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Abstract
There have been limited studies that investigated the relationships between
variations in milk composition and milk production despite reports of wide
variations in both composition and production between mothers with preterm
infants. To this end I investigated these relationships during the first two weeks
postpartum and from days 15 to 57 postpartum (established lactation). Samples
for Chapters 2‐4 were obtained from a study conducted by Stanford University
whereby milk samples were collected together with the milk production data from
mothers with preterm infants from days one to 57 postpartum.
There was a significant positive relationship between variations in concentration
of lactose and variations in milk production during the first two weeks postpartum
[p<0.05] whereby increased concentration of lactose was accompanied by an
increased milk production. This observation was consistent with the reported
osmotic effect of lactose. With protein even though there was a significant negative
relationship between variations in concentration of protein and variations in milk
production [p<0.05] this relationship was not significant when days postpartum
was taken into account.
From days 15 to 57 postpartum there was no significant relationship observed
between variations in concentration of lactose and milk production either in a
univariate relationship or taking days postpartum into account. While the reasons
were not clear it may be that by this time the osmotic potential of lactose was
saturated out. Similarly there was no significant relationship observed between
variations in concentration of protein and milk production during this period.
Other milk components analysed during the first two weeks postpartum included
citrate and fatty acids. There was a significant positive relationship between
variations in concentration of citrate and variations in milk production [p<0.05].
This was thought to be due to the close association between the synthesis of
lactose and citrate. Similarly there was also a significant positive relationship
observed between variations in propostion of de novo synthesised fatty acids
(capric, lauric, and myristic acid ) and variations in milk production [p<0.05].

v

Similarly this was thought to be due to the close association between the synthesis
of these fatty acids and citrate.
The synthesis of these macronutrients were observed to be significantly related to
milk production and that the wide variations in both milk composition and
production between mothers are thought to be associated with differences in
maturity of the mammary secretory epithelial cells (lactocytes). Differences in the
levels of premature birth and also levels of prolactin (required for establishment of
successful initiation of lactation) are thought to cause variations in maturation
between these lactocytes. This has a significant effect on the synthetic capacity of
the lactocytes and thus could account for the wide variations in milk composition
and production observed between mothers.
There were also significant relationships observed between the different fatty
acids during the first two weeks postpartum and that these relationships appeared
to be in close agreement with that observed in term milk. While the reasons for
these relationships were not established it is thought that they reflected on efforts
by the mammary glands to exert its influence on the fatty acid composition in milk
over that of the maternal diet. This was thought to be due to the mammary gland
efforts to maintain the fluidity of triacylglycerol in an aqueous environment.
There were also limited studies that investigated the variations in proportion of
fatty acids (FA) in breastmilk as a result of an illness (cold) in either the lactating
mother or nursing infant. To this end, milk samples and demographics data were
collected from mothers (n=28) within Perth, Western Australia from February to
August 2010. Milk samples were analysed for FA composition at The University of
Western Australia.
There were significant associations found between the proportions of six fatty
acids (Capic, Lauric, Myristic, Palmitic, Palmitoleic and stearic acid) and the health
of the mother and infant. This suggested that the well being of mother, infant or
both could influence the level of these fatty acids in breastmilk.
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Future studies would require an increase in the number of samples to improve the
sensitivity for differences in mean proportion of FAs between cold and well status.
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Chapter 1:

Literature review – production and

composition of pre‐term mothers’ milk with special
reference to milk fat.

1.1 Introduction
Breastfeeding preterm infants presents a large number of challenges, not least of
which is satisfying the specific nutrition required to compensate for the rapid
growth rate of the third trimester that normally occurs in utero. The inability to
meet these requirements results in deficiencies that have a severe impact on their
health and development compared to term infants.
Despite these challenges, preterm infants fed on their mother’s own milk receive
significant benefits of protection and neurodevelopment, over those fed preterm
formula (1). Not only does their mother’s own milk protect from necrotising
enterocolitis, which is a major cause of morbidity and mortality in preterm infants
but it also releases more fat for absorption due to the presence of bioactive milk
factors such as bile salt stimulated lipase (BSSL) that assists with both growth and
neurodevelopment (2‐4).
The limited volume of feed tolerated by preterm infants hinders provision of the
infant with sufficient macronutrients required for the desired growth rates.
Therefore preterm milk is often fortified with Human milk fortifiers to achieve the
desired nutrient supply and to guarantee growth rates (5).
In spite of this fortification, the growth rate of some infants on fortified human
milk is still lower than for those on preterm formula (6). This is thought to be due
to the variability in milk macronutrient composition in both preterm and term
milk (7‐12), and has been the focus of a large number of studies demonstrating
wide variability in macronutrient composition in preterm and term milk in
different stages of lactation.

1.

Another problem experienced by preterm mothers is the ability to establish a
successful lactation and produce sufficient volumes of milk. While there have been
numerous studies on the variability of macronutrient concentration in human milk
only one study examined the relationship between macronutrient concentration
and milk production during the first four weeks of lactation and this reported a
significant inverse relationship between the concentration of protein and milk
production (13‐17).
Milk production is defined as the volume of milk removed from the breast either
by the infant or by mechanical expression during breastfeeding sessions and is
measured in mL per 24 hour period (18). Mothers with preterm infants often have
low milk production compared to those with term infants and when production
does not improve over time most mothers switch to formula to feed their infant.
There is scarce data on whether milk production during established lactation may
be predicted based on the milk production of the first few days (19). In addition,
the absence of a standard definition of a dominant breast in the literature has led
to conflicting reports on whether the left or right breast is dominant in such a
population. Having knowledge of potential breast dominance could aid in
developing strategies to facilitate milk production in these mothers by focusing
efforts on the more dominant breast.
Optimum milk production is preceded by the successful onset of copious milk
secretion (secretory activation) that occurs on days three to five postpartum in
mothers with term infants but is often delayed in those with preterm infants (20).
It is possible that immaturity of the mammary secretory cells (lactocytes) is a
major factor in the delay of secretory activation in mothers with preterm infants.
It has also been reported that the concentration of citrate is significantly lower in
mothers with delayed secretory activation compared to those that had successful
secretory activation (20). Again it may be that immaturity of the lactocytes limits
the synthetic capacity of the lactocytes to produce citrate and thus accounts for
variations in milk production between mothers. The pathway for de novo synthesis
of fatty acids (FAs) indicates that citrate has an important role as a precursor of
acetyl CoA and NADPH for the first committed step in FAs synthesis (20, 21). Thus
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it may be that immaturity of the lactocytes also limits the concentration of de novo
FAs and may account for some of the variation in FAs composition observed
between the mothers.
Lactose is reported as an osmotic agent drawing water into the Golgi bodies and
thus into the milk compartment (21). It may be that variations in milk production
between mothers could be accounted for by variations in the production of lactose,
which in turn may be due to differences in maturity of the lactocytes between
mothers. It is not clear whether variation in protein concentration is related to
milk production. However, it has been reported that the concentration of protein
decreased with milk production due to decreased expression of certain proteins
and increased milk volume (22).
Fat is the most variable macronutrient in term breast milk and has been shown to
vary between mother and across a feed. Saarela et al.(2005) examined fat levels in
preterm milk and the limited data showed that fat is the most variable component
with levels varying across an expression (15). However, it was also reported by
Mitoulas et al. (2003) that there was no significant difference in the proportional
composition of FAs across an expression (23).
A number of studies have reported FAs composition in breastmilk is influenced
greatly by the maternal diet (24‐31). However these changes were limited to that
of medium chain FAs (MCFAs), monounsaturated FAs (MUFAs), and the n3 and n6
polyunsaturated FAs (PUFAs). A comparison of FAs composition in term milk
between mothers across 15 different countries revealed a fairly consistent
composition with the exceptions of MCFAs, MUFAs, and docosahexaenoic (DHA)
which further suggests that the mammary gland has the ability to limit the effect of
the maternal diet (32). In addition it has also been reported that the position of
certain FAs are highly conserved on TAG in breast milk and this was thought to
maximise absorption of key FAs by the infant (11, 33). A study that reviewed FAs
composition in term milk between women of different dietary backgrounds (24
studies across 16 countries) reported that the average FAs composition is fairly
consistent. A similar study that investigated FAs composition and the melting point
of TAG across three different ethnic groups reported that even though there were
3.

variations in the concentration of de novo FAs (21.9 – 29.2 %), linoleic acid (7.91 –
14.1%), and α‐linolenic acid (0.53 – 2.30 %), the variations in mean melting point
of the TAG were less than 0.40C (35.50C – 35.80C) (31). In addition the mean
melting points of TAG of the three ethnic groups were maintained at 2‐30C below
normal body temperature (37.50C). This has led to suggestion that the mammary
glands ability to exert an influence on FAs composition of TAG may act to prevent
solidification of fat in breast milk (31).
FAs have many important roles in infant development. Polyunsaturated FAs
(PUFAs) including DHA and arachidonic acid (AA) form an integral component of
neural and retinal tissues and are also involved in immune development (34‐38).
Medium chain FAs (MCFAs) are an important source of energy to infants as they
are readily digestible compared to long chain FAs (LCFAs) (39, 40). Thus in cases
of low pancreatic lipase activity such as in preterm babies, MCFAs represents an
important source of nutrients and energy. Other FAs have been shown to provide
protection against lipid‐coated microorganisms in vitro (41‐43). This includes the
myristic acid (14:0), reported to be a potent antimicrobial FA. Thus, myristic acid
may play an important role in protecting the preterm infant, prior to maturation of
its immune system (44). One study of the protective role of FAs in breast milk
investigated the relationship between breast milk FAs composition and the risk of
mother to child transmission (MTCT) of human immunodeficiency virus (HIV)
during breastfeeding. The study showed an inverse relationship between the
concentration of n6 polyunsaturated FAs (n6 PUFAs) and the risk of mother to
child transmission of HIV which suggests a potentially protective role of n6 PUFAs
in this situation (45).
Further study on the relationship between milk composition and milk production
may identify components of milk which can have a significant positive relationship
with milk production and facilitate understanding of the possible causes of low
milk production among mothers with preterm infants. In analogy to term milk, the
composition of FAs in preterm milk could also corroborate that relationships exist
between FAs and that these relationships may also reflect the mammary glands
ability to prevent solidification of fat in breast milk. Furthermore, investigating the
FAs composition of breast milk from healthy and infected mothers could shine new
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light on the role of FAs in the proposed protective effects on nursing infants
against viral and bacterial infections.

1.2 Anatomy of the human mammary gland and milk production
The lactating mammary gland is a glandular tissue that synthesizes, secretes, and
releases milk (milk ejection) for the feeding infant and thus provides optimum
nutrition and protection for the neonate. Anatomically it is made up of both
glandular (secretory) and adipose (fatty) tissues that are supported by a flexible
system of fibrous connective tissue called Cooper’s ligaments (Figure 1.1).

Figure 1.1

Anatomy of the lactating mammary gland. (A) Milk duct which radiates throughout the breast
culminates into a few common ducts in the nipples and provides a common channel for milk ejection, (B)
distribution of the alveoli and (C) cross section of an alveolus. The mammary epithelium is made up of secretory
cells (lactocytes) and is covered by capillaries, which maintain a steady supply of precursors for synthesis of the milk
macronutrients. In mothers with preterm infants variations in maturation of these lactocytes may account for the
variations in milk production and composition. Figure 1 A and B copyright Medela AG, Switzerland (2006), Figure 1 C
adapted from reference (46).
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The glandular tissue is composed on average of nine lobes, whereby each lobe is
made up of lobules that in turn contain groups of alveoli (46). Each alveolus is
formed from a layer of lactocytes (mammary secretory epithelial cells) which
synthesise milk and secrete these components into the lumen of the alveolus (47).
Compared to those of dairy animals, milk ducts in lactating women do not display
typical lactiferous sinuses or dilated portions beneath the nipple (48). The
absence of a cistern that can store a considerable amount of available milk (~20
%), denotes that most of the milk is stored in the alveolar portion and very little in
the ductal system (49).
Breastfeeding stimulates a milk ejection reflex whereby suckling by the infant
starts a neural response in the mother that causes oxytocin to be released from the
pituitary gland. Oxytocin binds to receptors on myoepithelial cells which then
contract and force milk into the milk ducts (50). These ducts will drain into a few
common larger ducts, which then culminate at the nipple surface where the milk is
ejected. Whereas the glandular tissue is associated with milk production, the
adipose tissue is thought to be necessary for proliferation of glandular tissue and
also as a source of long chain fatty acids (LCFAs) in milk (46, 47, 51).

1.3 Growth and development of the human mammary gland
1.3.1 Stage 1: Foetal growth and development
The mammary gland is a unique glandular organ, in that it only reaches its full
functional capacity during pregnancy and childbirth. Growth of the mammary
gland begins during foetal development at around five to six weeks of gestation. By
32 weeks there is some lobulo‐alveolar development and increased periductal
stroma with the lobules having a single layer of epithelium (46). After birth there is
hardly any functional development of the gland until puberty where the second
stage of the growth cycle occurs.
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1.3.2 Stage 2: Growth and development of the mammary gland during
puberty
Development of the glandular tissue during puberty is activated by production of
oestrogen. This hormone promotes growth of the ductal system into mammary
adipose tissue where the ductal system forms branching ductal bundles with
terminal end buds (TEB). Progesterone, which is released in the second half of the
menstrual cycle, promotes limited growth of terminal duct lobular units (TDLUs)
that develop from TEB sites. Terminal duct lobular units are classified as type 1 to
4 TDLUs. The most mature type of TDLUs during puberty are the type 3 TDLUs
(48). Development of the mammary gland activated by the onset of puberty is
usually complete at 20 years of age (52). There is no further significant growth or
differentiation of TDLUs until the onset of pregnancy.
1.3.3

Stage 3: Growth and development of the mammary gland during pregnancy

It is during pregnancy that the most striking transformation of the mammary gland
occurs whereby it reaches its full functional capacity. Morphologically there is
extensive development in the glandular tissue. The ductal system is extended and
branched widely (mammogenesis). An extensive proliferation of the lobular
alveolar system and differentiation of the TDLUs from type 3 to type 4 occurs,
which are then classified as fully matured and differentiated (secretory
differentiation). This differentiation of alveolar epithelial cells into lactocytes
begins mid pregnancy allowing for the production of small quantities of milk
(colostrum) (53). Colostrum is high in total protein including the protective
proteins, secretory IgA and lactoferrin. Gaps in the tight junctions between the
lactocytes allow milk components, especially lactose, to leak into the circulating
blood stream which may be utilised as a marker to indicate the start of secretory
differentiation (54).
The primary hormones responsible for ductal development are oestrogen and
growth hormone. Whereas lobular alveolar development is activated by prolactin,
maintenance is provided primarily by progesterone which is supplemented from
mid to the end of pregnancy by placental lactogen and corticosteroids (55). Full
maturation of the lactocytes is thought to occur only after parturition(56).
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1.3.4 Stage 4: Lactation
In the case of full term birth, secretory activation usually occurs 30 – 40 hours
postpartum. The removal of the placenta, the main source of progesterone during
pregnancy, also removes the main inhibitor of prolactin and the resulting high
concentration of prolactin stimulates the lactocytes to begin secretory activation
(57‐59).
Prolactin is vital for the establishment and maintenance of lactation (60). High
levels of stress are reported to increase the levels of prolactin inhibitors thus
interfering with proper establishment of lactation (60) . However, once lactation
has been established, the prolactin levels required for maintenance of lactation fall,
and decline further as lactation progresses (61). Mothers with preterm babies
whose low milk production were attributed to low prolactin levels improved
production when they received recombinant human prolactin (r‐hPRL) (62).
During secretory activation there is a significant decrease in the permeability of
the tight junctions between the lactocytes (22). This compartmentalisation of
components that are synthesised and secreted by lactocytes, results in
accumulation of small molecular weight components such as lactose, citrate, and
potassium in breast milk, which provide the osmotic pressure required for the
increase in milk volume (63).
1.3.5 Stage 5: Involution
Following weaning the involution process returns the mammary gland to a
morphological state, close to that of pre‐pregnancy. It also marks the end of the
lactation cycle that began at the start of pregnancy. The composition of the
remaining secretions approaches that of colostrum with complete absorption of
remaining secretions in the ducts taking at least two months (64).
The trigger for the process is probably accumulation of alpha lactalbumin coupled
with the cessation of stimulation of the gland which is brought about by loss of
suckling or ceasing milk expression through breast pumps (65‐67).
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1.4 Milk synthesis, secretion and composition
1.4.1 General overview
Milk synthesis occurs within the lactocytes of the mammary glands from
precursors such as fatty acids, amino acids, and glucose derived from the maternal
circulation. It is initiated around the middle of the second trimester of lactation
(secretory differentiation) under the direct influence of the reproductive
hormones oestrogen, progesterone, prolactin and placental lactogen and that of
the metabolic hormones; growth hormone, glucocorticoids, and insulin (68).
While prolactin inhibits epithelial cell loss and thus maintains the tight junctions
between lactocytes, growth hormone is thought to indirectly stimulate milk
synthesis in the mammary gland (69). The initial milk secretion is in the form of
colostrum and it’s early removal from the breast is an important factor for
successful lactation (64).
Prolactin stimulates not just milk production but also related to the release of
another hormone, oxytocin. Oxytocin stimulates contraction (or the "let‐down
reflex") of the milk glands whereby milk is ejected, into the milk ducts, to the
nipple (70). It is thought that mammary development and the rate of milk
secretion are regulated by frequency and completeness of milk removal (71).
Electron microscopy studies have revealed abundant rough endoplasmic reticulum
(RER) and Golgi bodies in the lactocytes, which are primarily involved in the
synthetic and secretory process of the major macronutrients in milk; fat, lactose,
and proteins (72, 73).
Five general pathways have been described for secretion of milk components
(Figure 1.2). These secretory pathways include (I) exocytosis of Golgi derived
secretory vesicles containing protein and lactose, (II) apocrine secretion of
endoplasmic reticulum derived lipid droplets as milk fat globules, (III) transcytosis
of serum proteins such as immunoglobulins, and endocrine hormones such as
serum albumin, insulin, prolactin, (IV) transport of ions, water, and other small
molecules, such as glucose and amino acids across basal and apical plasma
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membranes, and (V) paracellular transport of plasma components, leukocytes, and
interstitial substances (72).

Figure 1.2
Milk secretory pathways in lactocytes. This is a schematic representation of lactocytes (bottom
right) from the alveolus of a lactating mammary gland (top left) which shows the five secretory pathways (I to V). (I)
Exocytosis of Golgi derived secretory vesicles containing protein and lactose, (II) apocrine secretion of endoplasmic
reticulum derived lipid droplets as milk fat globules, (III) transcytosis of serum proteins such as immunoglobulins,
and of endocrine hormones such as serum albumin, insulin, prolactin, (IV) transport of ions, water, and other small
molecules, such as glucose and amino acids across basal and apical plasma membranes, and (V) paracellular
transport of plasma components, leukocytes, and interstitial substances. Abbreviations: SV, secretory vesicle; RER,
rough endoplasmic reticulum; BM, basement membrane; N, nucleus; PC, plasma cell; FDA, fat depleted adipocyte;
JC, junctional complex containing the tight and adherent junctions; GJ, gap junction; ME, myoepithelial cell.
Adopted and modified from reference (74).

The integrity of the cell junction between the lactocytes within the mammary
epithelium is critical to milk secretions. Disruption of the mammary epithelium
integrity is associated with both reduced synthetic activity and the induction of
apoptosis of lactocytes in the mammary gland (75).
The macronutrient composition of human milk is different to that of bovine milk
(19). The macronutrient composition during established lactation is reported as
fat (3 – 5 %), protein (0.8 – 0.9 %), lactose (6.9 – 7.2%), minerals (0.2 % expressed
as ash), and water (~ 87.9 %) (76). Based on these macronutrient compositions,
the energy content of milk has been calculated to range between 60‐75
kcal/100ml.
The composition of breast milk reflects its primary role of providing nutrition to
the infant. Whereas macronutrients such as fat and lactose provide energy, others
such as proteins provide essential components for development of both muscle
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and tissue. Also the advent of more sensitive detection techniques have allowed for
the detection of more and more micronutrients in breast milk, revealing an
increasingly complex composition and role of breast milk (77, 78).
1.4.2 Carbohydrates
1.4.2.1

Lactose

Lactose is formed by the reaction between blood‐derived precursors, uridine
diphosphate galactose (UDP‐galactose) and glucose, in a reaction catalysed by
lactose synthase in the Golgi bodies of the lactocytes (79, 80). The stereoisomerism
of glucose can give rise to either α or β‐lactose. In humans β‐lactose is the
predominant form (Figure 1.3).

Galactose

Figure 1.3

Glucose

Structure of β‐lactose. (81)

Lactose synthase consists of two parts, known as A and B proteins. Whereas B
protein identified as α – lactalbumin (α‐LA) is associated with ribosomes on the
RER, the A protein is identified as N‐acetyllactosamine synthase and is thought to
be associated with the inner surface of Golgi bodies (Figure 1.5) (82, 83). During
lactation α‐LA is transferred to the Golgi bodies through the endoplasmic
reticulum and comes in contact with N‐acetyllactosamine synthase which creates
the conditions for lactose synthesis (84, 85). Whereas the transport of glucose into
the Golgi is not an active process (refer Pathway IV, Figure 1.2) that of UDP –
galactose requires energy and thus could be rate limiting (86). Prolactin increases
the production of α‐lactalbumin during lactation and thus production of lactose
(87).
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The Golgi vesicles containing lactose and milk proteins fuse with the apical cell
membrane to release their contents into the lumen of the alveolus (Pathway I,
Figure 1.2).
Compared to milk produced by other mammals, human milk contains one of the
highest concentrations of lactose contributing approximately 40% of the energy
delivered to the infant (22, 88). Lactase (β‐galactosidase) found predominantly
along the brush border membrane of the differentiated enterocytes lining the villi
of the small intestine of the infant hydrolyses the glycosidic bond in lactose to form
glucose and galactose (89).
Lactose also has an important role as an osmotic agent. Lactose accumulation leads
to swelling of Golgi alveoli due to osmotically driven water uptake. Thus, lactose
indirectly regulates milk volume (21, 90).
1.4.2.2 Oligosaccharides
Human milk oligosaccharides (HMO) are polymers composed of 3 -10
monosaccharide units that includes D-glucose (Glc), D-galactose (Gal), Nacetylglucosamine (GlcNAc), L-fucose (Fuc), and sialic acid(91). Their levels are
highest in colostrum (20 g/l) and their primary role is to act as a prebiotics promoting
intestinal growth of beneficial bacteria (92). Human milk oligosaccharides are further
thought to bind to block potential binding sites of enteric bacteria and viruses by
binding to the epithelial cells of the gut(91). While the action of HMO reduces the
incidence of enteric infection in both term and preterm infants, the effect has a stronger
impact on preterm infants due to their greater vulnerability to necrotising enterocolitis
(NEC) (93-95).
1.4.3 Nitrogen
Nitrogen in human milk is derived from two sources; protein and non‐protein
components. The total nitrogen content of term milk in established lactation is
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about 1.71 ± 0.31 g/L (mean ± SD). Non‐protein nitrogen contributes about 25 %
to this amount (96, 97).
1.4.3.1

Non‐protein nitrogen

The non‐protein nitrogen component includes free amino, nucleic, and uric acids,
urea, creatine, creatinine, ammonia, amino sugars, polyamines, choline, and
carnitine which are derived directly from the maternal circulation (98). However,
little is known about the contribution of each component, in either the nutritional
(e.g., energy) or developmental value of breast milk.
1.4.3.2

Protein

The maternal circulation provides both the proteins and precursors for de novo
synthesis of proteins in milk (99, 100). Studies using radiolabelled amino acids
indicated that the site of protein synthesis was in the endoplasmic reticulum (ER)
and that the synthesised proteins are transported to the lumen of the lactocytes via
Golgi bodies and secreted as apical vesicles (Pathway I, Figure 1.2) (101‐103).
Whereas casein and alpha‐lactalbumin are mainly secreted by this pathway, others
such as the immunoglobulins, albumin and prolactin are absorbed directly from
the blood (Pathway III, Figure 1.2) (80).
Total protein levels are initially high in colostrum, due to very high concentrations
of secretory IgA (sIgA) and lactoferrin (26). However, as lactation progresses,
levels decrease and reach a near constant value by six months of lactation (104).
The net effect of a reduction in specific protein expression during secretory
activation together with an increase in water content results in a decrease in
overall protein concentration in mature breast milk (22).
The major proteins have many important roles in infant development. Whereas
caseins were reported to have nutritive roles, lactoferrin, lysozymes, and sIgA are
reported to provide protection to the infant (105‐113). In addition, the maturation
of the infant immune system is facilitated by the transfer of sIgA from the mother
through the entero‐mammary pathway (114).
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The digestion of milk fat is facilitated in human milk by the activity of the enzyme
bile salt stimulated lipase (BSSL) (115). BSSL very heat sensitive and is inactivated
at temperatures of 450C – 550C and since current pasteurisation protocol requires
milk to be kept at 62.50C for 30 minutes, there is significant loss of BSSL activity
(116). This reduces the amount of fat available for absorption by the infant and in
preterm infants fed pasteurised human milk raises concerns regarding absorption
of sufficient fat (117, 118).
1.4.4 Citrate
Citrate is an intermediate of the citric acid cycle and is formed by the condensation
reaction of oxaloacetate with acetyl CoA, a reaction catalysed by citrate synthase
(119). This reaction occurs in the mitochondria of the lactocytes with the glycolytic
pathway providing the main source of pyruvate for the TCA cycle (119).
In contrast to acetyl CoA, citrate is able to pass across the inner mitochondrial
membrane through specific citrate channels into the cytosol. Citrate then enters
one of two possible metabolic pathways in which it is either taken up by the Golgi
vesicles, or converted back into acetyl CoA.
If citrate is taken up by the Golgi vesicles, it is secreted into milk as calcium citrate,
together with phosphate, and lactose (Figure 1.4) (120, 121).

TCA cycle in
mitochondria

Figure 1.4

Schematic of the role of citrate in determining calcium concentration in breast milk. Citrate,
which is excreted into milk by the Golgi apparatus, binds to calcium to form calcium citrate. Thus, citrate
concentrations in the Golgi determine calcium concentration in breast milk. Adopted and modified from reference
(122).
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Citrate can also bind other divalent minerals such as zinc and iron and thus
increase their bioavailability in milk (123, 124). It is thought that the amount of
citrate in the Golgi apparatus determines the amount of diffusible calcium in milk
and that calcium citrate is responsible for half of the sharp increase in citrate levels
observed during secretory activation (122). In addition citrate in milk is also
reported to act as a pH‐buffer as increased milk pH is associated with a fall in the
concentration of citrate (125).
The alternate pathway, whereby citrate can be converted back to acetyl CoA, is
then used for de novo FAs synthesis (Figure 1.5).

Blood

Lactocyte

Mitochondria

Mitochondrial
citrate transporter
SLC25A1

Milk

Figure 1.5

Diagram showing the role of citrate in MCFAs synthesis. Citrate is generated by the TCA cycle
in the mitochondria and is transported into the cytosol via the mitochondrial citrate transporter, SLC25A1. In the
cytosol citrate is converted to acetyl CoA and oxaloacetate by ATP‐citrate lyase, thus providing substrates for both
NADPH and malonyl CoA synthesis. Acetyl CoA is then converted to malonyl CoA in the first committed step in the
de novo synthesis of medium chain FAs (MCFAs). This then gets incorporated together with long chain FAs (LCFAs)
into triacylglycerol (TAG) which is secreted into the milk compartment. Adopted and modified from reference (126)

The conversion of acetyl CoA to malonyl CoA is the first committed step in the de
novo synthesis of medium chain fatty acids (MCFAs) and is catalysed by acetyl CoA
carboxylase. However acetyl CoA cannot pass through the mitochondrial
membrane. Citrate is transported across the mitochondrial membrane via the
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mitochondrial citrate transporter SLC25A1 and enters the cytosol where it is
converted back to acetyl CoA and oxaloacetate by ATP‐citrate lyase, thus providing
substrates for both NADPH and malonyl CoA synthesis (127, 128). Thus citrate
plays an important role in transferring acetyl CoA indirectly into the cytosol where
MCFAs synthesis occurs.
Citrate also allosterically regulates acetyl CoA carboxylase. A high concentration of
citrate is thought to drive the conversion of acetyl CoA into malonyl CoA resulting
in increased de novo synthesis of MCFAs in the mammary gland (129).
1.4.5 Fats
The maternal circulation provides all the precursors required for fat synthesis.
Transfer of precursors is facilitated by the increased expression of lipoprotein
lipase (Lpl) on the inner membrane of the endothelial cells that results in
increased absorption of FAs and glycerol into the lactocytes (80).
The general consensus is that newly synthesised lipid bodies bud off the
endoplasmic reticulum (ER), coated in a phospholipid monolayer derived from the
ER (72, 130‐132).
Ultra structural studies on bovine mammary cells reported that microtubules play
an active role in the transport of cytoplasmic lipid droplets (CLD) to the apical
membrane and that secretion of CLD involves the formation of a complex between
adipophilin (ADPH) on the CLD surface and butyrophilin (Btn) and xanthine
oxidoreductase (XOR) on the apical membrane (133‐136).
Fat levels are maintained by sterol regulatory element binding proteins (SREBPs),
a family of transcription factors that bind to regions of DNA in the nucleus which
increases the expression of enzymes that are involved in sterol production
including cholesterol synthesis (137). Raised levels of fat induce a negative
feedback that inhibits further activation of SREBP by sterol products and thus
maintains lipid homeostasis.
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Fat has important roles in infant development. Aside from its primary role in
providing ~50% of the infant energy needs, fats are also involved in protection
from enteral pathogens, immune, cognitive and visual development of the infant
and as a mode of delivery for fat soluble vitamins (138).

1.4.5.1 Triacylglycerols (TAG)
TAG accounts for 98% of milk fat and is composed of saturated and unsaturated
FAs esterified to a glycerol backbone with the position of the FAs on the glycerol
identified as sn‐1, sn‐2 or sn‐3 position (Figure 1.6) (139).

Figure 1.6

Generic structure of TAG. Fatty acids are linked via an ester bond to the hydroxyl moieties of
glycerol. The positions of FAs on the glycerol are identified by either the sn‐1, sn ‐2 or sn ‐3 position. Adopted and
modified from reference (139)

Studies that used a radiolabelled mixture of [2H6,] tripalmitin, [2H18] triolein, and
[2H12,] trilinolein on nursing mothers reported that substrates for TAG syntheses
are derived from three main sources; maternal diet (30%), de novo synthesis
(10%), and adipose stores (60%) (140, 141).
The composition of fat is defined by the composition of FAs in triacylglycerol
(TAG) (138). It is thought that the position of FA on the glycerol backbone is kept
consistent as this influences their outcome in the infant intestine (142). The FA
composition of TAGs appears to be important and it is thought that the
substitution of palmitate with oleic acid in the sn‐2 position in formula feed is
responsible for high incidences of constipation among formula fed infants (143).
Hydrolysis of the TAG begins in the infants’ stomach and the lipase responsible is
gastric lipase which is produced by chief cells of the gastric mucosa (144). Gastric
lipase is highly specific in that it hydrolyses the sn – 3 position and essentially
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opens up TAG, which otherwise would be more resistant to pancreatic and
breastmilk bile salt stimulate lipase (138, 144). In the duodenum gastric lipase is
inactivated by the infant pancreatic proteases (trypsin and chymotrypsin). Further
hydrolysis of the TAG occurs by the infant pancreatic lipase which hydrolyses TAG
at the first (sn ‐1) and third (sn‐ 3) position thus FA attached in the sn ‐1 and sn‐3
positions would be absorbed as non‐esterified FAs (NEFAs) whereas FAs in the
second (sn‐ 2) position are absorbed as 2 –monoacylglycerol (145). However
compared to adults, infants especially those preterm, produce less than optimal
levels of pancreatic lipase and thus milk BBSL play an important role in hydrolysis
of TAG in preterm infants. In addition BSSL lacks positional specificity and will
hydrolyse the sn‐ 2 monoacylglycerol. Thus BSSL shifts the balance of TAG
digestion from FAs and monoacylglycerols to FAs and soluble glycerol.
1.4.5.2

Fatty Acids (FAs)

1.4.5.2.1

Classifications

FAs are classified according to the length, degree, and position of unsaturation of
their carbon chain. FAs with a chain of 4 – 8 carbon atoms are classified as short
chain FAs (SCFAs) whilst medium chain FAs (MCFAs) have 10 – 14 carbon atoms
and long chain FAs (LCFAs) have 16 – 24 carbon atoms. FAs can also be either
saturated or have one (MUFAs: monounsaturated) or multiple double bonds
(PUFAs: polyunsaturated).
1.4.5.2.2

Nomenclature

FAs are either identified by their generic or systematic name. For example
docosahexaenoic acid also called DHA (generic) or all‐cis‐docosa‐4, 7, 10, 13, 16,
19‐hexa‐enoic acid (systematic name). DHA is usually written by its shorthand
name, 22:6 n3, where 22 is the number of carbon atoms in the chain length, 6 is the
number of double bonds and 3 the position of the first double bond from the
methyl (ω) end (Figure1.7)

ω
1
Figure
1.7. Diagram of DHA. Position of first double bond from ω end is at position 3. Adopted and modified from
reference (146)
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1.4.5.2.3

De novo FAs

Most of the FAs present in breast milk is synthesised within the body with the
exception of the two essential FAs, linoleic and alpha‐linolenic acid. In general, FAs
synthesised from acetyl CoA reach a maximum of 16 carbon atoms (palmitic acid)
and then requires further elongation and desaturation by specialised enzymes to
result in the formation of LC‐PUFAs. However, in the mammary gland the length of
the synthesised FAs is shorter as a lactocyte specific thioesterase cleaves the
thioester bond when chain length reaches 14 carbon atoms (147). Thus the de
novo FAs synthesised in breast milk refers to the MCFAs, which include capric acid
(FA10:0), lauric acid (FA12:0), and myristic acid (FA14:0).
1.4.5.2.4

Preformed FAs

The majority of LCFA are generated by the action of elongases and desaturases
converting MCFA to LCFA in the liver and these are taken up by the lactocyte from
the maternal circulation without modifications. This includes the two LCFA which
together account for >50% of the total FA in breast milk, oleic acid (FA 18:1 n9)
and palmitic acid (FA16:0). FA from this group are often referred to as preformed
FA (24‐26, 28‐30, 51, 140).
1.4.5.2.5

Essential FAs

The third group of FA are the LCFA that cannot be synthesised within the body and
derived solely from the diet and are referred to as essential FA, the n6 PUFA,
(FA18:2 n6) and the n3 PUFA, FA18:3 n3 (α‐linolenic acid).
Elongation and desaturation of linoleic acid results in arachidonic acid FA20:4 n6
or generically known as AA whereas that of α‐linolenic acid is docosahexaenoic
acid (FA22:6 n3) or generically known as DHA. However the synthesis of both DHA
and AA from their precursors is reported to be slow and compromised by
nutritional deficiencies as well as inflammatory conditions compared to those of
preformed FAs (148). Therefore it is more efficient to obtain these FAs through the
diet and thus for the purpose of this study both DHA and AA are grouped together
as essential FAs.
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1.4.5.3

Contribution to total FAs

In contrast to preterm milk the composition of FAs in term milk is well defined
(149). Studies have shown that the majority of the FAs (85%) are variants of
LCFAs of which 15% are PUFAs, 45% are MUFAs and 25% saturated FAs. MCFAs
make up 13% with the remainder 2% made up of SCFAs. The majority of the other
classes are present at less than 1%. This is in contrast to ruminants, which have
higher SCFAs and lower in LCFAs in their breast milk (150).
1.4.5.4

FAs multifunctional role

MCFAs are an important source of energy for breastfeeding infants as they are
readily digestible by the infant compared to LCFAs (39, 40). This is especially the
case for preterm infants as their pancreatic lipase activity, needed for the digestion
of LCFAs, is low. Thus MCFAs represent an important source of nutrients and
energy for the preterm infant. Most preterm formulas have MCFAs as their
predominant fatty acid (40‐60%), however, the benefits of formulations with such
a high percentage of MC have yet to be established (151, 152).
PUFAs especially DHA and AA (both absent in standard formula feed) are critical to
optimal cognitive and visual development of term infants. This was concluded
from observations of higher visual and cognitive test scores of breastfed over
formula fed infants and post‐mortem reports of higher concentrations of DHA in
the brain cortex of breastfed infants when compared to those fed formula (153‐
156). This is further supported by animal studies showing that the rod outer
segments of the retina had high concentration of DHA (157).
In addition to the benefit to cognitive and visual development, FAs such as n3 and
n6 PUFAs are involved in modulating the immune response. It was reported in a
prospective study that increased levels of n3 PUFAs in the mothers’ breast milk
was associated with a decreased incidence of early allergies in their children (35,
158‐160).
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1.4.5.5

FAs fortification

Even though PUFAs fortification of preterm milk and formula is well practised,
there are conflicting reports of improved cognitive test scores over those fed
unfortified formula (161‐164). This may be explained by concerns of under
fortification as there maybe no ‘one size fits all’ rule, due to the wide variation in
PUFAs concentration between breastfeeding as well as expressing mothers (165‐
168).
1.4.5.6

Other classes of fats

Other classes of fats present in breastmilk include phospholipids such as
sphingomyelin, phosphotidylcholine, phosphotidylethanolamine,
phosphoptidylserine and phosphatidylinositol. These play an important part in
the myelinisation of the central nervous system (CNS) and in the visual
development of infants by forming an integral part of the retinal layer (169). Their
reported concentration in term breast milk varies widely from 0.39 – 0.97 % of
total lipids (26). However, the use of different analytical methods by different
researchers to determine the concentration of phospholipids may have
contributed to the variability observed.

1.5 Factors affecting human milk composition
1.5.1 Effect of the maternal diet in term milk
There have been numerous reports in the literature on the effects of the maternal
diet on FA composition, in contrast to that on protein and lactose (24‐30).
However closer examination of the results showed that the dietary effects on FAs
composition is variable and is generally limited to certain classes of FAs; the
MCFAs, MUFAs, n3 and n6 PUFAs. Both the composition and the amount of fat in
the diet affect the FAs composition in breast milk.
A maternal diet high in dietary fat increases the composition of preformed FAs in
breast milk. Radio‐labelling studies showed that these preformed FAs including
palmitic (LCFA), linoleic (n6 PUFAs), and oleic (MUFAs) acids were derived from
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dietary sources (51). In contrast, a diet low in dietary fat but high in carbohydrates
increased MCFAs due to increased de novo FAs synthesis (140). In the absence of
dietary fat or during starvation there is increased contribution of adipose FAs,
palmitic, linoleic, and oleic acid as stored TAG in adipose tissue are mobilised (24).
The composition of dietary fat also influences the FAs composition in breast milk
and is frequently utilised in targeted dietary interventions aimed to increase DHA
(n3 PUFAs) levels in breast milk.(170‐172). Increased consumption of fish oil (high
in n3 PUFAs) increases DHA levels whereas increased consumption of corn oil
(high in n6 PUFAs) increase AA levels in breast milk (173).
However, a comparison of FAs composition in term breast milk between mothers
across 16 different countries, revealed a fairly consistent composition with the
exceptions of saturated, monounsaturated (MUFAs), and linoleic acid (18:2 n6)
which suggests that the mammary gland regulates the majority of the FAs
composition despite differences in maternal diet (174).
It was also reported that when mothers were subjected to dietary manipulation
(varying the total content of carbohydrates and fat in maternal diet) that there are
significant relationships between FAs, for example an inverse relationship
between the concentration of MCFAs and LCFAs in breast milk (24, 175). A recent
study that investigated the relationships between FAs over a six month lactation
period reported significant direct relationships between MCFAs, and an inverse
relationship between MCFAs and LCFAs (176). To date it is unknown whether FAs
relationships reported for term milk also exist in preterm milk.
One possible explanation put forward was that the mammary gland limits the
influence of the maternal diet so as to maintain the fluidity of TAG in an aqueous
environment (31). Each of the FAs have their own unique melting point. For
example, polyunsaturated FAs (PUFAs) are mostly liquid at physiological
temperature of the body whereas saturated LCFA are mostly solids. The mammary
gland is thought to balance the contribution of low and high melting points FAs to
TAG composition so that the melting point of TAG are kept below the physiological
temperature of the body and thus maintain fluidity of TAGs in milk (25).
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In summary, it appears that the breast milk content of some FAs may be influenced
by the maternal diet whilst the composition of others depends on regulation by the
mammary gland.
1.5.2 Effects of viral infection on FAs composition
The current recommendation for HIV infected women is exclusive breastfeeding
for up to six months, if replacement feeding is not acceptable, feasible, affordable,
sustainable or safe (177). However, there appears to be a clear danger of
transmitting the virus to the suckling infant as it was shown that without the use of
antiretroviral prophylaxis, the rate of mother to child transmission (MTCT) is
approximately 30% to 35% (178).
These high transmission rates do not have to be the case, since another study
found that the MTCT of HIV during breastfeeding was correlated to the FAs
composition in breast milk. The study demonstrated an inverse relationship
between high levels of n6 PUFAs, dihomo‐γ‐linolenic acid (FA18: n6) and
arachidonic acid (FA20:4 n6) in breast milk and the risk of MTCT (45). This study
is further supported by in vitro studies showing that the n6 PUFAs, linoleic acid is
a potent protective FAs against lipid coated microorganisms(179). Thus for HIV, or
virally infected mothers, a targeted dietary intervention aimed to increase the n6
PUFAs levels in breast milk, may be an option, in order to prevent viral
transmission to their breastfeeding infant. Such studies have demonstrated that
FAs have detergent like effects on lipid coated microorganisms causing them to
lyse, and that myristic acid, linoleic acid and monolaurin were the most potent,
among the MCFAs, LCFAs, and the monoglycerols respectively (Figure 8) (44, 180).
It is unknown so far if such protection against lipid coated microorganisms by FAs
is also found if they are fed via breast milk to infants. It could be that FAs in breast
milk may only be protective once activated when milk is digested by the infant or
that the interaction of FAs and other milk components is required (44). The latter
assumption is supported by findings showing that milk components can act
additively or synergistically as protectants, thereby reducing the concentration
required for individual components and so that the protective effect is more
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localised for example within the infant gut (179). The antiviral activity of the FAs
was also shown to be dependent on the presence of active lipase in the milk
(Figure 1.8) (43).

(a)

(b)

(c)

(d)

Figure 1.7
Scanning electron microscope showing effect of human milk and linoleic acid on culture of
vero cells previously inoculated with vesicular stomatis and herpes simplex virus type 1. The cells were incubated
at 370C for 30 minutes in (a) human milk that was stored at ‐860C for four days, (b) milk that was stored for four
days at 40C, (c) maintenance medium (control) and (d) linoleic acid (1 mg/ml of maintenance medium). In (a) and
(c) the cell membranes remain intact whereas in (b) it was partly disintegrated and in (d) completely disintegrated.
In (a) the lipase was not active and so there were limited levels of FAs to have a significant impact on antiviral
activity while in (c) there were no fatty acids present. In (b) the lipases were active and there were some antiviral
activity which resulted in partial disintegration of cell membrane whereas in (d) the concentration of linoleic acid
was such that there was complete disintegration of the cell membrane. Adapted and modified from reference (43).

FAs also enhance the ability of protein to bind lipid membranes by increasing
hydrophobicity. It was reported that the attachment of palmitic acid to
haemagglutinin (palmitoylation) of influenza A virus facilitates attachment of the
virus to the target cell and thus replication of the virus (181). Similarly it was also
reported that the bonding of myristic acid to the structural protein
(myristoylation) of the human rhinovirus, (most common cause of common colds)
was necessary for attachment of the virus to the target cell membrane and thus
replication of the virus (182). These reports initially appear to show conflicting
roles for palmitic and myristic acid in providing protection and also aiding viral
replication. However closer examination of the in vitro studies by Thomar et al.
(1986) show that the concentration of FAs required for similar antiviral effect
varies between FAs and for palmitic and myristic acid, they are 78 mM and 16 mM
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respectively (43). Below this concentration the FAs effectiveness against viruses
appear to be limited. It may be that, the role of myristic acid is dependent on its
concentration and that low levels of myristic acid enables myristoylation whereas
higher levels are antiviral. The exact mechanism by which this occurs is not clear.
A maternal infection appears to have no effect on either the amount of total
protein or lactose in breast milk during either early or established lactation,
despite changes in serum protein concentrations (183, 184). However, little is
known in this context about FAs composition in breast milk. For example are
protective FAs increased in breast milk during maternal infections or does the
composition of FAs in breast milk change under such circumstances?
1.5.3 Effect of preterm delivery on milk composition
Significant differences in the levels of macronutrients have been reported in
preterm compared to term milk with higher levels of protein and fat by
approximately 10 % but lower levels of lactose in preterm milk, by approximately
8 % (13, 16, 17, 185‐187). As lactose is a known osmotic agent and a regulator of
milk volume, lower levels of lactose are expected to be associated with lower milk
volume (21, 90). The lower lactose levels are likely due to less mature lactocytes in
mothers with preterm infants since complete differentiation of the breast during
pregnancy has been interrupted prematurely (48, 188). The combination of a low
milk volume and increased production of specific proteins, such as secretory IgA
and lactoferrin could account for the higher levels of protein in preterm compared
to term milk. However, the reasons for higher fat in preterm milk are not clear. It
may be possible that lower levels of lactose compared to that of term milk results
in smaller milk volume and thus higher fat concentration in preterm milk. De novo
synthesised MCFAs contributes up to 13% of the total FAs composition in term
milk and even though levels of MCFAs are reported to be higher in preterm
compared to term, (189) (approximately up to 6% of total FAs) it is unlikely to
account for the differences in fat concentration as the major contributor (85%) is
by preformed (189‐192). Thus the higher fat concentration in preterm milk may be
due to a higher contribution of preformed FAs to total FAs composition prior to full
maturation of the lactocytes.
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It is estimated that 80% of the LC‐PUFAs DHA in the foetal brain is produced from
26 weeks of gestation to parturition (193, 194) . Premature birth disrupts this
otherwise complete transfer of DHA and thus these infants become dependent on
their mothers preterm milk to provide for any shortages. A recent review
concluded that levels of PUFAs in preterm milk were higher compared to term
milk but there were no significant differences between the levels of the major
preformed FAs, palmitic and oleic acid (195). The higher levels of PUFAs is
consistent with the idea that dietary FAs contribute more to FAs composition prior
to full maturation of the lactocytes while the consistent levels of palmitic and oleic
acids between term and preterm milk suggests that the mammary gland has the
ability to maintain a constant relationship between the two FAs.

1.6 Preterm milk production and composition
1.6.1 From secretory activation to early established lactation
Preterm babies are unable to breastfeed and therefore their mothers must express
their milk with a breast pump which is then delivered to the baby by enteral
feeding. Despite the use of breast pumps, many of these mothers face difficulties in
successfully initiating and maintaining adequate milk production. It has been
reported that mothers with preterm infants have a mean 24 hour milk production
at day five postpartum of 180 ml compared to 685 ml for mothers with term
infants (196, 197).
A major determinant of optimum milk production is successful secretory
activation by day five postpartum. In term mothers, secretory activation occurs at
30 to 40 hours postpartum and that greater than three days is defined as delayed
secretory actiavtion (198) However, studies have shown that most preterm
mothers have delayed secretory activation and thus take longer to achieve optimal
milk production (20, 199). In addition preterm mothers’ whose milk production is
consistently below 350 ml per day are thought to have impaired secretory
activation. It is possible that immaturity of lactocytes is a major factor limiting
successful secretory activation in these mothers (48).
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Based on clinical observations, Meier et. al. 1999 proposed that the milk
production goal of mothers of preterm infants should be set at 750 to 1000 ml per
24 hours for the first ten days postpartum or 750ml by day 15 postpartum (200).
This ambitious goal was justified on the basis of a potential fall in milk production
later in lactation and the increasing requirements for breastmilk as the infant
develops. This latter goal was suggested to ensure that adequate milk would be
available for the preterm infant at discharge. These observation recommendations
need to be supported by scientific investigations of progressive measurements of
milk production of mothers with preterm infants. However, most studies report
that the daily average milk production during the first two weeks postpartum, are
below target (19, 200‐203). Hill et al. (2005) reported the average daily milk
production (± SD ml) during the first two weeks postpartum for preterm and term
were 496.1 ±545.7 ml and 525.5 ±270.0 ml, respectively, which suggests that these
target values are set at an idealistically high value.
Most studies aimed at improving milk production have mainly focused on pumping
frequency and pump design (202, 204‐207). A recent study in 2009 by Morton et al
reported that increased frequency of hand expression during the first three days
postpartum combined with electric pumping was associated with higher milk
production (208). They reported that mothers in the highest frequency group (> 5
hand expressions per day) achieved an average of 955 ml (±667ml SD) by day 56
postpartum, which suggests that increased stimulation of milk production during
early lactation could be predictive of that in later lactation. In another study it has
been reported that milk production at days six to seven postpartum (early
lactation) is predictive of that at day 42 postpartum (later lactation) [p<0.001]
(19).
There have been a number of studies that investigate the concentration of
macronutrients in preterm milk and compared them to those in term milk from
secretory activation to early established lactation, i.e. from days 1‐14 postpartum
(7, 13, 15, 16, 209). These studies reported wide variations in the concentration of
macronutrients in preterm milk especially of fat and that the concentration of fat
and protein was higher whereas lactose was lower in preterm compared to term
milk. In addition it was also reported that the composition of preterm milk
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approaches that of term milk by the days 28 postpartum (186)”. Of these studies,
only one related composition to volume and reported a significant inverse
relationship [p<0.05] between concentration of protein and milk production
during the first four weeks postpartum (13). Further studies are required to
identify the relationship between key macronutrients and the ability to predict
milk production later in lactation.
1.6.2 From established to late lactation
There are concerns as to why some preterm mothers are not achieving satisfactory
milk production in established lactation (19, 201, 202). One recent study
compared the mean daily milk production (g /24 hours) between mothers with
preterm and term infants on days 21, 28, 35, and 42 postpartum (19). It was
observed that the daily mean productions of both preterm (~ 550 g/24 hours) and
term milk (~ 650 g/24 hours) was consistently lower than the recommended
production value for preterm milk (728 g or 750 ml g/24 hours) and that the
initial volumes for preterm milk (4.4 g/24 hours) are very much lower compared
to that of term milk (168.5 g/24 hours) (Table 1.1).

Days
postpartum
21
28
35
42

Mean daily milk output (g/24 hours)
Preterm
Mean ± SD
Range
565.7 ±428.5
4.4 – 2090.9
555.7 ±443.6
3.6 – 2097.2
548.1 ±456.4
1.7 – 2010.5
541.5 ±450.9
0.2 – 2156.1

Term
Mean ± SD
612.4 ±184.2
647.7 ±647.7
665.9 ±199.6
668.2 ±209.7

Range
168.5 – 1348.8
201.0 – 1331.5
169.2 – 1561.8
142.6 – 1328.4

Table 1.1

Mean daily milk output of mothers with term and preterm infants. 24 hour milk production
measured on days 21, 28, 35, and 42 postpartum (n = 193). The mean daily milk outputs of term milk are
consistently higher than that of preterm milk but were below the recommended outputs. Adopted and modified
from reference (19).

In addition there appears to be more variability in breast milk production values of
preterm compared to term mothers. This variability is thought to be due to an
absence of output regulation during mechanical expression of preterm milk
whereas breast fed term infants regulate their own feed (210, 211).
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There have also been studies that investigate the concentration of macronutrients
in preterm milk compared to term milk during established lactation (from day 14
onwards) (13‐15). These studies also reported similar findings of higher
concentration of protein and lower concentration of lactose in preterm milk
compared to those in term as seen in early lactation. However none reported of
any significant association between the concentration of macronutrients and milk
production. In addition it was also reported that the composition of preterm milk
approaches that of term milk by the days 28 postpartum(186).

1.7 Establishing breast dominance
Establishing the most productive (dominant) breast would be desirable to achieve
a high milk production. Studies to establish whether there is a dominant breast
within mothers with preterm infants have reported conflicting results due to the
absence of a standard definition for the dominant breast (212‐214). The proposed
standard definition of a dominant breast is as follows:
i.

If there was a daily difference in production of ≥10% of the total volume
produced in the same 24 hour period. This value was arbitrarily chosen as it
was thought 10% was a substantial difference in a day especially if
consistent over a long period of time.

ii.

If the daily difference was significantly higher in that breast on 50% or
more of days, during the study period. This is to overcome inconsistencies
whereby dominance fluctuates between breasts with days postpartum

1.8 Conclusion
Feeding preterm infants their own mothers’ milk is the most preferable feeding
option due to the significant benefits of protection against pathogenic enteric
microorganisms and improved neurodevelopment which is not achieved by
feeding with milk formula (1). However low milk production by mothers, is often a
problem preventing breastmilk feeding. These low volumes are associated with
delayed or impaired secretory activation (196). While prolactin plays an important
part in establishing secretory activation, high stress levels are associated with
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increased concentration of prolactin inhibitors (60). Thus a combination of
premature birth and high stress levels may have an inhibitory effect on the proper
maturation of lactocytes. This immaturity in turn could be a limiting factor
delaying or preventing successful secretory activation, which could also impact on
the synthetic capacity of lactocytes and account for the variations in concentration
of macronutrients between mothers. Citrate, which is a marker for successful
secretory activation, is significantly lower in mothers with low milk production
compared to those with normal milk production. It may be possible that the
immaturity of the lactocytes limits the mitochondrial generation of citrate. This
could account for the significantly lower concentration of citrate in mothers with
low milk production. Citrate, as a precursor, is also required for de novo synthesis
of MCFAs in lactocytes. Whether low concentrations of citrate also limit the
synthesis of some FAs is yet to be established.
The immaturity of the lactocytes could also affect the Golgi and ER based
production of lactose and proteins respectively. Whereas lactose is a known
osmotic agent and decreased concentration of lactose is expected to have a
negative effect on milk production, changes to protein concentration are not
expected to affect milk production.
Variations in milk protein concentrations are now thought to be the reason for
under fortification of protein in fortified human milk. This is problematic as
preterm infants fed on under fortified human milk have lower growth rates
compared to those on formula feed (95).
Despite differences in maternal diet, FAs composition is remarkably consistent
with differences restricted to a few classes of FAs (215‐220). This suggests that the
mammary gland plays a regulatory role overriding the impact of maternal diet in
determining the FAs composition in milk. It is thought that the mammary gland
establishes significant relationships between FAs during lactation so as to
maintain the fluidity of TAG in milk (31).
FAs are thought to provide protection to the infant prior to full immune
maturation. In vitro studies have shown that both myristic and linoleic acid are
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potent protectants against lipid coated microorganisms (179, 180, 221). However,
so far there is only one comparable study described in the literature that
investigates FAs composition in breast milk and the risk of a viral infection (45).
That study reported an inverse relationship between increased concentration of
n6 PUFAs in breast milk and the risk of mother to child transmission (MTCT) of
HIV from the infected mother. The relationships between FAs composition and
infection in a more general context have yet to be investigated.

1.9 Aims
Therefore the aims of this thesis are:
1.

To investigate the variation in the concentration of milk macronutrients

and relate this to milk production during the first two weeks postpartum
(secretory activation to early established lactation), in preterm milk.
2.

To identify the relationships between different classes of FAs during the

first two weeks postpartum, in preterm milk.
3.

To investigate the variations in concentrations of milk macronutrients

related to milk production during established lactation (day 15‐57), in preterm
milk.
4.

To investigate whether infections (cold‐like symptoms) in either the

nursing mother or breastfeeding infant, impacts on levels of protective FAs in
breast milk.
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Chapter 2:

Relationship between milk composition

and production of preterm mothers during first two
weeks postpartum

2.1 Introduction
Mothers with preterm infants are said to have successfully initiated lactation,
when their daily total milk production at day five postpartum is greater or equal to
350ml (1). From then on the milk production target set for these mothers is 700 to
1000 ml per day (24 hours) for the first ten days postpartum or 750ml by day 15
postpartum (2). However studies into milk production in these mothers during the
first two weeks postpartum reported milk productions that were well below the
set targets, which suggest that these values may be too optimistic (2‐6). So far most
efforts to improve milk production in these mothers have mainly focused on
improving the breast pumping process and there has been scarce data on the
relationship between milk production and that of macronutrient concentration (6‐
10).
Studies into milk macronutrient concentration have mainly focused comparisons
between term and preterm milk. These comparison studies reported that during
the first two weeks postpartum the concentration of lactose was lower in preterm
milk compared to that in term milk while that of protein was higher (11‐15).
Studies that related macronutrient concentration to milk production in preterm
milk during the first two weeks postpartum reported that while there was a
significant [p<0.05] negative relationship between milk production and protein, it
was significantly positive with both lactose and citrate (16, 17). In addition, it was
also reported that there were wide variations in concentration of protein and
lactose in preterm milk between the mothers (12, 18). Failure to acknowledge the
variation in concentration of protein result in under fortification of preterm milk in
some infants and thus lower growth rates in these infants compared those infants
fed on preterm formula (19).
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Another milk component that was shown to vary with milk production is citrate.
Citrate is identified as a secretory marker due to a sharp increase in its
concentration during secretory activation (onset of copious milk secretion) and
that delayed or impaired initiation of secretory activation is associated with low
levels of citrate (20‐24). As citrate is a product of the TCA cycle in the
mitochondria, its production is affected by the maturity of the mitochondria (25).
In addition, citrate also plays an important role in the de novo synthesis of medium
chain FAs (Figure 1.5). The de novo MCFAs refer to capric (10:0), lauric (12:0), and
myristic (14:0) acids which are synthesised by lactocytes in the mammary gland
(26). Cytosolic acetyl CoA is generated in the cytosol when citrate is converted
back to acetyl CoA and oxaloacetate by ATP‐citrate lyase, thus providing substrate
for both NADPH and malonyl CoA synthesis (27, 28). In addition as citrate
allosterically regulates acetyl CoA carboxylase, a high concentration of citrate is
thought to drive the conversion of acetyl CoA into malonyl CoA and thus increased
de novo synthesis of MCFAs (29). Thus higher proportions of de novo MCFAs are
expected to be associated with higher milk production due to the close relationship
between citrate and de novo MCFAs.
In addition to investigating the association between milk production and milk
macronutrient concentration, this study will also investigate whether there is a
predictive nature in milk production for mothers with preterm infants. A recent
study reported that increased frequency of hand expression during the first three
days postpartum combined with electric pumping was associated with higher milk
production (30). They reported that mothers in the highest frequency group (> 5
hand expressions per day) achieved an average of 955 ml (±667ml SD) by day 56
postpartum, which suggests that increased stimulation of milk production during
early lactation could be predictive of that in later lactation. Similarly, Meier et al.
(2011) (67) applied breast pump suction patterns that mimicked the suction
patterns of healthy‐term breastfeeding babies from birth to secretory activation
and found that in pump dependent preterm mothers the application of these
patterns significantly increased milk production from day 6 to day 13 of lactation.
Furthermore a study by Hill et al. (2005) reported that milk production at days six
to seven postpartum (early lactation) is predictive of that at day 42 postpartum
50.

(late lactation) [p<0.001] which raises the question whether milk production
during secretory activation (day five postpartum) is predictive of that during early
established and late lactation, day 14 and 57 postpartum respectively (4).
Thus the primary aim of this study was to investigate the variation in the
proportion of preterm milk macronutrients and relate this to milk production,
during the first two weeks postpartum (secretory activation to early established
lactation). The secondary aim was to investigate the predictive nature of milk
production.

2.2

Methods

2.2.1 Study population
A research group at Stanford University led by Professor Jane A. Morton recruited
mothers with preterm babies that had ≤ 30 week’s gestations and a birth weight of
≤1, 500 grams. Mothers were excluded if they had a history of breast surgery,
substance abuse or serious chronic medical conditions that would render them too
ill to satisfy the demands of the study.
2.2.2 Milk production values
Mothers were provided a hospital‐grade breast pump (Symphony, Medela, Inc.,
McHenry, IL) and instructed to record daily in their logbook the times and the
volume of milk (to the nearest ml) that they expressed at each expression from
each breast from days one to 57 postpartum. Each reported value is the total milk
expressed from both left and right breast daily.
2.2.3 Milk collection
Milk samples were collected into pre‐labelled 1 ml cryogenic vials (Econo‐lab, Inc.,
Chambly, QC, Canada). Daily milk samples were collected separately from the right
and the left breast at approximately the same time of day from days one to seven
and from days nine to 14 postpartum, see Table 2.1 below. Weekly milk samples
were also collected separately from the right and the left breast beginning on day
eight to day 57 postpartum. The weekly samples involved collecting samples from
each milk expression over a 24‐hour period. Mothers were also asked to record the
times and volumes of milk expressed from each breast during the course of the
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study. Samples were frozen at ‐200 C immediately after collection and transported
on dry ice to the Hartmann Human Lactation Research Group, Australia and stored
at ‐800 C until time for analysis.

Days

1
7

Week

8

9
14

2

Recorded Milk
production
(every expression)

X

Sample collection
every expression
per day

X

15

16
21

3
X

X

Table 2.1

X

X

22

23
28

4
X

X

X

29

30
35

5
X

X

X

36

37
42

6
X

X

X

43

44
49

7
X

X

50

51
56

8
X

X

57

9

X

X

X

X

X

Milk collections and production as defined by the complete study.

2.2.4 Ethics approval
The Human Research Ethics Committee of The University of Western Australia
(RA/4/1/1498) and the Stanford University Institutional Review Board gave ethics
approval for this study.
2.2.5 Analysis of lactose
Lactose analysis was based on an original method by Kuhn and Lowenstein (1967)
and modified by Arthur et al. (1989) (31, 32). Milk samples and lactose standards
were defatted and the lactose concentration was measured in the skim milk. The
recovery of a known amount of lactose added to defatted milk samples, after
subtracting the endogenous lactose present was 99.5 ± 2.3 % (n=10). The
detection limit of this assay was 11.3 ±0.3 g/l (n=10) and the coefficient of
variation for recoveries between assays (inter‐assay coefficient of variation) was
5.3 %. Each reported lactose value is the average of left and right breast milk
samples.
2.2.6 Analysis of protein
Similarly the protein assay was done on defatted milk samples. To overcome the
problems inherent in the choice of a human milk standard, the protein
concentration of an aliquot of mature breast milk sample was determined by a
method described by Atwood & Hartmann 1992 (33). The remaining sample was
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then diluted with double deionised water to provide a range of standards (0–1 g/l).
The defatted milk samples were diluted 1 in 30 and analysed using the Bio‐Rad
protein assay reagent (Hercules, CA, USA) as described by Mitoulas 2002 (34). The
recovery of a known amount of protein added to the defatted milk samples was
100.5 ± 3.8 % (n=7). The detection limit of this assay was 0.14 ±0.02 g/l (n=10)
and the inter‐assay coefficient of variation was 6.6 % (n=10). Each reported
protein value is the average of both left and right breast samples.
2.2.7 Analysis of citrate
Citrate was analysed using a method originally developed by Dagley (35), and
modified by adding 1.0 M Perchloric acid (HClO4) to precipitate the protein. The
recovery of 2.5mM citrate added to defatted and deproteinised milk samples were
99.3% with a coefficient of variation of 3.4% (n=10). Each reported citrate value is
the average of both left and right breast samples.
2.2.8 Analysis of fatty acids
Total lipids were extracted using chloroform: methanol (2:1, v/v) and the extracts
evaporated to dryness under nitrogen (40, 41). FAs were then transesterified using
1% H2SO4 in methanol for 2 hours at 70C (42, 43). After cooling the resulting
methyl esters were extracted into n‐heptane and transferred to vials containing
NaHCO3 as a dehydrating agent. FA methyl esters (FAME) were then separated and
quantified using a Shidmadzu 2010 gas chromatograph equipped with a 50m
capillary column (0.32 mm internal diameter) coated with BPX‐70 (0.25 µm film
thickness; SGE Pty Ltd., Ringwood, VIC, Australia). Each sample (3 µl) was then
injected onto the column using an automatic injector (Shimadzu AOC 20i,
Shimadzu Corporation, Kyoto, Japan) at a split ratio of 20:1. The injector
temperature was set at 250C and the detector (flame ionisation) temperature at
300C. The initial oven temperature was 130C. The temperature was initially
programmed to rise to 155C at 50C/min, then slowly to 165C at 10C/min, then
back at 50C/min to 230C and finally at 10C/min to 250C where it is held for 5
minutes. Helium was used as the carrier gas at a velocity of 35.0 cm3/min.
Identification of FA peaks were calculated by comparing the retention times to that
of known FAME standards (Sigma – Aldrich, St Louis, Missouri, USA). The recovery
of 17:0, added as heptadecanoylglycerol to milk prior to extraction with respect to
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the addition of 15:0 (added as pure methyl pentadecanoate after
transesterification) was 99.6 % with coefficient of variation of 1.6 % (n=10).
Individual FA peaks were quantified as a percentage of the total area under FA
peaks and reported as a % of total FA and each reported value is the average of
both left and right breast samples. The coefficient of variation of the
concentrations of 12:0, 16:0, 18:1 n9, 18:2 n6 and 22:6 n3 over 5 separate
extractions were 1.7, 2.3, 2.1, 2.0 and 1.4 % respectively. The coefficient of
variation of the concentrations of 12:0, 16:0, 18:1 n9, 18:2 n6 and 22:6 n3 over 5
separate GC injections were 0.4, 0.5, 0.5, 0.5, and 0.6 % respectively.
2.2.9 Statistical analysis
Descriptive data analysis was done on Microsoft Excel (36) and correlation
analysis was done using the R statistical program (37). A p value of <0.05 was
considered statistically significant.
Linear mixed models were used to correlate between total milk production and
both the concentration of macronutrients and the concentration of citrate whether
considered alone, or with effects of day (using both linear and quadratic models).
Similar models were used in the correlation between the concentration of citrate
and that of de novo synthesised FAs.
Correlations in total milk production between initiation and established lactation
was performed by a linear regression model that used a volume at day 5 as the
predictor, and the volume at days 14 as the response.

2.3

Results

2.3.1 Study population
There were 68 mothers recruited to the study. However at the beginning of the
first week postpartum there were 63 mothers left in the study as five mothers had
withdrawn from the study as their preterm infants had deceased. The mean age of
the mothers was 32.7 years (range 18 – 50). The mean gestational age of the
infants was 28 weeks (range 23.9 – 30.7) and the mean birth weight was 1026 g
(range 534 – 1498).
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2.3.2

Variation in daily total milk production during the first two weeks

postpartum

Milk production in mothers of preterm infants (n= 63 mothers) was assessed
between days 1 – 14 postpartum using the mothers’ daily recorded milk volumes.
These values were used to calculate the daily total milk production for each
mother. Boxplots to show the median and inter‐quartile (IQR) distribution, 25th to
75th percentile of the daily total milk production for all the mothers during the first
two weeks postpartum is shown in Figure 2.1. The asterisk indicates the mean of

Daily total milk production (ml)

the daily total milk productions.

350

Day’s postpartum

Figure 2.1

Variation in daily total milk production across first two weeks postpartum. The y‐axis
represents the daily total milk production whereas the x‐axis represents days postpartum. The box represents the
interquartile distribution (25th – 75th percentile). The black bar represents the median while the asterisk represents
the mean. All outliers included in analysis (>1.5 times interquartile range) are indicated with ‘o’.

One mother whose daily total milk production at day five postpartum was at 1670
ml was considered an outlier and thus omitted from further analysis. All other
outliers were included in analysis. From day’s three to five postpartum, there was
a sharp increase in the median (± IQR ml) of the daily total milk production values,
from 41.0 ±77 ml to 206.0 ±242 ml respectively, which by day 14 postpartum was
at 489.0 ±390 ml. Similarly the mean (± SD ml/day) of the daily total milk
production values increased sharply from day three to five postpartum, from 70.0
±14.0 ml/day to 217.0 ±178.0 ml/day, which by day 14 postpartum was at 549.0
±51.0 ml/day.
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On day five postpartum only 15 % of the mothers (n=8 mothers) had daily total
milk production values greater than 350 ml per day (successful secretory
activation), which then rose to 60 % (n=31 mothers) by day 14 postpartum.
However at day 10 postpartum, only 15% of the mothers (n=10 mothers) recorded
daily total milk production values greater than 700 ml as recommended by Meier
et al. (1999). While this figure did rise to 23% (n=12 mothers) by day 14
postpartum, the majority of mothers (n=40 mothers) on day 14 postpartum were
still below the recommended daily total milk production target.
There was a significant [p<0.0001] relationship between milk production at day 5
and 14 postpartum while the linear regression model showed the adjusted R2 value
to be 0.45.
2.3.3 Variation in macronutrients
Of the 63 mothers remaining in the study by the end of two weeks postpartum,
only 54 mothers had sufficient sample volumes (n=1056 samples) for lactose and
protein analysis. Figure 2.2 below shows the magnitude of the changes in
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Daily average macronutrient
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macronutrient concentration and milk production across days postpartum.

6 7 8 9 10 11 12 13 14
Day Post Partum

Figure 1.2

Plots of daily average protein, lactose, and milk production against day postpartum. From day 1
to 14 postpartum there is a significant increase of lactose concentration [p<0.001] against milk production.
However for protein the decrease in concentration against milk production becomes statistically not significant
across days postpartum. Error bar represents standard deviation
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2.3.3.1

Lactose

The median and the distribution (25th to 75th percentile) of the daily
concentration of lactose (g/l) were then calculated for each mother from days one
to 14 postpartum and plotted in Figure 2.2. There were wide variations in the daily
concentration of lactose both within and between the mothers from days two to 14

Daily concentration of lactose (g/l)

postpartum with values ranging from a minimum of 9.9 to a maximum of 94.1 g/l.
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Figure 2.3

Variation in daily lactose concentration first two weeks postpartum for individual mothers.
Lactose concentration is on y‐axis and days postpartum on x‐axis. Boxplots show the interquartile distribution
(coloured box) and median (shown as a bar). All outliers included in analysis (>1.5 times interquartile range) are
indicated with ‘o’.

Similarly boxplots showing the median (black bar) and the distribution (25th to
75th percentile) of the daily concentration of lactose (g/l) for all the mothers on
days one to 14 postpartum are plotted in Figure 2.3. There was a sharp increase in
the median of the daily concentration of lactose (± IQR) from day’s two to four
postpartum, from 31.0 ±19.1 g/l to 55.0 ±10.1 g/l respectively, while from day’s
five to 14 postpartum, this increase was more gradual, from 57.7 ±10.6 g/l to 66.4
±10.8 g/l. The asterisk in Figure 2.3 represents the daily mean concentrations
(±SEM g/l) of lactose for all the selected mothers. The increase in the daily mean
concentration of lactose from day one to 14 postpartum, 36.5 ±10.0 g/l to 67.4 ±
0.8 g/l respectively, was significant [p<0.05].
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Daily concentration of lactose (g/l)

Days postpartum

Figure 2.4

Variation in the daily concentration of lactose (mean ± SEM g/l) across the first two weeks
postpartum. The boxplots show the median (black bar) and interquartile range (25th to 75th percentile) and the red
asterisk (*) represents the average concentration of lactose of all mothers during that day. All outliers included in
analysis (>1.5 times interquartile range) are indicated with ‘o’.

2.3.3.2

Protein

The median and the distribution (25th to 75th percentile) of the daily
concentration of protein (g/l) were calculated for each mother from days one to 14
postpartum and plotted in Figure 2.4. There were wide variations in in the daily
concentration of protein both within and between the mothers from days one to 14
postpartum with values ranging from a minimum of 9.27 g/l to a maximum of
131.00 g/l
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Figure 2.5

Variation in protein concentration first two weeks postpartum for individual mothers. Protein
concentration is on y‐axis and days postpartum on x‐axis. Boxplots show the interquartile distribution (coloured
box) and median (shown as a bar). All outliers included in analysis (>1.5 times interquartile range) are indicated with
‘o’.

Box plots showing the median (black bar) and the distribution (25th to 75th
percentile) of the daily concentration of protein (g/l) for all the mothers on days
one to 14 postpartum are plotted in Figure 2.5. From day’s two to four postpartum,
there was a sharp decrease in the median of the daily concentration of protein (±
IQR), from 23.24 ±5.2 g/to 18.58 ±5.5 g/l respectively, which by day 14
postpartum was at 18.14 ±4.1g/. The asterisks in Figure 2.6 represent the daily
mean concentrations (±SEM g/l) of protein. The decrease in the daily mean
concentration of protein from day one to 14 postpartum from 25.76 ±2.08 g/l
to17.89 ±0.3 g/l), respectively was significant [p<0.05].
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Daily concentration of protein (g/l)

Days postpartum

Figure 2.6

Variation in the daily concentration of protein (mean ± SEM g/l) across first two weeks
postpartum. The boxplots show the median (black bar) and interquartile range (25th to 75th percentile) and the red
asterisk (*) represents the average concentration of proteins of all mothers during that day. All outliers included in
analysis (>1.5 times interquartile range) are indicated with ‘o’.

2.3.3.3

Citrate

A sharp increase in concentration of citrate was associated with successful
secretory activation. Mothers (n=18 mothers, n=322 samples) were randomly
selected for citrate analysis during the first two weeks postpartum. There was no
value for daily mean citrate concentration on day one postpartum, as the sample
volumes available were not sufficient for citrate analysis. Thus analysis was from
day two postpartum onwards. The median and the distribution (25th to 75th
percentile) of the daily concentration of citrate (mM) were calculated for each
mother from days two to 14 postpartum and plotted in Figure 2.6. There were
wide variations in in the daily concentration of citrate both within and between the
mothers from days two to 14 postpartum with values ranging from a minimum of
0.17 mM to a maximum of 6.08 mM.
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Figure 2.7
Variation in citrate concentration first two weeks postpartum for individual mothers. Citrate
concentration is on y‐axis and days postpartum on x‐axis. Boxplots show the interquartile distribution and median
(shown as a bar). All outliers included in analysis (>1.5 times interquartile range) are indicated with ‘o’.

Box plots showing the median (black bar) and the distribution (25th to 75th
percentile) of the daily concentration of citrate (mM) for all the mothers on days

Daily concentration of citrate (mM)

two to 14 postpartum and plotted in Figure 2.7.

Days Postpartum

Figure 2.8

Variation in the median daily concentration of citrate across first two weeks postpartum.
Citrate concentration is on y‐axis and days postpartum on x‐axis. Boxplots show the interquartile distribution and
median (shown as a bar). All outliers included in analysis (>1.5 times interquartile range) are indicated with ‘o’.
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2.3.3.4

de novo synthesised fatty acids (FAs)

FAs play many important roles in the development of the infant including that of
cognitive and visual development. Mothers (n=18 mothers, n=504 samples) were
randomly selected for FAs analysis during the first two weeks postpartum. FAs
were grouped according to their categories of i) de novo synthesised FAs (capric,
lauric, and myristic acid), ii) preformed FAs (palmitic, palmitoleic, stearic, and oleic
acid), and iii) essential FAs (linoleic, α‐linolenic, arachidonic, and docosahexaenoic
acid). The median and the distribution (25th to 75th percentile) of the daily
proportion of de novo FAs (% of total FAs) were calculated for each mother from
days two to 14 postpartum and plotted in Figure 2.8. There were wide variations
in the daily proportion of daily proportion of de novo FAs (% of total FAs) both
within and between the mothers from days two to 14 postpartum with values

Daily concentration of de novo FA (% of total FA)

ranging from a minimum of 5.12 to a maximum of 26.13 (% of total FAs).
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Figure 2.9

Variations in de novo FAs proportion first two weeks postpartum for individual mothers.de
novo FAs proportion is on y‐axis and mothers’ ID on x‐axis. Boxplots show the interquartile distribution and median
(shown as a bar). All outliers included in analysis (>1.5 times interquartile range) are indicated with ‘o’.

Similarly the distribution of the daily proportion of de novo FAs for all the mothers
on days two to 14 postpartum is shown in Figure 2.9. Boxplots were used to show
the median (black bar) and the distribution (25th to 75th percentile) of the daily
proportion of de novo FAs (% of total FAs). From day’s three to six postpartum
(secretory activation), there was a sharp increase in the median proportion of de
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novo FAs, from 6.17 to 10.35 (% of total FAs) respectively followed by a gradual

Daily concentration of de novo FA (% of total FA)

increase to a value of 14.55 (% of total FAs) at day 14 postpartum.

Days Postpartum

Figure 2.10

Variation in the daily proportion of de novo FAs across first two weeks postpartum. The y‐axis
represents the daily proportion of de novo FAs (% of total FAs) while the x‐axis represents days postpartum while
the x‐axis represents days postpartum. All outliers included in analysis (>1.5 times interquartile range) are indicated
with ‘o’.

2.3.4 Relationships between milk production and the concentrations of
lactose, protein, citrate and de novo FAs
During the first two weeks postpartum, there was a significant positive
relationship between milk production and both the concentration of lactose and
citrate [p<0.05]. An increase in either the concentration of lactose or citrate
correlated to an increase in milk production across lactation. Similarly there was a
positive relationship between milk production and the proportion of de novo FAs
[p<0.05]. However there was no relationship between milk production and the
concentration of protein whereby an increase in milk production was not
associated with a decrease in the concentration of protein.
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2.3.5 Relationship between concentration of citrate and concentration of
lactose , protein and de novo FAs
During the first two weeks postpartum, there was a significant positive
relationship between the concentrations of citrate with lactose, while that with
protein was significantly negative [p<0.05].
Of the de novo FAs only myristic acid had a weak univariate relationship [p=0.05]
with citrate. However when milk production is taken into account, the relationship
between citrate and both myristic and lauric acid, becomes significantly positive
[p<0.05]. However when both milk production and days postpartum are taken into
account, only myristic acid remained with a significant positive relationship with
citrate [p<0.05].

2.4

Discussion

Successful secretory activation precedes high milk production (38). In this study
the daily total milk production at day five postpartum of most mothers (n=45 out
of 54 mothers or 83% of total) were less than 350ml, which suggests that most
mothers had delayed secretory activation (4, 24). The delay in secretory activation
in most mothers could be attributed to a delay in the full maturation of the
lactocytes(39).
Prolactin was reported to be necessary for successful secretory activation and thus
the establishment of lactation (40). However high stress levels were reported to
increase the concentration of prolactin inhibitors (41). Thus high stress levels as a
result of premature birth of the infant and the inability to breastfeed the infant
could delay the full maturation of the lactocytes and account for the delayed
secretory activation observed in these mothers. It is possible that delayed
secretory activation was furthered prolonged in some mothers whereby their daily
total milk production at day 14 postpartum, were less than 350ml (n=21 out of 52
mothers or 40% of total). Similarly, this could also account for the observation
that most of the mothers at day 10 postpartum (n=47 out of 55 mothers or 85%)
and at day 14 postpartum (n=40 out of 52 mothers or 77%) failed to achieve the
recommended daily total milk production of 700 ml, and that possibly the current
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recommended targets may have been set too high and too early in lactation for
mothers of preterm infants to achieve (2).
Similarly, the differences in maturation of lactocytes between the mothers could
also cause the variations in the concentration of macronutrients between the
mothers including that of lactose. Results of this study showed despite wide
variation in lactose concentration between mothers, there was a significant
increase in the mean concentration of lactose from day 1 – 14. Lactose is
synthesised in the Golgi bodies from glucose and UDP‐galactose and while glucose
is reported to enter the Golgi bodies freely, the entry of UDP‐galactose into the
Golgi bodies is an active process requiring energy (42). Energy for the process
would be limited if the lactocytes were not fully matured and thus differences in
lactocyte maturation could account for the variations in the concentration of
lactose between the mothers and also for the reported higher lactose values in
term compared to those in preterm milk (11‐13).
There is also an alternate view that the variations in macronutrient concentration
between mothers were due to varying responses of the mother to the individual
needs of each infant (14, 43‐50). While this may be true for breastfed infants who
are thought to be able regulate their feed, with the pump dependent mothers in
this study, it is more likely that these variations are a consequence of differences in
maturation of lactocytes (51, 52).
This study also demonstrated that the substantial variation in macronutrients
concentration between the mothers could be associated with the considerable
variations in milk production between the mothers. It was subsequently shown
that increased concentration of lactose was significantly [p<0.05] associated with
increased milk production which was consistent with the osmotic effect of lactose
(53, 54). The osmotic effect of lactose could also account for the increase in milk
production with citrate. Increased concentration of citrate is significantly
associated with increased milk production [p<0.05] and this could be due to the
osmotic effect of lactose as increased concentration of lactose was significantly
associated [p<0.05] with increased concentration of citrate. The positive
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relationship between citrate and lactose suggests that the synthetic pathways for
both milk components are linked.
In contrast to that of lactose, the concentration of protein was reported to be
higher in preterm milk compared to that of term milk (11‐13, 15, 16, 50). The very
high concentrations of secretory IgA (sIgA) and lactoferrin in colostrum together
with the low milk volume associated with preterm milk could account for the
higher concentration of protein in preterm milk compared to that in term milk
(55). This was confirmed by the results in this study that showed protein
concentration (mean ±SEM g/l) at day five postpartum to be at 20.30 ±0.4 g/l.
varied between mothers form a low of 13.0 g/l to a high of 32.0 g/l. Similarly to
lactose, the wide variations in concentration of protein between the mothers could
be due to the differences in maturity of lactocytes between the mothers. Protein
synthesis in the lactocytes is dependent on the uptake of amino acid from the
mothers’ circulation. However this process is reported to be adversely affected by
low levels of prolactin (42, 56). Thus different stress levels between the mothers,
results in variations in levels of prolactin inhibitors, which varies the impact on
amino acid uptake and thus lactocyte maturation and account for the wide
variation in concentration of protein between the mothers.
The observed decrease in net concentration of protein across days postpartum
could be due to the net effect of a reduction in specific protein expression during
secretory activation together with an increase in water content with days
postpartum (57). However despite the significant [p<0.05] decrease in net
concentration of protein across day’s postpartum and the significant [p<0.05]
relationship between the concentration of protein and citrate, there was no
significant relationship observed between the deceasing concentration of protein
and increasing milk production during the first two weeks postpartum. This may
be due to the very small changes in protein concentration observed after day two
postpartum.
On the other hand, increased milk production is significantly [p<0.05] associated
with increased proportion of de novo FAs. The close association between milk
production and the proportion of de novo FAs is thought to be due to the close
66.

relationship between the synthesis of de novo FAs and citrate whereby increased
concentration of citrate is thought to increase the production of de novo FAs.

2.5

Conclusion

There are wide variations in both macronutrients and milk productions between
the mothers in the study. The significant positive relationship between
concentration of lactose and milk production was consistent with the osmotic
potential of lactose. Similarly the significant positive relationship observed
between citrate and milk production may be due to the positive relationship of
citrate with lactose where increased citrate is accompanied by increased in lactose.
The weak significant positive relationship between free citrate and de novo FAs
implies that both free citrate and calcium citrate are required for de novo FAs
synthesis. The variations in milk production and concentration of macronutrients
observed between mothers could be accounted for by differences in maturation of
the lactocytes between the mothers. As maturation of lactocytes is closely
associated with optimum levels of prolactin, further studies could involve
measuring the maternal blood prolactin levels to establish whether there is a
significant association between serum prolactin levels in the mothers and both
their milk production and macronutrients concentration. Effort should be directed
to optimising milk production by day five postpartum to ensure optimal success
for subsequent milk production
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Chapter 3
Relationships between fatty acids in
preterm milk during the first two weeks postpartum

3.1

Introduction

A comparison of FAs composition in term milk between mothers across 15
different countries revealed a fairly consistent FAs composition with the
exceptions of MCFA, monounsaturated (MUFA), and DHA despite differences in the
maternal diet (1). Differences in the maternal diet refer to differences in fat
content and type, which is largely determined by their geographical locations.
Women in rural Africa would have lower levels of fat in their diet compared to
those in Europe while those who derived their fat from plants e.g. olive oil would
be of different type to those derived from animals and fish. In addition the content
of their carbohydrate content would also be dependent on the type of type of fat
content would also differ with those obtaining fat from the sea to those from land.
In addition, the mammary gland also determines the FAs composition in TAG by
exerting its own influence over that of the maternal diet (2). The mammary gland
is thought to maintain the fluidity of TAG in milk by keeping the melting point of
TAG below that of the physiological temperature of the body (2). This ability is
facilitated by fixed relationships between FAs, which ensures there will always be
more FAs with lower melting points present in TAGs. This suggests that the
mammary gland has the ability to exert its effect on FAs composition despite
differences in maternal diet.
Earlier studies on the relationship between FAs in term milk reported an inverse
relationship between MCFAs and LCFAs (3, 4). When the nursing mothers were
subjected to a low fat but high carbohydrate diet the levels of MCFA increased
while that of LCFAs decreased. However, when the diet was switched to a high fat
but low carbohydrate diet the levels of MCFAs decreased but that of LCFAs
increased. A recent study that investigated the relationships between FAs across
six months of lactation also reported of an inverse relationship between levels of
MCFAs and LCFAs(5). Thus it may be possible that a supplementation of the diet of
mothers with preterm infants with DHA for can boost DHA levels in breastmilk and
additionally may decrease the proportion of other FAs specifically of MCFAs.
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Despite limited analytical data, the use of targeted dietary supplementation is
gaining support with a number of studies showing the benefits of dietary
supplementation with n3 PUFAs (6‐8).
The primary aim of this study was to investigate the relationships between milk
production and the three groups of FAs, de novo, preformed and essential, in
preterm milk. The secondary aim was to examine the relationships between the
individual FAs both within and between FAs groups.

3.2

Methods

3.2.1

Study Populations as previously described in Chapter 2 (2.2.1)

3.2.2.

Milk Production Values as previously described in Chapter 2 (2.2.2)

3.2.3

Milk Collection as previously described in Chapter 2 (2.2.3)

3.2.4

Ethics Approval As previously reported in Chapter 2 (2.2.4)

3.2.5 Study design
The study design for this chapter involved categorising mothers into groups based
on milk production. To do this, the mean of the total daily milk production from
days 12 to 14 postpartum (established lactation) was calculated for all mothers in
the study. Inter‐quartile ranges of 0 – 25th, 37.5 – 62.5th and 75 – 100th percentile
were used to define low, normal, and high production classes respectively. Six
mothers from each class were randomly selected and their milk samples from days
one to seven postpartum and from days nine to 14 postpartum were analysed for
FAs. A total of 18 mothers were included in this analysis.
3.2.6 Fatty acid extraction and analysis
Total lipids were extracted and analysed as described in Chapter 2.2.8. Individual
FAs peaks were quantified as a percentage of total area under FAs peaks and
reported as % of total FAs and each reported value is the average of both left and
right breast samples. The daily mean proportion of each FAs was calculated as the
average daily proportion for all mothers in the study.
The percentage change in mean proportion of FAs between days postpartum is
calculated as follows:
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3.2.7 Statistical analysis
Descriptive data analysis was done using Microsoft Excel (9) and all other
statistical analysis were done using the ‘R’ statistical program (10). Linear mixed
models were used to confirm determine the significant difference of relationships
between proportions of de novo FAs between the three production classes and
whether there was a relationship between proportion of de novo FAs and milk
production.
Partial correlation analysis was used to study the relationships between FAs.
Partial correlation analysis which involved studying the linear relationship
between two different FAs after excluding the effect of other FAs was by Pearson
Variable – Covariate matrix which ensured equal weighting of individual FAs. The
correlation co‐efficient between two FAs, was studied partially after eliminating
the influence of the other FAs from both, are reported as the partial correlation co‐
efficient. This technique assumes a linear relationship exists between the two FAs.
A p‐value of <0.05 was considered statistically significant.

3.3

Results

3.3.1 Milk production analysis and group classification
The mean total daily milk production (± SD ml/day) rose sharply from day one to
five postpartum from 11.5 ±28 ml/day to that of 216.7 ±178 ml/day respectively
while from day six to eleven postpartum there was a more gradual rise from 271.2
±186ml/day to 510.6 ±379 ml/day, respectively.
To classify the mothers into their respective groups, the mean total daily milk
production from days 12 to 14 postpartum was plotted against the mothers (n=52)
(Figure 3.1). The mothers were grouped into three production classes based on the
interquartile ranges. The cut off values for low producers were 75 ml to 289 ml,
normal producers 356 ml to 580 ml, and high producers were 706 ml to 2234 ml
respectively which corresponded to the 0th to 25th percentile, 37.5th to 62.5th
percentile, and 75th to 100th percentile. The number of mothers that were grouped
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into the low, normal, and high producers were n=13, n=11, and n=16 mothers
respectively.

Figure 3.1

Distribution of the mean daily total milk production from days 12 to 14 postpartum. The y‐axis
represents the mean daily total milk production while the x‐axis represents the individual mothers. Mothers were
grouped into three groups; low, normal, and high producers based on the interquartile ranges.

3.3.2 Variations in the detection of individual FAs in preterm milk samples
A subset of six mothers was randomly selected from each group based on their
milk production on day 12 to 14 to give a total of 18 mothers, that had sufficient
volumes for FAs analysis from days one to seven and from days nine to 14
postpartum (n = 374 samples). As the total number of samples with sufficient
volumes for FAs analysis were very low at days one and two postpartum (n<10
samples), FAs results from these samples were omitted from any further analysis
of the relationships between FAs. Results will be presented from days three – 14
postpartum.
There were 26 different types of FAs detected. However, there were wide
variations in the detection rate of individual FAs between the milk samples. The
detection rate ranged from a high of 100 % (individual FAs detected in all 374 milk
samples) to a low of 26 % (individual FAs detected in only 96 milk samples). Thus
only 14 individual FAs had a detection rate of greater than or equal to 97 %. The
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remaining 12 FAs were often not of a high enough proportion to be detectable in
the majority of samples. These FAs were often present at less than 0.01 % of the
total FAs and hence below the limit of detection for the assay. The individual FAs
detected in this study and their associated detection rates are shown in Table 3.1.
Group

Fatty Acid

De novo

Lauric acid (FA12:0)

Detection rate (%)

Capric acid (FA10:0)
Myristic acid (FA14:0)
Palmitic acid (FA16:0)
Preformed

Palmitoleic acid (FA16:1cis 9)
Stearic acid (FA18:0)
Oleic acid (FA18:1 n9 )
Linoleic acid or LA (FA18:2 n6)

≥ 97 %

α-linolenic acid or ALA (FA18:3 n3)
Eicosenoic acid (FA20:1 n9)
Essential

Eicosadienoic acid (FA20:2 n6)
Dihomo – γ – linolenic acid or DGLA (FA20:3 n6)
Arachidonic acid or AA (FA 20:4 n6)
Docosahexaenoic acid or DHA (FA22:6 n3)

De novo

Preformed

Essential

Table 3.1

Caprylic acid (FA8:0)

63 %

Tridecanoic acid (FA13:0)

40 %

Pentadecanoic acid (FA15:0)

85 %

Heptadecanoic acid (FA17:0)

70 %

Arachidic acid (FAs 20:0)

62 %

Behenic acid (FAs 22:0)

70 %

Erucic acid (FA22:1 n9)

51 %

Elaidic acid (FA18:1 trans 9)

60 %

Linoelaidic acid (FA18:2 trans 9, 12)

48 %

Tricosylic acid (FA23:0)

48 %

Eicosapentaenoic acid or EPA (FA20:5 n3 )

26 %

γ-linolenic acid or GLA (FA18:3 n6)

41 %

List of detection rates for individual FAs (100 % = Individual FAs were detected in all 374 preterm milk samples)

Of the seven essential FAs that were detected in more than 97 % of the milk
samples, only four (linoleic or LA, α‐linolenic or ALA, and arachidonic acid or AA
and docosahexaenoic acid or DHA) were included in the analysis of FAs
relationships. The other three essential FAs eicosenoic acid were excluded because
they were not detected in sufficient quantities in all samples for robust statistical
analysis.
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3.3.3 Daily mean proportion of de novo, preformed and essential FAs from
days three to 14 postpartum
The daily mean proportions of the 11 individual FAs (± SD % of total FAs) from day
three to 14 postpartum is shown in Table 3.2. The de novo FAs showed the biggest
change in daily mean proportion compared to the preformed and essential FAs
group.
Of the de novo FAs, lauric acid showed the biggest increase in daily mean
proportion during the first two weeks postpartum. Compared to its mean
proportion at day three postpartum, lauric acid showed an increase of 109 % and
206 % in its mean proportion at day five and day 14 postpartum respectively.
In contrast to the de novo FAs, the essential FAs AA and DHA showed decreases in
their daily mean proportion. At day five and 14 postpartum, DHA showed a
decrease in daily mean proportion of ‐20 % and ‐36 %, respectively compared to
that at day three postpartum. Similarly AA showed a decrease in daily mean
proportion at day five and 14 postpartum of ‐27 % and – 49 % compared to that at
day three postpartum.
In contrast to the decreased proportion of AA and DHA, the other essential FAs,
showed an increase in proportion. α‐linolenic acid, which showed an increase in
mean proportion of 45 % and 62 % at day five and 14 postpartum, respectively,
compared to that at day three postpartum. Linoleic acid showed a much smaller
increase of 5 % and 12 % at days five and 14 postpartum compared to that at day
three postpartum.
The reduction in the proportion of the preformed FAs at days five and 14
postpartum were generally much smaller, approximately 10 % or less, compared
to the FAs in the de novo group.
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Group

FAs

Capric acid
(FA10:0)

de novo

Lauric acid
(FA12:0)
Myristic acid
(FA14:0)
Palmitic acid
(FA16:0)

Preformed

Palmitoleic
acid
(FA16:1 n7)
Stearic acid
(FA18:0)
Oleic acid
(FA18:1 n9)
Linoleic acid
(FA18:2 n6)
α-linolenic
acid
(FA18:3 n3)

Essential

Arachidonic
acid
(FA20:4 n6)
Docosahexae
noic acid
(FA22:6 n3)

Daily mean proportion of FAs (±SD % of total FAs)

Approx. %
contribution

Day
postpartum
n

3

4

5

6

7

9

10

11

12

13

14

15

28

30

31

35

42

36

35

35

35

33

Mean (± SD)

0.56 (0.3)

0.46 (0.3)

0.74 (0.2)

0.87 (0.3)

1.07 (0.2)

1.31 (0.3)

1.33 (0.3)

1.41 (0.4)

1.45 (0.4)

1.41 (0.3)

1.38 (0.3)

n

17

30

30

31

35

42

36

35

35

35

33

Mean (± SD)

2.01 (0.9)

2.44 (1.1)

4.16 (1.4)

4.78 (1.6)

5.34 (1.7)

6.20 (2.0)

6.06 (1.9)

6.32 (2.2)

6.03 (1.9)

n

17

30

30

31

35

42

36

35

35

35

33

Mean (± SD)

4.67 (1.2)

5.20 (1.8)

6.67 (2.6)

6.80 (2.5)

6.81 (2.4)

7.28 (2.5)

6.52 (2.2)

7.17 (2.8)

7.01 (2.4)

6.72 (2.6)

6.61 (1.9)

n

17

30

30

31

35

42

36

35

35

35

33

Mean (± SD)

23.50(3.8)

23.36 (2.9)

22.41 (2.6)

22.62 (1.9)

21.37 (2.0)

20.85 (2.3)

20.46 (2.3)

20.51 (3.0)

20.80 (2.6)

20.14 (2.0)

20.35 (2.1)

n

17

29

30

31

37

44

38

37

37

37

35

Mean (± SD)

1.76 (0.7)

1.59 (0.5)

1.71 (0.50

1.84 (0.5)

1.71 (0.6)

1.73 (0.5)

1.84 (0.7)

1.86 (0.6)

1.86 (0.6)

1.99 (0.6)

1.91 (0.6)

n

16

30

30

31

35

42

36

35

35

35

33

Mean (± SD)

6.96 (1.6)

7.41 (1.3)

6.82 (1.3)

6.63 (1.3)

6.60 (1.3)

6.78 (1.1)

6.52 (1.3)

6.69 (1.3)

6.88 (1.1)

6.33 (1.0)

6.58 (1.3)

n

17

30

30

31

35

42

36

35

35

35

33

Mean (± SD)

32.21 (3.6)

32.30 (2.9)

30.15 (3.6)

30.47(3.7)

30.30 (4.0)

29.02 (4.4)

30.91 (3.9)

29.91 (4.1)

30.74 (3.3)

30.59 (4.3)

30.76 (3.7)

6.62(2.4)

6.45(2.2)

n

17

30

30

31

35

42

36

35

35

34

33

Mean (± SD)

14.68 (4.1)

14.57 (2.2)

15.26 (3.5)

15.07 (4.1)

15.52 (3.6)

15.99 (3.5)

16.36 (3.9)

15.42 (4.3)

14.64 (3.4)

16.74 (5.1)

16.54 (5.2)

n

16

29

30

31

35

42

36

35

35

35

33

Mean (± SD)

0.79 (0.2)

0.91 (0.3)

1.11 (0.5)

1.02 (0.2)

1.13 (0.3)

1.20 (0.3)

1.13 (0.4)

1.16 (0.5)

1.04 (0.4)

1.18 (0.4)

1.25 (0.5)

n

17

30

30

31

35

42

36

35

35

35

33

Mean (± SD)

1.02 (0.4)

0.95 (0.3)

0.73 (0.2)

0.67 (0.1)

0.61 (0.1)

0.54 (0.1)

0.58 (0.1)

0.54 (0.1)

0.53 (0.1)

0.54 (0.1)

0.50 (0.1)

n

13

23

22

23

28

35

30

29

28

29

26

14 %

62 %

17 %

0.27 0.1)
Mean (± SD)

0.38 (0.3)

0.40 (0.2)

0.32 (0.2)

0.36 (0.2)

0.30 (0.1)

0.27 (0.1)

0.29 (0.1)

0.29 (0.1)

0.29 (0.2)

0.27 (0.1)

Table 3.2

Variations in the daily mean proportion of FAs (± SD) % of total FAs from days 3‐7 and 9‐14 postpartum. The de novo FAs proportions increased during the study
period with, lauric acid proportion increasing the strongest from day three to five postpartum (52%) whereas capric acid showed the biggest increase in proportion from day three to
14 postpartum (46%). As a group, preformed FAs showed no consistent change in proportion while the essential FAs, AA and DHA showed a consistent decrease in proportion from day
three to 14 postpartum.
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3.3.4 Comparison of daily mean proportion of de novo, preformed and
essential FAs between the low, normal and high production groups
The 11 FAs listed in Table 3.2 were grouped into three groups; de novo (capric,
lauric, and myristic acid), preformed (oleic, palmitoleic, stearic, and palmitic acid)
and essential (linoleic, α‐linolenic, AA, and DHA) FAs. The daily mean proportions
of de novo synthesised, preformed, or essential FAs groups on days three to 14
postpartum was calculated for each production group. The daily mean proportions
of the de novo, preformed, and essential FAs between the three groups of mothers
are shown in Figure 3.2A, B, and C.

Daily mean concentration of de
novo FA (% of total FA)

20

Low

A

Normal

High

0
3

4

5

6

7

9
10
Days postpartum

11

12

13

14
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Figure 3.2

Plot of daily mean proportion of (A) de novo FAs, (B) preformed FAs, and (C) essential FAs of
mothers in three different milk production groups (low, normal and high) from day three to 14 postpartum.
Overlapping error bars, between low, normal, and high production groups indicate that there were no significant
differences in proportion of de novo, preformed and essential FAs between mothers in the Low, Normal, and High
production groups. Error bar =SEM.

At day three postpartum the daily mean proportion of de novo FAs (± SEM % of
total FAs) for low, normal and high production groups were 13.58 ±3.3, 10.95 ±1.6,
and 10.74 ±1.0 % of total FAs, respectively. At day 14 postpartum the daily mean
proportion of de novo synthesised FAs had increased by 96 %, 67 %, and 136 % in
the low, normal, and high production groups, respectively, compared to that at day
three postpartum (Figure 3.2A).
This increase from day three to14 postpartum in daily mean proportion of de novo
FAs was shown to be statistically significant [p<0.05]. While there was a higher
daily mean proportion of de novo synthesised FAs in the low production group,
statistical analysis of the relationship between production class and the percentage
of de novo FAs using linear mixed‐effects model fit by REML (n= 353 FAs values,
n=18 mothers) showed the relationship to be not significant. Therefore there was
no significant difference between the different production groups.
In contrast to de novo synthesised FAs, there were no significant changes in the
daily mean proportion of preformed FAs from days three to 14 postpartum as seen
in Figure 3.2B. Similarly there were no significant relationship between the
production categories and the percentage of preformed FAs.
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There were also no significant changes in the daily mean proportion of essential
FAs, from day three to 14 postpartum in any of the production groups (Figure
3.2C). Similarly there were no significant relationship between the production
categories and the percentage of preformed FAs.
However, if we take into account the daily total milk expression volume from days
three to 14 postpartum, then we find a strong relationship between the volume
expressed and level of de novo FAs, an increase of around 0.7% for each additional
100 ml of milk [p<0.05], which suggests that the classification criteria described
above has limited use. The results demonstrated no significant difference in the
change in FA proportions between the different milk production groups, therefore
it was possible to group the data and analyse the relationships between the
individual FAs as a whole.
3.3.5 Partial correlations between FAs of de novo, preformed and essential
FAs groups
The partial correlations between FAs were summarised in Table 3.3. There were
significant positive relationships between the proportions of de novo FAs (capric,
lauric, and myristic acid). Increased proportion of any one de novo FAs, results in
an increase in the proportion of other de novo FAs which is expected due to the
commonality of their route of synthesis. However, there were significant negative
relationships between de novo FAs and that of preformed and essential FAs
whereby increased proportions of de novo FAs results in decreased proportion of
both preformed and essential FAs which was consistent to that reported in term
milk (11). There were exceptions including that of significant positive
relationships between the de novo FAs and the preformed and the essential FAs
palmitoleic and ‐linolenic acid, respectively, whereby increased proportions of de
novo FAs resulted in the increased proportion of both palmitoleic and α‐linolenic
acid.

80.

FATTY ACIDS

De novo
Capric
acid

De novo

Preformed

Myristic
acid

Palmitic
acid

Palmitoleic
acid

Essential

Stearic
acid

Oleic
acid

Linoleic
acid

α‐
linoleni
c acid

AA

Capric acid

1

Lauric acid

S, +ve

1

Myristic acid

S, +ve

S, +ve

1

Palmitic acid

S, ‐ve

S, ‐ve

S, +ve

1

Palmitoleic acid

S, +ve

S, +ve

S, +ve

S, +ve

1

Stearic acid

S, ‐ve

S, ‐ve

NS

S, +ve

S, ‐ve

1

NS

S, ‐ve

S, ‐ve

S, +ve

S, +ve

S, ‐ve

1

Linoleic acid

S, ‐ve

S, ‐ve

S, ‐ve

S, ‐ve

NS

S, ‐ve

S, ‐ve

1

α‐Linolenic acid

S, +ve

S, +ve

S, +ve

S, ‐ve

S, ‐ve

S, ‐ve

S, ‐ve

S, +ve

1

AA

S, ‐ve

S, ‐ve

S, ‐ve

S, +ve

S, ‐ve

NS

S, +ve

NS

S, ‐ve

1

DHA

S, ‐ve

S, ‐ve

S, ‐ve

S, +ve

S, +ve

S, +ve

S, +ve

NS

S, +ve

S, +ve

Oleic acid

Essential

Lauric
acid

Preformed

DHA

1

Table 3.3

Summary of the partial correlation analysis between individual FAs. The results of FA analysis for all 18 mothers was analysed to determine relationships between
individual FAs. The Pearson Covariance Matrix was used to give equal weighting to all the FAs and calculates whether the relationship is significant (S) [p<0.05] and whether the
relationship is direct (+ve) or inverse (‐ve).
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3.3.6 Relationships between individual de novo FAs
Plotting the daily mean proportion of capric, lauric, and myristic acid from days
three to 14 postpartum showed that, as the lactocytes matures, de novo FAs
proportions increase sharply from day three to five postpartum (Figure 3.4). At
day three postpartum, myristic acid has the highest daily mean proportion (± SEM
% of total FAs), 4.70 ±0.4 % of total FAs. However at day 14 postpartum there
were no significant difference between levels of myristic and lauric acid, 6.66 ±0.5
and 6.09 ±0.5 % of total FAs, respectively. In contrast capric acid was consistently
the lowest at day three and 14 postpartum at 0.50 ±0.1 and 1.39 ±0.1 % of total
FAs.

Figure 3.3

Daily mean proportion of de novo FAs day three to 14 postpartum. The y‐axis represents the
daily mean proportion of individual de novo FAs while days postpartum are on the x axis. Error bar =SEM

The increase in proportion was uneven among the de novo FAs with lauric acid
having the largest change from day’s three to five postpartum at 109 % and from
days three to 14 postpartum at 206 % (Figure 3.5). Capric acid had the second
largest increase in proportion with values of 48 % from day’s three to five
postpartum and 178 % from days three to 14 postpartum despite its peak value
being consistently lower than that of both lauric and myristic acid throughout the
study period. In contrast, myristic acid had the lowest increase in proportion from
day’s three to five postpartum at 42 % and from days three to 14 postpartum also
at 42 %. The increase in the three de novo FAs, capric, lauric, and myristic was
reflected by their significant positive proportion relationships [p<0.05] (Table 3.3).
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Figure 3.4

Positive relationship between the de novo FAs. The y‐axis represents % change in daily mean
proportion relative to day three postpartum while days postpartum are on the x axis. % change of de novo FAs are
as follows, Lauric>capric>myristic acid. % changes are all in the same direction and reflect the significant positive
relationship between them.

3.4

Relationships between individual preformed FAs

Preformed FAs play an important role in fat storage especially oleic acid that is the
main form of FA in maternal adipose tissue. In general, the absolute proportions of
each preformed FAs differ greatly (see Table 3.2) whereby oleic and palmitic are
approximately 31 % and 22 % of total FAs, respectively, while stearic and
palmitoleic acid contribute approximately 7 % and 2 % of total FAs. The total
contribution of the four preformed FAs to total FAs is approximately 62 %. This is
also illustrated in Figure 3.5 that shows the daily mean proportion of the individual
preformed FAs from days three to 14 postpartum.
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Figure 3.5

Daily mean proportion of individual preformed FAs from days three to 14 postpartum. The y‐
axis represents daily mean proportion of individual preformed FAs while days postpartum are on the x axis. Error
bar=SEM

The relationships between the proportions of the individual preformed FAs is
generally significantly [p<0.05] positive, whereby increased proportion of one FAs
of the four preformed FAs; palmitic, palmitoleic, stearic, and oleic acid results in
the increased proportions of the others in the group (Table 3.2). The % change in
the daily mean proportion of palmitic and stearic acid relative to that at day three
postpartum is typical of a positive relationship whereby decreased proportion of
palmitic acid results in decreased proportion of stearic acid, see Figure 3.6.

Days Postpartum

Figure 3.6

Positive relationship between palmitic and stearic acid. The y‐axis represents % change in daily
mean proportion relative to day three postpartum while days postpartum are on the x axis.

However there were two significant negative relationships [p<0.05], that is
between palmitoleic and stearic acid and that between stearic and oleic acid
whereby increased proportion of palmitoleic acid resulted in decreased proportion
of stearic acid whereas increased proportion of stearic acid resulted in decreased
proportion of oleic acid. The % change in the daily mean proportion of palmitoleic
and stearic acid is typical of a negative relationship; where an increase in
proportion of palmitoleic acid results in a decrease in stearic acid (Figure 3.7).

84.

Figure 3.7

Negative relationship between palmitoleic and stearic acid. The y‐axis represents % change in
daily mean proportion relative to day three postpartum while days postpartum are on the x‐axis.

3.5

Relationships between individual essential FAs

There is marked difference in the daily mean proportion between the essential FAs
with linoleic acid contributing to the bulk of the total essential FAs (>90 %) (Figure
3.8).

Figure 3.8

Daily mean proportion of individual essential FAs, days three to 14 postpartum. The y‐axis
represents daily mean proportion while days postpartum are on the x‐axis. Linoleic acid contributes to over 90 % of
total essential FAs.

The daily average proportions of both, DHA and AA decreased over the period
from day three to fourteen postpartum (Table 3.2). While there was a marked
decrease in proportion of AA across days postpartum (48%), there was a similar
but less dramatic decrease in DHA (24%), see Figure 3.9. The concurrent decrease
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in daily average proportion was supported by the significant positive [p<0.05]
relationships between these two FAs (Table 3.3).

Figure 3.1

Positive relationship between DHA and AA. The y‐axis represents % change in daily mean
proportion relative to day three postpartum while days postpartum are on the x‐axis.

The daily average proportion of ALA increased over the period from day three to
fourteen postpartum (Table 3.2). Therefore ALA showed a significant inverse
correlation between both AA and DHA, for example, as AA decreased there was a
concomitant increase in ALA proportions over the study period (Figure 3.10).

Figure 3.10

Negative relationship between ALA and AA. The y‐axis represents % change in daily mean
proportion relative to day three postpartum while days postpartum are on the x‐axis.
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3.6

Relationships between de novo FAs and preformed FAs

Significant relationships exist between almost all de novo FAs and the preformed
FAs. Most of the preformed FAs have a significant negative relationship with de
novo FAs except for Palmitoleic acid, which has a significant positive relationship
with all 3 de novo FAs.
An example of the positive relationship between the de novo FAs and the
preformed FAs is shown in Figure 3.11.

Figure 3.11

Daily average proportion of lauric acid with stearic acid from days three to 14 postpartum.
Error bar = standard error mean

This demonstrates the inverse relationship between the two FAs. Partial
correlation confirmed the relationship to be significantly negative [p<0.05]. This
negative relationship was generally the pattern for the de novo and preformed FAs
(Table 3.3). However, exceptions include the relationships between palmitoleic (a
major MUFA) acid and all the de novo FAs and also between palmitic and myristic
acid which was significantly positive and that between oleic and capric which was
not significant.

3.7

Relationships between de novo FAs and essential FAs

There was a significant negative relationship between all de novo FAs and the
Essential FAs, except for essential FA, ALA, which showed a positive with all three
de novo FAs. To demonstrate the negative relationship between the de novo FAs
and essential FAs the percentage change in the daily mean proportion capric was
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plotted against those of linoleic acid (Figure 3.12). An increased level of capric acid
was accompanied by an almost constant level of linoleic acid. This also reflected
the significant negative relationship between the two FAs (Table 3.3).

Figure 3.12

Negative relationship between capric and linoleic acid. The y‐axis represents % change in daily
mean proportion relative to day three postpartum while days postpartum are on the x‐axis.

In contrast the relationship between myristic acid and ALA is representative of a
significant positive relationship between de novo and essential FAs (Figure 3.13).

Figure 3.13

Positive relationship between myristic acid and ALA. The y‐axis represents % change in daily
mean proportion relative to day three postpartum while days postpartum are on the x‐axis.

3.8

Relationships between preformed FAs and essential FAs

The preformed FAs had significant negative relationships [p<0.05] with the linoleic
and α‐linolenic acids but significant positive relationships [p<0.05] with their end
products, AA and DHA respectively. Plot of % change in daily mean proportion
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relative to day three postpartum for stearic and linoleic acid is shown in Figure
3.14 and demonstrates the significant negative relationship between stearic and
linoleic acid [p<0.05].

Figure 3.14

Negative relationship between stearic acid and linoleic acid. The y‐axis represents % change in
daily mean proportion relative to day three postpartum while days postpartum are on the x‐axis.

In contrast the plot of % change in daily mean proportion of AA and palmitic acid
in Figure 3.15 demonstrates the significant positive relationship between AA and
palmitic acid [p<0.05].

Figure 3.15

Positive relationship between AA and Palmitic acid. The y‐axis represents % change in daily
mean proportion relative to day three postpartum while days postpartum are on the x‐axis. Levels of both FAs
decrease with days postpartum.

3.9

Discussion

Previous studies that had compared the fatty acid composition between term and
preterm milk, but there is limited data on the relationships between FAs in
preterm milk and milk production. Analysis of the three groups of FAs showed an
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increase in de novo FAs from day three to 14 of lactation, while the preformed and
essential FAs showed a very little change over the same time.
Analysis of the proportion of de novo FAs for mothers in each production group,
showed a significant increase in the proportion of de novo FAs from days three to
14 of lactation. However there were no significant differences between the three
groups of low, normal and high producers. In spite of this linear mixed models also
showed that there was a significant positive relationship between the proportion
of total de novo FAs and total milk production when comparing individuals
[p<0.05], such that an increase in de novo FAs of around 0.7% for each additional
100 ml of milk expressed. Since the level of de novo FAs synthesis is related to the
maturity of the lactocytes this supports previous research showing reduced milk
production in preterm mothers, suggesting impaired secretory activation that
could account for differences in milk production between the mothers. The reasons
why there was initially no significant difference observed between the production
groups was not clear. The classification of milk production was based on average
total daily milk production on days 12 ‐14, since it was shown previously that this
is a strong predictor of milk production later in lactation. However, it would
appear that by limiting the classification of the mothers’ milk production to that on
day 14 postpartum, data was lost such that no significant association was seen
between proportion of de novo FAs and the three milk production groups. This
would suggest that analysis of the data using the classification criteria described is
not a reliable method of data analysis for preterm mothers.
The total proportion of de novo FAs reported in this study was 14% and is
comparable to that reported in term milk which is 13% (12). The significant
positive [p<0.05] relationship between the individual de novo FAs, account for
their concurrent increase in proportion with days postpartum. Initially there were
significantly higher amounts of myristic acid compared to both lauric and capric
acid. However there is a more dramatic increase in proportion of lauric acid during
the first week postpartum and by day nine postpartum there was no significant
difference in proportion between myristic and lauric acid. While there was an
increase in capric acid with days postpartum, the levels were consistently lower
than both myristic and lauric acid. This unequal synthesis of the different de novo
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FAs suggests that the lactocyte specific esterase has a more preferred site of action
along the synthesised FAs chain, which changes as the lactocyte matures as shown
by the increased proportion of lauric acid.
In addition in vitro studies have shown that the de novo FAs have antimicrobial
properties and that myristic acid was shown to be the most potent. These
protective FAs could play an important role in gut protection prior to full immune
maturation of the infant. This could account for the preferred site of action along
the synthesised FAs chain by the lactocyte specific esterase and thus the high
proportion of myristic acid (13).
There were significant positive relationships [p<0.05] between the individual
preformed FAs with the exception of a significant negative relationship between
stearic acid and both oleic and palmitoleic acid. The positive relationships were
consistent with the origins of these FAs, which are mainly obtained from the
maternal circulation as preformed FAs. The negative relationship between stearic
and oleic may reflect the more important role oleic acid plays in infant
development. The abundance of oleic acid in most membrane phospholipids
reflects it’s important role in maintaining membrane fluidity (14). In fact it is the
most abundant FA in the myelin sheath and thus optimal cognitive and visual
development of the infant follows optimal supply of oleic acid (15). It is also the
most predominant FA in adipose tissue and represents an important energy store
in time of low energy diet (16). In addition to maintaining membrane fluidity, oleic
acid has also been reported as one of the major determinants of whether TAG are
liquids or solids in milk and that increased proportion of oleic acid is associated
with increased liquidity of TAG in milk (2).
The essential FAs (both n3 and n6 PUFA) play an important role in infant neuronal
development and visual acuity, especially DHA. Essential FAs made up 17% of the
total FAs in milk. The n6 LA was the most abundant essential FA making up more
than 80% of the essential FAs. In general there were significant positive
relationships [p<0.05] between the individual essential FAs. While this may reflect
the non‐competitive nature of their absorption from the maternal circulation, the
levels of AA were consistently higher than DHA and in general the levels of n6
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PUFA in breastmilk were greater than that of n3 PUFA. This was also reflected in
the significant negative relationship [P<0.05] between the DHA (n3) precursor (α‐
linolenic acid) and the n6 PUFA end product, AA.
Previous studies comparing both n3 and n6 PUFA have reported that increased
proportions of n6 PUFA are more influential in lowering melting point of TAG
compared to that of n3 PUFA (2). Therefore the preference for n6 over n3 may
have evolved as a mechanism for keeping the melting point of TAG below that of
the body temperature and hence maintain the fluidity of the breast milk and
facilitate its removal from the breast.
In this study the average proportion (% of total FAs ± SD) of total preformed FAs
on day 14 postpartum was 60.0 ±4.5% which was similar to that reported in a
previous study that compared the preterm and term FAs proportion in which the
sum of preformed FAs (average sum of palmitic, palmitoleic, stearic, and oleic acid)
was calculated to be 61 ±5.0 % while that in term was reported to be 65.0 ±3.2%
(17). As the lactocyte matures so does its de novo synthetic capacity, which may
account for the significant inverse relationships between a number of individual de
novo and preformed FAs [p<0.001]. The inverse relationship between de novo FAs
and preformed FAs could also be due to the mammary gland exerting its effect to
maintain the fluidity of TAG in milk (2). For TAG to be secreted efficiently into the
milk compartment the melting point of TAG needs to be kept at a temperature that
is below that of the body (37.50C). The melting point of TAG in turn is determined
by its FAs composition. Saturated preformed FAs (palmitic and stearic acid) are
solids at the body physiological temperature whereas de novo FAs with lower
melting points and are liquids at the same temperature. Thus it may be that the
mammary gland incorporates de novo FAs to balance the proportion of preformed
FAs so as to maintain the melting point of TAG below that of the body temperature
(2).
There was however a significant positive relationship between palmitic and
myristic may be due to the preference of the mammary gland for palmitic in the sn‐
2 position on the glycerol backbone of TAG (18). Another notable exception was
that of palmitoleic acid, which was significantly positive to all de novo FAs
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Palmitoleic acid was significantly positively related to all three de novo FAs.
Palmitic acid is the end product of de novo synthesis and thus increased levels of
palmitic acid gives negative feedback to the mammary glands to reduce de novo FA
synthesis Desaturation by delta 9‐desaturase converts’ palmitic acid to palmitoleic
acid and that increased proportion of palmitoleic acid suggests increased
conversion of palmitic to palmitoleic acid and thus lead to increased synthesis of de
novo FAs.
The average proportion (% of total FAs ±SD) of essential FAs (average sum of
linoleic acid, linolenic acid, DHA, and AA) on day 14 postpartum in this study (19.0
±5.2%) was slightly higher to that reported in a previous study, (16.0 ±4.5%) (17).
The significant inverse relationship [p<0.05] between the de novo FAs (capric,
lauric, and myristic) and the essential FAs (linoleic acid, AA and DHA) could be
accounted for by differences in their point of origin. As the lactocytes mature there
is increased capacity to synthesise de novo FAs, which reduces the contribution of
the dietary FAs to the total FAs proportion. The significant positive relationship
[p<0.05] between the three de novo FAs (capric, lauric, and myristic acid) with α‐
linolenic acid could also be due to the increased maturity of the lactocytes which
increases their ability to transport or take up the linoleic acid more efficiently.
The essential FAs Linoleic and ALA both have a significant inverse relationship
with all of the preformed FAs while there is a significant positive relationship
between the preformed FAs and the end product of n3 and n6 PUFA synthesis,
DHA and AA.
The relationship between MCFA and the LCFA observed for the preterm mothers were
similar to that reported for term mothers (2-4). Therefore it was probable that this
relationship will hold for most mothers.
Also it appears that the mammary gland has the capacity to preferentially absorb
certain essential FAs (linoleic and α‐linolenic acid) over preformed FAs. This may
account for the significant negative relationships [p<0.05] between the preformed
FAs and both linoleic and α‐linolenic acid
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The preferential absorption of linoleic and α‐linolenic acid over other FAs is
consistent with the inability of the mammary gland to synthesise these FAs.
However, the reasons for the significant positive relationship [p<0.05] between
preformed FAs and the end product of n3 and n6 PUFA synthesis DHA and AA
respectively were not clear. It may be that both DHA and AA can be synthesise
from the α‐linolenic and linoleic acid respectively, the mammary glands does not
distinguish the absorption of these FAs from other preformed FAs.
In addition both FAs (linoleic and α‐linolenic acid) are associated with lower
melting points of TAG compared to preformed FAs (2). Thus such a negative
relationship between the FAs (linoleic and α‐linolenic acid) and preformed FAs
may be necessary to maintain the fluidity of milk but is balanced by the positive
relationship between preformed FAs and DHA and AA to meet the growth
demands of the infant.

3.10 Conclusion
There was a significant positive relationship between the proportion of total de
novo FAs and total milk production [p<0.05], which implies that differences in
lactocyte maturation may account for differences in milk production between the
mothers.
Whereas the maternal diet has a great influence in determining the FAs
composition of TAG it is thought that the mammary gland has the capacity to
override some of these influences so as to maintain fluidity of the TAG in
breastmilk. The relationships between the FAs investigated in this study appear to
reflect this view as most could be explained by the mammary glands preference for
FAs with melting points which were below that of the body physiological
temperature.
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Chapter 4:

Relationship between composition and

production and the establishment of breast dominance of
preterm mothers to week nine postpartum
4.1

Introduction

Mothers with preterm infants face more difficulties in successfully initiating and
maintaining adequate milk production than mothers with term infants (1‐5). There
are concerns as to why some preterm mothers are not achieving satisfactory milk
production in established lactation as this severely impacts on their ability to
successfully breastfeed (2, 3, 5). Hill et al. (2005) compared the mean daily total
milk production (g /24 hours) between mothers with preterm and term infants on
days 21, 28, 35, and 42 postpartum (2). They reported that the daily mean milk
production in both the preterm and term population was ~550 g/24 hours and
~650 g/24 hours, respectively, which was consistently lower than the 750 ml
recommended production value by Meier et al. (1999) for preterm milk production
by day 15 postpartum (4). In addition the starting values for the daily mean milk
production during the study period was lower (~4.4 g/ 24 hours) in the preterm
population compared to the term population (~168.5 g / 24 hours). So despite
studies to optimise pump design and pumping frequency, low milk production is
still prevalent in both mothers with preterm and term infants (2, 6‐9). The
question then arises whether the milk composition has an influence on milk
production?
There has been only one study by Lemons et al. (1982), who investigated the
relationship between composition and production in preterm milk, in which they
measured milk production and the concentration of protein (n=20 mothers, n=120
samples) at days 7, 14, 21 and 28 postpartum and then biweekly until the preterm
infant attained a post conceptual age of 44 weeks (10). They reported a significant
inverse relationship [p<0.05] between the concentration of protein and milk
production across the study period. There have also been a number of studies
investigating the macronutrient concentrations in preterm milk from day 14
postpartum onwards (10‐13). However of these studies, only one by Lemons et al.
(1982) is comparable with the study outlined in this chapter (10). At days 21, and
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42 postpartum Lemons et al. (1982) reported the mean values (mean ± SE g/l) for
fat to be 35.3 ±2.2 g/l and 34.3 ±1.6 g/l ,lactose 67.9 ±1.7 and 72.1 ±1.1 g/l and
proteins 1.90 ±0.09 g/l and 1.99 ±0.10 g/l, respectively. Others including Vinod et
al. (1997) reported protein values (± SD g/l) only on day 21 postpartum at 18.6
±7.4 g/l and so did Gross et al. (1981) at 18.3 g/l, whereas Saarela et al. (2005)
reported protein values (± SD g/l) only at day 30 postpartum at 15.1 ± 2.3 g/l (11,
12).
The primary aim of this study was to determine the concentration of protein, fat,
and lactose in mothers (n=58) from weeks three to nine postpartum. The
secondary aim was to gain a better understanding of the concentration of protein,
fat, and lactose in preterm milk.

4.2

Methods

4.2.1 Study population
As previously described in Chapter 2 (2.2.1)
4.2.2 Milk production values
As previously described in Chapter 2 (2.2.2)
4.2.3 Milk collection
As previously described in Chapter 2 (2.2.3)
4.2.4 Ethics approval
As previously reported in Chapter 2 (2.2.4)
4.2.5 Esterified fat assay
Esterified fat assay was determined by a method adapted from (Stern & Shapiro,
1953 (36)) and modified by (Atwood CS 1992 (19)). The recovery of a known
amount of fat added to defatted milk samples was 98.4 ± 5.5 % (n=15). The
detection limit of this assay was 0.27±0.03 g/l (n=15) and the interassay
coefficient of variation was 7.3% (n=15).
4.2.6 Lactose
As previously reported in Chapter 2 (2.2.5)
4.2.7 Protein
As previously reported in Chapter 2 (2.2.6)
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4.2.8 Definition of breast dominance
The proposed standard definition of a dominant breast is as follows:
i.

A daily difference in production of ≥10% of the total volume produced by
the other breast in the same 24‐hour period. This value was chosen as it
was thought that 10% was a substantial difference in a day especially if
consistent over a long period of time.

ii.

A significantly higher daily difference in that breast on 50% or more of
days, during the study period. This is to overcome inconsistencies whereby
dominance fluctuates between breasts with days postpartum.

4.2.9 Statistical analysis
A preliminary data analysis was performed using statistical functions contained in
the Microsoft Excel program as described in (14). Correlation analysis were then
performed using the R statistical program (15) by applying linear mixed models. A
p value < 0.05 was considered statistically significant. P‐values smaller than 0.001,
are shown as < 0.001 for ease of reading.
The proportion of women with left and right dominant breasts was analysed using
a one sample proportion test. Linear mixed models were used to determine
whether or not a consistent bias towards one breast across the population could
be identified. This was done for both the daily difference and, proportional
difference between breasts.

4.3

Results

4.3.1 Study population
As previously reported in Chapter 2 (2.3.1)
4.3.2 Variations in total weekly milk production
The weekly milk production in mothers of preterm infants (n= 58 mothers) was
assessed between days 15 – 57 postpartum using the mothers’ recorded daily milk
volumes from days 15, 22, 29, 36, 43, 50 & 57. From these values the total weekly
milk production of each mother at week postpartum was calculated (Figure 4.1).
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The median total weekly milk production (± IQR ml) increased from week three to
nine postpartum, from 502.0±417 ml to 760.0±438 ml, respectively.

Figure 4.1

Variation in total milk production from week’s three to nine postpartum. The box represents
the interquartile distribution (25th – 75th percentile). The black bar represents the median while the asterisk
represents the mean. Outliers (>1.5 times interquartile range) are indicated with ‘o’.

4.3.3 Relationship between daily total milk productions at day five
postpartum to that at days 14 and 57 postpartum
The relationship between milk production on day 5 and days 14 and 57 was
investigated to determine whether the milk production in early lactation was
predictive of that in established lactation.
Two mother was omitted from further analysis as her daily total milk production
on day five postpartum was greater than 1500 ml and was thus considered as an
outlier (total n=61 mothers). Similarly, individual mothers with missing data on
day five, 14, and 57 postpartum were omitted on a by‐analysis basis, leaving 54,
52, and 49 mothers with recorded daily total milk production values on day five,
14, and 57 postpartum, respectively. A plot of the daily total milk production
values (y‐axis) from days one to 57 postpartum (x‐axis) for each mother is shown
in Figure 4.2.
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Figure 4.2
Daily total milk productions for all mothers from day one to 57 days postpartum. The y‐axis
represents values for the daily total milk production while the x‐axis represents days postpartum. Box plots show
the interquartile distribution (coloured box) and median (shown as a bar). Outliers (>1.5 times interquartile range)
are indicated with ‘o’.

There were large differences in milk production between the mothers. However
there appears to be a sharp increase in mean daily total milk production (ml
±SEM) of all the mothers from day five to 14 postpartum, 216.7 ±24 ml to 549.3
±51 ml respectively, followed by a more gradual increase to a value of 816.2
±50.0ml at day 57 postpartum.
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Figure 4.3

Daily total milk production of each mother from day one to 57 days postpartum. The y‐axis
represents values for the daily total milk production while the x‐axis represents days postpartum.

By the third week (day 15 postpartum), there were 17 mothers (33%) whose daily
total milk production were less than 350 ml. However by the eight‐week (day 57
postpartum) there were only four mothers whose daily total milk production were
less than 350 ml and these mothers were categorised as having compromised
lactation (Figure 4.3).
Correlations in total milk production between initiation and established lactation
were performed by two separate linear regression models that used a volume at
day 5 as the predictor, and the volumes at days 14 and 57 as the responses.
The results of this analysis showed a significant [p<0.05] positive correlation
between milk productions at day’s five (n=54 mothers) postpartum (Figure 4.4a)
and both day 14 (n=52 mothers) and 57 day postpartum (n=49) (Figure 4.4b).
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Figure 4.4

Relationships between daily total milk production on day 5 (n=54 mothers) postpartum, with
that of (a) day 14 (n=52 mothers), and (b) day 57 (n=49 mothers) postpartum. The dotted line represents the
regression line and the solid line represents a non‐parametric smoother. The x‐axis represents daily total milk
production at day 5 postpartum whereas the y‐axis represents daily total milk production at (a) day 14 and (b) day
57 postpartum.

4.3.4 Variations in concentration of esterified fat
The box plots (Figure 4.5) show the interquartile distribution of daily
concentration of fat from week’s three to nine postpartum for individual mothers
(n=58 mothers, n=5034 samples).
There is wide variability in the concentration of fat between mothers with values
ranging from 14.10 to 133.80 g/l.
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Figure 4.5

Weekly fat concentration (g/l)

Daily fat concentrations from week’s three to nine postpartum for individual mothers.
Boxplots show the interquartile distribution (coloured box) and median (shown as a bar). Daily average fat
concentrations are shown on the y‐axis while the mothers ID are on the x‐axis. Outliers (>1.5 times interquartile
range) are indicated with ‘o’.
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Weeks postpartum
Figure 4.6

Variation in the weekly concentration of fat (mean ± SEM g/l). The box plots show the median
(black bar) and interquartile range (25th to 75th percentile) and the asterisk (*) represents the average
concentration of fat of all mothers during that week. Outliers (>1.5 times interquartile range) are indicated with ‘o’.

The distribution of the weekly concentration of fat (mean ± SEM g/l) from week’s
three to nine postpartum for all the mothers (n=58 mothers, n=5034 samples) are
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presented as box plots in Figure 4.6. The median value (± IQR g/l) for the mean
weekly fat decreased from 68.20 ± 21.8 g/l in week three to 58.12 ±23.8 g/l at
week nine postpartum. However the decrease in fat concentration from week
three to nine postpartum was statistically not significant [p=0.273]. Similarly
there were no significant univariate relationship between fat concentration and
milk volume.
4.3.5 Variations in concentration of lactose
Box plots show the interquartile distribution of daily concentration of lactose from
week’s three to nine postpartum for individual mothers (n=58 mothers, n=5034
samples) (Figure 4.7). There is wide variability in the concentration of lactose
between mothers with values ranging from 37.2 to 97.8 g/l.

Figure 4.7

Daily lactose concentrations from week’s three to nine postpartum for individual mothers.
Box plots show the interquartile distribution (coloured box) and median (shown as a bar). Daily average lactose
concentrations are shown on the y‐axis while the mothers ID are on the x‐axis. Outliers (>1.5 times interquartile
range) are indicated with ‘o’.
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The distribution of the weekly concentration of lactose (mean ± SEM g/l) from
week three to nine postpartum for all the mothers (n=58 mothers, n=5034

Weekly lactose concentration (g/l)

samples) are presented as box plots (Figure 4.8).

Weeks postpartum

Figure 4.8

Variation in the weekly concentration of lactose (mean ± SEM g/l). The box plots show the
median (black bar) and interquartile range (25th to 75th percentile) and the red asterisk (*) represents the average
concentration of lactose of all mothers during that week. Outliers (>1.5 times interquartile range) are indicated with
‘o’.

There is close agreement between the median and average concentration of
weekly lactose from week three to nine postpartum which implies that the
distribution of lactose values were not skewed.
Using linear mixed models, there is a significant univariate relationship between
lactose concentration and daily milk production [p<0.05] on weeks 3 to 9 whereby
increased concentration of lactose is associated with increased milk production.
4.3.6 Variations in concentration of protein
There is wide variability in the concentration of protein between mothers with
values ranging from 8.1g/l to 27.8 g/l (Figure 4.9).
The dashed line represents the average concentration (± SEM g/l) of protein from
week’s three to nine postpartum (14.6 ±0.6 g/l).
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Figure 4.9

Variation in the daily protein concentration from week’s three to nine postpartum for each
mother. Daily protein concentrations are shown on the y‐axis while the mothers ID are on the x‐axis. Coloured
boxes show the interquartile distribution and median (back bar). Outliers (>1.5 times interquartile range) are
indicated with ‘o’.

Similarly, box plots showing the distribution of the weekly concentration of
protein (mean ± SEM g/l) from week three to nine postpartum are presented in
Figure 4.10 where the asterisk (*) represents the average concentration of protein
for all mothers during that week. The median value (± IQR g/l) for the mean
weekly protein decreased from 17.7 ± 2.9 g/l in week three to 12.5 ± 2.5 g/l in
week nine postpartum. The decrease in protein concentration across weeks
postpartum was significant [p<0.001]. There is close agreement between the
median and average concentration of weekly protein from week three to nine
postpartum which implies that the distribution of protein values were not skewed.
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Figure 4.10

Variation in the weekly concentration of protein (± SEM g/l). Box plots show the median (black
bar) and interquartile range (25th to 75th percentile) (box) and the red asterisk (*) represents the average
concentration of protein of the entire mothers during that week. Average concentrations of protein are shown on
the y‐axis, while weeks postpartum are shown on the x‐axis. Outliers (>1.5 times interquartile range) are indicated
with ‘o’.

Using linear mixed models, there is a significant univariate relationship between
protein concentration and daily milk production [p<0.05] whereby decreased
concentration of protein is associated with increased milk production.
4.3.7 Establishing breast dominance from weeks three to nine postpartum
Breast dominance was determined according to the definition described in 5.1.8.
This calculation showed that there is a dominant breast in the population on more
than 50% of the study days and those differences in milk production between
breasts ranged from ‐640 ml to 364 ml (Figure 4.11).
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Figure 4.11
Differences in milk production (ml) from days 15 to 57 (week three to nine) postpartum.
Differences in volume (left –right breast) are shown on the y‐axis (ml) while days postpartum are shown on the x‐
axis. The black bar represents the median while the boxes the interquartile range (IQR). Difference in milk
production, range from ‐640 ml to 364 ml. A positive median (median above the x‐axis) indicates that there was
more left‐dominant breast on that day while a negative median (median below the x‐axis) indicates more right
dominant breast. Outliers (>1.5 times interquartile range) are indicated with ‘o’.

The milk production for individual mothers in the study population was
investigated. Box plots showing the mean and the interquartile distribution (25th
to 75th percentile) of the differences in milk production (left‐right breast) for
individual mothers are shown in Figure 4.12.
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Figure 4.12

Differences in milk production for the individual mothers from weeks three to none
postpartum. Differences in volume (left –right breast) are shown on the y‐axis (ml) while days postpartum are
shown on the x‐axis. The black bar represents the median while the boxes the interquartile range (IQR). If the
median is positive then the mother had a dominant left breast period while a negative median indicates a right
dominant breast. Outliers (>1.5 times interquartile range)

However for some mothers breast dominance changes between the left and right
breast from days 15 to 57 postpartum. Lattice plots of each mother showing
differences in milk production (left‐right breast) across the study are shown in
Figure 4.13.
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Difference in milk production (left‐right breast) (ml)

Days postpartum

Figure 4.13

Lattice plot showing the fluctuations of breast dominance. Differences in production (ml) are
on the y‐axis while day postpartum are on x‐axis. All the mothers (n=58) showed fluctuations in their values across
the study period. While for most mothers the difference in milk production fluctuates around zero, a few showed
fluctuation only on one side of zero (n=8 mothers) that indicates consistent dominance in one breast. Others (n=8
mothers) had only partial values and thus were unable to provide conclusive data on their difference in milk
production

To facilitate interpretation of the difference in milk production between the
breasts, the scale in which differences is measured was standardised. The
approach adopted was to replace the absolute difference with proportional
difference (PD), which is an absolute difference as a ratio of total milk production
of both left and right breast. PD = [(left volume ‐ right volume) / total production].
Lattice plots showing the PD of individual mothers from day 15 to 57 are shown in
Figure 4.14. Thus the difference in milk production between the breasts has a
maximum value of either ‐1 (right dominant) or 1(left dominant). While this
amplifies the difference seen in each mother it also simplifies the process of
selecting an arbitrary point where the difference is thought to be significant.
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Proportional difference

Figure 4.14

Proportional differences in milk production for individual mothers Proportional differences in
production are on the y‐axis where +1 and ‐1 represents maximum positive and negative difference in milk
production respectively. Day postpartum is on x‐axis. Thus the difference in milk production between the breasts
has a maximum value of either ‐1 (right dominant) or +1(left dominant).

The question then arises as to what PD value constitutes a significant difference.
The value that was adopted was a PD of ‐0.1 or 0.1 or difference of ‐10% or 10% of
total milk produced by both breast as this value is thought to have a significant
impact on total milk production.
Box plots were then used to show the distribution of PD values from days one to
57 postpartum for each mother (Figure 4.15). The solid line represents PD of 0.1
and mothers whose median lie above this solid line are classified as having a left‐
dominant breast. The dashed line represents PD of ‐0.1 and mothers whose
medians lie below line are classified as having a right dominant breast. Mothers
whose median lie between these two lines are classified as having no dominant
breast. There are 9 mothers who are classified as left dominant, 13 as right
dominant, and 36 as having no dominant breast. In addition while some mothers
have quite a narrow PD distribution (fairly consistent milk production), others
have quite wide distributions (more variable milk production).
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Figure 4.15

Proportional difference (PD) for each mother from day 15 to 57 postpartum. Median
represented by black bar and interquartile distribution by box. PD values are shown on the y‐axis, while mothers ID
are on the x‐axis. The solid line represents PD of + 0.1 and mothers whose median lie above this solid line are
classified as having a left dominant breast. The dashed line represents PD of ‐0.1 and mothers whose medians lie
below line are classified as having a right dominant breast. Mothers whose median lie between these two lines are
classified as having no dominant breast. Outliers (>1.5 times interquartile range) are indicated with ‘o’.

The majority of mothers (62%) have no dominant breast in ≥ 50% of the study
days [p<0.001]. There were a slightly greater number of mothers with right breast
dominance (22 %) compared to left dominance (16 %), however, this trend was
not significant [p=0.5].

4.4

Discussion

Studies to investigate low milk production in mothers with preterm infants are
important due to the significant protective and nutritive benefits of the mothers’
own milk to the infant (16‐18). A study by Hill et al. (2005), who compared milk
production between mothers with term and preterm infants during the first four
weeks postpartum reported considerable variation in preterm milk production
compared to that of term milk (2). They also reported that the average milk
production in both the preterm and term population during the study period was
consistently lower than that recommended for preterm at day 15 postpartum (4).
Similarly the results presented in this chapter demonstrated that there was
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considerable variation in milk production between the mothers during established
lactation and with the exception of a few individuals, most mothers had average
daily milk productions that were below the recommended production targets
(750ml/day). While most mothers produced an average of >500 ml per day there
were a few who produced <350ml per day. In addition if we take the daily average
milk production of the whole study population we find that the recommended
production target of 750ml/day was achieved only at around 40 days postpartum,
which represents a significant delay compared to this expected target being
reached by day 15 postpartum for these mothers (4). These results suggest that
most of these mothers had delayed secretory activation, which resulted in a much
longer time to reach the production target. Similarly for those individuals who
were producing > 750 ml it is assumed that they had a successful secretory
activation and that those who consistently produce <350ml per day had a
compromised secretory activation. Thus, the timing of current production targets
may have to be reviewed as they appear to be set too high for most mothers,
especially mothers with preterm infants who may take up to 40 days to achieve
such a target (2).
It was also found that milk production during the first few days postpartum was
predictive of that during early and late established lactation, day 14 and 57
postpartum, respectively. The results showed that there is a significant [p<0.05]
positive relationship between milk production at day five postpartum and that at
days 14 and 57 postpartum. This observation corroborated with those of earlier
studies and emphasised the importance of optimising milk production by day five
postpartum (2, 19). Nevertheless other unidentified factors contributed
significantly to the variation in milk production.
The question then arises whether the variation in concentration of fat, lactose and
proteins may account for the variation in milk production between the mothers.
There was a significant variation in fat concentration both within and between
mothers from days 15 to 57 postpartum with values ranging from 14.06 to 133.80
g/l. This variability in the fat concentration was consistent with reports that fat is
the most variable component in preterm milk (20). The mean fat values (± SEM
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g/l) observed in this study at day 22 and 43 postpartum, 65.64 ±1.8 and 64.47 ±2.5
g/l respectively were much higher to those (± SE g/l) reported by Lemons et al.
(1982) 35.3 ±2.2 g/l and 34.3 ±1.6 g/l, respectively. However, Lemons et al. used
the sulfo‐phospo‐vanillin reaction to determine milk fat and insufficient
information is given to enable a comparative assessment of this method with the
esterified fatty acid method. Hind milk is associated with higher fat content (21),
therefore it could be that the mothers were removing more of the hind milk during
pumping leading to the observed high fat concentration. In addition it was
expected that the wide variability in fat concentration could account for the wide
variation in milk volume between the mothers. However no significant
relationship was observed between fat and milk volume and fat with days
postpartum.
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Lactose is the most significant osmotic factor in milk. However lactose
concentrations are low at secretory activation due to low production. Yet sodium
and chloride ions were able to pass through the tight junctions and compensate for
any deficit in milk osmolality. As days postpartum increases, lactose concentration
increases and reaches a set point. By this time the tight junctions had already
closed, blocking further passage of sodium or chloride ions into to the milk
compartment. In addition lactose has reached its maximum solubility in water
(21.6g/100ml) and thus continues to draw water into milk compartment.
There was a significant variation in lactose concentration both within and between
mothers from days 15 to 57 postpartum with values ranging from 35.22 to 100.11
g/l. However there was close agreement between the values and the increasing
trend during lactation observed in this study and those reported values reported
by Lemons et al. (1982) (10). They observed that mean lactose values (± SE g/l)
increased from 67.1 ±2.2 g/l at day 14 to 67.9 ±1.7 at day 21, and then to 72.1 ±1.1
g/l at day 42 postpartum while this study observed similar values whereby mean
lactose values (± SEM g/l) increased from 63.90 ± 0.6 g/l at day 15 to 65.89 ±0.8 at
day 22, and then to 73.60 ±0.7 g/l at day 43 postpartum.

The variations in concentration of lactose between the mothers may be related to
the immaturity of the lactocytes as a result of the shortened gestation period. It is
possible that the difference in maturity of the lactocytes is reflected in the
synthetic capacity of the lactocytes and that those mothers with delayed or
impaired secretory activation may have decreased synthetic capacity compared to
those mothers who had successful secretory activation. The biochemical synthesis
of lactose is an active process requiring energy (22). Thus it may be that
differences in maturity between the lactocytes may affect the supply of energy for
the process and thus cause the variation in lactose levels observed between the
mothers. Furthermore other factors such as variations in the concentration of
sodium and chloride could significantly affect milk volume.
There was a significant variation in protein concentration both within and
between mothers from days 15 to 57 postpartum with values ranging from 7.99 to
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28.39 g/l. However while there was close agreement in the decreasing trend of
protein concentration during established lactation between this study and that by
Lemons et al. (1982), the protein values observed in this study were similar to
those reported by Lemons et al. (1982) (10). They observed that mean protein
values (± SE g/l) decreased from 13.5 ± 0.88 g/l at day 14 to 11.9 ±0.56 g/l at day
21, and then increased to 12.4 ±0.63 g/l at day 42 postpartum while this study
observed similar trends in the mean protein values (± SEM g/l) decreasing from
17.38 ± 0.3 g/l at day 15 to 15.89 ±0.2 at day 22, and then decreased further to
13.87 ±0.2 g/l at day 43 postpartum. These findings are consistent with those
reported in other preterm studies (11‐13) that showed values within a similar
range.
Differences in maturation between the lactocytes could account for the variation in
concentration of proteins observed between the mothers. Protein synthesis by the
lactocytes is dependent on amino acid uptake from the maternal circulation and is
regulated by a variety of factors including that of prolactin (22, 23). Prolactin plays
a major role in successful secretory activation and subsequently successful milk
production which is also associated with the optimal uptake of amino acids from
the maternal circulation by the lactocytes (22). This process may be affected by
increased stress levels in mothers due to increased levels of prolactin inhibitors
(24‐26). Thus it may be that differences in maturation of lactocytes as a
consequence of different prolactin and stress levels could affect the protein
synthesis in lactocytes and thus account for the variation in concentration of
proteins observed between the mothers.
An important implication of the wide variations in protein concentration observed
in this study is that the current fortifications for preterm milk, assume an average
protein concentration of 15 g/l for all mothers and this may be inadequate. This
assumed protein concentration is comparable to the mean protein concentration
(± SEM g/l) observed in this study (17.89 ±0.4 g/l) (10). However individual
protein concentration in mothers’ milk observed in this study ranged from values
of 7.99 to 28.39 g/l. The current protein fortification protocol involves
concentration of 8.0 to 11 g/l therefore it is possible that current protocol results
in protein concentration of greater than 30 g/l and thus protein over fortification
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(10). However protein under fortification is probably a more important issue and
is now thought to be the main reason why some preterm infants fed on fortified
human breast milk fail to achieve similar growth rates as those on standard
formula feed (27).
Lactose is a major milk component and is found in higher concentrations in human
milk compared to milk of other mammals (28). Not only does lactose provide a
major proportion of the total energy needs of the infant (40%) but, it is also
important as an osmotic agent, drawing water into the Golgi and thus increasing
milk volume (29, 30). There were wide variations in median lactose concentrations
between the mothers, which reflect the wide variation in milk production between
the mothers. Using linear mixed modelling there was a significant positive
relationship between the concentration of lactose and milk production [p<0.05].
However when day’s postpartum (days 15 to 57) was incorporated into the model,
the p values became non‐significant, [>0.05] and thus the significant relationship
between the concentration of lactose and milk production was no longer observed.
When lactose synthesis is impaired as in insulin dependent diabetic mothers,
delay in secretory activation correlated with significantly delayed increase of
lactogenic marker lactose [p<0.001] (31).
Protein concentrations also varied widely between mothers and from day 15 to 57
postpartum with a general downwards trend over the course of the study period.
This downward trend was found to be inversely related to milk production
[p<0.05]. However no significant relationship was seen between concentration of
protein and milk production across days postpartum (day 15 to 57) which was
consistent with that observed during the first two weeks postpartum.
Of the mothers included in the study population, 62 % had no dominant breast
according to the definitions in this study. Even though there appears to be more
mothers with right breast dominance (22 %) this trend was not significant [p=0.5].
Handedness of mother or preference of infant contributing to a bias in this study
can be excluded as milk was simultaneously expressed from both breasts using
electric breast pumps. The data differs from previous reports in the literature
however, since other researchers used a different definition of a dominant breast,
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such as a difference of 1.0ml in individual pumping session or absolute difference
of summated daily output during the study or even a 24‐hour difference in
production. This would explain why conclusions may well differ from our findings.
Whether a difference of ≥10% of the total volume for ≥ 50% of the study days
would be clinically relevant is a question that needs to be addressed if this
definition of a dominant breast is ever to be adopted.

4.5

Conclusion

This study has shown that the majority of mothers with preterm infants were
unable to achieve the daily milk production target (750 ml/ day) by the
recommended date, day 15 postpartum. This target was achieved only after a
considerable delay, at ~ day 40 postpartum by most mothers which implies that
the target may have been set too early in lactation. In addition there were also
wide variations in milk production between the mothers and differences in
maturation of the lactocytes between the mothers are thought to account for the
wide variation in milk production between the mothers.
While the higher concentrations of fat observed in this study could be due to
presence of more hind milk in the samples differences in maturation of lactocytes
may also account for the wide variations in concentration of lactose and protein
shown between mothers. While there were significant [p<0.05] univariate
relationships between milk production and the concentration of lactose and
protein, variability in milk production values could have impacted on the
relationship when days postpartum was incorporated into the statistical model
(linear mixed model). The variation in concentration of protein between mothers
also raises the question of whether current fortification protocols for protein in
preterm milk which is based on an assumed “average” protein concentration is
sufficient for optimal growth of the preterm infant. The slow growth rates of some
preterm infants fed on fortified preterm milk suggests that protein fortification on
a case by case basis beyond current levels may be required to achieve adequate
protein supply of the infant. This may be an important modification to current
clinical protocols.
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In addition to associating the variation in preterm milk macronutrient to milk
production, it was also shown that milk production during the first few days
postpartum was predictive of that during early and late established lactation, day
14 and 57 postpartum respectively. The results showed that there is a significant
[p<0.05] positive relationship between milk production at day five postpartum and
that at days 14 and 57 postpartum. This observation corroborated with those of
earlier studies and emphasised the importance of optimising milk production at
day five postpartum (2, 19).
The definition of a dominant breast proposed in this study is more comprehensive
compared to other previous definitions of a dominant breast as it involves both
difference in milk production (≥ 10% of total volume) and also time (dominant on
≥ 50% of study days). Adoption of a standard definition of a dominant breast
would facilitate studies into dominant breasts in both mothers with term and
preterm infants. Using the proposed definition of a dominant breast, this study
showed that while most mothers with preterm infants had a dominant breast,
there was no significant bias towards either the left or right breast in the
population.
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Chapter 5:

Variation in breastmilk fatty acid

composition in response to cold like symptoms in the
lactating mother or feeding infant
5.1

Introduction

Various in vitro studies have shown the protective properties of FAs against lipid‐
coated microorganisms (1‐4). Some microorganisms, such as G.lamblia (protozoa)
and H.influenza streptococcus (bacteria), are susceptible to the action of these
protective FAs. The potency of the FAs also varies considerably, with lauric and
linoleic acid reported to be amongst the most potent (1). They appear to work via a
detergent like action on lipid‐coated microorganisms (1). It is thought that these
FAs get incorporated into the lipid bilayer and cause instability of the lipid
membrane which then results in rupture of the lipid envelope and death of the
microorganism (4). Thus FAs provide the breast fed infant with protection from
enteric microorganisms, prior to infant immune system maturation (5).
A clinical study which investigated the relationship between the proportion of FAs
in breastmilk to the risk of mother–to–child–transmission (MTCT) of human
immunodeficiency virus (HIV) from infected mother to child during lactation (6).
It reported that the risk of transmission of HIV was inversely proportional to the
proportion of n6 PUFAs, dihomo‐γ‐linolenic (DGLA) and arachidonic acid (AA) but
was directly proportional to the proportion of lauric acid which suggests that in
some mothers the mammary gland response to viral infection may result in an
altered proportion of specific FAs to protect the infant (6).
FAs also enhance the ability of protein to bind lipid membrane by increasing its
hydrophobicity. Therefore in contrast to its protective role, it was also reported
that the attachment of palmitic acid to haemagglutinin (palmitoylation) of
influenza A virus facilitates attachment of the virus to the target cell and thus
replication of the virus (7). Similarly it was also reported that the bonding of
myristic acid to the structural protein (myristoylation) of the human rhinovirus,
(most common cause of common colds) was necessary for attachment of the virus
to the target cell membrane and thus replication of the virus (8). Thus during a
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respiratory infection in either the mother or infant, the mammary glands may
reduce the proportion of palmitic and myristic to limit the availability of these FAs
to the infecting viruses.
During lactation, the mammary gland becomes the primary site for de novo FAs
synthesis (9). However the presence of a mammary specific thioesterase
(thioesterase II) limits the chain length to 14 and thus the MCFAs such as capric,
lauric, and myristic acids are commonly referred to as de novo FAs (9). In contrast
most of the long chains FAs (LCFAs) such as palmitic acid are derived from
maternal fat stores, which are influenced by diet (10‐17). Even though they could
be synthesised by action of elongases and desaturases on MCFAs, most are
absorbed from the maternal circulation as preformed FAs and thus referred to as
preformed FAs (18). However some LCFAs such as linoleic and ‐linolenic acid
cannot be synthesised and are obtained solely from the diet are therefore referred
to as essential FAs. For this study both arachidonic (AA) and docosahexaenoic acid
(DHA) were grouped as essential n3 and n6 PUFAs respectively. Even though
syntheses of both FAs from their precursors are possible the process is slow
compared to uptake of preformed FAs and may be compromised by nutritional
deficiencies as well as inflammatory conditions (19).
While the maternal diet is reported to have the greatest influence on the
proportion of FAs in breastmilk, it is also thought that the mammary gland is
capable of limiting these influences by altering the proportion of specific FAs, as
shown by the fairly consistent FAs composition across 24 different studies (10‐16,
20, 21).
Thus this study aims to establish whether a cold like infection in either the mother
or infant or both would also trigger a response by the mammary glands to alter the
proportion of specific FAs in breastmilk.

5.2

Methods

5.2.1 Study population
Women who were currently breastfeeding their infants and residing within the
metropolitan area of Perth, Western Australia were recruited for the study.
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Mothers were excluded if they were unlikely to continue breastfeeding or were
unlikely to remain within the metropolitan area during the study period. Potential
participants were provided with a study package, which also included the consent
and demographics forms. There were 28 mothers recruited in the study. Two
mothers were excluded due to difficulties with identifying the sample label.
5.2.2 Sample collection
Sample collection involved collecting a set of milk samples (2 – 5 ml) expressed
from each breast at roughly the same time for three consecutive days (n=6
samples). The first set of three milk samples from each breast was collected daily
for three days. Then if the mother or infant showed cold like symptoms, another
set of samples was collected following the same protocol for three consecutive
days and these samples were referred to as the “cold” samples. Three weeks after
the cold like symptoms disappeared, the last set of samples were collected
following the protocol for three consecutive days of the first set of samples and
these samples were referred to as the “well” samples. Thus 18 milk samples were
collected from mothers who either caught a cold, her infant caught a cold or the
dyad caught a cold during the study period.
Mothers who stayed healthy and had healthy infants during the study period (6
months) were asked to collect a second set of samples at the end of the study
bringing their total number of milk samples collected by these mothers to 12. All
milk samples were kept by the mother in a domestic freezer at ‐200C. These
samples were then collected from the mother within a week and kept in a ‐800 C
freezer until required for analysis.
5.2.3 Definition of cold‐like symptoms
The definitions of cold‐like symptoms used in this study:
a.

A temperature outside the normal range (36.5 – 37.5°C).

b.

An infection affecting the upper respiratory tract and characterised by a
sore throat, blocked and running nose.

c.

General tiredness with duration of 3 to 5 days.

A mother or an infant who has any one of these conditions was considered to have
cold like symptoms.
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5.2.4 Ethics approval
Ethics approval for this study has been given by the Human Research Ethics
Committee of The University of Western Australia RA/4/1/2130
5.2.5 Fatty acid assay
Total lipids were extracted and analysed as described in Chapter 2.2.8
5.2.6 Statistical analysis
Analysis of data used correlation done on R 2.9.0 (R Development Core Team
2009). Packages nlme and lattice were used for linear mixed models and lattice
plots respectively. P‐values <0.05 were considered significant. Replicates were
compared by testing for significant differences between models with random
effects of sample or replicate within sample. As no difference was seen [p>0.99],
replicates values were averaged for subsequent analysis. Where only one value
was available, that was considered the measured value.
For each of the FAs of interest, the main explanatory variables of the models
considered were infant age, maternal health, infant health and dyad health. Other
explanatory variables considered were gestational age, birth weight and maternal
age. The random effect of the models was infant age and mother.

5.3 Results
5.3.1 Characteristics of mothers and infants
The mean age of the mothers was 34.8 years old (range 28.0 – 44.0). The mean
gestational age of the infants was 39.5 weeks (range 37.0 – 42.0) and the mean
birth weight was 3.5kg (range 2.9 – 4.2). The mean infant age at the time of
recruitment was 311 days (range 13 – 1041) whereby most infants were aged
<366 days (n=22 infants), while 4 infants were aged >366 days (n=4).
Of the 26 mothers recruited, 23 collected “cold” samples while three did not
develop symptoms and collected none. Of the 23 mothers who collected “cold”
samples, 19 had cold like symptoms together with their infants and also included
one mother who had a second cold like symptoms after her infant was well and
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thus collected additional samples (n=38 samples). The other four mothers had cold
like symptoms but their infants were well throughout the study.
5.3.2

Mean values and range of major FAs

There were 15 FAs detected in the study (Table 5.1). The detected FAs ranged
from short chain fatty acid, Caprylic (FA8:0), to long chain fatty acid, Arachidonic
Acid (FA20:4 all n6). The proportion of each detected fatty acid was highly
variable between samples. Of the 15 FAs detected only eight FAs; capric, lauric,
myristic, palmitic, palmitoleic, stearic, oleic and linoleic acid were detected in
sufficient quantities in all samples for robust statistical analysis. During the first six
month postpartum, there were large variations in the proportions of all 8 FAs in
both cold and well milk samples (Figure 5.1‐ 5.8). Then from 10 month
postpartum onward, the proportion of capric acid in both cold and well milk
samples was gradually declined while the proportions of linoleic, oleic, palmitic,
palmitoleic and stearic acid in both cold and well milk samples was remained
steady. Furthermore, the proportions of lauric and myristic acid in both cold and
well milk samples was gradually increased from 10 month postpartum before an
observable decrease at 24 month postpartum and beyond.

Group

FAs

Mean % of total FAs (± SEM)

Range

Caprylic (FA8:0)

0.14 (± 0.1)

0.06 – 0.28

Capric (FA10:0)

1.13 (± 0.3)

0.40 – 2.19

Lauric (FA12:0)

5.90 (± 0.8)

1.76 – 11.85

Myristic (FA14:0)

7.87 (± 1.0)

2.29 – 17.00

Palmitic (FA16:0)

23.86 (± 0.5)

17.26 – 30.91

Palmitoleic (FA16:1 n7)

2.29 (± 0.4)

1.06 – 4.56

Stearic (FA18:0)

7.39 (± 0.6)

3.91 – 12.68

Oleic (FA18:1 n9)

35.79 (± 0.7)

25.73 – 52.11

Arachidic (FA20:0)

0.49 (± 0.2)

0.23 – 0.85

Eicosenoic (FA20:1 n9)

0.30 (± 0.1)

0.18 – 0.48

α‐ linolenic (FA:18:3 n3)

1.00 (± 0.4)

0.45 – 2.35

DHA (FA22:6 n3)

0.36 (± 0.3)

0.14 – 0.98

Linoleic (FA18:2 n6)

10.90 (± 0.9)

5.41 – 23.95

dihomo‐γ‐linolenic (FA20:3 n6)

0.25 (± 0.1)

0.14 – 0.25

Arachidonic Acid (FA20:4 all n6)

0.35 (± 0.1)

0.21 – 0.54

De novo FAs

Preformed FAs

Essential FAs

Table 5.1

The mean % of total FAs (± SEM) and range of major FAs measured in the study. Fifteen FAs
measured in the study.
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Figure 5.1
The proportion of capric acid during the first 35 months postpartum. Grey triangle
represented the proportion of capric acid in milk sample when mother and infant were well. Dark circle
represented the proportion of capric acid in milk sample when mother, infant or both have a cold. The smooth lines
were local regression curve, one for cold data and the other for well data.
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Figure 5.2
The proportion of lauric acid during the first 35 months postpartum. Grey triangle
represented the proportion of lauric acid in milk sample when mother and infant were well. Dark circle represented
the proportion of lauric acid in milk sample when mother, infant or both have a cold. The smooth lines were local
regression curve, one for cold data and the other for well data.
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Figure 5.3
The proportion of myristic acid during the first 35 months postpartum. Grey triangle
represented the proportion of myristic acid in milk sample when mother and infant were well. Dark circle
represented the proportion of myristic acid in milk sample when mother, infant or both have a cold. The smooth
lines were local regression curve, one for cold data and the other for well data.
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Figure 5.4
The proportion of palmitic acid during the first 35 months postpartum. Grey triangle
represented the proportion of palmitic acid in milk sample when mother and infant were well. Dark circle
represented the proportion of palmitic acid in milk sample when mother, infant or both have a cold. The smooth
lines were local regression curve, one for cold data and the other for well data.
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Figure 5.5
The proportion of palmitoleic acid during the first 35 months postpartum. Grey triangle
represented the proportion of palmitoleic acid in milk sample when mother and infant were well. Dark circle
represented the proportion of palmitoleic acid in milk sample when mother, infant or both have a cold. The smooth
lines were local regression curve, one for cold data and the other for well data.
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Figure 5.6
The proportion of stearic acid during the first 35 months postpartum. Grey triangle
represented the proportion of stearic acid in milk sample when mother and infant were well. Dark circle
represented the proportion of stearic acid in milk sample when mother, infant or both have a cold. The smooth
lines were local regression curve, one for cold data and the other for well data.
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Figure 5.7
The proportion of oleic acid during the first 35 months postpartum. Grey triangle represented
the proportion of oleic acid in milk sample when mother and infant were well. Dark circle represented the
proportion of oleic acid in milk sample when mother, infant or both have a cold. The smooth lines were local
regression curve, one for cold data and the other for well data.
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Figure 5.8
The proportion of linoleic acid during the first 35 months postpartum. Grey triangle
represented the proportion of linoleic acid in milk sample when mother and infant were well. Dark circle
represented the proportion of linoleic acid in milk sample when mother, infant or both have a cold. The smooth
lines were local regression curve, one for cold data and the other for well data.

5.3.3 Effect of the health of mother‐infant dyad on FAs proportions
There are infant age related changes that are significant at the individual level but
not at the population level, it indicates that for at least one mother, there is a
significant change across the time period measured, but that there isn’t an overall
trend (Table 5.2). This may be related to the span of the study period (up to 5
months) or the variation in the age of the infant (the majority are <1 year, but
there is one >3 years).
Capric and lauric acid were significantly related to the health status of the dyad (all
three measures), although the relationship is stronger for the infant health than
the mother for capric acid, and more strongly related to maternal than infant
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health for lauric acid. Myristic, oleic and linoleic acid were found no relationship
between abundance and health status of the dyad. However, myristic acid is the
only FA where we are seeing a change across time. Palmitic acid were related to
maternal and dyad health, but not infant.

Palmitoleic and Stearic acid were

related to infant health.

Maternal health

Infant health

Dyad health

p=0.014

p=0.006

p=0.004

0.04% higher in well

0.05% higher in well

0.5% higher in well

p=0.008

p=0.020

p=0.006

0.3% higher in well

0.3% higher in well

0.3% higher in well

Myristic
acid

p=0.824

p=0.996

p=0.891

Palmitic
acid

p=0.008

Palmitoleic
acid

p=0.087

Stearic acid

p=0.476

Capric acid

Lauric acid

increases across time, by increases across time, by increases across time
0.1% per day (p=0.016)
0.01% per day (p=0.015) by 0.01% per day
(p=0.015)
p=0.154

0.45% lower in well

p=0.004
0.5% higher in well

p=0.045

p=0.215

0.1% higher in well
0.001

p=0.516

0.4% higher in well
Oleic acid

p=0.285

p=0.758

p=0.450

Linoleic

p=0.672

p=0.080

p=0.867

acid

Table 5.2 – Significance of the relationship between the health predictor and the fatty acid %. Where significant,
the direction and magnitude of the change is included. Where the relationship between the infant age and the fatty
acid % is significant, this is included.

5.4

Discussion

The results of this study suggest that cold like infections in either mother or infant
or both results in partial suppression of de novo FAs synthesis. However, the
magnitude of the difference in proportions for capric, lauric, and myristic acid,
0.06, 0.34, and 0.53 %, respectively were quite small. Even so, a comparative study
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by Villamor et al. (2007) reported a significant direct relationship between
increasing proportion of lauric acid to increased risk MTCT of HIV. In that study
the percentage of total FAs for lauric acid was 4.3% in the mothers with HIV and
3.4% in the controls, this showed an approximately 1% difference between the
infected mothers and the controls (6). HIV is a chronic infection and therefore may
have a more sustained effect on the mammary gland, however in the study
described in this chapter a cold infection is acute and only sustained for a short
period of time. Thus while the results of our studies were physiologically small, the
decreased mean proportion of lauric acid observed supports the concept that the
mammary gland has the ability to respond to a cold like infection by actively
supressing de novo FAs synthesis to reduce the risk of transmission or hasten the
recovery of an infant from cold like infection. It was also reported that
myristoylation of the human rhinovirus was necessary for attachment of the virus
to the target cell membrane and thus replication of the virus (8). Thus the
reduction in the mean proportion of myristic acid observed for the cold time point
could be of benefit to the infant. While the changes in myristic acid in this study
were small, it was consistent across the study population and hence statistically
significant and therefore suggests the reduction in proportion of myristic acid
could be meaningful. The fact that the levels had not returned to baseline levels by
3 weeks after the cold is interesting to note and this may be because, although the
mother was feeling well again, the mammary gland may not have fully recovered
and therefore may not have had time to revert back to baseline levels.
The mean proportion of preformed FAs palmitic acid was significantly higher
when the mothers have a cold. It has been hypothesised that a decrease in palmitic
acid may limit palmitoylation of haemagglutinin of influenza A virus to reduce the
attachment of the virus to the target cell and thus replication of the virus (7).
However the slightly increased mean proportion of palmitic acid during the cold
compared to baseline was in the opposite direction and appears not to have a
predictable beneficial protective effect for the infant. The inverse relationship
between the proportion of de novo FAs and palmitic acid previously reported in
term milk and also described in chapter 3 in preterm milk, could account for this
change in proportion of palmitic acid at cold time point, since the decreased
synthesis of de novo FAs may have been compensated by an increased uptake of
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the preformed FAs such as palmitic acid.(22). This inverse relationship was also
reported between palmitic and palmitoleic acid which could account for the
decreased proportion of palmitoleic acid at the cold time point (22). It was also
reported by Isaac (2005), that some protective components in milk may not
become evident until milk is digested by the infant (4). Thus it may be that the
increased proportion of digested product of palmitic acid produces such an effect
and could account for the increased proportion of palmitic acid at the cold time
point.
There was no statistically significant relationship between the mean proportion of
linoleic acid and the health of the dyad. It was hypothesised that the mean
proportion of linoleic acid would be increased at the cold compared to well, to
reduce risk of infection in line with the observations of Villamor et al. 2007 who
reported that the risk of transmission of HIV was inversely proportional to the
proportion of DGLA and arachidonic acid (AA) (6). All three n6 PUFAs; linoleic,
DGLA and AA were shown to have similar protective potency in vitro (4). While
the exact reasons for the absence of a significant change in linoleic proportions is
not clear, deficiencies in the study design especially the limited size of the sample
collection could account for the observations made in this study. When analysed as
individuals one mother who had significant differences in the mean proportion for
the eight selected FAs; capric, lauric, myristic, palmitic, palmitoleic, stearic and
linoleic acid between cold and well status (data not shown) however this mother
had two cases of cold symptoms which allowed a greater sample number (n=38
samples). Further analysis of this observation would require much larger numbers
of subjects.

5.5 Conclusion
This is the first study to examine the relationship between, changes in production
of FAs in breast milk in response to a clinical infection, such as a cold. The only
other comparable study by Villamor et al. (2007) examined MTC transmission of
HIV. While the results of this study were inconclusive in establishing
physiologically significant changes in FAs proportion to cold like symptoms, future
studies in this field would benefit by improving upon the possible deficiencies in
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the design of this study, by increasing the number of mothers in the study and a
more robust means of diagnosing a viral infection. It is also possible that a greater
difference in FAs levels may have been observed if more severe infections were
examined, for example confirmed cases of influenza as opposed to a simple cold
virus infection. The next step would be to link the associated protective FAs to
maternal dietary targeting so as to increase the proportion of these FAs in
breastmilk and thus reduce the risk of infection or hasten recovery for the infant
from cold like infection.
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Chapter 6:
6.1

General Discussion

Variation in milk production

The main limiting factor in assessing milk production in this study was that the
mothers recorded their own milk production. There could have been variances in
measuring the same amount of volume between the mothers and that some values
may have either been over or under estimated. However the large number of
mothers involved in the study and a comprehensive statistical analysis of the
results would have a limited the effects on these variances on the results of this
study.
There was considerable variation in total daily milk production between the
mothers during the first two weeks postpartum (Figure 2.3). There was a sharp
increase in median milk production (± SD ml) from days three to five postpartum,
from 41.0 ±77 ml to 206.0 ±242ml respectively, which by day 14 postpartum was
at 489.0 ±390 ml. However, most of these mothers (83 %) had delayed secretory
activation, as their median milk production was less than 350ml per day at day five
postpartum. Similarly 86% of these mothers were also producing less than 750 ml
at day 10 postpartum, which is the recommended target proposed by Meier et al.
(1999) for day 10 postpartum (1).
Based on this recommendation, mothers in this study whose average daily milk
production was >750 ml are thought to have fully matured lactocytes and thus had
successful secretory activation while those whose values were between 350 to 750
ml were thought to have delayed maturation and thus delayed secretory activation.
Some mothers (40 %) are thought to have impaired lactocyte maturation, since
their average daily milk production was <350 ml at day 14 postpartum (Figure 2.1)
and suggests that they have not achieved successful secretory activation. However
at day 57 only 7% of mothers in the study were producing <350ml, so many
mothers had managed to achieve secretory activation. Therefore the production
target specified for these mothers (700 to 1000 ml for the first ten days
postpartum) may be too high for that early in lactation, as most of these mothers
fail to achieve these production values (1).
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While the exact reasons the slow initiation of lactation are not clear, one factor that
may be contributing is the high stress levels in these mothers that may have a
suppressive effect on the levels of prolactin which is vital for establishment of
lactation and thus may contribute to the delay in maturation of the lactocytes (2).
It was reported that both physical and mental stress in nursing mothers was
associated with impaired secretory activation (3). The possible mechanism
whereby stress impairs secretory activation is not clear. However it was thought
that stress interferes with the release of oxytocin the hormone responsible for milk
ejection. In turn the incomplete removal of milk from the breast is thought to
impact on onset of successful secretory activation (3).
Milk production was determined from days 1‐14 (Figure 2.2) and days 14‐57
(Figure 4.1). There was a wide range in daily total milk production in late lactation
with values from, 73.0–1863 ml at day 15, 154.0 – 2280 ml at day 36, and 204.0 –
1791 ml on day 57 postpartum. However one mother who was excluded from
analysis, as an outlier due to her exceptionally high milk production values,
consistently produced volumes in excess of 2L after day 15. When examining the
main study population by day 15 postpartum, 68% of the mothers were producing
>350 ml of milk per day and thus had successful secretory activation. By the
midpoint in this study, day 36 postpartum, this percentage had risen to 85% and at
the end of the study the percentage was at 93%. Similarly, most mothers at day 45
postpartum achieved the recommended milk production target of 750ml where
the median total milk production was 773±175 ml (Figure 4.1; 54 % of the
mothers). However, the finding that most mothers achieve the production target
by day 57 is important because the target was set to ensure that the mothers had
sufficient milk production to meet the increasing needs of the babies as they
reached term body weights. Nevertheless the finding of a significant correlation
[p<0.05] between milk production at day five postpartum with that at days 14 and
57 postpartum further emphasise the importance of stimulating milk production
early on in lactation as concluded by Hill et al.(2005) (4) but at least some of the
pressure on pumping frequency once milk production is established may be able to
be reduced.
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The definition of a dominant breast proposed in this study was more
comprehensive compared to other previous definitions because it defines
dominance in two ways: firstly as a difference in daily milk production (≥ 10% of
total volume) and also the amount of time in which one breast produces more milk
than the other (dominant on ≥ 50% of study days). Whether the mother was left or
right handed or preference of an infant for one breast over the other can be
excluded as contributing to a bias in this study because milk was simultaneously
expressed from both breasts by electrical breast pumps. Of the mothers in the
study population, 73% had a dominant breast (either right or left) and even though
there appeared to be more mothers with right breast dominance this trend was
not significant [p=0.5].
Adoption of a standard definition of a dominant breast would facilitate studies into
breast dominance in mothers with both term and preterm infants. Using the
proposed definition of a dominant breast, this study showed that while most
mothers with preterm infants had a dominant breast, there was no significant bias
towards either the left or right breast in the population.

6.2

Relationship between milk composition and production

It was thought that differences in maturation of the lactocytes between the
mothers accounted for the wide variations in both lactose and protein
concentrations observed between the mothers during the first nine weeks
postpartum. It may be possible that differences in maturity of the lactocytes were
reflected in the synthetic capacity of the lactocytes and that those mothers with
delayed or impaired secretory activation may have a decreased synthetic capacity
compared to those mothers who had successful secretory activation.
Lactose formation in the Golgi is an active process that requires energy and the
maturity of the lactocyte may have an impact on this process (5). Thus those
mothers who had higher concentration of lactose are thought to have a more
efficient synthesis of lactose as a consequence of more mature lactocytes. Lactose
also has an important role as an osmotic agent, swelling the Golgi with water and
thus indirectly regulates milk volume (6, 7). It was subsequently shown that there
was a significant positive relationship between the concentration of lactose and
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milk production either in a univariate relationship or when days postpartum were
taken into account [p<0.001], during the first two weeks. However as lactation
progressed beyond two weeks postpartum, the univariate relationship between
lactose and milk production remained significant, but there was no longer a
significant relationship between concentration of lactose and milk production
when days postpartum is taken into account. While reasons for the absence of an
association between the concentrations of lactose with milk production during the
third to eighth week postpartum are not clear it may be due to the variability of the
milk production values. Milk production data was based on values collected once
per week and since milk production per day can be highly variable in preterm
mothers this may explain why there was not a significant statistical relationship
when days postpartum were taken into account.
While the variation in concentration of lactose has no known adverse effects in
infant development, human milk does contain the highest concentration of lactose
compared to other mammals and contributes to about 40% of the energy needs of
the infant (8, 9). Lactose is broken down in the small intestine into glucose and
galactose by the enzyme lactase. However in preterm infants there is low
functional lactase activity and thus preterm infants face a higher risk of
hypoglycaemia compared to term infants.
Similarly there were also wide variations in concentration of proteins between the
mothers during the first two weeks postpartum (Figure 2.6), which continued
during the third to eighth week postpartum (Figure 4.7). Mean values (± SEM g/l)
ranged from 25.76 ±3.0.g/l on day one to 17.9±0.4 g/l on day 14 in early lactation
down to a low of 12.74±0.4 g/l on day 57 postpartum. This is consistent with other
studies that have reported that the concentration of protein is higher in preterm
milk compared to that of term milk (10‐15). The very high concentrations of
secretory IgA (sIgA) and lactoferrin in colostrum together with the low milk
volume associated with preterm milk could account for the higher concentration of
protein in preterm milk compared to that in term milk (16). Similarly to lactose,
the wide variations in concentration of protein between the mothers could be due
to the differences in maturity of lactocytes between the mothers. Again the reasons
for such variation could be due to differences in synthetic capacity of the
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lactocytes. The synthesis of proteins by the lactocytes requires the uptake of amino
acids from the maternal circulation and this is adversely affected by low levels of
prolactin (5, 17). It has been reported that increased stress levels also increase the
concentration of prolactin inhibitors (18‐20). Thus it may be that a decreased level
of prolactin caused by stress not only causes a delay in maturation of lactocytes
but also limits the amino acid uptake and thus account for variations in the
synthetic capability of the lactocytes.
Alternatively, protein in milk is also absorbed directly preformed from the
maternal circulation. While delayed maturation of the lactocyte might limit the
concentration of synthesised protein, those that are absorbed preformed may not
be affected. Preformed proteins such as sIgA, albumin and lactoferrin are found in
high concentration during early days postpartum. These proteins, derived from
serum contribute to about 40.0 % of total true protein during the first two weeks
postpartum protein (21, 22). However as lactocytes mature there is increased
concentration of synthesised proteins and decreased contribution from serum
proteins. Differences in maturation of lactocytes between mothers may account for
the variation in concentration of protein between them.
Failure to address variations in concentration of protein is thought to be the cause
of under fortification of preterm milk in some infants and thus lower growth rates
in these infants compared to infants fed on preterm formula (23). The assumed
protein concentration in preterm milk is reported to be 15 g/l at days 14
postpartum and is comparable to the mean protein concentration (± SEM g/l)
observed in this study (17.89 ±0.4 g/l) (11). The current protein fortification
protocol involves concentration of 8.0 to 11 g/l and despite the wide variations in
protein concentration it is highly unlikely that current protocol results in protein
concentration of greater than 30 g/l and thus protein over fortification (11).
However individual protein concentration in mothers milk from this study ranged
from values of 7.99 to 28.39 g/l. Therefore protein under fortification is probably a
more important issue and the infants of mothers with protein concentrations as
low as 7.9 g/l would be receiving well under the target of 25g/l protein even after
fortification and this could be responsible for limited growth rates.
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While there was a univariate negative relationship [p<0.05] between the
concentration of protein and milk production both during the first two weeks
postpartum and during the third to eighth week postpartum this relationship was
not significant when days postpartum were taken into account. Again this may be
due to variability in weekly milk production values and thus may not reflect the
accurate milk production in these mothers.

6.3

Relationship between citrate with protein, lactose and milk

production
Citrate is associated with secretory activation and the wide variations in
concentration of citrate could also be associated with the wide variations in milk
production between the mothers (24‐28). There was a significant positive
relationship between citrate concentration and milk production [p<0.001] with
higher concentrations of citrate associated with higher milk production. Citrate is
an intermediate in the citric acids cycle and is formed by the condensation reaction
of oxaloacetate with acetyl CoA a reaction catalysed by citrate synthase. As the
reaction occurs in the mitochondria it is affected by the maturity of the
mitochondria and thus the maturity of the lactocytes could be an influencing factor
for successful secretory activation in mothers with preterm infants (29).
In addition both citrate and lactose share the same precursor, glucose, and also the
same route of secretion into the milk compartment via the Golgi bodies. The
significant relationship between concentration of citrate and lactose [p<0.05] with
higher concentration of citrate associated with higher concentration of lactose
could account for the increased milk production with increased concentration of
citrate.

6.4

Variations in proportion of de novo fatty acids and its

relationship with citrate
There were wide variations in the proportion of de novo FAs between the mothers.
Again this is thought to reflect the difference in maturation between the lactocytes.
Between days three to five postpartum there was a sharp increase in proportion of
de novo FAs, which seems to reflect the increase in concentration of citrate during
secretory activation. Citrate provides the precursor for FAs synthesis by acting as a
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surrogate carrier transporting acetyl CoA across the mitochondrial membrane into
the cytosol where it is converted back into acetyl CoA thus providing substrate for
both NADPH and malonyl CoA synthesis (30, 31). In addition citrate also
allosterically regulates acetyl CoA carboxylase which catalyses the first committed
step in de novo FAs synthesis (32). Thus it is expected that there would be a
significant positive relationship between citrate and the de novo FAs capric, lauric,
and myristic acid.
However there was no significant relationship between the concentration of citrate
and de novo FAs as a group. While the reason for this is not clear it does initially
suggest that de novo FA synthesis is not limited by the availability of citrate. Citrate
also binds to divalent minerals such as calcium and calcium citrate is reported to
be responsible for 50% of the sharp increase in citrate levels during secretory
activation (33). Thus calcium citrate may also provide a source of citrate for de
novo FAs synthesis. Since the citrate measured in this study was free citrate only
and did not measure calcium citrate this may explain why no significant
relationship was observed between the concentration of citrate and de novo FAs.

6.5

Relationships between fatty acids during the first two weeks

postpartum
While the variations in FAs composition is widely reported to be influenced greatly
by the maternal diet, a comparison of FAs composition in term milk between
mothers across 15 different countries by Koletzko et al. (1992) revealed a fairly
consistent composition with the exceptions of MCFAs, monounsaturated (MUFAs),
and DHA which suggests that the mammary gland has the ability to limit the
influence of the maternal diet with the exception of the above listed class of FAs
(16, 34‐41). Similarly in a study across three different ethnic groups, Glew et al.
(2002) reported constancy in the fluidity of milk fat across the three different
populations. This observation further suggests that the mammary gland possesses
the ability to limit the influence of the maternal diet and exert its influence on the
composition of FAs in TAG. It is hypothesised that the mammary gland is able to do
this by maintaining a constant relationship between the different FAs in
breastmilk. By ensuring more FAs with lower physiological melting point rather
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than those with higher physiological melting points in the makeup of the TAG this
would ensure the fluidity of fat in milk.
However there has been only one comprehensive study on the relationships
between FAs in term milk by Mitoulas (2000) and none on preterm milk, in
contrast to studies that did a simple comparison between the FAs composition of
term and preterm milk (42‐46).
Milk samples from mothers (n=18 mothers, n=481 samples) who were classified as
low, normal, and high producers during the first two weeks postpartum were
analysed for FA composition. To facilitate analysis of FAs results, the FAs were
divided into three groups; de novo, preformed, and essential FAs. Due to concerns
of low milk production among mothers with preterm infants, the first aim of this
study was to investigate whether there was a significant relationship between the
levels of de novo FAs and milk production in these mothers followed by
investigations into the relationships between different FAs in preterm milk.
It was expected that the average proportion of de novo FAs would be significantly
lower in mothers who were in the low producers group compared to those who
were high producers. However the overlapping error bars (SEM) between the
three groups of mothers from days three to 14 postpartum (Figure 3.3) indicates
that there were no significant differences in the proportion of de novo FAs between
the mothers in different groups. Statistical analysis using linear mixed models
confirmed that there were no significant differences in the proportion of de novo s
between the three production groups. However if the total daily proportion of de
novo FAs, irrespective of production groups, were compared to total daily milk
production on days three to 14 postpartum, then it was observed that there was a
significant positive relationship [p<0.05] between the proportions of de novo FAs
with milk production from days three to 14 postpartum.
Stratification of mothers did not show any relationship between proportion of de
novo FAs and milk production whereas daily total proportion of de novo FAs was
significantly related to daily total milk production. The wide variations in
proportion of de novo FAs between the mothers was consistent with that observed
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with other milk components, which may be associated with differences in
maturation of lactocytes between the mothers.
6.5.1 Partial correlation between de novo, preformed and essential FAs
Of the 26 FAs detected in preterm milk during the first two weeks postpartum,
only 11 were detected in sufficient quantity for robust statistical analysis. The
relationship between FAs were analysed by partial correlations and the results
(Table 3.2,) showed that the majority (90%) of FAs were significantly related to
each other by either a positive or negative relationship. Generally there were
significant positive relationships between the individual de novo FAs but were
negative between de novo and both preformed and essential FAs.
6.5.2 Relationship between individual de novo FAs
While there were significant direct relationships between the de novo FAs
[p<0.05], the lactocytes initially synthesised higher amounts of myristic acid
compared to the other de novo FAs , however as lactation progressed and the
maturity of the lactocyte increased, there was increased synthesis of other de novo
FAs, capric and lauric acid, both of which have been shown in the past to have
antimicrobial properties (47). By day 14, lauric acid was present in similar
amounts to myristic acid. It is thought that increased maturity of lactocytes is
associated with increased activity of the lactocyte specific thioesterase
(thioesterase II).
6.5.3 Relationship between individual preformed FAs
There were significant positive relationships [p<0.05] between the individual
preformed FAs with the exception of a significant inverse relationship between
stearic and its precursor oleic acid. Oleic acid is also one of the major determinant
of melting point of TAG where increased proportion of oleic acid is associated with
decreased MP of TAG [p<0.05] (40). Consequently oleic acid is the predominant FA
in adipose tissue and represents an important energy store in time of low energy
diet and its abundance in membranes of most phospholipids also reflects its
important role in maintaining membrane fluidity (48, 49).
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6.5.4 Relationship between individual essential FAs
There were significant [p<0.05] positive relationships between the individual
essential FAs with the exception of a significant negative relationship between α‐
linolenic acid and arachidonic acid. Again it has been previously reported that the
n6 PUFAs were more influential in determining MP of TAG compared to the n3
PUFAs (40). Despite the importance of both n3 and n6 PUFAs to infant
development, the mammary glands appear to have a preference for n6 over n3
PUFAs as observed by this relationship and this was also reflected in the
consistently higher daily average proportion of AA over DHA (42‐44, 50).
6.5.5 Relationship between de novo FAs and preformed FAs
There was generally a significant inverse relationship between de novo FAs and
preformed FAs [p<0.001]. The saturated preformed FAs tend to be solids at body
temperature as they have higher physiological melting points compared to those of
de novo FAs (capric, lauric, and, myristic acid) that are liquid at body temperature.
To maintain the fluidity of milk requires that the melting point (MP) of TAG be kept
below that of the body temperature (37.50C). Lauric acid was reported to be one of
the major determinants for MP of TAG (40). Thus it may be that the mammary
gland has decreased importation of saturated preformed FAs and increased
synthesis of de novo FAs to increase the concentration of TAG enriched with lower
melting point FAs. This could maintain the melting point of TAG below that of the
body and may be reflected in the inverse relationship between de novo FAs and
preformed FAs (40).
6.5.6 Relationship between de novo FAs and essential FAs
Similarly there were significant [p<0.05] inverse relationships between de novo
FAs and essential FAs, overall and reflects the importance of essential FAs over
those that can be synthesised by the body. In addition both linoleic and arachidonic
acid are reported to be major determinants for MP of TAG with increased
proportion of these FAs associated with decreased melting point of TAG
[p<0.05](40). Although the de novo FAs were liquid at room temperature, their
increased proportion in breastmilk was associated with decreased MP of TAG (40).
This suggests that this relationship was maintained so as to balance the FAs
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composition of TAG to ensure its melting point is below of that of the body so that
TAG may be secreted efficiently into the milk compartment.
6.5.7 Relationship between preformed FAs and essential FAs
The preformed FAs had significant negative relationships [p<0.05] with the
essential FAs linoleic and linolenic acids but significant positive relationships
[p<0.05] with their end products, AA and DHA respectively. The negative
relationships reflect the importance of linoleic and α‐linoleic acid as they cannot be
synthesised by the body and were consistent with the concept of mammary glands
preferred incorporation of FAs that contribute to decreased MP of TAG. However
the reasons for a positive relationship between the preformed FAs and AA and
DHA were not clear. While both AA and DHA were found to be present in small
amounts <1% of total FAs in breastmilk, that of the preformed FAs including
palmitic and oleic acid form >50% of total FAs. It may be that the mammary gland
maintained such relationships so as to balance the need of the infants with the
need to keep fluidity of the TAG in milk.
The significant relationships between the FAs observed in this study were
generally in good agreement with those observed in term milk. This enhances the
suggestion that the mammary gland possesses the ability to limit dietary
influences to determine the FAs composition of TAG and does so by maintaining
constant relationships between the different FAs.

6.6

Correlation between protective fatty acids in breastmilk to

cold like symptoms in lactating mother or feeding infant
Of the mothers recruited in this study, most (88 %) had cold like symptoms and of
these mothers, the majority (83%) shared them with their infants, while in a
minority (17%) it was only the mother that was sick and their infant was well.
Despite the variation in FA composition between mothers’ milk, significant
associations were between the proportions of six fatty acids (Capic, Lauric,
Myristic, Palmitic, Palmitoleic and stearic acid) and the health of the mother and
infant. This suggested that the well being of mother, infant or both could influence
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the level of these fatty acids in breastmilk. This would be in line with the
observations made by Villamor et al. (2007) and Issacs (2005).
While the exact reasons for the lack of physiological significance are not clear, the
limited statistical changes in mean proportion of FAs could be due to possible
deficiencies in the study design, which may also play a role.
Thus future studies would need to replace the definitions of colds with more
stringent definitions and improved diagnostics protocols to confirm the infection
involved which is beyond the scope of the present study. In addition mothers
recruited would be required to increase the number of milk samples so as to
improve the statistical power of the study.
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Appendix 1
Chapter 5, Sub analysis days postpartum < 365 days.
Are the relationships due to influence from few older infants?
Unless otherwise specified, analysis was done using R 2.9.0 GUI 1.28 Tiger build 32‐bit
(5395) for MacOSX, using the base packages, and the lattice package (plots)
R Development Core Team (2009). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. ISBN 3‐900051‐07‐0, URL
http://www.R‐project.org.
Deepayan Sarkar (2009). lattice: Lattice Graphics. R package version 0.17‐22. http://CRAN.R‐
project.org/package=lattice
Could the infants’ age be a significant factor affecting the relationships with individual
effects interpreted as age effects? To address this question a further set of univariate
analyses was run for the data from the 21 mums where their infants were under 366 days
on the day of sampling.
A summary of the p‐values is given in table below.
capric

lauric

myristic

palmitic

palmitoleic

stearic

oleic

linoleic

mum
health

0.009

0.031

0.869

0.018

0.245

0.335

0.465

0.279

infant
health

0.006

0.024

0.492

0.333

0.296

0.007

0.613

0.051

It can be seen that in these younger infants, levels of capric and lauric acids change with
both mother health and infant health. Palmitic acid changes with mother health. Stearic acid
changes with infant health, and there is a trend towards linoleic doing the same.
Of these, capric, lauric and stearic all decreased in proportion when the baby was unwell,
and the linoleic increased. Similarly, as would be expected from the large overlap of time
when the mother is unwell and the baby is unwell, proportions of capric and lauric acids
decreased when the mother was unwell, while palmitic acid increased.

154

