistent use of this
fortifier ensured that the additional nutrients provided to
infants through fortified HM were standardized across
both groups. In addition, further adjustments to desired
nutrient intakes were left to the clinical discretion
of physicians. In Group 1, the addition of modular
macronutrient supplements to fortified HM was based
on assumed HM macronutrient content as reported in
the literature.”™ In Group 2, the addition of modular
macronutrient supplements to fortified HM was guided by
the measured macronutrient content of the administered
HM. To guide this procedure, HM samples that included
both mothers’ own milk (MOM) and donor HM (DHM)
were subjected to macronutrient content analysis using a
real-time HM analyzer (Miris AB, Uppsala, Sweden).!®
Therefore, whenever necessary the targets recommended
by the ESPGHAN 2010 guidelines®! were reached by
adding modular protein (Aptamil Protein Supplement;
Danone GmbH, Friedrichsdorf, Germany) containing
3.38 kcal of total energy and 0.821 g of protein per 1 g
of powder and/or modular fat, through medium chain
fatty acids (MCT Oil; Danone, GmbH, Friedrichsdorf,
Germany) containing energy of 8.6 kcal and 0.95 g of
fat per 1 mL, were added to fortified HM as previously
described.!"®

Data on energy, protein, protein-to-energy ratio (PER),
fat, and carbohydrate intakes were retrieved from the
principal cohort study.!'®!

Estimates for calcium, phosphorus, and magnesium
intakes were retrospectively calculated from the
recorded volumes of administered MOM and DHM as
well as the amounts of added HM fortifier. The average
mineral content previously reported in preterm HM (for
MOM) and term HM (for DHM)?” was utilized. In
addition, the mineral content of HM fortifier provided
by the manufacturer was incorporated for the purpose
of calculations in the study. These values were essential
for accurately determining the mineral composition of
fortified HM.

According to the institutional nutrition protocol, infants
in this study received a daily dose of 160 IU/kg of
Vitamin D, during the period of parenteral nutrition.
Once the infants transitioned to full enteral feeding, they

received a daily enteral supplementation of 670 IU of
vitamin D,.

Serum phosphate levels

During the exposure period, serum phosphate levels
were regularly monitored and measured. Two different
cutoff points were used to define hypophosphatemia:
<5.6 mg/dL and <3.72 mg/dL, as previously
documented.”"! These cutoff values were utilized to
identify and classify individuals with lower-than-normal
serum  phosphate  levels, indicating  potential
hypophosphatemia.

Length growth

Length growth data were retrieved for the
contemporary cohort, from a previous mixed-cohort
study, in which accurate measurements were
assured.!'®?4 Specifically, measurements were conducted
by the same observer (MC) following the recommended
technique.3%  Specifically, the crown-heel length
was measured weekly to the nearest millimeter, using
a rigid length board, with the infant in the supine
position. Two observers participated in measurements:
one holding the infant’s head in the Frankfurt plane
against the fixed headboard and aligned with the trunk,
whereas the other observer (MC) gently pressed the
infant’s knees down, fully extending the lower limbs.
The feet were held vertically at a right angle to the
length board, and the footboard was moved up against
the heels. Consistency was ensured by performing
three consecutive measurements, and the mean value of
these measurements was utilized for the analysis. This
approach helped minimize measurement variability and
enhance the accuracy of the length data obtained in
this study. The mean coefficient of variation, calculated
as the standard deviation (SD) divided by the mean
multiplied by 100, was 0.19.

Length growth was assessed using both differential (A)
length z-scores and length gain velocity.['®]

Statistical analysis

The demographics and clinical characteristics of
infants are presented using frequencies (percentages)
for categorical variables, and mean values with SD
or median and interquartile range (25" percentile—
75™ percentile) for continuous variables, as appropriate.
Differences between groups were assessed using tests,
such as the independent sample #-test, Mann—Whitney
U-test, Chi-squared test, or Fisher’s exact test, as
determined suitable for the specific comparisons.
A significance level (o) of 0.05 was used to establish
statistical significance. Data analysis was performed
using SPSS version 29 software (SPSS Inc., Chicago,
IL, USA).
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REsuLTS

Demographic data

Out of the 115 participants from the principal cohort
study,'® a total of 84 individuals who had serum
phosphate measured during the exposure period were
included in this study, 35 individuals in Group 1 and 49
individuals in Group 2.

The demographic data of included participants are
shown in Table 1. Infants of Group 2 were significantly
shorter and exhibited smaller head circumference at
birth, compared to Group 1. There were no significant
differences between groups in the prevalence of
bronchopulmonary dysplasia or the use of postnatal
steroids. There were no cases of necrotizing enterocolitis
or cholestasis in either group.

Exposure period

In Group 1, the median postnatal age (P,;; P.) at the
beginning of the exposure period was 11.0 (9.0; 13.0)
days, which corresponds to a median of 1.6 (1.3; 1.9)
weeks. The median postnatal age at the end of the
exposure period was 37.0 (23.0; 50.0) days, which

corresponds to a median of 5.0 (4.95; 5.24) weeks.

In Group 2, the median postnatal age (P,,; P.,) at the
beginning of the exposure period was 12.0 (9.0; 14.0)
days, which corresponds to a median of 1.7 (1.29;
2.0) weeks. The median postnatal age at the end of
the exposure period was 35.0 (29.0; 49.0) days, which

corresponds to a median of 5.1 (4.86; 5.2) weeks.

Nutrient intakes during the exposure period
The mean total PER, fat, and
carbohydrate median  calcium,

energy, protein,
intakes, and the

Table 1: The demographic and clinical characteristics of
infants included on the post hoc analysis
Group 1 Group 2 P
(n=35) (n=49)
29.5(1.94) 29.5(2.20) 0.845

Gestational age (weeks),
mean (SD)

Females, n (%) 15(42.9) 22(449) 0.853
Twins, n (%) 11 (31.4) 21(429) 0.288
Birth weight Z-score, mean (SD) —0.06 (0.78) —0.21 (0.63) 0.344
Birth length Z-score, mean (SD) —0.21(0.77) —1.08 (0.70) <0.001
Birth HC Z-score, mean (SD) —0.52(1.05) —1.58 (0.77) <0.001

Prenatal steroids, n (%) 34(97.1) 45(91.8) 0.396
SNAPPE II severity index 10 (0-22) 10(1-27) 0.538
Bronchopulmonary dysplasia, 3 (8.6) 6(12.2) 0.729
n (%)

Postnatal steroids, n (%) 0 4(8.2) 0.137

Student’s z-test, Chi-square test, Fisher’s exact test, median test,

or Mann—Whitney test as appropriate. HC - Head circumference;
SNAPPE - Score for neonatal acute physiology perinatal extension;
SD - Standard deviation

phosphorus, and magnesium intakes fell within the
ranges recommended in the updated ESPGHAN 2022
guidelines.["’]

To account for missing nutrient intake values, the
average of the weekly mean values recorded was
calculated and compared between groups. No significant
differences were observed in nutrient intakes, except
for significantly higher fat and carbohydrate intakes
in Group 2, as indicated in Table 2. Data on the
energy and macronutrients content in HM (MOM and
DHM) during the exposure period, as well as the daily
protein and fat intake provided by modular protein
and fat supplements during the exposure period, are
provided in Tables 1 and 2, respectively. In Group 2,
HM was significantly denser in carbohydrates and
fat [Table 1], and modular fat supplementation had
provided significantly higher daily fat intake, compared
with Group 1 [Table 2].

Serum phosphate levels

To cover the entire exposure period in both groups, all
serum phosphate measurements between the 2™ and
5" postnatal weeks were considered, provided that the
infants were still fed fortified HM. The mean serum
phosphate value for each week was calculated per
participant.

Among the 84 participants included in the study, 142
serum phosphate measurements were obtained during
the exposure period. Out of these measurements, 52
were from Group 1 and 90 were from in Group 2.

The mean (SD) serum phosphate levels were found
to be significantly lower in Group 2 (n = 49) than in
Group 1 (n = 35): 6.0 (0.9) mg/dL vs. 5.5 (0.9) mg/dL,
P =0.022.

Table 3  presents the comparison between
groups of the prevalence of hypophosphatemia
during the exposure period, using the cutoff

points <5.6 mg/dL or <3.72 mg/dL. It is important
to note that during the total exposure period, some
participants may have experienced hypophosphatemia
on multiple occasions. Therefore, the prevalence stated
for the total period may be less than the sum of cases
reported in all weeks [Table 3].

Although no significant differences were found in the
prevalence of hypophosphatemia between the two
groups, there was weak evidence (P = 0.051) suggesting
a higher prevalence in Group 2, during week 3, using
the cutoff <5.6 mg/dL, as shown in Table 3.

Length growth
The analysis of length growth included the period from
birth to discharge, including the periods before and after
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Table 2: Daily energy, protein, protein-to-energy ratio, fat, carbohydrate, calcium, phosphorus, and magnesium intake
during the exposure period

Daily nutrient intakes Group 1 (n=35) Group 2 (n=49) P

Total energy (kcal/kg), mean (SD) 117.1 (15.2) 121.6 (10.1) 0.130
Protein (g/kg), mean (SD) 3.9(0.5) 4.0 (0.4) 0.297
PER (g/100 kcal), mean (SD) 3.4 (0.6) 3.3(0.3) 0.357
Fat (g/kg), mean (SD) 5.3(0.9) 6.1 (1.0) <0.001
Carbohydrate (g/kg), mean (SD) 11.7 (1.6) 13.0 (1.2) <0.001
Calcium (mg/kg), median (P,.—P..) 124.6 (91.7-133.0) 120.7 (92.1-128.9) 0.565
Phosphorus (mg/kg), median (P,.—P_)) 72.7 (66.9-79.2) 70.1 (55.7-75.9) 0.060
Magnesium (mg/kg), median (P,—P..) 11.9 (11.2-12.9) 11.6 (9.5-12.4) 0.072

Student’s ¢-test or Mann—Whitney test as appropriate. PER - Protein-to-energy ratio; SD - Standard deviation

Table 3: Prevalence of hypophosphatemia in both
groups, during the exposure period, using serum
phosphate levels <5.6 mg/dL or <3.72 mg/dL as cut-off
points
Week 2 Week3 Week4 Week5S  Total

period

<5.6 mg/dL
Group 1,7 (%) 7(53.8) 4(25.0) 4(30.8) 3(30.0) 14 (40.0)
Group 2, 11 (%) 5(23.8) 16(55.2) 14 (58.3) 7(43.8) 27(55.1)

P 0.139  0.051 0.109  0.683 0.172
<3.72 mg/dL

Group 1, n (%) 0 0 0 0 0

Group 2, n (%) 0 2(69) 1(40) 2(12.5) 4(8.2)

P - 0.531 1.000  0.508 0.137

Chi-square test or Fisher’s exact test, as appropriate

the exposure period. The weeks were defined as follows:
the 1% week comprised 1-10 postnatal days, the 2™ week
comprised 11-17 postnatal days; the 3™ week comprised
18-24 postnatal days; the 4" week comprised 25-31
postnatal days; the 5" week comprised 32-38 postnatal
days; the 6™ week comprised 39—45 postnatal days; the
7" week comprised 46-52 postnatal days; the 8" week
comprised 53-59 postnatal days; the 9" week comprised
60-66 postnatal days; and the 10" week comprised 67—
73 postnatal days.

Accurate length measurements were available for 17 out
of 35 participants in Group 1 and for all 49 participants
in Group 2.

A length z-scores

Differential (A) length z-scores did not differ significantly
between groups during the exposure period [Table 4].
However, infants of Group 2, despite being born
significantly shorter [Table 1], had a significantly smaller
z-score decline from birth to discharge, reflecting a
better linear growth [Table 4].

Length gain velocity
To account for missing length gain velocity
measurements, the average of mean length velocities

recorded in each week, during the exposure period, was
considered for each participant.

During the exposure period, the mean (SD) length gain
velocity was significantly higher in Group 2 (n = 49)
than in Group 1 (n = 17): 0.89 (0.23) cm/week versus
1.06 (0.19) cm/week, P = 0.003.

Due to excessive missing length measurements before
and after the exposure period, it was not possible to
accurately calculate length gain velocity from birth to
discharge.

DiscusSION

In this study, infants of Group 2 receiving fortified HM
with added modular supplements, guided by measured
HM macronutrient content, received significantly higher
fat and carbohydrate intakes, compared with infants
of Group 1 who underwent fortification based on the
assumed HM macronutrient content. Furthermore,
infants of Group 2 exhibited significantly better length
growth, which is indicative of bone growth according to
research.’!! However, they also had significantly lower
levels of serum phosphate, suggesting inadequate bone
mineralization.?! This finding raises the hypothesis that
the fortification method used in Group 2 may promote
bone growth without appropriate mineralization of
osteoid, a condition known as osteomalacia.

The higher fat intake observed in Group 2 was
attributed to the intake of HM denser in fat and to
the higher fat intake provided by the modular MCT
oil supplementation. Both fortification methods used
the same multinutrient fortifier without any modular
carbohydrate  supplement inclusion. The higher
carbohydrate intake in Group 2 can be attributed to the
higher carbohydrate content in HM within this group.

Bone nutrition

Adequate bone nutrition involves providing sufficient
energy and protein to support bone matrix formation
as well as adequate mineral supply to facilitate
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Table 4: Differential (A) length Z-score during the exposure period and from birth to discharge, in both groups

A Length Z-score, median (P, —P._) Group 1 (n=17) Group 2 (n=49) P
From birth to discharge —0.71 (-1.74—0.40) —0.34 (-0.76—0.15) 0.007
During exposure period —0.34 (-0.69—0.14) —0.25 (-0.40—0.05) 0.182

Student’s ¢-test or Mann—Whitney test, as appropriate

mineralization.®'” Tt is recognized that extremely
preterm infants with rapid growth may require higher
calcium and phosphorus intakes compared to infants
with slower growth rates.B?

In preterm infants fed fortified HM, bone mineralization
benefits from currently available HM multinutrient
fortifiers, which contain energy, macronutrients, and
minerals.['*331 However, concerns arise when modular
macronutrient supplements are added to fortified HM
without additional mineral supplementation.

There are some mechanisms that may explain the
association between higher fat and carbohydrate
intakes and better length growth (which reflects bone
growth) in our infants who were fed fortified HM with
added modular supplements. In animal models, it was
found that osteocytes (not osteoblasts) directly build
mineralized bone structures.**! Osteoblasts serve as a
precursor of osteocytes® and fatty acids and glucose
are important energy sources for their function and
differentiation.’ In a longitudinal study of breastfed
term infants, it was found that higher total carbohydrate
concentration in HM was significantly associated with
greater infant length in the first 12 months of life.’®
This is in line with the results of our study, in which
infants of Group 2, who received higher carbohydrate
intake through HM denser in carbohydrates, had better
length growth.

In a cohort study of very preterm infants, it was
reported that fat intake provided during the first four
postnatal weeks was positively associated with bone
mineral content (BMC) at term equivalent age.!'”!
Noteworthy, the effect of dietary fat on bone health is
dependent on the quality of fat consumed. Excessive
intake of saturated fatty acids and n-6 polyunsaturated
fatty acids may promote bone loss and osteoporosis.
Conversely, monounsaturated fatty acids, particularly
linolenic acid and n-3 polyunsaturated fatty acids,
have been found to have beneficial effects on bone
health.B73¥1 In the context of this study, we speculate
that the addition of modular MCT oil to fortified HM
may have provided additional energy resources while
sparing n-3 polyunsaturated fatty acids from HM for
bone metabolism. This hypothesis suggests that the
inclusion of modular MCT oil in the diet of preterm
infants could have contributed to the observed positive
effects on bone growth.

Individualized mineral supplementation, utilizing organic
calcium and phosphate formulations, has been proposed
as a preventive measure against inadequate bone
mineralization in extremely preterm infants®3? and as a
treatment for preterm infants with low serum phosphate
levels.'¥ However, the extent to which individualized
mineral supplementation, in addition to extra energy
and macronutrients during the fortification of HM, can
effectively prevent the rapid growth of insufficiently
mineralized osteoid remains unknown.?

Serum phosphate as a marker of bone

mineralization

Preterm infants are susceptible to MBD, which can
manifest as osteopenia due to a decrease in the organic
bone matrix (osteoid), or osteomalacia resulting from
deficient mineralization and subsequent accumulation
of nonmineralized osteoid.['*! Following preterm birth,
there is evidence of decreased BMC and BMD at term
equivalent age.l'! This reduction may be attributed to
various factors, such as low bone mineral reserves at
birth, limited nutrient intake, and immature endogenous
endocrine system affecting proper utilization of minerals
to match intrauterine bone accretion at equivalent
gestational age.l'! MBD remains silent until significant
demineralization occurs.!'*? Low serum phosphate levels
and elevated serum alkaline phosphatase levels have
been identified as early markers of disrupted mineral
metabolism in preterm infants.I'#2*2!1 These biochemical
markers are recommended to be monitored on a
1-2 week basis starting from 2 to 3 postnatal weeks,
with the frequency depending on the presence of risk
factors for MBD.!!222:40]

In a prospective study of extremely low birth weight
infants, it was found that serum phosphate was
associated with decreased BMD assessed by dual-energy
X-ray absorptiometry (DXA).*! The establishment
of a specific threshold for hypophosphatemia as a
marker of MBD is still pending. In a systematic
review,?!! it was found that a serum phosphate level
equal to or <I.8 mmol/L (5.6 mg/dL) exhibited
a good correlation with DXA measurements,
resulting in a specificity of 96% and a sensitivity
of 50%.*1 The accuracy improves when the serum
phosphate threshold was further lowered to equal to
or <1.2 mmol/L (£3.7 mg/dL), with a specificity of
100%, sensitivity of 33%, positive predictive value
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of 100%, and negative predictive value of 57% when
compared to quantitative ultrasound measurements.**

Length growth as a surrogate of bone growth
Based on published data, we made the assumption that
body length growth could serve as a surrogate marker of
long bone growth in preterm infants.

During infancy, bone growth involves the elongation of
bones, which occurs concurrently with the process of
skeletal maturation.['*44!

In a longitudinal study of preterm infants, a panel of
biochemical markers of collagen and bone turnover was
assessed during the first 10 postnatal weeks.* A positive
correlation between linear growth and N-terminal
propeptide of type III procollagen (P3NP), a marker
of soft-tissue collagen synthesis, was found." These
results suggest that linear growth may be a marker of
osteoid growth. Another prospective study demonstrated
that the growth velocity of femur length in fetuses
between 19 and 34-week gestation was predictive of
skeletal size during childhood at 4 years of age.[*!
Nonetheless, predictive values of bone growth based
on body length or segmental body lengths depend on
various factors, including the individual’s age, the
specific body segment being assessed, the type of
anthropometric and imaging measurement techniques
used, and the presence of soft tissue surrounding the
bone in an anthropometric measurement compared to a
direct bone measurement.B!4748

Study limitations

Several limitations should be acknowledged in this
study. As a post hoc secondary analysis, missing data
may have introduced bias. In addition, while excluding
infants without serum phosphate measurements, the
original sample of the mixed-cohort study was reduced,
and probably underpowered to detect significant
associations of HM fortification methods with either
energy and protein intakes and the prevalence of
hypophosphatemia. Nevertheless, the studied sample
size was powered enough to find significant associations
of HM fortification with extra energy and macronutrients
with better length growth and lower serum phosphate
levels. As the original sample!'® did not specifically
aim for representativeness, the same intention does not
apply to this reduced convenience sample. This post hoc
secondary analysis used surrogate measurements as
markers of bone nutrition, mineralization, and growth,
rather than direct measurements.

CONCLUSIONS

The findings from this exploratory analysis suggest a
hypothesis that the addition of fat and carbohydrate

intakes through fortifying HM, without accompanying
mineral supplementation, may contribute to the
accumulation of insufficiently mineralized osteoid, as
indicated by low serum phosphate levels, despite the
presence of bone growth reflected by length growth.

To further validate this hypothesis and gain a more
comprehensive  understanding of the underlying
mechanisms involved, future intervention studies
incorporating direct biomarkers of bone mass content
and mineral density are warranted.

Acknowledgment

This study is part of a PhD thesis in Clinical Nutrition
of one of the authors (M.C.), at Faculdade de Ciéncias
de Nutricdo e Alimenta¢do da Universidade do Porto,
super-vised by another author (L.P.-d.-S.).

Financial support and sponsorship

This study was partially supported by the Portuguese
Neonatal Society through the grant ID “Nutricia Early
Life Nutrition 2019.”

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Vachharajani AJ, Mathur AM, Rao R, Vachharajani D,
Mathur R. Metabolic bone disease of prematurity. Neoreviews
2009;10:e402-11.

2. Figueras-Aloy J, Alvarez-Dominguez E, Pérez-Fernandez M,
Moretones-Sufiol G, Vidal-Sicart S, Botet-Mussons F. Metabolic
bone disease and bone mineral density in very preterm infants.
J Pediatr 2014;164:499-504.4

3. Mihatsch W, Thome U, Saenz de Pipaon M. Update on
calcium and phosphorus requirements of preterm infants
and recommendations for enteral mineral intake. Nutrients
2021;13:1470.

4. Moreira A, Jacob R, Lavender L, Escaname E. Metabolic bone
disease of prematurity. Neoreviews 2015;16:¢631-41.

5. Ukarapong S, Venkatarayappa SK, Navarrete C, Berkovitz G.
Risk factors of metabolic bone disease of prematurity. Early
Hum Dev 2017;112:29-34.

6. Eliakim A, Litmanovitz I, Nemet D. The role of exercise in
prevention and treatment of osteopenia of prematurity: An
update. Pediatr Exerc Sci 2017;29:450-5.

7. Chacham S, Pasi R, Chegondi M, Ahmad N, Mohanty SB.
Metabolic bone disease in premature neonates: An unmet
challenge. J Clin Res Pediatr Endocrinol 2020;12:332-9.

8. Gaio P, Verlato G, Daverio M, Cavicchiolo ME, Nardo D,
Pasinato A, et al. Incidence of metabolic bone disease in preterm
infants of birth weight <1250 g and in those suffering from
bronchopulmonary dysplasia. Clin Nutr ESPEN 2018;23:234-9.

9. Rauch F, Schoenau E. Skeletal development in premature infants:
A review of bone physiology beyond nutritional aspects. Arch
Dis Child Fetal Neonatal Ed 2002;86:F82-5.

10. Calor AK, Yumani DFJ, van Weissenbruch MM. Early nutrition
during hospitalization in relation to bone health in preterm
infants at term age and six months corrected age. Nutrients
2021;13:1192.

Journal of Clinical Neonatology | Volume 13 | Issue 2 | April-June 2024



PISTGHIRA+2ZY8eAAdAVO/FIAEIDYIASALLIAIPOOAEIEAHION/ADAU

MV TXOMADUOINXFOHISABZIUTOH+RENIOITWNOTZTABYHAOSHNQUE A UD0[/W00 MM S[euInolj/:dny woly papeojumoq

¥20¢/ZT/S0 uo

Cardoso, et al.: Bone mineralization in fortified human milk

11.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kornmann MN, Christmann V, Gradussen CJ, Rodwell L,
Gotthardt M, Van Goudoever JB, et al. Growth and bone
mineralization of very preterm infants at term corrected age
in relation to different nutritional intakes in the early postnatal
period. Nutrients 2017;9:1318.

Abrams SA, Committee on Nutrition. Calcium and vitamin
D requirements of enterally fed preterm infants. Pediatrics
2013;131:e1676-83.

Embleton ND, Jennifer Moltu S, Lapillonne A, van den
Akker CH, Carnielli V, Fusch C, ef al. Enteral nutrition in preterm
infants (2022): A position paper from the espghan committee
on nutrition and invited experts. J Pediatr Gastroenterol Nutr
2023;76:248-68.

Faienza MF, D’Amato E, Natale MP, Grano M, Chiarito M,
Brunetti G, et al. Metabolic bone disease of prematurity:
Diagnosis and management. Front Pediatr 2019;7:143.
Arslanoglu S, Boquien CY, King C, Lamireau D, Tonetto P,
Barnett D, et al. Fortification of human milk for preterm infants:
Update and recommendations of the European milk bank
association (EMBA) working group on human milk fortification.
Front Pediatr 2019;7:76.

Morlacchi L, Mallardi D, Gianni ML, Roggero P, Amato O,
Piemontese P, et al. Is targeted fortification of human breast
milk an optimal nutrition strategy for preterm infants? An
interventional study. J Transl Med 2016;14:195.

Fabrizio V, Trzaski JM, Brownell EA, Esposito P, Lainwala S,
Lussier MM, et al. Individualized versus standard diet
fortification for growth and development in preterm infants
receiving human milk. Cochrane Database Syst Rev
2020;11:CD013465.

Cardoso M, Virella D, Papoila AL, Alves M, Macedo I,
E Silva D, et al. Individualized fortification based on measured
macronutrient content of human milk improves growth and body
composition in infants born less than 33 weeks: A mixed-cohort
study. Nutrients 2023;15:1533.

Belfort MB, Ramel SE. NICU diet, physical growth and nutrient
accretion, and preterm infant brain development. Neoreviews
2019;20:¢385-96.

Rayannavar A, Calabria AC. Screening for metabolic
bone disease of prematurity. Semin Fetal Neonatal Med
2020;25:101086.

Visser F, Sprij AJ, Brus F. The validity of biochemical markers
in metabolic bone disease in preterm infants: A systematic
review. Acta Paediatr 2012;101:562-8.

Chinoy A, Mughal MZ, Padidela R. Metabolic bone disease
of prematurity: Causes, recognition, prevention, treatment and
long-term consequences. Arch Dis Child Fetal Neonatal Ed
2019;104:F560-6.

Picaud JC, Decullier E, Plan O, Pidoux O, Bin-Dorel S, van
Egroo LD, et al. Growth and bone mineralization in preterm
infants fed preterm formula or standard term formula after
discharge. J Pediatr 2008;153:616-21.

Cardoso M, Virella D, Macedo I, Silva D, Pereira-da-Silva L.
Customized human milk fortification based on measured human
milk composition to improve the quality of growth in very
preterm infants: A mixed-cohort study protocol. Int J Environ
Res Public Health 2021;18:823.

Mimouni FB, Lubetzky R, Yochpaz S, Mandel D. Preterm
human milk macronutrient and energy composition: A systematic
review and meta-analysis. Clin Perinatol 2017;44:165-72.
Agostoni C, Buonocore G, Carnielli VP, De Curtis M,
Darmaun D, Decsi T, et al. Enteral nutrient supply for preterm
infants: Commentary from the European Society of Paediatric

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gastroenterology, Hepatology and Nutrition Committee on
Nutrition. J Pediatr Gastroenterol Nutr 2010;50:85-91.

Sabatier M, Garcia-Rodenas CL, Castro CA, Kastenmayer P,
Vigo M, Dubascoux S, et al. Longitudinal changes of mineral
concentrations in preterm and term human milk from lactating
swiss women. Nutrients 2019;11:1855.

Johnson MJ, Wiskin AE, Pearson F, Beattie RM, Leaf AA. How
to use: Nutritional assessment in neonates. Arch Dis Child Educ
Pract Ed 2015;100:147-54.

Brennan AM, Murphy BP, Kiely M. Nutritional management
and assessment of preterm infants: The babygrow longitudinal
nutrition and growth study. Top Clin Nutr 2015;30:80-93.
Pereira-da-Silva L, Virella D, Fusch C. Nutritional assessment
in preterm infants: A practical approach in the NICU. Nutrients
2019;11:1999.

Abrahamyan DO, Gazarian A, Braillon PM. Estimation of stature
and length of limb segments in children and adolescents from
whole-body dual-energy X-ray absorptiometry scans. Pediatr
Radiol 2008;38:311-5.

Trotter A, Pohlandt F. Calcium and phosphorus retention in
extremely preterm infants supplemented individually. Acta
Paediatr 2002;91:680-3.

Bergner EM, Taylor SN, Gollins LA, Hair AB. Human milk
fortification: A practical analysis of current evidence. Clin
Perinatol 2022;49:447-60.

Wang K, Ren Y, Lin S, Jing Y, Ma C, Wang J, et al. Osteocytes
but not osteoblasts directly build mineralized bone structures. Int
J Biol Sci 2021;17:2430-48.

Dirckx N, Moorer MC, Clemens TL, Riddle RC. The role
of osteoblasts in energy homeostasis. Nat Rev Endocrinol
2019;15:651-65.

Gridneva Z, Rea A, Lai CT, Tie WIJ, Kugananthan S,
Warden AH, et al. Human milk macronutrients and bioactive
molecules and development of regional fat depots in Western
Australian infants during the first 12 months of lactation.
Life (Basel) 2022;12:493.

Qiao J, Wu Y, Ren Y. The impact of a high fat diet on bones:
Potential mechanisms. Food Funct 2021;12:963-75.

Proia P, Amato A, Drid P, Korovljev D, Vasto S, Baldassano S.
The impact of diet and physical activity on bone health
in children and adolescents. Front Endocrinol (Lausanne)
2021;12:704647.

Bozzetti V, Tagliabue P. Metabolic bone disease in preterm
newborn: An update on nutritional issues. Ital J Pediatr
2009;35:20.

Moyer-Mileur LJ. Anthropometric and laboratory assessment of
very low birth weight infants: The most helpful measurements
and why. Semin Perinatol 2007;31:96-103.

Lee J, Park HK, Kim JH, Choi YY, Lee HJ. Bone mineral density
according to dual energy X-ray absorptiometry is associated with
serial serum alkaline phosphatase level in extremely low birth
weight infants at discharge. Pediatr Neonatol 2017;58:251-7.
Backstrom MC, Kouri T, Kuusela AL, Sievianen H, Koivisto AM,
Ikonen RS, ef al. Bone isoenzyme of serum alkaline phosphatase
and serum inorganic phosphate in metabolic bone disease of
prematurity. Acta Paediatr 2000;89:867-73.

Tomlinson C, McDevitt H, Ahmed SF, White MP. Longitudinal
changes in bone health as assessed by the speed of sound in very
low birth weight preterm infants. J Pediatr 2006;148:450-5.

Rose SR, Vogiatzi MG, Copeland KC. A general pediatric
approach to evaluating a short child. Pediatr Rev 2005;26:410-20.
Crofton PM, Shrivastava A, Wade JC, Stephen R, Kelnar CJ,
Lyon AJ, et al. Bone and collagen markers in preterm infants:

Journal of Clinical Neonatology | Volume 13 | Issue 2 | April-June 2024 a



PISTGHIRA+2ZY8eAAdAVO/FIAEIDYIASALLIAIPOOAEIEAHION/ADAU

MV TXOMADUOINXFOHISABZIUTC+RrNIOITWNOTZTABNHHAOSHNQUE A UD0[/WO00" MM S[euINOlj/:dRY WOy papeojumod

¥20¢/ZT/S0 uo

Cardoso, et al.: Bone mineralization in fortified human milk

Relationship with growth and bone mineral content over the first 47. Hauser R, Smolinski J, Gos T. The estimation of stature on the basis
10 weeks of life. Pediatr Res 1999;46:581-7. of measurements of the femur. Forensic Sci Int 2005;147:185-90.
46. Harvey NC, Mahon PA, Robinson SM, Nisbet CE, Javaid MK, 48. Weidauer L, Wey H, Slater H, Moyer-Mileur L, Specker B.
Crozier SR, et al. Different indices of fetal growth predict bone Estimation of length or height in infants and young children using
size and volumetric density at 4 years of age. ] Bone Miner Res ulnar and lower leg length with dual-energy X-ray absorptiometry
2010;25:920-7. validation. Dev Med Child Neurol 2014;56:995-1000.

“Quick Response Code” link for full text articles

The journal issue has a unique new feature for reaching to the journal’s website without typing a single letter. Each article on its first page has
a “Quick Response Code”. Using any mobile or other hand-held device with camera and GPRS/other internet source, one can reach to the full
text of that particular article on the journal's website. Start a QR-code reading software (see list of free applications from http://tinyurl.com/
yzlh2tc) and point the camera to the QR-code printed in the journal. It will automatically take you to the HTML full text of that article. One can
also use a desktop or laptop with web camera for similar functionality. See http://tinyurl.com/2bw7fn3 or http://tinyurl.com/3ysr3me for the free
applications.

E Journal of Clinical Neonatology | Volume 13 | Issue 2 | April-June 2024



