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Abstract

Background: The human milk—fed preterm infant is at risk for growth failure, micronutrient
deficiencies, and neurocognitive delay. Although protective and better tolerated than formula,
human milk alone cannot meet the high nutrient requirements of this population, and fortification
is necessary. Clinicians use assumptions of preterm human-milk composition to determine the type
and quantity of fortification.

Objectives: The objectives of this review were to identify evidence of macronutrient and
micronutrient concentration in preterm human milk and to identify knowledge gaps regarding
composition.

Methods: PubMed and the Cumulative Index to Nursing and Allied Health Literature were used
to identify original articles published between January 1950 and December 2019.

Results: Twenty-seven articles were found containing original data on macronutrients and
micronutrients. Most (67%) of the studies published after 2011 measured the macronutrients and
included gestational ages from 28 to 36 weeks. Milk collection methods, experimental design, and
analytical methods varied between studies. There are 15 countries represented in this review; all of
the American studies (n = 7) were published from 1980 to 1984.

Conclusions: African American women, or women delivering before 28 weeks’ gestation are
not represented in the literature. Accurate and targeted human-milk fortification depends on
comprehensive, complete, and representative human-milk nutrient data. We have aggregated all
available preterm human-milk macronutrient and micronutrient data and reported trends associated
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with lactation stage and gestational age. This report can aid in the design of feeding plans that are
appropriate for the gestational age of the preterm infant and the lactation stage of the breastmilk.
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Introduction

Methods

Human milk-based diets have emerged as the nutrition foundation to support preterm

infant growth. Although this emergence is based on sound evidence supporting human
milk’s protective properties against prematurity-related diseases, including necrotizing
enterocolitis, equally compelling evidence demonstrates that preterm milk composition is
lacking in key nutrients to support physiologic growth of premature infants.1=* Several
factors contribute to this nutrition shortfall. First, the concentration of many nutrients

is diminished over time as the volume of human-milk production increases. Second,
replenishing or maintaining available nutrients to support physiological growth must be
supplied in a relatively small volume of human milk. Finally, some nutrients are poorly
expressed in human milk. The convergence of these physiological realities likely contributes
to growth deceleration or failure that is characteristic of preterm infants provided an
unsupplemented human-milk diet. Furthermore, the extrapolation of data from term human
milk and the lack of appreciation for the dramatic differences in preterm human-milk
composition over time are impediments to the design of feeding plans that meet the needs of
the nutritionally vulnerable premature infant. One important intervention to support nutrient
delivery within a limited volume of human milk is the widely practiced addition of human or
bovine fortifiers to expressed human milk. Unfortunately, the composition of these fortifiers
and the volume of the supplement is largely based on the assumed density of each nutrient
in expressed human milk, which varies over time.>~" To support accurate supplementation
of expressed human milk, accurate and comprehensive assessment of preterm human-milk
composition over time is required. In this review, we will (1) aggregate and summarize
available evidence to provide a clear representation of macronutrient and micronutrient
composition in human milk over time and (2) identify gaps and opportunities for further
clarification of human milk composition.

PubMed and Cumulative Index to Nursing and Allied Health Literature (CINAHL)were
used to identify original articles published between January 1950 and December 2019. The
following keywords were used in different combinations: breastmilk, human milk, preterm,
prematurity, composition, nutrients, protein, fat, carbohydrate, copper, phosphorus, sodium,
potassium, chloride, zinc, magnesium, calcium, vitamin D, and electrolytes. Reference lists
were reviewed, and the results were cross-checked with search-engine results. Review
articles, books, and editorials were excluded. The inclusion/exclusion criteria were as
follows:

1 the original articles published from January 1950 to December 2019;
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2. at least 1 of the following nutrients was reported: fat, energy, carbohydrate,
copper, phosphorus, sodium, potassium, chloride, zinc, magnesium, calcium, or
vitamin D;

3. the milk expression was a complete expression; articles reporting composition of
fore-milk or hind-milk only were excluded;

the mothers delivered at <36 weeks’ gestation;
the milk was expressed between day 1 and day 30 post partum;

the article was available in English;

N o o A

the unit of measure and mean for each nutrient was reported and the method of
data collection was clear; and

8. the milk pools were no more than a 3-day collection.

Data Extraction

Data points extracted from each report were converted to milligrams per deciliter (mg/dL),
except for copper, which was converted to micrograms per deciliter. All decimals were
rounded to the nearest 10th place.

Search Results

A total of 2595 records (1683 duplicates) were identified in the initial search. After
removing duplicates, 885 articles failed to meet the inclusion criteria (Figure 1). A total

of 27 articles representing data from 15 different countries were included for review (Table
1). From the 27 included reports, 9 reports were from North American (USA and Canada)
populations, 9 reports were from Europe (lItaly, France, Denmark, the Netherlands, and
Turkey), 6 reports were from Asia (India, Korea, and Taiwan), and 3 reports were from
Africa (Nigeria, Kenya, and Egypt). Most reports were published between 1980 and 1989
(52%, n = 14), followed by 9 (33%) reports published between 2011 and 2019. Only 4
reports included in this review were published between 1990 and 2010. For studies included
in this review, the gestational age at delivery ranged from 28 to 34 completed weeks with no
data available from gestations below 28 completed weeks.

Macronutrients

Energy

Fourteen reports measured energy density in preterm human milk (Table 1). The
methodology, study design, and milk collection varied, with 7 studies reporting 24-hour
pooled samples and 4 studies reporting a single morning sample, 1 study used a variety of
methods, and another did not disclose the method of collection. Reporting the method and
timing of milk collection is critical for interpreting these study findings because evening
milk has a higher fat and energy concentration than morning milk, as is reflected in the wide
range of energy density between 42.3 and 79 kcal/dL reported from these studies (Figure
2A and B).8 An aggregate of the study findings over time demonstrates that energy density
(Figure 2A) increases sharply over the first 7-14 days, after which energy density is largely
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consistent. However, it is important to note that mature preterm human milk (eg, >14 days)
appears to have a nearly 50% increase in energy density over early preterm human milk. In
comparison with term human milk, conflicting reports have suggested that preterm milk is
more energy dense or that energy density is equivalent with the differences likely due to the
influence of timing and technique of sample collection.%-11 Like our own aggregate report
on energy density in Figure 2A, the caloric density of term milk increases over time.

Maternal body mass index (BMI) is thought to influence energy density of human milk;
however, this relationship is not direct and is clearly influenced by the composition of the
human milk. Bulut et al found no correlation between maternal BMI and energy density but
pointed to fat content in human milk as the major source of energy, whereas Zachariassen

et al reported significantly higher energy content in mature milk in women with a BMI
above 25 kg/m? compared with women with a lower BM1.1213 Unfortunately, the data

do not provide clear evidence of a linear relationship between maternal BMI and energy
density of human milk, and the BMI threshold used by Zachariassen et al is much lower
than the mean BMI of American women.1# This lack of clarity has real implications for
caregivers of preterm neonates because fortification strategies assume that the energy density
of preterm milk approximates term human milk. Based on the assumption that caloric
content is fixed at 20 calories per ounce (67 kcal/dL), the standard addition of fortifier (1
premeasured packet of fortifier per 25 mL of human milKk) is anticipated to yield a fixed
density of 24 calories per ounce (80 kcal/dL).>~" These assumptions may be unsupported
particularly when fortifying expressed human milk during the first days after preterm birth.
Furthermore, the wide variation of energy density in mature preterm milk suggests that
standard fortification may fall short of the expected 24 calories per ounce (80 kcal/dL) by up
to 25%.5-7:15

Fat is a major energy source and contributes nearly 50% of the total caloric density of
human milk. Early reports suggested that fat content in human milk is closely linked to
prepregnancy BMI. Overweight and obese women in Eastern Europe and China had higher
concentrations of fat and energy per volume of expressed human milk when compared with
women considered to have a normal prepregnancy BMI.18:17 These studies are supported by
a Danish cohort that demonstrated much higher fat (P=.02) and energy (P = .01) content in
expressed human milk from women with a prepregnancy BMI > 25 kg/m? when compared
with women who had a prepregnancy BMI < 25 kg/m?2.18

Individual published reports suggest that fat content in preterm human milk increases over
time with some notable exceptions. Lemons et al provide a comprehensive assessment of
macronutrients and micronutrients but failed to identify changes in fat content in preterm
milk over time.1! In comparison with most studies that identify fat accretion in preterm
human milk, Lemons et al did not collect or assess samples during the first 72 hours after
birth, when fat content in human milk is low. Based on the aggregate data from 19 available
reports of fat content in preterm human milk, fat content appears to increase nearly 2-fold
over the first 2 weeks after birth and is relatively flat in mature preterm human milk (Figure
2B). These changes in fat content mirror the rise in caloric density across the first 2 weeks
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of life. Most importantly, standard fortification of preterm human milk would fall below
recommended fat intake by up to 40%.5-7.15

Fourteen studies measured protein concentration and met inclusion criteria (Table 1), with
most of the included studies showing a dramatic reduction of protein concentration over
time (Figure 2C). Early preterm milk is enriched for protein, with several studies suggesting
that protein content may be as high as 4.1 2.1 g/dL.1° The high protein content in early
preterm milk reflects the nutrition needs of the preterm infant wherein protein accretion

in the fetus is ~2 g/kg/d body protein and protein stores diminish rapidly after birth in

the absence of supplementation.2® Early introduction of human-milk feedings may prevent
protein catabolism that begins soon after birth. However, as fat content increases over the
first week to support higher-calorie human milk, protein content falls dramatically by as
much as 60%.19-21 Despite the clear trend in protein content of preterm milk, there are wide
variations in protein content between sample populations. The protein at days 4-7 range
from 1.6 to 3.4 + 0.5 g/dL, and day 28 values ranged from 0.9 + 0.1 to 2.2 £ 0.6 g/dL. These
significant variations could influence the actual protein intake vs perceived protein intake of
preterm infants and contribute to poor growth. Using these reported numbers, human milk
fortified with currently available human-milk fortifiers may fall below recommended protein

intake by up to 25% and, in some cases, may exceed the recommended intake of protein by
69%.5_7'15'16

Carbohydrate

Fourteen articles measured carbohydrate and met the inclusion criteria with wide variation
in carbohydrate content in preterm human milk reported for these cohorts (Table 1). Despite
the wide variation from each cohort, carbohydrate content appears to remain relatively flat
from birth until 30 days of life. Five papers reported lactose on days 0-3 ranging from 2.2
+0.71t06.2 £ 1.1 g/dL, with day 28 values ranging from 3 £ 0.9 to 7.4 + 0.5 g/dL. All of
the papers reported lactose of at least 5.4 g/dL between days 4 and 28, except Mahajan et
al, which reported a nearly 2-fold reduction in carbohydrate content when compared with
other cohorts that met the inclusion criteria.1® The reasons for the difference in lactose
concentration in this report is not clear.

Micronutrients

Calcium

Calcium is a critical micronutrient for bone health and functions as a ubiquitous second
messenger in cell-signaling pathways.22 The skeleton serves as a repository for calcium
from which calcium can be mobilized by changes in parathyroid hormone and vitamin D
to adjust circulating calcium concentrations. For the developing preterm infant, supporting
adequate calcium intake and maintenance of calcium stores improves bone mineralization
and prevents osteopenia of prematurity, improves vascular tone and myocardial function,
and supports neural adaptation. The preterm infant is particularly susceptible to low plasma
calcium and will sacrifice storage of calcium in the developing skeleton to meet calcium
needs. The preterm infant’s calcium requirement far exceeds the needs of the term infant.
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A full-term infant with a birth weight of 3.5 kg requires 57 mg/kg/d calcium, whereas a
1-kg preterm infant requires 200 mg/kg/d. Therefore, human milk must provide a minimum
of 135 mg/dL to meet these demands.1> We identified 6 reports that measured calcium in
preterm human milk (Table 1). The concentration of calcium in preterm human milk was
similar across the first 30 days after birth among all studies ranging from 21.3 to 35.9
mg/dL (Figure 3A). Interestingly, the limited number of reports did identify conflicting
findings regarding the influence of prematurity on breast milk calcium concentration. Gross
et al and Lemons et al found no difference in calcium content between term and preterm
human milk.3-11 Conversely, Butte et al identified higher calcium content in term milk than
in preterm milk, whereas Schanler et al showed that preterm human milk was enriched

for calcium compared with term milk.23:24 These differences likely reflect small samples
sizes and differences in testing methods, milk-sampling techniques, or maternal factors.

An aggregate of the available data (Figure 3A) suggests that preterm human milk must be
supplemented with at least 135 mg/dL of calcium to meet current recommendations for
intake.15

Fetal accretion of phosphorus occurs in the third trimester of pregnancy at a rate of 50

to 65 mg/d.25 Preterm infants born prior to the third trimester are at risk for developing
hypophosphatemia shortly after birth.26:27 Relevant to preterm infants, hypophosphatemia

is linked to risk for sepsis, prolonged ventilation, and bronchopulmonary dysplasia.2’+28
Preterm human milk does not appear to reflect the preterm infant’s increased need for
phosphorus because preterm human milk is reported to be less dense with phosphorus than
term mother’s milk.11 We identified 5 reports that measured phosphorus in preterm human
milk (Table 1). Values for phosphorus were similar in 4 of the 5 included studies, ranging
from 10.1 to 14.9 + 3.8 mg/dL, and remained constant from the first through the fourth week
(Figure 3B). Variation due to ethnicity was suggested in a cohort from Taiwan that showed
phosphorus levels in human milk were 75% lower than earlier reports from the United States
of America.?

Electrolytes

Sodium

The management of electrolytes is one of the more challenging aspects of nutrition
management of the preterm infant. The human body does not produce or release sodium
endogenously and is entirely reliant on intake to meet sodium needs.3? This aspect of the
sodium cycle is particularly important for preterm infants because sodium loss through urine
and stool is inversely related to postmenstrual age. Increased losses or inadequate intake of
sodium impairs longitudinal growth and weight gain in preterm infants.3! In addition, the
frequent use of diuretics for diseases related to prematurity further depletes sodium stores
and often results in hyponatremia. We identified 6 reports of sodium content in preterm
human milk (Table 1). The aggregated data from the 6 studies demonstrate a clear linear
trend of reduced sodium concentration in preterm human milk over the first 30 days after
birth (Figure 3C). In fact, the aggregated data revealed that sodium concentration of early
preterm human milk is nearly 3-fold higher than that in mature preterm human milk. The
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data comparing sodium concentration in preterm and term human milk are not clear, with

an equal number of studies suggesting that sodium concentration in preterm human milk is
either higher, lower, or identical to term human milk.2:11:23.32 These conflicting studies are
likely the result of methodological differences as reflected in the wide variation in results
(12.7 to 61.2 mg/dL). Most important, the aggregated data suggest that preterm human milk
fortified with currently available human-milk fortifiers may fall below recommended sodium
intake by up to 40%.5-7:15

Potassium loss in preterm stools is twice as high as term infant sodium loss, and these
losses may disrupt the metabolic and cellular functions critical to the developing preterm
infant.39:31 Not surprisingly, consumption of large quantities of potassium (78-195 mg/kg/d)
is necessary to maintain potassium equilibrium, but intake through unsupplemented breast
milk feedings may fall well below the needs of the preterm infant.1®> We identified 5

reports that measured potassium in preterm human milk (Table 1). Like sodium, potassium
concentration in preterm human milk decreases linearly over the first 30 days after birth
with an aggregate range from 49.1 to 68.6 £ 2 mg/dL (Figure 3D). Unlike reports of sodium
concentration in preterm human milk, evidence suggests that preterm and term human milk
maintain similar concentrations of potassium with the exception of the first week of life,
when preterm milk samples are more potassium dense.24 Based on these reference values,
standard fortification of human milk will meet the potassium needs of the preterm infant.

Magnesium is a cofactor for >300 enzymes and is required for energy production, glucose
control, and protein synthesis. Magnesium plays a major role in the transport of active
calcium and potassium ions across cell membranes, and insufficient intake of magnesium
may lead to hypocalcemia and hypokalemia.33 Fetal accretion of magnesium occurs during
the last 3 months of pregnancy at a rate of 3-5 mg/kg/d.3* Therefore, the preterm infant

is born with low magnesium reserves and is reliant on increased magnesium intake (8-15
mg/kg/d).1> We identified 3 reports that measured magnesium in preterm human milk (Table
1). Relevant to the interpretation of these studies, the sample sizes were small, ranging

from 8 to 25 with significant attrition of participants from the first to fourth weeks.%:11.23
The concentration of magnesium varied among the 3 papers, ranging from 2.4 £ 0.1 to

5.1 £ 1.8 mg/dL, but the mean value remained relatively flat from the first to the fourth
week of life (Figure 3E). Based on the aggregated data, human milk fortified with currently
available human-milk fortifiers may fall below recommended magnesium intake by up to
35%.15 An important recommendation for mothers who provide expressed milk may include
increasing their own dietary intake of magnesium as maternal intake is directly associated
with magnesium concentration in expressed human milk.3°

Adequate intake of electrolytes is necessary to support longitudinal growth and weight

gain in preterm infants, and supplemental chloride is often needed to achieve appropriate
growth.39:36 Chloride requirements for the preterm infant are reported to be as much as 200
mg/kg/d, meaning that the enteral diet must provide 80-125 mg of chloride per dL of intake
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to meet this need.1®> We identified 2 reports that measured chloride in preterm human milk
with only 1 study that measured chloride content in the first week of life (Table 1). Gross et
al found that chloride levels were highest in colostrum and declined sharply over subsequent
weeks.? Both groups found that preterm milk had higher chloride content when compared
with term human milk (P < .005 and P < .001, respectively), but Gross et al reported values
that were 27% higher in preterm samples than those reported by Lemons et all! (Figure

3F). Using these reported values, human milk fortified with currently available human-milk
fortifiers may fall below recommended chloride intake by up to 17%.14

No studies that measured vitamin D in the human milk of women delivering prematurely
met the inclusion criteria.

Trace Elements

Zinc

Copper

Summary

Zinc deficiency is common in infancy and is particularly true in preterm infants provided

a human diet.3"-40 Stunted growth, skin rash or breakdown, increased risk for infections,
and impaired neurodevelopment are consequences of inadequate zinc intake.*! Human-milk
zinc does not appear to be influenced by maternal diet or intake of supplements, and little is
known about the influence of other factors on human-milk zinc content.4243 We identified

6 reports that measured zinc in preterm human milk (Table 1). Aggregate data from all 6
studies suggest that zinc concentration in preterm human milk is relatively flat from the first
to the fourth week of life (Figure 3G); however, 4 of 6 studies showed a steady decline in
zinc in human milk over the first 30 days after preterm birth.23:44-46 Thus, the aggregate
data reflect a wide variation in reported measurements and may not reflect the trends in zinc
content in preterm human milk.

Like many nutrients, copper is accumulated in the third trimester of pregnancy, making
the preterm infant vulnerable to copper deficiency.*” Copper is an essential nutrient and
its deficiency results in anemia, neutropenia, thrombocytopenia, and osteoporosis. We
identified 5 reports that measured the copper concentration of preterm human milk (Table
1). All of the reports showed a decline in copper over time, with copper concentration in
immature preterm human milk nearly 50% higher than in mature preterm human milk.48
Although the overall trends in copper content in preterm human milk are clear, the wide
variation in reported copper concentration in preterm human milk is reflected in the
aggregate data (Figure 3H). As with zinc, copper concentration in expressed human milk
does not appear to correlate with maternal diet.#®

The data in this review suggest that macronutrients and micronutrients vary considerably
based on maternal factors, including gestational age at delivery, BMI, and lactation stage.
Energy concentration increases slightly overtime, but protein drops dramatically from the
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first to the fourth week. There are extreme variations seen between studies for lactose,
calcium, zinc, and copper, suggesting a strong influence of maternal factors on these
nutrients. When fortifying human milk for the preterm infant, it may be prudent to consider
the gestational age of the infant and the lactation stage of the breast milk and fortify
accordingly.

Limitations

This review covers all currently available evidence for preterm human-milk nutrient
composition. We have reported aggregated results and provided a concise representation

of the data to assist in the development of feeding plans for preterm infants. However, a
limitation of our report is that the included data may not represent the current American
population, obese women, women delivering prior to the 28th week of pregnancy, or African
American women.

Opportunities

The composition of preterm human milk is largely based on extrapolated data from

term human milk and a limited number of studies with varied methodologies and cohort
demographics. Relevant to the interpretation of our aggregate data, most well-designed
studies are now 4 decades removed from the present population, with rising preterm birth
rate, improving survival of extremely preterm neonates, increasing prevalence of maternal
obesity, and higher exposure to human milk. A complete lack of data on human-milk
composition associated with preterm birth prior to 28 weeks forces enteral feeding plans

to conform to those that are more appropriate for older and heavier preterm infants.
Furthermore, the aggregate reference values presented here provide a platform for several
necessary future studies of preterm human milk. First, the descriptive studies of human-milk
composition from extremely preterm births are urgently needed to understand the unique
nutrition needs of this population. Second, the use of human and bovine human-milk
fortifiers often underestimates the nutrition needs of the preterm infant. The one-size-fits-all
approach to fortifiers lacks precision for a population at high risk for extrauterine growth
failure. Designing gestational age—specific fortifiers requires a complete understanding of
their nutrition needs and composition of enteral intake. Human-milk analyzers have been
suggested as a means to address the nutrient disparity in human-milk samples to promote
better weight gain through targeted fortification.>%-52 Human-milk analyzers are expensive
and may not be feasible outside of the research setting in which daily or weekly analysis of
breast milk would be cumbersome and time consuming. In addition, currently available milk
analyzers measure protein, fat, and lactose, but not micronutrients. Finally, published detail
about the content of preterm donor or mother’s own milk will allow care teams to tailor
feeding plans and improve the composition of preterm formulas and supplements without
requiring bedside milk analysis. The aggregated data for macronutrient and micronutrient
composition in preterm human milk presented in this review are a platform for these
opportunities to be achieved.
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Figurel.

The initial search identified 2595 articles. A total of 1683 duplicate articles were removed.
From the remaining articles 702 articles were excluded because they did not measure the
nutrients of interest or they were not original articles. The remaining 210 full-text articles
were reveiewed and 147 were excluded because the breastmilk analyzed was from mothers
delivering at term. The remaining 63 articles were examined, and an additional 36 were

excluded because the methods of collection did not meet inclusion criteria. In total, 27

articles met inclusion criteria.
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Aggregated results for macronutrients (energy, fat, protein, lactose) in premature human
milk at lactation days 0-3, 4-7, 8-14, 15-28, and >28.
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Figure 3.

Aggregated results for micronutrients (calcium, phosphorus, sodium, potassium,
magnesium, chloride, zinc, copper) in premature human milk at lactation days 0-3, 4-7,

8-14, 15-28, and >28.
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