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ABSTRACT
Background: Breast milk feedings are the optimal feeding choice
for premature infants. Clinicians depend on accurate nutrient profiles
of the breast milk in order to make informed decisions regarding
the need for nutrient supplementation. Existing data for nutrient
composition of preterm breast milk are dated and not representative
of the current population of women delivering prematurely in the
United States.
Objectives: The purpose of this prospective, longitudinal, single-
center observational study was to measure the macronutrient and
micronutrient composition of breast milk expressed by mothers,
including women who self-identify as black, delivering preterm
infants at ≤33 completed weeks of gestation.
Methods: We collected breast milk samples from mothers of preterm
infants admitted to the neonatal intensive care unit at Augusta
University Medical Center from January 2019 through November
2019. Mother’s milk samples were collected on postpartum days
7, 14, 21, and 28 and analyzed for macronutrients (energy, fat,
protein, and carbohydrates) and micronutrients (sodium, potas-
sium, chloride, calcium, phosphorus, magnesium, vitamin D, and
zinc).
Results: Thirty-eight mothers, mean age 27 ± 5.1 y and majority
black (66%), provided milk for the study. The mean estimated
gestational age and birth weight were 28.2 ± 2.8 weeks of gestation
and 1098 ± 347 g, respectively, with 42% of mothers in the cohort
delivering before week 28 of pregnancy. Differences in protein,
sodium, potassium, calcium, phosphorus, and zinc concentrations
based on race, day, and milk volume were identified. Dilution effects
for protein, sodium, chloride, and vitamin D concentrations over time
were identified.
Conclusions: Our study is among the first to characterize breast
milk composition from women who delivered extremely preterm
infants and adds to the evidence that race, gestational age, and volume
influence the composition of preterm mother’s milk. These factors
should be considered when designing mother’s milk–based feeds for
premature infants. Am J Clin Nutr 2021;114:1719–1728.
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Introduction
Over the last 2 decades, increasing appreciation for the benefits

of human milk for preterm infants has led to the widespread use
of mother’s own milk or donor milk in neonatal intensive care
units (NICUs). Human milk is associated with several short- and
long-term benefits for preterm neonates including lower risk of
necrotizing enterocolitis and infection (1–9). Mother’s milk is
also associated with a reduction in hospitalizations before the
first birthday and better cognitive outcomes that may persist
out to adolescence (5–12). The advantages of mother’s milk
for the preterm infant are clear (1–12); however, the preterm
infant diet presents several obstacles to delivering sufficient
energy and nutrients to support proper extrauterine growth. In
particular, the preterm infant’s nutrient needs must be supplied
in a weight-appropriate volume, which in isolation is insufficient
to provide appropriate nutrition and often requires macronutrient
and micronutrient supplementation (1, 13). Further, health care
providers tasked with meeting the energy and nutrient needs of
preterm infants, including the design and use of human milk
fortifiers, must rely on data on mother’s milk composition that are
extrapolated from term human milk or limited studies of preterm
human milk. To date, few studies have examined the energy
and nutrient composition of preterm human milk obtained from
mothers who delivered before 28 completed weeks of gestation.
Studies that include the earlier gestations have small sample sizes
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and either the numbers of mothers delivering before week 28
of pregnancy are limited or the mean estimated gestational age
(EGA) was not reported (14, 15). Perhaps as importantly, the most
comprehensive description of preterm human milk composition
is >35 y old and does not include African-American or black
mothers (16). In order to accurately meet the nutritional needs of
preterm infants, a comprehensive analysis of mother’s milk that
includes extremely preterm infants from a multiethnic population
is warranted.

Objectives

The purpose of this prospective, longitudinal, single-center
observational study was to measure the macronutrient (energy,
fat, protein, and carbohydrates) and micronutrient (sodium,
potassium, chloride, calcium, phosphorus, magnesium, vitamin
D, and zinc) composition of breast milk expressed by mothers,
including women who self-identify as black, delivering preterm
infants at ≤33 completed weeks of gestation.

Methods
The study was approved by the Augusta University Institu-

tional Review Board and written informed consent was obtained
from all mothers before enrollment. The study collected samples
from study participants who were mothers of preterm infants
admitted to the NICU at Augusta University Medical Center
(AUMC) from January 2019 through November 2019. Eligible
mothers were identified in consultation with the health care team
as women who delivered preterm infants before the completion of
the 33rd week of gestation and whose preterm infant was admitted
to the NICU at AUMC before day-of-life (DOL) 7. Mothers were
excluded from the study if 1) removing the study volume (20 mL)
of expressed breast milk 1 time/wk contributed to inadequate
milk supply to meet the nutritional needs of the infant, 2) the
mother identified as vegan or vegetarian, 3) she restricted her
daily caloric intake to <1200 kcal/d, or 4) she was positive for
HIV. Demographic data including maternal age, self-reported
race, height, prepregnancy weight, BMI (in kg/m2), and preterm
infant’s postmenstrual age, weight, and sex were extracted from
the electronic medical record.

Milk collection

Expressed milk samples were collected on postpartum days
7, 14, 21, and 28. Mothers were provided with sterile single-
use polypropylene bottles and access to a hospital-grade electric
breast-pump throughout the study. Mothers were instructed to
fully empty both breasts every 3 h and all bottles of expressed
milk were labeled with the mother’s name, date, and time of each
milk collection. Each collection of mother’s milk was processed
by trained technicians in the AUMC Milk Laboratory and each
24-h collection was pooled for storage in a single-use container
and total volume was recorded. Once pooled, a 20-mL sample of
mother’s milk was extracted from the 24-h pool representing each
time point. Study samples were stored in a sterile polypropylene
bottle and frozen at −28.9◦C for later analysis. The number
of milk samples sent for analysis at each time point varied
slightly based on the availability of adequate milk volume per

TABLE 1 Maternal and infant characteristics1

Variable Value Range

Maternal age, y 27 ± 5.1 18–37
Gravida 2.2 ± 1.6 1–6
EGA, wk 28.2 ± 2.8 22.9–33.0

EGA < 28 wk 16 (42)
Prepregnancy BMI, kg/m2 31 ± 7.8 19–53.8

Black 32.5 ± 8.4
White 28.8 ± 6.1

Infant birth weight, g 1098 ± 347.3 545–2130
Infant sex (male) 20 (53)
Race

Black 25 (66)
White 13 (34)

Mothers who delivered twins 3 (8)
Smoker 2 (5)
Prenatal vitamins 33 (87)

1n = 38. Values are n (%) or mean ± SD. Supplemental Tables 1–7
provide complete statistical results, interactions, and covariates for each
nutrient at each point in time. EGA, estimated gestational age.

subject. Forty-seven mothers consented to participate in the
study; however, only 38 mothers had adequate milk supply to
allow for nutrient analysis. By the fourth week of lactation, 10
mothers had ceased lactating, leaving 28 mothers for sample
analysis at day 28. Tables 1 and 2 provide details of the sample
size for each nutrient at each point in time.

Milk analysis

Stored samples were shipped frozen every 4 wk to Eurofins
S-F Laboratories (New Berlin, WI) for analysis. Upon arrival at
the laboratory, milk samples were stored in the freezer at −10◦F
until analysis. All sample analysis met the standards outlined
by the AOAC Official Methods of Analysis (17). Protein was
determined by the Dumas combustion method which involves
introducing the sample to a combustion furnace, followed by
conversion of all nitrogen to N2 and detection by thermal
conductivity (18). The nitrogen was then converted to protein
using a factor of 6.38. Fat concentrations were determined using
the Mojonnier method with AOAC official method 989.05 (19).
A portion of the sample (tempered to 38◦C) was transferred
into a clean flask. Concentrated NH4OH was added to this
1.5 mL. To aid in visual differentiation of the interface, 3 drops
of phenolphthalein indicator were added to the sample. The fat
was extracted 3 times using 95% ethanol and petroleum ether.
After extraction, the samples were centrifuged under conditions
to promote phase separation, and subsequently decanted into a
weighing dish. The ether was evaporated and the extracted fat
was dried to a constant weight. Carbohydrate concentration was
calculated using the Atwater Calculation using the analytically
determined moisture, ash, fat, and protein content (17). Energy
concentration was measured using bomb calorimetry (17). Vita-
min D samples were saponified, extracted with petroleum ether,
and quantified via reverse-phase HPLC using UV detection.
Phosphorus, sodium, potassium, chloride, zinc, magnesium,
and calcium were measured using inductively coupled plasma
optical emission spectroscopy (ICP-OES) in accordance with
Environmental Protection Agency (EPA) method SW-846 6010D
(20). Each 0.5-mL sample was microwave digested with 4.0 mL
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TABLE 2 Sample size required to measure change in mean percentage meeting intake over time for 4 different nutrients at 4 different SD assumptions

Assumed mean percentage meeting intake of nutrient at
day Sample size for time effect at SD

Nutrient 7 d 14 d 21 d 28 d SD = 3% SD = 5% SD = 7% SD = 10%

Magnesium 6% 4% 13% 15% 6 8 11 17
Sodium 15% 23% 29% 33% 5 6 8 11
Potassium 7% 9% 13% 15% 7 11 18 31
Zinc 8% 8% 8% 23% 5 7 8 11

nitric acid and 1.0 mL hydrochloric acid. Digested samples
were analyzed for metals by ICP-OES. Chloride analysis was
performed using ion chromatography in accordance with EPA
method 300.0 Rev 2.1 (21). Samples were analyzed using a
Dionex ICS-1100 and a Dionex IonPac AG22-Fast Analytical
column with a mobile phase consisting of 4.5 mM sodium
carbonate and 1.4 mM sodium bicarbonate in water at a flow rate
of 1.2 mL/min.

Sample size determination

The sample size was determined assuming a mixed model
to examine the change over time, the main effect, in the mean
percentage of nutrient amounts meeting nutrient intake require-
ments in premature breast milk plus a fortifier. Other assumptions
included an α level of 0.05, power of 80%, and a compound
symmetric correlation structure between measurement days with
a correlation of 0.6. Table 3 lists the assumed mean percentage
meeting intake requirements at each measurement time for
magnesium, sodium, potassium, and zinc. The sample sizes
to examine the main effect of time for the assumed mean
percentages meeting intake requirements for each nutrient for
4 different SDs of 3%, 5%, 7%, and 10% were calculated. For
example, the required sample size for examining the change in
the mean percentage meeting intake of magnesium requirements
assumed at days 7, 14, 21, and 28 using an SD of 3% was a total
of 6 subjects. The study required a total sample size of 31, cor-
responding to the change in mean percentage meeting potassium
intake across the 4 measurement days assuming an SD of 10%.

Statistical analysis

All statistical analysis was performed using SAS version 9.4
(SAS Institute Inc.) and statistical significance was set at an α of
0.05. Descriptive statistics for all variables were determined using
frequencies and percentages for categorical or ordinal variables
and means ± SDs for continuous variables. To examine changes
in breast-milk nutrients and other measures across multiple days,
repeated-measures mixed models were used. The correlation
structure between measurement days that provided the best fit
to the data for each nutrient or sample parameter was used and
was either unstructured, compound symmetric, or autoregressive
order 1. The interaction of race or gestational age < 28 wk
with volume of milk and day of collection was examined for
each nutrient outcome and breast-milk parameter. If the 3-
factor interaction did not meet statistical significance, the 2-
factor interactions were examined. If the 2-factor interactions
were not statistically significant, the main effects were examined.

After any model reduction to a 2-factor interaction model or a
main-effects model, various covariates were examined including
age, race, vitamin use, BMI, gravida, infant birth weight, infant
sex, and twin status. Nonsignificant covariates were removed 1 at
a time starting with the least nonsignificant covariate and model
fit criteria including Akaike’s Information Criterion (AIC) and
the Bayes Information Criterion (BIC) were examined. If the
AIC and BIC increased, the covariate was entered back into the
model and the next least nonsignificant covariate was removed
from the model. The final model contained any 3-factor or 2-
factor interactions of race or gestational age < 28 wk with
volume and day of collection along with any covariates that were
statistically significant or needed in the model to improve fit.
A Tukey–Kramer multiple comparison procedure was used to
examine post hoc pairwise differences. For any interaction that
involved volume, pairwise differences were examined at volumes
of 65, 150, and 300 mL, corresponding to the 25th, 50th, and 75th

percentiles for volume of mother’s milk from the cohort.

Results
Table 1 and Supplemental Table 1 detail participant char-

acteristics for the 38 mothers (Figure 1) who provided milk
for the study. The mean age of the study participants was
27 ± 5.1 y and the cohort were majority black (66%) and obese
(mean BMI: 31 ± 7.8), which reflects the population in the
local metropolitan area. There was no statistically significant
difference (P = 0.0850) in mean BMI between the black
(32.5 ± 8.4) and the white (28.8 ± 6.1) mothers. The mean
EGA and birth weight were 28.2 ± 2.8 weeks of gestation and
1098 ± 347 g, respectively, with 42% of infants in the cohort
delivered before the 28th completed week of pregnancy.

Macronutrients

Table 3 shows the data for each macronutrient at each time
point. Supplemental Tables 1–7 provide the complete analysis
with the final repeated-measures mixed model results controlling
for various covariates. The final repeated-measures mixed model
for energy and fat did not interact with race, volume, or EGA
at birth. Energy varied considerably with a 95% CI of 62.7,
69.9 kcal/dL on day 7 and 66.0, 73.8 kcal/dL on day 14 (Figure
2A). Energy was significantly higher on day 7 than on day 28 and
fat concentration was significantly lower on day 7 than it was on
day 14, but there were no differences between the remaining days
(Figure 2B).

Post hoc pairwise comparisons found significant differences
based on race and day (Figure 2C) and volume and day
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TABLE 3 Descriptive statistics for macronutrients by day1

Macronutrient Day 7 Day 14 Day 21 Day 28

Energy
Concentration, kcal/dL 66.3 ± 10.7 69.9 ± 11.4 70.4 ± 10.4 65.5 ± 9.6
95% CI 62.7, 69.9 66.0, 73.8 66.7, 74.0 61.8, 69.2
Observations, n 36 35 34 28

Fat
Concentration, g/dL 3.1 ± 1 3.5 ± 1.1 3.7 ± 1.1 3.2 ± 1.0
95% CI 2.8, 3.4 3.1, 3.9 3.3, 4.0 2.9, 3.6
Observations, n 36 35 34 28

Protein
Concentration, g/dL 2.2 ± 0.08 1.8 ± 0.08 1.8 ± 0.08 1.6 ± 0.10
95% CI 2.0, 2.2 1.7, 2.1 1.5, 1.9 1.4, 1.8
Observations, n 36 35 34 28

Carbohydrates
Concentration, g/dL 7.5 ± 0.6 7.7 ± 0.6 7.6 ± 0.7 7.5 ± 1.4
95% CI 7.3, 7.7 7.5, 7.9 7.4, 7.9 7.0, 8.1
Observations, n 36 35 34 28

Breast milk
Volume, mL/d 171.8 ± 148.5 198.5 ± 136.9 224.2 ± 159.9 210.3 ± 174.3
95% CI 110.5, 233.1 140.7, 256.3 155.0, 293.3 126.3, 294.3
Observations, n 25 24 23 19

1Values are mean ± SD unless otherwise noted. Supplemental Tables 1–7 provide complete statistical results, interactions, and covariates for each
nutrient at each point in time.

(Figure 2D) for protein concentration in mother’s milk over
time. The protein concentration decreased by 36% from day
7 to day 28 for white participants and only 14% for blacks
during the same period. Protein concentration was significantly
different based on volume at several time points. For the lowest
volume representing the 25th percentile (i.e., 65 mL), the protein
concentration on days 7 (P = 0.0028) and 14 (P = 0.0066)
was significantly greater than on day 28 (Figure 2D). At a
volume of 150 mL (representing the 50th percentile), day 28
had a significantly lower protein concentration than days 7
(P < 0.0001), 14 (P = 0.0019), and 21 (P = 0.04). A similar
trend for protein concentration over time was identified for
the highest volume (i.e., 300 mL). No statistically significant
differences for protein concentration based on EGA were
identified.

Significant interactions between EGA and day, but not race
or volume and day, were identified for carbohydrates. As seen
in Figure 2E, carbohydrate concentration remained stable across
all time points for mothers delivering at <28 weeks of gestation.
Study subjects with an EGA ≥ 28 wk had a lower carbohydrate
concentration in mother’s milk at day 28 than at days 7
(P = 0.0187) and 14 (P = 0.0171). The volume of mother’s
milk over time was influenced by race (Figure 2F); however, no
statistically significant differences between black and white study
participants with respect to sample day or between sample days
within each race were identified.

Micronutrients

Table 4 shows the data for each micronutrient at each time
point. Supplemental Tables 1–7 present the complete analysis

n = 50

Samples tested week 1 
n = 36

No milk available for 
 

n = 9

Milk volume inadequate 
to test all nutrients

n = 2

Samples tested week 2
n = 35

No milk available for 

n = 10

Milk volume inadequate 
to test all nutrients

n = 2

Samples tested week 3
n = 34

No milk available for 
 

n = 13

Samples tested week 4
n = 28

No milk available for 
 

n = 19

Subjects consented
n = 47

Subjects refused consent
n = 3

FIGURE 1 Participant flowchart.
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FIGURE 2 Macronutrient concentration in preterm breast milk on postpartum days 7 (n = 36), 14 (n = 35), 21 (n = 34), and 28 (n = 28). (A) Energy. (B)
Fat. (C) Protein by race. (D) Protein by volume. At a volume of 65 mL, day 7 (P = 0.0028) and day 14 (P = 0.0066) had greater mean protein than day 28.
At a volume of 150 mL, day 7 had a greater mean protein than day 21 (P = 0.0034) and day 28 (P < 0.0001), day 14 had a significantly greater mean protein
than day 28 (P = 0.0019), and day 21 had a significantly greater mean protein than day 28 (P = 0.0400). At a volume of 300 mL, day 7 had a greater mean
protein than day 14 (P = 0.0007), day 21 (P < 0.0001), and day 28 (P < 0.0001), and day 14 had a greater mean protein than day 28 (P = 0.0071). Among
whites, day 7 had greater mean protein than day 21 (P = 0.0022) and day 28 (P = 0.0031). (E) Carbohydrates by gestational age. For those with a gestational
age ≥28 wk, day 28 was lower than days 7 (P = 0.0187) and 14 (P = 0.0171). Within day 28, mean carbohydrate was lower among those with a gestational
age ≥ 28 wk than among those with a gestational age < 28 wk. (F) Volume by race.

with the final repeated-measures mixed model results controlling
for various covariates. Significant interactions between EGA,
volume, and race and day were identified for sodium concentra-
tion in mother’s milk as seen in Figure 3A and B. Although the
effect of EGA on sodium concentration over time was statistically
significant, post hoc differences between time points within
each EGA cohort or between EGA cohorts were not identified
(Figure 3A).

Figure 3B demonstrates interactions involving both race and
volume with day on sodium concentration in mother’s milk.
At the lowest volume representing the 25th percentile (i.e.,
65 mL), the sodium concentration in mother’s milk from black
participants was significantly higher at day 28 than at days 7
(P = 0.0004), 14 (P < 0.0001), and 21 (P = 0.0003). Sodium
concentration was also higher at day 7 than at days 14 (P = 0.022)
and 21 (P = 0.028). Similar relations were identified for black
participants at a volume of 150 mL (median) with sodium
concentration significantly higher on day 28 than on days 7
(P = 0.0009), 14 (P < 0.0001), and 21 (P = 0.0009). No

differences among black participants at a volume of 300 mL over
time were identified.

For white participants, significant differences in sodium con-
centration by volume over time were identified. In comparison
with black participants, white participants had significantly lower
sodium concentrations in mother’s milk at volumes of 65 mL
and 150 mL, but no differences between races at 300 mL were
identified (Figure 3B).

A significant interaction between time and race was identified
for potassium concentration in mother’s milk (Figure 3C). For
both black and white participants, potassium concentration was
significantly higher on day 7 than on day 28 (P = 0.0099 and
P = 0.0001, respectively). A similar statistical relation between
day 7 and day 21 for white participants was also identified
(P < 0.0001). No differences between races at each time point
were found.

Figure 3E demonstrates significant interactions involving both
EGA and volume with day on chloride concentration in mother’s
milk. Among participants with an EGA < 28 wk, no differences
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TABLE 4 Descriptive statistics for micronutrients by day1

Micronutrients Day 7 Day 14 Day 21 Day 28

Sodium
Concentration, mg/dL 36.1 ± 25 28.5 ± 21.2 30.5 ± 28.9 34.5 ± 37.6
95% CI 27.6, 44.5 21.2, 35.8 20.4, 40.5 19.9, 49.1
Observations, n 36 35 34 28

Potassium
Concentration, mg/dL 64.2 ± 11.4 55.5 ± 11.9 53.3 ± 11.7 50.4 ± 11.7
95% CI 60.3, 68.0 51.4, 59.5 49.3, 57.4 45.9, 55.0
Observations, n 36 35 34 28

Chloride
Concentration, mg/dL 69.5 ± 34.7 58.3 ± 31.9 58.2 ± 38.8 66.1 ± 51.3
95% CI 57.7, 81.2 47.3, 69.3 44.6, 71.7 46.2, 86.0
Observations, n 36 35 34 28

Calcium
Concentration, mg/dL 24.2 ± 8.9 22.3 ± 8.1 22.0 ± 5.9 21.2 ± 5.5
95% CI 21.2, 27.2 19.5, 25.1 19.9, 24.0 19.1, 23.4
Observations, n 36 35 34 28

Phosphorus
Concentration, mg/dL 15.0 ± 4.8 14.8 ± 3.7 14.0 ± 3.3 13.0 ± 3.8
95% CI 13.4, 16.6 13.6, 16.1 12.9, 15.2 11.5, 14.5
Observations, n 36 35 34 28

Magnesium
Concentration, mg/dL 3.2 ± 0.9 3.0 ± 0.8 2.8 ± 0.7 3.3 ± 3.4
95% CI 2.9, 3.5 2.7, 3.3 2.6, 3.1 2.1, 4.6
Observations, n 36 35 34 29

Vitamin D
Concentration, IU/dL 7.9 ± 11.8 8.1 ± 9.3 6.5 ± 7.7 5.0 ± 3.3
95% CI 3.9, 11.9 4.9, 11.3 3.9, 9.2 3.7, 6.4
Observations, n 36 35 34 26

Zinc
Concentration, mg/dL 0.5 ± 0.2 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.2
95% CI 0.4, 0.5 0.4, 0.5 0.3, 0.4 0.3, 0.4
Observations, n 36 35 34 28

1Values are mean ± SD unless otherwise noted. Supplemental Tables 1–7 provide complete statistical results, interactions, and covariates for each
nutrient at each point in time.

between days and volumes were identified. At each volume for
participants with an EGA ≥ 28 wk, the chloride concentration
was highest at 28 d when compared with days 7, 14, and 21.
Similarly, the chloride concentration at each time point for all
volumes of mother’s milk was significantly reduced in study
participants with an EGA < 28 wk when compared with those
with an EGA ≥ 28 wk.

A significant interaction between race and time was iden-
tified for calcium (Figure 3D) and phosphorus concentrations
(Figure 3F) in mother’s milk. Black participants had significantly
lower calcium concentrations than white participants on days 7
(P = 0.0284) and 14 (P = 0.0295). The calcium concentration
in mother’s milk did not vary significantly over time for black
participants, but a statistical difference for white participants was
identified for day 7 compared with day 21 (P = 0.0102). Phos-
phorus concentration did not vary significantly over time between
races, and between-day comparisons for black study participants
were not statistically different. For white participants, phosphorus
concentration on day 7 was significantly higher than on day 21
(P = 0.0013) and day 28 (P = 0.0140).

No interactions between race, EGA, or volume and time were
identified for magnesium concentration (Figure 3G).

Figure 3H demonstrates significant interactions involving both
EGA and volume with vitamin D concentration in mother’s
milk. For study participants with an EGA ≥ 28 wk, no
differences in vitamin D concentration between time points at
any volume of mother’s milk were identified. Similarly, no
differences in vitamin D concentration between time points and
volumes of mother’s milk were identified in study participants
with an EGA < 28 wk except at the highest volume (i.e.,
300 mL), where vitamin D concentration was higher at day
7 than at days 14 (P = 0.0005), 21 (P = 0.0048), and 28
(P = 0.0016). In comparison with study participants with an
EGA ≥ 28 wk, the vitamin D concentration in subjects with
an EGA < 28 wk was lower at day 28 for the lowest (i.e.,
65 mL; P < 0.0001) and middle (i.e., 150 mL; P = 0.0002)
volumes.

A statistically significant interaction with race and
time was found for zinc concentration in mother’s milk
(Figure 3I). Among black participants, no differences in
zinc concentration between time points were identified. For
white study participants, zinc concentration at day 7 was
significantly higher than at day 14 (P = 0.0045) and day 21
(P = 0.0011).
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FIGURE 3 Micronutrient concentration in preterm breast milk on postpartum days 7 (n = 36), 14 (n = 35), 21 (n = 34), and 28 (n = 28). (A) Sodium by
gestational age. (B) Sodium by race and volume. Among blacks at a volume of 65 mL a significantly greater mean sodium was seen at day 7 than at day 14
(P = 0.0218) but was lower than at day 28 (P = 0.0004), day 14 was lower than day 28 (P < 0.0001), and day 21 was lower than day 28 (P = 0.0003). Among
blacks at a volume of 150 mL a greater mean sodium was seen at day 7 than at day 14 (P = 0.0253) and lower than at day 28 (P = 0.0009). (C) Potassium by
race. Among blacks, day 7 was greater than day 28 (P = 0.0099). Among whites, day 7 was greater than day 21 (P = 0.0001) and day 28 (P = 0.0001). (D)
Calcium by race. Calcium was lower for blacks than for whites at day 7 (P = 0.0284) and day 14 (P = 0.0295). Among whites, day 7 calcium was greater than
day 21 (P = 0.0102). (E) Chloride by gestational age and volume. Among those delivering at ≥28 weeks of gestation at a volume of 65 mL, day 7 was lower
than day 21 (P = 0.0369) and day 28 (P < 0.0001), day 14 was lower than day 28 (P < 0.0001), and day 21 was lower than day 28 (P < 0.0001). Among those
delivering at ≥28 weeks of gestation at a volume of 150 mL, day 7 was lower than day 21 (P = 0.0301) and day 28 (P = 0.0001), day 14 was lower than day
21 (P = 0.0083) and day 28 (P < 0.0001), and day 21 was lower than day 28 (P = 0.0002). Among those delivering at ≥28 weeks of gestation at a volume of
300 mL, day 14 was lower than day 21 (P = 0.0003) and day 28 (P = 0.0019). At a volume of 65 mL, those delivering at <28 weeks of gestation had lower
mean chloride than those delivering at ≥28 weeks of gestation at day 7 (P = 0.0014), day 14 (P < 0.0001), day 21 (P < 0.0001), and day 28 (P < 0.0001). At a
volume of 150 mL, those delivering at <28 weeks of gestation had lower mean chloride than those delivering at ≥28 weeks of gestation at day 7 (P = 0.0014),
day 14 (P < 0.0001), day 21 (P < 0.0001), and day 28 (P < 0.0001). At a volume of 300 mL, those delivering at <28 weeks of gestation had lower mean
chloride than those delivering at ≥28 weeks of gestation at day 7 (P = −0.0324), day 21 (P = 0.0070), and day 28 (P = 0.0057). (F) Phosphorus by race. (G)
Magnesium. Day 7 was greater than day 21 (P = 0.0148). (H) Vitamin D by gestational age and volume. Among those delivering at <28 weeks of gestation
at a volume of 300 mL, day 7 was greater than day 14 (P = 0.0005), day 21 (P = 0.0048), and day 28 (P = 0.0016). At a volume of 65 mL and day 28, those
delivering at <28 weeks of gestation had lower mean vitamin D than those delivering at ≥28 weeks of gestation (P < 0.0001). At a volume of 150 mL and
day 28, those delivering at <28 weeks of gestation had lower mean vitamin D than those delivering at ≥28 weeks of gestation (P = 0.0002). (I) Zinc by race.
Among whites, day 7 was greater than day 21 (P = 0.0011) and day 28 (P = 0.0045), and day 14 was greater than day 21 (P = 0.0257).

Discussion
Our report fills 2 major gaps in the current human milk

literature. First, the mean EGA (28.2 ± 2.8 wk) and birth weight
(1098 ± 347.3 g) in this report are lower than those in most
previous publications and our report is novel in that we included
a large proportion (42%) of mothers delivering before 28 com-
pleted weeks of gestation (14–16, 22–36). Second, our study was
composed of a majority black (64%) population, which highlights

the gross disparity in preterm births for African-American and
black women and the under-representation of African-American
and black women in the human milk literature. However, the
causality of the differences in the nutrient composition based
on race cannot be determined with our study and additional
research in this area is needed. In our comprehensive analysis of
longitudinal human milk samples across the first postnatal month,
we identified several important differences in macronutrient and
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micronutrient composition in preterm mother’s milk that are
related to race, gestational age, and volume of milk. These unique
relations have not been identified in previous reports owing
to an absence or under-representation of mothers who deliver
before 28 completed weeks of gestation or the lack of inclusion
of minorities or appreciation for the volume of milk in study
samples.

Our findings shed new light on the content of preterm human
milk and will help reveal potential dietary shortcomings in
the current approach to preterm nutrition and human milk
fortification. For example, protein balanced with fat and energy
is an important factor in short-term outcomes including “return-
to-birth-weight” and discharge weight as well as long-term
developmental outcomes for the preterm infant (37–39). The
amount of protein intake necessary to achieve adequate postnatal
growth and development for a very-low-birth-weight (VLBW)
preterm infant is 3 times greater than what is required for a
newborn term infant. For the VLBW population, meeting the
recommended 3.5–4.5 g · kg−1 · d−1 intake of protein with breast
milk alone would not be possible within the recommended range
of enteral volume and additional protein supplementation may be
warranted (1, 13). The addition of protein supplements, either as
multinutrient or single-nutrient fortification, assumes the protein
concentration of the breast milk to be stagnant across the preterm
lactation stages, race, gestational age, and milk volume. Our data
show that by DOL 28 black mothers had 29% more protein in
their milk than white mothers and that the protein concentration
decreased as the volume of milk increased. At day 28, preterm
infants of white mothers would need an additional 2–3 g · kg−1

· d−1 of protein supplementation, but infants of black mothers
would need only 1–2 g · kg−1 · d−1 of supplementation. In
addition, the dilution effect on protein must be considered for
mothers who produce large volumes of breast milk per day (37–
41).

Gestational age at the time of delivery had a significant impact
on sodium concentration. We found that sodium was 3 times
higher in mother’s milk from subjects delivering at ≥28th week of
gestation than for those delivering before completion of the 28th

week. Extremely preterm infants (i.e., <28 weeks of gestation)
have less total body mass, increased fecal loss of sodium, lower
tolerance for enteral volume, and are more likely to be exposed
to diuretics (42–44). Combining these risk factors for sodium
depletion with the lower sodium content in extremely preterm
mother’s milk, the risk of sodium-related growth failure may
be more prominent in extremely preterm infants. Human milk
fortifiers add varying amounts of sodium to preterm human milk,
but additional supplementation may be warranted for infants
born before the 28th week of pregnancy. We found that chloride
followed a pattern similar to sodium in that the mothers delivering
before the 28th week had less chloride per deciliter at all volumes
of mother’s milk. The chloride concentration rose from the first
to the fourth week for mothers delivering at ≥28 wk, but the
concentration did not rise for those delivering before 28 wk. As
with protein, the dilution effect on sodium and chloride must
be considered when prescribing sodium supplementation for this
population.

Consistent with previous published reports, preterm mother’s
milk was largely deficient in vitamin D across the first month
after birth. Gestational age and volume influenced concentration;
however, even at the highest concentration, the amount of

vitamin D provided by mother’s milk alone fell well below the
recommended intake. Hence, supplementation of 400–1000 IU
vitamin D/d is necessary for all mother’s milk–fed preterm infants
(1, 13, 45–47).

Similarly, the amount of zinc intake required to promote
growth and prevent deficiency in the preterm infant cannot
be met by mother’s milk alone at any stage of lactation
and supplementation is required (1, 13, 45, 48, 49). Human
milk fortifiers provide supplemental zinc but may not provide
enough to meet the needs of the preterm infant. Prophylactic
supplementation of zinc, in addition to what is provided by
fortified mother’s milk, may be warranted for the infants of these
mothers.

We acknowledge several limitations. First, most of the subjects
were black or black and obese. Although representative of the
population of the local metropolitan area, the over-representation
of black women may not be generalizable to the general
population where <15% of the US population identifies as
black. Second, although our data are among the first to examine
longitudinal mother’s milk samples from extremely preterm
infants, we recognize that a larger cohort may provide additional
insight into influences such as maternal adiposity (e.g., BMI),
maternal diet, and other factors that were not included in this
study (50–54). Third, our results focus on the first postnatal
month and will not account for changes in mother’s milk
composition after that time or as the volume of breast milk begins
to decrease over time. Analysis of longitudinal samples after 28
weeks of gestation would be an important future consideration
because this time period likely represents the largest volume of
mother’s milk used in the preterm infant’s diet.

Mother’s milk offers a complex source of nutrients that
represents the “gold standard” for the preterm infant diet (2–4,
8–12). However, the needs of nutritionally vulnerable preterm
infants are difficult to meet with mother’s milk alone (1,
13). Supplementation and fortification strategies depend on an
accurate representation of the nutrient profile in preterm mother’s
milk. Our findings can be useful in the development of targeted
fortification strategies for the human milk–fed preterm infant.
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