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Figure 2. The coefficient of lactoferrin to the protein concentration in the four groups analyzed:
Group1 up to 12 months (n = 24), group 2 from 13 to 18 months (n = 33), group 3 from 19 to 24 months
(n = 37), and group 2 above 24 months (n = 26).

3.4. Lactoferrin Concentration in Relation to Macronutrients

The dependencies between lactoferrin concentration and macronutrients in mother’s milk were
analyzed throughout the whole lactation period, 1–12, 13–18, 19–24, and >24 months of lactation.
The values of the calculated coefficient, which are statistically significant (p < 0.05), are given in Table 3.
In contrast with the lack of correlation between lactoferrin concentration and month of lactation for
1–48 months of lactation, a positive correlation was found for prolonged lactation, specifically above
24 months. The concentration of lactoferrin over 24 months is negatively correlated negatively with
the concentration of carbohydrates (r = −0.50) and positively with the concentration of fat (r = 0.58),
protein (r = 0.56), true protein (r = 0.58), dry mass (r = 0.65), and energy (r = 0.65). A statistically
significant negative correlation was found between lactoferrin concentration and carbohydrates
(r = −0.32) and positive correlations between lactoferrin and fat (r = 0.19), protein (r = 0.25), true protein
(r = 0.24), dry mass (r = 0.18), and energy (r = 0.19) in the lactation from month 1 to 48. However, the
correlations observed were much stronger in prolonged lactation above the month 24. In contrast,
no correlations were found in the other analyzed periods of lactation, namely up to month 12,
months 13–18, and 19–24.

Table 3. Correlations between lactoferrin and macronutrients over prolonged lactation from month 1
to 48 and for particular periods.

Correlation Coefficient (r Value *)

Lactoferrin

Duration of lactation
1–48 months 1–12 months 13–18 months 19–24 months Over 24 months

NS NS NS NS 0.39

Carbohydrate –0.32 NS NS NS –0.50
Fat 0.19 NS NS NS 0.58

Protein 0.25 NS NS NS 0.56

True protein 0.24 NS NS NS 0.58
Dry mass 0.18 NS NS NS 0.65

Energy 0.19 NS NS NS 0.65

The values of r were calculated according to Spearman’s method corresponding to the correlation between the
concentrations of lactoferrin and macronutrients over prolonged lactation from month 1 to 48. * all r values are
statistically significant with p < 0.05. NS—Not significant.
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3.5. Lactoferrin Concentration in Breast Milk in Relation to the Number of Feedings

The relationship between lactoferrin concentration of mother’s milk and the number of feedings
during the analyzed period from month 13 to 48 and the three stages of prolonged lactation,
namely months 13–18, 19–24, and >24 of lactation were analyzed. We found no significant correlations
for months 13–48 (Figure 3A) as well as for months 13–18 and 19–24; however, for lactation over
24 months, we observed a weak negative tendency between the number of feedings and lactoferrin
concentration (r = −0.26; p = 0.2868; Figure 3B). Additionally, we found no correlation between
lactoferrin concentration and maternal age, parity, or time of delivery-gestational age.

Figure 3. Relationship between the concentration of lactoferrin and the number of feedings mother’s
milk (A) during 13–48 months of lactation, (B) over 24 months of lactation. A solid line indicates linear
regression, and 95% confidence intervals are shown by dotted lines; blue hollow—individual samples.
*: multiplied.

4. Discussion

HM is a dynamic fluid that changes significantly in its composition from the onset of lactation to
prolonged lactation above one year postpartum [29,32]. Total milk protein concentration decreases
during the lactation period, but this trend is not general for all proteins. In our previous work,
we demonstrated that macronutrients concentrations change in prolonged lactation. As a continuation
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of the previous study, lactoferrin changes in prolonged lactation were assessed in this study. During the
first month of lactation, Lf decreases and then remains relatively stable [33]. The highest content of Lf
is in colostrum at 5.5 g/L, whereas mature milk contains only 1.5–3.0 g/L, dependent on the stage of
lactation in the first year postpartum [32,34,35]. Affolter et al. [36] reported that the concentration of
lactoferrin decreases over the lactation period from the fifth day to eight months from 3.30 to 1.17 g/L.
However, this decrease was constant during lactation until one to two months (1.24 g/L), and then
stabilized until the eighth month. Changes in Lf content may reflect various biological functions of
milk during different stages of newborn and infant development [33].

Our results show that the Lf concentration during prolonged lactation ranges from 4.9 to 5.02 g/L.
Previous studies have shown that Lf concentration is negatively correlated with the volume of milk
expression as well as the stage of lactation and parity [33,37]. The results showed the highest Lf content
was recorded between 12 and 24 months of lactation. Above 24 months, concentration decreases,
although not significantly, to 4.9 g/L. To the best of our knowledge, this is the first study assessing
Lf concentration in human milk during prolonged lactation. These data have shown that Lf content
above 12 months of lactation is higher and close to the Lf concentration in colostrum.

The concentration of lactoferrin in mother’s milk showed a positive correlation with protein
concentration over lactation from the early stage until four years postpartum. The coefficient of Lf
concentration to protein did not show a correlation with lactation progression. Lf concentration and
milk compositions are influenced by various factors such as health conditions and/or biochemical
indicators of blood [33–36].

A notable inter-individual variability of lactoferrin content has also been observed, suggesting a
lack of tight regulation in the synthesis and/or blood-to-mammary gland transfer of this protein [34].
Thereby, milk enhances the survival of offspring by promoting immunological competence. The rising
concentrations of bioactive proteins, which occur as lactation progresses, are likely a physiological
response to the diverse environmental demands of the human baby, which progressively acquires
nutritional independence [38].

Raw mother’s milk contains a relatively high concentration of Lf, which leads to more effective
inhibition of growth of pathogenic bacteria in comparison to pasteurized mother’s milk. As shown by
Woodman et al. [38], human Lf is much more effective than bovine Lf in the inhibition of bacterial growth,
although higher doses of bovine Lf also showed activity against Bifidobacterium breve and Staphylococcus
epidermidis. Given the above, we suggest that human milk from prolonged lactation, which contains
a comparable level of Lf, might be considered an alternative source of milk/lactoferrin provided in
the feeding of preterm infants, although further detailed analysis is needed. Different methods used
to preserve human milk bioactivity significantly impact Lf concentration [31]. Only further studies
involving detailed tests of lactoferrin concentration in milk samples from prolonged lactation before
and after pasteurization will help answer this question.

The strength of our study is that it is a unique and well-characterized collection of milk samples
of mothers with prolonged lactation of up to 48 months, which impacts the credibility of the results
obtained. To determine Lf concentration, a specific immunological method, ELISA, was used to prevent
obtaining of false positive results. A limitation of our study is the homogeneous test group, which may
not enable drawing a causal relationship between the factors that can influence milk Lf concentration,
since, as reported by Yang et al. [33], milk Lf concentrations varies amongst different geographical
regions in the Chinese population.

Evidence of stable or increasing immunoprotein levels during prolonged lactation provides the
additional argument for allowing non-weaning; however, breastfeeding must be combined with solid
foods to meet all the new requirements of a rapidly growing six-month or older baby. A number
of clinical trials have been conducted to determine the influence of Lf on the protection against
neonatal infections [39,40]. Based on published studies of Lf supplementation in preventing infection,
determining the Lf concentration during lactation is important not only in the first six months.
If the concentration changes during the lactation phase, colostrum has the highest Lf concentration,
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and decreases significantly during days after delivery. We now know that the milk of long-nursing
mothers has a similar concentration to that in colostrum. Physicians should consider this to encourage
exclusive breastfeeding, especially in risk groups such as premature babies [41].

To the best of our knowledge, based on the Internet databases such as Web of Science and pubmed,
this is the first large-scale study performed on lactoferrin concentration in breast milk during prolonged
lactation and the influence of various factors on its concentration. Coincident with the lack of public
acceptance of breastfeeding beyond the first or even the second year, these findings have been ignored
for decades.

5. Conclusions

Results show that the Lf concentration during prolonged lactation ranges from 4.9 to 5.02 g/L.
The highest Lf content was recorded between 12 and 24 months of lactation. Above 24 months,
concentration decreases, although not significantly. These data have shown that Lf content above
12 months of lactation is close to the Lf concentration in colostrum.
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Abstract: Multiple pregnancy increases the risk of a range of adverse perinatal outcomes, including
breastfeeding failure. However, studies on predictive factors of breastfeeding duration in preterm
twin infants have a conflicting result. The purpose of this observational study was to compare feeding
practices, at hospital discharge, of twin and singleton very low birth weight infants. The study is part
of a prospective survey of a national Spanish cohort of very low birth weight infants (SEN1500) that
includes 62 neonatal units. The study population comprised all infants registered in the network from
2002 to 2013. They were grouped into singletons and multiples. The explanatory variables were first
analyzed using univariate models; subsequently, significant variables were analyzed simultaneously
in a multiple stepwise backward model. During the twelve-year period, 32,770 very low birth
weight infants were included in the database, of which 26.957 were discharged alive and included
in this analysis. Nine thousand seven hundred and fifty-eight neonates were multiples, and 17,199
were singletons. At discharge, 31% of singleton infants were being exclusively breastfed, 43% were
bottle-fed, and 26% were fed a combination of both. In comparison, at discharge, only 24% of multiple
infants were exclusively breastfed, 43% were bottle-fed, and 33% were fed a combination of both
(p < 0.001). On multivariable analysis, twin pregnancy had a statistically significant, but small effect,
on cessation of breastfeeding before discharge (OR 1.10; 95% CI: 1.02, 1.19). Risks of early in-hospital
breastfeeding cessation were also independently associated with multiple mother-infant stress factors,
such as sepsis, intraventricular hemorrhage, retinopathy, necrotizing enterocolitis, intubation, and use
of inotropes. Instead, antibiotic treatment at delivery, In vitro fertilization and prenatal steroids were
associated with a decreased risk for shorter in-hospital breastfeeding duration. Multiple pregnancy,
even in the absence of pathological conditions associated to very low birth weight twin infants, may
be an impeding factor for in-hospital breastfeeding.

Keywords: breastfeeding; multiple pregnancy; neonate; premature birth; milk bank; pregnancy outcomes
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1. Introduction

Historically, formula was provided to very low birth weight (VLBW) infants to ensure rapid
growth. However, recent studies show that feeding fortified human milk to preterm infants does not
result in lower weight at discharge [1]. Achieving optimal development for preterm infants, whilst
minimizing the risk for serious disease in the neonate, remains an important challenge for clinicians.
Human milk is recommended for enteral feeding of preterm newborns [2], since it is associated with
low rates of necrotizing enterocolitis (NEC) [3], sepsis, retinopathy of prematurity (ROP) [4], and a
better neurocognitive development [5]. Despite efforts to offer human milk as the primary source of
enteral nutrition during the stay in the neonatal intensive care unit (NICU), infant milk formulas are
used in situations in which the mother’s milk or donor’s milk is not available.

Previous research has identified associations between the provision of breast milk in the NICU
and maternal characteristics, infant characteristics, and environmental factors [6–8]. However, studies
on predictive factors of breastfeeding duration in premature infants have conflicting results. Some
studies have found that higher gestational age is associated with higher rates of breastfeeding [7,9],
while others have found that mothers of VLBW infants acknowledge that human milk is a unique
factor in improving outcomes for their infant [10] and, consequently, breastfeeding rates are higher
among them.

The proportion of infants born preterm is higher for twins, when compared to singletons [11].
Breastfeeding poses unique challenges for the mothers of twins, but little attention has been paid to
risk factors for early cessation of breastfeeding for these mothers. Only a few studies have focused on
issues related to breastfeeding cessation for full term twins [12,13]. From a physiological standpoint,
the World Health Organization (WHO) and other authorities state that mother’s milk is sufficient for
feeding multiple babies [14]. It provides optimal nutrition for full term or preterm twins. A study
comparing singleton and multiple premature, under 30 weeks, gestations, found that the milk volume
was higher in mothers of multiples compared with singletons (599 mL/day vs. 430 mL/day) [15]. It has
also been reported that the milk yield of individual breasts of mothers of twins is 0.8–2.1 kg per 24 h at
six months, whereas the total milk yield of mothers of triplets can reach 3.0 kg per 24 h at 2.5 months [16].
Previous research shows that preterm twin infants may be less likely to be breastfed compared to
singleton infants, but the data on this subject remains contradictory [17]. When interpreting the results
from these studies, it should be noted that the type of babies included is variable, and that most
studies do not provide details on feeding maintenance and complications. One issue that further
complicates efforts to address this question is the finding that most preterm complications (NEC, ROP,
sepsis, etc.) may be a cause of breastfeeding cessation, and may also be a consequence of breastfeeding
cessation. This makes it difficult to explain the relationship between feeding type and severe clinical
complications. The aim of this study is to shed light on the influence of major neonatal morbidity, and
multiple birth, on in-hospital breastfeeding success. Specifically, we hypothesize that twin birth exerts
its own substantial influence on poor breastfeeding outcomes among VLBW infants, irrespective of the
clinical situations of these patients.

To test this hypothesis, we have used a multicenter, electronic health record-derived database that
represents roughly two-thirds of all Spanish VLBW infants. The objective is to compare breastfeeding
rates at hospital discharge of singleton and twin VLBW infants, and to evaluate which neonatal
conditions and diseases preclude the provision of breast milk at the time of hospital discharge.

2. Methods

2.1. Design

The study is part of a prospective survey of a national Spanish cohort of VLBW infants (SEN1500
database), based on questionnaires. The SEN1500 network prospectively collects maternal and neonatal
data of live-born infants of ≤1500 g who were born in or admitted to the collaborating NICUs within the
first 28 days of life. Data were collected using a pre-established form and were submitted electronically
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using common and specific software. The characteristics, quality control, and data confidentiality
systems of this database have been described elsewhere [18]. For the purpose of the present study, data
corresponding to all discharged alive newborns within the database over a period of twelve years were
retrieved. The SEN1500 database includes 62 neonatal units, which encompasses about two-thirds
of all Spanish VLBW infants. The study population comprises all infants registered in the database,
during the period 2002–2013. They were grouped into singletons and multiples. The same cohort was
used previously to analyze morbidity and mortality associated with multiple birth [19].

2.2. Data Collection

In this study, we assess clinical factors that are known to influence breastfeeding during the
hospital stay of singletons and twins. The main variable of interest was any breastfeeding, i.e.,
not being completely weaned from breastmilk, on the day when hospital discharge was completed.
Data on maternal and infant characteristics were obtained from medical records by local health
care professionals, using a pretested standardized questionnaire. The study variables were defined
according to the variables catalogue of the SEN1500 database. We collected demographic data
(birth weight, gender), obstetrical data (fertilization, antenatal care, gestational age, type of delivery,
twinning), procedures and treatment (intra partum antibiotics, inotropic therapy, intubation, surfactant
administration, ventilation, oxygen therapy, ductus closure, retinopathy surgery), neonatal morbidity
(necrotizing enterocolitis, intraventricular haemorrhage, sepsis), length of hospitalization and type of
feeding at discharge.

2.3. Outcomes

Exclusive breast milk feeding was defined as the infant receiving no food or drink other than
the mother’s own milk. Any breast milk feeding was defined as the infant receiving mother’s own
milk, independent of the addition of formula or other food and/or drink. SEN1500 was set up by
the Spanish Association of Neonatologists. It encompasses 62 neonatal units, about two-thirds of
all national neonatal units. The operational definitions used to collect feeding data at discharge are:
No breastfeeding, any breastfeeding, or exclusive breastfeeding. The database systems are locally
controllable. Breastfeeding outcomes are recorded after discharge, in each neonatal unit by the
neonatologist responsible for registering obstetric and neonatal information, routinely collected from
the Perinatal Health files.

2.4. Statistical Analysis

Data analysis was performed using statistical package SPSS 14.0 for Windows (IBM Company,
Chicago, IL, USA). p-Values below 0.05 were considered to be of statistical significance. Descriptive
statistics were used to outline mother and infant characteristics. Variables following binomial
distributions were expressed as frequencies and percentages; and quantitative variables as median
and ranges. Comparisons between qualitative variables were made using the Fisher Exact Test or
Chi-square. Comparisons between quantitative and qualitative variables were performed through
non-parametric tests (U of Mann-Whitney or Kruskal-Wallis).

Logistic regression (both univariate and multivariate) was used to assess the relationship between
potential predictor variables of breastfeeding at discharge, a broad range of explanatory variables with
a p-value under 0.1 was chosen to appear in the final regression model, yet this less restrictive approach
is accepted, as well as considering explanatory variables one at a time [20]. Out of the variables with a
significant relation to breastfeeding at discharge after the univariate analysis, we excluded those that,
from a clinical point of view, are a result rather than a cause of feeding practice (anthropometric data at
discharge). Finally, the explanatory variables included in the stepwise backward regression model
were birth weight, height at birth, birth head circumference, gender, In vitro fertilization, multiple
birth, prenatal care, prenatal administration of corticosteroids or antibiotics, delivery type, NICU
use of surfactant or inotropic drugs, intubation, ventilation duration, oxygen therapy duration, CRIB
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score, duct pharmacological closure, surgical management of ROP, NEC, late onset sepsis (LOS),
intraventricular hemorrhage (IVH), and supplementary oxygen at 36 weeks PMA (bronchopulmonary
dysplasia). The results are presented as odds ratio (OR) with a 95% confidence interval (CI).

2.5. Statement of Ethics

The study was conducted in accordance with the Declaration of Helsinki. The Local Health
District Human Research Ethics Committees approved the collection of the data from the SEN1500
database and subsequent analysis. Data collection in SEN1500 is anonymous and has been previously
approved by the Ethics and Investigation Committees of the Collaborative Centers. It is in compliance
with the Spanish data protection law. Ethical approval code: IIBSP-LEC-2011-129. Informed consent
was obtained a legally authorized person, such as a parent or guardian.

3. Results

3.1. Characteristics of the Study Population

The study included 26,957 VLBW infants, of which 9758 were multiples, and 17,199 were
singletons—who were all alive when discharged from the NICU. The characteristics of the study
sample are summarized in Table 1. The median gestational age was 29 weeks, with a median birth
weight of 1190 g. Female infants made up 50% of the sample. Cesarean delivery was common (72%),
and 6% of infants were outborn. Use of antenatal care was observed in 22,830 (88%) patients. Antenatal
corticosteroid administration rate was 84%, and median length of hospital stay was 50 days. As we
have reported elsewhere [18], most patient characteristics and major morbidities differed between
multiples and singletons (see Table 2).

Table 1. Characteristics of 26,957 VLBW infants discharged alive from 62 Spanish neonatal units
in 2002–2013.

Characteristic Number (%)

Maternal Factors
In vitro fertilization (%) 4747 (19)

Prenatal care (%) 22,830 (88)
Antenatal corticosteroid therapy (%) 22,059 (84)

Intrapartum antibiotic chemoprophylaxis (%) 11,502 (47)
Between hospital transfers 1651 (6)

Caesarean section (%) 19,503 (72)
Multiple birth (%) 9758 (36)

Median gestational age at birth, weeks (range) 29 (20–41)

Infant Factors
Male sex (%) 13,374 (50)

Apgar score at 1 min (%) 7 (0–10)
Median birth weight, g. (range) 1190 (360–1499)

No breastfeeding at discharge (%) 11,592 (43)

Morbidities
Early onset sepsis (%) 950 (4)
Late onset sepsis (%) 7672 (29)

Necrotising enterocolitis (any) (%) 1506 (6)
Bronchopulmonary dysplasia (%) 3127 (14)
Surgical management of ROP (%) 951 (4)

Median length of stay, days (range) 50 (1–238)

Data are presented as median (minimum–maximum) or number (percentile), unless specified. Abbreviations: ROP,
retinopathy of prematurity; VLBW, very low birth weight; g, gram.
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Table 2. Demographic and pathological characteristics of singletons versus multiples.

Variables
Singleton Multiple p-Value

n = 17,199 N = 9758

Maternal Factors
Median gestational age (weeks) (range) 29 (20–41) 30 (20–39) <0.001

In vitro fertilization 833 (5.2%) 3914 (44%) <0.001
Outborn 1153 (6.7%) 498 (5.1%) <0.001

Antenatal care 14,320 (86.3%) 8510 (90.8%) <0.001
Antenatal steroids 13,741 (81.9%) 8318 (86.9%) <0.001

Maternal intra partum antibiotics 7172 (46.3%) 4330 (49%) <0.001
Vaginal delivery 5510 (32%) 1944 (19.9%) <0.001

Infant Factors
Median birthweight (g) (range) 1160 (360–1499) 1220 (395–1499) <0.001

Male sex (%) 8728 (50.7) 4646 (47.6) <0.001

Morbidities
Days of ventilatory therapy 0 (0–835) 0 (0–672) <0.001

Days of supplemental oxygen 4 (0–391) 3 (0–286) <0.001
Surfactant at any time 7689 (45%) 4130 (42.6%) <0.001

Inotropic therapy 3728 (22.7%) 1959 (21.1%) 0.003
Necrotizing enterocolitis (all grades) 1007 (5.9%) 499 (5.1%) 0.011

Early-onset sepsis 671 (3.9%) 279 (2.9%) <0.001
Late-onset sepsis 5173 (30.5%) 2499 (26%) <0.001
IVH (all grades) 3471 (21.7%) 1494 (16.5%) <0.001

Supplementary Oxygen at discharge 1074 (6.3%) 507 (5.2%) <0.001
NICU length of stay (days) 19 (0–187) 14 (0–238) <0.001

Data are presented as mean (SD) or number (percentile), unless specified. Abbreviations: IVH, intraventricular
hemorrhage; NICU, neonatal intensive care unit. Comparisons between qualitative variables were made using
the Fisher Exact Test or Chi-square. Comparisons between quantitative and qualitative variables were performed
through non-parametric tests (U of Mann-Whitney or Kruskal-Wallis).

3.2. Breastfeeding Patterns by Study Factors

At hospital discharge, 15,365 (57%) infants were being breastfed, 28% exclusively, and 29%
non-exclusively. Out of the singleton infants, at hospital discharge, 31% were being exclusively
breastfed, 43% exclusively bottle-fed, and 26% were being fed a combination of both. In comparison,
at hospital discharge, only 24% of multiple infants were being exclusively breastfed, 43% exclusively
bottle-fed, and 33% were being fed a combination of both. The distribution of the patients by feeding
type at discharge differed in these two groups (p < 0.001).

3.3. Determinants of Breastfeeding at Hospital Discharge

The results of the univariate analysis are summarised in Table 3. With regards to mother and
delivery characteristics, the unadjusted analysis shows that In vitro fertilization (IVF), prenatal care,
administration of antenatal corticosteroids, intra partum antibiotics, and vaginal delivery, were all
protective factors for being breastfed at discharge. Infant weight, height and head circumference
at birth were also positively associated with breastfeeding rates at discharge. Additionally, infants
that were being breastfed at discharge received less surfactant and were less often intubated or put
on mechanical ventilation. They spent fewer days using supplemental oxygen, they received fewer
inotropes and required less surgical treatment for ROP, and IVH (grades III and IV). NEC and LOS
were more prevalent in infants not being breastfed at discharge.
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Table 3. Univariate analysis of risk factors for no breastfeeding at NICU discharge.

Characteristics
Twins Single

OR (95% CI) p OR (95% CI) p

Birth weight 1 (1–1) 0.008 0.99 (0.99–0.99) <0.001
Height at birth 0.99 (0.99–1) 0.011 0.99 (0.99–0.99) <0.001

Birth head circumference 0.99 (0.99–1) 0.1 0.99 (0.99–0.99) <0.001
Male gender 1.08 (0.99–1.17) 0.076 0.99 (0.93–1.05) 0.65
Twin birth — —

In vitro fertilization 0.93 (0.85–1.01) 0.099 0.59 (0.5–0.68) <0.001
Prenatal care 0.84 (0.72–0.97) 0.022 1.46 (1.33–1.6) <0.001

Prenatal steroids:

<0.001 <0.001
No

Partial 0.66 (0.57–0.77) 0.84 (0.76–0.93)
Complete 0.72 (0.63–0.82) 0.74 (0.68–0.8)

Antibiotic treatment at delivery 0.72 (0.66–0.79) <0.001 0.86 (0.81–0.92) <0.001
Delivery type: C-section 1.12 (1.01–1.24) 0.038 0.87 (0.82–0.93) <0.001

Intubation: 1.22 (1.1–1.35) <0.001 1.58 (1.48–1.69) <0.001
CRIB score 1.06 (1.04–1.08) <0.001 1.11 (1.09–1.12) <0.001

Conventional ventilation duration 1.01 (1.01–1.02) <0.001 0.58 (0.55–0.62) <0.001
Oxygen therapy duration 1 (1–1.01) <0.001 0.62 (0.55–0.69) <0.001
Surfactant administration 1.15 (1.06–1.25) 0.001 1.56 (1.46–1.66) <0.001

Inotropic therapy 1.53 (1.38–1.7) <0.001 1.96 (1.82–2.12) <0.001

Ductus closure:

0.022 <0.001
None

Indometacin 1.12 (0.98–1.28) 1.51 (1.36–1.67)
Ibuprofen 0.88 (0.77–1) 1.2 (1.08–1.32)

ROP surgery 1.42 (1.13–1.78) 0.002 2.43 (2.06–2.88) <0.001
Necrotizing enterocolitis 1.65 (1.37–1.99) <0.001 1.88 (1.65–2.15) <0.001

Late onset sepsis 1.27 (1.15–1.39) <0.001 1.59 (1.48–1.7) <0.001

Intraventricular hemorrhage

0.001 <0.001
No

Grade I–II 1.13 (0.99–1.28) 1.24 (1.14–1.36)
Grade III–IV 1.48 (1.18–1.85) 1.94 (1.67–2.26)

Supplemental oxygen at 36 weeks PMA 1.53 (1.33–1.76) <0.001 2 (1.82–2.21) <0.001

Data presented as median (range) or percentile. ABBREVIATIONS: NICU, neonatal intensive care unit; PMA,
postmenstrual age; ROP, retinopathy of prematurity.

However, when these factors were put into a multivariable model to determine the effect of a
factor, while holding all others constant (Table 4), multiple birth (OR 1.10), surfactant administration
(OR 1.10), prenatal care (OR 1.11), intubation (OR 1.15), LOS (OR 1.23), surgical treatment for ROP (OR
1.33), use of inotropes (OR 1.38), IVH grades III or IV (OR 1.42), bronchopulmonary dysplasia (OR
1.43) and NEC (OR 1.47), were significantly associated with a lower chance of any breastfeeding at
discharge. On the other hand, the primary findings of this study indicate that the odds of a VLBW
infant of being breastfed at the time of hospital discharge correlate to (a) the use of ibuprofen for ductus
closure, (b) prenatal steroid treatment, (c) In vitro fertilization, and (d) intrapartum antibiotics.
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Table 4. Logistical regression analysis of no breastfeeding at discharge as a function of selected
predictor variables.

Variables
Odds Ratio (95% CI) p-Value

Maternal Factors

Prenatal care 1.11 (1.01–1.22) 0.036
Partial prenatal steroids 0.79 (0.71–0.88) <0.001

Complete prenatal steroids 0.82 (0.75–0.89) <0.001
In vitro fertilization 0.84 (0.77–0.92) <0.001

Antibiotic treatment at delivery 0.86 (0.81–0.92) <0.001
Multiple birth 1.10 (1.02–1.19) 0.009

Infant Factors

Surfactant administration 1.10 (1.01–1.19) 0.023
Endotracheal intubation 1.15 (1.06–1.25) 0.001

Morbidities

Ibuprofen treatment for ductus closure 0.73 (0.66–0.81) <0.001
Late onset sepsis 1.27 (1.18–1.36) <0.001

Surgical management of ROP 1.33 (1.13–1.57) 0.001
Inotrope support 1.38 (1.26–1.50) <0.001

Grade III–IV intraventricular hemorrhage 1.42 (1.21–1.67) <0.001
Supplemental oxygen at 36 weeks PMA 1.43 (1.3–1.59) <0.001

Necrotizing enterocolitis 1.47 (1.29–1.69) <0.001

−2 log likelihood: 23234; DF: 17. Abbreviations: ROP, retinopathy of prematurity.

4. Discussion

The incidence of multiple births has risen since the 1970s [21]. Within this group, the proportion
of infants born preterm is higher compared to singletons [22]. There is strong evidence that not being
fed breastmilk carries greater risks, with preterm babies having specific additional risks. However,
mothers of preterm infants may terminate lactation earlier than mothers of full term infants [23].
Researching the obstacles for breastfeeding in preterm babies is a central issue in perinatology [8].
The low prevalence of breastfeeding among preterm infants may be explained by several factors. First,
by difficulties inherent to their higher neonatal morbidity [24,25]. Also, maternal socio-demographic
factors, and health-care services related factors may play an important role in the initiation and
duration of breastfeeding. Although previous studies have examined a wide range of factors related
to breastfeeding during a hospital stay for preterm infants, only a few have focused on the effects of
multiple births on breastfeeding rates in this population.

Moreover, the few studies that have taken into account this variable have produced controversial
results. The results on this issue are quite diverse depending on the study population and on the time
of investigation of the nutritional method. To the best of our knowledge, from 1997 to 2017, four papers
have found that the combination of prematurity and twin birth results in lower rates and shorter
duration of breastfeeding among preterm multiples. On the other hand, six papers have found no
breastfeeding differences between singleton and twin preterm infants. A 2004 study assessed exclusive
and non-exclusive breastfeeding at day 1, day 3, week 2, month 1, and month 6 postpartum, among
346 mothers of full term and preterm singleton and multiple babies. They found that at any time
point, except week 2 and month 1, the proportion of preterm multiples who fed at least some breast
milk was less than in other groups [26]. A 2007 telephone survey on 94 VLBW infants reported that
mothers of preterm multiples were 16 times more likely to provide formula before week 12 postpartum
than mothers who delivered a singleton [27]. A 2014 Danish cohort of preterm infants (24–36 weeks
of gestation) has found that multiple birth is significantly associated with the later establishment of
exclusive breastfeeding [28]. A 2016 study on a very large sample of very preterm infants shows
that the odds for exclusive breastfeeding at discharge for singletons was significantly higher than
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for twins [29]. Similarly, we found that singleton preterm infants were more likely to be exclusively
breastfed at discharge than multiple preterm infants (31% versus 24%). Our results are in line with the
previous research on the prevalence of exclusive breastfeeding for VLBW infants at NICU discharge,
ranging from 11.4 to 30.5% in various countries [10,17,30]. All studies on this topic report that rates
of breastfeeding (exclusive or non-exclusive) decrease with time. Exclusive breastfeeding at NICU
discharge is essential to help women in continuing breastfeeding for durations recommended by the
WHO. Accordingly, Kaneko et al. reported that the prevalence of exclusive breastfeeding was 22.6% at
NICU discharge, and it had dropped only to 15.7% by the start of complementary feeding. These values
are slightly higher or lower than those of recent large Japanese or Italian cohorts, respectively [17,31].

On the other hand, six authors have reported that preterm twins can breastfeed as successfully
as preterm singleton infants. A 1997 paper on 15 singleton and 18 twin preterm infants showed
no differences in feeding method from birth to discharge [32]. More recently, a Danish paper has
reported no differences in exclusive breastfeeding rates at discharge [33], an Israeli paper has reported
no differences in breastfeeding beyond six months of age [34], and three other papers from Western
countries have shown no differences in any breastfeeding rates at discharge from the NICU [6,35,36].

For the majority of mothers, breastfeeding evolves naturally. However, it is not so when mothers
experience the unique stress associated with the NICU environment [37]. Most maternal and NICU
characteristics that challenge the success of breastfeeding have been extensively studied. Conversely,
scarce attention has been devoted to the influence on breastfeeding of a variety of stress factors that
preterm and fragile infants face. These include aggressive procedures, life-threatening and damaging
conditions, such as IVH or ROP, without forgetting expected feeding difficulties related to the infant’s
clinical status at feeding time. Therefore, in this study, we chose to examine the link of common
neonatal medical complications with the infant continuing to receive breastmilk upon discharge.

VLBW infants are at risk for a variety of medical complications, any of which further limits the
mother-infant dyad progression to breastfeeding competence. However, according to our multivariable
analysis, only intubation, NEC, LOS, IVH grades III or IV, surgical ROP, the use of inotropes and twin
pregnancy were risk factors for breastfeeding cessation before NICU discharge.

Our findings cannot substantiate previous research in this field, yet we have found only one
article that identified absence of history of NEC or LOS as significant predictors of continued provision
of mother’s milk in VLBW infants through to day of life 30 [38], and we have found no published
research that reports that lower rates of breastfeeding among multiple preterm infants may reflect their
distinct neonatal morbidity.

Our analysis of a very large sample of babies has reduced the number of variables linked to
in-hospital breastfeeding cessation to fifteen independent risk factors. Twin pregnancy is one such
risk factor, but its magnitude (OR = 1.10) is small enough to explain contradictory results in previous
research on this topic. It is expected that small samples with bigger margins of error cannot detect
this effect.

Finally, our research confirms that surgical NEC, ROP, bronchopulmonary dysplasia and LOS
are linked to no breastfeeding at discharge. It is likely that this is a matter of reverse causation,
since it is well established that lack of breastfeeding is a risk factor for such conditions in preterm
infants. Likewise, it is reasonable to speculate that prenatal care, including prenatal steroid treatment,
boost successful breastfeeding rates. Conversely, surfactant administration, intubation, inotropes, and
IVH have not been previously linked to breastfeeding difficulties, and are, therefore, worth further
investigation. On the other hand, the same applies to ductus closure, In vitro fertilization or intra
partum antibiotics.

Limitations

The large sample study, the exclusion of recall bias concerning breastfeeding duration and the
diverse patient population, are strengths of our study. We were able to show some variation in
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maternal breast milk provision between multiple and singleton preterm infants. While these findings
are important in broadening our knowledge, they are not without limitations.

Breastfeeding was not the focus of the primary study. Consequently, the questions concerning
breastfeeding were less detailed than those that would be used in a prospective study. An additional
limitation of this study is the use of maternal breast milk feedings at discharge to represent mothers
continued provision of breast milk. We were also unable to quantify the volume of maternal breast
milk received.

5. Conclusions

Our study of a very large sample of VLBW infants, shows that singleton pregnancy predicts a
discrete increase of in-hospital breastfeeding rates, when compared to twin pregnancy. This study
encourages a closer look at breastfeeding in the NICU. We support that breastfeeding among VLBW
twin infants at NICU discharge is feasible; however, identification of multiple risk factors for the
cessation of breastfeeding reflects the complexity of this process. By understanding predictive maternal
or infant factors associated with poor breastfeeding outcomes, mothers at risk can be identified for
more successful interventions. In addition, we can work to come up with adequate interventions for
twin VLBW infants so that, when compared with singleton VLBW infants, neonatal morbidities will
no longer be factors associated with failed breastfeeding. It is possible that early interventions for a
few serious complications linked to breastfeeding cessation could have minimized the other problems
and made it possible for the women to continue. Interventions in the NICU should enable mothers to
transition to breastfeeding as soon as possible to promote success until discharge and beyond.

Going forward, for NICUS to excel at feeding human milk, in-depth work remains to determine
barriers to a mother’s ability to provide breast milk and to establish evidence-based lactation care.
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Abstract: There are limited epidemiological data on exclusive breastfeeding (EBF) among
culturally and linguistically diverse (CALD) Australian mothers to advocate for targeted and/or
culturally-appropriate interventions. This study investigated the determinants of EBF cessation
in the early postnatal period among CALD Australian mothers in Sydney, Australia. The study
used linked maternal and child health data from two local health districts in Australia (N = 25,407).
Prevalence of maternal breastfeeding intention, skin-to-skin contact, EBF at birth, discharge, and the
early postnatal period (1–4 weeks postnatal), were estimated. Multivariate logistic regression models
were used to investigate determinants of EBF cessation in the early postnatal period. Most CALD
Australian mothers had the intention to breastfeed (94.7%). Skin-to-skin contact (81.0%), EBF at
delivery (91.0%), and at discharge (93.0%) were high. EBF remained high in the early postnatal period
(91.4%). A lack of prenatal breastfeeding intention was the strongest determinant of EBF cessation
(adjusted odds ratio [aOR] = 23.76, 95% CI: 18.63–30.30, for mothers with no prenatal breastfeeding
intention and aOR = 6.15, 95% CI: 4.74–7.98, for those undecided). Other significant determinants of
EBF cessation included a lack of partner support, antenatal and postnatal depression, intimate partner
violence, low socioeconomic status, caesarean birth, and young maternal age (<20 years). Efforts to
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improve breastfeeding among women of CALD backgrounds in Australia should focus on women
with vulnerabilities to maximise the benefits of EBF.

Keywords: exclusive breastfeeding; Australia; skin-to-skin; culturally and linguistically
diverse (CALD)

1. Introduction

Global health organisations (such as the World Health Organization and the United Nations
Children’s Fund, WHO/UNICEF) recommend exclusive breastfeeding (EBF) for the first six months of
life [1]. EBF is defined as providing the infant human breastmilk only, and when needed, oral rehydration
solution, or drops/syrups of vitamins, minerals, or medicines [2]. Breast milk has a high proportion
of fat, protein, sugar, and water that is required for infant growth and development compared to
formula milk, as well as the immunologic substances to effectively protect against infectious diseases
for the infant [3–5]. Appropriate EBF protects against childhood obesity [6] and has the potential
to increase infant cognitive functioning [7]. EBF not only benefits the infant but is also associated
with improved maternal health (e.g., a reduced risk developing of type 2 diabetes mellitus) [8] and
improved household productivity due to no cost of human milk [9].

In Australia, culturally and linguistically diverse (CALD) is a term used for communities with
diverse ethnic backgrounds, traditions, food, nationality, language, dress, societal structures, art,
and religious characteristics [10]. While it may be debatable that such a ‘label’ exists to characterize
such diverse populations, it is nevertheless one measure that can identify a sub-group in the Australian
population who are often socioeconomically vulnerable, and for the purpose of focused research and
programmatic interventions [11,12]. Past research suggests that CALD subgroups are more likely to
experience adverse health outcomes, including depressive symptoms [13] and poor uptake of cancer
screening [14], compared to the non-CALD populations.

Many qualitative studies conducted in Australia have reported that most CALD women value
optimal breastfeeding practices, but a lack of access to traditional post-birth practices [15], stigma,
and shame around public breastfeeding and ambivalence towards breastfeeding support [16,17],
were barriers to appropriate breastfeeding. However, there is limited epidemiological data on
the determinants of inappropriate EBF among CALD subgroups to inform targeted interventions.
Quantitative research in the general Australian population suggests that intimate partner violence [18],
a lack of partner support [18], assisted delivery [18,19], low socioeconomic status [20], lower maternal
age (<25 years) [19], a mother not having intention to breastfeeding [21–23], and self-reported depressive
symptoms [21] were associated with cessation of EBF. Notably, it is unclear whether these factors
are relevant to mothers from CALD backgrounds as culturally-appropriate and focused intervention
strategies are potentially more effective and less costly than traditional interventional approaches [12].

Understanding the factors that influence a mother’s decision to initiate, cease, or continue EBF in
the early postnatal period is essential as it can provide important information and opportunities for
specific interventions. In addition to providing relevant data on EBF among CALD Australian mothers,
this study seeks to provide an evidence base on EBF among CALD mothers for breastfeeding policy
advocacy and/or evaluation of relevant social and health services for mothers of CALD backgrounds
in Australia. This study aimed to investigate the determinants of EBF cessation in the early postnatal
period among CALD Australian mothers in Sydney, New South Wales.
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2. Materials and Methods

2.1. Data Source

The study was conducted based on retrospective maternal and child health data of all live births
in public health facilities in Sydney Local Health District (SLHD) and South Western Sydney Local
Health District (SWSLHD) between 2014 and 2016 (N = 25,407). These data were routinely collected as
part of standard care provided during pregnancy and the postnatal period. Antenatal information that
included socio-demographic characteristics, history of any previous pregnancy, probable depression
based on the Edinburgh Postnatal Depression Scale (EPDS), and mothers’ breastfeeding intention
were collected by qualified midwives at the first prenatal care visit. Birth and postnatal data such as
information on skin-to-skin contact, EBF at discharge and postnatally, were also obtained immediately
after birth and during postnatal visits by qualified child and family health nurses (CFHN). During
the first prenatal visit, women were asked to identify whether they belong to CALD, non-CALD,
or Aboriginal or Torres Strait Islander subpopulations, and this information was entered into the
database. CALD population was defined based on the Australian Bureau of Statistics description for
the subgroup [10]. These maternal child health (MCH) data were stored in the local health district’s
Information Management & Technology Division (IM&TD) database. We obtained the perinatal data
from the IM&TD, which were cleaned and linked using individual identifiers, and coded for analysis.

2.2. Study Setting

In Sydney, the SLHD and SWSLHD cover 52% of the metropolitan area, with an estimated
population of 1.6 million people of different cultural backgrounds [24,25]. SLHD is located in the
centre and inner west of Sydney, while SWSLHD is located in the south-western region of Sydney.
A number of maternal and child health services are provided to all communities across both districts,
including the most socioeconomically disadvantaged populations.

2.3. Outcome Variables

The main outcome variable was EBF in the early postnatal period (defined as 1–4 weeks post-birth).
EBF was measured using the National Health and Medical Research Council (NHMRC) infant feeding
guidelines [26], consistent with the WHO/UNICEF definitions for assessing infant and young child
feeding practices [1]. EBF was defined as the proportion of infants who received only breast milk
(including expressed milk) but allowed oral rehydration solution, syrups of vitamins/medicines.
The prevalence of mothers’ breastfeeding intention, skin-to-skin contact, EBF at delivery and discharge
by the determining factors were also measured in the study.

EBF at delivery was defined as the proportion of infants who received only breast milk in the
first 24 h post-birth, while EBF at discharge was measured as the proportion of infants who received
only breast milk 24 h preceding discharge from the maternity unit. EBF in the early postnatal visit
(1–4 weeks postnatal) referred to the proportion of infants who received only breast milk 24 h prior
to this postnatal health visit by the CFHN. To assess mothers’ breastfeeding intention, they were
asked the following question: “Do you plan to breastfeed your child?” The study also considered
skin-to-skin contact as past studies have indicated that skin-to-skin contact is the most effective strategy
to promote, protect, and support EBF in early life, irrespective of the mode of birthing (vaginal or
caesarean births) [27–29]. Skin-to-skin contact (SSC) was defined as placing the naked baby on the
mother’s bare chest or abdomen immediately or less than 10 min after birth or soon afterwards [30].

In each local health district, assessment of both the mother and baby is conducted between the
first and fourth week post-birth by a CFHN during a universal health home visit. Relevant health
information (including anthropometric measurement of the baby and assessment of infant feeding
practices of the mother) are obtained and entered into the IM&TD database.
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2.4. Study Factors

The exposure variables were broadly categorised into socio-demographic and health factors,
which were selected based on previous studies [18,19,22,23] and data availability. Socio-demographic
factors included maternal age (categorised as <20 years, 20–34 years or ≥35 years), socioeconomic
status (SES, categorised as high, middle or low), maternal cigarette smoking in pregnancy (categorised
as yes or no), partner support (categorised as yes, not sure or no), and major nationality groups
(categorised as Oceania, North-West Europe, Southern-Eastern Europe, North Africa and The Middle
East, South-East Asia, North-East Asia, Southern and Central Asia, Americas or Sub-Saharan Africa).

Health factors included pre-existing maternal health problems (such as diabetes mellitus and/or
hypertension, categorised as yes or no), history of intimate partner violence (IPV, categorised as yes or
no), type of delivery (categorised as normal vaginal, assisted vaginal or caesarean), and self-reported
antenatal and postnatal depressive symptoms (categorised as score ≥13 or score <13 on the EPDS) [31].
Maternal breastfeeding intention was also considered a potential factor for the cessation of EBF in the
early post-birth period based on past studies [21–23].

SES was calculated using the Socio-Economic Index for Areas (SEIFA). SEIFA is an indicator
created by the Australian Bureau of Statistics using principal component analysis. It ranks areas
(including a mother’s address provided) in Australia according to relative socio-economic advantage
and disadvantage [32]. In this study, deciles of SES were categorised into high (top 10% of the
population), middle (middle 80%), and low (bottom 10%) groups, in line with previously published
studies [13,31]. In accordance with NSW Health policy [33], IPV information was collected from
mothers based on the following questions: (i) “within the last year have you been hit, slapped or
hurt in other ways by your partner or ex-partner?”, physical IPV; and (ii) “are you frightened of your
partner or ex-partner?”, psychological IPV.

2.5. Statistical Analysis

The analytical approach followed previously published studies [18,31]. Briefly, preliminary
analyses were conducted to calculate frequencies of the study outcomes (i.e., breastfeeding intention,
skin-to-skin contact, and EBF at delivery, discharge and postnatally) and cross-tabulations with study
factors. This was followed by univariate regression models to examine the association between each
study factor and cessation of EBF in the early postnatal period. Multivariate logistic regression analyses
that adjusted for confounders was conducted to investigate the potential study factors that were
associated with cessation of EBF in the early postnatal period among CALD mothers. Models adjusted
for the potential confounding factors of birthing facility, the gender of the baby, maternal alcohol
intake, and maternal body mass index, as well as socio-economic and health factors [21,34]. Odds
ratios, with 95% confidence intervals, were calculated as the measure of association between the risk
factors and cessation of EBF.

Our study also investigated the potential effect of missing data on the estimated odds ratios
in sensitivity analyses that used an imputed dataset, based on the original data, which comprised
complete information for EBF in the early postnatal period. Multiple imputations by chained equations
were employed, which assume that data were missing at random [35]. This analytical approach also
assumes that the known characteristics of study respondents can be used to examine the characteristics
of participants with missing data [36]. All study factors and the outcome variable in the main analysis
were included in the multiple imputation models. Revised odds ratios from the imputed data were
generated using the mim command, for comparison with the complete case analyses. Sensitivity
analyses were conducted based on 25 multiple imputations [37], and all analyses were conducted in
Stata (Stata Corp, version 15.0, College Station, TX, USA).
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2.6. Ethics

The Sydney Local Health District and South Western Sydney Local Health District Human
Research Ethics Committees approved the collection of the data from the IM&TD database and
subsequent analysis. Approval numbers HREC: LNR/11/LPOOL/463; SSA: LNRSSA/11/LPOOL/464
and Project No: 11/276 LNR; Protocol No X12-0164 and LNR/12/RPAH/266.

3. Results

3.1. Characteristics of the Study Population

The majority of mothers were from South-East Asia (24.5%) and North Africa and The Middle
East (23.0%), while the lowest proportion of mothers were from North-West Europe (1.5%) (Table 1).

Table 1. Characteristics of the study population (N = 25,407).

Variables N (%)

Sociodemographic factors

Maternal age group 25,407

20–34 years 23,812 93.7

<20 years 124 0.5

≥35 years 1471 5.8

SES category 23,786

Low 12,548 52.8

Middle 9377 39.4

High 1861 7.8

Smoking status 23,750

No 23,170 97.6

Yes 580 2.4

Supportive partner 21,672

Yes 21,061 97.2

No 611 2.8

Major nationality group 25,407

Oceania 1481 5.8

North-West Europe 384 1.5

Southern-Eastern Europe 1316 5.2

North Africa and The Middle East 5846 23.0

South-East Asia 6222 24.5

North-East Asia 3512 13.8

Southern and Central Asia 5127 20.2

Americas 634 2.5

Sub-Saharan Africa 885 3.5
Health factors

Antenatal health problems 24,603

No 20,517 83.4

Yes 4086 16.6

Psychosocial intimate partner violence 21,583
No 21,238 98.4

Yes 345 1.6

Physical intimate partner violence 21,523

No 21,240 98.7

Yes 283 1.3

Type of delivery 25,378

Normal vaginal 15,004 59.1

Assisted vaginal 2924 11.5

Caesarean section 7450 29.4
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Table 1. Cont.

Variables N (%)

Antenatal depressive symptoms 20,560

EPDS ≤ 9 16,972 82.6

EPDS 10–12 2078 10.1

EPDS ≥ 13 1510 7.3

Postnatal depressive symptoms 19,342

EPDS ≤ 9 17,425 90.1

EPDS 10–12 1194 6.2

EPDS ≥ 13 723 3.7

N = Sample size; EPDS: Edinburgh Postnatal Depression Scale; SES: Socioeconomic status.

3.2. Breastfeeding Patterns by Study Factors

The proportion of CALD Australian mothers who exclusively breastfed in the early postnatal
period varied by global regions, with mothers from South-East Asia (26.9%), North Africa and the
Middle East (33.8%), and Oceania (12.2%) representing the highest percentage (Table 2). Mothers from
the high SES category had a higher proportion of EBF (63.1%) compared to those from middle and low
SES categories (33.4% and 3.5%, respectively).

Table 2. Prevalence of breastfeeding among culturally and linguistically diverse (CALD) mothers from
South Western Sydney and Sydney Local Health Districts in Sydney, Australia, 2014–2016 (N = 25,407).

Variables
Breastfeeding

Intention
Skin-to-Skin

Contact
EBF at

Delivery
EBF at

Discharge
EBF at 1–4

Weeks

n (%) n (%) n (%) n (%) n (%)

Study outcomes

Yes 21,232 (94.7) 16,022 (81.2) 19,355 (90.7) 22,555 (93.3) 19,244 (91.4)

No 629 (2.8) 3697 (18.8) 1973 (9.3) 1629 (6.7) 1809 (8.6)

Undecided 572 (2.5) - - - -
Socio-demographic factors

Maternal age group

20–34 years 21,048 (93.8) 18,651 (94.6) 20,023 (93.9) 22,690 (93.8) 1628 (90.0)

<20 years 103 (0.5) 113 (0.6) 112 (0.5) 1375 (5.7) 14 (9.2)

≥35 years 1282 (5.7) 955 (4.8) 1193 (5.6) 119 (0.5) 167 (0.8)

SES category

High 10,304 (63.4) 9778 (52.9) 10,411 (52.1) 11,877 (52.5) 1109 (63.1)

Middle 7962 (32.8) 7268 (39.3) 7958 (39.8) 8922 (39.5) 588 (33.4)

Low 1598 (3.8) 1427 (7.7) 1612 (8.1) 1817 (8.0) 62 (3.5)

Smoking status

No 21,860 (97.6) 17,937 (97.3) 19,520 (97.7) 22,207 (97.6) 1532 (92.9)

Yes 543 (2.4) 437 (2.4) 467 (2.3) 540 (2.4) 117 (7.1)

Supportive partner

Yes 20,501 (97.2) 16,457 (97.2) 17,773 (97.2) 20,190 (97.3) 1454 (95.7)

No 585 (2.8) 481 (2.8) 508 (2.8) 569 (2.7) 66 (4.3)

Major nationality group

Oceania 1237 (5.5) 1193 (6.1) 1247 (5.9) 1368 (5.7) 221 (12.2)

North-West Europe 360 (1.6) 326 (1.7) 343 (1.6) 373 (1.5) 18 (1.0)

Southern-Eastern Europe 1177 (5.3) 1028 (5.2) 1146 (5.4) 1262 (5.2) 128 (7.08)

North Africa and The Middle East 5100 (22.7) 4649 (23.6) 4901 (23.0) 5526 (22.8) 612 (33.8)

South-East Asia 5437 (24.2) 4958 (25.1) 5235 (24.6) 5868 (24.3) 487 (26.9)

North-East Asia 3150 (14.0) 2837 (14.4) 3048 (14.3) 3431 (14.2) 150 (8.3)
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Table 2. Cont.

Variables
Breastfeeding

Intention
Skin-to-Skin

Contact
EBF at

Delivery
EBF at

Discharge
EBF at 1–4

Weeks

n (%) n (%) n (%) n (%) n (%)

Southern and Central Asia 4636 (20.7) 3638 (18.5) 4158 (19.5) 4914 (20.3) 116 (6.4)

Americas 552 (2.5) 439 (2.2) 526 (2.5) 607 (2.5) 42 (2.3)

Sub-Saharan Africa 784 (3.5) 651 (3.3) 724 (3.4) 835 (3.5) 35 (1.9)
Health factors

Antenatal health problems

No 17,847 (82.4) 15,821 (83.0) 17,334 (83.7) 19,514 (83.3) 1496 (85.1)

Yes 3819 (17.6) 3245 (17.0) 3370 (16.3) 3916 (16.7) 263 (14.9)

Psychosocial intimate partner
violence

No 20,657 (98.4) 19,618 (98.4) 17,919 (98.4) 20,360 (98.5) 1517 (97.9)

Yes 335 (1.6) 273 (1.6) 290 (1.6) 316 (1.5) 33 (2.1)

Physical intimate partner violence

No 20,663 (98.7) 16,616 (98.7) 17,911 (98.7) 20,356 (98.7) 1522 (98.1)

Yes 270 (1.3) 213 (1.3) 243 (1.3) 265 (1.3) 30 (1.9)

Type of delivery

Normal vaginal 13,356 (59.6) 14,903 (75.7) 14,126 (66.3) 14,432 (59.7) 988 (54.7)

Assisted vaginal 2581 (11.5) 2878 (14.6) 2452 (11.5) 2759 (11.4) 163 (9.0)

Caesarean section 6473 (28.9) 1913 (9.7) 4730 (22.2) 6968 (28.8) 655 (36.3)

Antenatal depressive symptoms

EPDS ≤ 9 16,543 (72.6) 13,406 (83.3) 14,392 (82.9) 16,259 (82.6) 1164 (79.6)

EPDS 10–12 2013 (10.1) 1577 (9.8) 1751 (10.1) 1992 (10.1) 146 (10.0)

EPDS ≥ 13 1465 (7.3) 1121 (6.9) 1222 (7.0) 1433 (7.3) 152 (10.4)

Postnatal depressive symptoms

EPDS ≤ 9 15,451 (90.2) 13,538 (90.6) 14,739 (90.5) 16,628 (90.2) 1,489 (88.9)

EPDS 10–12 1055 (6.2) 880 (5.9) 973 (6.0) 1139 (6.2) 94 (5.6)

EPDS ≥ 13 633 (3.7) 523 (3.5) 579 (3.5) 677 (3.6) 92 (5.5)

n: cases; antenatal health problems included diabetes mellitus and/or hypertension; EBF at delivery was defined as
infants who received only breast milk within the first 24 h post-delivery; EBF at discharge was measured as infants
who received only breast milk in the 24 h preceding discharge from the maternity unit; EPDS: Edinburgh Postnatal
Depression Scale; SES: Socioeconomic status.

In the antenatal period, almost all mothers intended to breastfeed their babies (94.7%).
Approximately 81% of mothers practised skin-to-skin contact, while 91% and 93% exclusively
breastfed at delivery and discharge, respectively. A sub-analysis of the data (i.e., the estimation
of the confidence interval and p-value around the estimates, data not shown) suggested that there was
no significant difference between EBF prevalence at delivery and discharge. In the early postnatal
period, EBF remained high among CALD Australian mothers (91.4%; Table 2).

3.3. Determinants of Exclusive Breastfeeding Cessation in the Early Postnatal Period

The study showed that mothers who indicated no prenatal breastfeeding intention or who
were undecided about breastfeeding during pregnancy were more likely to cease EBF in the early
postnatal period compared to those who indicated prenatal breastfeeding intention in the complete case
analyses (adjusted odds ratio (aOR) = 23.76, 95% CI 18.63–30.30, p < 0.001, for those with no prenatal
breastfeeding intention and aOR = 6.15, 95% CI 4.74–7.98, p < 0.001, for those undecided) (Table 3).
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Mothers who reported not having a supportive partner during pregnancy were more likely to
stop EBF in the early post-birth period compared to those who reported receiving support from their
partner during pregnancy (aOR = 1.69, 95% CI: 1.20–2.38, p = 0.003). Mothers from higher SES groups
were less likely to discontinue EBF in the early postnatal period compared to those from lower SES
groups (aOR = 0.48, 95% CI: 0.32–0.71, p < 0.001 for high SES and aOR = 0.85, 95% CI: 0.85–0.99,
p = 0.044 for middle). Low maternal age (<20 years) was associated with cessation of EBF in the early
postnatal period compared to middle reproductive-aged mothers (20–34 years; aOR = 1.72, 95% CI:
1.37–2.15, p < 0.001). Mothers who reported tobacco smoking during pregnancy were more likely
to stop EBF in the early postnatal period compared to their counterparts who reported not smoking
(aOR = 3.39, 95% CI: 2.56–4.49, p < 0.001) (Table 3).

The odds of stopping EBF in the immediate postpartum period were higher among mothers
who reported antenatal depressive symptoms (EPDS ≥ 13; aOR = 1.50, 95% CI: 1.20–1.89, p < 0.001),
and those who reported postnatal depressive symptoms (EPDS ≥ 13; aOR = 2.07, 95% CI: 1.55–2.77,
p < 0.001). The likelihood of discontinuing EBF in the immediate postnatal period was higher among
mothers who reported a history of psychological intimate partner violence (aOR = 1.66, 95% CI:
1.10–2.53, p = 0.017), and those who had caesarean births (aOR = 1.35, 95% CI: 1.18–1.55, p < 0.001).
The odds of ceasing EBF in the immediate postpartum period were lower among mothers from all
major nationality groups compared to their counterparts in the reference group (Oceania) (Table 3). The
effects of maternal age > 35 years, physical intimate partner violence, and having pre-existing maternal
health problems on ceasing EBF in the immediate postnatal period were statistically significant in the
imputation data compared to those in the complete case analysis. Furthermore, the 95% CI of the aOR
for no maternal breastfeeding intention and major nationality group based on the imputation data is
much narrower than the one obtained based on the original data set, possibly reflecting the effect of
missing data or small sample size (Table 3).

4. Discussion

Our study indicates that most CALD Australian mothers had the intention to breastfeed (94.7%).
Eighty-one percent of mothers practised skin-to-skin contact, while 91% and 93% exclusively breastfed
at delivery and discharge, respectively. Notably, EBF remained high in the early postnatal period
among CALD Australian mothers (91.4%). A lack of maternal prenatal breastfeeding intention (no
prenatal breastfeeding intention or undecided) was the strongest risk factor for the cessation of EBF in
the early postpartum period. Other significant factors associated with the cessation of EBF in the early
postnatal period included a lack of partner support, antenatal and postnatal depressive symptoms,
psychosocial IPV, caesarean birthing, low socioeconomic status, and young maternal age (<20 years).

Consistent with past reports from Australia [21] and internationally [38–40], the present study
indicates that a mother’s prenatal intention not to breastfeed or undecided were the strongest risk factors
for the cessation of EBF in the early postnatal period among CALD Australian women. Studies suggest
that a good personal attitude towards breastfeeding, encouraging social norms for breastfeeding at
home and work and a personal dislike for formula feeding, were essential to a mother’s decision to
have a definite intention to breastfeed [38,41]. In addition, the level of social support for the mother
at the time of breastfeeding from the partner, grandmothers/in-laws [42], or peers [43,44], and the
mother’s own attitude to breastfeeding were influential to a mother’s breastfeeding behaviour [38].
Our study also suggests that the lack of a supportive partner was associated with cessation of EBF in the
early postnatal period. While studies have indicated that partners are willing to provide the required
support to improve breastfeeding outcomes for both the mother and baby, a lack of appropriate
and/or conflicting information from health practitioners to fathers have been flagged as constraints to
fathers’ full participation in breastfeeding support [45,46]. The involvement of fathers (in addition to
grandmothers/in-laws if present) in prenatal breastfeeding education sessions and postnatal support
are key priority areas for improving breastfeeding among mothers [47].
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In Australia, many epidemiological studies have indicated that higher maternal SES was associated
with EBF [19,20]. Our study shows that CALD mothers from higher SES groups were less likely to
cease EBF in the early postnatal period compared to those from lower SES groups. Similarly, evidence
has shown that infants whose fathers were from high SES groups were more likely to be breastfed up
to 6-weeks post-birth compared to infants with fathers of low SES [47]. Possible reasons for why higher
SES mothers (CALD and non-CALD) engage in optimal breastfeeding may include increased uptake
of breastfeeding-related information and better skills in negotiating flexible workplace hours, creating
opportunities for breastfeeding [48,49]. Research shows that young maternal age (<20 years) was
associated with increased risk of mental health issues, with subsequent impacts on employment and
socioeconomic position in later life [50]. The present study shows that young maternal age (<20 years)
is associated with cessation of EBF in the early postnatal period, in line with previously published
studies [18,19]. In many Australian communities, charitable organisations provide parenting support,
life support, and educational opportunities for young mothers and their babies to lead healthy and
productive lives in their local communities [51]. Integration of these services with antenatal and
postnatal breastfeeding services (where practicable) would be essential to improve breastfeeding
outcomes among young mothers.

Our study demonstrates an association between self-reported maternal antenatal and postnatal
depressive symptoms (EPDS ≥ 13) and cessation of EBF within 4-weeks postnatally. Past studies have
indicated that perinatal depression is associated with suboptimal breastfeeding, including cessation of
EBF in the early postnatal period [52–54]. Our finding highlights the importance of routine perinatal
depression screening in Australia [55]. Detailed information on policy and research implications of
Australian perinatal depression screening has been published elsewhere [13,31,55,56]. Furthermore,
the present study shows that self-reported psychological intimate partner violence is associated with
cessation of EBF in the early postnatal period, in line with previous studies [33,57,58]. In most
Australian healthcare centres, routine screening of women in the antepartum and postpartum periods
for depression [13,55] and IPV [33,59] is conducted in an effort to promptly identify at-risk mothers,
ensure referral for clinical assessment, follow-up, and support. Our findings suggest that sustained
advocacy is required for perinatal depression and IPV screening among Australian CALD women to
improve EBF.

Past studies conducted in Australia and internationally, have shown that cigarette smoking is
associated with suboptimal breastfeeding outcomes [18,60]. Similarly, the present study shows that
cigarette smoking is associated with cessation of EBF in the early postnatal period among CALD
mothers. Evidence suggests that while there is an association between cigarette smoking and suboptimal
breastfeeding, the evidence for a plausible biological mechanism is weak [61]. Nevertheless, a recent
review indicated that smoking reduces the protective effects of breast milk and also negatively modifies
the infant’s response to breastfeeding and breast milk [62]. A possible explanation for this association
among smokers may stem from a lack of motivation to breastfeed (i.e., less likely to have breastfeeding
intention or to initiate breastfeeding) and/or less desire to seek help with breastfeeding challenges
compared to non-smokers [60,61,63]. Australia has legislated a range of anti-smoking strategies
(including restrictions on advertising, incremental taxation and regulation) to reduce smoking in
the community. These initiatives have been shown to be effective in reducing experimentation and
uptake of smoking among young people and overall smoking rates across all socio-demographics in
Australia [63]. Sustained implementation of these initiatives will have positive impacts on breastfeeding
outcomes among CALD Australian mothers in the short- and long-term.

There is robust evidence in the literature which indicates that health facility birthing, mode of
birthing, and professional assistance received during birthing are critical to a mother’s breastfeeding
initiation and continuation [18,64]. This possibly reflects the key role the Baby Friendly Hospital
Initiative (BFHI) plays in promoting, protecting, and supporting optimal breastfeeding in health
facilities. Our study found that caesarean birthing was associated with cessation of EBF in the early
postpartum period, which is similar to findings from previous studies [18,19]. Among Australian states
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and territories, evidence indicates that NSW has the lowest number of BFHI certified maternity centres,
with implications for maternal breastfeeding experiences [18]. It is anticipated that the Australian
National Breastfeeding Strategy 2019 and beyond will provide a roadmap for improving breastfeeding
outcomes among CALD mothers in Australia, including increasing BFHI certified maternity centres in
NSW [65]. The study showed that the odds of stopping EBF in the immediate postpartum period were
lower among mothers from all major nationality groups compared to their counterparts in the reference
group (Oceania). Future studies that focus on breastfeeding outcomes among sub-groups within the
CALD populations may be warranted, as they would provide more insights for cultural care.

Limitations of this study are discussed. First, the cessation of breastfeeding in the early postnatal
period was based on self-report, potentially leading a recall and/or measurement bias. The implication
of this is that it may have resulted in an underestimation or overestimation of the relationship between
the risk factors and the outcome. Second, the study was unable to assess or adjust for all potential
determining factors (e.g., prematurity, level of support received postnatally, multi-parity, or partner
education) as these may also affect the observed results. Third, we were unable to distinguish mothers
who ceased EBF in the first, second, third, or fourth week postpartum. This analysis would have
provided detailed information on early cessation of EBF postnatally among CALD Australian mothers.
Fourth, the small sample size of mothers who indicated no prenatal breastfeeding intention or who
were undecided may account for the large effect size. Fifth, the non-use of maternal and child health
data from private healthcare and other local health districts in Sydney is a limitation in the present study.
Finally, the unavailability of longitudinal data on EBF from 1 to 6 months postnatally and the use of
secondary data were additional limitations in this study. Despite these limitations, the study provides
breastfeeding data from CALD Australian women to inform population-level interventional strategies.

5. Conclusions

Our study suggests that many CALD mothers have definite intention to breastfeed, and most
mothers practise skin-to-skin contact, EBF at delivery and at discharge from hospital post-birth.
Notably, EBF remained high in the early postnatal period (within 4-weeks postpartum) among CALD
Australian mothers. A lack of maternal prenatal breastfeeding intention and partner support, antenatal
and postnatal depressive symptoms, psychosocial intimate partner violence, caesarean birthing,
low socioeconomic status, and young maternal age (<20 years) were associated with the cessation of
EBF in the early postnatal period among CALD Australian mothers. Our study provides insight into
breastfeeding practices among CALD Australian mothers to inform targeted initiatives, especially those
identified to be at risk of early cessation of EBF.
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Abstract: In low- and middle-income countries, the protective effect of breastfeeding against infections
is well established, but in high-income countries, the effect could be weakened by higher hygienic
conditions. We aimed to examine the association between breastfeeding and infections in the first
2 years of life, in a high-income country with relatively short breastfeeding duration. Among
10,349 young children from the nationwide Etude Longitudinale Française depuis l’Enfance (ELFE)
birth cohort, breastfeeding and parent-reported hospitalizations, bronchiolitis and otitis events, and
antibiotic use were prospectively collected up to 2 years. Never-breastfed infants were used as
reference group. Any breastfeeding for <3 months was associated with higher risks of hospitalizations
from gastrointestinal infections or fever. Predominant breastfeeding for <1 month was associated
with higher risk of a single hospital admission while predominant breastfeeding for ≥3 months
was associated with a lower risk of long duration (≥4 nights) of hospitalization. Ever breastfeeding
was associated with lower risk of antibiotic use. This study confirmed the well-known associations
between breastfeeding and hospitalizations but also highlighted a strong inverse association between
breastfeeding and antibiotic use. Although we cannot infer causality from this observational study,
this finding is worth highlighting in a context of rising concern regarding antibiotic resistance.

Keywords: breastfeeding; infections; birth cohort; hospitalizations; antibiotic use

1. Introduction

In 2013, infectious diseases were in the four main categories of leading causes of death among
children under 5 years of age worldwide [1]. Nonetheless, disparities exist between countries. Infections
are the leading causes of death in sub-Saharan African countries but not in high-income countries.
The good hygienic conditions and health care system available in some countries significantly reduce
the prevalence and fatal issue of such diseases but do not fully prevent them.

The World Health Organization (WHO) recommends exclusive breastfeeding for 6 months, or at
least the first 4 months of life [2]. These recommendations were mainly based on the protective effect
of breastfeeding against infectious morbidity and mortality [3]. In fact, breast milk components, such
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as immunoglobulin A (IgA) or maternal leukocytes, can both supplement and promote the newborn’s
immature immune system [4] and therefore lead to protective effect against infections.

More precisely, recent literature has shown that breastfeeding is related to a reduced rate of
hospital admission for diarrhea and respiratory infections as well as a protective effect on otitis media in
children up to 2 years old [3,5]. Of note, otitis media studies were mostly from high-income countries,
whereas results on diarrhea and respiratory infection studies were mostly found in settings from low-
and middle-income countries [6,7]. In high-income countries, the preventive effect of breastfeeding
on respiratory tract infections is less consistent across studies [7]. In the cluster-randomized trial on
promotion of breastfeeding (PROBIT), which took place in Belarus in the 1990s, breastfeeding was
related to a reduced risk of gastrointestinal infections in the first year of life [8].

The aim of this study was to assess the association between breastfeeding duration and several
indicators of infectious morbidity, in France, a high-income country with the specificity of low
breastfeeding initiation rate (69.7%) and median duration below the guidelines (17 weeks among
breastfeeding mothers) [3,9].

2. Materials and Methods

2.1. Study Population

This analysis was based on data from the ELFE (Etude Longitudinale Française depuis l’Enfance)
study, a multidisciplinary nationwide birth cohort including 18,329 children born in 2011 in France [10].
The inclusion criteria were as follows: singleton or twins born after 33 weeks of gestation, to mothers
aged 18 years or older. Participating mothers had to provide written consent for their own and their
child’s participation. Fathers signed the consent form for the child’s participation when present
at inclusion or were informed about their rights to oppose it. The ELFE study was approved by
the Advisory Committee for Treatment of Health Research Information (Comité Consultatif sur le
Traitement des Informations pour la Recherche en Santé), the National Data Protection Authority
(Commission Nationale Informatique et Libertés), and the National Statistics Council.

2.2. Breastfeeding

The feeding method was prospectively collected up to 2 years and the calculation of breastfeeding
duration was detailed in a previous paper [11]. As previously described, two breastfeeding definitions
were used in the present study: any breastfeeding and predominant breastfeeding. Any breastfeeding
was defined as the infant receiving breastmilk. Predominant breastfeeding was defined as the only
milk given to the infant being human milk (no animal milk or infant formula).

For each breastfeeding definition, infants were first categorized as ever or never breastfed and
then according to their breastfeeding duration (never, <1 month, 1 month to <3 months, 3 months to
<6 months, ≥6 months).

2.3. Parental Report of Infections

In the present study, infections were assessed with several indicators: hospitalizations; frequency
of bronchiolitis and otitis events; and antibiotic use.

At the 1- and 2-year phone interviews, parents reported hospitalizations in the previous year
(date, duration, and main cause). Infants with at least one hospitalization for infectious disease were
identified (mainly fever, gastrointestinal infection, and bronchiolitis). Hospitalizations from infectious
diseases between birth and 2 years of age were characterized by the number of events (none, 1, ≥2)
and cumulative duration (never, 1–3 nights, ≥4 nights).

At the 1-year phone interview, parents both reported whether the child ever had a bronchiolitis
event and if the child had had at least 3 bronchiolitis events since birth. At the 2-year phone interview,
parents reported whether the child had had 3 bronchiolitis episodes or more since birth. A mixed
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variable was computed from both interviews resulting in a 3-category variable assessing bronchiolitis
events in the first 2 years of life (never, 1 or 2 events, ≥3 events).

At the 2-year phone interview, parents reported otitis events since birth (<3 events, ≥3 events).
Unfortunately, it was not possible to distinguish infant with no otitis event from those having 1 or
2 events.

At the 1- and 2-year phone interviews, parents reported the frequency of antibiotic use for their
child in the previous 12 months. These frequencies were then combined into a 4-category variable
(never, once, 2 or 3 times, >3 times).

2.4. Other Variables

Maternal and household data were collected using face-to-face interviews at the maternity unit
and then by phone interview at the 2-month follow-up. Because these data were more thoroughly
assessed during the 2-month interview and only marginally changed during these 2 months, we used
the data collected at 2 months in our analyses. Socio-demographic characteristics collected during the
maternity stay were used only when the 2-month values were missing.

Maternal socio-demographic characteristics included age at the birth of her first child (<25, 25–29,
30–34, ≥35 years), education level (below secondary school, secondary school, high school, 2-year
university degree, 3-year university degree, 5-year university degree or higher), place of birth (France,
abroad), and employment status (unemployed, employed). Household characteristics included income
per consumption unit (≤€750, €751 to 1111, €1112 to 1500, €1501 to 1944, €1945 to 2500, >€2500 /month)
and composition (couple with children, single parenthood, step family).

Maternal health-related characteristics included smoking status during pregnancy (never smoked,
smoked only before pregnancy, smoked only in early pregnancy, smoked throughout pregnancy) and
pre-pregnancy body mass index (BMI) (<18.5 kg/m2, 18.5 to 24.9 kg/m2, 25.0 to 29.9 kg/m 2, ≥30.0 kg/m2).

Infant’s birth order (first born, second, third, fourth, or higher), caesarean-section delivery, sex, twin
birth, and gestational age were collected at birth from medical records. Infant’s age at first attendance
at a shared childcare facility was computed from the 1-year phone interview as a 5-category variable
(≤2 months, >2 to ≤4 months, >4 to ≤6 months, >6 to ≤12 months, never attended in the first year).

2.5. Sample Selection

Infants whose parents withdrew consent during the first year (n = 57) and not meeting eligibility
criteria (n = 1) were excluded, resulting in 17,984 eligible infants. In twin pregnancies, one twin was
randomly selected (n = 287 exclusions) to avoid family clusters.

We excluded infants without any follow-up at 2 years (n = 4705). We then excluded infants with
missing data on breastfeeding (n = 147) and those with missing data on infections or antibiotic use
(n = 1894). We also excluded infants with incomplete information for potential confounding variables
(n = 889). These exclusions lead to a sample of 10,349 infants for the complete case analysis regarding
parental reports of infections and antibiotic use (Figure 1).
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Figure 1. Sample selection.

2.6. Analyses

2.6.1. Main Analyses

To compare selected families to their non-selected ELFE counterparts, we used chi-squared tests
for categorical variables and Student t-tests for continuous variables.

Associations between breastfeeding and parental reports of infections or antibiotic use were
assessed with multinomial logistic regression models. Never-breastfed infants were systematically
used as the reference group. In all analyses, we adjusted for potential confounding factors (maternal age
at first child, education level, employment status, smoking status during pregnancy and pre-pregnancy
BMI, household monthly income per consumption unit, household composition, caesarean section
and infant’s sex, gestational age, birth order, and age at first attendance at a shared childcare facility),
and variables related to study design (recruitment wave, maternity unit size, and mother’s region of
residence).

2.6.2. Sensitivity Analyses

As early hospitalizations may lead to early breastfeeding cessation, we repeated the main analyses
after excluding infants with hospitalizations occurring before the age of 2 months, leading to a sample
of 9703 infants.
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To deal with missing data for potential confounding factors, we first conducted our analyses
on complete cases (Figure 1, n = 10,349). Secondly, we used multiple imputations to deal with these
missing data. This method assigned data to missing measurements based on the measurement of
infants with similar profiles. We assumed that data were missing at random and generated five
independent datasets with the fully conditional specification method (MI procedure, FCS statement,
NIMPUTE option), and then calculated pooled effect estimates (SAS MIANALYSE procedure). Further
details are available in Table S1, Supplementary Materials. This method allowed us to assess again the
association between breastfeeding duration and infections up to 2 years on a sample of 11,238 infants
(Figure 1). The model used for these analyses was the same as in our main analysis.

All analyses were carried out with SAS software version 9.4 (SAS Institute, Cary, NC, USA).
Statistical significance was defined as p < 0.05.

3. Results

The comparison between selected families and their non-selected ELFE counterparts is available
in Table S2, Supplementary Materials. Briefly, selected mothers were older, less likely to be single
parents, born in France, with a higher education level, and employed and they breastfed longer than
non-selected mothers.

The sample’s characteristics according to any breastfeeding duration are described in Table 1.

Table 1. Included families’ characteristics according to any breastfeeding duration (n = 10,349).

Family Characteristics
Breastfeeding Duration

Never
(n = 2489)

<1 Month
(n = 1704)

1 to <3 Months
(n = 1629)

3 to <6 Months
(n = 1964)

≥6 Months
(n = 2563)

Maternal age at birth (years) 30.4 (4.9) 30.0 (5.0) 30.4 (4.5) 30.9 (4.3) 31.6 (4.6)
Maternal place of birth (France) 96.6% (2405) 94.5% (1611) 92.4% (1505) 90.3% (1774) 82.7% (2120)
Pre-pregnancy body mass index (kg/m2) 23.9 (5.2) 23.8 (4.9) 23.4 (4.5) 22.8 (4.1) 23.0 (4.3)
Education level

Below secondary school 7.2% (178) 5.4% (92) 3.8% (62) 3.6% (71) 5.1% (131)
Secondary school 17.2% (428) 15.8% (269) 9.7% (158) 7.3% (143) 7.9% (202)
High school 21.6% (537) 21.4% (365) 18.4% (300) 15.1% (297) 13.7% (352)
2-year university degree 24.5% (611) 25.5% (434) 26.2% (427) 23.7% (465) 21.2% (543)
3-year university degree 15.8% (394) 18.2% (310) 19.6% (320) 22.3% (437) 22.8% (584)
5-year university degree or higher 13.7% (341) 13.7% (234) 22.2% (362) 28.1% (551) 29.3% (751)

Employed before pregnancy 77.9% (1938) 75% (1278) 79.7% (1299) 80.2% (1576) 71.4% (1829)
Traditional household composition 87.9% (2188) 87.9% (1498) 91.3% (1487) 91.6% (1799) 90.2% (2311)
Household monthly income (€) 3379 (3171) 3276 (2750) 3665 (4608) 3738 (3671) 3506 (2663)
Smoking status during pregnancy

Never smoker 51.9% (1292) 50.1% (853) 57.5% (936) 60.7% (1193) 66.1% (1694)
Only before pregnancy 24% (598) 27.4% (467) 25.9% (422) 25.1% (492) 23.6% (604)
Only in early pregnancy 3.5% (88) 4.7% (80) 3.4% (56) 3.8% (74) 2.9% (75)
Throughout pregnancy 20.5% (511) 17.8% (304) 13.2% (215) 10.4% (205) 7.4% (190)

Caesarean section 19.2% (478) 18% (307) 18% (294) 15.7% (309) 15.2% (389)
Gestational age (weeks) 39.5 (1.5) 39.7 (1.4) 39.7 (1.4) 39.7 (1.4) 39.7 (1.4)
Boys 48.8% (1215) 49.4% (841) 51.6% (841) 50.1% (984) 48.7% (1249)
First born 42.9% (1069) 50.5% (861) 49.7% (809) 45.7% (897) 37.6% (963)
Age at first attendance at a shared childcare facility
≤2 months 55.7% (1386) 54.2% (924) 48.4% (788) 46.4% (912) 61.6% (1580)
>2 months to 4 months 7.4% (183) 5.8% (99) 8% (130) 3.6% (70) 2.1% (53)
>4 months to 6 months 18.8% (469) 20.4% (347) 26.3% (429) 24.3% (477) 11.2% (286)
>6 months to 12 months 9.1% (227) 9.2% (157) 8.2% (133) 13.7% (269) 10.7% (273)
Never attended in the first year 9% (224) 10.4% (177) 9.1% (149) 12% (236) 14.5% (371)

% (n) or mean (± SD)

3.1. Hospitalizations from Infectious Diseases

Breastfeeding status considered as a binary variable (ever vs. never) was related neither to the
number of events (0, 1, ≥2) nor to the cumulative duration of hospitalizations or infectious causes of
hospitalizations, whatever the definition of breastfeeding used (any or predominant) (Table 2).
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Compared to never-breastfed infants, infants who were predominantly breastfed for <1 month
were at higher risk of being hospitalized once, which justifies our sensitivity analysis excluding early
infections. The association remained consistent after the exclusion of infants with early hospitalizations
(before the age of 2 months) (Table S3, Supplementary Materials).

Compared to never-breastfed infants, infants who were predominantly breastfed for at least 3
months were at lower risk of long duration (≥4 nights) of hospitalizations. These associations remained
consistent after the exclusion of infants with early hospitalizations (before the age of 2 months).

Compared to never-breastfed infants, any breastfed for 1 to <3 months infants were at higher
risk of hospitalization from fever and any breastfed for <1 month infants were at higher risk of
hospitalization from gastrointestinal infections. The first association disappeared after the exclusion of
early hospitalization, whereas the second one remained consistent.

3.2. Bronchiolitis Events

Overall, the number of bronchiolitis events was significantly related neither to ever breastfeeding
nor to breastfeeding duration. However, ever any breastfeeding tended to be related to a higher
risk of 1 or 2 bronchiolitis events but not to frequent bronchiolitis events. In contrast, predominant
breastfeeding duration tended to be negatively related to the risk of frequent bronchiolitis events
(Table 3). These tendencies remained after the exclusion of early hospitalization events (Table S4,
Supplementary Materials).
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3.3. Otitis Events

Both any and predominant breastfeeding were not related to frequent otitis events (at least 3 in
the first 2 years) (Table 3).

3.4. Antibiotic Use

Ever breastfeeding was related to a lower risk of frequent antibiotic use (at least 2 times in the first
2 years of life), whatever the definition of breastfeeding used (Table 3).

Compared to no breastfeeding, breastfeeding durations (any and predominant) of at least 3
months were associated with a lower risk of frequent antibiotic use.

All these associations remained after the exclusion of infants with early hospitalizations (Table S4,
Supplementary Materials).

3.5. Analyses after Multiple Imputations

Compared to never-breastfed infants, predominantly breastfed for <1 month infants were no
longer at higher risk of a single hospitalization event (OR (95% CI) = 1.17 (0.96; 1.42)) (Table S5,
Supplementary Materials). Any breastfed for <1 month infants were also no longer at higher risk of
hospitalization from gastrointestinal infections (1.32 (0.99; 1.75)).

Compared to never-breastfed infants, any breastfed for ≥6 months infants were at lower risk of
longer hospitalizations (≥4 nights) (0.71 (0.53; 0.95)).

Other previously highlighted results remained consistent (Tables S5 and S6, Supplementary
Materials).

4. Discussion

In the ELFE study, predominant breastfeeding for over 3 months was related to lower risk of at
least 4 nights of hospitalization up to 2 years, while any breastfeeding for over 3 months was related to
higher risk of 1 or 2 bronchiolitis events in the first 2 years of age. Finally, both any and predominant
breastfeeding durations were negatively associated with frequency of antibiotic use.

We first examined infectious morbidity through common infectious diseases such as bronchiolitis
and otitis. Unfortunately, data on diarrhea occurrence were not collected. Contrary to a previous
meta-analysis conducted in industrialized countries [12], a lower risk of otitis has not been related to
breastfeeding duration. A possible explanation may be the restrictive classification (<3 or ≥3 events)
applied in the ELFE questionnaires, not allowing the distinguishing of absence of event from low
frequency of events (1 or 2). Consistent with an Italian cohort specifically designed to study respiratory
infections [13], we found that, in the main analyses, long duration of predominant breastfeeding
(at least 6 months) was associated with a lower risk of frequent bronchiolitis events. Similarly, in
the Generation R population-based study, exclusive breastfeeding was related to a lower risk of low
respiratory tract infections and, to a lesser extent, upper respiratory tract infections up to 4 years of
age [14].

Infections with higher concern can be approximated with hospitalizations. A recent meta-analysis
highlighted a protective effect of breastfeeding against hospitalizations from diarrhea and respiratory
infections, including lower respiratory tract infection and pneumonia [7]. More recently, the Norwegian
MoBa study highlighted a higher risk of hospitalization up to 18 months among infants breastfed
for ≤6 months than among those breastfed for at least 12 months [15], but matched sibling analyses,
enabled to account for shared maternal characteristics, showed weaker and non-significant associations.
We have not observed such associations within the ELFE cohort. Regarding hospitalizations from
diarrhea, the meta-analysis included two studies from Europe, highlighting protective associations
between breastfeeding and diarrhea [16,17]. Both studies provided data on infants born in the 1990s.
Regarding hospitalizations from respiratory infection, the meta-analysis included two studies from
Europe, highlighting protective associations between breastfeeding and respiratory infections [18,19],
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both published before 1995. As infants from the ELFE were born in 2011, they might differ from infants
included in these studies. Moreover, in the present analyses only hospitalizations for bronchiolitis could
be considered and not all respiratory infections. The low number of hospitalizations for bronchiolitis
in our results might prevent any potential association with breastfeeding to arise.

We are unable to provide a biological explanation for the higher risk of 1 or 2 bronchiolitis events in
the first 2 years of life related to any breastfeeding but not to predominant breastfeeding. An additional
sensitivity analysis adjusting for family history of allergy (parental and/or sibling history of asthma,
eczema, and hay fever) did not modify the results (data not shown). A similar unexpected association
was found in an Italian case–control study, with a higher breastfeeding rate among infants hospitalized
for bronchiolitis than among their control counterparts [20].

Reverse causation bias is a probable hypothesis for the highlighted higher risk of parental reported
hospital admission from infection or gastrointestinal infection related to short breastfeeding duration
(<1 month) compared to never breastfeeding. As early adverse health events, including hospital
admission, can lead to early breastfeeding cessation, the exclusion of early cases of hospitalization
allowed us to control this reverse causation bias but not fully as not all adverse health events lead
to hospitalization.

Finally, in the present study, antibiotic use was considered as a proxy for bacterial infections.
This indicator was strongly related to breastfeeding, a longer duration being related to a lower use
of antibiotics up to 2 years of age. Similar results were found in a Czech cross-sectional survey, with
lower risk of early exposure to antibiotics among breastfed infants [21]. Likewise, in a Finnish cohort,
1-year breastfed infants were less likely to have been provided with antibiotics during the first year
of life than their non-breastfed counterparts [22], and a negative association between breastfeeding
duration and antibiotic use was found in a cross-sectional anthropometric and questionnaire study [23].
However, we cannot exclude that health-seeking behaviors could be different among breastfeeding
parents and non-breastfeeding parents, leading to the differential use of antibiotics. Moreover, as
both breastfeeding and antibiotic use could influence the infant’s microbiome [22], microbiome was
suggested as a potential mechanism in the association between breastfeeding and lower rates of
infections from hospitalization. It would be of great interest to examine these potential mechanisms
from stool samples collected in the first months of life.

The ELFE study is a recent nationwide birth cohort aimed at assessing the development of
healthy-born children from birth to adulthood from a broad and interdisciplinary point of view.
The prospective design limits recall bias for both exposure and outcomes assessment. However, we
have to acknowledge the inability to consider exclusive breastfeeding in the present study according to
the WHO definition, because the use of water, water-based drinks, and fruit juice in the 0–2-month
period were not collected in the ELFE study. While the study may lack specificity when assessing
particular outcomes (e.g., antibiotic types), the strength of our approach is the use of complementary
indicators of infectious morbidity, with the occurrence of common infectious diseases, hospitalizations,
and antibiotic use. Hospitalizations could reflect the most severe cases and allowed for controlling
bias due to parental reporting. It is interesting to note that breastfeeding was more related to the
duration of hospitalization than to the number of events. When matching with the national health
system database will be available, it would be of great interest to conduct similar analyses based on
medical care use rather than parental report. The use of antibiotics would be more specific for bacterial
infections, but it remains difficult to distinguish a lower need for antibiotics from the reluctance to such
use. The very large sample and the collection of detailed socio-demographic or economic data ensure
good statistical power and favor control for potential confounders. Exclusion rates due to missing data
for these analyses were high, but multiple imputations did not change the results.

5. Conclusions

Even in the context of a high-income country with short breastfeeding duration, we highlighted
a lower risk of infectious morbidity related to breastfeeding duration, especially for duration of
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hospitalization and antibiotic use. The strong association highlighted for antibiotic use would be of
great interest in the context of rising concerns regarding antibiotic resistance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1607/s1.
Table S1: Details regarding variables used for the multiple imputations, Table S2: Comparison of included
and excluded families (Chi-squared and Student t-tests, Table S3: Multivariate adjusted analyses assessing
breastfeeding and parent reports of hospitalizations from infection among infants without hospitalization events
before 2 months of age (n = 9,703), Table S4: Multivariate adjusted analyses assessing breastfeeding and parent
reports of bronchiolitis events, otitis events, and antibiotic use among infants without hospitalization events before
2 months of age (n = 9,703), Table S5: Multivariate adjusted analyses assessing breastfeeding and parent reports of
hospitalizations from infection using multiple imputations to deal with missing measurements on familial or
health characteristics (n = 11,238), Table S6: Multivariate adjusted analyses assessing breastfeeding and parent
reports of bronchiolitis events, otitis events, and antibiotic use using multiple imputations to deal with missing
measurements on familial or health characteristics (n = 11,238).
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Abstract: Human milk (HM) carbohydrates may affect infant appetite regulation, breastfeeding
patterns, and body composition (BC). We investigated relationships between concentrations/calculated
daily intakes (CDI) of HM carbohydrates in first year postpartum and maternal/term infant BC,
as well as breastfeeding parameters. BC of dyads (n = 20) was determined at 2, 5, 9, and/or 12
months postpartum using ultrasound skinfolds (infants) and bioelectrical impedance spectroscopy
(infants/mothers). Breastfeeding frequency, 24-h milk intake and total carbohydrates (TCH) and lactose
were measured to calculate HM oligosaccharides (HMO) concentration and CDI of carbohydrates.
Statistical analysis used linear regression/mixed effects models; results were adjusted for multiple
comparisons. Higher TCH concentrations were associated with greater infant length, weight, fat-free
mass (FFM), and FFM index (FFMI), and decreased fat mass (FM), FM index (FMI), %FM and
FM/FFM ratio. Higher HMO concentrations were associated with greater infant FFM and FFMI,
and decreased FMI, %FM, and FM/FFM ratio. Higher TCH CDI were associated with greater FM,
FMI, %FM, and FM/FFM ratio, and decreased infant FFMI. Higher lactose CDI were associated with
greater FM, FMI, %FM, and FM/FFM, ratio and decreased FFMI. Concentrations and intakes of HM
carbohydrates differentially influence development of infant BC in the first 12 months postpartum,
and may potentially influence risk of later obesity via modulation of BC.

Keywords: human milk carbohydrates; lactose; oligosaccharides; infant; body composition; lactation;
daily intake; breastfeeding frequency; milk intake

1. Introduction

Nutrition [1] and development of infant body composition (BC) in the early months postpartum [2]
are known to play a significant role in the programming of obesity. Breastfeeding and its duration
are associated with reduced risk of developing obesity later in life [3]. These observations suggest a
dose-dependent effect of breastfeeding on the development of infant BC, but the mechanisms of this
effect are not fully elucidated. Although it is well established that added dietary sugar is a risk factor
for obesity for children and adults [4] as well as infants [5] and contributes to metabolic diseases [6],
little is known how human milk (HM) carbohydrates influence the development of BC during infancy
and if they confer protection against the obesity.

Nutrients 2019, 11, 1472; doi:10.3390/nu11071472 www.mdpi.com/journal/nutrients205



Nutrients 2019, 11, 1472

The macronutrient composition of HM is remarkably conserved across populations appearing
to be largely independent of geographic and ethnic factors [7], maternal nutritional status [8], and
adiposity [9]. HM provides a constant supply of carbohydrates to the infant during early life, ensuring
appropriate nutrition, maturation and development of their comparatively immature physiological
systems. Considering that lactose, the principal carbohydrate, is important for maintenance of constant
osmotic pressure in HM [10], it is unlikely that maternal adiposity would have a significant impact
on lactose concentration, which is estimated to be approximately 60–78 g/L throughout the lactation,
although lactose concentration is still variable between women [11]. As lactose synthesis results in
water being drawn into the milk, the rate of lactose synthesis is a major controlling factor of milk
production [12], and during the established lactation higher lactose concentration is associated with
higher 24-h volumes [13] and higher breastfeeding frequency [14], which is also related to higher 24-h
volumes [15].

HM carbohydrates also include small amounts of monosaccharides, such as glucose and galactose,
as well as HM oligosaccharides (HMO). Nearly 200 unique oligosaccharides structures that vary
from 2 to 22 sugars have been identified [16] and HMO composition and proportion varies between
mothers [17], over the course of lactation [18] and is affected by parity, ethnicity, and place of residence, as
well as breastfeeding exclusivity [19], and may exert different effects in the infant gut [20]. This suggests
that HM carbohydrates may have a dose-dependent effect on infant growth and BC development.

Infant growth rate is associated with the volume of milk consumed [11] and lactose/carbohydrate
intakes are lower in breastfed infants at 3 and 6 months compared to formula-fed infants and positively
relate to weight and fat-free mass (FFM) but not fat mass (FM) gain [21]. Contradictory, studies of
lactose concentration have reported either positive association of HM lactose with infant adiposity
at 12 months [22] or no association with infant BC at 6 months [23]. Furthermore, there are differing
associations for different HMO (16 HMO investigated) with infant BC, although total concentration
was not analyzed [20]. In addition, concentrations of glucose are positively associated with relative
weight and both fat and lean mass of breastfed infants [24]. The investigations in this area are extremely
limited and need to discern the mechanisms by which HM carbohydrates, concentrations and intakes,
may impact development of infant BC, allowing for future targeted interventions that may reduce risk
of overweight and obesity later in life.

The purpose of this pilot longitudinal study was to assess the associations of concentration and
daily intake of HM carbohydrates (total carbohydrates (TCH), lactose, and HMO) with anthropometric
measurements and BC of healthy term infants breastfed on demand and their mothers during the
first 12 months of lactation. Relationships of HM carbohydrates with infant 24-h milk intake and
breastfeeding frequency were also investigated.

2. Materials and Methods

2.1. Study Overview

We curried out a longitudinal cohort study of mothers with milk supply within a normal
range [25], and healthy term infants that were exclusively breastfed [26] at 2 and 5 months and
continued breastfeeding on demand until 12 months postpartum without supplementation with
formula. The study design, cohort characteristics, data collection procedures, and sample preparation
have been described in detail previously, together with the methods for determining maternal and
infant anthropometrics and BC [15,27,28], as well as infant 24-h milk intake [29] and breastfeeding
frequency [25], and the relationships between the measured parameters.

Briefly, milk samples were collected and BC of healthy dyads (no suspected infectious illness,
e.g., a cold or flu, at the time of study visit) was determined when the infants were two and/or five,
nine, and 12 months-old utilising bioelectrical impedance spectroscopy (BIS; infants and mothers),
and ultrasound for measurements of the skinfolds (ultrasound 2-skinfolds: triceps and subscapular;
ultrasound 4-skinfolds: biceps, subscapular, suprailiac, and triceps; infants only) for use in the age and
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sex-specific equations [15,30]. Infant test-weighing before and after every breastfeeding from each
breast over 24–26 h was conducted to measure infant 24-h milk intake and breastfeeding frequency
between 2 and 5 months, when milk intake has been reported to be stable [27], and within two weeks
of 9 and 12 months. Mothers also estimated and self-reported breastfeeding frequency at the study
sessions as the current typical time (h) between the meals.

In addition to standard measured BC parameters (fat-free mass (FFM), fat mass (FM), and
percentage FM (%FM)) we have calculated the height-normalized BC indices of mothers and infants:
FFM index (FFMI) was calculated as FFM/length2; FM index (FMI) was calculated as FM/length2,
both expressed as kg/m2 [31]. The use of these BC indices is considered less statistically flawed than
%FM [32], which includes a single variable (FM) in both numerator and denominator. Furthermore,
the dyads’ FM to FFM ratios (FM/FFM), which are emerging as values indicative of overall effects of
BC (metabolic load and metabolic capacity) [33] were also calculated.

All mothers provided written informed consent for participation in the study, which was
approved by the Human Research Ethics Committee of The University of Western Australia
(RA/1/4253, RA/4/1/2639) and registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12616000368437).

2.2. Measurement of Human Milk Carbohydrates

Lactose concentration was measured in duplicate in pre- and postfeed samples using the
enzymatic-spectrophotometric method [11] with recovery of 98.2 ± 4.1% (n = 10), detection limit of
30 mM and interassay coefficient of variation (CV) of 3.5%, and averaged for analysis.

Pre- and postfeed samples were pooled for measuring TCH. Skim HM was deproteinized with
trichloroacetic acid [34] before dehydration by sulfuric acid [35]. TCH were analyzed in triplicate
by UV spectrophotometry at 315nm. Recovery of added lactose was 101.4% ± 2.1% (n = 7) with a
detection limit of 0.007 g/L and an interassay CV of 3.3% (n = 7).

The total HMO concentration (g/L) was estimated by deducting lactose concentration from TCH
concentration. On two occasions, where the calculated HMO concentration was less than zero, it was
taken to be zero. Glucose and galactose were not measured or accounted for in HMO concentration
calculations, as their concentrations in HM are small and thus not detectable in these assays [36].

2.3. Calculated Daily Intakes of Carbohydrates

24-h milk intakes values measured during 24-h test-weighing, and HM carbohydrate concentrations
measured in samples taken at the study sessions at corresponding time point were used for calculation
of infant daily intakes (CDI). As there are no significant circadian [11] and short-term (weekly) [37]
variations in HM carbohydrates concentration during the established lactation, these CDI were
considered representative of a typical daily intake.

2.4. Statistical Analyses

This longitudinal study, the details of which, along with power calculation have been described
previously [15,27,28], was analyzed using linear mixed models. Fitted models included (a) explanatory
variable: maternal BC, responses: carbohydrate concentrations and CDI; (b) explanatory variables:
carbohydrate concentration and CDI, response: infant BC; (c) explanatory variable: carbohydrate
concentration, responses: breastfeeding parameters (24-h milk intake and breastfeeding frequency);
and (d) explanatory variables: carbohydrate concentration, breastfeeding frequency, and 24-h milk
intake, response: carbohydrate CDI. The fixed effects were infant age (as a categorical variable) included
as an interaction with the explanatory variable and a random effect for each participant. The p-value
associated with the interaction was examined and if it was below 0.05, the results were reported for a
model with fixed effects for infant age and the explanatory variable of interest and a random effect for
each participant. Where the interaction was not significant, results were reported for the same model
fitted without the interaction.
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The analyses for systematic differences between measured parameters at different months after
birth used linear mixed model with age as effect factor and participant as a random factor. Differences
between each month were analyzed using general linear hypothesis tests (Tukey’s all pair comparisons).

Relationships between CDI of carbohydrates measured between 2 and 5, and at 9 and 12 months
after birth and changes (Δ) in infant BC and anthropometric parameters between the time points were
analyzed using linear regression models.

A false discovery rate (FDR) adjustment [38] was applied to the subgroupings of results to the
interaction p-value if it was less than 0.05 or to the main effect p-value. The adjusted significance levels
are reported in the tables or set at the 5% level otherwise. Descriptive statistics are reported as mean ±
standard deviation (SD) and range; modeling results as parameters estimates ± standard error (SE).
Missing data were dealt with using available case analysis. Statistical analysis and graphics were
performed in R 3.1.2.

3. Results

3.1. Subjects

Participant demographic characteristics; determinants of maternal and infant BC, anthropometrics,
and breastfeeding parameters (24-h milk intake, 24-h breastfeeding frequency, self-reported
breastfeeding frequency); as well as participant attrition and missing data have been reported in detail
previously [15,27,28]. The missing data in this analysis also included carbohydrates concentrations
(from 80 expected measurements: TCH (n = 12); lactose (n = 14); HMO (n = 15)) and CDI (from 60
expected measurements: lactose (n = 27); TCH and HMO (n = 28)); missing data were distributed
across the time points (Table 1). In addition to previously reported maternal and infant BC, the current
analysis also included maternal and infant FM/FFM ratios (Table 1).

3.2. Changes in Body Composition and Human Milk Carbohydrates during First Year of Lactation

Description of the changes in infant and maternal BC and breastfeeding parameters (24-h milk
intake, 24-h breastfeeding frequency, self-reported breastfeeding frequency) between 2 and 12 months
of lactation have been reported previously [15]. Maternal and infant FM/FFM ratios as well as HM
carbohydrates concentrations and CDI over the first year of lactation are detailed in Table 2.

Maternal FM/FFM decreased across the lactation. Infant FM/FFM measured with BIS initially
increased and then decreased at the later months of lactation, while infant FM/FFM measured with
either ultrasound 2-skinfolds or ultrasound 4-skinfolds did not differ (Table 2).

Concentrations of all, TCH, lactose and HMO did not differ between 2 and 12 months. CDI of
TCH and lactose decreased across the lactation, while HMO CDI did not differ (Table 2).

3.3. Maternal Body Composition and Carbohydrates

No associations were seen between maternal BC and concentrations of carbohydrates (data not
shown). No associations were seen between maternal BC and CDI of carbohydrates after adjusting
for the FDR however, prior to the adjustment higher HMO CDI was associated with higher maternal
%FM and FM/FFM between 2 and 5 months, and with lower maternal %FM and FM/FFM at 9 and 12
months (%FM: p = 0.014; FM/FFM: p = 0.013) (Table A1).
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Table 1. Fat mass to fat-free mass ratios and concentrations and 24-h intakes of human milk
carbohydrates during first 12 months of lactation.

Characteristics
2 Months 5 Months 9 Months 12 Months

Mean ± SD
(Min–Max)

Mean ± SD
(Min–Max)

Mean ± SD
(Min–Max)

Mean ± SD
(Min–Max)

FM/FFM ratios (n = 14) (n = 20) (M = 18/I = 17) (M = 17/I = 15)

Maternal FM/FFM 0.56 ± 0.14 a

(0.35–0.81)
0.51 ± 0.16
(0.30–0.89)

0.48 ± 0.16
(0.25–0.80)

0.43 ± 0.16
(0.24–0.80)

Infant FM/FFM
with US 2SF

0.32 ± 0.04
(0.26–0.61)

0.37 ± 0.09
(0.24–0.64)

0.35 ± 0.08
(0.18–0.53)

0.34 ± 0.06
(0.22–0.45)

Infant FM/FFM
with US 4SF

0.33 ± 0.05
(0.24–0.44)

0.36 ± 0.07
(0.26–0.56)

0.34 ± 0.07
(0.21–0.45)

0.31 ± 0.06
(0.21–0.41)

Infant FM/FFM
with BIS

0.28 ± 0.04
(0.22–0.34)

0.41 ± 0.07
(0.28–0.56)

0.34 ± 0.08
(0.19–0.46)

0.33 ± 0.06
(0.24–0.44)

Concentrations (n = 15) (n = 20) (n = 19) (n = 14)

Total
carbohydrates (g/L)

86.7 ± 9.2
(67.1–97.5)

80.7 ± 7.9
(69.3–94.1)

87.8 ± 11.1
(60.9–105.6)

88.4 ± 21.2
(56.9–126.9)

Lactose (g/L) 64.5 ± 4.1
(59.1–77.9)

64.3 ± 5.9
(53.5–70.6)

65.3 ± 5.3
(57.6–79.0)

66.9 ± 4.0
(60.1–79.3)

HMO (g/L) 22.3 ± 10.7
(0–35.8)

16.4 ± 9.9
(2.3–29.9)

22.5 ± 9.2
(0–36.9)

21.4 ± 22.3
(3.0–62.2)

CDI b n/a b (n = 17) (n = 8) (n = 8)

Total
carbohydrates

(g)
n/a 63.2 ± 15.0

(42.9–97.2)
44.8 ± 15.2
(21.2–69.6)

40.7 ± 29.8
(22.2–100.9)

Lactose (g) n/a 51.2 ± 14.5
(32.6–83.6)

34.0 ± 11.0
(19.6–51.3)

28.7 ± 12.1
(18.0–51.4)

HMO (g) n/a 12.0 ± 6.0
(2.0–21.6)

10.8 ± 5.4
(0–15.7)

12.0 ± 18.5
(1.5–49.5)

a Data are mean ± SD and ranges. b Daily intakes (CDI) of carbohydrates were calculated between 2 and 5 months
(presented at 5 months here) and within 2 weeks of 9 and 12 months. BIS: bioelectrical impedance spectroscopy;
CDI: calculated daily intakes; FFM: fat-free mass; FM: fat mass; FM/FFM: fat mass to fat-free mass ratio; HMO:
human milk oligosaccharides; I: infants; M: mothers; n/a: not applicable; US 2SF: ultrasound 2-skinfolds; US 4SF:
ultrasound 4-skinfolds.

3.4. Infant Body Composition and Concentrations of Carbohydrates

Higher TCH concentration was associated with increased infant length (p < 0.001), weight (p =
0.003), FFM (measured with BIS: p < 0.001; ultrasound 4-skinfolds: p = 0.020), and FFMI (BIS: p = 0.002).
Higher TCH concentration was associated with an increase in adiposity measured with BIS (FM: p =
0.016; FMI: p = 0.001; %FM: p = 0.001; FM/FFM: p = 0.003) at 2 months and decrease at 5, 9, and 12
months (Table 3, Figure 1).
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Figure 1. Significant associations between concentration of total carbohydrates and infant
anthropometric and body composition measurements. Lines represent linear regression and grouped
by the month of lactation. BIS: bioelectrical impedance spectroscopy; US 4SF: ultrasound 4-skinfolds.

Higher HMO concentration was associated with increased FFM (BIS: p < 0.001) and FFMI (BIS: p
= 0.008). Higher HMO concentration was associated with an increase in adiposity measured with BIS
(FMI: p = 0.003; %FM: p = 0.005; FM/FFM: p = 0.006) at 2 months and decrease at 5, 9 and 12 months
(Table 3, Figure 2).
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Figure 2. Significant associations between concentration of human milk oligosaccharides (HMO) and
infant body composition parameters measured with bioelectrical impedance spectroscopy (BIS). Lines
represent linear regression and grouped by the month of lactation.

No further associations were seen after adjusting for the FDR (Table 3).

3.5. Infant Body Composition and Daily Intakes of Carbohydrates

Higher TCH CDI was associated with increased infant FM (ultrasound 2-skinfolds: p = 0.006;
ultrasound 4-skinfolds: p< 0.001), FMI (ultrasound 2-skinfolds: p= 0.003), %FM (ultrasound 2-skinfolds:
p = 0.005), FM/FFM (ultrasound 2-skinfolds: p = 0.004), and decreased FFMI (ultrasound 4-skinfolds: p
< 0.001); and also with BMI (an increase at 5 months and a decrease at 9 and 12 months, p = 0.019),
and %FM (p = 0.016) and FM/FFM (p = 0.007) measured with ultrasound 4-skinfolds (an increase at 5
months and 12 months and a decrease at 9 months for both) (Table 4, Figure 3).
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Figure 3. Significant associations between calculated daily intakes of carbohydrates and infant body
composition measurements. Lines represent linear regression and grouped by the month of lactation.
BMI: body mass index; BIS: US 2SF: ultrasound 2-skinfolds; US 4SF: ultrasound 4-skinfolds.

Higher lactose CDI was associated with increased FM (ultrasound 2-skinfolds: p= 0.008; ultrasound
4-skinfolds: p = 0.004), FMI (ultrasound 2-skinfolds: p = 0.005; ultrasound 4-skinfolds: p < 0.001), %FM
(ultrasound 2-skinfolds: p = 0.019; ultrasound 4-skinfolds: p = 0.001), FM/FFM (ultrasound 2-skinfolds:
p = 0.012; ultrasound 4-skinfolds: p < 0.001), and also with BMI (an increase at 5 months, no change at
9 months and a decrease at 12 months, p = 0.011) and FFMI (ultrasound 4-skinfolds: no change at 5
and 9 months and a decrease at 12 months, p = 0.015) (Table 4, Figure 3).

No further associations were found after adjusting for the FDR (Table 4).

3.6. Associations between Breastfeeding Parameters and Carbohydrates

No significant associations were found between carbohydrates concentrations and 24-h milk
intake, 24-h breastfeeding frequency (meals per 24-h), and self-reported breastfeeding frequency (hours
between feeds) (data not shown). Higher concentrations of TCH and HMO were associated with
higher CDI of these carbohydrates, respectively (TCH: p = 0.009; HMO: p = 0.014), while no association
was seen between lactose concentration and CDI (Table A2).

A higher 24-h milk intake was associated with higher CDI of all measured carbohydrates (TCH: p
< 0.001; lactose: p < 0.001; HMO: p = 0.016).

Higher 24-h breastfeeding frequency and lower self-reported breastfeeding frequency were
associated with higher CDI of TCH and lactose (24-h breastfeeding frequency: TCH, p = 0.009; lactose, p
< 0.001; self-reported breastfeeding frequency: TCH, p < 0.001; lactose, p = 0.006) while no associations
with HMO CDI were seen (Table A2, Figure 4).
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Figure 4. Significant associations between breastfeeding parameters and calculated daily intakes (CDI)
of lactose and total carbohydrates measured during 24-h milk production. Lines represent linear
regression and grouped by the month of lactation. Where is not seen, the linear regression line for 9
months (green) is under the 12 months line (blue) due to the similar intercept values.

3.7. Changes in Infant Body Composition and Calculated Daily Intakes of Carbohydrates

A significant association was found between changes in infant BC (Δ) between the time points and
lactose CDI. Higher lactose CDI at 12 months was associated with greater decrease in FFMI (ultrasound
4-skinfolds: p = 0.0004) between 5 and 12 months (Table 5). No further significant associations were
found at any time points between changes in infant BC (Δ) between the time points and CDI of both
TCH and HMO after adjusting for the FDR (Tables 3 and 4).
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Table 5. Associations of calculated daily intakes of lactose at the time points with changes in infant
body composition between the time points.

Changes in Infant
Characteristic (Response)

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

Lactose CDI (g) between 2 and 5 months (n = 17) c

ΔLength (cm) −0.019 (0.031) a

0.56 b
0.059 (0.032)

0.11
0.100 (0.032) d

0.016

0.004 (0.026)
0.88

0.021 (0.034)
0.54

0.028 (0.033)
0.41

ΔBMI (kg/m2)
0.049 (0.019)

0.035
0.015 (0.030)

0.63
−0.006 (0.038)

0.88
−0.015 (0.018)

0.44
−0.033 (0.023)

0.17
−0.017 (0.013)

0.23

ΔFFM with US 2SF (kg) −0.013 (0.011)
0.27

0.024 (0.009)
0.029

0.015 (0.014)
0.32

0.003 (0.008)
0.76

0.004 (0.010)
0.66

0.0002 (0.005)
0.96

ΔFFM with US 4SF (kg) 0.003 (0.013)
0.84

0.043 (0.012)
0.009

0.044 (0.019)
0.052

0.005 (0.008)
0.51

0.008 (0.009)
0.41

0.004 (0.005)
0.44

ΔFFM with BIS (kg) 0.009 (0.005)
0.12

0.023 (0.016)
0.19

0.035 (0.012)
0.025

0.004 (0.009)
0.63

0.011 (0.011)
0.32

0.012 (0.010)
0.24

ΔFFMI with US 4SF (kg/m2)
0.041 (0.023)

0.12
0.045 (0.026)

0.13
0.088 (0.035)

0.044
0.006 (0.013)

0.64
−0.002 (0.018)

0.91
−0.004 (0.014)

0.77

ΔFM with US 2SF (kg) 0.029 (0.010)
0.014

0.007 (0.010)
0.53

0.014 (0.015)
0.38

−0.004 (0.008)
0.68

−0.005 (0.008)
0.53

0.001 (0.004)
0.87

ΔFMI with
US 2SF (kg/m2)

0.057 (0.023)
0.036

−0.003 (0.022)
0.91

−0.009 (0.035)
0.80

−0.014 (0.018)
0.46

−0.025 (0.020)
0.23

−0.007 (0.008)
0.40

ΔFMI with BIS (kg/m2)
0.026 (0.015)

0.11
0.001 (0.029)

0.98
−0.020 (0.023)

0.42
−0.017 (0.017)

0.33
−0.045 (0.017)

0.023
−0.026 (0.019)

0.19

ΔFM/FFM with US 2SF 0.007 (0.003)
0.036

−0.001 (0.002)
0.60

−0.001 (0.005)
0.93

−0.002 (0.002)
0.35

−0.001 (0.001)
0.67

−0.0004 (0.001)
0.65

ΔFM/FFM with BIS 0.001 (0.001)
0.40

−0.001 (0.003)
0.80

−0.006 (0.002)
0.032

−0.002 (0.001)
0.12

−0.004 (0.002)
0.034

−0.002 (0.002)
0.32

Lactose CDI (g) at 9 months (n = 8) c

ΔFM with BIS (kg) n/a e 0.053 (0.081)
0.58

−0.033 (0.062)
0.65

−0.020 (0.025)
0.46

−0.037 (0.014)
0.045

−0.017 (0.018)
0.39

Lactose CDI (g) at 12 months (n = 8) c

ΔFFMI with US 2SF (kg/m2) n/a e n/a e −0.082 (0.036)
0.15 n/a e −0.097 (0.018)

0.003
−0.041 (0.018)

0.072

ΔFFMI with US 4SF (kg/m2) n/a n/a −0.075 (0.058)
0.33 n/a −0.080 (0.007)

0.0004 ***
−0.042 (0.026)

0.17

ΔFM with US 2SF (kg) n/a n/a 0.036 (0.010)
0.032

n/a 0.019 (0.011)
0.13

0.005 (0.006)
0.48

a Parameter estimate ± SE and b P-values for associations between c calculated daily intakes (CDI) of lactose
(predictor) at given time points and the changes (Δ) in measured variables between different months after birth. d

Results are presented only for variables with at least one significant raw P-value (p < 0.05, indicated by the bold
text); after the false discovery rate adjustment, the predictor P-values were considered to be significant at <0.009 for
CDI of lactose between 2 and 5 months (none are significant), at <0.045 for CDI at 9 months (none are significant)
and at <0.003 for CDI at 12 months (indicated by the bold text and ***). e Results are not presented for impractical
time combinations. BIS: bioelectrical impedance spectroscopy; BMI: body mass index; FFM: fat-free mass; FFMI:
fat-free mass index; FM: fat mass; FM/FFM: fat mass to fat-free mass ratio; FMI: fat mass index; n/a: not applicable;
US 2SF: ultrasound 2-skinfolds; US 4SF: ultrasound 4-skinfolds.

4. Discussion

This proof-of-concept longitudinal study elucidates some of the complex mechanisms by which
breastfeeding and HM may affect the development of infant BC and possibly contribute to protection
from obesity. Our findings are noteworthy, given the scarcity of data on the effect of HM components,
specifically carbohydrates, on infant growth and development. In this study both, concentrations and,
more importantly, daily intakes of HM carbohydrates have been found to associate with development
of infant BC and are differentially related to infant anthropometry and BC (FM and FFM; Figure 5)
throughout the first 12 months of lactation. Moreover, infant breastfeeding frequency was associated
with CDI of TCH and lactose, highlighting the important role of breastfeeding in programming of
infant appetite regulation and BC in the first year of life.
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Figure 5. Suggested lactocrine programming of the infant body composition during first 12 months
of life. Green arrows indicate positive associations of human milk carbohydrates (concentrations
and calculated daily intakes) with infant body composition parameters and red arrows—negative
associations. HMO: human milk oligosaccharides; TCH: total carbohydrates.

HM carbohydrates are a major macronutrient which contributes over 40% of energy of the
HM [39], predominantly from lactose, and may have greater biological significance compared with
other components; thus, it is not surprising that we have established multiple strong associations with
infant BC. What is interesting is that the directions of the associations with infant BC were not uniform
for the concentration and CDI of the same measured component. This is due to the lack of association
between CDI and concentration of lactose, and differences in CDI of TCH and lactose, but not in CDI
of HMO, across the time.

Within the normal developmental context of breastfeeding we established that the concentration
of lactose, the principal HM carbohydrate, was not related to infant BC or anthropometrics during the
first 12 months of lactation (Table 3). Although added dietary sugars have been shown to promote
excess adiposity in infants [5], studies of the effect of HM lactose on infant BC are rare. While there has
been increased interest in HMO, the importance of lactose for infant development and digestive issues,
such as lactose intolerance and malabsorption, is still not well understood. Two recent observational
studies found higher HM lactose concentration was related to greater infant weight gain. The first
study confirmed a positive association between HM lactose concentration (2–4 weeks lactation) and
weight-to-length z-score of 6-month-old infants of mothers with excess weight and obesity [40]. The
second study also showed that increased HM lactose concentration (4–8 weeks lactation) was related
to increased infant weight gain, BMI, and adiposity (skinfolds) at 12 months [22]. Our contrasting
results are likely due to the mixed feeding present in both of the previous studies particularly in the
first 5 months, and pooling of HM samples over two weeks in one study [22]. On the other hand,
our findings are similar to two studies that reported no relationship of lactose concentration with BC
of 6-month-old exclusively breastfed infants [23] and infant growth rate (1–6 months) of exclusively
breastfed infants (4 or more months) [11], supporting the notion that exclusivity in the first 4–6 months
of life may be important. Alternatively, the lack of associations of lactose concentration could be due to
its role in maintaining a constant osmotic pressure [10], and thus being one of the least variable HM
components [11,14] during the established lactation.

To account for variation in infant 24-h milk intake, which is known to contribute to infant
growth [11], we calculated the CDI of carbohydrates and observed that the absence of associations of
lactose concentration with infant BC was mediated by daily intakes. CDI of lactose was positively
associated with infant adiposity and negatively with lean body mass (Table 4). Furthermore, lactose
CDI at 12 months was associated with a decrease in infant FFMI between 5 and 12 months (Table 5).
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Previously daily lactose intake has not been shown to be related to the growth rate of the 4-month-old
breastfed infants [11], however the study sample size was very small (n = 6). Another study found
contradictory results to ours with higher daily intakes of HM lactose being related to increased weight
and lean mass gain but not FM in 3–6 months-old breastfed infants [21]. The hypothesis of the
growth regulating effect of lactose is supported by porcine studies that show increased weight gain
with administered lactose [41], which has been attributed to the prebiotic effect on gut microbiome
resulting in growth of lactobacilli and bifidobacteria, improved intestinal health and better minerals
absorption. Further, one in vitro HM study reported that in colonic epithelial cells HM lactose
induces the gene (CAMP) that encodes an antimicrobial peptide, human cathelicidin LL-37, in both a
dose- and time-dependent manner [42]. Furthermore, the CAMP-inducing capacity of HM lactose
increased with time postpartum, while no CAMP-inducing effect was found for lactose in commercial
formulas. Authors have speculated that small amount of lactose may not be absorbed and, via the
CAMP-induction, contribute to infant gut homeostasis, protection against pathogens and regulation
of gut microbiome [42], which has been implicated in the development of infant weight gain and
obesity [43].

The measured HM concentrations of lactose or TCH in our cohort were not related to maternal
adiposity, similar to previous findings in a larger cohort [9]. Given that lactose is important for
maintaining a constant osmotic pressure in HM [10], maternal adiposity was not expected to have
a significant impact on lactose concentration, although negative associations between the lactose
concentration and maternal BMI but not %FM have been reported [44]. In contrast, one longitudinal
study found positive association between maternal BMI and TCH concentration [45], however this
was in a cohort of women with high milk supply which may have influenced the relationship.

Lactose accounts for approximately 85% of the total HM carbohydrates [46] and is often considered
akin to TCH despite the significant presence of other carbohydrates. HMO is the third most
plentiful component of HM, the amount of which often exceeds total amount of protein [17], while
monosaccharides (glucose and galactose) are present in HM in very small quantities [36]. We have
used the technique that reliably estimates concentrations and carbon content for monosaccharides,
disaccharides as well as polysaccharides with very high molecular weight [34,35] and found that
higher concentrations of TCH were associated with greater infant length, weight and lean body mass
and decreased adiposity (Table 3). However, TCH CDI was associated with increased infant adiposity
and reduced lean mass (Table 4), similar to lactose CDI. Comparable to our findings for TCH, higher
concentrations of glucose have been reported to associate with higher relative weight and BMI of
1-month-old breastfed infants [24], while concentration of fructose, thought to be present in HM
from maternal diet, was positively associated with weight and lean mass in 6-month-old exclusively
breastfed infants [23]. Although present in HM in much lower quantities, together with lactose these
small carbohydrates may have a synergistic effect, as previously seen in an in vitro study where
stimulation of colonic epithelial cells with combinations of various mono- and disaccharides produced
enhanced CAMP gene expression compared with the individual effects [42], implying potential roles of
multiple HM carbohydrates in infant gut homeostasis in addition to HMO.

Our estimations of HMO also resulted in associations with infant BC. HMO concentration was
positively associated with infant lean mass and negatively with adiposity (Table 3), and not HMO CDI
(Table 4). Our results are consistent with HMO effects seen in the study of 6-month-old breastfed infants,
where concentrations of 16 detected HMO displayed various associations with infant BC, and higher
HMO diversity and evenness were associated with lower FM and %FM at 1 month postpartum [20].
Importantly, when examined collectively, the concentration of several HMO in that study explained 33%
more of variance in infant adiposity than maternal pre-pregnancy BMI, weight gain during pregnancy
or infant sex and age alone. There were discrepancies between HMO concentrations though, with
the sum of the 16 individual HMO concentrations (11 g/L at 1 month; 10 g/L at 6 months) [20] being a
half of our estimated total HMO concentration at all time points, which could be explained partially
by the methodology, with the sulfuric acid–UV method detecting saccharides usually excluded from
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measurement with HPLC technique, such as acidic oligosaccharides, large oligosaccharides with a
degree of polymerization, and small amounts of unidentified saccharides [18].

Other studies of concentrations of individual HMO (2’fucosyllactose) have shown no
relationships [47]. Further, a study where 2’fucosyllactose and lacto-N-neotetraose were added
to formula showed no relationships with infant anthropometrics over the first year of life [48]. Our
results indicate that total HMO as opposed to individual HMO are important, and indeed it has been
shown that specific bacteria differentially consume specific HMO [49], with a mixture of HMO feeding
the whole microbiome. Thus, HMO likely have an indirect effect on BC by enhancing the growth of
beneficial gut bacteria and altering the structure or function of the gut microbiome during the critical
periods for the development of obesity [43,50]. Directly measuring the wider variety of HMO would
be an advantage in the future research.

The recommendations for breastfeeding are to feed on demand. While we have not seen any
associations between concentrations of HM carbohydrates and breastfeeding parameters, we found
that infants who fed more frequently and had a higher 24-h milk intake consumed higher daily doses
(CDI) of lactose and TCH (Table A2). We have previously reported that frequent feeders consume
more milk and have lower FFM and higher FM [15], although the order of the relationship is not clear.
Further, lactose is also implicated in gastric emptying of breastfed infants, with higher volumes of
higher lactose concentration emptying faster compared to lower volumes of lower concentration [51],
supported by previous findings in the group that higher lactose concentration is associated with
increased breastfeeding frequency [14]. All of these multiple associations culminate in relationships to
infant adiposity and highlight the complexity of pathways by which HM components and the dose
that the infant receives impact infant development. In contrast, HMO CDI was not associated with
breastfeeding frequency in this study, nor were any strong associations previously seen between total
HMO concentration/single dose and gastric emptying of breastfed infants [51], indicating the absence
of short-term response to total HMO and their target being the small intestine rather than the stomach.

Before the FDR adjustment, we established that HMO CDI was associated with maternal adiposity
(%FM and FM/FFM, Table A1), and associations were contrasting at different stages of lactation;
during the exclusive breastfeeding period the relationship was positive, but at 9 and 12 months it was
negative. This is in agreement with a study that found negative associations between BMI/adiposity
and individual HMO concentrations in maternal serum during pregnancy [52], and with two HM
studies, which reported positive and negative correlations between maternal BMI and individual
HMO [19,53], indicating maternal factors may contribute to total HMO content. It is plausible that
relationships of HMO with maternal adiposity may change when mother returns to pre-pregnancy
adiposity, or indicate a possible shift in HMO profile later in lactation when volume of milk produced
declines. While the total proportion of HMO has been reported to decline during lactation [18], we did
not see the decline in total HMO concentrations over the 12 months of lactation. This emphasizes the
importance of HMO for the infant development and accounting for the dose of these carbohydrates.

These findings highlight pitfalls in HM research, with HM components concentrations being the
major factor measured with respect to various infant outcomes. Pointedly we see none or opposite
relationships for these components when analyzing both, raw concentrations and intakes, rising a
question if concentration is a dependable measure. When it comes to HM, concentration of component
does not necessarily reflect the dose of the component, considering the variability in volumes of HM
consumed, duration of exclusive breastfeeding, as well as in breastfeeding patterns and mixed feeding.
When examining the nutritional physiology of the breastfed infant CDI may be a more relevant to
understanding the development of BC than concentrations.

Our proof-of-concept study concentrated on women that breastfed on demand for 12 months
(exclusively to 5 months and without formula use thereafter), and therefore is more indicative of
normative development of BC of the breastfed infant as well as lactation. The strengths of this study
also include the longitudinal assessment of HM composition and BC of dyads, the broad variation
of maternal adiposity and the analysis of TCH along with lactose. The study limitations are the
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modest number of dyads related to the multiple measurement time points; the small number of
24-h milk productions at the later months of lactation; an estimation of the total HMO concentration,
notwithstanding the technical difficulties with accounting for all HMO. We were unable to collect infant
dietary intake data after 5 months, yet it is introduction of and duration of use of formula that alters
the BC of breastfed infants, not introduction of solids [21]. Our sample was relatively homogenous
(primarily Caucasian term healthy fully-breastfed singletons from mothers of higher social-economic
status), thus our results may not be transferable to more diverse populations.

5. Conclusions

This pilot study has provided the methods and design to identify relationships between the
maternal BC, HM carbohydrates, 24-h milk intake, breastfeeding frequency, and infant BC. Our results
point to a differential effect of concentrations and daily intakes of HM carbohydrates on development
of infant lean mass and adiposity during this early time, indicating a potential to improve infant
outcome through continuation of breastfeeding during the first 12 months and beyond, which could
promote appropriate developmental programming and impact future metabolic health.
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Table 3. Associations of calculated daily intakes of total carbohydrates at the time points with changes
in infant body composition between the time points.

Changes in Infant
Characteristic (Response)

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

Total carbohydrates CDI (g) between 2 and 5 months (n = 17) c

ΔLength (cm) −0.006 (0.026) a

0.83 b
0.041 (0.028)

0.18
0.074 (0.026) d

0.023

0.003 (0.024)
0.91

0.013 (0.030)
0.67

0.016 (0.030)
0.59

ΔWeight (kg) 0.018 (0.008)
0.039

0.025 (0.012)
0.067

0.025 (0.014)
0.11

0.002 (0.007)
0.81

−0.0002 (0.009)
0.98

−0.001 (0.003)
0.81

ΔBMI (kg/m2)
0.040 (0.016)

0.037
0.013 (0.025)

0.61
−0.008 (0.029)

0.79
−0.009 (0.017)

0.59
−0.022 (0.021)

0.30
−0.013 (0.012)

0.31

ΔFFM with US 4SF (kg) 0.013 (0.012)
0.30

0.034 (0.013)
0.038

0.045 (0.016)
0.024

0.004 (0.007)
0.57

0.007 (0.008)
0.39

0.004 (0.004)
0.33

ΔFFM with BIS (kg) 0.009 (0.004)
0.045

0.021 (0.013)
0.16

0.024 (0.010)
0.051

0.003 (0.008)
0.67

0.006 (0.010)
0.55

0.006 (0.009)
0.54

ΔFM with US 2SF (kg) 0.024 (0.008)
0.019

0.007 (0.008)
0.41

0.011 (0.013)
0.42

−0.003 (0.008)
0.72

−0.003 (0.007)
0.65

0.001 (0.003)
0.85

ΔFMI with US 2SF (kg/m2)
0.050 (0.018)

0.022
0.001 (0.018)

0.94
−0.004 (0.027)

0.88
−0.013 (0.017)

0.46
−0.020 (0.018)

0.28
−0.006 (0.007)

0.44

ΔFMI with US 4SF (kg/m2)
0.006 (0.015)

0.73
−0.043 (0.030)

0.19
−0.064 (0.033)

0.10
−0.014 (0.017)

0.41
−0.029 (0.014)

0.071
−0.015 (0.006)

0.031

ΔFM with US 4SF (%) −0.037 (0.092)
0.70

−0.247 (0.136)
0.11

−0.371 (0.139)
0.032

−0.058 (0.075)
0.45

−0.115 (0.063)
0.089

−0.060 (0.036)
0.12

ΔFM/FFM with US 4SF −0.0004 (0.002)
0.83

−0.004 (0.002)
0.12

−0.007 (0.003)
0.034

−0.002 (0.002)
0.13

−0.002 (0.001)
0.26

−0.001 (0.001)
0.31

ΔFM/FFM with BIS 0.001 (0.001)
0.37

−0.001 (0.002)
0.71

−0.005 (0.002)
0.040

−0.002 (0.001)
0.14

−0.003 (0.002)
0.15

−0.001 (0.002)
0.58

Total carbohydrates CDI (g) at 9 months (n = 8) c

ΔBMI (kg/m2) n/a e −0.198 (0.272)
0.54

−0.009 (0.238)
0.97

−0.062 (0.037)
0.16

−0.081 (0.029)
0.037

−0.019 (0.028)
0.52

ΔFFM with US 2SF (kg) n/a 0.107 (0.021)
0.037

−0.011 (0.032)
0.76

−0.006 (0.017)
0.75

0.002 (0.019)
0.92

−0.008 (0.014)
0.62

ΔFM with BIS (kg) n/a −0.029 (0.122)
0.84

−0.095 (0.062)
0.27

−0.022 (0.019)
0.30

−0.033 (0.010)
0.018

−0.011 (0.015)
0.50

ΔFMI with BIS (kg/m2) n/a −0.114 (0.315)
0.75

−0.181 (0.194)
0.45

−0.051 (0.041)
0.27

−0.077 (0.028)
0.040

−0.027 (0.037)
0.51

Total carbohydrates CDI (g) at 12 months (n = 8) c

ΔFFMI with US 2SF (kg/m2) n/a e n/a e −0.093 (0.030)
0.092 n/a e −0.038 (0.014)

0.038
−0.021 (0.007)

0.033

ΔFFMI with US 4SF (kg/m2) n/a n/a −0.089 (0.055)
0.25 n/a −0.031 (0.009)

0.029
−0.022 (0.011)

0.11
a Parameter estimate ± SE of estimate and b P-values for associations between c calculated daily intakes (CDI) of
total carbohydrates (predictor) at given time points and the changes (Δ) in measured variables between different
months after birth. d Results are presented only for variables with at least one significant raw p-value (p < 0.05,
indicated by the bold text); after the FDR adjustment, the predictor p-values were considered to be significant
at <0.019 for CDI of total carbohydrates between 2 and 5 months, at <0.018 for CDI at 9 months and at <0.029
for CDI at 12 months (none are significant). e Results are not presented for impractical time combinations. BIS:
bioelectrical impedance spectroscopy; BMI: body mass index; FFM: fat-free mass; FFMI: fat-free mass index; FM: fat
mass; FM/FFM: fat mass to fat-free mass ratio; FMI: fat mass index; n/a: not applicable; SE: US 2SF: ultrasound
2-skinfolds; US 4SF: ultrasound 4-skinfolds.

Table 4. Associations of calculated daily intakes of total carbohydrates at the time points with changes
in infant body composition between the time points.

Changes in Infant
Characteristic (Response)

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

HMO CDI (g) between 2 and 5 months (n = 17) c

ΔHead circumference (cm) 0.083 (0.054) a

0.16 b
−0.007 (0.075)

0.93
0.087 (0.063)

0.21
−0.010 (0.030)

0.74
0.047 (0.018)

0.023
0.047 (0.028)

0.12

HMO CDI (g) at 9 months (n = 8) c

ΔBMI (kg/m2) n/a e −0.425 (0.231)
0.21

−0.401 (0.082)
d

0.040

−0.247 (0.129)
0.11

−0.361 (0.053)
0.001

−0.114 (0.096)
0.29

ΔFFMI with US 4SF (kg/m2) n/a −0.130 (0.208)
0.60

−0.211 (0.295)
0.55

−0.024 (0.094)
0.81

−0.185 (0.119)
0.20

−0.169 (0.058)
0.032

ΔFM with BIS 5 (kg) n/a −0.200 (0.058)
0.075

−0.048 (0.108)
0.70

−0.115 (0.060)
0.12

−0.110 (0.043)
0.049

0.005 (0.059)
0.94

ΔFMI with BIS (kg/m2) n/a −0.513 (0.176)
0.10

−0.186 (0.257)
0.55

−0.274 (0.119)
0.069

−0.294 (0.097)
0.029

−0.019 (0.143)
0.90
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Table 4. Cont.

Changes in Infant
Characteristic (Response)

Months after Birth

5 and 2 9 and 2 12 and 2 9 and 5 12 and 5 12 and 9

HMO CDI (g) at 12 months (n = 8) c

ΔFMI with BIS (kg/m2) n/a e n/a e −0.336 (0.327)
0.41 n/a e −0.052 (0.017)

0.032
−0.037 (0.024)

0.17

ΔFM with BIS (%) n/a n/a −1.488 (1.901)
0.52 n/a −0.184 (0.070)

0.047
−0.157 (0.124)

0.26

ΔFM/FFM with BIS n/a n/a −0.024 (0.032)
0.53 n/a −0.004 (0.001)

0.021
−0.003 (0.002)

0.24
a Parameter estimate ± standard errors of estimate and b P-values for associations between c calculated daily intakes
(CDI) of human milk oligosaccharides (predictor) at given time points and the changes (Δ) in measured variables
between different months after birth. d Results are presented only for variables with at least one significant raw
p-value (p < 0.05, indicated by the bold text); after the false discovery rate adjustment, the predictor p-values were
considered to be significant at <0.023 for CDI of human milk oligosaccharides (HMO) between 2 and 5 months, at
<0.001 for CDI at 9 months and at <0.021 for CDI at 12 months (none are significant). e Results are not presented for
impractical time combinations. BIS: bioelectrical impedance spectroscopy; BMI: body mass index; FFM: fat-free
mass; FFMI: fat-free mass index; FM: fat mass; FM/FFM: fat mass to fat-free mass ratio; FMI: fat mass index; n/a: not
applicable; US 4SF: ultrasound 4-skinfolds.
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Abstract: Early nutrition impacts preterm infant early growth rate and brain development but can
have long lasting effects as well. Although human milk is the gold standard for feeding new born
full-term and preterm infants, little is known about the effects of its bioactive compounds on breastfed
preterm infants’ growth outcomes. This study aims to determine whether breast milk metabolome,
glycome, lipidome, and free-amino acids profiles analyzed by liquid chromatography-mass
spectrometry had any impact on the early growth pattern of preterm infants. The study population
consisted of the top tercile-Z score change in their weight between birth and hospital discharge (“faster
grow”, n = 11) and lowest tercile (“slower grow”, n = 15) from a cohort of 138 premature infants
(27–34 weeks gestation). This holistic approach combined with stringent clustering or classification
statistical methods aims to discriminate groups of milks phenotype and identify specific metabolites
associated with early growth of preterm infants. Their predictive reliability as biomarkers of infant
growth was assessed using multiple linear regression and taking into account confounding clinical
factors. Breast-milk associated with fast growth contained more branched-chain and insulino-trophic
amino acid, lacto-N-fucopentaose, choline, and hydroxybutyrate, pointing to the critical role of energy
utilization, protein synthesis, oxidative status, and gut epithelial cell maturity in prematurity.

Keywords: breast milk metabolome; glycome; lipidome; free amino acid; preterm infant; growth trajectory

1. Introduction

A growing body of evidence supports the impacts on lifelong health of exposure to multiple
factors in early life [1]. Therefore, studying the influence of intrauterine environments and perinatal
exposure are keys to understanding early growth and development and health throughout life. Indeed,
putative benefits of breastfeeding in new born full-term infants are, at least in part, due to its complex
composition in various macronutrients, micronutrients, and other bioactive compounds [2–4]. Maternal
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breast milk is the recommended nutrition for feeding pre-mature infants [5], due to its reported health
benefits such as (i) a significant decrease in the risk of developing prematurity-related morbidities [6,7],
including necrotizing enterocolitis [8] and infection [8,9]; (ii) a significant decrease in the feeding
intolerance [8,10]; and (iii) an improvement in neurodevelopmental outcomes [8,11]. However, feeding
unfortified human milk may lead to insufficient or inadequate postnatal nutritional intake for many
preterm infants in the first few weeks of extra-uterine life, particularly the very preterm infants born
with a low birth weight and before 28 weeks gestation. Additionally, it is often associated with
extra-uterine growth restriction [11,12], which could have severe adverse consequences in term of
developmental delay [13–15]. Fortification of human milk is therefore recommended by the European
Society for Paediatric Gastroenterology Hepatology and Nutrition (EPSGHAN) [16]. Yet, even among
preterm infants receiving protein-fortified human milk, a large range of variation is observed in the
early postnatal growth patterns [17].

The host of low-molecular-weight metabolites present in breast milk fully justifies the application
of metabolomics/lipidomics, a promising holistic approach in neonatology used, by our [18–20] and
other laboratories [21–23]. Metabolomics have been shown to generate new insights when investigating
human milk [20,24–26] during the first month of lactation [27] or pre-term and full-term human milk
metabolomes over a full lactation period [28]. We also reported, for the first time, the association of
early growth trajectory with a specific lipidomic signature in the human milk of mothers delivering
preterm infants over the first month of lactation [20]. Human milk oligosaccharides (HMO) are other
unique components known to affect the gut microbiota and may contribute to the reduced incidence
of necrotizing enterocolitis [28–30], improved brain development [31], and growth patterns observed
in breastfed infants [32,33]. Additionally, amino acid [34] and fatty acid [35] metabolism by mammary
gland were suggested to affect milk production and infant growth, leading to a metabolic imprinting,
which may persist into adulthood. To the best of our knowledge, this is the first study to explore in
depth the relationships between the metabolome, lipidome, and glycome of human milk, and the
early preterm infant growth during hospital stays in neonatal intensive care units. To fill this gap,
we tested the potential of the liquid chromatography-mass spectrometry-based phenotypic approach
to investigate the composition of human breast milk from mothers delivering a preterm newborn
during the early course of lactation. More in detail, the current study aims at shedding light on
the relationships between breast milk composition, characterized using targeted free amino acid
pattern and non-targeted metabolomic, lipidomics and glycomic signatures, and the early growth of
preterm infants nourished by their own mother’s milk. As in our earlier reported pilot study [20],
the present work was conducted within a larger prospective-monocentric-observational early birth
LACTACOL cohort in which we selected two groups of preterm infants presenting very different
growth trajectories during hospital stays. We previously reported in details [20] the breast milk
lipidome in link with both infant growth groups, during the first month of lactation. The aims of the
present work therefore are three-fold: (i) to assess metabolome, glycome and free amino acids pattern
in the breast milk provided to preterms infants from week two to week four of lactation; (ii) to evaluate,
initially and in week three-expressed breast milk samples, the interactions between human breast milk
metabolome, lipidome and glycome and their association with the weight gain of infants between
birth and time of discharge; and (iii) to identify a set of breast milk biomarkers with predictive ability
on the postnatal weight growth trajectory of the preterm infants, taking into account confounding
clinical factors. We hypothesized that our holistic approach, incorporating data from multiple breast
milk compartments (i.e., metabolome, glycome, lipidome, and free amino acids), would considerably
enhance our understanding of the molecular mechanisms linking breast milk composition to optimal
early-growth of preterm infants.
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2. Materials and Methods

2.1. Study Design and Population

The present pilot study was conducted within a larger prospective study of the previously
published LACTACOL birth cohort of preterm infant mother dyads [20], whose primary objective
was to explore the impact of breast milk protein content received by preterm infants during hospital
stays, on neurodevelopmental outcomes at 2 years of age. A total of 118 mothers and 138 infants born
between 27–34 weeks of gestational age with no severe congenital pathology and no major diseases,
except prematurity and who received, for a minimum of 28 days, their own mother’s breast milk only,
were finally enrolled in the LACTACOL cohort (Figure 1). The current data were obtained on both
sub-groups of infants selected among infants enrolled in the LACTACOL cohort and in the ancillary
study, whose aim was to assess the relationship between breast milk composition (metabolome,
lipidome, glycome, and amino acids) and preterm infant’s growth pattern during the first month of
life. These 26 selected infants presented no severe neonatal morbidity or necrotizing enterocolitis or
retinopathy of prematurity.

Figure 1. Study flowchart of infants enrolled in the ancillary study of the mono-centric prospective
population-based LACTACOL (for global study flowchart of LACTACOL, see [20]). Among the 138
infants included in the LACTACOL cohort, no infant presented necrotizing enterocolitis (NEC), 4 infants
had retinopathy of prematurity (ROP) of light severity, 3 presented intraventricular hemorrhage (IVH)
of grade 2, 8 displayed bronchopulmonary dysplasia (BPD) at 28 days and 6 at 36 weeks’ postmenstrual
age. The 26 selected infants did not have NEC, ROP, or BPD.

Clinical characteristics were collected both on mothers and infants, including: maternal
age, educational level, pre-gravid body mass index (BMI), adverse events during pregnancy and
delivery, infants’ gestational ages, birth weight, and head circumference, growth trajectory through
hospital discharge, and events during hospital stays in neonatology. According to the EPSGHAN
recommendations [16], preterm infants received parenteral nutrition and minimal enteral feeding with
expressed breast milk predominantly provided by their own mother and fortified using Eoprotine®

(Milupa, 1564 Domdidier, Suisse) and FortiPré® (Guigoz, 77186 Noisiel, France) for protein and
carbohydrate intakes, and Liquigen® (Nutricia, 93406 Saint-Ouen, France) for lipid intakes, as
previously detailed [20].

2.2. Ranking Infants according to Early Growth Trajectory

Infants enrolled in the LACTACOL cohort were ranked according to their change in weight
Z-score (expressed in units of Standard Deviation (SD) and calculated as previously described [20]
between birth and hospital discharge). For the first time, we chose to limit our longitudinal analysis of
human breast milk composition to a small number of preterm mother infant dyads with no formal
sample size calculation due to the exploratory nature of this pilot study. Then, the present study
population consisted of the top tercile-Z score change in their weight between birth and hospital
discharge (“faster grow”, n = 11 infants) and lowest tercile (“slower grow”, n = 15 infants), from our
population of 138 enrolled preterm babies (born before 32 weeks gestation) (Figure 1).
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2.3. Ethics

This research study was approved by the National Data Protection Authority (Commission
Nationale de l’Informatique et des Libertés, N◦ 8911009) and the appropriate ethics Committee
for the Protection of People Participating in Biomedical Research (CPP-Ouest I, reference CPP
RCB-2011-AOO292-39). The current data were obtained in the ancillary study number three of
the LACTACOL cohort registered at www:clinicaltrials.gov under #NCT01493063. The milk biobank
was approved by the Committee for the Protection of Persons in medical research (CPP CB-2010-03).
Parents received oral and written information in the maternity ward or neonatal unit and lactation
support and training on proper sample collection from the study lactation consultant. A written
consent was obtained from all parents at enrolment.

2.4. Human Milk Collection and Targeted Free Amino Acid (FAA) Analysis

Weekly representative 24-h breast milk expression was performed manually by mothers at
home during all the lactation periods corresponding to their infant hospital stay, then processed,
aliquoted, and frozen at −80 ◦C until analysis, as previously described [20]. FAA concentrations
were determined in expressed breast milk samples collected from week two to week four of
lactation using Ultra Performance Liquid Chromatography-High-Resolution-Mass Spectrometry
(UPLC-HR-MS), as previously described [36]. Briefly, following a delipidation step by centrifugation
and a deproteinization step by addition of sulfosalicylic acid and centrifugation, free amino acids (FAA)
from supernatant were derivatized using AccQ®TagTM Ultra reagent (Waters Corporation, Milford,
MA, USA)), separated on an Acquity H-Class® UPLC system (Waters Corporation, Milford, MA, USA),
combined with a Xevo TQD® mass spectrometer (Waters Corporation, Milford, MA, USA), then identified
and quantified, using the Waters TargetLinksTM software (Waters Corporation, Milford, MA, USA).

2.5. Breast Milk Liquid Chromatography-High-Resolution-Mass Spectrometry (LC-HRMS)–Based Glycomic Profiling

The extraction and reduction of oligosaccharides in human milk collected from week two to
week four of lactation were performed as previously described [37]. Briefly, 10 μL of human milk
were diluted by adding 450 μL of water and then delipidated by centrifugation. The lower phase was
reduced with an NaBH4 solution and loaded onto a porous graphitized PGC cartridge (Hyperseb
Hypercarb®, Thermo Scientific, San Jose, CA, USA). Milk reduced oligosaccharides were separated on
a Hypercarb® column (2.1 mm i.d. × 100 mm, 3 μm particle size, Thermo Scientific, San Jose, CA, USA)
on an Ultimate 3000 HPLC system (Thermo Scientific, San Jose, CA, USA). HMO chromatographic
separation was performed at 30 ◦C with a flow rate of 300 μL/min using the gradient conditions
with mobile phases A (water containing 0.1% formic acid) and B (acetonitrile containing 0.1% formic
acid), as described by Oursel et al. [37]. Column effluent was directly introduced into the electrospray
source of a hybrid quadruple time-of-flight (Q-TOF Impact HD) instrument (Bruker Daltonics, Bremen,
Germany) operating in the positive ion mode. The source parameters were the following: 3700 V for
the capillary voltage, 8.0 L/min for the dry gas, and 200 ◦C for the dry heater.

2.6. Breast Milk Liquid Chromatography-High-Resolution-Mass Spectrometry (LC-HRMS)–Based Lipidomic
and Metabolomic Profiling

The organic and aqueous layers, following Bligh-Dyer extraction [38] of the same milk
samples, were collected from week two to week four of lactation, dried separately, and
subsequently reconstituted in acetonitrile-isopropanol-water (ACN: IPA: H2O 65:30:5, v/v/v) and
in water-acetonitrile (H2O: ACN 95:5, v/v) for lipid and polar species, respectively. Then, lipidomic
and metabolomic profilings were performed using separation on a 1200 infinity series® HPLC-system
(Agilent Technologies, Santa Clara, CA, USA) coupled to an Exactive Orbitrap® MS (Thermo Fisher
Scientific, Bremen, Germany) equipped with a heated electrospray (H-ESI II) source (operating in
polarity switch mode), as previously described [20]. Concerning lipidomic profiling, a reverse phase
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CSH® C18 (100 × 2.1 mm2 i.d., 1.7 μm particle size) column (Waters Corporation, Milford, MA,
USA) was used for lipid species separation using ACN:H2O (60:40) and IPA:ACN:H2O (88:10:2)
as solvent A and B, respectively, with both containing 10 mM ammonium acetate and 0.1% acetic
acid [39]. Concerning metabolomics fingerprinting, polar species separation was performed on the
same LC-HRMS system on a reverse phase with a Hypersil GOLD C18 column (1.9 μm particle size,
100 × 2.1 mm) using a mobile phase of water (95%) and acetonitrile (5%), each containing 0.1% acetic
acid according to Courant et al. [40]. The precision associated with sample preparation and LC-HRMS
measurement was determined on the basis of a quality control (QC) consisting of a pool of 10 mothers’
milk provided by the milk bank of Nantes Hospital Center.

2.7. Lipidomic, Metabolomic and Glycomic Data Treatment and Metabolites Annotation

Lipidomics and metabolomics raw data files were preprocessed and converted to the *.mzXML
open file format using Xcalibur 2.2® (Thermo Fisher Scientific, San Jose, CA, USA) and MSConvert®

(http://proteowizard.sourceforge.net/), respectively [41]. Then, lipidomics and metabolomics data were
extracted using (i) pre-processing with the open-source XCMS® [42] within Workflow4Metabolomics®

(W4M) (http://workflow4metabolomics.org) [43] for nonlinear retention time alignment and automatic
integration for each detected features combined with CAMERA® [44] for annotation of isotopes and
adducts, and (ii) normalization of intra- and inter-batch effects using Quality Control (QC) samples [45].
A manual curation, for the quality of integration and a filtration of the resulting XCMS (m/z; Retention
Time (RT)) features by a 30% relative SD cutoff within the repeated pooled QC injections [46] were
performed. Thereafter, accurate mass measurement of each putative metabolite was submitted to
LIPID Metabolites and Pathways Strategy (LipidMaps®, www.lipidmaps.org), Human Metabolite Data
base (HMDB®, www.hmdb.ca), Biofluid Metabolites Database (MetLin®, metlin.scripps.edu), and Milk
Metabolome Database (MCDB®, www.mcdb.ca) annotation. Moreover, the lipids and metabolites of
interest were identified with the use of the (pseudo) tandem mass spectrometry spectrum generated
by all ion fragmentation [39] combined with the use of in-house reference databanks [47]. Metabolite’s
identification level was level one, for metabolites definitively annotated with our home data base
(i.e., based upon characteristic physicochemical properties of a chemical reference standard (m/z, RT)
and their M/MS spectra compared to those of breastmilk QC) or level two, for metabolites putatively
annotated (i.e., without chemical reference standards, based upon physicochemical properties and
MS/MS spectral similarity with public/commercial spectral libraries, e.g., LipidMaps®, MetLin®, and
MCDB®). Monosaccharide compositions of HMOs were deduced from accurately measured masses (<5
ppm on average) and previously determined retention times were obtained through the use of some
commercial HMO molecules [37]. Complementary MS/MS experiments were then performed to confirm
putative structures. When it was not possible to clearly determine HMO structures, HMOs were named
according to their monosaccharide compositions and denoted as hexose (Hex), N-acetylhexosamine
(HexNAc), fucose (Fuc), and N-acetylneuraminic acid (NeuAc) numbers. In addition, isomeric forms
were distinguished by a lower-case letter added after the monosaccharide composition (e.g., 4230a
and 4230b). Overall, 89 (45 monosaccharide compositions) distinct HMOs were detected. Relative
HMO abundances were calculated by dividing absolute HMO peak area by each sample’s total HMO
peak areas.

2.8. Statistical Analyses

In Tables 1–4, values were reported as medians and 25% and 75% percentiles. Statistical analyses
were carried out using GraphPad Prism® software version 6.00 (La Joya, CA, USA), SIMCA P® version
14 (Umetrics AB, Sweden) and R version 3.4. (R Development Core Team, 2013; http://www.R-
project.org). For all data analyses, the significance level (α) was set to 5%. Multivariate statistical
models were applied separately on each glycomic, lipidomic, metabolomics, fatty acids and free amino
acids data matrix considering the a priori structure into “faster” vs. “slower” infants’ growth groups.
We chose to take into account the higher (compared to glycomic data) variability in magnitude for
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lipidomic and metabolomic features; this is the reason why a Log Pareto scaling [48] was performed.
Lipidomic or metabolomic data were submitted to the statistical workflow previously used with
success on lipidomic profiling [20] in order to: (i) select the lipid/metabolic species providing a
clear separation between the two infant postnatal growth subgroups from week two to week four of
lactation, using the Analysis of Variance-PLS (AoV-PLS) combined with a Fisher’s Linear Discriminant
Analysis (LDA) procedure [49]; (ii) check the selected biomarkers predictive ability for infant weight
growth, using Mann-Whitney U-test combined with multiple testing filtering (FDR); and (iii) confront
them to the various confound clinical variables (mother’s body mass index, birth weight, gestational
age, complementary parenteral and enteral nutrition with the protein, lipid and energy intakes,
duration of parenteral feeding and ventilation, and length of hospital-stay) and, in turn, test their
reliability as biomarkers of infant’s growth, by using multiple linear regression (MLR) combined to
FDR on the remaining variables candidates as biomarkers, i.e., 80, 60, or 35 models for metabolomic,
lipidomic or glycomic data, respectively. Moreover, we hypothesized that high-level data fusion,
resulting in a meaningful synthesis, was expected to provide a holistic picture of the preterm breast
milk composition. In order to integrate multiple–omics analytical sources and chemometrics for a
comprehensive metabolic profiling of human preterm milk associated with an optimal infant weight
growth, we used clustering or classification methods aiming at discriminating groups of milks using
“omics” data. In order to simplify the model, we discarded the time lactation point factor of the present
study and focused on “omics” data provided at week three of lactation, which had previously been
shown to display the higher discriminating effect on preterm breast milk lipidome [20]. Additionally,
as including an excessive amount of irrelevant variables would deteriorate the models, and in order to
ovoid overfitting, all variables provided by AoV-PLS-DA scores with variables of importance in the
projection (VIP)-index below 1.5 were removed in both metabolomic and lipidomic data and only the
annotated representative metabolites and lipid species were kept. The input resulting metabolomic and
lipidomic Log Pareto-scaled blocks were concatenated with mean and deviation standard-scaled blocks
(i.e., glycomic profiling, fatty acid, and free amino acid patterns). Then, we tested on the super-matrix
thus obtained an unsupervised unfold principal components analysis (UPCA-clustering method) [50]
and supervised multi-block partial least squares analysis (MB-PLS- classification method) [51] strategies
that searched for directions of similar sample distributions in the multidimensional spaces defined by
each block of “omics” data, i.e., common components. Variables of interest for the discrimination of
milk metabotype were selected according to their coordinates on the common components axes in the
MB-PLS model.

3. Results

3.1. Subject Characteristics

The median difference between discharge and birth weight Z-score was −0.479 SD and −1.538
SD, for infants with “faster growth” and “slower growth”, respectively. Two sets of twins belonged to
the “slower” growth group, and two others sets of twins followed opposite trajectories regarding their
weight Z-score difference between birth and hospital discharge, i.e., one twin belonged to the “faster”
growth group, whereas the other twin belonged to the “slower” growth group. Table 1 displays the
median maternal and infants’ characteristics. Despite similar gestational age and hospital stay-lengths,
the group of infants with ‘faster’ growth presented a 25% lower birth weight and a 69% greater gain
in weight Z-score compared to the group of infants with “slower” growth. This negative correlation
between birth weight and weight Z-score at time of discharge was previously reported in the large
LIFT cohort of 2277 preterm infants by our team [52] and in another cohort [53].
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Table 1. Maternal and preterm infants’ characteristics.

Characteristics “Faster” Growth Rate “Slower” Growth Rate p-Value

Maternal characteristics 11 11
Age (years) 29.00 ± 4.52 (25.00; 35.00) 30.00 ± 4.12 (26.00; 33.00) 0.908

BMI before gestation (kg/m2) 22.32 ± 5.26 (19.14; 28.91) 24.00 ± 5.11 (20.83; 30.80) 0.789

Infants characteristics at birth 11 (7 males and 4 females) 15 (10 males and 5 females)
Neonatal Morbidity (number of events) * 0 0

Gestational age (weeks) 31.00 ± 1.37 (30.0; 32.00) 30.00 ± 1.68 (29.00; 32.00) 0.288
Length of hospital stay (days) 51.50 ± 3.16 (37.25; 56.25) 49.50 ± 4.21 (36.75; 54.75) 0.849

Birth weight (kg) 1.200 ± 0.293 (1.020; 1.445) 1.605 ± 0.211 (1.465; 1.705) 0.005
Birth weight Z-score (SD) −1.592 ± 0.958 (−2.079; −0.571) 0.564 ± 0.718 (−0.290; 0.842) 0.000

BMI at birth (kg/m2) 7.694 ± 1.573 (7.139; 9.884) 9.455 ± 0.857 (8.843; 9.900) 0.161
Discharge weight (kg) 2.340 ± 0.320 (2.029; 2.520) 2.565 ± 0.270 (2.355; 2.720) 0.041

Discharge weight Z-score (SD) −1.878 ± 0.857 (−2.264; −1.127) −1.142 ± 0.682 (−1.552; −0.953) 0.146
BMI at Discharge (kg/m2) 11.98 ± 0.485 (11.66; 12.28) 12.67 ± 0.955 (11.78; 13.36) 0.047

Difference between discharge and birth
weight Z-score (SD) −0.479 ± 0.189 (−0.668; −0.294) −1.538 ± 0.417 (−1.953; −1.230) <0.001

*: The development of comorbidities was clearly described in the same pilot study [20]. Values are medians and
25% and 75% percentiles. p values for comparison between “faster” and “slower” growth groups were derived
using Mann-Whitney U test. Parameters in bold presented a significant p-value < 0.05.

Initially, time course breast milk compositional changes were detected, during the first month
of lactation in our two sub-groups of 11 mothers delivering preterm newborns, who presented
very different growth trajectories during their hospital stays using (i) targeted free amino-acids
quantification combined with (ii) metabolomic (and lipidomic) and (iii) glycomic signatures. Then,
multi- and univariate statistical models were applied to identify significant changes in metabolites that
are associated with early postnatal infant growth. For second time, we focused (iv) our “omics” data
fusion models on one representative time of lactation (week 3) to identify similar expression changes in
various molecules and, in turn, highlight a few biological pathways of interest associated with optimal
preterm infant growth.

3.2. Targeted Free Amino Acid Quantification

In the present pilot study, breast milk provided to the “faster” growth group presented a slightly
higher essential amino acid content combined with a significantly higher content of branched-chain,
insulinotrophic and gluconeogenic amino acids, as well as a decrease in sulfur amino acid content
(with only taurine and methionine quantified). More specifically, breast milk arginine and tyrosine
concentrations were significantly higher in the “faster” growth group than that in the “slower” growth
group, whereas glycine and taurine levels were lower in the “faster” growth group with a trend toward
lower glutamate and glutamine concentrations. Considering the predictive ability of free amino acid
for infant weight growth during hospital stay, branched-chain and insulinotrophic amino acids were
significant using multiple linear regression combined with multiple correction and taking into account
maternal and infant clinical variables, whereas sulfur amino acids (taurine and methionine) presented
only a trend (Table 2).
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3.3. Lipidomics and Metabolomcs Profiling

Lipidomic analysis of the human breast milk provided (from week two to week four of lactation)
to the 26 infants selected in the present pilot study was previously reported [20]. The most discriminant
features associated with infant growth during hospital stays corresponded to a cluster of 1256
VIP-based lipid species. Among the 50 AoV-PLS/LDA- and FDR-selected annotated lipid biomarkers,
nine lipid species appeared of paramount interest due to their significant (10% threshold) MLR q-value
for delta weight Z-score (data from Table 4, [20]). Similarly, metabolomic LC-HRMS (ESI+/ESI−)
data obtained on preterm breast milk from week two to week four of lactation, were processed using
AoV-PLS procedure [49] to assess the association between the metabolites and the a priori grouping
structure (“faster” vs. “slower” infant growth). The score plots clearly highlighted the separation
between breast milk metabotypes associated with ‘faster’ or ‘slower’ infant growth in both positive
(Figure 2a) and negative (supplementary Figure S1) ionization modes with the breast milk metabolomic
profiles, corresponding to the four sets of twins plotted between both clusters (depicted with blue
symbols in Figure 2a and Figure S1a). Then, the selected appropriate components of AoV-PLS (for
both ionization modes) were subjected to a Fisher’s linear discriminant analysis (LDA) to test the
significance of growth factor (Figure 2b and Figure S1b). Their cross-validation error rates of the LDA
canonical variables for positive and negative mode were both equal to 7.14%. The most discriminant
features associated with infant growth during hospital stay corresponded to a cluster of 125 (resp. 119)
VIP-based metabolites species (VIP-index above 1.5) in the positive (resp. negative) ionization mode
leading to 68 features that could be annotated (Table 3).

a b
Figure 2. Analysis of Variance (AoV)-PLS and linear discriminant analysis (LDA) models based
on the LC-ESI+-HRMS metabolomics profiles of human preterm milk on the factor weight Z-score
(discharge-birth): AoV-PLS score plot with 56% of variance (R2Y = 34%) on components 1–2 (a) and
LDA (built on components of AoV-PLS) with a p-value = 0) (b). Breast milk provided to preterm infants
who experienced “faster” (green) or “slower” (red) growth and to twin infants with discordant growth
rate, one twin with high growth rate and the other one with low growth rate, (blue).
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We identified (Table 3) the association between our two groups of preterm infant’s growth
and breast milk metabolites (VIP in AoV-PLS models) that manually map to pathways such as the
arginine-creatinine pathway, aromatic amino acid metabolism (including intermediate products of
tryptophan, tyrosine, and/or phenylalanine catabolism), nicotinamide adenine dinucleotide precursors
(such as nicotinamide and tryptophan), sulfur metabolism, oligosaccharides (e.g., 2’-Fucosyllactose
and Lacto-N-FucoPentaose), mitochondrial fatty acid beta-oxidation, (including metabolites such as
acylglycine and several analytes of the tricarboxylic acid cycle), pyruvic, citraconic, and aconitic acids,
and choline metabolism. Many metabolites were significantly different between both groups of infants’
growth when their multiple comparisons adjusted P-values (i.e., q-value after false discovery rate
(FDR)) was <0.1, such as higher levels in orotic acid, nicotinamide, hydroxybutyric acid, pyruvic and
citraconic acids, and choline in the “faster” group besides lower abundance in cresol and benzoic
acid, for example. Among these metabolites, only a few metabolites predicted early infant growth
(significant MLR p-value but unsuccessful for multiple correction testing, FDR-corrected MLR q-value),
including: hydroxy-3-methylbutyric acid, undecenal, dodecanedioic acid and choline.

3.4. Glycomics Profiling

Milk samples were analyzed for changes in their HMO profiles from W2 to W4 of lactation in
association with postnatal weight growth trajectory during hospital stay. On the PLS-DA score plot
of PLS components (PCs 1 and 2) (Figure 3a), as expected, there was a clear difference in milk HMO
profiles depending on secretor status in preterm milk samples, as the milk samples were separated
into secretor (21 mothers) or non-secretor (five mothers) groups. The overal percentage of non-secretor
mothers in our sub-cohort of LACTACOL was consistent with the proportions in most human
populations, i.e., approximately 20% [28], but was significantly higher for mothers of infants ranked
in the “slower” growth group (36%, i.e., 4 non-secretor mothers) versus those ranked in the “faster”
growth group (10%, i.e., only one non-secretor mother). In this study, secretor or non-secretor status
(i.e., mothers expressing or not the 1,2-fucosyl-transferase 2) was essentially defined by either high or
low 2’Fucosyllactose (2’FL) levels, respectively, as measured by LC-MS [28,54]. Milk from mothers
that was classified as non-secretors showed very low or even no detectable levels of 2’-FL, whereas
milk from mothers classified as secretors contained high amounts of 2’-FL. Interestingly, exclusion
of the five HMO profiles from non-secretor mothers in the statistical PLS-DA model improved the
separation between the milks of the “faster” and “slower” infant growth groups (Figure 3b). As shown
in Table 4, relative abundances of several measured HMOs differed significantly between breast milks
provided to preterm infants with “faster” or “slower” growth during the W2 to W4 lactation period
with higher overall levels of HMOs in milk given to fast-growing infants. In detail, and regardless
of the maternal secretor status, breast milk provided to infants with optimal growth contained more
total fucosylated HMOs (essentially due to the mono-fucosylayed, Lacto-N-FucoPentaose I (LNFPI
percentage), both di-fucosylated HMOs, an isomer of Lacto-N-difucosyl-hexaose (LNDFH with the
following monosaccharides structure: 3210, i.e., 3 Hex//1 HexNac/2 Fuc/0 NeuAc) 4210d, and neutral
HMOs such as pLNH (lacto-N-hexaose), but contained less neutral HMO 3000 and di-fucosylated
HMO 4210b. Many of these HMOs were found to be variables of interest for breast milk glycome
discrimination (VIP-PLS-DA index above 1.0, as reported in Table 4). Of note, breast milk presented
no between-group differences in any sialylated HMOs. As reported in Table 4, many HMOs were
significantly predictive of infant weight Z-score, as they successfully passed the multiple linear
regression test (MLR p-value), following adjustment for maternal and infant confounding factors
and after multiple correction testing (FDR-corrected MLR q-value significant, i.e., <0.1). Indeed,
the fucosylated LNFP I, an isomer of LNDFH 3’FL (3’-fucosyllactose) and the neutral pLNH were
predictive of infant weight Z-score for secretor mothers only, whereas, the four minor di-fucosylated
HMOs (4230c, 4230b, 4240b, and 4210d) remained predictive of infant weight Z-score regardless of the
secretor or non-secretor status of mothers.
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Figure 3. PLS-DA score plot based on the LC- HRMS glycomics profiles of human preterm milk of all
mothers (a) (with non-secretor mothers circled on the basis of on the concentration of 2’-FL in their
milks) or only of secretor mothers (b), on the factor weight Z-score (discharge-birth) with 45–39% of
variance (R2Y = 37–45%), respectively, on components 1–2. Scatter plot (median) from W2 to W4 of
lactation period (with secretor and non-secretor mothers) for two representative HMOs selected among
VIP of interest: LNFPI (c) and 4210b (d), respectively. P values for comparison between “faster” and
“slower” growth groups were derived using Mann-Whitney U test.
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3.5. Integration of Multi-Omics Data sets

The aim of the current pilot study was to determine whether multi-block modeling could be
applied for relating MS-based metabolomic, lipidomic, glycomic, fatty acids, and free amino acids data
with regard to the predictive component that is the infant growth trajectory. Due to the complexity of
longitudinal study by extracting the relevant information from multiple “omics” data sources, we chose
to focus on “omics” data obtained on one representative time of lactation (week three of lactation).
More specifically, the horizontal concatenation of annotated VIP provided by the AoV-PLS-DA model
applied on MS-based metabolomic (i.e., 68 metabolites), lipidomic (i.e., 143 lipid species previously
selected in [20]), and glycomic (79 HMOs) data with all metabolites–species issues from free amino
acid and total fatty acid quantification was a straightforward solution to providing an extended
analytical coverage of the biochemical diversity characterizing the breast milk samples. Concerning
the glycomics data set, we had to overcome the problem due to the breast milk clustering based on
maternal secretor or non-secretor status. As the relatively substantial variation in HMOs between the
high and low 2’FL levels clusters were recently reported not to impact term infant growth of either
sex up to four months [54], we chose to perform, on glycomic data, a mean-centered scaling of HMOs
abundances on maternal secretor or non-secretor status before the “omics” data fusion. Then, on
the super-matrix thus obtained, we tested UPCA or MBPLS multi-block strategies. Following the
fusion of 340 selected annotated variables resulting from the combination of five data sources (blocks),
the unsupervised UPCA score plot (Figure 4a) showed—on the principal components PC 3–4 that
reported 21.4% variance—a clustering of breast milk samples and indicated a specific metabotype in
the milk provided to preterm infants with “faster” growth versus that fed to infants with “slower”
growth. The supervised MB-PLS score plot (Figure 4b) clearly highlighted on components 1–2
(18.5% of variance for the five blocks data), two breast milk metabotypes associated with ‘faster’
or ‘slower’ infant growth. The breast milk profiles, corresponding to the four sets of twins and
depicted with blue symbols in Figure 4 were plotted between both “faster” and “slower” clusters.
The most discriminant features associated with infant growth during hospital stay corresponded to a
cluster of 87 metabolites species selected according to their loadings on the first MB-PLS components
PC1 and PC2, and including: (i) many HMOs, such as LNFPI and 4210d, positively correlated
with PC1 (i.e., associated with “faster” growth) or 4230b and 4230c, negatively correlated with
PC1 (i.e., associated with “slower” growth), (ii) a few free amino acids (such as valine and glycine
associated with “slower” growth), (iii) several lipidomic-species that were associated with “faster”
growth, such as medium-chain saturated fatty acids (MCSAT, e.g., pentadecanoic and myristic acid),
triglycerides (TG(46:0) and TG(50:2)), phospholipids (PS(38:4) and PE(38:3)), or that were associated
with “slower” growth, such as oleic acid, plasmalogen-derivatives (PC(P-34:2) and PE(P-36:0)),
lyso-phosphatidylethanolamine-containing arachidonic acid (LysoPE(20:4)), ceramide (Cer(18:1/22:0)),
and very long-chain TG (TG(54:4) and TG(58:7)) and finally, (iv) few metabolomic-species positively
(3-hydroxycapric acid, dihydrocaffeic acid 3-O-glucuronide, LNFPII) or negatively (9-undecenal,
heptanoyl- and hexanoyl-glycine, 3-hydroxy-adipic acid, valerenic acid) correlated to PC1. Among
these metabolites, MCSAT and oleic acid were previously shown to be predictive of optimal early
growth [20].
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4. Discussion

To date, only a few metabolomics studies have been reported on preterm human milk in the first
few weeks of lactation [27,28]. To the best of our knowledge, the current pilot study is the first to
comprehensively characterize and compare the preterm human milk lipidome (previously reported
in [20]), metabolome, glycome, total fatty acid, and free amino acid profiles in relation to the growth
velocity of preterm infant early in life in a group of 26 breastfeeding mother infant dyads. Our findings
strongly suggest that molecular species other than “classic” macronutrients in human breast milk
might affect infant growth early in life.

4.1. Higher Breast Milk Content in Branched-Chain and Insulino-Trophic Amino Acid and in Tyrosine
Associated to Optimal Infant Growth

The higher levels of total branched-chain amino acids (BCAA) in breast milk provided to infants
who experienced a “faster” early growth was consistent with the muscle protein anabolic effects of
BCAA reported in adult humans [55]. In a previous study conducted on obese mothers of full-term
infants, we found a 20% higher BCAA content in the breast milk obtained from obese mothers
compared with control, lean mothers [56]. Several authors argued that the higher BCAA content of
most formulas compared to human milk may contribute to the higher early weight gain observed
in bottle-fed (compared to breastfed) full-term infants [57,58]. However, whether a high milk BCAA
content directly impacts the growth of the breast-fed child remains to be explored. Among the
insulino-trophic amino acid, arginine, the sole endogenous source of nitric oxide (NO), and a precursor
of polyamines and creatine may regulate angiogenesis, mammary gland development, enhance protein
synthesis, and decrease protein degradation in mammary epithelial cells [59], thereby improving
lactation performance [60,61]. In our study, the optimal early infant growth associated with higher
breast milk contents of arginine and carbamoylsarcosine, an intermediate in the creatine-arginine
pathway, might reflect the positive effects of arginine and polyamine on muscle protein synthesis
and on immune response [61], its beneficial effects on the intestinal mucosa itself, the prevention
of necrotizing enterocolitis [62–64] and its protective effect for the nervous system [61]. Higher
availability of creatine may serve as a source for phosphorylation in muscle tissue and fat metabolism.
The higher amounts of tyrosine combined with lower abundances of tyrosine catabolism products
(hydroxyphenylacetic acid and cresol) [23] observed in the “faster” breast milk are consistent with
the key role of tyrosine in infant growth as a precursor of thyroxine, a hormone involved in energy
metabolism, and of dopamine, a neurotransmitter.

4.2. Enhanced Milk Fat Availability by Infants with an Early “Faster” Growth Velocity

Our data highlighted lower concentrations of two free amino acids involved in bile acid conjugation,
glycine and taurine, in the “faster” growth group. These data were observed along with an enhanced total
lipid content previously reported in “faster” milk [20]. We speculate that the lower milk content in glycin
and taurine, under their free form, along with the higher fat content could be explained by enhanced
bile acid conjugation in “faster” breast milk, which could, consequently, facilitate the solubilization of
lipids, sterols, and fat-soluble vitamins by forming mixed micelles, and, in turn, the uptake of these
nutrients into enterocytes despite gastrointestinal immaturity. This also is in agreement with higher
coefficients of fat absorption reported in breast-fed vs. formula-fed new borns, and related to the bile
salt-dependent lipase (BSL) present in human milk [65]. The “faster” breast milk also presented decreased
glycine derivatives, including hexanoyl- and heptanoylglycine, which are products of the mitochondrial
fatty acid beta-oxidation [66]. These findings suggest low rates of fatty acids utilization in mammary
gland and/or breast milk, which could enhance fat availability for breast-fed preterm infants. Moreover,
the “faster” breast milk contained higher amounts in beta-hydroxybutyrate, a ketone body involved in the
mammary gland synthesis of triglycerides, leading to the formation of milk fat globules [34]. Apart from
its pivotal role as an energy fuel for extrahepatic tissues like brain, heart, or skeletal muscle in newborns,
hydroxybutyrate is reported to play a role as a signaling mediator, a driver of protein post-translational
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modification, and a modulator of inflammation and oxidative stress [67]; such mechanisms could explain
the link between beta-hydroxybutyrate availability and optimal early growth in a context of prematurity.
Moreover, preterm breast milk metabolome showed decreased levels of few odd medium unbranched-
(heptanoic and undecenal) or branched-chain (BCFAs, as 2-benzyloctanoic acid and methyl-2-octynoic
acids) fatty acids but enhanced levels in one specific BCFA, the citraconic acid (known as methylmaleate,
an odd and methyl-branched short chain unsaturated dicarboxylic fatty acid) in the “faster” group.
Interestingly, mother’s milk BCFAs [68] have been reported to reduce the occurrence of necrotizing
enterocolitis in a mouse model due to their active roles in reducing inflammation and altering microbiota
in the gut [69]. However, the potential effects of BCFAs on the infant health and development remain to
be examined [68], as Wongtangtintharn et al. [70] suggested that BCFA lowers fatty acid synthesis [71].
Indeed, the higher lipid content we previously reported in the “faster” breast milk lipidome [20] seems to
be consitent with the lower levels of many BCFA observed in the present study. Additionally, the fact that
odd chain saturated fatty acid are reported to pass into the milk of lactating cows [72] suggests that these
fatty acids may also cross the blood-brain barrier and act on early postnatal brain development. Finally,
the higher availability of niacinamide in “faster” milk suggests niacinamide could act, through its role as
a precursor of co-enzymes NAD and NADP, and impact fatty acid utilization since NAD+ is used as a
coenzyme in energy production (glycolysis, mitochondrial respiration) and improves gastrointestinal
tract repair after damage as well as immune response [73].

Taken together, our findings suggest that the “faster” milk supplied (i) a higher content in energy,
with calories supplied under a more digestible form of the preterm newborns, to overcome the
immaturity of their digestive tractus, (ii) larger amounts or amino acids that promoted protein anabolism,
and (iii) bioactive molecule, that played critical roles in energy homeostasis and gastrointestinal function,
contributing to an optimal early-growth in infants born preterm. These findings also suggest that the
higher lipid content in breast milk metabotype associated with preterm infants with optimal weight
growth during hospitalization is used for enhanced fat oxidation rather than fat deposition, promoting
tissue growth and likely a preferential fat-free mass deposition, which might in turn contribute to the
recovery of the body composition and optimization of neurodevelopmental outcomes [74]. Moreover,
the high BCAA and arginine intakes in breast milk provided to infants who belong to the “faster” group
are also in agreement with this putative fat-free mass accretion in preterm infants, which could explain
an optimal weight gain.

Additionnally, the higher content in phosphatidylcholine and sphingomyelin previously reported
in the “faster” milk of the same pilot study [20] is consistent with the higher amounts of choline
observed in breast milk metabolome provided to infants with optimal early-growth trajectory. Choline
plays a key role as a precursor for acetylcholine (a neuromediator) and betaine (a source of labile
methyl groups), which could increase the availability of methionine and choline and also enhance liver
glycogenesis [75]. Indeed, this higher choline content may have a profound benefic impact upon the
homestatic mechanisms and upon the physiological function in preterm infants, leading to an optimal
growth during their hospitalization.

4.3. Di-Fucosylated HMOs Associated to Early Preterm Infant Growth

We found similar proportions of fucosylated and sialylated HMOs in preterm milk in good
agreement with an earlier study from another team [31] but with slight differences in HMO-fucosylation
level (according to the number of fucose residues carried) in both growth groups, such as a higher
abundance of mono-(LNFPI) and a lower abundance of di- and tri-fucosylated oligosaccharides
in breast milk provided to infants with “faster” growth. Given the small number of non-secretor
mothers in this pilot study (five among 26 mothers) and because only one preterm milk sample
was collected from a non-secretor mother who delivered a preterm infant with a “faster” growth,
meaningful conclusions regarding differences in “faster” and “slower” growth milk on the basis of
maternal secretor status cannot be drawn. There are scarce data to clarify the putative relationship
between the maternal milk fucosyl-transferase 2 (FUT2)-dependent oligosaccharide status and infant
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anthropometry [32,54]. Recently, a specific FUT2-dependent HMO, LNFP I, but not 2’FL, was reported
to be associated with the weight of full term infants at six months of age [32], but that association
was not observed on growth curves over the first four months of life in groups of healthy, full term
infants [54]. In our cohort, we observed consistent effects of the minor di-fucosylated HMOs (4230c,
4230b, 4240b, and 4210d) but not 2’FL and of the mono-fucosylated LNFP I (considering only secretors
mother infant dyads) concentrations in breast milk on preterm infant growth up to 4 weeks of lactation.
After multiple linear regression combined with multiple corrections and adjustment for confounding
maternal and infant factors, the ability of the latter HMOs to predict early weight gain persisted. These
di-fucosylated HMOs were also selected as discriminant metabolites in our MB-PLS model built on
the five blocks of milk components. However, given the small sample size included in this exploratory
study, future work would be needed in larger samples with longer follow-up to identify the exact
contribution of specific HMOs to preterm infant growth. The impact of HMOS may involve effects on
intestinal epithelium and gut microbiome, as fucosylated HMOs (and particularly LNFPI) support
increased bifidobacteria, which dominate the microbiota of breastfed infants [76] but also on immune
development and/or protection from infection through systemic effects [32], thereby likely affecting
infant growth and body composition.

5. Conclusions

Previous studies have shown breastfeeeding is associated with many health benefits in pre-term
infants. However, whether such benefits are due to mother’s milk constituents, per se, remains unclear.
Breastmilk may not always be adequate for pre-term infants with high nutrition density requirements,
which may lead to insufficient weight gain. We believe this to be the first study to document the
changes in the metabolomics/lipidomics/glycomics/amino acids profiles of pre-term human milk
during the first month of lactation, related to preterm infant growth during hospital stays. We showed
that specific differences in milk metabolites exist between breast milk provided to preterm infants with
optimal or non-optimal early growth, and a set of few milk metabolites were identified as predictive of
infant growth parameters in the present pilot study, pointing to the critical role of energy utilization,
protein synthesis, oxidative status, gut epithelial cell maturity, or more indirectly, gut microbiome in
the context of prematurity. In particular, our findings highlighted robust biomarkers, i.e., arginine,
tyrosine, hydroxybutyrate, niacinamide, choline, and lacto-N-fucopentaose I, that displayed a good
ability to predict weight gain during hospital stays. Moreover, this preterm milk metabolomic signature
suggests that the optimal early growth trajectory during hospital stays of preterm infants could be
combined with preferential fat utilization and fat-free mass accretion. A clear limitation of our pilot
study is its small population sample size and slight differences in birth weight between the groups.
Although it has long been known that infants born with a lower birth weight grow faster [36,37],
matching groups for birth weight would have been nearly impossible. We therefore have to admit that
it cannot be ascertained whether the difference in breastmilk composition is programmed by infant
antenatal growth or, alternatively, is one among the many determinant factors of postnatal growth
trajectory. This study is also limited by the statistical method we applied because the Mann-Whitney
U test has a lower power than the parametric method. Before the metabolites identified here can be
considered valid biomarkers, they need to be quantified in the entire preterm newborn LACTACOL
cohort and, ideally, validated in other longitudinal birth cohorts. Nevertheless, this pioneer integrative
analysis for human breast milk might open the way to novel strategies using human milk as a tool to
improve the outcome of a frail population of newborn infants. Indeed, providing optimal individual
nutrition remains a daunting challenge and the subject of heated debate between neonatalogists on the
issue of “individualized” fortification of human milk to improve growth and long term outcomes for
all preterm infants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/3/528/s1.
Figure S1: AoV-PLS and LDA models, based on the LC-ESI–HRMS metabolomics profiles of human preterm
milk, on the factor weight Z-score (discharge-birth): AoV-PLS score plot with 63% of variance (R2Y = 218%) on
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components 1–2 (Figure S1a) and LDA (built on components of AoV-PLS) with a p-value = 0) (Figure S1b). Breast
milk provided to preterm infants who experienced ‘faster’ (green) or ‘slower’ (red) growth and to twin infants
with discordant growth rate, one twin with high growth rate and the other one with low growth rate, (blue).
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Abstract: Vitamin A (all-trans-retinol), its active derivatives retinal and retinoic acid, and their
synthetic analogues constitute the group of retinoids. It is obtained from diet either as preformed
vitamin A or as carotenoids. Retinal plays a biological role in vision, but most of the effects of vitamin
A are exerted by retinoic acid, which binds to nuclear receptors and regulates gene transcription.
Vitamin A deficiency is an important nutritional problem, particularly in the developing world.
Retinol and carotenoids from diet during pregnancy and lactation influence their concentration in
breast milk, which is important in the long term, not only for the offspring, but also for maternal
health. In this study, we review the role of vitamin A in mammary gland metabolism, where retinoid
signaling is required not only for morphogenesis and development of the gland and for adequate
milk production, but also during the weaning process, when epithelial cell death is coupled with
tissue remodeling.

Keywords: vitamin A; retinoic acid; vitamin A deficiency; lactating mammary gland; weaning; involution

1. Introduction

Vitamin A, an isoprenic-derived micronutrient, strictly refers to the alcoholic form all-trans-retinol,
although in a broad sense includes both its active derivatives as well as other synthetic analogues that
exhibit its biological actions. All of these molecules constitute the group of retinoids [1]. Their important
role has been demonstrated through many scientific approaches and clinical observations. Retinoids
are required for embryonic development and exert important effects on postnatal physiological events,
including cell differentiation and proliferation, immunity, ocular function, and reproduction, and are
also important antioxidants [2–9]; however, it must also be considered that treatment with retinoic acid
(RA) can increase oxidative stress [10].

Retinol is a liposoluble micronutrient essential in our diet. It is available in foods either as
preformed vitamin A; as retinyl ester (RE), abundant in some animal-derived sources such as liver,
eggs, dairy products, and fatty fish; or as provitamin A carotenoids, mainly β-carotene, abundant in
dark colored fruits and vegetables such as green leaves, carrots, ripe mangos, and other orange–yellow
vegetables. This heterogeneous group of carotenoids presents other healthy effects as well, including
antioxidant, anti-inflammatory, and immunomodulatory properties [11]. Dietary vitamin A is absorbed
in the small intestine in the form of retinol and transported in blood attached to retinol-binding protein
(RBP). Inside the cells, retinol is oxidized into its main biologically active derivatives, first retinaldehyde
(retinal), which plays a role in vision, and then retinoic acid (RA), which regulates the expression
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of multiple target genes. Most functions of vitamin A are mediated through the RA activation of
two types of transcription factors, retinoic acid receptors (RARs) and retinoid X receptors (RXRs),
each with three subtypes (α, β, and γ) and each of those with different isoforms [12]. All-trans-RA
(atRA) is a high-affinity ligand for RARs, while 9-cis-RA binds to RARs and RXRs. Upon binding
to RA, RAR–RXR heterodimers bind to the RA response element (RARE) in the promoter regions of
target genes and stimulate their transcription. Moreover, RA also has extranuclear, nontranscriptional
effects, which directly influence the expression of several genes through phosphorylation processes.
Different transcriptional effects of retinol and retinal have also been extensively described [12–15].

According to the World Health Organization (WHO), vitamin A deficiency (VAD) is a public
health problem in 50% of countries; it is the most common nutritional disorder in the world, along with
protein malnutrition. The leading cause of VAD in humans is deficient dietary intake, which occurs
particularly in developing countries and may be exacerbated by high rates of infection, especially
diarrhea and measles. In low- and middle-income countries, where intake of animal-based foods is
low, dietary provitamin A carotenoids are the main source of vitamin A, and higher amounts are
needed to meet the requirements of this vitamin. VAD might be aggravated during the stages of life in
which nutritional demands are greater, such as pregnancy, lactation, and early childhood [16]. Dietary
deficiency can start early in life, with the colostrum being discarded or with inadequate breastfeeding,
which means that babies are deprived of their first important source of vitamin A. Mothers from poorer
populations, where intake of vitamin A and carotenoids is marginal, have a much lower content of
these micronutrients in their milk compared to mothers from developed countries. It is important to
consider that nutrients provided through maternal milk derive not only from the diet during pregnancy
and lactation, but also from maternal reserves. In this sense, the potential long-term effects of nutrient
depletion during any of these periods are important not only to fetal and child development, but also
to maternal health [11,16–19].

This review focuses on the role of vitamin A in the mammary gland along each developmental
stage. First, it covers the importance of retinoids in the morphogenesis and development of the gland.
Next, we note that during lactation, it is essential to meet the requirements to fulfill an adequate
milk production. Finally, we also consider the role of this micronutrient in the weaning process,
when extensive tissue remodeling occurs and epithelial tissue regresses to return the gland to a structure
similar to the pre-pregnant state, thus the tissue is prepared for the next pregnancy and lactation.
We also cover the impact of vitamin A deficiency on both the mother and her offspring’s health during
the period of pregnancy and lactation, when the most important stages of development in human
life occur.

2. Vitamin A Dietary Sources, Availability, and Requirements

Dietary vitamin A is obtained in mainly two forms, as preformed vitamin A or as provitamin A
carotenoids. Preformed vitamin A is mainly found as long-chain fatty acid esters of retinol, particularly
retinyl esters (REs), which are easily hydrolyzed endogenously to form retinol. Preformed vitamin A is
found in animal sources such as eggs, fish oils, organ meats, and dairy products and their derivatives,
although liver is considered the source with the greatest quantitative importance. On the other hand,
the provitamin A carotenoids, polyisoprenoid pigments of vegetable origin, are partially converted to
vitamin A in the intestinal mucosa. To date, more than 750 carotenoids have been identified, although
only about 40 of them are consumed in substantial amounts in the human diet, the most abundant being
β-carotene, lycopene, lutein, β-cryptoxanthin, α-carotene, and zeaxanthin [20]. Not all carotenoids
exhibit provitamin A properties; only 10% of natural carotenoids can be metabolically cleaved to
produce at least one molecule of retinol. The main structural requirement of a carotenoid for its
provitamin A activity is the presence of at least one ring of unsubstituted β-ionone with a polyene
chain of 11 or more carbon atoms [21,22]. As previously mentioned, only a few of these precursors
with provitamin A activity are found in significant amounts in the human diet, mainly β-carotene,
with minor contributions from α-carotene, β-cryptoxanthin, β-canthaxanthin, and β-echinenone.
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The dietary sources of these carotenoids are colored fruits (orange, apricot, mango, etc.) and some
vegetables and their formulations (carrot, tomato, sweet potato, pumpkin, broccoli, cabbage, spinach,
red palm oil, etc.) [23–25]. Other carotenoids commonly found in foods, such as lycopene, lutein,
and zeaxanthin, do not meet these structural requirements and are not precursors of vitamin A.

Dietary sources of vitamin A differ among countries, due to not only economic but also cultural
factors. In Western countries, approximately 75% of vitamin A is ingested as preformed REs and
comes mainly from dairy products, or fortified products such as breakfast cereals, butter or margarine,
and infant formula. On the other hand, in developing countries, 70–90% of vitamin A is consumed
as provitamin A carotenoids. Therefore, in populations in low-income countries where vitamin A is
mainly consumed in the form of carotenoids, the risk of VAD increases [16,26]. Moreover, in low-income
countries with a rice-based diet, VAD is aggravated, since rice lacks this vitamin. Consequently, in some
developing countries, vitamin A is added to certain products, such as sugar, thus improving the vitamin
A status in the global population. Several successful efforts have been made to improve the provitamin
A content in major crops such as wheat, rice, and potato, which are poor in β-carotene (e.g., “golden”
rice or “golden” potato tubers that overexpress three bacterial genes for β-carotene synthesis) [27–30].
In spite of these modifications, the prevalence of subclinical deficiency is increasing [25]. However, it
also has to be taken into account that VAD is not exclusive to developing countries, as it can also occur
in Western societies depending on different factors such as a highly restrictive diet [16,31–36].

The bioavailability of vitamin A in food is defined as the ingested fraction available for use and
storage, and depends on the capacity of the digestive process to release it from its original matrix in
the food and on the fraction, which, once absorbed, is converted into retinol. Vitamin A bioavailability
is higher in foods of animal origin (retinyl esters, preformed vitamin A) compared to vegetable origin
(provitamin A carotenoids), although some of the latter group are considered good sources of vitamin
A. Based on the efficiency of absorption and conversion into vitamin A, 1 μg of all-trans-retinol is
equivalent to 12 μg of β-carotene and 24 μg of α-carotene or β-cryptoxanthin. However, the efficiency
of β-carotene to be converted into retinoids is probably worse than previously thought, particularly
in developing countries where vitamin A status and several other factors can reduce its conversion
efficiency [31,36]. Accordingly, the use of a 21:1 ratio for mixed diets (12:1 for fruits and 26:1 for
vegetables) has been suggested [25,36]. Thus, compared with preformed vitamin A, provitamin A
carotenoids are relatively poor but important sources of vitamin A for the global population, as a higher
amount is needed to meet vitamin A needs. On the other hand, it is important to consider for all
groups of populations that several factors can influence the bioavailability of vitamin A from the diet,
including the presence and severity of infections and parasites, intestinal or liver disease, iron and zinc
status, xenobiotics, levels of dietary fat, protein malnutrition, alcohol intake, dietary source (preformed
or provitamin A carotenoids), and food processing [11,16,31,35,37–40].

The requirements for vitamin A are expressed in retinol activity equivalent (RAE): 1 μg of RAE
is equal to 1 μg of all-trans-retinol. In terms of international units (IUs), 1 IU is equal to 0.3 μg
of all-trans-retinol or 0.3 μg of RAE. The recommended dietary allowances (RDAs) for children,
men, and women are 300–600, 900, and 700 mg of RAE/day, respectively. However, the demand for
micronutrients increases to 750 mg of RAE/day during pregnancy and 1300 mg of RAE/day during
lactation. The gestational period is nutritionally relevant for maternal, fetal, and infant health. During
the breastfeeding period, lactating mothers are susceptible to vitamin deficiency as the neonate feeds on
her stores through the milk. Vitamin A is one of the most critical micronutrients in this period, affecting
lung function and maturation, and thus susceptibility to infection. Inadequate maternal intake of
vitamin A translates to an inadequate supply to the fetus during pregnancy and to the neonate during
lactation through breast milk [37,41–44]. It is noteworthy that this deficiency during embryogenesis
and the early months of life cannot be compensated in the postnatal period. Furthermore, in humans,
an insufficient supply of vitamin A to the fetus is associated with organ malformations, preterm birth,
and low neonatal stores, which increase the risk of infectious diseases and could exert a negative
effect on health later in life [36,45–47]. Pregnant and breastfeeding women are considered to be at
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risk due to their higher demand for micronutrients, and should be advised to consume enriched
products with β-carotene or, even better, vitamin A plus β-carotene, in order to avoid nutritional
deficits [16,19,25,31–34,48].

In contrast to what was established in the case of vitamin A, there is no dietary intake
recommendation for carotenoids for any population group. The average intake of β-carotene in
Western societies is 3.9 mg/day and the total intake of provitamin A carotenoids is approximately
5.2 mg/day, higher in woman than men. The maximum daily amount of β-carotene that the adult
intestine can cleave is approximately 2.5 mg, and the minimum amount of fat required for optimal
absorption of carotenoids is about 3–5 g per meal [31,34,41,45].

3. Intertissue Flux and Metabolic Transformations of Vitamin A

Vitamin A, mainly found in the diet as REs, is hydrolyzed in the lumen of the small intestine
into retinol molecules. This free retinol enters the enterocytes by a carrier-mediated process and by
passive diffusion. On the other hand, vitamin A precursors, carotenoids, cross the epithelial cells by
membrane-bound transporters and are metabolized within the cells to retinal, which can then be
converted to retinol. Absorption of vitamin A appears to be fairly high and more significant than
that of carotenoids. However, due to their hydrophobic nature, the absorption of both preformed and
vitamin A precursors depends on micellar solubilization and thus on the fat content of the diet [25].

After absorption, retinol is re-esterified to REs, incorporated into chylomicrons together with a small
fraction of carotenoids, and transported for a short time in plasma. Finally, the action of lipoprotein
lipase (LPL) in different tissues affects chylomicron remnants that contain REs. Those chylomicron
remnants are directed mainly to the liver in a receptor-mediated process (low-density lipoprotein (LDL)
receptor, or via LDL-related protein, LRP). REs are then hydrolyzed back to retinol in the liver, which
is secreted into plasma associated with retinol binding protein (RBP4), oxidized to RA, or transferred
to stellate cells for storage mainly as esters of palmitic acid. Thus, the liver serves as the main pool for
vitamin A (Figure 1) [23,40,49–52]. When needed, the vitamin A reserve is mobilized and secreted
as the all-trans-retinol–RBP (holo-RBP4) complex to circulating blood. This complex associates with
transthyretin (1:1) in plasma, reducing the glomerular filtration of retinol in the kidneys.

Figure 1. Intertissue flux of vitamin A during lactation. Dietary intake of vitamin A occurs mainly in
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the form of precursor β-carotene from vegetables and fruits, or retinyl esters (REs) from sources
of animal origin. Both molecules are absorbed by enterocytes in the small intestine, although REs
must be hydrolyzed into retinol (ROH) within the intestinal lumen by means of hydrolases. Within
enterocytes, ROH and β-carotene are metabolized into REs, which in turn are secreted into the lymph
in chylomicrons. Circulating chylomicrons, before reaching the liver, are hydrolyzed in tissues with
lipoprotein lipase (LPL) activity and REs released into these extrahepatic tissues. During lactation,
increased levels of lactogenic hormones regulate LPL activity, inducing it in the mammary tissue,
whereas it is reduced in white adipose tissue. The effect of these hormones redirects REs into the
mammary epithelial cells during lactation. Finally, chylomicron remnants are taken up by hepatocytes,
where REs are hydrolyzed into ROH, stored, or oxidized to retinoic acid (RA). When needed, ROH is
released from hepatic cells into plasma bound to retinol-binding protein (RBP4). Once in plasma,
it associates with the stabilizing protein transthyretin (TTR), which decreases the renal clearance of
vitamin A [49–55].

Retinol is delivered from plasma to extrahepatic cells by free diffusion or a receptor-mediated
process (stimulated by RA 6, STRA6) [56]. Once inside the cells, retinol is reversibly oxidized to
retinal by enzymes of the retinol dehydrogenase complex and short-chain dehydrogenase/reductase
(SDR/RDH) families. Retinal is irreversibly oxidized to RA by cytosolic aldehyde dehydrogenase 1
(ALDH1) isoenzymes. RA regulates gene transcription by binding to nuclear retinoid receptors (RARs
and RXRs), which act as transcription factors and can be further oxidized for excretion, catalyzed by
mono-oxygenases of the CYP family. There are cellular binding proteins for retinol and retinal (CRBP)
and RA (CRABP), which enable their metabolism and action [25,40,49,56].

4. Role of Vitamin A during Development and Regression of the Mammary Gland

Vitamin A has several pleiotropic effects in cell differentiation, embryogenesis, apoptosis, etc.
Retinoic acid and its precursor retinol are known to be involved in the maintenance, differentiation,
and function of many epithelial tissues, among which the mammary gland is included.

4.1. An Overview of Mammary Gland Development

The mammary gland structure consists of a compound tubulo-alveolar gland embedded within
irregular connective tissue. This complex organ undergoes a series of changes from conception to
senescence, which are regulated by hormonal activity, mainly prolactin, estrogen, and progesterone.
The peculiarity of this highly dynamic glandular tissue lies in the fact that it reaches full development
only after birth. During the lifetime of the female, the mammary gland will suffer profound changes in
structure and function to adapt to the physiological processes of pregnancy, lactation, and involution.
Moreover, with each menstrual cycle, the mammary gland undergoes a round of expansion, proliferation,
and regression under the influence of sexual hormones. Along these different stages, the subpopulations
of cells that form mammary tissue will proliferate, differentiate, or even die, giving rise to significant
remodeling of the glandular architecture [57].

At birth, a rudimentary embryonic ductal tree is present and will remain quiescent until puberty.
At this point, under the control of sexual hormones, ductal epithelium develops and grows, invading
the mammary fat pad in a process known as branching morphogenesis. Finally, the gland reaches
a bilayered ductal tree structure, where luminal epithelial cells form the alveoli, with their apical side
toward the lumen and basal side surrounded by myoepithelial contractile cells. Throughout adulthood,
the epithelium proliferates and regresses during each estrous/menstrual cycle [58]. However, it is
during pregnancy and lactation when the most dramatic changes occur: Proliferation of the alveolar
epithelium concomitant with differentiation into secretory alveoli capable of producing milk. During
lactation, oxytocin released by suckling stimuli will trigger the contraction of myoepithelial basal
cells, and thus milk ejection toward the nipple. Then, after weaning, secretory epithelial cells are no
longer needed and there is regression of the epithelial compartment, together with re-differentiation
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of adipocytes. This process, termed involution, includes programmed cell death and remodeling of
the mammary gland and extracellular matrix (ECM), mainly driven by metalloproteases, returning
the gland to the pre-pregnant state. Finally, during the postmenopausal period, the breast undergoes
a second process of involution, characterized by atrophy of the parenchymal structures [59].

The mammary gland is a unique experimental model to study all of the physiological changes that
occur along the different developmental stages: Proliferation, branching morphogenesis, differentiation,
cell death, regression, and adipocyte differentiation. In this sense, several murine models have been
extensively used to decipher the underlying mechanisms controlling all of these processes [60–70].

4.2. Retinoids and Mammary Gland Development

RA is an important regulator of cell differentiation and plays a major role in embryonic development
and tissue remodeling [71]. The biological action of RA is mediated by three nuclear receptors, RARα,
β, and γ, which are ubiquitously expressed in the breast. Moreover, several in vivo and in vitro
studies have shown that RA is required for mammary gland morphogenesis. RA signaling is involved
in initiating mammary gland formation, and precise levels of RA are crucial for normal mammary
epithelium development during embryogenesis. Indeed, the expression of several genes involved in
RA signaling, such as retinaldehyde dehydrogenase 2 (Raldh2) or RARβ, has been detected in mouse
embryos at day 10.5. In cultured mouse flanks, the expression of genes involved in mammary gland
development could be modulated by retinoic acid signaling. It is interesting to point out that during
embryonic development, the mammary epithelium was inhibited by both increased and decreased
levels of RA, reinforcing the importance of a narrow range for this molecule to exert its physiological
function [60].

Nevertheless, the role of retinoids within the mammary gland is not restricted to the early
embryonic stages when rudimentary mammary gland is formed. On the contrary, retinoid signaling
regulates almost all developmental stages of the mammary tissue. Several studies have shown that
retinoic acid signaling is required for development of the mammary gland after birth. The effects of
retinoids are mediated through RARs and RXRs, which are differently expressed in distinct phases
of mammary gland development [61]. Indeed, RARα controls mammary development before and
during puberty, and loss of this nuclear receptor has a major effect on expansion of the neonatal ductal
tree and branching morphogenesis in pubertal mice [61,62]. Similarly, in adult human breast tissue,
RARα is also ubiquitously expressed in the nuclei of mammary epithelial cells, and the effects of RA
seem to be controlled by the expression of Raldh1, which converts retinol to RA. In fact, in primary
cultures from human mammary epithelial cells, when this gene was knocked down, mammosphere
formation was significantly reduced. This effect could be rescued by treating the cells with RA,
suggesting that the retinoic acid pathway is essential for mammosphere formation and thus for
branching morphogenesis [63].

Analogous results were obtained in murine models of pregnancy and lactation. Abrogation of the
RA signaling pathway in transgenic mouse models led to mammary gland hyperplasia [61,64] and
excessive branching morphogenesis, and these mice displayed lactational deficiency. These effects
of VAD deficiency could be reverted by RA supplementation, confirming that vitamin A is essential
for mammary gland development at both nulliparous and pregnancy/lactation stages [61]. Further
reinforcing these results, it was shown that RA induced lumen formation in vitro in a two-dimensional
(2D) model where mammary epithelial cells were grown in collagen gels [65], and treatment of MCF-10A
cells with RA induced re-differentiation of these cells [66]. The role of vitamin A in lumen morphogenesis
is by mediation through the RARα signaling pathway, extending beyond the intracellular effects,
since extracellular matrix remodeling is required for lumen formation. Moreover, RA deficiency in
mice shows stromal hypercellularity and increased collagen, altering homeostasis in the ECM [64].
All of these findings therefore indicate that retinoids play an important role in the development and
maintenance of glandular epithelial structures.
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4.3. Retinoid Signaling During Mammary Gland Involution

At the end of lactation, following weaning of the offspring, the mammary gland undergoes
massive cell death and tissue remodeling with regression of the epithelial structures in order to return
to a virgin-like state. Involution is characterized by three major events: Programmed cell death of
epithelial cells, degradation of the basement membrane and ECM remodeling, and, finally, adipocyte
repopulation with a concomitant loss of the lobular–alveolar structure (Figure 2) [68–70]. Several
signaling pathways are known to modulate mammary gland involution. Milk stasis within the gland
activates programmed cell death of epithelial secretory cells that are no longer needed; this process
is ruled by STAT3 and NF-κB transcription factors, which are rapidly activated upon cessation of
suckling stimuli [68,72,73].

Figure 2. Schematic model of mammary gland involution. Lactation is characterized by an alveolar
architecture lined by secretory mammary epithelial cells and contractile myoepithelial cells underneath.
After weaning, milk stasis within the lumen and other local factors initiate involution of the mammary
gland. At this point, cell shedding and cell death (cells with dotted lines) begins by 12 h after
milk stasis, but lactation is still reversible until 48 h of weaning. Beyond this time point, epithelial
tight junctions are disrupted, followed by extracellular matrix (ECM) remodeling and adipocyte
re-differentiation [68,70,72,73]. MMP, metalloprotease; RAR, retinoic acid receptor; STAT3, signal
transducer and activator of transcription 3; NF-kB, nuclear factor kappa B.

One could hypothesize that since milk production has ceased during this stage and blood flow to
the gland also decreases, vitamin A recruitment to the gland would also be reduced, thus inhibiting
the whole signaling pathway. Surprisingly, vitamin A plays an important role during weaning, not as
a micronutrient to be secreted within milk, but as a signaling molecule instead. The RA signaling
pathway is fully activated during mammary gland involution. Cytoplasmic transporter CRABP II
and CRBP-I carrier proteins, together with several isoforms of RAR and RXRα, are significantly
increased during involution. Besides, as previously described, RARα exerts its effect by binding to
gene promoters such as the metalloprotease 9 (MMP-9) promoter, which induces MMP-9 mRNA
and protein levels and, finally, proteinase activity [67]. The role of retinoids in matrix remodeling
is reinforced by the fact that administration of an acute dose of retinol palmitate to control lactating
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rats also induced MMP-9 expression. This emphasizes the importance of retinoids in vivo to regulate
mammary gland involution [67,68].

5. Vitamin A and Carotenoid Uptake by the Mammary Gland during Lactation

Vitamin A is transferred to the offspring by limited placental transfer during gestation, and mostly
through maternal milk during the neonatal period. Because of the limited transplacental transfer,
mammal newborns have low stores of vitamin A, depending significantly on the lactation period to
acquire enough reserves and maintain adequate growth and development [37,44,45,74–79].

Lactation is characterized by widespread changes in the metabolism of different tissues to ensure
a sufficient supply of nutrients to the mammary gland for milk production [80]. Among these changes,
LPL in adipose tissue is inhibited; meanwhile, this enzyme is activated in the mammary tissue, therefore
triglycerides are redirected to the latter [53–55]. Regarding amino acid and glutathione metabolism,
there is also redistribution from the liver to the mammary gland, together with a nitrogen-sparing
mechanism [81–85]. In addition, several physiological changes are required to ensure proper milk
production, such as hyperphagia, liver and mammary gland hypertrophy, increased cardiac output,
and increased blood flow to the gland. In this sense, substrate uptake by the lactating mammary
gland is determined by several factors: (1) Increased availability of the substrates, which is met by
hyperphagia and increased blood flow and substantial redistribution from different tissues to the
mammary gland [81,82]; (2) transport mechanisms with increased expression of several carriers [85];
and (3) increased metabolism of nutrients within the gland [83,84]. All of these factors are under tight
regulation by local and general effectors and contribute to milk production (Figure 3).

Figure 3. Metabolic events that lead to milk synthesis in alveolar cells from lactating mammary gland.
During lactation, increased blood flow and intertissue redistribution of nutrients toward the mammary
gland, together with increased membrane transporters, ensure bioavailability of precursors for milk
synthesis within the epithelial cells. Both lipid and carbohydrate anabolism are increased, as is protein
synthesis. Within the apex of the alveoli, milk-lipid droplets are formed and released toward the lumen
with other milk components such as vitamins, minerals, and salts [81–85].
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Vitamin A sources for the mammary gland comprise REs and carotenoids packed in the
chylomicrons synthesized from dietary intake, and serum retinol (RBP4–retinol), which does not
vary over a wide range of vitamin A ingestion and will be esterified within the mammary gland.
During lactation, hyperphagia allows for higher vitamin A and carotenoid intake, which is associated
with increased redistribution to the mammary tissue and thus to the secreted milk. REs associated
with chylomicrons from the diet travel through the lymph and plasma, reaching extrahepatic tissues
before getting to the liver. During breastfeeding, a great proportion of this vitamin A from the diet
is redirected, preferably to lactating mammary tissue, as the activity of LPL in the mammary gland
is a determinant for this highest uptake by the gland [53–55]. Indeed, the higher activity of LPL in
thr mammary gland and the depressed activity in other tissues, such as adipose tissue, triggers the
transfer of fatty acids, partial triglycerides, some unesterified cholesterol, and fat-soluble vitamins to
the parenchymal cells of the gland during lactation (Figure 1). Once inside the mammary secretory
epithelial cells, retinol is found to be bound to CRBPs, which will facilitate metabolism or excretion
of this compound. In fact, it has been reported that CRBP-I and CRBP-III are both expressed in the
mammary gland at different developmental stages. CRBP-III-null mice showed reduced RE levels
in milk, suggesting that this isoform plays a role in retinol metabolism within lactating mammary
tissue [86]. Human-milk vitamin A is present almost exclusively as REs, mainly retinyl palmitate, in
the lipid fraction of the milk.

Hormonal changes are responsible for this nutrient redistribution and higher uptake within the
mammary tissue. Preceding parturition, a number of hormones (insulin, steroids, and prolactin) play
a role in preparing the gland for lactation [76]. Several studies using animal models have elucidated
the role of these hormones in the intertissue flux of nutrients, together with the metabolic adaptations
that occur during lactation [53–55,80,83–85]. During breastfeeding, the regulation of metabolism in
lactating rats, and in particular milk production, appears to depend mainly on two hormones, prolactin
and insulin. The insulin/glucagon ratio in lactation is decreased, but the number of insulin receptors,
especially those with high affinity for the hormone, are increased in lactating mammary gland, contrary
to what happens in adipocytes and hepatocytes, where the number of insulin receptors does not
change. In this context, it is important to highlight that mammary tissue lacks glucagon receptors,
and consequently, glucagon cannot affect mammary gland metabolism. On the other hand, prolactin
levels in serum, which are already increased at the end of gestation, enhance LPL activity within
the mammary gland and negatively regulate LPL activity within adipocytes, allowing for increased
metabolism of RE-chylomicrons in mammary tissue. Overall, these studies highlight that high plasma
prolactin levels are mainly responsible for the cooperative changes in the metabolism of different tissues
during lactation that preferably redirect the circulating substrates to the mammary gland for milk
synthesis; insulin is also likely to play a role in this intertissue flux of nutrients [25,53–55,76,80,83,85].

6. Vitamin A Concentration in Milk

Maternal milk is considered to be the optimal source of nutrition for infants and contains all
essential vitamins. Accordingly, international organizations (e.g., WHO, UNICEF, American Academy
of Pediatrics (AAP), European Society for Paediatric Gastroenterology Hepatology and Nutrition
(ESPGHAN)) recommend exclusive breastfeeding during the first 6 months of life [17,41,44]. It is
species-specific and a complete food adapted to the requirements for the survival and healthy
development of offspring, by providing macronutrients (fats, carbohydrates, proteins, and free amino
acids), micronutrients (vitamins and minerals), protective factors, and other important components for
growth, such as cytokines, oligosaccharides, growth factors, and hormones [17,42,75–77]. A recent
meta-analysis concluded that breast milk is not only a perfect nutritional supply for the infant, but is
also probably the most specific personalized medication, at a time in life when genetic expression is
being achieved. Breastfeeding provides protection against childhood infections and malocclusion,
and is probably related to reductions in instances of overweight and diabetes, and globally could
prevent 823,000 deaths of children younger than 5 years annually [87]. However, even in low- and
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middle-income countries, where breastfeeding duration is longer than in high-income countries, only
37% of children under 6 months of age are exclusively breastfed [87].

The milk produced in the first days after birth (colostrum) is higher in proteins, vitamins A, B12,
and K, and immunoglobulins and lower in fat content than mature milk [42,76,88]. Rapid changes
occur in breast milk composition during the first week postpartum, and it can be considered mature
approximately 15 days after birth [76]. The volume and composition of breast milk are not homogeneous;
the milk differs over time and between species, and it also depends on the demands made by the
infant and the nutritional status of the mother in the same species. Maternal intake influences the
macro- and micronutrient content of breast milk, as well as its immunological properties [44,47,89].
Indeed, the amount of retinol concentration in milk seems to be independent of serum retinol levels.
On the contrary, several reports have revealed a strong correlation between vitamin A and carotenoid
content in the diet during pregnancy and lactation and the amount of these micronutrients secreted in
breast milk [17,43,90,91]. Due to the positive relationship between dietary intake of carotenoids and
breastmilk concentration, breastfeeding mothers should have a diet abundant in this micronutrient.
Therefore, the recommended dietary allowance (RDA) is higher for pregnant and lactating women
than for non-pregnant women [17,19,31,41–43,48,75,90,92].

The concentration of vitamin A in human milk decreases over the course of lactation; it is maximal
in the colostrum and reaches a plateau in mature milk. In healthy mothers, the vitamin A concentration
varies from 5 to 7 μM in colostrum, 3 to 5 μM in transitional milk, and 1.4 to 2.6 μM in mature
milk. The higher concentrations of retinol in colostrum allow tissue stores in the newborn to be
rapidly replenished after limited placental transfer during gestation [25,76,88,90,92]. The newborn
has a small amount of retinol pools in the liver (range 0–0.34 μmol/g in normal birth weight babies),
achieved through the placental route, with maternal milk as the most important source of vitamin
A [37,44,45,74–79]. Preterm birth aggravates the situation, since vitamin A liver stores are even lower,
as the placental route has been cut off. These babies show lower plasma levels of retinol and retinol
binding protein (RBP) at birth compared with full-term newborns. To compensate this deficit in
retinol liver pools, it was observed that transitional milk in prematurity had a significant increase in
micronutrient levels [91]. Milk retinol concentration in colostrum is lower in mothers of preterm babies
(~3 μM) than in mothers of full-term babies [25,91]; however, it increases in transitional milk to values
similar to those observed in milk from mothers of full-term babies (3.5 μM). There are no differences
in mature milk between preterm and full-term, with milk retinol concentration of ~2 μM in mothers
of preterm babies [91]. In this context, it is noteworthy that retinol level in preterm milk seems to be
independent of the degree of prematurity [91].

During the first 6 months of life, infants from well-nourished mothers who are exclusively
breastfed will accumulate around 310 μmol of vitamin A in the liver, approximately 60-fold higher
than vitamin A accumulated throughout gestation by the transplacental pathway [25,88,90]. In fact,
it has been reported that partial breastfeeding continues to provide a significant proportion of the
recommended intake in infants after 6 months: 42% from 6 to 12 months and 61% during the second
year in cases where vitamin A levels are low in the diet after weaning [78].

7. Deficiency of Vitamin A and Carotenoids during Pregnancy and Lactation

Vitamin A is necessary to maintain epithelial tissues, vision, and immune function. Breastfeeding
from vitamin A-depleted mothers predisposes infants to the consequences of deficiency. Furthermore,
VAD cannot be compensated by postnatal supplementation. As previously mentioned, pregnant and
breastfeeding women are considered to be at risk of VAD in developing countries, where vitamin A
in the diet is provided mainly as precursor carotenoids with lower bioavailability and efficiency to
be converted into retinol. In this sense, several recent studies have shown that low dietary intake
correlates with lower concentrations of vitamin A in milk of nursing mothers in Brazil [93,94], African
countries [95–99], and Southeast Asia [26]. Thus, vitamin A supplementation for lactating mothers
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in these areas is regarded as a practical public health strategy to support maternal breastfeeding of
newborns, more so of premature babies [25,40,90,92,100,101].

Serum retinol concentration is used to assess vitamin A status, with values below a cutoff of
0.70 μmol/L representing VAD, and below 0.35 μmol/L representing severe VAD. For pregnancy or
lactation, the cutoff value is higher, and serum retinol concentration below 1.05 μmol/L reflects low
vitamin A status among pregnant and lactating women [16]. The WHO Global Database estimated
that clinical VAD (with night blindness and Bitot’s spots) and biochemical VAD (with serum retinol
concentration <0.70 μmol/L) affected 7 and 219 million preschool-aged children, respectively [16].
Regarding estimations in pregnant women, 19.8 million had low vitamin A status (serum retinol or
breast milk concentration< 1.05μmol/L), of whom 7.2 million were deficient in vitamin A (<0.70μmol/L)
and 6.2 million experienced gestational night blindness. These estimates found that nearly two-thirds
of the women with night blindness lived in South and Southeast Asia [16,77,102].

However, it is important to point out that even in Western countries, where vitamin A- and
β-carotene-rich foods are normally available, there are groups at risk for low vitamin A levels [16,45,
77,103,104]. One-fifth of the population in developed countries does not get the full recommended
intake, with plasma and liver concentrations of vitamin A lower than those accepted as normal [104].
This situation can be aggravated by the increasingly common tendency to reduce fat intake in the
diet and to engage in uncontrolled weight loss diets. Therefore, in these countries, it has been
considered as subclinical vitamin A deficiency, which has increased markedly worldwide in the last
decades [16,32,33,40]. Although calorie and protein content are largely unaffected by a woman’s diet,
there are some micronutrients in breast milk that will only be at adequate levels if there is sufficient
dietary intake. Nutritional supplements should be given to these mothers to fulfill the requirements of
micronutrients such as vitamin A in newborns [19,48,103]. It is well established that maternal VAD
in pregnancy leads to placental dysfunction, fetal loss, congenital malformations, and preterm birth.
Vitamin A-deficient mothers will produce breast milk that is low in the vitamin, consequently triggering
VAD in the offspring. During lactation, if breast milk does not provide the neonate with appropriate
vitamin A levels, the immune system might be affected, raising the risk for infectious diseases. Indeed,
respiratory tract infections and complications during viral infections (e.g., measles) are increased
in children with VAD [45]. Also, lung development could be compromised, increasing the risk for
bronchopulmonary disease [45]. Indeed, recommended vitamin A during pregnancy, and especially
during lactation, increases considerably, an almost 2-fold increase compared to non-pregnancy in terms
of RDA [18,31,37,45,74,77,92,102]. A low neonatal store not only increases the risk of infectious diseases
in the perinatal period, but also could have a negative effect on health later on in life [45–47]. The most
specific clinical effect and one of the first manifestations of VAD is xerophthalmia with nyctalopia.
If untreated, this can progress to night blindness; depressed immunity; squamous metaplasia of mucous
epithelium in several organs; hyperkeratosis; disturbances in cell differentiation, organ development,
growth, and reproduction; increased risk of infection; and mortality [16,32,33,38,43,46,74,102]. Similarly,
VAD during pregnancy in experimental animals led to the formation of hypoplastic organs or alterations
in fetal organs, such as eyes, brain, kidneys, and lungs, and even to the death and resorption of fetuses,
depending on the severity of the deficiency [105–107].

8. Conclusions

Vitamin A plays a role in mammary gland metabolism during lactation. On the one hand, RA is
essential for mammary gland development and, later on, in secretory epithelia to achieve adequate
milk production. On the other hand, retinoids, through the RARα-dependent signaling pathway,
have also been shown to regulate, at least in part, the weaning process, where epithelial cell death is
coupled with tissue remodeling. Nevertheless, RA should not be considered exclusively as a signaling
molecule controlling the development of mammary tissue, but also as a micronutrient essential for
fetal and neonatal development. In this sense, the fetal liver stores only a small amount of vitamin
A during gestation; therefore, the neonate depends on the external supply from the mother’s milk.
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An appropriate dietary intake of retinol and β-carotene during pregnancy and lactation together with
the intertissue flux of different nutrients in the gland during lactation influence vitamin A concentration
in breast milk. This is important in the long term, not only for maternal health, but also for the offspring,
because vitamin A is involved in postnatal physiological functions.
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Abstract: Inadequate breast milk supply is a frequently reported reason for early discontinuation
of breastfeeding and represents a critical opportunity for intervening to improve breastfeeding
outcomes. For women who continue to experience insufficient milk supply despite the utilisation of
non-pharmacological lactation support strategies, pharmacological intervention with medications
used to augment lactation, commonly referred to as galactagogues, is common. Galactagogues exert
their pharmacological effects through altering the complex hormonal milieu regulating lactation,
particularly prolactin and oxytocin. This narrative review provides an appraisal of the existing
evidence regarding the efficacy and safety of pharmaceutical treatments for lactation insufficiency to
guide their use in clinical practice. The greatest body of evidence surrounds the use of domperidone,
with studies demonstrating moderate short-term improvements in breast milk supply. Evidence
regarding the efficacy and safety of metoclopramide is less robust, but given that it shares the
same mechanism of action as domperidone it may represent a potential treatment alternative where
domperidone is unsuitable. Data on remaining interventions such as oxytocin, prolactin and
metformin is too limited to support their use in clinical practice. The review provides an overview of
key evidence gaps and areas of future research, including the impacts of pharmaceutical galactagogues
on breast milk composition and understanding factors contributing to individual treatment response
to pharmaceutical galactagogues.

Keywords: galactagogues; low milk supply; lactation; breast milk; breast feeding

1. Mothers’ Own Breast Milk is Best

Breast milk is considered the optimal source of enteral nutrition to support the growth and
development of all infants [1]. Exclusive breastfeeding is advocated for the first six months, with the
continuation of breastfeeding supported until the age of two years or longer [2]. Infants who are
not breastfed or are breastfed for shorter durations are at an increased risk of early and later-life
morbidities and mortality [1–3]. Specifically, the reduced provision of breast milk is associated with
increased risks of gastrointestinal, urinary, respiratory and middle-ear infections, together with a range
of non-communicable diseases such as asthma, allergies, obesity and diabetes, and some childhood
cancers [4]. Breastfeeding also confers a range of maternal benefits, which include reduced risks
of breast, endometrial and ovarian cancer, together with faster return to pre-pregnancy weight and
improvements in the psychological wellbeing [4,5].
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The provision of mothers’ own breast milk is particularly important in the feeding of vulnerable
preterm infants, where superiority of mothers’ own milk to donor human milk and infant formula with
respect to the composition and bioactivity are critically important [3]. The use of mothers’ own breast
milk during hospitalisation reduces the incidence and severity of preventable morbidities, including
necrotizing enterocolitis (NEC), late onset sepsis, chronic lung disease, retinopathy of prematurity,
rehospitalisation after discharge, and neurodevelopmental problems in infancy and childhood [3].
For example, a recent Cochrane review showed that preterm infants receiving infant formula are three
times more likely to develop NEC, which has a mortality rate of 20–40% [6]. The benefits are further
exemplified by evidence from a cohort of very low birth weight infants where for every 10 mL/kg/day
increase in the ingestion of mothers’ own breast milk, the odds of rehospitalisation up to 30 months of
age decreased by 5% [7]. These benefits extend long-term, with predominant breast milk feeding in the
first 28-days of life is associated with better IQ, academic achievement, working memory, and motor
function at seven years of age in very preterm infants [8]. In addition, the ability for a mother to
provide her own breast milk provides psychological benefits including greater feelings of attachment,
empowerment, and confidence [9].

The reality, however, is that many mothers face challenges related to initiating and sustaining
breastfeeding. One of the key challenges related to breast milk production, with perceived inadequate
breast milk supply is a frequently reported reason for early discontinuation of breastfeeding or
decreased exclusivity in women who have initiated breastfeeding [10]. As an example of the potential
magnitude of the problem, a large survey of 1323 mothers in the US highlighted that 50% of women
stopped breastfeeding earlier than they had intended due to insufficient breast milk supply [11].
These surveys however, suffer a lack of objective evidence to confirm whether the low milk supply is
real or perceived. Further, they often do not include information about early breastfeeding practices
during the establishment of lactation such as the frequent emptying of the breast. Nevertheless,
even if true lactation insufficiency is a fraction of previously reported figures, a significant opportunity
exists for the development and implementation of strategies targeting improvements in breast milk
supply to improve breastfeeding outcomes and subsequent maternal and infant health. In light of this,
there continues to be widespread interest in and use of medications to augment lactation, commonly
referred to as galactagogues. Prior to appraising the evidence regarding the role of pharmaceutical
galactagogues in the treatment of lactation insufficiency, it is necessary to consider the physiology
of lactation.

2. Physiology of Lactation

The development of functional lactation is a multi-stage event and is regulated by a complex
hormonal milieu that includes numerous reproductive hormones (e.g., oestrogen, progesterone,
prolactin, oxytocin) and metabolic hormones (e.g., glucocorticoids, insulin, insulin-like growth factor
1 (IGF-I), growth hormone, and thyroid hormone) [12]. Secretory differentiation occurs in mid- to
late pregnancy when the differentiation of mammary epithelial cells into lactocytes occurs, conferring
the ability to synthesize and secrete key components of human milk. This process is largely driven
by circulating levels of oestrogen and progesterone that not only stimulate milk duct development,
but also suppress prolactin’s action on milk production during pregnancy. Secretory activation is
triggered by the sudden drop in progesterone following delivery of the placenta, accompanied by
high levels of circulating prolactin. Secretory activation is confirmed by the onset of copious milk
secretion and typically occurs between 24–102 h (average 60 h) after birth. This is often described as
the milk ‘coming in’. Milk ejection is primarily regulated by oxytocin, which stimulates the contraction
of myoepithelial cells around the alveoli and facilitates milk release [13]. Once lactation is established,
an autocrine control (local feedback) mechanism regulates ongoing milk production, meaning supply
is largely based on the effective removal of milk from the breast and is less sensitive to circulating
levels of prolactin [13].
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Given the important roles of prolactin and oxytocin in regulating milk secretion and milk ejection,
these hormones have become common pharmacological targets for influencing breast milk supply.
Figure 1 provides an overview of endogenous and exogenous factors influencing prolactin and oxytocin,
while also highlighting mechanisms of action of common pharmaceutical galactagogues. A more
detailed review of the neuroendocrine regulation of prolactin and oxytocin secretion and function
can be found elsewhere and is beyond the scope of this review [14]. In brief, the production of
prolactin in the anterior pituitary is regulated by the presence of prolactin inhibiting factors (PIF) and
prolactin releasing factors (PRF), which are controlled by the hypothalamus. The concentrations of
these inhibitory and stimulatory factors is influenced by a variety of external stimuli such as infant
suckling, sounds of the infant crying, and stress. The key PIF is dopamine, which exerts an inhibitory
effect on prolactin production. Positive external stimuli lead to an inhibitory effect on dopamine release
and a resultant increase in prolactin levels. Similarly, medications that block dopamine, such as the
dopamine antagonists domperidone and metoclopramide, block its inhibitory effects and result in an
increase in prolactin secretion. In contrast, a range of hormones act to stimulate prolactin production,
including thyrotropin releasing hormone, cortisol, and oxytocin. Other hormones that exert direct
or indirect effects on the mammary gland to influence milk synthesis include the growth hormone,
prolactin and insulin. Milk contains a small whey protein called the feedback inhibitor of lactation
(FIL). The accumulation of milk in the breast leads to milk stasis and an increased concentration of
FIL, which provides a negative feedback to slow milk production by inhibiting the action of prolactin
on lactocytes.

Figure 1. Physiology of lactation and mechanisms of action of various pharmaceutical galactagogues
(Adapted from [14–16]). Abbreviations: TRH, thyrotrophin releasing hormone; PIF, prolactin inhibitory
factor; PRF, prolactin releasing factor; DA, dopamine; R-hPRL, recombinant human prolactin; FIL,
feedback inhibitor of lactation.

3. Risk Factors for Lactation Insufficiency

Three key aspects are required for establishing an adequate breast milk supply including sufficient
mammary tissue, normal hormone levels, and regular effective removal of milk [17]. Insufficient
mammary tissue can be the result of hypoplastic breasts, breast surgery such as mastectomy or
breast reduction, or cyst removal [18]. Numerous maternal factors can influence hormone levels
including retained placenta, severe postpartum haemorrhage, hypothyroidism, high levels of stress
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or anxiety, certain medications, anaemia, diabetes, obesity, polycystic ovary syndrome, cigarette
smoking, or alcohol consumption [17,18]. Lastly, the effective and regular removal of milk can be
influenced by the method and frequency of expressing if indirectly feeding the infant, or the inability
for infants to effectively remove milk from the breast if feeding directly as a result of issues such as
poor attachment, low infant intraoral vacuums and delivery complications. Factors such as the use of
infant formula, early introduction of solids, infant sedation, or infant medical problems (e.g., low birth
weight, congenital abnormalities, illness) may also exacerbate poor feeding and ineffective removal of
breast milk [18].

In particular, mothers of preterm infants face many challenges in establishing and maintaining
an adequate supply of breast milk during their infant’s prolonged hospitalisation. This is driven
by multiple factors including; physiological immaturity of the breast associated with preterm birth,
maternal morbidities, inability for the preterm infant to breastfeed directly from the breast, and the
stress of having an infant admitted to the Neonatal Intensive Care Unit (NICU). Each of these factors
has the ability to interfere with the establishment of normal milk supply, with one previous study
demonstrating that 82% of women birthing preterm experienced delayed secretory activation [19].
While longer-term breastfeeding outcomes were not collected for this cohort, other studies in mothers
of term infants have demonstrated that delayed secretory activation is associated with an increased
risk of early cessation of breastfeeding [20].

4. Use of Galactagogues in Clinical Practice

Relatively little evidence exists regarding the prevalence of pharmaceutical galactagogue use.
A recent clinical practice survey of Australian Neonatal Units (NNUs) identified that 100% of NNUs
reported domperidone as their first line pharmacological agent of choice in the management of lactation
insufficiency [21]. While 75% of NNUs reported having a clinical guideline on domperidone, significant
variability was evident across these guidelines with respect to the dose and duration of treatment.

The preference towards the use of domperidone for lactation insufficiency is supported by a recent
audit of phone calls to an Australian pregnancy and lactation counselling service regarding the use of
galactagogues during lactation highlighted that domperidone accounted for >90% of phone calls [22].
In contrast, the discussion of herbal galactagogues increased from 0% in 2001 to 23% in 2014. Overall,
these findings highlight the popularity of domperidone use in the Australian setting, together with the
increasing popularity of herbal galactagogues.

Three studies have examined patterns of domperidone use over the past 10–15 years. An Australian
study undertaken at a single tertiary level maternity hospital identified the increasing prevalence
of use from 0.1% of all deliveries in 2000 to 5% in 2010 [23]. A recognised limitation of this study
lies in the fact that it likely underestimates total domperidone use, as it could not take into account
domperidone dispensed from community pharmacies. In comparison, a Canadian study investigated
the number of women that dispensed domperidone in the first six months postpartum among
320,351 live births occurring between 2002 and 2011 [24]. Over this time period the prevalence of
domperidone use increased from 7% to 18% in women delivering at term and 17% to 32% in women
delivering preterm. The most recent study used data from the Clinical Practice Research Datalink in
England and demonstrated a 3.8-fold increase in postpartum domperidone prescribed from 0.56 per
100 person-years in 2002–2004 to 2.1 per 100 person-years in 2011–2013, with overall use much lower
than that reported in previous studies [25]. Risk factors commonly associated with domperidone use
in these studies included preterm birth, delivery by caesarean section, maternal obesity, diabetes or
gestational diabetes, and primiparity [24–26].

5. Efficacy and Safety of Galactagogues

In order to evaluate the efficacy and safety of galactagogues we searched four electronic databases
from inception to January 2019: Ovid Medline, EMBASE, Web of Science, and SCOPUS. Medical subject
headings (e.g., MeSH headings) and free word combinations using Boolean logic of the following search
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items were used: ‘galactagogues’ OR individual medication names (e.g., ‘domperidone’) AND ‘lactation’
OR ‘low milk supply’. Previous reviews, bibliographies of published trials and cross references were
also searched. No language restrictions were applied. For the evaluation of galactagogue efficacy,
studies were restricted to those investigating the use of galactagogues in the treatment of established
lactation insufficiency and using controlled study designs. Studies investigating herbal galactagogues
were excluded from this review.

An overview of controlled intervention trials evaluating the efficacy of various galactagogues is
provided in Table 1. Domperidone [27–37] and metoclopramide [28,29,38–40] appear to be the most
commonly studied galactagogues in the setting of established lactation insufficiency, with limited studies
evaluating the effects of other galactagogues including sulpiride [41,42], growth hormone [43,44], human
recombinant prolactin [45], thyrotropin releasing hormone [46,47], and metformin [48]. No studies
have evaluated the use of oxytocin in the treatment of lactation insufficiency. The focus of this review
is on the use of galactagogues in the treatment of lactation insufficiency, studies that included women
without an established diagnosis of lactation insufficiency were not considered [49–59].

5.1. Domperidone

Domperidone is a dopamine antagonist and is thought to act as a galactagogue by increasing
serum prolactin (Figure 1). The majority of studies evaluating the effects of domperidone have been
undertaken among mothers of preterm infants. Treatment durations (five to 28 days) and treatment
initiation (>1 to >3 weeks post-partum) varied widely between studies. The most commonly used
interventional dose consisted of 10 mg three times daily, with two studies evaluating a higher dose of
20 mg three times daily [27,34].

All placebo-controlled studies demonstrate treatment effects in favor of domperidone. Five studies
involving mothers of preterm infants have recently been combined in a meta-analysis, demonstrating
that the administration of 30 mg/day led to a modest increase in maternal breast milk volume of
88 mL daily [60]. Missing from this meta-analysis was the recent study by Fazilla et al., which
demonstrated a similar improvement to the previous pooled estimate of 109 mL/day (95%CI 69 to
149 mL/day) [32]. Effects of domperidone on mothers of term infants is limited to two studies [33,35],
with both demonstrating treatment effects in favor of domperidone compared with placebo. Inam et al.
utilised a treatment target of 50 mL per single expression episode (both breasts) with 36 of 50 (72%)
women in the domperidone arm achieving this target compared with 11 of 40 (22%) women in the
placebo arm (p = 0.002) [33]. Petraglia et al. evaluated changes in breast milk supply by weighing
infants before and after breast feeding, demonstrating greater improvement in daily breast milk supply
among women receiving domperidone (347 ± 36 to 673 ± 44 mL/day), compared with placebo (335 ± 30
to 398 ± 45 mL/day; p < 0.01) [35].
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Two underpowered studies have compared the effects of different doses of domperidone [27,34].
One of these was a small case-crossover study where women were randomised to receive an initial
dose of 30 mg/day or 60 mg/day, then crossover to the other arm of the study after 7–14 days of
treatment. Daily milk volume production was only reported for four of six women who were considered
treatment responders, with daily breast milk volume increasing from 208.8 ± 182.3 mL/day at baseline
to 566.4 ± 229.3 mL/day at a dose of 30 mg/day and 705.6 ± 388.1 mL/day at a dose of 60 mg/day [27].
The reported increases were statistically significantly higher compared with baseline values, but the
small sample size of four women prohibited the identification of statistically significant differences
between the two different doses. In contrast, Knoppert et al. randomised 15 women to either receive
30 mg/day or 60 mg/day for four weeks [34]. Daily breast milk volume increased from a median of 150
to 420 mL/day among those receiving the 30 mg/day dose, and 300 to 720 mL/day among those receiving
the 60 mg/day dose, but the differences between the groups were not statistically significant [34].
Collectively, while these two studies provide promising evidence of potential further improvements in
daily breast milk volume with the use of a higher dose of domperidone (i.e., 60 mg/day compared to
30 mg/day), further research is required to determine if a higher dose can be considered superior.

Maternal adverse events most commonly associated with the use of domperidone in clinical trials
include headache, dry mouth, and gastrointestinal disturbances. That said, compared to placebo,
no increased risk of maternal adverse events (RR 1.05; 95%CI 0.65–1.71) has been identified in
clinical trials. Similarly, no trials have reported an increased risk of adverse neonatal events [58,59].
Indeed the concentrations of domperidone in breast milk are low with the absolute infant dose only
0.04 (95%CI 0.03–0.07) micrograms/kg/day for a maternal dose of 30 mg/day, and 0.07 (95%CI 0.05–0.11)
micrograms/kg/day for a maternal dose of 60 mg/day [27]. One small case-crossover study demonstrated
a higher prevalence of adverse events with a higher dose of domperidone [27]. Among the seven study
participants, there were a total of five adverse events reported at 30 mg/day (abdominal cramping
[n = 1], dry mouth [n = 3], headache [n = 1]), and 12 adverse events reported at 60 mg/day (abdominal
cramping [n = 2], constipation [n = 1], dry mouth [n = 5], depressed mood [n = 1], headache [n = 3]) [27].
Also, one woman withdrew from the study as a result of experiencing severe abdominal cramps
while receiving 60 mg/day [27]. In contrast, a more recent double blind randomised controlled trial
comparing 30 mg/day to 60 mg/day identified no adverse events in either group [34]. Therefore, while
it currently remains unclear, it is possible that a higher dose of domperidone may be associated with a
greater risk of maternal adverse events.

The use of domperidone in lactation has been the subject of controversy due to an increased risk
of ventricular arrhythmia (VA) and sudden cardiac death of approximately four per 1000 person-years
observed among non-lactating adults, including males and females [61,62]. This increased risk relates
to the potential of domperidone to prolong the QT interval [63], but the relevance to lactating women
has been questioned [64–68]. Domperidone was initially developed as an antiemetic and prokinetic,
with previous recommended doses ranging from 30 mg/day to 60 mg/day or greater [66]. Some
observational studies suggested that the risk of VA or sudden cardiac death may be increased if
daily doses were greater than 30 mg or if patients were male or greater than 60 years old [61,62].
More detail regarding domperidone and QT interval effects among non-lactating adults can be found
elsewhere [61,62].

Numerous studies provide reassuring evidence as to the safety of domperidone use in lactating
women. A recent randomised double-blind, placebo- and positive-controlled safety study identified
that among healthy female volunteers, domperidone at doses up to 80 mg/day did not cause clinically
relevant QTc-interval prolongation [69]. Further, all women participating in the trial by Asztalos et al.
had an ECG at baseline and at the end of the study. They observed no evidence of prolongation of the
QTc-interval with any mother participating in the trial [62]. Perhaps the strongest evidence to guide
the clinical practice comes from a recent Canadian population-based cohort study of 320,351 women,
of which 45,163 were prescribed domperidone within six months postpartum [70]. The primary
outcome consisted of ventricular arrhythmia and data were obtained on whether or not women had a
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previous history of ventricular arrhythmia. No cases of ventricular arrhythmia were identified among
those women with no prior history [71]. All cases of ventricular arrhythmia were observed among
women with a previous history. Taken together, these results provide supporting evidence for the
limited increased risk of ventricular arrhythmia among women with no previous medical history,
and strengthens the support that domperidone should be avoided in those women with a previous
history. Notably, among this cohort 90% of women received a dose of domperidone greater than
30 mg/day, suggesting limited impact of dose on ventricular arrhythmia risk. In light of such evidence
it appears that domperidone can be used safely, but should be avoided or used with extreme caution in
women with established risk factors for QTc-prolongation. This includes women taking medications
that inhibit the metabolism of domperidone and/or also prolong the QTc-interval (e.g., fluconazole,
erythromycin), and women with a personal or family history of cardiac arrhythmia or family history of
unexplained sudden death. Clinical protocols regarding the use of domperidone in clinical practice
have been developed and serve to facilitate safer prescribing practices and minimize potential adverse
reactions in mothers and their hospitalized premature infants [72].

5.2. Metoclopramide

Similar to domperidone, metoclopramide is a dopamine antagonist and is thought to act as a
galactagogue by increasing serum prolactin (Figure 1). In contrast to domperidone, the majority of
clinical studies have evaluated the use of metoclopramide among mothers of term infants. Four studies
have evaluated a standard dose of 10 mg three times daily, with the treatment duration varying from
five to 21 days. One study evaluated three difference metoclopramide doses [39]. Three studies
directly measured changes in breast milk volume, one study indirectly evaluated breast milk volume
based on infant weight measures before and after a single feed, while the last study evaluated infant
weight gain. A dose-response case-cross-over study identified a significant increase from baseline in
breast milk yield during a single feed following use of 30 mg/day (42.5 ± 34.7 mL) and 45 mg/day
(50.0 ± 35.9 mL) doses, but not 15 mg/day (11.2 ± 28.1 mL) or placebo (4.0 ± 27.5 mL) [39]. Blank et al.
identified a greater increase in breast milk volume in those receiving metoclopramide compared with
placebo (84 mL/day compared to 29 mL/day, but the difference between the groups was not statistically
significantly different [28]. Kauppila et al. identified a significant increase in breast milk supply during
the study among those receiving metoclopramide (285 ± 75 mL /day to 530 ± 162 mL /day (p < 0.01)),
but change in breast milk supply was not reported for those in the placebo arm [38].

Adverse events associated with metoclopramide have been incompletely described. Kauppila et al.
reported adverse events occurring among six of eight women, which included tiredness (n = 6),
headache (n = 1), and nausea (n = 1) [38]. In the dose-response study by Kauppila et al. seven women
complained of side-effects including tiredness (n = 1), headache (n = 1), anxiety (n = 1), hair loss (n = 1)
and intestinal disorders (n = 1), but the relationship between the adverse events and dose were not
described [39]. While greater amounts of metoclopramide are secreted into the breast milk compared
with domperidone, the reported absolute infant dose ranging from six to 24 micrograms/kg/day is still
well below the recommended pediatric dose of 500 micrograms/kg/day [73]. Notably, metoclopramide
was detected in the plasma of one infant and while no short-term neonatal adverse events have
been identified, whether infants are more susceptible to potential longer-term adverse events of
metoclopramide is unknown. This is of concern given the ease with which metoclopramide crosses the
blood-brain barrier and therefore the potential to interrupt dopamine signaling in the newborn.

Similar to domperidone, metoclopramide also has the potential to cause serious maternal adverse
events. Given that metoclopramide has the ability to cross the blood-brain barrier, it is more likely to
cause central nervous system side effects than domperidone. Of particular concern is the increased
risk of depression, which is already increased in the postpartum period. In the study by Ingram et al.,
two of 29 (7%) women receiving open-label metoclopramide after the initial 10-day trial reported
experiencing depression [29]. Metoclopramide also has the ability to cause serious and potentially
permanent extrapyramidal side effects such as tardive dyskinesia, for which it carries a black box
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warning in the product information. As such, it is recommended that metoclopramide not be used
for longer than five days and that the maximum dose be limited to 10 mg three times daily. A large
international internet survey of women who took metoclopramide to increase breast milk supply
found that 4.8% of women had either palpitations or racing heart rate, 12% reported depression, and 1
to 7% reported other central nervous system side effects ranging from dizziness and headache to
involuntary grimacing and tremors [74]. The overall adverse event profile of metoclopramide makes it
less desirable than domperidone to use as a galactagogue, with evidence directly comparing the two
outlined below.

5.3. Domperidone Compared To Metoclopramide

While domperidone and metoclopramide are both dopamine antagonists and increase serum
prolactin concentrations, they do differ with respect to some pharmacodynamic properties. One of these
key properties relates to the ability to cross the blood-brain barrier, with only metoclopramide able to
do so in appreciable quantities. This has led to questions regarding potential differences in the efficacy
and safety of these two medications. Two studies have directly compared outcomes among women
taking domperidone and metoclopramide. Blank et al. identified a slightly greater increase in the daily
breast milk volume among nine women receiving domperidone (120 ± 81 mL/day to 239 ± 105 mL/day)
than among eleven women receiving metoclopramide (100 ± 53 mL/day to 184 ± 100 mL /day) [28].
The 35 mL/day difference between those receiving domperidone and metoclopramide, however,
was not statistically significant. Ingram et al. demonstrated a similar difference in breast milk volume
for those receiving domperidone compared with metoclopramide (31.0 mL/day; 95%CI −5.67 to
67.6 mL/day), among a total sample of 65 women [29].

When it comes to maternal adverse events, Blank et al. reported that minor neurobehavioral
symptoms of either drowsiness, sleep disturbance, restlessness or dizziness were experienced
by two of nine women taking domperidone and two of 11 women taking metoclopramide [28].
In contrast, Ingram et al. reported that seven (20%) of women taking metoclopramide reported
experiencing adverse events compared with just three (10%) of women taking domperidone. Notably,
one woman taking metoclopramide withdrew from the study due to experiencing bad headaches
and dry mouth [29]. Greater incidence of adverse events with metoclopramide is also evident from
observational studies, with a 2010 Internet survey of 1990 mothers identifying a 7-fold increased risk of
depression, and 4 to 19-fold increased risk of symptoms commonly associated with tardive dyskinesia
(e.g., tremors, involuntary grimaces, and jerking) among women taking metoclopramide compared
with domperidone [75].

5.4. Sulpiride

Sulpiride is a dopamine antagonist, traditionally used as an antipsychotic, and is thought to act as
a galactagogue by increasing serum prolactin (Figure 1). The effects of sulpiride in increasing breast
milk supply have been evaluated in two placebo-controlled studies [41,42]. Both utilised a dose of
50 mg three times daily compared with placebo, with the treatment duration ranging from 14 to 28 days.
It is unclear from both studies as to the infant gestational age. Both studies demonstrated a greater
increase in breast milk volume among those receiving sulpiride, with improvements of 218 mL/day
and 315 mL/day and associated reductions in the requirement for supplemental feeds. However, both
studies experienced greater than 20% loss to follow-up in the placebo group which was reported to
be due to insufficient treatment response, indicating significant potential for bias. While previous
clinical trials in lactation have reported few adverse events associated with the use of sulpiride and
the doses used in these trials are lower than those thought to produce significant neuroleptic effects
in adults, data are still limited and there remains concerns regarding potential maternal or infant
effects. Common adverse events include sedation and weight gain, while sulpiride may also cause
extrapyramidal side effects similar to metoclopramide. Of greater concern is that the relative infant
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exposure to sulpiride through breast milk is up to 20% of the maternal weight-adjusted dose [49],
which is much greater than that for other galactagogues.

5.5. Growth Hormone

The exact mechanisms of action of growth hormone in lactation remain unclear. The growth
hormone is released by the anterior pituitary gland and acts synergistically to prolactin [12].
Administration of the growth hormone has been demonstrated to increase secretion of the insulin-like
growth factor, providing evidence that the galactopoietic response to the growth hormone occurs as a
result of indirect effects on mammary glands [44]. Two studies have evaluated the administration of the
human growth hormone [43,44]. The first placebo-controlled study enrolled mothers of preterm infants
(<34 week’s gestation) and involved a subcutaneous administration of 0.2 international units/kg/day for
seven days. Those receiving growth hormone experienced an increase in breast milk volume (139 ± 49
to 175 ± 46 mL/day; p < 0.01), but no difference was evident among those receiving placebo (93 ± 50 to
102 ± 69 mL/day; p = not stated). The second study, by the same authors, enrolled mothers of term
infants and investigated three doses ranging from 0.05 to 0.2 international units/kg/day for seven
days [44]. Women in the high dose arm (0.2 IU) experienced a greater percentage increase in breast
milk volume than those in the low- (0.05 IU) and mid- (0.1 IU) dose arms (36 ± 12.6% compared to.
4.7 ± 9.7%; p < 0.04) [44]. Absolute differences in milk volume identified in the two previously reported
studies were 25 and 86 mL/day, respectively. No maternal or infant adverse events were reported
within either study. Overall, the relatively modest improvements in breast milk supply observed
with growth hormone do not seem to justify the high costs and administration challenges associated
with the treatment, particularly in comparison to alternative galactagogues such as domperidone
or metoclopramide.

5.6. Recombinant Human Prolactin

Given that prolactin is a critical component of establishing lactation, the direct administration of
prolactin is viewed as an approach for treating lactation insufficiency that is the result of prolactin
deficiency (Figure 1). One study that involved the administration of recombinant human prolactin
(r-hPRL) was identified [45]. The placebo-controlled study enrolled mothers of preterm infants
(<32 weeks gestation) with prolactin deficiency, and involved subcutaneous administration of either
60 micrograms/kg twice daily or 60 micrograms/kg once daily for seven days. The subgroup analysis
revealed that milk volumes were higher in the group treated with twice daily r-hPRL (429 ± 338%) than
in the group receiving only placebo (−12 ± 27%; p < 0.05). No significant differences were observed
with respect to maternal or infant adverse events. While data are limited, this study demonstrates
that r-hPRL may be a viable option for the treatment of lactation insufficiency among women with
established prolactin deficiency. Given the high costs and administration challenges associated with
the treatment, this remains a treatment for rare situations where alternative prolactin stimulating
medications such as domperidone are unsuitable, as is the case with the Sheehan syndrome or
congenital prolactin deficiency where lactotrophs are absent or reduced in number.

5.7. Thyrotrophin Releasing Hormone

The thyrotrophin-releasing hormone (TRH) acts on the anterior pituitary to increase serum
prolactin concentrations (Figure 1). Two studies were identified that involved the administration of
TRH, producing mixed results [46,47]. One study randomised women to receive either TRH (n = 5)
or placebo (n = 4) orally [47]. Among women treated with TRH, only one woman experienced an
increase in serum prolactin. Actual breast milk volumes were not described, with the effect on milk
production reported as ‘no change’ for all women among the treatment and placebo arms of the
study. The second study enrolled mothers of term infants and involved the intranasal administration
of 1 mg four times daily for 10 days. Those receiving TRH experienced an increase in breast
milk volume (142.0 ± 33.9 g/day to 253.0 ± 105.3 g/day; p = 0.014), but no difference was evident
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among those receiving placebo (150.0 ± 46.2 g/day to 140.6 ± 57.7 g/day; p = 0.87). The increase
in breast milk volume was accompanied by an observed increase in basal prolactin levels from a
mean of 117 (± 45) micrograms/L to 173 (± 56) micrograms/L among women receiving TRH, whereas
those receiving placebo experienced a decrease in basal prolactin levels (137 ± 70 micrograms/L to
82 ± 38 micrograms/L). No maternal or infant adverse events were reported in these two studies.
However, reported effects on thyroid function have been mixed based on open-label non-controlled
studies, with one demonstrating no changes in maternal or infant thyroid function [47], while one
study identified two cases of maternal hyperthyroidism among 13 women treated with TRH which
required treatment discontinuation [59]. Given the potential severity of adverse events and mixed
findings of previous studies, more research on the use of TRH is necessary before its consideration in
clinical practice.

5.8. Oxytocin

Despite the important role of oxytocin in regulating milk ejection, no studies have evaluated the
use of oxytocin in the setting of established lactation insufficiency. Existing literature is restricted
to studies enrolling women soon after delivery, with treatment undertaken in an effort to augment
early milk supply and prevent the development of lactation insufficiency [53,54,56–58]. These studies
have produced conflicting findings and their relevance to the treatment of women with established
lactation insufficiency is uncertain. As it currently stands, there is insufficient evidence whether
oxytocin may be an effective treatment for lactation insufficiency. However, given evidence that acute
or chronic stress can interfere with oxytocin secretion, inhibiting both milk transfer and mother-infant
bonding [20], further research on the potential usefulness of oxytocin in the setting of established
lactation insufficiency is warranted, particularly among mothers of preterm infants where high levels
of anxiety and depressive symptoms are common.

5.9. Metformin

Metformin is commonly used in the management of type 2 diabetes and is thought to act as a
galactagogue through its role as an insulin-sensitising medication (Figure 1). The effects of metformin
in increasing breast milk supply have been evaluated in one placebo controlled study [48]. The pilot
study enrolled mothers of term infants who were experiencing low breast milk production and who had
at least one sign of insulin resistance (e.g., elevated fasting plasma glucose). Women were randomised
to either metformin (n = 10) or placebo (n = 5) with metformin dose increasing from 750 mg/day to
2000 mg/day over a 28-day treatment period. Peak median change in the milk output did not differ
between those receiving metformin (+8; IQR –23 to 33 mL/day) or placebo (–58; IQR –62 to –1 mL/day)
(p = 0.31). Notably, a greater increase in milk output was evident among those who managed to
continue taking metformin for the entire treatment period, but only 20% of women assigned to the
metformin arm experienced any actual improvement in milk output to day 28. Gastrointestinal adverse
events were commonly reported, including diarrhoea (56%), nausea/vomiting (44%), and abdominal
pain or cramping (56%), but were mostly of mild or moderate severity. One woman discontinued
metformin due to the severity of abdominal cramping. No infant adverse events were reported.
Given evidence on metformin is restricted to a small pilot study, its potential role as a galactagogue
remains uncertain.

5.10. Summary of Galactagogue Efficacy and Safety

The largest and strongest body of evidence supports the use of domperidone as the first-line
medication for the pharmacological management of lactation insufficiency. Domperidone represents a
low cost treatment that is well tolerated, with moderate quality evidence that it produces a modest
increase in breast milk supply in mothers of preterm infants. Whether results are translatable to
mothers of term infants remain unclear as there are a limited number of high quality studies that
include this patient population. Domperidone has been associated with serious adverse events and
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therefore is not suitable for all women, however, following appropriate screening prior to prescribing
the risk of serious adverse events appear negligible. There is weak evidence that domperidone may be
slightly more effective than metoclopramide and that adverse events are more likely to occur with
metoclopramide than domperidone. Metoclopramide may be an appropriate alternative for use in
women where domperidone is unsuitable. Antipsychotics do not reflect a viable therapeutic option for
the management of lactation insufficiency, largely owing to their side effects such as extrapyramidal
reactions and weight gain. Limited evidence and difficulties with respect to access to and administration
of medications such as growth hormone, recombinant human prolactin and thyrotrophin-releasing
hormone make these less desirable treatment options. Lastly, while an initially promising therapy
for improving breast milk supply among women with signs of insulin resistance, initial findings
from a pilot study evaluating metformin do not provide compelling evidence to support its use as a
therapeutic treatment of lactation insufficiency.

6. Methodological Challenges and Evidence Gaps Regarding Galactagogues

6.1. Previous Study Limitations

Clinical studies evaluating the use of pharmaceutical galactagogues suffer from a number
of important methodological limitations. Highlighting these limitations is not only important in
considering the quality of existing evidence, but also in informing future research endeavors. The major
limitation of the existing evidence lies in the small number of women included in clinical trials,
limiting the potential to comprehensively evaluate both the efficacy and safety of these medications.
Studies ranged from 7 to 100 participants, with a median of only 24. Many studies were therefore
underpowered to detect statistically or clinically significant differences in breast milk supply or adverse
events. Further, smaller studies face greater challenges in achieving balance in the distribution of
baseline covariates across study groups. For example, in the study by Nommsen-Rivers et al., six out of
10 (60%) women receiving metformin were also taking the herbal galactagogue fenugreek, compared
with one out of five (20%) women in the placebo arm [48]. In the study by Knoppert et al., five out of
seven (71%) women in the high dose domperidone arm were primiparous, compared with three out of
eight (38%) in the low dose domperidone arm [34], whereas in the study by da Silva et al. six out of
nine (67%) women in the placebo arm were primiparous, compared with six out of seven (86%) in the
domperidone arm [31]. Such differences in the baseline distribution of factors potentially related to
breast milk volume or treatment response to galactagogue can significantly bias study findings and
highlights the importance of large, appropriately controlled trials.

Many studies suffer from potential selection bias due to the high loss to follow-up in one or both
treatment arms. This is particularly important where the loss to follow-up is related to the treatment
response and only including data on those successfully completing the study potentially biases the
results towards those with more favorable treatment response. Greater than 10% loss to follow-up in
one or both intervention arms was evident among nine studies [28,29,31,34,36,37,39,41,42].

Non-pharmacological breastfeeding strategies are the mainstay of treatment for lactation
insufficiency, but their implementation and utilisation across clinical trials of galactagogues is often
incompletely described. This makes it unclear what strategies have been utilised and whether these
have been applied equally across treatment groups.

Two studies reported the encouragement of skin-to-skin contact between the mother and
infant [29,37], while some provided advice regarding the minimum number of times women expressed
each day, ranging from four to eight however the frequency of pumping was not accounted for
despite strong relationships with the milk volume [28,29,34,37,43,48]. All studies where mothers were
expressing breast milk reported the use of electric pumps, which have been shown to be more effective
in the establishment of milk production than hand expression [75].

Definitions for lactation insufficiency varied widely across studies and involved the use of an
absolute volume measure (e.g., <500 mL/day) [27,28,33,34,38,44,45], relative volume measure (e.g.,
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< 250 mL/kg/day) [29,35,37,39,41,42,46], requirement for supplemental feeds [30–32,43], insufficient
infant weight gain [39], or certain reduction in supply based on previous milk production [14,23,37].
Given that there is no universally accepted definition of lactation insufficiency in the literature, it is
unsurprising that definitions used across studies vary greatly. It is uncertain, however, whether the
baseline milk volume has any impact on the treatment response to pharmaceutical galactagogues and
this could possibly explain some heterogeneity across clinical studies. Linked with this concept is
the complete absence of any noted targets regarding the optimal breast milk volume in previously
published clinical trials. This is particularly important for mothers of preterm infants where the
inclusion of an optimal treatment target could have an impact on the treatment response. For example,
if the target is simply defined as meeting the infants’ daily feed requirements and the infant is only
1 kg, the target is approximately 150 mL. As the infant grows, however, that target will shift and
women whose daily breast milk production remains at 150 mL/day will find it difficult to keep up
with their infants’ demands and this may lead to eventual cessation of breastfeeding. As an example,
Meier and Engstrom have suggested that for mothers of very low birth weight infants a desirable
milk volume target is at least 350 mL/day by the end of the second postnatal week [76]. Higher
volumes (e.g., 600 to 800 mL/day) are considered even more desirable and are more likely to sustain
long-term breastfeeding outcomes [76]. Among the studies included in this review, the median breast
milk volume increased from 146 mL/day to 276 mL/day, with only five studies reporting a final mean
volume above the proposed target of 350 mL/day [27,30,34,35,38], with all involving the use of either
domperidone or metoclopramide. This indicates that the hormonal manipulation utilising existing
therapeutic approaches may not be adequate to reverse the poor development of the mammary gland
during pregnancy and milk synthesis after it is has been established.

While galactagogues may provide short-term improvements in breast milk supply, their
relationship to longer-term breastfeeding outcomes is unknown. Long-term outcomes are particularly
challenging to assess among placebo controlled trials as once the trial has completed many women
are often able to take the intervention medication off-label. This means long-term outcomes become
confounded by maternal behaviors following completion of the trial. With that in mind, few studies
have reported long-term breastfeeding outcomes. Asztalos et al. provided the most comprehensive
evaluation, with 60% of women still breastfeeding once their infants reached the term gestation
corrected age, with 70% requiring additional supplementation [37]. Notably, 67% of women were
still using lactation-inducting compounds following completion of the study. A major criticism of
previous studies is that the majority only compare differences in supply between groups, not adjusting
for baseline milk production. Adjusting for baseline values has been demonstrated to significantly
improve statistical power, particularly where there is a strong correlation between baseline and final
value [77].

Lastly, while no specific methodological limitation of the studies were included in this review, it is
worthwhile to comment on the large number of studies that have investigated the use of pharmaceutical
galactagogues in the setting where lactation insufficiency has not been diagnosed [49–58]. We do
not feel that one can accurately draw evidence on the efficacy or safety of galactagogues where they
are utilised in the absence of a clear established clinical indication. There is currently no evidence to
support the prophylactic administration of galactagogues in the absence of the diagnosis of lactation
insufficiency, while an associated concern with the use of galactagogues is that they may come at the
cost of appropriate utilisation of non-pharmacological treatment strategies.

6.2. Impact of Galactagogues on Breast Milk Composition

Prolactin is thought to mediate changes in breast milk composition occurring during normal
lactogenesis [78]. In vitro and animal studies provide evidence that in early lactation prolactin
promotes the closure of epithelial tight junctions between alveolar cells and increases the synthesis of
α-lactalbumin, which in turn increases breast milk volume [78]. Prolactin has also been demonstrated
to influence secretion of immunomodulatory factors in breast milk, with the decreasing concentrations
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of these factors occurring over the course of lactation mirroring reductions in serum prolactin
concentrations also occurring over time [78]. Whether galactagogues, particularly those altering
prolactin concentrations, alter the macronutrient composition of the human milk has been examined in
just two studies, one involving domperidone [30], and the other recombinant human prolactin [78].
These studies evaluated changes in a number of breast milk constituents including sodium, calcium,
lactose, citrate, protein, fat, alpha-lactalbumin, IgA, and oligosaccharides. Such changes in breast milk
composition are particularly important for preterm infants, who have higher protein, energy, mineral,
and electrolyte requirements than term infants and are at risk of cumulative nutritional deficits and
postnatal growth restriction during early life [79]. As such, multi-component breast milk fortifiers
(including protein) are routinely added to expressed breast milk to assist preterm infants in meeting
their nutrition and growth requirements.

Powe et al. investigated the composition of breast milk among 11 women receiving recombinant
human prolactin. The mean time following birth was 12 weeks and ranged from 3.5 to 39 weeks).
Overall compositional changes mirrored those in women undergoing normal lactogenesis, with an
observed increase in lactose and calcium concentrations, and decreased sodium concentrations that
all fell within normal ranges [78]. The observed 200 mL/day increase in breast milk production was
thought to be related to the increasing synthesis of alpha-lactalbumin and a corresponding increase in
lactose levels, which acts as an osmotic agent to draw additional fluid into milk secretory vesicles [78].
Further, greater maturity was reflected by a decrease in milk sodium concentration, consistent with the
closure of tight junctions between the mammary epithelial cells. Lastly, recombinant human prolactin
administration led to an increase in overall oligosaccharide concentrations [78]. Oligosaccharide
concentrations traditionally decrease during lactogenesis, but observed increases in both neutral
and acidic oligosaccharide levels could indicate immunological benefits for the infants. In contrast,
no statistically significant differences were observed with respect to changes in milk fat, protein or
citrate levels.

In comparison to Powe et al., Campbell-Yeo et al. investigated changes in breast milk composition
among a cohort of 45 women randomised to either domperidone or placebo. The mean time following
birth was not reported, but 75% of women were randomised prior to four weeks. Compared to
those receiving placebo, women administered domperidone experienced a greater improvement in
breast milk volume of 163 mL/day, with significant increases in breast milk carbohydrate and calcium,
but not sodium. While not statistically significant, mean breast milk protein declined by 9.6% in the
domperidone group and increased by 3.6% in the placebo group (p = 0.16) [30]. The mechanisms
contributing to a possible decrease in the protein concentration are unclear, but are comparable to
the 15% reduction in protein observed by Powe et al. following the administration of recombinant
human prolactin. It is well known that the milk produced by mothers of preterm infants is higher
in protein and this becomes comparable to the breast milk produced by mothers of term infants by
10–12 weeks postpartum [80]. It is possible that the administration of galactagogues altering prolactin
levels results in a more rapid transition towards mature breast milk with a resultant reduction in
the protein concentration occurring as a natural result of increasing breast milk volume. However,
given the limited evidence available, future studies evaluating whether galactagogues alter human
breast milk composition are required before a more definitive conclusion can be reached. In order to
evaluate this effectively, a comparison of breast milk composition must be made to mothers unaffected
by lactation insufficiency in order to determine whether any changes in composition are just reflective
of improvements in breast milk supply, or the direct effect of galactagogues. Therefore, a key evidence
gap relates to the need for a more comprehensive evaluation of breast milk composition that takes into
account postnatal age and breast milk volume.

6.3. Predicting Treatment Response to Galactagogues

There are many factors associated with breastfeeding success, with non-pharmacological treatment
strategies clearly first-line in the management of lactation insufficiency. Despite adherence to such
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strategies (e.g., expressing technique, expressing frequency), the treatment response to galactagogues
is noted to be variable in clinical practice. Despite this anecdotal experience, we are unaware of any
prospective studies that have examined predictors of treatment response to galactagogues such as
domperidone. Most clinical studies simply report the average treatment effect of the galactagogue
used, but a small number of studies have reported the individual level data with significant variability
in treatment response evident. Wan et al. examined changes in daily breast milk volume in response to
treatment with either 30 mg or 60 mg daily doses of domperidone. Among the six women studied,
two demonstrated no improvement at all in the daily breast milk volume, representing a non-response
rate of 33% [27]. A similar treatment response was identified by Da Silva et al. with two of seven
women experiencing less than 10% improvement in daily breast milk volume following the treatment
with domperidone, representing a non-response rate of 30% [31].

Given these findings, understanding factors that contribute towards the response to domperidone
is important in identifying groups of women most likely to benefit from treatment, while also enabling
the potential identification of other important targets for improving breast milk volume. One such
factor may be maternal BMI, where it has already been previously reported that overweight/obese
mothers of term infants experience a lower prolactin response to infant suckling [81]. The possible
impacts of maternal obesity on treatment response to domperidone have been investigated in a
recent retrospective cohort study of mothers of preterm infants. In this study, a significant treatment
interaction was observed between domperidone and obesity, with obese women less likely to still be
breastfeeding their infants at discharge from the Neonatal Unit than non-obese women, despite both
receiving domperidone [82]. Obese women were also noted to be more likely to require a prolonged
course of domperidone [82]. This may be due to hormonal or inflammatory differences associated with
obesity and warrants further investigation. Of particular interest is the role of the toll-like receptor
4 (TLR4) immune signalling pathway, which plays an important role in obesity and the metabolic
syndrome [83]. Further, the TLR4 pathway, regardless of whether it is activated by an infection or a
sterile inflammatory pathway, is recognised as a key mediator of preterm labor [84]. This is important
as TLR4 signalling may be a key factor involved in the delayed secretory activation and development
of low milk supply, commonly experienced by many mothers of preterm infants. When exposed to a
bacterial by-product in a mouse model of mastitis [85], it is the TLR4 signalling that is responsible
for low milk supply, not the bacterium itself [86]. This surprising finding has led to a new paradigm
for lactation insufficiency, whereby TLR4 signalling leads to lactocyte cell death and consequently a
reduced capacity to produce milk [87]. The presence of asymptomatic breast inflammation could result
in unresponsiveness to domperidone (or other galactagogues) whereby the prolactin-mediated signal
to stimulate lactocytes to produce more milk is negated by the inflammatory signal. No studies have
prospectively evaluated the role of such inflammatory factors in the development of low milk supply
or the response to treatment with galactagogues such as domperidone.

In addition to previously described factors, serum prolactin levels could determine the treatment
response to galactagogues that alter prolactin concentrations. Kauppila et al. demonstrated that
three of five mothers who did not respond to the metoclopramide treatment had the highest
basal prolactin levels [72]. Further, while the effects of parity on changes in breast milk supply
following treatment with domperidone or metoclopramide have not been previously investigated,
there is evidence that nulliparous women are more sensitive to the prolactin stimulatory effects of
domperidone/metoclopramide than parous women [88]. This could necessitate the need for different
doses or treatment approaches based on parity, but requires further investigation.

Other factors that could influence the treatment response to galactagogues include gestational
age at birth and timing of the treatment initiation following birth. Both of these were explored in
the recent EMPOWER study, which evaluated the use of domperidone compared to placebo over
14 days [37]. Following the end of the initial treatment period women who received placebo went on
to receive domperidone for 14 days. This enabled investigation of the potential effects of delaying
the treatment with domperidone for 14 days. At the end of 28 days, the mean daily milk volume
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was similar between those who immediately started on domperidone compared with those who had
treatment with domperidone delayed by 14 days (290± 211 mL/day vs. 302± 230 mL/day; p = 0.88) [37].
Additionally, they observed no significant difference between the number of women who had delivered
between 23–26 weeks gestation or 27–29 weeks gestation and achieved a 50% increase in breast milk
volume (72.9% compared to 64.2%; p = 0.38) [89].

7. Conclusions

The largest and strongest body of evidence supports the use of domperidone as the first-line
medication for the pharmacological management of lactation insufficiency but the observed treatment
effects are modest at best. There is currently insufficient evidence to determine whether the use of
galactagogues has any negative impacts on the micro- and macro-nutrient composition of breast milk
and this requires further research. There is emerging evidence of potential differences in the treatment
response to galactagogues and further research in this space is critical for improving the therapeutic
management of lactation insufficiency. There is a critical need for studies identifying underlying
mechanisms contributing towards the development of lactation insufficiency and how these impact
the treatment response to various pharmaceutical galactagogues. Such knowledge would facilitate the
development and evaluation of novel pharmaceutical treatments for lactation insufficiency while also
improve our understanding of individual variability in treatment response to improve utilisation and
outcomes of existing treatments.
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