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Abstract: The influence of the diet and nutritional status of milk donors on the nutritional composition
of donor human milk (DHM) is unknown. The present study aimed to determine the nutritional
profile of DHM and the associations between donors’ dietary intake and nutritional status and
the micronutrient and lipid composition in DHM. For this purpose, 113 donors completed a food
frequency questionnaire, provided a five-day weighed dietary record, and collected milk for five
consecutive days. Nutrient determinations in donors’ erythrocytes, plasma, urine, and milk were
performed. Multiple linear regressions were conducted for the evaluation of the associations. We
highlight the following results: DHM docosahexaenoic acid (DHA) was positively associated with
donors’ plasma DHA content and donors’ DHA intake (R2 0.45, p < 0.001). For every 1 g/day DHA
intake, an increase of 0.38% in DHA content and 0.78% in total omega-3 content was observed in DHM
(R2 0.29, p < 0.001). DHM saturated fatty acids were positively associated with erythrocyte dimethyl
acetals, plasma stearic acid, trans fatty acids intake, and breastfeeding duration and negatively
associated with erythrocyte margaroleic acid (R2 0.34, p < 0.01). DHM cholecalciferol was associated
with plasma cholecalciferol levels and dairy intake (R2 0.57, p < 0.01). Other weaker associations
were found for free thiamin, free riboflavin, pyridoxal, dehydroascorbic acid, and the lipid profile
in DHM. In conclusion, the diet and nutritional status of donors influence the fatty acid profile and
micronutrient content of DHM.

Keywords: breast milk; human milk bank; associations; donors; diet; nutritional status; lipid profile;
vitamins; minerals; docosahexaenoic acid

1. Introduction

Donor human milk (DHM) is considered the best feeding option for preterm infants
when their mother’s own milk is not available. Its use is increasing in neonatal units, pri-
marily for infants at high risk of developing necrotizing enterocolitis or feeding intolerance,
such as those weighing <1500 g and/or those at less than 32 weeks of gestational age (GA),
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infants with congenital heart disease, or those with severe intestinal disorders [1–5]. These
infants are in a situation of “nutritional emergency”; therefore, knowledge of the essential
nutrients in DHM and research into the factors contributing to its composition should be
a priority.

According to studies carried out in different geographical areas of the world, there is
evidence that the content of fatty acids (FAs) and some micronutrients in human milk (HM)
depends on the maternal deposits of each nutrient at the end of gestation and maternal
intake during the lactation period [6–9]. However, most studies have assessed the FA
profile and information on micronutrients is much more limited.

In this context, micronutrients can be classified in a simplified way into two groups
with respect to their secretion patterns in milk in relation to maternal intake and status
and the response to supplementation. In general, water-soluble vitamins (except folate),
fat-soluble vitamins, iodine, and selenium are considered to belong to a group of mi-
cronutrients for which secretion into HM is dependent on maternal intake or status, and
maternal supplementation may increase their concentrations in milk [8–11]. Accordingly,
iodine, vitamin A, thiamin, riboflavin, vitamin B6, and cobalamin have been established as
priority nutrients for breastfeeding women [12]. The behavior of vitamin E is somewhat
different, as neither plasma nor serum concentrations nor the usual maternal diet affect the
vitamin E concentration in HM, although vitamin E supplementation has been shown to
increase colostrum alpha-tocopherol levels [7,13]. On the other hand, the concentrations of
folate and other minerals and trace elements in HM remain fairly constant regardless of
maternal intake or status, although maternal stores may be affected if the intake of these
nutrients is insufficient; maternal supplementation with the nutrients of this second group
is particularly beneficial for the mother rather than for her infant [8–12].

Nevertheless, the results of the different surveys have not always been concordant [7],
and the authors of two systematic reviews on this topic [8,9] highlighted the small sample
sizes and the large heterogeneity in the studies. In addition, women’s diets vary over time
and according to the country in which they live and their cultural environment [14–17].
For this reason, it is essential to have updated references in each country on the nutrients
in HM.

Moreover, HM is a very complex and dynamic fluid, and its nutritional composition
depends not only on maternal or infant factors but also on its chronobiology (i.e., it changes
with the duration of lactation, the time of day, the length of time that elapses between
feedings, the duration of feeding, and the circadian rhythm) [7,18–21]. All these factors can
act as confounders when studying changes in HM content in relation to diet or maternal
nutritional status and interfere with the interpretation of the data.

Furthermore, DHM requires its own studies as it is not comparable to breast milk in
some respects [22]. Firstly, HM donors constitute a particular population for several reasons.
Milk donors comprise a heterogeneous population of breastfeeding mothers in terms of
the duration of pregnancy and stage of lactation. Studies carried out in Spain and other
countries have shown how the sociodemographic characteristics of donor women differ
from those of the general population [23,24]. Also, in addition to breastfeeding their own
child, donors express surplus milk for donation, which might lead to increased maternal
nutritional needs and a different nutritional milk profile. Secondly, DHM is subjected to pro-
cedures that may alter its nutritional profile, such as collection, mixing, multiple container
changes, freeze–thaw cycles, storage, and pasteurization [22,25]. For example, a decrease in
vitamins C and B6 in breast milk due to exposure to light and freezing has been observed,
as well as a decrease in vitamins C and B6 and folate due to pasteurization [26–30]. A recent
study found that, during long-term storage of human milk, refrigerated or frozen, the mem-
brane phospholipids of milk fat globules were degraded and triacylglycerols were released
from the core, with sphingomyelin being the glycerophospholipid showing the highest rate
of lipolysis [31]. Typically, from extraction until it is administered to the recipient infants,
DHM is exposed to light and undergoes two freeze–thaw cycles, as well as processing,
usually involving Holder pasteurization [26,30]. Overall, data indicate that Holder pasteur-
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ization affects several components of milk but mainly bioactive and immunomodulatory,
rather than nutritional, components [26]. Although clinical practices show that beneficial
properties of DHM persist after Holder pasteurization, new pasteurization techniques are
being investigated to improve the biological and nutritional quality of DHM [32,33]. Lastly,
in 2020, Perrin published a systematic review on the nutritional composition of DHM,
highlighting the need for future studies on the micronutrient content especially, as data on
the vitamin and mineral composition of DHM were scarce [22].

Therefore, because of the great importance of nutrition in the development of very
preterm or critically ill newborns, it is essential to have information on the nutritional
composition of DHM and the factors that might impact it, such as diet, in order to improve
our recommendations to donors. To the best of our knowledge, the only study in which
a dietary assessment of milk donors was performed was a randomized, controlled trial
about the effect of donors’ supplementation with docosahexaenoic acid (DHA) on the DHA
content in DHM conducted in the United States [34].

Hence, the aim of this study was to determine, in a large population of donors from
a milk bank in Madrid (Spain), the macronutrient composition, lipid profile (fatty acid
profile, lipid classes, relative composition of phospholipids, and molecular species of tria-
cyclglycerols), and micronutrient composition (free thiamine, free riboflavin, nicotinamide,
pyridoxal, pantothenic acid, folic acid, cobalamin, ascorbic acid, dehydroascorbic acid,
retinol, α-tocopherol, γ-tocopherol, cholecalciferol, 25(OH)D3, iodine, calcium, phospho-
rous, and selenium) of raw DHM and their associations with donors’ dietary intake and
nutrient status.

2. Materials and Methods
2.1. Study Design and Participants

This study was part of a larger research project, a cross-sectional observational study
conducted at the Aladina MGU Regional Human Milk Bank (RHMB) at the “12 de Octubre”
University Hospital in Madrid, Spain. Two previous articles based on this research project
have recently been published [35,36].

The main aim of the present work was to study the correlations between the diet,
nutritional status, and nutritional milk composition (macronutrients, lipids, water-soluble
and fat-soluble vitamins, calcium, phosphorous, and selenium) of milk donors. For this
purpose, we recruited donors by opportunity at the RHMB between August 2017 and
February 2020. The inclusion criterion was to be an active donor in our RHMB (i.e., to
have donated at least once in the last two months) without communication barriers. In our
RHMB, the requirements to be a milk donor are that potential donors must have a healthy
lifestyle, not be suffering from illnesses or taking any medications that are incompatible
with the donation, be successfully breastfeeding their own child, and want to donate
their surplus milk voluntarily and altruistically. Normally, milk donors are accepted from
3 weeks postpartum to ensure that breastfeeding is well established. There are no exclusion
criteria regarding the age of the donor or the gestational age of her child, nor is there an
upper limit on the length of breastfeeding. Women who wish to donate milk after the death
of their baby, vegetarians or vegans with normal plasma cobalamin values committed
to taking the recommended vitamin B12 supplements, and women with well-controlled
hypothyroidism are accepted as donors. The statistical calculation for the sample size
was undertaken in G*Power 3.1 [37]; for an effect size of 0.15 (moderate), an alpha of 0.05,
power of 0.80, and 8–10 predictors at most, assuming losses of 5%, the sample size was
115 milk donors.

The study was carried out in agreement with Declaration of Helsinki and was ap-
proved by the Clinical Research Ethics Committee of the Hospital Universitario “12 de
Octubre” (protocol code 15/269). All participants gave written informed consent.
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2.2. Study Protocol

The full study protocol and laboratory studies have been previously described in
detail in the abovementioned studies [35,36].

The study protocol is shown in Figure 1.
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In summary, the study of participating donors comprised a health and sociodemo-
graphic survey; somatometric measurements; blood and urine determinations to study
their nutritional status; a dietary study including a food frequency questionnaire (FFQ)
and a five-day weighed dietary record, taking into account the intake of pharmacological
nutrient supplements; and a detailed study of the nutritional composition of their milk.

At the first visit to the RHMB (day 0), fasting urine and blood samples were collected.
Plasma and red blood cells were obtained from the blood. All biological samples were
frozen at −80 ◦C until analysis of the biochemical indicators of nutrition. In addition, milk
donors provided their informed consent, underwent a somatometric study (weight, height,
and body mass index calculation), filled in the health and sociodemographic survey, and
completed a food consumption frequency questionnaire. Donors were trained in how to
complete the five-day weighed dietary record and collect and keep frozen milk samples at
home. They also were supplied with the required material.

Within the following 15 days after the visit to the RHMB, the five-day dietary recording
and the collection of the five-day milk samples were carried out almost concomitantly for
6 days in a row, with milk collection starting 1 day after the start of the dietary recording and
ending 1 day after the recording of the diet had been completed. We ensured that the DHM
we analyzed met the same conditions and underwent the same processes as the raw milk
donated to our RHMB. Therefore, in order to replicate the donors’ milk expression routine,
participants were not asked to express milk at any particular time, the only requirement
being complete emptying of one or both breasts, and the milk was collected in the same
sterile transparent bottles that the donors use under normal donation conditions. From
days 2 to 5, donors collected a 25 mL milk sample from each expression (at least one per
day) and froze it at −20 ◦C. On day 6, they collected and froze one complete milk extraction.
Donors were asked to deliver their dietary records and their frozen milk samples to the
RHMB during the first 15 days following the end of the study. Donors transported the
milk samples in isothermal containers with cold packs, and the milk remained frozen at
the RHMB at −20 ◦C until thawing for aliquoting.
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In the RHMB, different milk samples from the same day were mixed and aliquoted,
but the milk from different days was not mixed, as the composition of the milk from each
day was analyzed individually.

Therefore, the milk samples that were analyzed went through a process of extraction,
freezing at the donors’ homes, transport to the RHMB, and thawing to collect the aliquots,
similar to the process that DHM usually undergoes at our RHMB. The milk samples were
subsequently frozen until analysis in the respective laboratories at −80 ºC instead of −20 ◦C,
as the freezing time was much longer than that of the DHM at the RHMB. Before analysis
in the laboratory, the milk was thawed again. Thus, the studied milk underwent a total of
two freeze–thaw cycles, just like the DHM in our RHMB, the only difference being that it
was not pasteurized.

The milk samples collected from days 2 to 5 were used for the study of vitamins and
minerals, and the complete milk collection sample from day 6 was used for the integral
characterization of the lipid fraction. The data on the intake of food, beverages, and
pharmacological nutrient supplements obtained from the five-day dietary record were
analyzed using DIAL® software (DIAL.EXE Version 3, February 2014, Alce Ingeniería,
Madrid, Spain) to calculate daily nutrient intakes [38]. Nutrient intakes were compared
with the Recommended Dietary Allowances/Adequate Intakes provided by the American
Institute of Medicine [39–44] and the Population Reference Intakes/Adequate Intakes
provided by the European Food Safety Authority [45] for lactating women.

2.3. Nutrient Analysis

Lipid analyses were conducted by the Food Lipid Biomarkers and Health Group at
the Institute of Food Science Research (CIAL, CSIC-UAM). Fatty acid methyl esters were
analyzed by GC-MS in erythrocytes, plasma, and milk. After fat extraction from human
milk samples from 20 randomly selected donors, the separation and quantification of lipid
classes were performed using an HPLC evaporative light scattering detector (ELSD), and
the determination of TAG molecular species was undertaken using GC-FID.

Vitamin and mineral analyses were conducted by the NUTREN-Nutrigenomics Group
of the Department of Experimental Medicine at the University of Lleida, Spain. Micronutri-
ent determinations were carried out using chromatographic analyses, mass spectrometry,
and immunoassays. Free thiamin, free riboflavin, nicotinamide, pyridoxal, pantothenic
acid, folic acid, cobalamin, ascorbic acid, dehydroascorbic acid, retinol, α-tocopherol, γ-
tocopherol, cholecalciferol, 25(OH)D3, iodine, calcium, phosphorous, and selenium were
determined in milk. The erythrocyte glutathione reductase activity coefficient (EGRAC),
riboflavin, nicotinamide, pantothenic acid, pyridoxamine, and hemoglobin were deter-
mined in erythrocytes. The EGRAC, which assesses erythrocyte glutathione reductase
activity in terms of an excess of flavine adenine dinucleotide compared to baseline activ-
ity, is a functional property used to determine the nutritional riboflavin status. Thiamin,
riboflavin, nicotinamide, pantothenic acid, pyridoxine, pyridoxamine, folic acid, cobal-
amin, holotranscobalamin, homocysteine, ascorbic acid, retinol, 25(OH)D3, 1,25(OH)2D3,
α-tocopherol, γ-tocopherol, triacylglycerols, total cholesterol, HDL-cholesterol, and LDL-
cholesterol were determined in plasma. Creatinine, methylmalonic acid, iodine, sodium,
calcium, and phosphorous were determined in urine.

Determinations of macronutrients (total fat, proteins, and carbohydrates) in DHM
were carried out at the RHMB using Fourier-transform mid-infrared (FT-MID) spectroscopy
in a milk analyzer (MilkoScan FT2, FOSS S.A., Barcelona, Spain).

A full description of the analytic techniques employed for each of the nutrients is
available in a previous paper [36], as mentioned above.

2.4. Statistics

Statistical analysis was performed with the STATA 14 program.
For descriptive analysis, qualitative variables were presented as absolute and relative

frequencies and quantitative variables as medians and the interquartile range or as means
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and the standard deviation depending on their distribution, which was established by
performing the Shapiro–Wilk normality test.

For the multivariate analysis of associations, multiple linear regressions (MLRs) were
performed using each of the lipids, macro- and micronutrients in DHM as dependent
variables, except for iodine, which had been previously studied [35]. For vitamins and
minerals, the average of the four-day milk content of each participant was used. The
independent variables were as follows: the clinical and sociodemographic characteristics;
the somatometric study results; the levels of nutrients in donors’ plasma, erythrocytes, and
urine; the results for intake from the FFQ; and the average intake of nutrients recorded by
donors in the five-day dietary record. The independent variables with significant associa-
tions (p < 0.05) with milk content in the bivariate analysis were entered into the models.
Once the independent variables and their probable interactions were introduced in each
of the models, the variables with p > 0.05 were removed, and confounding variables were
evaluated until the most parsimonious model was obtained. Each model was diagnosed,
and some outliers were removed to improve the fit. For each model, regression diagnosis
was performed with the residuals; the assumptions of linearity with each independent
variable were assessed with scatter plots and, in addition, homoscedasticity of variance
was assessed with the Breusch–Pagan test and normal distribution with p–p plots. The
independence of observations was also assessed with vif and omitted variable bias was
tested with ovtest. The following diagnostic plots were used for the influential points:
residual versus fitted values (rvfplot), augmented component-plus-residual plots (acpr
plots), leverage against normalized squared residuals (lvr2plot), and Cooks’ distance. In
the models’ tables, the influencing points identified and removed for each model after
individual analyses were recorded.

3. Results
3.1. Population Studied

A total of 114 milk donors were recruited: 112 were omnivores (93 with full-term
infants, 16 with preterm infants who were not hospitalized, and 3 with preterm infants
<32 weeks of gestational age and/or with <1500 g birthweight hospitalized in the neona-
tology service) and 2 were ovo-lactovegetarians (1 with a preterm infant 36+4 weeks of
gestational age and the other with a full-term infant). One of the omnivore donors left the
study early; thus, complete data were obtained from 113 donor women.

Tables 1–4 show the results of the sociodemographic and health survey, including the
characteristics of the donors’ breastfed infants and breastfeeding habits.

The median age of donors was 35.6 years and they had a median body mass index
(BMI) of 22.9 kg/m2, similar to their pre-pregnancy BMI (22.1 kg/m2). BMI at the time
of the study was classified as normal for 71% of the sample (Table 1). In terms of dietary
habits, 29% reported having changed eating habits in the last two years towards a healthier
diet or due to changes in dairy consumption. There were 18 donors with some type of
food restriction: dairy (n = 6), fish (n = 3), meat (n = 3), eggs (n = 2), nuts (n = 1), and
others (n = 3). In total, 87 of the 109 donors who specified the type of salt consumed (79.8%)
reported taking iodized salt.

Fifty-five percent of donors reported having no previous children. Four donors had
twin pregnancies, among whom two lost a fetus (one ovo-lactovegetarian donor with a
term infant and one omnivore donor with a preterm infant 24+4 weeks of gestational age)
and one lost one of her twins at 27+0 weeks of gestational age during the first week of life.
Another donor had one fetal death at 22+6 weeks of gestational age 2 months previously
(Table 2).

Five percent of donors were breastfeeding more than one child (tandem or twin
breastfeeding) at the time of the study. The median gestational age at birth was 39+4

weeks, and 47% of children were male. Regarding the 19 donors with preterm deliveries,
the post-menstrual/corrected age of the infants ranged from 30+6 weeks to 17.5 months.
Seventy-two percent of mothers employed simple electrical breast pumps (Tables 3 and 4).
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Regarding nutrient supplementation, 112 of 113 donors (99.1%) reported consuming
pharmacological nutritional supplements during pregnancy and 102 of 113 donors (90.3%)
during lactation. Most participants took supplements of folic acid, vitamin B12, and iodine
during pregnancy. The number of donors who took supplements of each nutrient, both
during gestation and lactation, and the median daily dose that they consumed are available
in Table S1 in the Supplementary Material.

Table 1. Donor characteristics (n = 114).

Characteristic

Age (years) 35.6 (32.9, 38.7)
Weight (kg) 60.5 (55.2, 70.6)
Height (cm) 164.1 (6.5)

Pre-pregnancy BMI (kg/m2) 22.1 (20.6, 24.8)
Pre-pregnancy BMI (kg/m2) category

Underweight (<18.5) 4 (3.5%)
Normal (18.5–24.9) 84 (73.7%)

Overweight (25–29.9) 15 (13.2%)
Obese (≥30) 11 (9.6%)

Current BMI (kg/m2) 22.9 (21.1, 25.1)
Current BMI (kg/m2) category

Underweight (<18.5) 4 (3.5%)
Normal (18.5–24.9) 81 (71.1%)

Overweight (25–29.9) 16 (14.0%)
Obese (≥30) 13 (11.4%)

Gestational weight gain (kg) 11.3 (9.0, 14.0)
Postpartum weight retention (kg) 1.0 (−0.6, 2.5)

Number of living children
0 a–1 63 (55.3%)

2 39 (34.2%)
≥3 12 (10.5%)

Country of origin: Spain 102 (89.5%)
Education level

Secondary studies 2 (1.8%)
Technical studies 14 (12.3%)

University studies 98 (86.0%)
Currently working 50 (43.9%)

Physical activity
Sedentary 26 (22.8%)

Low activity 60 (52.6%)
Active/very active 28 (24.6%)

Tobacco consumption
Previously 28 (24.6%)
Currently 1 (0.9%)

Passive smoking 24 (21.1%)
Active smoking 1 (0.9%)

Alcohol consumption
Prior to pregnancy 55 (48.2%)
During pregnancy 1 (0.9%)

Currently 4 (3.5%)
Season during the study

Spring 30 (26.3%)
Summer 16 (14.0%)
Autumn 42 (36.8%)
Winter 26 (22.8%)

Quantitative variables are expressed as means (standard deviations) when they were distributed parametrically
and as medians (25th and 75th percentiles) when they were distributed non-parametrically. Qualitative variables
are presented as the absolute and relative frequencies (%). a A fetal death at 22+6 weeks of gestational age and
450 g birthweight. Abbreviations: BMI, body mass index.
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Table 2. Diseases, medication intake, and characteristics of the last pregnancy recorded for the donors
(n = 114).

n (%)

Diseases 1 41 (36.0%)
Endocrinological and metabolic diseases * 10 (8.8%)

Cardiovascular diseases (hypertension) 1 (0.9%)
Respiratory diseases (asthma) 6 (5.3%)

Immune diseases (allergy, psoriasis, atopy) 7 (6.1%)
Spinal/medullary pathology 6 (5.3%)

Miscellaneous ** 13 (11.4%)

Medication intake 1 12 (10.5%)
Oral contraceptives 4 (3.5%)

Thyroid hormone replacement therapy 4 (3.5%)
Other medicines *** 5 (4.4%)

Twin pregnancy 4 (3.5%)

Problems in the last pregnancy 1 36 (31.6%)
Thyroid disorders 17 (14.9%)

Preeclampsia 2 (1.8%)
Gestational diabetes 2 (1.8%)

Intrauterine fetal growth restriction 6 (5.3%)
Intrauterine fetal death 3 (2.6%)

Other problems **** 11 (9.6%)
1 The categories do not exclude each other. * Endocrinological and metabolic diseases included four cases of
well-controlled hypothyroidism, four cases of subclinical thyroid disorders, and two cases of hypercholesterolemia.
** Miscellaneous included congenital amylase–sucrase deficiency, fatty liver, esophagitis, antiphospholipid syn-
drome, uveitis, migraines, polycystic ovary syndrome, cholesteatoma, venous insufficiency, recurrent urinary
tract infections, human papillomavirus infection, and depression. *** Other medicines included antihistamines,
antidepressants, proton-pump inhibitors, antivertiginous medications, and oral bronchodilators. **** Other prob-
lems included the threat of abortion, threat of premature birth, feto-fetal transfusion syndrome, chorioamnionitis,
oligohydramnios, intrahepatic cholestasis, cytomegalovirus infection, bronchitis, and urinary tract infections.

Table 3. Characteristics of infants (n = 116).

Characteristic n *

Gestational age (weeks) 114 39+4 (38+2, 40+2); 22+6–42+3

Boy 116 55 (47.4%)
Birth weight (grams) 116 3195.0 (2795.0, 3472.5); 450.0–4640.0

Birth weight percentile 1

≤25 32 (27.6%)
25–75 116 73 (62.9%)
≥75 11 (9.5%)

Age of infant (months)

114
0–6 45 (39.5%)
6–12 43 (37.7%)

12–50 26 (22.8%)
Postmenstrual age of preterm infants (weeks) 19 50.3 (38.6, 78.2)

Weight percentile of breastfed child 2

113
≤15 17 (15.0%)

15–85 77 (68.1%)
≥85 19 (16.8%)

Quantitative variables are expressed as medians (25th and 75th percentiles) because they were distributed non-
parametrically. Ranges are shown after the semicolon. Qualitative variables are presented as the absolute and
relative frequencies (%). * n = 116 includes a fetal death at 22+6 weeks of gestational age and two pairs of twins;
n = 114 is due to the number of gestations; n = 113 excludes the fetal death, a twin baby who died in the first week
of life, and one child with missing data. 1 Based on Olsen intrauterine growth curves [46]. 2 Based on the World
Health Organization (WHO)’s child growth standards [47].
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Table 4. Breastfeeding characteristics (n = 114).

Characteristic n n (%)

Donor previously 114 20 (17.5%)

Duration of lactation of the previous child (months)

51 a

0 1(2.0%)
3–6 2 (3.9%)

6–12 10 (19.6%)
12–24 22 (43.1%)
≥24 16 (31.4%)

Current lactation stage (months) 114 7.0 (4.8, 12.0); 1.8–50.0

Type of lactation
113 bExclusive 52 (46.0%)

Partial 61 (54.0%)

Sum of breastfeeding times plus daily milk pumping
sessions

114
<5 12 (10.5%)

5–10 66 (57.9%)
>10 33 (28.9%)

Missing data 3 (2.6%)

Tandem breastfeeding 114 5 (4.4%)

Breastfeeding twins 114 1 (0.9%)

Type of milk extraction *

114
Manual 7 (6.1%)

Mechanical breast pump 12 (10.5%)
Simple electric breast pump 82 (71.9%)
Double electric breast pump 15 (13.2%)

Quantitative variables are expressed as medians (25th and 75th percentiles) because they were distributed non-
parametrically. Ranges are shown after the semicolon. Qualitative variables are presented as the absolute and
relative frequencies (%). a Number of donors with previous children. b Due to one fetal death. * The categories do
not exclude each other.

3.2. Diet Survey and Nutritional Status

The results of the five-day dietary record, the FFQ, and the analysis of nutrients in the
erythrocytes, plasma, and urine of the donors for the assessment of their nutritional status
are displayed as supplementary data (Tables S2–S7). References [36,48–72] are cited in the
Supplementary Materials.

3.3. Composition of Donor Human Milk

Data on the nutritional composition of the DHM are presented in Tables 5–7. Table 5
presents the macronutrient composition, the lipid classes’ profile, the relative composition
of phospholipids, and the molecular species of triacylglycerols in the DHM. Table 6 presents
the concentrations of 30 FAs, and Table 7 shows the concentrations of 15 micronutrients in
the DHM.

Table 5. Macronutrient composition (g/100 mL milk), lipid classes’ profile (g/100 g fat), relative
composition of phospholipids (g/100 g polar lipids), and molecular species of triacylglycerols content
(g/100 g fat).

Nutrient
Donors

n Mean (SE)

Macronutrients (g/100 mL milk)

Lipids
103

3.13 (0.17)
Carbohydrates 7.73 (0.03)

Proteins 1.17 (0.03)
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Table 5. Cont.

Nutrient
Donors

n Mean (SE)

Lipid classes (g/100 g fat)

Triacylglycerols

20

96.19 (93.87, 97.26)
Diacylglycerols 3.43 (2.47, 5.50)

Monoacylglycerols 0.03 (0.02, 0.07)
Free fatty acids + cholesterol 0.31 (0.22, 0.51)

Polar lipids 0.05 (0.01)

Phospholipids (g/100 g of polar lipids)

Phosphatidylethanolamine
20

24.63 (7.88)
Phosphatidylcholine 30.95 (5.00)

Sphingomyelin 44.43 (11.09)

Triacylglycerols (g/100 g fat) *

CN24

20

0.01 (0.01, 0.02)
CN26 0.10 (0.03)
CN28 0.07 (0.05, 0.12)
CN30 0.19 (0.14, 0.27)
CN32 0.26 (0.19, 0.41)
CN34 0.33 (0.13, 0.44)
CN36 0.36 (0.22, 0.65)
CN38 1.57 (0.68)
CN40 2.02 (0.54)
CN42 2.70 (0.91)
CN44 5.02 (1.37)
CN46 7.51 (1.50)
CN48 10.72 (1.43)
CN50 14.71 (2.16)
CN52 36.89 (4.83)
CN54 17.30 (5.10)

Variables are expressed as means (standard deviations) when they were distributed parametrically and as medians
(25th and 75th percentiles) when they were distributed non-parametrically. * Molecular species of triacylglycerols
according to their carbon number (CN).

Table 6. Fatty acid composition (g/100 g fat) of donor human milk.

Fatty Acid (%) Common Name Donors (n = 108)
Reference Values

European [52] 1 World [73] 2

Saturated Fatty Acids (SFAs)

C6:0 Caproic 0.11 (0.02) 0.08 ± 0.02 0.13 ± 0.47
C8:0 Caprylic 0.18 (0.16, 0.21) 0.22 ± 0.06 0.21 ± 0.22
C10:0 Capric 1.20 (0.29) 1.44 ± 0.34 1.37 ± 0.86
C12:0 Lauric 5.42 (1.58) 5.46 ± 1.84 5.7 ± 2.81
C14:0 Myristic 5.88 (4.91, 7.75) 6.19 ± 1.93 6.56 ± 3.05
C15:0 Pentadecanoic 0.18 (0.13, 0.25)

C15:0 ai C15:0 anteiso 0.02 (0.02, 0.03)
C15:0 i C15:0 iso 0.03 (0.02, 0.05)
C16:0 i C16:0 iso 0.02 (0.01, 0.03)
C16:0 Palmitic 19.61 (2.45) 21.94 ± 2.92 21.5 ± 4.82

C17:0 ai C17:0 anteiso 0.04 (0.03, 0.06)
C17:0 i C17:0 iso 0.27 (0.06)
C17:0 Margaric 0.19 (0.15, 0.23) 0.31 ± 0.15
C18:0 Stearic 5.72 (4.96, 6.49) 6.68 ± 1.59 6.36 ± 2.07
C20:0 Arachidic 0.16 (0.11, 0.21) 0.17 ± 0.04 0.23 ± 0.17
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Table 6. Cont.

Fatty Acid (%) Common Name Donors (n = 108)
Reference Values

European [52] 1 World [73] 2

Monounsaturated Fatty Acids (MUFAs)

C14:1 cis-9 (n5) Myristoleic 0.07 (0.04, 0.11)
C16:1 cis-9 (n7) Palmitoleic 1.47 (1.19, 1.76) 2.21 ± 0.64 2.3 ± 0.92

C17:1 Margaroleic 0.07 (0.03)
∑ C18:1 trans 0.22 (0.13, 0.34) 0.66 ± 0.35

C18:1 cis-9 (n9) Oleic 38.23 (4.98) 35.59 ± 4.17 32.6 ± 5.84
C18:1 cis-11 (n7) Cis vaccenic 1.61 (0.28) 2.38 ± 0.53

C20:1 (n9) Gondoic 0.53 (0.36, 0.82) 0.38 ± 0.12 0.46 ± 0.28

n-6 Polyunsaturated Fatty Acids (n-6 PUFAs)

C18:2 (n6) Linoleic (LA) 14.79 (12.37,
17.19) 14.00 ± 4.95 15.7 ± 7.15

C20:2 (n6) Eicosadienoic 0.25 (0.19, 0.35) 0.26 ± 0.07 0.37 ± 0.19

C20:3 (n6) Dihomo-γ-
linolenic 0.33 (0.23, 0.44) 0.31 ± 0.09 0.37 ± 0.18

C20:4 (n6) Arachidonic
(AA) 0.54 (0.18) 0.44 ± 0.12 0.50 ± 0.25

n-3 Polyunsaturated Fatty Acids (n-3 PUFAs)

C18:3 (n3) Linolenic (ALA) 0.50 (0.40, 0.62) 0.94 ± 0.55 1.11 ± 1.05

C22:5 (n3) Docosapentaenoic
(DPA) 0.07 (0.05, 0.11)

C22:6 (n3) Docosahexaenoic
(DHA) 0.28 (0.17, 0.45) 0.34 ± 0.35 0.37 ± 0.31

n-7 Polyunsaturated Fatty Acids (n-7 PUFAs)

C18:2 c9, t11 (n7) Rumenic 0.08 (0.04, 0.12)

Fatty Acid Families

Not identified 0.20 (0.15, 0.25)
SFAs 39.83 (37.0, 42.1) 42.23 ± 5.29 42.2 ± 7.73

MUFAs 42.49 (5.22) 41.34 ± 4.48 36.3 ± 6.46

PUFAs 16.71 (14.83,
19.37) 16.43 ± 5.07 21.2 ± 8.18

SCFAs 0.11 (0.10, 0.12)

MCFAs (C8–C15) 13.02 (11.13,
16.18)

LCFAs (C16–C18) 84.0 (80.71,
86.35)

VLCFAs (C20–C24) 2.34 (2.02, 3.16)

n-6 PUFAs 15.77 (13.46,
18.44) 17.8 ± 7.51

n-3 PUFAs 0.87 (0.72, 1.17) 1.88 ± 2.63

n-6 PUFAs/n-3 PUFAs 17.21 (13.31,
24.81)

LA/ALA ratio 28.68 (22.52,
40.31)

ARA/DHA ratio 1.83 (1.32, 3.06) 1.68 ± 0.89
Variables are expressed as means (standard deviations) when they were distributed parametrically and as medians
(25th and 75th percentiles) when they were distributed non-parametrically. 1 Data (mean ± standard deviation)
from 223 lactating mothers at a breastfeeding stage of 120 ± 5 days. 2 Data (mean ± standard deviation) from
mature milk. Abbreviations: SCFAs, short-chain fatty acids; MCFAs, medium-chain fatty acids; LCFAs, long-chain
fatty acids; VLCFAs, very-long-chain fatty acids.
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Table 7. Vitamin, mineral, and trace element composition of donor human milk (n = 113).

Nutrient 1
Donors Mature Milk Nutrient Concentration

Referencen Concentration

Free thiamin, B1 (UPLC-MS/MS) mcg/L 113 18.10 (10.03, 28.43) Free thiamin 18.5 [74]
Total thiamin 180 [75]

Free riboflavin, B2 (UPLC-MS/MS) mcg/L 113 47.30 (23.58, 99.90) Free riboflavin 11.2 [74]
Total riboflavin 364 [76]

Nicotinamide, B3 (UPLC-MS/MS) mcg/L 113 46.73 (28.50, 82.58) Nicotinamide 275 [74]
Total niacin 2100 [77]

Pantothenic acid, B5 (UPLC-MS/MS) mcg/L 113 2264.90 (1864.90,
2540.00)

2500 [78]
1304 [74]

Pyridoxal, B6 (UPLC-MS/MS) mcg/L 113 36.73 (27.80, 53.30) Pyridoxal 96 [74]
B6 130 [79]

Folic acid, B9 (UPLC-MS/MS) mcg/L 113 19.88 (7.02) Folate 80 [79]

Cobalamin, B12 (competitive immunoassay) 113

pM 490.63 (74.30)
mcg/L 0.66 (0.10) 0.5 [80]

Ascorbic acid (HPLC-DAD) mg/dL 112 3.91 (1.71)

Dehydroascorbic acid (HPLC-DAD) mg/dL 112 1.91 (1.29, 3.38)

Vitamin C * (HPLC-DAD) 112

mg/dL 6.37 (1.41)
mg/L 63.70 (14.10) 35–90 [81]

Retinol (HPLC with fluorescence and UV detector) 112

mcg/dL 41.15 (26.80, 72.48)
mcg/L 411.50 (268.00, 724.80) 530 [82]

Vitamin D3 (UPLC–electrospray ionization/tandem
MS) 112

pg/mL 1603.65 (373.83, 5279.93)
mcg/L 1.60 (0.37, 5.28) 0.25–2 [83]

25(OH)D3 (UPLC–electrospray ionization/tandem
MS) 112

pg/mL 53.90 (27.13, 109.85)
mcg/L 0.05 (0.03, 0.11)

α-tocopherol (HPLC with fluorescence and UV
detector) 112

mcg/dL 463.80 (373.33, 586.76)
mg/L 4.64 (3.73, 5.87) 4.6 [84]

γ-tocopherol (HPLC with fluorescence and UV
detector) 112

mcg/dL 50.19 (36.43, 67.08)
mg/L 0.50 (0.36, 0.67) 0.45 [74]

Vitamin E (as TE) ** 112

mcg/dL 488.02 (163.13)
mg/L 4.88 (1.63) 5.2 [74]

Iodine (ICP-MS) ppb (mcg/L) 113 148.45 (98.95, 204.98) 50–100 [79]
100–200 [85,86]

Calcium (ICP-MS) ppm (mg/L) 113 99.10 (59.70, 127.35) 200–300 [87]

Phosphorous (ICP-MS) ppm (mg/L) 113 132.47 (114.00, 150.40) 120–140 [79,88]

Selenium (ICP-MS) ppb (mcg/L) 113 10.88 (9.30, 12.68) 18 [89]

Variables are expressed as means (standard deviations) when they were distributed parametrically and
as medians (25th and 75th percentiles) when they were distributed non-parametrically. n is the num-
ber of donors with data for the nutrient under study. 1 The units of our results were converted to
the units of the reference values for comparability. * Vitamin C = ascorbic acid + dehydroascorbic acid.
** Vitamin E = α-tocopherol (mg) + 0.25 × γ-tocopherol (mg) [90]. Abbreviations: UPLC, ultra-performance liq-
uid chromatography; MS/MS, tandem mass spectrometry; HPLC, high-performance liquid chromatography;
DAD, diode array detector; UV, ultraviolet; MS, mass spectrometry; TE, tocopherol equivalent; ICP, inductively
coupled plasma; ppb, parts per billion; ppm, parts per million.
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3.4. Associations between Clinical and Somatometric Characteristics, Donors’ Daily Nutrient Intake,
Their Plasma and Erythrocyte Nutrient Levels, and Nutrient Levels in DHM: Multivariate Analysis

Models in which significant associations were found are described below.

3.4.1. Lipid Associations in DHM

Levels of FAs in DHM are expressed as percentages of fat (Table 8).

Table 8. Multivariate analysis of lipids in donor human milk.

Fatty Acids
(% of Fat) Associated Variables Beta SE t P > |t| 95% CI

Total SFAs a

Observations = 105
R2 = 0.34

DMA in erythrocytes
(% of fat in erythrocytes) 2.700 0.795 3.40 0.001 [1.122, 4.277]

C17:1 in erythrocytes
(% of fat in erythrocytes) −13.556 3.565 −3.80 <0.001 [−20.629, −6.483]

Plasma C18:0
(% of fat in plasma) 2.023 0.550 3.68 <0.001 [0.932, 3.114]

Trans fatty acids
(average % kcals. consumed from trans

fatty acids per day from the dietary
record)

5.789 2.171 2.67 0.009 [1.481, 10.097]

Breastfeeding time (months) 0.203 0.071 2.86 0.005 [0.062, 0.344]

Total MUFAs b

Observations = 103
R2 = 0.16

Plasma MUFAs
(% of fat in plasma) 0.458 0.165 2.77 0.007 [0.130, 0.786]

C17:1 in erythrocytes
(% of fat in erythrocytes) 13.523 4.895 2.76 0.007 [3.810, 23.235]

Total PUFAs
Observations = 108

R2 = 0.04

PUFAs
(average intake in g/day from the dietary

record)
0.139 0.062 2.23 0.028 [0.015, 0.263]

Linoleic acid c

Observations = 106
R2 = 0.10

Linoleic acid in erythrocytes
(% of fat in erythrocytes) 0.633 0.209 3.02 0.003 [0.217, 1.048]

Meat, fish, eggs
(average servings/day from the dietary

record)
0.684 0.281 2.44 0.016 [0.128, 1.241]

DHA d

Observations = 104
R2 = 0.45

Plasma DHA
(% of fat in plasma) 0.164 0.334 4.91 <0.001 [0.098, 0.230]

DHA
(average intake in g/day from the dietary

record)
0.382 0.075 5.12 <0.001 [0.234, 0.530]

Total omega-3 e

Observations = 106
R2 = 0.29

DHA
(average intake in g/day from the dietary

record)
0.783 0.120 6.51 <0.001 [0.544, 1.021]

a After a diagnosis of the model, the data entries 2 and 32 were removed. b After a diagnosis of the model, the
data entries 2, 32, and 71 were removed. c After a diagnosis of the model, the data entries 19 and 135 were
removed. d After diagnosis of the model, the data entries 6, 68, and 73 were removed. e After a diagnosis of
the model, the data entries 6 and 68 were removed. Abbreviations: SE, standard error; SFAs, saturated fatty
acids; DMA, dimethyl acetals, MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; DHA,
docosahexaenoic acid.

The percentage of total saturated fatty acids (SFAs) in DHM was associated with the
donors’ erythrocyte deposits of dimethyl acetals (DMAs) and C17:1 (margaroleic acid),
plasma C18:0 (stearic acid) levels, trans fatty acids (TFAs) consumed in the dietary record,
and breastfeeding time. For each 1% increase in DMA in erythrocytes, adjusted SFA levels
in DHM increased by 2.7%. In addition, for each 1% increase in plasma C18:0 levels, the
adjusted SFA content in DHM increased by 2%, and for each 0.1% of kcals. consumed from
TFA in the dietary record, the adjusted percentage of SFAs in DHM increased by almost
0.6%. On the other hand, for each 0.1% increase in levels of erythrocyte C17:1, adjusted SFA
levels in DHM decreased by approximately 1.4%. Finally, for each month of breastfeeding
time, the adjusted percentage of SFA in DHM increased by 0.2%.
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The amount of monounsaturated fatty acids (MUFAs) in DHM was positively asso-
ciated with donors’ plasma MUFA levels and erythrocyte C17:1 levels. Adjusted MUFA
levels in DHM increased by approximately 0.5% per 1% increase in plasma MUFAs and by
almost 1.4% for each 0.1% increase in the erythrocyte C17:1 level.

PUFA levels in DHM were weakly associated with donors’ daily average PUFA intake
according to the five-day dietary record. For each 5 g of PUFAs in the daily diet, PUFAs in
DHM increased by nearly 0.7%.

A positive association was found between linoleic acid levels in DHM and the linoleic
acid levels in donors’ erythrocytes and average intake of meat, fish, and eggs in the five-day
dietary record. For every 1% increase in the percentage of linoleic acid in erythrocytes,
adjusted levels in DHM increased by 0.6%. Moreover, for each daily serving of meat,
fish, or eggs consumed, the adjusted percentage of linoleic acid in DHM increased by
0.7%. For linolenic acid (C18:3-n3), no significant associations were found between donor
clinical and somatometric characteristics, donor plasma/erythrocyte levels or breastfeeding
characteristics and DHM content.

DHA levels in DHM were associated with DHA donors’ plasma levels and the average
daily DHA intake according to the five-day dietary record. For every 1% increase in DHA
in donors’ plasma, the percentage of DHA in DHM increased by approximately 0.2%, and
for every 1 g of daily DHA intake, the adjusted percentage of DHA in DHM increased by
almost 0.4%.

The association between total omega-3 in DHM and donors’ DHA intake was positive
and significant. For every 1 g of DHA per day in the five-day dietary record, the percentage
of omega-3 in DHM increased by 0.8%.

3.4.2. Vitamin, Mineral, and Trace Element Associations in DHM
Water-Soluble Vitamins (Table 9)

Associations were found between free thiamin levels in DHM and donors’ thiamin
plasma levels, daily dairy intake in the five-day dietary record, and breastfeeding time.

For each 0.1 mcg/L of plasma thiamin, adjusted free thiamin levels in DHM increased
by 1.1 mcg/L. On the other hand, for each dairy serving/day from the dietary record,
adjusted free thiamin levels in DHM decreased by 2.9 mcg/L, and for each month of
lactation, thiamin levels in DHM decreased by 0.5 mcg/L.

Regarding riboflavin, a positive association was found between DHM-free riboflavin
and the daily intake of riboflavin in the five-day dietary record, as well as receiving vitamin
B2 supplementation during lactation. For 1 mg/day of riboflavin intake, the adjusted
levels of free riboflavin in DHM increased by 21 mcg/L, and if donors received riboflavin
supplementation during lactation, the adjusted levels in DHM increased by approximately
40 mcg/L.

In relation to pyridoxal levels in DHM, associations were observed with respect to
vitamin B6 supplementation during pregnancy and breastfeeding time. If donors received
vitamin B6 supplements during pregnancy, adjusted pyridoxal levels in DHM increased
by 11.6 mcg/L, and for each month of breastfeeding, adjusted pyridoxal levels in DHM
decreased by 0.8 mcg/L.

No significant associations were found for nicotinamide, pantothenic acid, folic acid,
or cobalamin levels in DHM.

There were associations between dehydroascorbic acid in DHM and donors’ plasma
ascorbic acid levels, average daily fruit intake in the dietary record, and breastfeeding
time. For each average daily serving of fruit from the five-day dietary record, adjusted
dehydroascorbic acid levels in DHM increased by 0.3 mg/dL. Breastfeeding time and
plasma ascorbic acid levels were negatively associated with dehydroascorbic acid levels in
DHM, but the adjusted values were very low.
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Fat-Soluble Vitamins (Table 9)

There was a positive association between cholecalciferol levels in DHM, donors’ chole-
calciferol plasma levels, and daily dairy intake. For each 10 pg/mL of plasma cholecalciferol,
adjusted cholecalciferol levels in DHM increased by 173 pg/mL. According to the five-
day dietary record, for each average daily serving of milk and dairy products, adjusted
cholecalciferol levels in DHM increased by 521 pg/mL, equivalent to almost 21 UI/L.

There was a positive association between 25(OH)D3 in DHM and donors’ 1,25(OH)2D3
plasma levels, vitamin D supplementation, and breastfeeding time. For each 10 pg/mL of
1,25(OH)2D3 in donors’ plasma, 25(OH)D3 in DHM increased by 1.6 pg/mL; in addition, if
donors received vitamin D supplementation during lactation, 25(OH)D3 in DHM increased
by 35.7 pg/mL, and for each month of breastfeeding, 25(OH)D3 in DHM increased by
2.2 pg/mL.

Minerals and Trace Elements

The association found between iodine levels in DHM and iodine supplementation
was described in a previous publication [25]. No significant associations were found for
selenium, calcium, or phosphorus levels in DHM.

Table 9. Multivariate analysis of vitamins, minerals, and trace elements in donor human milk.

Vitamins Associated Variables Beta SE t P > |t| 95% CI

Free thiamin, B1 (mcg/L)
Observations = 113

R2 = 0.12

Plasma thiamin (mcg/L) 10.817 4.915 2.20 0.030 [1.075, 20.559]

Milk and dairy products (average
servings/day from the dietary

record)
−2.880 1.090 −2.64 0.009 [−5.040, −0.720]

Breastfeeding time
(months) −0.494 0.210 −2.35 0.021 [−0.911, −0.077]

Free riboflavin, B2 (mcg/L) a

Observations = 100
R2 = 0.21

Riboflavin intake (average mg/day
from the dietary record) 20.991 8.758 2.40 0.018 [3.609, 38.373]

Vitamin B2 supplementation during
lactation (receiving or not) 39.742 15.258 2.60 0.011 [9.459, 70.024]

Pyridoxal, B6 (mcg/L) b

Observations = 106
R2 = 0.17

Vitamin B6 supplementation during
pregnancy

(receiving or not)
11.629 3.114 3.73 <0.001 [5.454, 17.804]

Breastfeeding time (months) −0.776 0.273 −2.84 0.005 [−1.318, −0.234]

Dehydroascorbic acid
(mg/dL)

Observations = 112
R2 = 0.15

Plasma ascorbic acid (mcM) −0.014 0.005 −2.92 0.004 [−0.024, −0.005]

Fruits
(average servings/day from the

dietary record)
0.271 0.128 2.12 0.036 [0.018, 0.524]

Breastfeeding time (months) −0.062 0.025 −2.47 0.015 [−0.112, −0.012]

Cholecalciferol (pg/mL) c

Observations = 32
R2 = 0.57

Plasma cholecalciferol (pg/mL) 17.342 4.238 4.09 <0.001 [3.178, 23.510]

Milk and dairy products (average
servings/day from the dietary

record)
520.533 168.819 3.08 0.005 [174.722, 866.343]

25(OH)D3 (pg/mL) d

Observations = 99
R2 = 0.21

Plasma 1,25(OH)2 D3 (pg/mL) 0.156 0.042 3.73 <0.001 [0.073, 0.238]

Vitamin D supplementation during
lactation

(receiving or not)
35.673 12.569 2.84 0.006 [10.720, 60.625]

Breastfeeding time (months) 2.225 1.076 2.07 0.041 [0.089, 4.360]
a After a diagnosis of the model, the data entries 110 and 51 were removed. b After a diagnosis of the model,
the data entries 2, 32, 37, 46, 55, and 110 were removed. c Adjusted for the average amount of vitamin D
supplementation from the dietary record. After a diagnosis of the model, the data entries 22, 26, 40, 41, 53, 102,
and 115 were removed. d Adjusted for vitamin D supplementation during gestation (receiving or not). After
diagnosis of the model, the data entries 4, 32, and 102 were removed. Abbreviations: SE, standard error.
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3.4.3. Macronutrients Associations in DHM

No associations were found between carbohydrate and protein content in DHM and
donors’ clinical and somatometric characteristics, nutritional biochemical determinations,
or dietary intake.

4. Discussion

This cross-sectional study investigated the associations between macronutrients, the
fatty acid profile, lipid classes, the relative composition of phospholipids, molecular species
of triacyclglycerols, and 14 micronutrients (free thiamine; free riboflavin; nicotinamide;
pyridoxal; pantothenic acid; folic acid; cobalamin; vitamins C, A, D, and E; calcium;
phosphorous; and selenium) in raw DHM and the diet, as well as the nutritional status of
113 milk donors from the Regional Human Milk Bank in Madrid, Spain. To the best of our
knowledge, this is the first study in which these associations have been evaluated in donor
human milk. For this purpose, donors completed an FFQ, provided a five-day weighed
dietary record, and collected milk for 5 consecutive days. In addition, somatometric
measurements and nutrient determinations in donors’ erythrocytes, plasma, urine, and
milk were performed.

One of the most important findings of the present study was the correlation between
donors’ DHA intake and DHA plasma levels and the DHA content of the raw DHM. This
result is important because, in a recent study [91], the DHA levels in DHM were lower
than in the mother’s own milk for very preterm infants, indicating that DHM provides
an insufficient supply of DHA to these patients, who comprise an already DHA-deficient
population [92]. Our results are consistent with those of the only study that has determined
the DHA content of DHM in relation to the DHA intake of milk donors. In that randomized,
controlled trial conducted in Ohio and published in 2013 [34], milk donors supplemented
with an algal-derived product providing a DHA dose of 1 g/day had significantly higher
DHA content in their milk than baseline samples, and DHA content was over four times
higher than the placebo group after 14 days of supplementation. However, the sample size
was very small, and the DHA intake at baseline was only 23 mg/day. In our observational
study, the median donor DHA intake was 310 mg/day, and for every 1 g/day of DHA
intake, the adjusted DHA content in DHM increased by 0.38 g/100 g fat. This increase was
somewhat smaller than that reported by Makrides in 1996 [93] in a randomized study of
maternal supplementation (lactating non-donor mothers) with preformed algae-derived
DHA at different doses, where the DHA content of breast milk increased by approximately
0.1 g/100 g fat for each 0.1 g of DHA intake. In this sense, our approach adds information
with respect to the real operating conditions of a milk bank without modifying the dietary
and supplementation habits of the donors. As pasteurization has not been shown to
significantly impair the DHA content of DHM [26,94,95], it could be inferred that increasing
donors’ DHA intake is a feasible strategy to achieve a higher DHA content in pasteurized
DHM. In addition, we found a positive association between DHA intake and the percentage
of omega-3 in the DHM. On the other hand, we found no association between the content
of DHA in DHM and the intake of its precursors, such as α-linolenic acid. In a previous
study, supplementing mothers with flaxseed oil, which is very rich in linolenic acid, did not
enhance the DHA content of their milk [96]. Enhancement of donors’ DHA intake can be
achieved by both increasing oily fish intake and/or pharmacological supplementation [97].
In our previous study comparing the nutritional milk composition of vegetarian or vegan
lactating women vs. omnivore human milk donors, the milk DHA content was lower by
half in the vegetarian/vegan women group as a result of their lower intake of DHA [36].
The availability of DHA supplements from algal oil offers vegetarian or vegan donors the
possibility of increasing their DHA intake from a plant-based source. Supplementation
with 250 mg of algae-derived DHA daily has been shown to increase plasma DHA content
in omnivores, vegetarians, and vegans [98], and the use of a DHA/EPA supplement was
positively associated with the DHA content in milk from lactating women following vegan,
vegetarian, and omnivore diets [99]. Thus, with the evidence available at present, it could be
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deduced that one method for increasing the DHA content of DHM from vegetarian/vegan
mothers is the intake of algae-derived DHA supplements; however, to the best of our
knowledge, no randomized controlled study has been carried out to confirm this.

We also found a positive correlation between maternal PUFA intake and the PUFA
content in DHM. This positive correlation was found in a previous work that studied the
PUFA content in breast milk of non-donor lactating mothers during the first month of
lactation [100].

It is remarkable that other correlations found in this study regarding lipid content have
not been identified before. The DHM linoleic acid content increased with the erythrocyte
linoleic acid content, as well as, interestingly, with combined intake of meat, fish, and
eggs. The proportion of DHM MUFAs increased with plasma MUFA levels and erythrocyte
margaroleic acid levels. The proportion of DHM SFAs increased with increased erythrocyte
DMA content, plasma stearic acid, TFA intake, and breastfeeding time, but decreased with
increased erythrocyte margaroleic acid content.

In terms of micronutrients, various associations were found between the donors’
diet/nutritional status and the DHM composition.

Regarding B-group vitamins, we found associations with the content of free thiamin,
free riboflavin, and pyridoxal in milk. We were not able to demonstrate positive associa-
tions between the milk content of other B-group vitamins and maternal intake or erythro-
cyte/plasma levels, although all of them (except folate) are considered to be dependent on
diet and maternal stores [11].

Free thiamin in DHM was positively correlated with plasma thiamin levels and nega-
tively associated with breastfeeding time and the daily intake of dairy. Free riboflavin in
DHM was positively associated with riboflavin intake and vitamin B2 supplementation
during lactation. Pyridoxal in DHM was positively associated with vitamin B6 supple-
mentation during pregnancy and negatively associated with breastfeeding time. In the
literature, the concentrations of these three vitamins in human milk are strongly associated
with maternal intake [7–9,101]. However, the influence of maternal stores on milk content
depends on whether the mother has adequate or poor status in the case of thiamin, while
it is controversial in the case of riboflavin and positive in the case of vitamin B6 [7]. Our
donor population showed low plasma thiamin levels and 28% showed riboflavin deficiency
according to the erythrocyte glutathione reductase activity coefficient study, but, neverthe-
less, the population showed adequate levels of plasma riboflavin. We were unable to assess
the vitamin B6 nutritional status of donors because we did not determine plasma pyridoxal
phosphate. In terms of diet, the median intakes of vitamins B1, B2, and B6 were above
the recommended values, and the prevalence of inadequate intake was 6.2%, 15.9%, and
1.8%, respectively. The content of these three vitamins in the DHM can be considered low
compared to previously published data [75,76,79] and considering that free thiamin should
comprise about 30% of the total thiamin content in HM [7], free riboflavin should comprise
about 39% of the total riboflavin content, and pyridoxal is the predominant form of vitamin
B6 in breast milk [10]. In addition, both plasma nicotinamide levels and milk levels in our
donor population were low [77], despite adequate niacin intake in all the donors studied. It
remains uncertain whether the low content of free thiamin, free riboflavin, nicotinamide,
and pyridoxal in DHM was due to deficient maternal status; prolonged average breastfeed-
ing time; or the depletion of vitamins exposed to photodegradation, freezing, and storage.
On the other hand, the levels of cobalamin in DHM were adequate with respect to the
reference values for HM [80], and donors’ intake and plasma levels for this micronutrient
were also adequate. Available evidence indicates a positive correlation between maternal
cobalamin intake and milk vitamin B12 concentration in women with deficient B12 intake or
depleted B12 stores [7,9,102]. It is possible that, in a population such as ours with adequate
cobalamin intake and stores, the usual diet does not affect the concentration of cobalamin
in milk.

Donors’ fruit consumption was associated with dehydroascorbic acid content in DHM.
One of the most consistent findings of the two systematic reviews conducted on the effect
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of maternal diet on the nutritional composition of breast milk [8,9] was the influence of
maternal vitamin C intake on its content in milk, although the total number of studies
in which this result was found was only three [101,103,104]. Interestingly, the study
published by Hoppu in 2005 [104] reported that the vitamin C concentration in the milk
of mothers with atopic disease was associated with their vitamin C intake but not with
vitamin C supplementation. We were also unable to detect an association between vitamin
C supplementation and vitamin C content in DHM. It should be noted that both our
study and Hoppu’s were observational studies in which the rates of the use of vitamin
C-containing supplements were 43.5% and 50% and the median daily doses of vitamin C
supplementation were 80 mg and 75 mg, respectively.

For fat-soluble vitamins, associations were found only with vitamin D. The vitamin
D content of the DHM was similar to the usual values for vitamin D in breast milk,
widely known to be low for the needs of the infant [83]. It was noteworthy that the donor
population studied showed a high percentage of vitamin D deficiency (87.7%). The content
of cholecalciferol in DHM was positively correlated with the plasma cholecalciferol levels
(but not with plasma 25(OH)D3 levels) and the daily intake of dairy. Furthermore, the
content of 25(OH)D3 in DHM increased with the use of vitamin D supplementation during
breastfeeding. These findings are in line with observations from previous studies [7,9].
Neither retinol nor vitamin E in DHM were associated with donors’ intake or status. In the
case of vitamin A, donors’ stores were adequate, and it has been reported that both maternal
intake and maternal status influence milk content when maternal stores are depleted [7].
The α-tocopherol content of DHM was adequate in relation to the reference values for
HM [84], although the status of the donors was deficient. In general, neither maternal
stores nor dietary intake of vitamin E influence HM vitamin E concentrations, although
vitamin E supplementation appears to increase colostrum alpha-tocopherol levels [7,13].

Finally, we found no association between the carbohydrates, proteins, lipid classes,
phospholipids, molecular species of triacylglycerols, calcium, phosphorus, and selenium
content in the DHM and the independent variables studied. The selenium content in
DHM was not associated with dietary intake in the present study, although it is known
that the diet influences selenium HM content [105]. The calcium and selenium content in
DHM was low and phosphorus content was adequate according to the reference values for
HM [79,87–89].

In summary, we studied the factors that might influence the nutritional content of
DHM, and we highlight the following as strengths: the detailed study of the supple-
mentation habits of donors since gestation, the five-day weighed dietary record, and the
determination of nutrients in donors’ erythrocytes, plasma, and urine. In addition, the di-
etary study was carried out concomitantly with the collection of milk over five consecutive
days. Milk from different donors or different days was not pooled to allow us to determine
associations between the content of each nutrient in DHM and donors’ intake, status, and
characteristics. However, our study has some limitations. It is important to point out that
the studied DHM comprised raw milk, and although the impact of pasteurization on the
nutrient content in DHM has been previously studied [26,33], we do not know if all the
associations observed would remain after the pasteurization of milk. Holder pasteurization
is the most widely used heat treatment and the most studied. According to a review on
the effect of Holder pasteurization [26], vitamin C (ascorbic acid + dehydroascorbic acid)
and vitamin B6 decrease significantly with Holder pasteurization, while vitamins D, B2, B3,
B5, and B12, as well as biotin, do not seem to be affected. Vitamins A and E have shown
different responses to Holder pasteurization in different studies. The total lipid content is
preserved after Holder pasteurization, as well as the fatty acid composition. In particular,
DHA is not affected by Holder pasteurization [26,94,95]. New types of processing for DHM
are being investigated in order to preserve as many of its properties as possible, with differ-
ent results in terms of the degree of retention and loss of different nutrients [32,33]. As a
next step, it would be interesting to study the relationship between the diet and nutritional
status of donors and the nutrient content of the processed milk as the final product to be
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given to the recipient infants. Another limitation of our study was that, although we did
standardize milk collection in terms of the type of expression (full expression), we did
not standardize milk collection in terms of the time of milk expression or the time that
had elapsed since the previous feeding or expression, as recommended [106]. We also
did not protect photosensitive vitamins in milk from light. The great heterogeneity in
the population studied in terms of breastfeeding time and duration of gestation was also
noteworthy. It is known that all these factors influence the nutrients in milk. However,
we wanted to reproduce the reality of our human milk bank. On the other hand, our
results may not be generalizable to contexts other than a human milk bank. Although we
controlled for an important number of covariates that could have acted as confounders,
the large number of factors that can modify the nutritional content of human milk, as well
as the complexity of nutrient metabolism—which is also influenced by the genetics of the
mother–infant dyad itself—makes it very difficult to study interactions between maternal
diet and milk composition. The interpretation of the results of biochemical nutritional
indicators in breastfeeding mothers is also difficult due to the limited information available
for this population and even more so in the case of prolonged breastfeeding [107]. A longi-
tudinal study design could have provided additional information on changes in nutrient
stores throughout lactation and their possible association with the composition of DHM.
Also, given that the behavior of some nutrients in human milk with respect to the maternal
diet may differ depending on the socioeconomic status of lactating mothers, access to food,
and maternal nutritional status, the findings from our population of donors, who exhibited
a high educational level and lived in a developed country, may not be generalizable to
other environments.

However, we consider that the results obtained in this study are relevant since we have
shown that there are associations between the nutritional composition in raw DHM and the
diet, as well as the nutrient deposits of donors—despite the heterogeneity among the donors
regarding the duration of pregnancy and breastfeeding time—and the procedures to which
raw DHM is subjected, such as extraction, freezing, mixing, and storage in transparent
glass containers.

5. Conclusions

In conclusion, the diet and nutritional status of donors influence the fatty acid profile
and some of the micronutrients in the raw DHM. One of the most important results was the
positive correlation found between the DHA content in the DHM and both the DHA intake
and the plasma DHA levels of the donors. In our study, for every 1 g/day of DHA intake,
an increase of 0.38% in DHA content and 0.78% in total omega-3 content was observed in
DHM. DHM saturated fatty acids were positively associated with erythrocyte dimethyl
acetals, plasma stearic acid, trans fatty acids intake, and breastfeeding duration and nega-
tively associated with erythrocyte margaroleic acid. DHM cholecalciferol was associated
with plasma cholecalciferol levels and dairy intake. Other weaker associations were found
for free thiamine, free riboflavin, pyridoxal, dehydroascorbic acid, 25(OH)D3, total MUFAs,
total PUFAs, and linoleic acid in DHM. We found no associations between the carbohy-
drates, proteins, lipid classes, phospholipids, and molecular species of triacyclglycerols in
DHM and the clinical characteristics of the donors or their somatometric study, nutritional
biochemical determinations, or dietary intake.

Investigation of the composition of DHM and the factors that influence it is essential.
Infants receiving DHM are in a state of nutritional emergency, and it is therefore desirable
that the milk they receive is in accordance with their needs. Studies such as the present one
may help to improve dietetic recommendations for milk donors to ensure a more suitable
composition for DHM. However, much remains to be learned and it is possible that the
development of personalized medicine will allow us to better understand the variability
in the composition of DHM and the different needs of preterm infants. Answers to open
questions are likely to be found in this new field.
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