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Abstract
Background
Milk ejection (ME) is a critical process for successful lactation. Women
typically have multiple MEs during breastfeeding and pumping. The number and
periodicity of MEs are consistent throughout a lactation cycle when using an electric
pump, though the determinants are not known. This consistency has been shown
between breasts, at different lactation stages, and using different vacuum patterns
with an electric pump. ME characteristics during a second lactation in the same
mother are not reported.
Many women are unable to sense ME to determine whether their infant is
receiving milk or to switch to a more effective pump pattern. Perceived low milk
supply is a common reason for introducing supplementary feeds, which serves to
further diminish milk supply. Current methods of measuring milk transfer from the
breast to the infant are often impractical.
Changes in skin temperature during breastfeeding are partly due to changes in
peripheral blood circulation associated with the cyclical release of oxytocin. Injury
to the nipple may negatively impact milk removal and breastfeeding duration.
Changes in nipple temperature associated with breastfeeding and pumping have not
been reported in the same participants.

Aims
§ To compare ME patterns during breastfeeding and milk expression.
§ To compare ME characteristics obtained using a novel infant-derived pumping
pattern with an established 2-phase pattern.
§ To examine ME characteristics over subsequent lactations.
§ To determine associations between bioimpedance parameters in the breast
and ME.
§ To study changes associated with milk removal from the lactating breast using
Bioimpedance Spectroscopy (BIS).
§ To examine changes in nipple temperature during breastfeeding and pumping.

Methods
MEs were recorded in 12 mothers with normal milk production by measuring
the diameter of a major milk duct using ultrasound imaging throughout an entire
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breastfeed and a 15-minute pumping session. Scans were analysed for timing,
duration of duct dilation and maximum duct diameter.
Ten lactating mothers participated in two pumping sessions in which either a
2-phase pattern or infant-derived pattern were randomly assigned. Milk volumes
and ME characteristics were recorded, and the percentages of available milk
removed (PAMR) were calculated. Statistical analysis used linear mixed effects
modelling.
One mother took part in pumping studies during consecutive lactations. ME
characteristics during simultaneous breast expression were studied during the first
lactation, and different pumping patterns were utilised during the 2nd lactation.
Three MEs were measured during each session.
Thirty lactating women completed 24-hour milk productions and participated
in 2 pumping sessions within 2 weeks. Breasts were monitored using BIS on either
the pumped or non-pumped breast, and milk flow rate and volume were measured
simultaneously. Linear mixed effects models were used to determine associations
between milk flow rate and bioimpedance changes, and to investigate the
relationship between change in membrane capacitance (Cm) and R0/R∞ with milk
removal. Additionally, nipple temperatures were recorded for two minutes before
and after each session and throughout each session on the opposite breast.

Results
The initial ME occurred earlier during breastfeeding than during two-phase
pumping sessions. There were no differences between the duration of the 1st or 2nd
ME for mothers when breastfeeding or pumping. The times taken to reach peak duct
diameter and the 1st half of the ME were also not different between breastfeeding
and pumping.
ME periodicity did not differ between pumping patterns. Milk removal
volumes and PAMR were similar. Peak milk flow rates were positively associated
with the available milk and PAMR, as were volume of milk removed during each ME.
ME characteristics between successive lactations in a single mother were
consistent, as were patterns between breasts, and when using different pumping
patterns.
Decreases in R0, R∞ and Cm were greater at the first ME in the pumped breast.
Changes detected in the non-pumped breast were smaller at the first ME. Smaller,
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less consistent decreases were detected at the second ME in both breasts. The
relationship between R0/R∞ and milk removed was inverse, while that between Cm
and volume of milk removed and percentage of available milk removed were
positive.
Nipple temperature increased during milk expression, and was associated
with volume removed, increasing by 10 ml for every 1°C. Changes were similar
between the 2 pumping sessions, but increases were lower during breastfeeding.

Conclusions
ME periodicity remained consistent within mothers regardless of whether
breastfeeding, expressing milk, or with the pumping pattern employed, indicating
ME is probably programmed or innate.
MEs were consistent across consecutive lactations suggesting patterns are
established during or prior to the first lactation, with little influence from the infant.
Bioimpedance parameters showed consistent decreases associated with the
1st ME in the pumped breast. Smaller decreases were observed in the non-pumped
breast for the 1st and 2nd ME. Wide variation in the magnitude of changes was
observed suggesting further development of the methodology is needed to ensure
reliability.
Changes in bioimpedance are related to the volume of milk removed from the
breast during pumping, promising effective measurement of milk removal during
breastfeeding.
Nipple temperature varies between individuals and changes significantly
during both pumping and breastfeeding. Greater increases in temperature are
associated with larger volumes of milk removed. Extreme changes may indicate
reduced blood flow due to poor fitting breast shields, extended duration of pumping,
or possibly infection.
This thesis advances knowledge on two fronts. Firstly, it provides new insights
into the physiological characteristics of the lactating breast by demonstrating the
stability of the milk ejection reflex. Secondly, through the use of novel technologies
to detect milk ejection and measure milk removal, it indicates the potential of novel
technologies to improve the efficiency of milk expression in mothers.
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Introduction
Universal breastfeeding has been estimated to have the potential to save the
lives of over 800,00 children under five and save 20,000 lives from breast cancer
each year (Victora et al. 2016). The unique individual composition of breastmilk,
containing components such as oligosaccharides, stem cells and immunological
factors, may be viewed as maternal signalling regarding the environment. It thus
contributes to the programming of infant growth and development, ensuring
compatibility with survival in the environment (Victora et al. 2016).
Breastfeeding is the preferred method of transferring human milk from
mother to infant (Azad 2019). However, many women have to return to education
or work, or they or their infant may have health conditions which preclude direct
breastfeeding. In these instances, mothers may choose to express their milk, either
manually or by using a breast pump, to feed their infant
Improved understanding of the anatomy and physiology of the lactating
breast, the methods of milk removal, and the processes involved in milk removal are
vitally important areas of research, given the rising rates of women returning to the
work force. So too are the development of novel technologies to quantify milk
production, lack of which are one of the major reasons for early cessation of
breastfeeding. Improving duration of breastfeeding has important economic
implications globally, locally, and individually (Hansen 2016).
Given that breastfeeding influences the life course of the individual and can
improve quality of life and health outcomes, choosing not to breastfeed, or being
unable to, has major long term consequences on nutrition, the health and
development of the child, and on the health of the mother (Victora et al. 2016).
Interventions in early life to increase breastfeeding initiation rates and
duration, followed by appropriate timely introduction of complementary foods,
would reduce incidence of chronic diseases in later life as well as providing short
term health benefits (Geddes & Prescott 2013).

1

Introduction

1.1 Breast anatomy and development during pregnancy
and lactation
1.1.1 Pregnancy
Normal breast anatomy and development are essential for women to achieve
their full lactation potential in terms of milk production, which is subsequently
regulated after birth by infant appetite via autocrine control.
The breast consists of glandular and adipose tissues, which are loosely held
together by a network of connective tissue known as the Cooper’s ligaments (Geddes
2007a; Cooper 1840) (Figure 1.1). As a response to release of a milieu of pregnancy
hormones, the mammary gland goes through a programme of differentiation and
proliferation resulting in the formation of structures essential for the synthesis and
transport of milk during lactation (dos Santos et al. 2015). During the first few
months of pregnancy there is an increase in the number and size of the alveoli and
the extension and branching of the ductal system, characteristic of a period of
intense lobular-alveolar growth (Russo & Russo 1987). In mid-pregnancy there is
some secretory development with colostrum present in the alveoli, while the
number of milk ducts increases throughout the second half of pregnancy. Branching
of the ductal system also continues, but slows during the latter part of pregnancy
(Geddes 2007a). Myoepithelial cells are derived from breast epithelial precursor
cells and are attached by hemidesmosomes and integrins to the basement
membrane (Glukhova et al. 1995; Gudjonsson et al. 2005). They contain smooth
muscle fibres that are contractile. The human breast is maximally differentiated
during lactation and has then reached its full functional state.

1.1.2 Lactation
The human lactating breast is variable in size and shape. The nipple areola
complex (NAC) is populated with Montgomery glands that sometimes secrete a milk
like substance which is thought to protect the area from mechanical damage from
suckling and form a protective barrier against pathogens (Schaal et al. 2006). The
nipple has several orifices that allow milk removal from the ducts, and has a ridged
appearance surrounded by smooth muscle which contracts and relaxes to retain or
release breastmilk.
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Figure 1-1 Macroscopic anatomy of the breast (from Ramsay (2005a))
The ratio of glandular to adipose tissue in the lactating breast is approximately
2:1. The majority of the glandular tissue is located within 30 mm of the nipple close
to the area where the infant attaches to the breast to suckle (Ramsay et al. 2005a).
The amount of glandular tissue does not appear to influence milk production or
storage capacity in normally lactating women, although this has only been measured
in a semi-quantitative manner (Ramsay et al. 2005a). The breast consists of
numerous lobes of varying sizes, each consisting of lobules, which contain 10 to 100
alveoli. A main milk duct drains each lobe (Geddes 2007a; Going & Moffat 2004; Love
& Barsky 2004). The average number of ducts is 5 to 9 (Love & Barsky 2004; Ramsay
et al. 2005a), they are small (mean 2 mm) and follow a complex intertwined path,
becoming increasingly narrow and continuing to branch until they end in the alveoli.
The ducts are superficial, in the areolar area and easily compressible (Ramsay et al.
2005a). Whilst anatomical characteristics of the breast have not been extensively
investigated in relation to milk removal, it has been suggested that duct diameter is
related to milk ejection duration and the volume of milk removed (Ramsay et al.
2006).

1.1.3 Arterial blood flow
Increased blood flow during lactation provides the substrates and fluid for
milk synthesis. Two major arteries supply blood to the breast; the dominant supply
(approximately 60%) being contributed by the posterior and anterior medial
3
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branches of the internal thoracic artery. The lateral thoracic artery delivers
approximately 30% of the blood supply with the remainder from the intercostal
arteries (5-10%), suprascapular, axillary subclavian and thoracoacromial arteries
(Geddes et al. 2012). Mammary blood flow more than doubles during pregnancy
(Thoresen & Wesche 1988) and there is an average ratio of mammary blood flow to
milk production in lactating women of around 400:1 (Geddes et al. 2012). It has been
suggested that this is to support an intense period of milk synthesis triggered by the
infant feeding (Geddes et al. 2012; Janbu et al. 1985; Ogawa et al. 2008; Tanimoto et
al. 2011; van der Hoek et al. 2019). In contrast to cows and goats, blood flow to the
human lactating breast has shown no relationship with milk production (Geddes et
al. 2012; Linzell 1974; Davis & Collier 1985).
More specifically, blood flow has been shown to increase during breastfeeding
through the vasodilatory effect of oxytocin (Janbu et al. 1985). This effect may be
diminished through constriction of the blood flow as a result of ME (Eriksson,
Lundeberg & Uvnäs‐Moberg 1996).

1.1.4 Venous drainage
The breast is drained by deep and superficial systems of veins, which drain
into the internal thoracic, axillary and cephalic veins. The periareolar vein drains
subareolar veins from the nipple (Cunningham 1977). The superficial venous
system provides the main drainage of the breast, with the deep veins draining
centrally towards the sub-areolar plexus, which in turn drains radially to the large
superficial vein (Corduff, Rozen & Taylor 2010).

1.1.5 Lymphatic drainage
The lymph drainage of the breast has been extensively studied due its
importance in the spread of breast carcinoma. The anterior upper torso has a
superficial collection system of evenly spaced collecting vessels, which drain
radially into the axillary lymph nodes. Some of these vessels pass under the skin
while others pass through the breast parenchyma (Suami et al. 2008). Around 75%
of lymph from the medial and lateral areas of the breast is drained to the axillary
lymph nodes (Geddes 2007b).
Lymph from the deeper parts of the breast is drained to the internal mammary
nodes (Geddes 2007b). The internal mammary lymphatic vessels run alongside the
internal thoracic artery and vein deep into the parietal pleura to lymph nodes
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present in the intercostal spaces (Suami et al. 2008). The superficial and deep
lymphatic drainage are not connected (Suami et al. 2008). During pregnancy and
lactation, the lymphatic capillaries undergo progressive development, in parallel
with greater lymph formation (Jdanov 1969).

1.1.6 Innervation
The breast is innervated by the lateral and anterior cutaneous branches of the
second to sixth intercostal nerves. The anterior branch takes a superficial route
through the subcutaneous tissues, whereas the lateral branch innervates the deeper
area of the breast. The nipple is innervated most commonly by the fourth lateral
cutaneous branch (Cooper 1840; Geddes 2007b). Sensory nerves in the nipple
areolar complex form part of the afferent neural pathway for stimulating milk
ejection (Truchet & Honvo-Houéto 2017) .
Stimulation of sympathetic adrenergic fibres to smooth muscle in the nipple
result in nipple erection while those to the mammary blood vessels result in
vasoconstriction and decreased blood flow (Eriksson et al. 1996). There are no
motor nerves to the mammary epithelium or myoepithelial cells, and hence milk
production and ejection are independent of neural stimulation (Truchet & HonvoHouéto 2017)

1.1.7 The nipple
The nipple plays a critical role in providing the infant with milk during
breastfeeding and the expression of milk during breast pumping. Ductal orifices
open onto the nipple-areola region, which is usually more pigmented than the
surrounding skin becoming darker during pregnancy and lactation (Rusby & Agha
2017). The nipple varies in size, shape and position and has a cobblestone textured
surface containing crevices that lead to ductal orifices (Rusby & Agha 2017; Stone &
Wheeler 2015). The skin of the nipple differs from the surrounding tissue, the main
difference being the epidermal ridges which may play a role in protecting the nipple
from damage during sucking (Koyama et al. 2013). The end of the nipple has
sebaceous glands that empty onto the epidermis or onto the distal ends of the ducts
which serve to protect the nipple from cracking (Koyama et al. 2013). Ductal orifices
have tiny sphincters which close to prevent leakage during lactation. The skin of the
nipple rests on a layer of smooth muscle which is a continuation of the muscle in the
areola and is both longitudinal and circular. Smooth muscle fibres surround the
5
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ducts at the tip of the nipple and larger fibres wind concentrically around the ductal
bundle at the base of the nipple. The sympathetic adrenergic nerves moderate the
contraction of the smooth muscle and enhances nipple erection which facilitates
breastfeeding (Tezer et al. 2012; Zucca-Matthes, Urban & Vallejo 2016).
The dominant blood supply to the nipple is via the internal thoracic artery. The
lateral thoracic artery supplies up to three branches to the nipple-areola complex
during its descending course passing through deep breast tissue before ascending
to the superolateral edge of the (NAC ) (mon O’Dey, Prescher & Pallua 2007).
Microscopic studies suggest a dual blood supply from the deep parenchyma and the
subdermal plexus (Rusby & Agha 2017).
The non-lactating nipple has been shown to be twice as sensitive to touch,
temperature and vibration compared to other areas of skin on the breast, but this
does not seem to be the case for pain sensitivity (Koyama et al. 2013; Schlenz et al.
2000).
Nipple size increases within the first 3 months of pregnancy and is related to
plasma prolactin concentration. Nipple tenderness was reported after 20 weeks
post conception (Cox et al, 1998). The tip of the nipple contains touch receptors
which are afferents of the 3rd, 4th and 5th intercostal nerves. The nipple is typically
more sensitive in the early postpartum period and oedema is commonplace (Ziemer
& Pigeon 1993; Robinson & Short 1977) usually subsiding within 3-5 days after
birth.
Nerve impulses produced as a result of nipple stimulation produce a series
physiological effects. Decreased dopamine release and the release of thyroid
stimulating hormone from the hypothalamus facilitate the release of prolactin to
synthesise breastmilk. Stimulation of paraventricular and supraoptic nuclei trigger
oxytocin release from the posterior pituitary which induces milk ejection.
Stimulation of the nipple also inhibits the arcuate nucleus reducing gonadotropin
releasing hormone which prevents the release of follicle stimulating hormone (FSH)
and luteinising hormone (LH) from the anterior pituitary required for ovulation
(Koyama et al. 2013; Svennersten-Sjaunja & Olsson 2005; Blass & Teicher 1980;
McNeilly et al. 1983).
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1.1.8 Microscopic anatomy of the breast
The mammary epithelium is composed of a bilayer layer of basal and luminal
cells (Moumen et al. 2011). Luminal mammary epithelial cells (or lactocytes)
synthesise and secrete milk, whilst basal myoepithelial cells contract during milk
ejection (ME) to force milk out of the alveoli (Moumen et al. 2011).
Luminal cells
Lactocytes are similar between species (Cowie 1974), while other mammary
characteristics, such as the arrangement of ducts and storage capacity, can differ
(Cowie 1974). In humans, most of the milk is stored in the alveoli, which are lined
with a single layer of lactocytes that secrete milk (Geddes 2007a; Tobon & Salazar
1974). In species that possess cisterns, such as the goat or cow, a large proportion
of the milk is stored in the cistern and is easily available to the young (Bruckmaier
& Blum 1998; Mepham 1983). Following the initiation of lactation, the closure of
tight junctions between the lactocytes prevents the passage of components from the
maternal circulation into the alveolus by forming a selectively permeable barrier
(Peaker 1983; Nguyen & Neville 1998). Tight junction closure is indicated by an
increase in lactose and citrate along with a decrease in sodium and protein
concentrations in the milk (Arthur, Smith & Hartmann 1989). Milk secretion occurs
at the apical surface of the cell whereas the basal surface is involved in the uptake of
substrates necessary for milk synthesis from the blood (Pitelka, Taggart &
Hamamoto 1983; Geddes 2007a). The apical surface area of the lactocyte is
increased by the projection of microvilli into the lumen of the alveoli (Geddes
2007a).
Basal cells
The myoepithelial cells surrounding the alveoli are stellate in shape, while
those along the ducts are spindle-like and are arranged in a continuous monolayer
(Linzell 1955; Moumen et al. 2011; Richardson 1949). Myoepithelial cells express
various receptors for signalling molecules, including the G protein-coupled oxytocin
receptor, and are contractile when differentiated (Moumen et al. 2011). They are
similar to smooth muscle cells but are derived from the ectoderm. They are an
essential component of milk ejection and their contractile activity requires the
expression of smooth muscle proteins and is regulated by myosin light chains
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(Moumen et al. 2011). Figure 1.2 elegantly shows the arrangement of cells in the
human breast duct (Theissen 2017).

Figure 1-2 3D model of human breast duct, developed using healthy human
ductal cells (cell nuclei =blue, luminal cells=green and myoepithelial cells=
red). Modelled by Edward B Carter, Barts Cancer Institute, UK., Creative
Commons Attribution License (Theissen 2017)

1.2 Milk synthesis
1.2.1 Secretory differentiation
Human milk is a complex fluid evolved to fulfil the complete needs of the
human infant (Neville, Morton & Umemura 2001). Secretory differentiation begins
around the middle of pregnancy and is hormonally regulated by estrogen,
progesterone and prolactin, but is limited to a small number of underdeveloped
secretory cells (Truchet & Honvo-Houéto 2017; Pang & Hartmann 2007). Small
amounts of colostrum is secreted into the ducts prior to birth and is higher in
sodium, chloride and proteins, including immune-protective proteins, and contains
smaller amounts of lactose, citrate and potassium than mature human milk (Ballard
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& Morrow 2013). Copious milk secretion is inhibited by high plasma levels of
progesterone until after birth.

1.2.2 Secretory activation
After birth, secretory activation (lactogenesis) occurs within 48 to 72 hours.
During secretory activation the tight junctions between the lactocytes close and they
begin to secrete milk components into the alveolar lumen (Pang & Hartmann 2007).
During the postpartum period there are changes in the composition of the milk;
colostrum is produced for the first 3-4 days postpartum followed by transitional
milk, and then copious milk production by 10-15 days postpartum (Kulski, Smith &
Hartmann 1981). As milk volume increases, lactose, fat, citrate and potassium
increase, whilst the concentration of proteins, particularly the immuno-protective
proteins, decreases along with sodium and chloride (Ballard & Morrow 2013).
Molecules enter the milk either through transcellular or paracellular
pathways. Lactose is the main carbohydrate in human milk, and glucose and
galactose are transported to the Golgi secretory vesicle system where the enzyme
lactose synthase facilitates the formation of lactose (Neville 1990). Proteins are
drawn from the maternal circulation, including intact immunoglobulins, hormones
and growth factors, and are secreted into the alveoli, or formed de novo from amino
acid precursors by the lactocytes. Milk lipids can be drawn from the maternal blood
stream, diverted from maternal dietary sources, sourced from maternal fat stores,
or synthesized in the breast. The majority of fats cannot be made by the lactocytes
and are derived from the maternal circulation, particularly the long chain fatty acids
(Neville 1990). Sodium, potassium, chloride, magnesium, calcium, phosphate,
sulphate and citrate pass through the alveolar cell membrane in both directions, as
does water (Neville 1990).
The timing of the first breastfeed and frequency of milk removal are important
in the early postpartum period, and have a significant effect on later lactation
outcomes (Kent, Prime & Garbin 2012). Mother and infant dyads vary in relation to
feeding patterns, milk production and storage capacity. The volume of milk differs
three fold between mothers and also differs between breasts within the same
mother, whether breastfeeding or expressing milk (Kent 2007; Kent et al. 2006;
Engstrom et al. 2007). This is likely due to differing amounts of mammary secretory
tissue leading to a range of volumes being able to be stored in the breast (storage
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capacity). This also likely impacts the frequency of breastfeeding, such that women
with smaller storage capacities are likely to need to feed more frequently than those
with larger storage capacities (Kent et al. 2006).

1.3 Programming of milk production
In mammals, milk provision is a critical element of maternal care towards
infants. The influence of matrilineal and epigenetic factors influencing the mother
and foetus during pregnancy and the postpartum period are not well documented
in humans. However, it is known that intra-uterine growth restriction and suboptimal infant nutrition have negative consequences for health outcomes across the
lifespan. Animal studies suggest that some aspects of maternal milk production and
offspring feeding behaviour and growth are programmed during pregnancy (Cowley
et al. 2014; Hinde et al. 2014).

1.3.1 Behavioural and Demographic Influences
Parity
In humans, a significant increase in milk supply of around 30% or 125 ml
during the second or subsequent lactations has been reported (Zuppa et al. 1988;
Ingram, Woolridge & Greenwood 2001; De Amici et al. 2001). Similarly, in animal
studies, multiple pregnancies show both an increased milk supply and enhanced
lobular-alveolar development (Byrnes & Bridges 2005; Lang, Iverson & Bowen
2012; Miller et al. 2006).
Pregnancy hormones induce a programme of proliferation and differentiation
resulting in the formation of mammary epithelial-lined alveoli and increased ductal
structures essential for lactation (dos Santos et al. 2015). Around 10-22 weeks
preceding birth, mammary epithelial cells differentiate from non-secretory to
secretory cells, which increase in number until peak lactation (Shipman et al. 1987;
Knight & Peaker 1982). A significant number of differentiated secretory cells bypass
apoptosis and remain in the gland following involution (Vorherr 1978; Wagner et
al. 2002; Vorherr 1974). These cells function as precursors in the next reproductive
cycle and produce clonal populations of alveolar cells (Wagner & Smith 2005),
resulting in development of a significantly larger volume of secretory tissue in the
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next lactation (Wada & Turner 1959; Anderson & Sheffield 1983; Fowler et al. 1990).
In animal models, milk production over the course of lactation in multiparous
mothers is greater compared to primiparous mothers, due to greater secretory
capacity (Akers 2002; Knight 2000). It has been suggested that genes such as
STAT5a/b are impacted by parity-associated epigenomic changes and are poised for
more rapid reactivation in subsequent pregnancies (dos Santos et al. 2015). The
physiological experience of cells could leave stable epigenetic marks, which modify
their behaviour and hence possibly modify functioning of the organ (dos Santos et
al. 2015).
Sex of the offspring
Sex-biased milk synthesis has been recorded in macaques, red deer and Tamar
wallabies (Hinde, 2009, Landete-Castillejos, 2005, Robert, 2012). Male offspring
tend to be heavier, likely due to increased metabolic efficiency, regulation of
anabolic growth hormones and/or variance in the manner in which milk energy is
absorbed (Hinde 2009). Animal studies have shown that the sex of the first offspring
has an impact on milk production over the first two lactations. In cattle, a female calf
from the first pregnancy results in greater milk production for the first two
lactations compared with a male calf by around 48 litres of milk per cow per year
(Ettema & Ostergaard 2015). The sex of the foetus is therefore thought to influence
the capacity of the mammary gland during pregnancy via foetal hormones (Hinde et
al. 2014). This effect has not yet been reported in humans.
Maternal breastfeeding behaviour
Matrilineal and trans-generational transmission of breastfeeding behaviour
may affect women’s choices to breastfeed and their ability to do so. This may be due
to behavioural or epigenetic factors influencing secretory activation (Porta et al.
2016). Neurobiological changes occurring in offspring as a result of not
breastfeeding can impact behaviour in adulthood (Porta et al. 2016) For example,
female offspring who had sub-optimal maternal care exhibit decreased oxytocin
receptor binding in the postpartum period when they reproduce. This may be due
to reduced expression of the oxytocin receptor gene as a result of deficient
interaction between oestrogen and the oestrogen receptors, which are essential for
oxytocin receptor gene expression (Champagne et al. 2006; Young et al. 1998). This
has an effect on maternal nurturing behaviour, due to reduced levels of oxytocin.
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1.4 Genes associated with milk production
Prolactin is a key lactogenic hormone with essential roles in mammary gland,
differentiation, milk synthesis and milk secretion during lactation. When released
into circulation, prolactin binds to receptors (PRLR) which activate tyrosine kinase
Jak2 to activate and phosphorylate the transcription factor STAT5. This facilitates
STAT5 binding to the promoters of the prolactin-responsive genes through
dimerization and translocation into the nucleus (Lee & Kelleher 2016). This
pathway mediates mammary gland differentiation and milk synthesis. Disruption of
the prolactin signalling pathway may compromise differentiation and

milk

synthesis resulting in suboptimal lactation outcomes in animal models (Lee &
Kelleher 2016). However, this pathway is not well documented in humans.
Mammary glands from female mice with the FOXB1 coding region deleted have
impaired lobuloalveolar development. In lactating mice, the FOXB1 transcription
factor is expressed in luminal epithelial cells. The lack of FOXB1 transcription in
pregnancy results in fewer alveoli, which are smaller and have a much smaller
lumen, and the surrounding epithelial cells lack the lipid stores found in normal
lactating mammary glands (Kloetzli et al. 2001). Pups died as the female were
unable to lactate due to these defects associated with lactation in the mammary
gland, midbrain and hypothalamus (Kloetzli et al. 2001).
Another gene family identified as being associated with lactation dysfunction
is the HOX gene family, which is critical for mammary gland development and
function (Lewis 2000). HOX A-9, HOXB-9, HOXD-9 AND HOX-10 are all associated
with lactational deficiencies including hypoplasia of the mammary gland and
reduced lobuloalveolar differentiation (Lewis 2000). In addition beta casein gene
expression has been found to be a marker for functional differentiation of epithelial
mammary cells (Rijnkels et al. 2010).
Signalling through the insulin growth factor 1(IGF1) pathway is also known to
regulate lipogenesis in adipose cells and is amplified during secretory activation,
and its receptor is upregulated at the start of lactation (Rudolph et al. 2007).
To maximise functionality, the mammary gland requires adequate connections
between cells in the fat pad and the epithelial cells, as well as between the luminal
and myoepithelial cells. These connections are in the form of gap, adherens and tight
junctions. Adherens and tight junctions are important to maintain cell polarisation
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to ensure the structure and function of the epithelium (Itoh & Bissell 2003; Nguyen
& Neville 1998). Gap, adherens and tight junctions are closely related. It has been
shown that mammary development and function are impaired when CX43 or CX32
gap junction proteins are disrupted due to disruption of adherens junctions (Wu,
2003, Wei, 2005). This results in impaired contractility of the myoepithelium. In
mice with CX43 diminished, milk remained within the gland and was not ejected
resulting in pup death in the 1st day post-partum. CX43 is a connexin mainly found
between myoepithelial cells, and in mouse models low levels of CX43 have a
deleterious effect on milk secretion due to a leaky epithelium (Plante et al. 2010).

1.4.1 Imprinted genes
The genetic control of growth and nutrition in utero is mediated in part by
imprinted genes expressed from a single parental allele. Paternal and maternal
alleles of some genes have different levels of activity. In the placenta, paternally and
maternally expressed genes appear to have contradictory action, with paternal
genes promoting growth and maternal genes suppressing growth. Postnatally
imprinted genes influence infant behaviour and metabolism (Cowley et al. 2014).
Growth factor receptor-bound protein 10 (GRB10 on human chromosome 7) is a
maternally expressed gene which increases placental efficiency and is imprinted in
the mammary epithelium during lactation. PEG3 is a paternally imprinted gene that
impacts on maternal nurturing behaviour, with low levels of peg3 expression being
associated with delayed onset of lactation (Chiavegatto et al. 2012).

1.5 Autocrine control
In the first 24 hours postpartum, approximately 37mL of colostrum are
produced (Saint, Smith & Hartmann 1984). This secretion changes in composition
at around Day 3 postpartum and increases to approximately 550 mL by Day 5,
(Neville et al. 1988). By 10 to 15 days, a full milk production is established with
infants aged 1-6 months consuming on average 800 mL of breastmilk in 24 hours
(range 500-1350 mL) (Neville et al. 1988). Milk production remains relatively
constant after the first month of lactation (Kent et al. 2006). Delayed secretory
activation is associated with a shorter duration of breastfeeding, and suboptimal
milk intake, resulting in greater neonatal weight loss (Chapman & Perez-Escamilla
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1999). In order to provide adequate milk to the infant, secretory activation and an
uninhibited ME reflex are required.
Milk production is regulated by infant intake (Dewey & Lönnerdal 1986). The
efficiency and frequency of feeding dictates the rate of milk synthesis through
autocrine control (Daly & Hartmann 1995). If the breast is not well drained or there
are long periods between milk removal, milk synthesis will be down regulated
through the accumulation of a protein (Hernandez et al. 2008) thought to inhibit
synthesis (Wilde et al. 1995). Maintenance of milk supply requires sufficient
prolactin (Hernandez et al. 2008).
Serotonin, a derivative of essential amino acid L-tryptophan synthesized and
secreted by mammary epithelial cells, has been shown to play an important role in
autocrine regulation of lactation. Serotonin (5-HT) maintains homeostasis in the
mammary gland during lactation, playing an important role in both secretory
activation and involution. Low concentrations of serotonin are needed for tight
junction formation, whereas high concentrations cause tight junction disruption.
Therefore, serotonin functions as a feedback inhibitor of lactation (Hernandez et al.
2011; Azizi & Smyth 2009). Interestingly, women being treated for depression with
selective serotonin re-uptake inhibitors (SSRIs) may experience delayed onset of
milk production, due to exposure of increased concentrations of 5-HT (Marshall et
al. 2010).

1.6 Milk removal
Production of milk for their offspring is a defining mammalian characteristic
(Hayssen 1993). Successful lactation in humans requires adequate milk synthesis
and effective ME, which are discrete but inter-related processes (Hatton & Wang
2008).

1.6.1 Milk removal by the infant
In order to remove milk successfully, the infant must develop coordination
skills to be able to safely suck, swallow and breathe to consume adequate milk whilst
maintaining good oxygenation (McClellan et al. 2008). Perceived and actual low milk
supply is a major consideration in a mother’s decision to cease breastfeeding
(Ahluwalia, Morrow & Hsia 2005; Li et al. 2008). Milk production is stable by around
14

Introduction

four weeks post-partum. During this time, the infant develops faster suck rates and
increased milk intake, while the sucking patterns seem to be established early in the
post-natal period (Sakalidis et al. 2013a).
Vacuum pays an integral role in milk removal by the infant; milk flows when
the tongue is lowered (Sakalidis et al. 2013b; Woolridge 1986) and not when the
nipple is compressed as previously reported (Woolridge 1986). Infants apply a
baseline vacuum which results in a negative pressure to keep the nipple in place and
vary sucking frequencies and vacuums across the feed depending on milk flow and
whether the infant is nutritive or non-nutritive sucking (Woolridge 1986).
When the infant latches on to the nipple, the tip of the nipple extends to the
hard-soft palate junction. Infants vary their sucking patterns between the first and
second 2-minutes periods of the feed, consuming 50% of feed volume within the
first two minutes, and 80% by four to five minutes into a breastfeed (Cannon et al.
2016). There is a decrease in strength of intra-oral vacuum between the first and
subsequent two minutes of a feed (which approximates the first two ME), possibly
indicating the infant satiety or a response to changing milk flow rates associated
with ME. In addition, peak vacuum is associated with the volume of milk removed
by the infant, indicating the importance of vacuum in milk removal (Cannon et al.
2016).

1.6.2 Milk removal by breast pump
Breast pumps have been used for at least 2500 years, although initially in a
very basic form (Eglash & Malloy 2015). Expressing milk has become common
(Labiner-Wolfe et al. 2008; Livock et al. 2017; Win et al. 2006) and there are
numerous circumstances under which mothers may decide or need to express milk.
Being able to express milk may facilitate longer breastfeeding duration, particularly
for women who are employed (Clemons & Amir 2010). Pumping can be used to
increase the milk supply through expressing milk after or between feeds, and to feed
the infant during periods of separation or maternal illness (Kent, Prime & Garbin
2011). Electric breast pumps use a cyclical vacuum pattern (negative pressure) with
variations in the frequency and amplitude of the vacuum (Zoppou, Barry & Mercer
1997.) Mitoulas et al (2002a), suggested that varying the pattern during pumping in
a similar manner to the infant may result in increased milk removal in relation to
available milk (Mitoulas et al. 2002a).
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Vacuum is the primary mechanism of milk removal in breast pumps with few
employing a tactile or active component. Indeed, it has been shown that using
vacuums weaker than the mother’s maximum comfort level of vacuum results in
lower volumes of milk expressed. Breast pumps are not effective for all women, with
some women being low ratio pumpers, who consistently express on average 50% or
less available milk (Kent et al. 2008). Given that the infants of these mothers are
able to successfully remove all of the available milk at least once a day raises the
possibility of breast or nipple anatomy contributing to successful milk removal
during pumping. One paper hints at greater duct diameters being related to greater
volumes of milk expressed (Ramsay, 2006). Similar to the infant feeding at the
breast, during expression using a breast pump most of the milk is removed during
the first two MEs and higher peak flow rates are recorded during this period (Kent
et al. 2008). According to Eglash et al (2015), more than 80% of mothers in the USA
express milk in the postpartum period, and therefore being able to pump adequate
volumes of milk quickly is important for working and pump-dependent mothers.

1.6.3 Methods Of Measuring Milk Removal
One of the most common concerns for first time mothers is the adequacy of
their milk supply in meeting the needs of the infant. Perceived low milk supply
(PIMS) is the most common reason for introducing supplementary feeds, which in
turn serve to further diminish the milk supply via autocrine control (Gatti 2008).
Maternal stress associated with PIMS may further impact milk transfer, affecting
both ME through disruption of the oxytocin pathway and ultimately downstream
milk synthesis (autocrine control) (Stuebe, Grewen & Meltzer-Brody 2013). A
simple method of measuring milk transfer from the breast would likely reassure
mothers that they were producing enough milk for their infant or alternatively if
milk supply was low this feedback would provide the impetus to seek assistance to
increase their production.
Previous methods of measuring milk removal from the breast have included
measuring breast volume changes through the use of topography (Arthur, Smith &
Hartmann 1989), a computerized breast measurement system (Daly et al. 1992),
and test weighing of the mother or infant (Arthur, Hartmann & Smith 1987). The
use of breast volume to measure milk synthesis and milk removal proved to be
impractical due to the quantity and size of the equipment, along with the complexity
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of data analysis. In contrast, test weighing of the infant (Arthur, Hartmann & Smith
1987) is increasingly being used in a clinical setting by health professionals to assess
the intake of the infant over a twenty four hour period (Kent et al. 2015). Multiple
test weights account for the variability in the volumes removed by the infant over
the day. Test weighing has been shown to be more accurate at measuring infant milk
intake than observational clinical indices such as strength and duration of infant
sucking, visual and auditory cues of infant swallowing, and softening of the breast
during feeding (Hurst et al. 2004; Meier et al. 1996). Unfortunately, this method is
currently only available to relatively few breastfeeding dyads through health
professionals, mainly due to the expense of the sensitive scales required for this
procedure. Given the importance of biofeedback to confirm normal production or
diagnose low production, there is a need for an inexpensive, simple, portable tool
that will allow mothers to measure their milk production.

1.7 Post lactation involution
Cessation or significant reduction in suckling from the breast results in postlactation involution, during which the mammary gland transitions to a resting nonlactating state (Hurley 1989). The lactocytes atrophy due to milk accumulation in
the ducts and engorgement of the breasts is more likely if there is a sudden cessation
of breastfeeding in comparison with a slow gradual transition (Kent et al. 1999). The
process of involution in women is more gradual than in other mammals such as
mice, even when weaning is abrupt (Hartmann & Kulski 1978). The alveoli gradually
breakdown and undergo apoptosis as the secretions in the ducts and alveoli are
absorbed. The changes which occur during involution return the breast to its resting
state until the next pregnancy lactation cycle (Hassiotou & Geddes 2013). The
mechanisms by which cessation or reduction in milk removal trigger involution in
women are still unclear, although some evidence suggests alveolar cell apoptosis
results in an inflammatory response (Hughes et al. 2012).

1.8 Milk ejection
The ME reflex is essential to propel milk stored in the alveoli towards the
nipple for removal by the infant. ME can be inhibited through stress, hormonal
imbalance or drug and alcohol use (Mennella & Beauchamp 1991; Newton & Newton
1948; Haldar, Hoffman & Zimmerman 1982; Cross 1955).
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Milk ejection is critical to the establishment and maintenance of maternal milk
production. Only small volumes of milk (mean 2.7 ml, range 0-37 ml) can be
removed prior to ME by a breast pump (Kent et al. 2003), thus inhibition is
detrimental to milk removal. ME is a transient phenomenon (45 seconds - 3.5
minutes) where milk is available to be removed from the breast and is described by
women as but not limited to breast tingling, tightness or pain, nausea, itchy skin, and
dripping milk is often visible (Isbister 1954). However around 20% of women do
not sense MEs (Kent et al. 2003; Ramsay et al. 2004).

1.8.1 Stimulation of ME
Stimulation of mechanoreceptors or visual and auditory stimuli initiate the
milk ejection reflex. Infant sucking or the application of vacuum via a breast pump
stimulate nerve terminals in the nipple that transmit afferent impulses to the
hypothalamus via the spinothalamic tract. From the hypothalamus, they continue
via the hypothalamo-neurophyseal tract to the posterior pituitary (Neville 1999)
(Figure 1.3) from where OT is released and travels via maternal circulation to the
breast, where it binds with receptors on the myoepithelia cells. The myoepithelial
cells subsequently contract propelling the milk into the ducts towards the nipple for
removal by the pump or the infant.

Figure 1-3 The milk ejection reflex
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1.8.2 Oxytocin
Suckling-induced release of oxytocin during lactation requires the activation
of noradrenergic, histaminergic and conceivably glutaminergic receptor systems in
the magnocellular nuclei (Bealer, Armstrong & Crowley 2010). The human posterior
pituitary gland contains 3000-9000 mU of oxytocin (Lederis 1962), which is a small
peptide hormone composed of 9 amino acids (Mohr, Meyerhof & Richter 1992). At
ME approximately 50-100 mU is released into the maternal circulation (Cobo et al.
1967). The human mammary gland is highly sensitive to oxytocin, with as little as 1
mU of intravenous oxytocin resulting in a ME (Cobo et al. 1967). Oxytocin release is
related to the number of action potentials entering the posterior pituitary from the
magnocellular nuclei of the hypothalamus (Lincoln & Paisley 1982). A higher
frequency of nerve impulses results in more oxytocin being released, resulting in
stronger myoepithelial contraction in rat models (Lincoln & Paisley 1982).
However, animal models suggest that there is a threshold above which oxytocin may
suppress ME. Suppression occurs when the myoepithelial cells become desensitised
to oxytocin, usually due to high doses of oxytocin given regularly to improve milk
removal (Bruckmaier 2003; Mačuhová, Tančin & Bruckmaier 2004; Sala & Freire
1974).
Oxytocin receptors are ubiquitous throughout the body; however they densely
populate the myoepithelial cells and to a lesser extent, the ductal epithelium and
lactocytes (Kimura et al. 1998; Lollivier et al. 2006). The oxytocin receptor is a 388
amino acid polypeptide belonging to the G-protein seven transmembrane receptor
super family (Kimura et al. 1992). Oxytocin travels via the maternal circulation to
the mammary gland where it binds to the oxytocin receptors of the myoepithelial
cells surrounding the alveoli and the ductal epithelium, stimulating contraction of
the smooth muscle fibres (Nishimori et al. 1996; Yang et al. 2013). Contraction of
the mammary myoepithelial cells was described by Richardson (1949) and the
prerequisite oxytocin release, by Linzell (1955). Myoepithelial cells contract due to
a depolarization of the cell membrane mediated by the oxytocin receptors (Lincoln
& Paisley 1982). As the cells contract, milk is forced into the ducts draining the
alveoli, and pressure in the ducts increases (Sala et al. 1974; Sandholm 1968). Milk
is then forced towards the nipple, making it available to the infant or pump.
Considerable variation in the pattern of oxytocin release has been shown
between species (Bruckmaier 2005; Kent et al. 2003; Dyball & Leng 1986; Hartmann
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et al. 1997). In women, oxytocin has a half-life of approximately 1.5 to 2 minutes and
is inactivated over time by blood oxytocinases (Newton 1978; Robinson 1986;
Schams 1983). Oxytocin increases during milk removal and is released in sporadic
bursts during breastfeeding/pumping resulting in multiple ejections. Wide
variability in oxytocin levels in individuals, that do not differ between pumping or
breastfeeding, has been noted. However, the infant often elicits a more rapid release
of OT than pumping (Zinaman et al. 1992). In studies investigating the most efficient
modes of stimulus for oxytocin, Sala et al (1974) found touch was as effective as
sucking, although it took longer to elicit OT release, whereas the combination of
touch and pressure was similar to sucking. ME can also be a conditioned response
to visual and auditory cues such as seeing the infant or hearing the infant cry. Indeed
some mothers who pump regularly experience ME when seeing a breast pump
(McNeilly et al. 1983).
Interestingly, the release of oxytocin appears to be inhibited and resistant to
further stimuli for a period after the initial release; otherwise MEs would occur
every few seconds when stimulated by intense suckling. Instead, consistent
periodicity is observed suggesting that the period between MEs is determined by a
mechanism other than suckling (Lincoln & Paisley 1982).
For the past 60 years it has been assumed that the myoepithelial cells of the
mammary gland are all exposed to oxytocin simultaneously, resulting in a
synchronised contraction of the alveoli (Linzell 1955). Animal literature suggests
that contraction of the myoepithelial cells may be a heterogenous process, where
not all myoepithelial cells contract (Molenaar, Davis & Wilkins 1992; Moore et al.
1987). Further, it has been demonstrated in rats that the myoepithelial cells
surrounding distended alveoli are more sensitive to oxytocin with more rapid
binding to the oxytocin receptor resulting in a quicker ME compared to less
distended alveoli (DeNuccio & Grosvenor 1971).
Differential timing of ME in women has been confirmed with ultrasound
imaging in lactating women (Gardner et al. 2015a). Histologic findings illustrate
heterogenous filling of the alveoli with milk within and between mammary lobes
(Russo & Russo 2004). These findings lead to the speculation that the inconsistent
nature of the filling and emptying of the breast has an evolutionary and biological
advantage, as emptying of fuller alveoli would increase rates of milk synthesis,
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thereby ensuring continued and sustained milk production (Going & Moffat 2004;
Molenaar, Davis & Wilkins 1992; Hassiotou & Geddes 2013).

1.8.3 Mammary blood flow during ME
Ultrasound doppler measurement of blood flow velocity in the lateral thoracic
artery during breastfeeding showed that blood velocity fell by 23 to 55% before
maternal sensation of the first ME and remained low for the following 10 to 30
seconds (Janbu et al. 1985). They suggested that the reduction in blood flow was due
to mechanical compression of alveolar capillaries by contraction of the
myoepithelial cells, creating a greater resistance to blood flow, which is reflected
upstream in the lateral thoracic artery. Blood flow then increased back to the
baseline over the next 60 to 150 seconds, which is equivalent to the duration of a
ME. Blood flow volume had also increased by 34% by the end of the feed and
remained high afterwards before declining to pre-feed levels during the next 30
minutes to one hour (Janbu et al. 1985), which may potentially facilitate milk
synthesis (Janbu et al. 1985) .
Near-infrared spectroscopy has been utilised to investigate changes in
mammary blood flow to the suckled breast during breastfeeding (Ogawa et al. 2008;
Tanimoto et al. 2011), and similar to ultrasound Doppler studies, confirmed that
blood volume decreased significantly approximately 50 to 149 seconds after the
beginning of a feed. These studies however showed that blood flow fluctuated
cyclically for the remainder of the feed (Ogawa et al. 2008; Tanimoto et al. 2011).
The cyclic changes may reflect multiple milk ejections as their durations were in the
order of 66 seconds. However, this is yet to be confirmed by other methods. ME may
cause a reduction in areola blood flow which is likely due to compression of blood
vessels, thereby increasing peripheral vascular resistance (Ogawa et al. 2008).
Similarly, an animal study (rats) reported a decrease in mammary blood flow at ME
followed by an increase (Eriksson, Lundeberg & Uvnäs‐Moberg 1996).
The sympathetic nervous system has been implicated in regulation of blood
flow during ME. The mammary gland contains several localised vasoactive
neuropeptides that may influence mammary blood flow such as calcitonin generelated peptide (CGRP), vasoactive polypeptide (VIP) and neuropeptide Y (NPY).
The vasodilatory effect of oxytocin may be due to a direct effect on blood vessels
through stimulation of the nitric oxide pathway (Thibonnier et al. 1999) or
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facilitated through the action of neuropeptides. There is evidence in rats that
neuropeptide Y may play a role in the decrease in blood flow associated with ME
(Eriksson, Lundeberg & Uvnäs‐Moberg 1996). Thus, changes in mammary blood
flow may be indicative of milk ejection. Further work is required to confirm the
presence and consistency of changes in mammary blood flow with an alternative
method of measurement of milk ejection such as milk flow or ultrasound imaging of
mammary duct dilation.

1.8.4 Programming of milk ejection
More recently an array of genes has been identified which directly influence
ME through oxytocin pathways. Differentiation of myoepithelial cells is disrupted if
the gene coding for the myocardin-related transcription factor, which regulates the
expression of smooth muscle proteins, is disrupted (Li et al. 2006; Sun et al. 2006).
Fewer myoepithelial cells results in weaker contraction at ME, poor milk removal
and a decline in milk synthesis (Li et al. 2006).
A similar effect is found if there is deletion of lamin receptor a3b1 one of the
main integrins expressed in the mammary epithelium. Deletion of a3b1 has an
impact on the force and duration of the contraction of myoepithelial cells during ME
causing milk stasis and pup starvation. Signalling by a3b1 in response to oxytocin is
responsible for maintaining the contraction / relaxation cycle of myoepithelial cells
during lactation (Raymond et al. 2011).
PEG3 is associated with problems in maternal care and inadequate ME. In
mouse models, mammary glands without PEG3 expression were not responsive to
oxytocin release due to a lack of oxytocin neurons in the hypothalamus. This in itself
would not completely stop the MER suggesting that in addition there must be a more
global effect probably due to a breakdown in the oxytocin circuitry (Frey & Kim
2015; Isles & Holland 2005). Therefore, the role of PEG3 in the mammary gland is
critical for ME.
The winged helix gene MF3 is known to be essential for normal ME. Knockout
mice showed evidence of impairment in the function of the posterior nuclei of the
hypothalamus resulting in an inability to produce an oxytocin burst to trigger ME.
Knock out mice had normal mammary gland development and produced oxytocin,
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but were unable to generate an oxytocin burst due to smaller numbers of oxytocin
producing cells (Labosky et al. 1997).
Another important gene in relation to ME is ORAI1 which is expressed in the
ducts and alveoli in both the myoepithelial and luminal cells. ORAI1 facilitates
calcium transport across cell membranes and regulates oxytocin mediated cell
contraction. In animal models with low ORAI1 expression, pups failed to thrive, and
milk stasis was apparent in the mammary gland, despite normal mammary
development. Impaired oxytocin signalling in the mammary gland resulted in
delayed myoepithelial cell contraction, decrease in reactive alveoli and fewer cell
contractions (Davis et al. 2015). Further work is required to determine molecular
pathways of milk ejection in order to detect potential genetic mutations that might
impact this critical process of lactation.

1.9 Characteristics and patterns of milk ejection
Table 1 summarises the characteristics of milk ejection in lactating women.
Multiple MEs are common in in many species including humans (Bruckmaier & Blum
1996; Bisset et al. 1967; Ramsay et al. 2004). However, sows appear to only have
one ME per feeding (Ellendorff, Forsling & Poulain 1982). A wide variation in the
number of MEs (0-17) between women has been reported (Cobo 1993; CaldeyroBarcia 1969; Ramsay et al. 2004). The amplitude, measured as positive pressure, of
the first and occasionally the second MEs have been found to be greater than
subsequent MEs, suggesting that the release of oxytocin has a stronger effect for the
first two MEs (Sala et al. 1974). Intraductal pressures were measured on the breast
that was not fed from, which may have diminished the magnitude of the readings as
milk not removed from the breast is redistributed (Ramsay et al. 2004; Sala et al.
1974). Milk ejection appears to be a robust and consistent reflex, such that varying
the stimulus applied to the breast during pumping has not impacted individual ME
characteristics recorded by milk flow rate (Kent et al. 2008). Measurement via milk
flow rates from the breast or duct dilation imaged by ultrasound during pumping
allows multiple characteristics of ME to be analysed (Figure 1-4).
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Figure 1-4 Key measurements used to define ME characteristics using
ultrasound (a= time to ME, b= time to peak duct diameter, c=duration of ME)

Simultaneous pumping of both breasts has confirmed synchrony of the timing
of MEs in both breasts, and thus, measurement of one breast is indicative of changes
occurring in both. Peak milk flow occurred during the first or second ME (Prime,
Geddes & Hartmann 2007) and 70% of milk is removed with a breast pump during
this period. Efficacy of milk removal may therefore be improved by focusing on the
early MEs during either breastfeeding or pumping.
Further evidence of the consistency of ME patterns was provided by Prime et
al (2011) who showed that ME patterns did not change within women during milk
expression for the first nine months of lactation. This is consistent with the pattern
of oxytocin release associated with ME in women, which has been shown to be
reproducible between feeds and across the first six months of lactation (Johnston &
Amico 1986). However, it is not known if ME characteristics remain consistent when
mothers breastfeed and pump, when differing pump patterns are utilised, nor their
robustness over subsequent lactations.
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Table 1-1 Summary of characteristics of milk ejection in lactating women

ME characteristics

Key findings reported

References

OT release during
breastfeeding

Oxytocin release is
reproducible over the first 6
months of lactation

(Johnston & Amico
1986)

OT release during
pumping and
breastfeeding

No difference in oxytocin
response

Breastfeeding - Number
of MEs

Range: 1 - 17

Pumping - Number of
MEs

Range: 1 – 14

Simultaneous in both
breasts
Breastfeeding – time to
first ME
Pumping - time to first
ME
Breastfeeding Duration of ME
Pumping - duration of
ME
Breastfeeding - Time to
peak duct diameter
Pumping - Time to peak
duct diameter

Amplitude of ME

Increase duct diameter
at ME
Peak flow rate

(Zinaman et al. 1992)
(Sala et al. 1974;
Ramsay et al. 2004;
Cobo 1993)
(Alekseev, Omel'ianuk
& Talalaeva 2000; Kent
et al. 2008; Ramsay et
al. 2005b; Ramsay et al.
2006; Prime et al.
2009; Prime et al.
2011)

During double pumping ME
occurred simultaneously in
both breasts 95.5% of the time
56 ± 33 s – 1st breast
47 ± 35 s – 2nd breast
149 ± 12 s
120 ± 13 s
60-120 s
124 ± 68 s
85 ± 55 s
86 ± 51 s
50-300 s
150 ± 71 s (1st ME)
104 ± 41 s (1st ME)
34 ± 22 s

(Prime et al. 2009)
(Ramsay et al. 2004)
(Ramsay et al. 2004)
(Kent et al. 2003)
(Kent et al. 2003)
(Alekseev, Omel'ianuk
& Talalaeva 2000)
(Ramsay et al. 2005b)
(Ramsay et al. 2005b)
(Ramsay et al. 2004)
(Cobo 1993)
(Ramsay et al. 2005b)
(Prime et al. 2011)
(Ramsay et al. 2004)

36 ± 24 s (1st ME)
36 ± 25 s
1st & 2nd MEs have greater
amplitude than subsequent ME
Intramammary pressure
increase ME1 25 mm Hg
ME2 20 mm Hg
Flow rate ME1 0.31 ± 0.16 gs-1
Flow rate ME2 0.26 ± 0.16 gs-1
0.46 ± 0.19 mm

(Prime et al. 2011)
(Ramsay et al. 2005b)

0.49 ± 0.19g/s
0.31 ± O.16 g/s

(Prime et al. 2009)
(Prime et al. 2011)
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1.10 Detection and measurement of milk ejection:
validated measurement techniques
ME has proven difficult to measure in women in a non-invasive manner,
limiting our understanding to comparison with animal models.

1.10.1 Maternal Circulating Oxytocin
Measurement of the maternal circulating oxytocin to detect ME requires serial
blood sampling, every 30 seconds or less due to the short half-life of oxytocin
(McNeilly et al. 1983). The site of measurement also influences oxytocin
concentrations, with higher concentrations measured in the jugular vein compared
to peripheral blood vessels in animal models (Newton 1978; Schams 1983; McNeilly
et al. 1983; Robinson 1986). Studies examining patterns in oxytocin release, and
intra-ductal pressure during pumping and breastfeeding, show that the release of
OT is related to cyclical peaks (Cobo, 1993 in intraductal pressure (McNeilly et al.
1983). The levels of oxytocin recorded may also be influenced by stress (Lau 2001;
McNeilly 1977).

1.10.2 Intra-ductal pressure
Measurement of changes in intra-ductal pressure via nipple/breast duct
cannulation (Cobo et al. 1967; Alekseev et al. 1998) has been performed in women.
A transient increase in pressure occurs for the duration of ME (Cobo 1993). The
increase in intramammary pressure was not specified overall, but both Cobo and
Alekseev show examples where pressure increased by around 20 mm Hg the
increase in pressure is likely influenced by breast fullness and ductal anatomy (Cobo
1993; Alekseev et al. 1998). This technique is not widely used as it is stressful,
invasive and carries a risk of infection.

1.10.3 Ultrasound imaging
Both intravenous and intraductal measurements of ME are invasive and may
potentially disrupt ME by reducing the release of oxytocin (Newton & Newton 1948)
via the stress response. Alternatively, it is possible to monitor duct dilation and milk
flow at ME with ultrasound imaging in lactating women during either breastfeeding
or breast pumping (Ramsay et al. 2005b; Ramsay et al. 2004). In women, a main duct
is located and monitored in the lateral part of the breast close to the base of the
nipple for the duration of the feed/pumping session. Due to the very small size of
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the milk ducts (0.1 to 10 mm) and their convoluted pathways, it is usually only
possible to accurately image a single duct (sagittal plane) limiting the number of
ducts visualized (Geddes 2009). This technique has been validated with increases in
milk flow rate during pumping (Figure 1.5) (Ramsay et al. 2005b; Prime et al. 2009).
Duct diameter increases during the first phase of the ME and decreases in the latter
phase when imaged in the non-pumping or non-suckled breast.

Figure 1-5 Milk ejection imaged with ultrasound. a, A milk duct before milk
ejection measures 1.2 mm (dotted line). b, At milk ejection, the same duct
measures 4.4 mm (dotted line). Taken from Ramsay et al. (Ramsay et al.
2004).

Ultrasound imaging has shown that peak duct dilation is independent of the
amount of milk available in the breast, suggesting each duct has a maximum
diameter. Duct dilation and intra-ductal pressure peaks are higher for the first ME
compared to subsequent MEs (Cobo et al. 1967; Ramsay et al. 2006; Ramsay et al.
2005b; Sala et al. 1974).

1.10.4 Milk flow rates
Milk flow rates during pumping have also been used to explore ME (Ramsay et
al. 2006; Alekseev, Omel'ianuk & Talalaeva 2000). Flow rates are measured by
continuous weighing of the milk as it is expressed from the breast and can provide
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real time visualisation of milk flow data (Prime et al. 2009). The derivative of the
data provides the rate of milk flow, enabling identification and measurement of ME.
Measurements include the time to the initial ME, the duration of the ME and the time
taken to reach peak milk flow rate (Fig 1.4) .
Ultrasound and milk flow rates provide a non-invasive alternative to ductal
cannulation or sequential blood sampling, but they are expensive and require
extensive training, and are therefore not widely available. The detection of ME
therefore remains a specialized skill. Ideally, more accessible methodologies to
detect ME that are non-invasive, non-disruptive to lactation and cause no discomfort
to either the mother or infant are desirable.

1.11 Detection and measurement of milk ejection:
potential measurement techniques
1.11.1 Bioimpedance analysis and bioimpedance spectroscopy
Principles of bioimpedance
Bioimpedance is the obstruction to the flow of an alternating electrical current
through biological tissues. Different tissue types and varying signal frequencies
result in differing impedances. Resistance and capacitance are the two main
components of impedance. Resistance is the opposition to the flow of electrons
within the cells of the tissue. Capacitance refers to the ability to store charge.
Reactance is used to describe the opposition to a current travelling through a
capacitor. If reactance is high, then resistance will also be high. Tissues are
composed of cells, and the intracellular and extracellular spaces are highly
conductive due to the presence of ions. At low frequencies the current is unable to
enter the cell due to the insulative properties of the cell membrane. Hence at low
frequencies most of the current flows through the extracellular space. The
impedance at lower frequencies is relatively high as the extracellular space
represents around one fifth of the tissue volume. At higher frequencies the current
can penetrate the cell membrane and so the current flows through both the intra
and extracellular spaces, resulting in a lower impedance (Figure 1-6).
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Figure 1-6 The passage of an electrical current at low frequency and high
frequency through tissue showing the route taken (low frequency passes
through the extracellular fluid, high frequency can pass through the cell
membrane and goes through intracellular and extracellular fluid).

Cole-Cole plots, plotted as reactance versus resistance (Figure 1-7) and fitted
to a semicircle using a least squares fitting program are used to ensure the reliability
of the data. They model the movement of the current between the intra and extra
cellular spaces and the resistance and reactance values measured at different
frequencies.
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Figure 1-7 Cole-Cole plot of reactance plotted against resistance in
bioimpedance spectroscopy. R∞ and R 0 are the resistance at infinite and zero
frequencies respectively. Fc is the characteristic frequency. From Kim, Shin &
Jeon (Kim, Shin & Jeon 2017).

Bioimpedance Analysis (BIA) is non-invasive, relatively inexpensive, does not
expose participants to ionising radiation, is consistent between observers, and is
portable (Kyle et al. 2004).
Bioimpedance spectroscopy (BIS) uses a combination of

mathematical

modelling, mixture equations (e.g. Cole–Cole plot Fig. 6) and Hanai formulae to
assess tissue properties (Kyle et al. 2004). BIS current is applied over a range of
frequencies usually between 5 and 1000 kHz enabling the calculation of resistance
at zero and infinite frequencies. Bioimpedance uses direct or alternating electrical
current to assess biological tissues with applications in understanding the
functional state of the organism as a whole in a normal or when pathology is present.
BIS instruments are tetrapolar; in order to focus on the region of interest they
consist of two sense or measurement electrodes, which monitor the area between
two distally located current electrodes. Plastic electrodes covered with a conductive
material coated with a sticky silver chloride gel, attached by lightweight wires and
crocodile clips similar to those used in electrocardiography are normally used. The
skin should be clean and normally hydrated prior to placement of the electrodes.
The breast provides a unique challenge as normal applications involve BIS being
applied to a cylinder, such as the body during body composition analysis or a limb
(the arm) during detection of lymphedema. Therefore, careful placement of the
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electrodes is required to ensure sites are easily anatomically identifiable and
reproducible.
Assessment of tissue composition in health and disease using bioimpedance
BIS can be used to measure body composition in healthy individuals, providing
information on fat free mass, fat mass and total body water. BIS ability to
discriminate between different tissues has led it to be used to determine individuals
body composition as high fat mass is related to increased risk of developing chronic
diseases such as diabetes, and cardiovascular disease (Bera 2014; Kyle et al. 2004)
and changes in body cell mass is associated with HIV infection (Earthman et al.
2000). Further, BIS is used to measure changes in fluid during haemodialysis (Zhu,
Leonard & Levin 2008; Piccoli et al. 2005) for early detection of fluid congestion in
heart failure (Dovancescu et al. 2017) and changes

during wound healing,

specifically movement between the extracellular and intracellular compartments,
which is indicative of oedema (Ward et al. 2013).

1.11.2 Detection of breast pathology with BIS
Breast cancer
Cancerous breast tissue has higher conductivity than healthy breast tissue due
to changes in water and sodium content of malignant cells, accompanied by changes
to the electrochemical and increased permeability properties of the cell membrane.
In addition, cancer disrupts epithelial cell polarity. One of the properties associated
with cancer cells is rapid division, which results in areas of depolarisation which
breakdown tissue structure and increase ion permeability. These changes manifest
themselves as changes in electrical potential on the skin surface, which enables
potential cancer diagnosis using bioimpedance (Gowry, Shahriman & Paulraj 2015;
Malecka-Massalska et al. 2013; Ng et al. 2008). However mammography and
ultrasound are still viewed as the gold standard in breast cancer imaging (Gowry,
Shahriman & Paulraj 2015).
Lymphoedema
Lymphoedema is a build-up of fluid in the extracellular compartment while the
intracellular remains constant. The lymphoedema ratio of extra- to intracellular
water increases and can be compared with unaffected regions of the body. Lymph is
31

Introduction

an extracellular fluid and thus changes in the lymph content of tissue or a body
region is should be reflected in changes in the electrical resistance measured at low
frequencies (R0) (Ward et al. 1992; Ward 2015). Early detection is critical for
successful therapeutic intervention, and as this technology is sensitive and accurate,
it can potentially be used to diagnose or monitor progress of treatment (Ward
2015).
Bioimpedance has been used to explore differences in breast tissue caused by
cancer or other breast pathologies (Trokhanova, Okhapkin & Korjenevsky 2008;
Poplack et al. 2004; Tornuev et al. 2014; Gowry, Shahriman & Paulraj 2015). Due to
the neovascularization accompanying neoplasia it was speculated that breast cancer
would be associated with a decrease in impedance. To date changes measured by
BIA do not have the specificity and sensitivity of conventional breast imaging
methods such as mammography and ultrasound imaging (Gowry, Shahriman &
Paulraj 2015). Based on the same principles of shifting fluid compartments,
movement of substantial amounts of milk from different areas of the breast may be
detectable using bioimpedance. Alternatively, the ubiquitous myoepithelial cell
contraction at ME could potentially produce a change in cell membrane capacitance
which is a measure of surface area of the cell.
Mastitis
The conductivity of bovine milk has been used as an indicator of clinical and
sub-clinical mastitis. As the concentration of Na+ and Cl- increases due to
inflammation, the electrical conductivity of milk from the affected organ also
increases (Norberg et al. 2004).
Mastitis also decreases the fat content of bovine milk, which may also impact
on conductivity measures (Randolph & Erwin 1974). Given the changes in milk
sodium and fat associated with mastitis this method could have potential to be
developed into a means to detect early stage mastitis.

1.11.3 Thermal imaging
Principals of Thermal Imaging
Thermal imaging is based on the Stefan Boltzmann law, which states that the
total energy flux emitted by a surface is related to its temperature (Jones 1998).
Thermal imaging focuses, collects and transforms data in the infrared range of the
electromagnetic spectrum that is emitted from any object in a heat dependent
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manner. This technology can also be used to produce a visual profile of the
distribution of temperatures across the surface of an object, provide a summary of
heat gradients generated and thereby visualise the thermal patterns of the skin
(Paulrud et al. 2005; Kunc et al. 2007).
Thermal imaging detects radiation energy emitted from the surface of the skin.
The skin is heated by thermal conduction and radiation from blood circulating in the
superficial blood vessels. Therefore, the skin temperature distribution can be
related to blood perfusion and vasodilation. The interpretation of temperature
distribution and changes can be assessed and associated with physiological
responses (Jones & Plassmann 2002). Thermal imaging provides an accurate noninvasive, safe and portable method of examining the temperature of objects or
individuals.
Applications of thermal imaging in lactation
Thermal imaging has been used to explore the effects of machine milking of
cows as it is known to cause changes to both the teat and udder. Skin temperature
has been used as a measure of tissue integrity of the teat in dairy cows (Paulrud et
al. 2005; Alejandro et al. 2014; Vegricht et al. 2007). Machine milked cows show
temperature increase of 0.8-2.0 °C of the teat (Vegricht et al. 2007; Hamann & Duck
1984; Isaksson & Lind 1992; Paulrud et al. 2005) after milking. The source of the
post milking temperature increase could be multifactorial: the result of enclosing
the teat in the teat cup, the result of warm milk passing through the teat, the
mechanical action of the milking machine, or changes in blood flow to the udder, in
particular the cutaneous surface of the udder (Alejandro et al. 2014).
Congestion or oedema of the cow teat during milking is a concern. Changes in
the temperature of the teat after milking can be visualised using thermal imaging.
Undesirable changes related to milking such as inflammation, mastitis or decreases
in blood flow to the teat can also be detected using thermal imaging (Alejandro et al.
2014; Berry et al. 2003; Kunc et al. 2007).
Thermal imaging has also been used to compare different milking machines
and attachments and to examine temperature changes associated with milk removal
(Kunc et al. 2007; Vegricht et al. 2007). Reported teat tip temperature increases
range from 0.9 to 2.7°C in dairy cows (Vegricht et al. 2007). Further, cows with
higher udder temperatures before and after milk production have been shown to
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produce more milk (Schmidt et al. 2004). This may be a reflection of the metabolic
activity of the gland or blood flow or a combination of both (Yang et al. 2018).
Thermal properties of the human breast and nipple
Mammary blood flow increases as suckling occurs due to the vasodilatory
effect of oxytocin. This may increase skin temperature during feeding or pumping,
suggesting that measuring temperature fluctuations may be reflective of blood
supply to the breast.
Human breast temperature
The temperatures of the breast and the areola are thought to play an important
role in the initiation of breastfeeding. In particular; the areola has a higher
temperature than the breast and the nipple due to the presence of Haller’s subareolar vascular plexus below the skin. Increased areolar temperature is thought to
guide the infant to the nipple and enhance odours from maternal secretions
(Zanardo & Straface 2015).
Burd et al (1977) found that breast temperature increased by 1°C in early
pregnancy from 33.3 ± 0.1 to 34.2 ± 0.1, followed by a further 1°C increase on day 1
post-partum to 35.4 ± 0.6 °C. The breast temperature may increase further in later
lactation as Kimura et al (2007) found that the temperature was greater on day 4
continuing until week 8. No studies have examined breast temperature beyond the
first 2 months of lactation
It has long been thought that changes in breast temperature may be indicative
of changes in blood flow to the breast (Pickles 1953). Laser doppler perfusion
monitoring (LDPM) has detected an increase in cutaneous blood flow ranging from
18 to 74% in both breasts at initial ME during pumping (van der Hoek et al. 2019).
This increase in cutaneous temperature is similar (30- 50%) to that observed after
an IV dose of oxytocin (Eriksson, Lundeberg & Uvnäs‐Moberg 1996). Conversely
near infrared spectroscopy showed a decrease in blood volume at the initial ME
simultaneously in both breasts during breastfeeding, suggesting that blood may be
pushed out to the peripheral blood vessels by the action of myoepithelial cell
contraction, and the subsequent flow of milk towards the nipple (Tanimoto et al.
2011). This movement of blood to peripheral blood vessels is reflected through
changes in mammary skin temperature.
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Thermal imaging has been used to measure skin temperature on the breast
during feeding, and showed an increase in breast temperature at ME in the range of
0.5 to 1°, with the effect remaining for at least five minutes after suckling (Kimura &
Matsuoka 2007; Marshall, Cumming & Fitzsimmons 1992).
Human nipple temperature
There have been relatively few studies on nipple temperature changes during
lactation. Infrared images have been analysed to detect changes in breast and nipple
temperature before and after pumping (Mitoulas et al. 2002a; Mitoulas et al. 2002b).
Nipple temperature was significantly greater post-pumping, increasing from 33.6 ±
0.3 to 34.2 ± 0.6 °C. However, the temperature increase returned to baseline by 2
minutes after pumping.
The warmth of the oral cavity of the infant may be a factor in superior milk
removal of the infant compared to pumping. Breast shields that were warmed to a
temperature close to infant oral temperature of 39°C were compared to ambient
shields during a pumping study (Kent et al. 2011). The nipple temperature was
approximately 1°C cooler than the areolar temperature both pre and post pumping,
whereas, pumping increased nipple temperature with both the ambient and
warmed shields, but only the warmed shield increased the temperature of the
areola. Milk removal appeared to be more rapid, with higher percentages of
available milk removed by 5 and 10 minutes, although no difference was found at
the end 15 minutes of pumping (Kent et al. 2011). This increase in efficiency in the
first 10 minutes of pumping may be influenced by warming of the nipple with the
ambient shield prior to pumping (the shield was applied for five minutes before to
allow the breast to calibrate), a condition that would not be replicated by pumping
mothers. Conversely the study showed the application of cold ultrasound gel to the
nipple caused a reduction of 42% in nipple duct diameter. Therefore using
refrigerated equipment or expressing milk in a cold environment may cause the
ducts to constrict and decrease milk flow (Kent et al. 2011).
No relationship between temperature of any breast region and ME or milk
removal in women has been reported in the literature to date. Thermal imaging
camera specifications are improving, providing new opportunities to investigate
temperature dynamics during lactation in the breast.
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1.12 Summary
This review of the literature on milk ejection and milk removal has identified
several areas that would benefit from further research. These are shown in Figure
1-8.

Figure 1-8 Model providing an overview of study hypotheses

In relation to breast physiology, we know that ME characteristics are robust
during milk expression using an electric breast pump. However, it is not known if
ME characteristics remain consistent when mothers breastfeed and pump, when
differing pump patterns are utilised, nor their robustness over subsequent
lactations.
Technology enabling personal health monitoring through the use of wearable
devices for example has become the norm for a large part of the population. This
review has identified areas in which the use of novel technologies could give
lactating women more information and thus control over the physiological
processes which occur during lactation.
Bioimpedance may offer the possibility of identifying changes in the breast
associated with ME or milk removal. Based on the literature, it is feasible that
bioimpedance may be able to detect milk moving through the ducts in the breast or
even the contraction of myoepithelial cells at ME. In addition, changes in
temperature may indicate poor blood supply to the nipple or a defective milk
ejection reflex as we would expect to observe temperature fluctuations associated
with feeding or pumping in the lactating breast.
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Understanding the physiology of breastfeeding in relation to milk removal and
ME and how to measure these parameters is a critical area of research to provide
advances in breastfeeding rates. Improved breastfeeding rates translated to public
health benefits, such as improved cognitive development and reduced risk of
developing chronic disease, which in turn reduce public health costs and improve
quality of life in the long term (Binns, Lee & Low 2016).
These observations form a basis for the components of this study, the aims of
which are outlined below:

1.13 Aims
1. In order to determine the existence of programming of individual ME patterns
in lactating women the first aims of this thesis are to:
a) Compare ME patterns within the lactating woman, during breastfeeding and
expression with an electric breast pump.
b) Compare ME characteristics during expression with 2 different stimuli: a
novel infant-derived pumping pattern and the established 2-phase
Symphony pattern (Medela AG).
c) To examine ME characteristics within a woman over multiple lactations
2. The second set of aims relate to exploring the use of bioimpedance spectroscopy
(BIS) to identify milk ejection and explore relationships with milk removal
during expression
a) To determine if bioimpedance parameters continuously measured during an
expression session show cyclical changes associated with changes in milk
flow rate associated with ME.
b) To determine if changes in bioimpedance parameters are associated with
milk removal from the lactating breast.
3. The last aim endeavours to describe physiological changes in temperature of the
nipple and explore relationships with milk removal
a) To measure changes in nipple temperature, within lactating women, during
breastfeeding and pumping.
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b) To determine if nipple temperature changes are related to the effectiveness
of milk removal.
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Milk Ejection Patterns: An IntraIndividual Comparison Of Breastfeeding And
Pumping
Abstract
Background
Milk ejection is a transient episode critical to milk removal and women
typically have multiple milk ejections during breastfeeding and pumping. Recently
it was found that milk ejection characteristics such as number of milk ejections and
periodicity were consistent throughout 12 months of lactation in women who
expressed their milk with an electric breast pump. It is not known whether the
stimulation of an infant at the breast influences milk ejection patterns or whether
this is a programmed event. The aim of this study was to compare milk ejection
patterns during breastfeeding and expressing milk with an electric pump within
mothers.
Materials and methods
Twelve lactating mothers with normal milk production (502–1356 mL) had
milk ejection recorded by measuring the diameter of a major milk duct with
ultrasound imaging throughout an entire breastfeed and a 15-min pumping session.
Scans were analysed for timing, duration of duct dilation and maximum duct
diameter.
Results
The initial milk ejection defined as the first increase in duct diameter was
observed earlier during breastfeeding than during two phase pumping sessions but
was not statistically significant (p = .057). There were no significant differences
between the duration of the first or second milk ejection for mothers when
breastfeeding or pumping at their maximum comfortable vacuum (p = .18; p = .99).
The times taken to reach the peak duct diameter, or the first half of the milk ejection
were also not found to be significantly different between breastfeeding and
pumping.
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Conclusion
This study suggests that milk ejection patterns remain consistent within
individual mothers regardless of whether the mother is breastfeeding or expressing
milk indicating a likelihood of the process either being programmed or innate to the
individual.

2.1 Background
Breastmilk

provides

optimal

nutrition

and

protection

for

infants.

Breastfeeding is the most convenient method of milk removal, but expressing milk
is important for many mothers, particularly in situations where the infant is
premature, unwell, or where the mother is separated from her infant for extended
periods of time. Stimulus of the breast differs markedly between breastfeeding and
pumping and this is often offered as a potential explanation for the reduced
effectiveness of the pump compared to the infant in some women (Kent et al. 2003).
In this study an electric pump was used but breastmilk may also be expressed by
hand or using a manual pump.
Successful lactation is dependent on both milk synthesis and milk ejection. The
alveoli in the human mammary gland are lined by lactocytes, which synthesise and
secrete milk into the alveolar lumen. Myoepithelial cells that are comprised of
smooth muscle fibres lacking neural innervation surround the alveoli. These
myoepithelial cells contract in response to oxytocin that is released from the
posterior pituitary gland into the blood stream in response to suckling or other
stimuli (Crowley & Armstrong 1992; McNeilly et al. 1983). The contraction results
in the expulsion of milk from the alveoli into the milk ducts(Prime, Geddes &
Hartmann 2007). Milk ejection in women is a transient phenomenon lasting 45
seconds to 3.5 minutes (Ramsay et al. 2004). Unlike other species that possess
cisterns such as the goat and cow (Bruckmaier & Blum 1998; Mepham 1983), the
majority of milk in the human mammary gland is stored in the alveolar region
(Ramsay et al. 2005b) and requires active expulsion for successful lactation, such
that the absence of the milk ejection reflex results in very little milk removed from
the breast(Kent et al. 2003; Ramsay et al. 2004).
Few non-invasive methods to detect and measure milk ejection exist.
Ultrasound, however, has been shown to reliably and non-invasively detect milk
ejection in lactating women both when breastfeeding and expressing milk with an
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electric breast pump (Ramsay et al. 2004; Ramsay et al. 2005b). An increase in
diameter of the milk ducts and movement of fat globules within the duct towards
the nipple is indicative of milk ejection and occurs concurrently with an increase in
milk flow rate during pumping (Ramsay et al. 2005b; Prime et al. 2009). Duct
diameter increases acutely during the first phase of the milk ejection and decreases
in the later phase.
Recently Prime and co-workers, in work from this laboratory, have shown that
the timing, pattern and number of milk ejections are consistent in individual
mothers during milk expression throughout the first 12 months of lactation (Prime
et al. 2011). It is not known whether this process is innately programmed or would
differ in response to different stimuli. In this study we investigated whether
individual milk ejection patterns remain consistent when mothers either breastfeed
their infants or express milk with an electric pump.

2.2 Materials and methods
Twelve exclusively breastfeeding mothers provided written informed consent
to participate in the study, which was approved by the Human Research Ethics
Committee at the University of Western Australia. The studies were conducted in
the research laboratory at the Breastfeeding Centre of WA at King Edward Memorial
Hospital for Women.
The twelve lactating women measured their 24-hour milk production in their
own homes by test weighing their infants on accurate digital scales (BabyWeigh™,
Medela Inc, McHenry IL, USA, resolution 2 g, accuracy ± 0.034%) before and after
each breastfeed from each breast for a period of twenty-four hours plus one
breastfeed. The 24-hour milk production was calculated by the method of Arthur et
al (Arthur, Hartmann & Smith 1987). As no correction for infant insensible water
loss was made, milk production may be underestimated by 10% on average (range
3-55%)(Arthur, Hartmann & Smith 1987).
During an initial visit to the Breastfeeding Centre, the maximum comfortable
vacuum during pumping was ascertained for the left breast for each mother. An
experimental electric breast pump (B2000, Medela AG, Baar, Switzerland), equipped
with standard breast shield and bottle, was used. The pump was computer–driven,
and the stimulation pattern (125 cycles/min) and expression pattern (54-78
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cycles/min) were similar to those provided by the commercially available Medela
Symphony breast pump (Medela AG, Baar, Switzerland). The vacuum level was
adjustable (0-100%) and the maximum applicable vacuum when the pump was set
at 100% was approximately -270 mm Hg. The breast shield was applied to the left
breast, the pump was turned on to the stimulation pattern, and the vacuum was
adjusted to the comfort of the mother. Following the detection of milk ejection
(identified as milk duct dilation along with obvious milk flow towards the nipple),
the pump was changed to expression pattern. Milk ejection was identified as milk
duct dilation along with obvious milk flow towards the nipple as determined by
ultrasound. The vacuum was then gradually increased further until the mother
began to feel some discomfort. At this point the vacuum was reduced by 10 mm Hg,
and this value was recorded as the maximum comfortable vacuum for that mother.
Pumping continued at this vacuum strength for 15 minutes. The maximum
comfortable vacuum was among a series of vacuums tested as reported by Kent et
al (Kent et al. 2008) and was found to result in optimum milk flow rate and milk
yield in comparison with weaker vacuums.
A pumping session was conducted for each of the participants using the
previously established maximum comfortable vacuum for each mother. A milk duct
in the right breast was monitored with ultrasound using a linear array transducer
(5-10 MHz) (Acuson XP10; Siemens, Mountain View, CA) and milk ejections were
detected using the method described by Ramsay et al, (2004) (Ramsay et al. 2004).
In brief, a main duct was located in the lateral part of the breast not being pumped,
close to the base of the nipple, and light pressure was applied to avoid compression
or distortion of the duct. The scan plane spanned 40 mm from the nipple and
interrogated to a depth of 30 mm. All ultrasound scans were videotaped for later
analysis. Parker (Fairfield, NJ) Ultrasonic Gel was used for the scans.
The same mothers participated in at least one session where they breastfed
their infants, during which a main milk duct in the contralateral breast was
monitored by ultrasound as described above. Six of the mothers were scanned
during one breastfeeding session, and six were scanned in multiple sessions: four
mothers during two sessions, one mother during four sessions and one mother
during five sessions. The majority of scans were on the left breast but in five of the
sessions the right breast was monitored. The length of each breastfeeding session
was dependent on the infant.
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Comparisons of the breastfeed and milk expression data were made from the
first increase in duct diameter associated with the first milk ejection, with the
duration of the data analysed determined by the duration of the breastfeed. The
analyses were limited to the first two milk ejections. Changes in duct diameter were
measured every 3 to 20 seconds during the breastfeeding and pumping sessions.
This data was then plotted and used to determine the first increase in duct diameter,
the time taken to reach peak duct diameter and the milk ejection duration. Milk
ejection duration was calculated by measuring the time between the beginning of
one milk ejection to the beginning of the next using the method described by Ramsay
et al (Ramsay et al. 2004). Data are presented as mean ± standard deviation. P values
<0.05 were considered statistically significant.
All analyses were performed using R version 2.15.0 for Mac OS X (R Core Team
2014). Additional packages were used for linear mixed modelling and lattice plots
(Sarkar 2008; Pinheiro et al. 2007). The duct diameter was plotted from the initial
increase in diameter and compared for both expressing milk using the maximum
comfortable vacuum and for the infant feeding from the breast. The duration and
time to reach the peak duct dilation during milk ejection were also measured.
Linear mixed effects analyses(Pinheiro et al. 2007) of the relationship between
milk ejection duration (for first and second milk ejections), time to peak (for first
and second milk ejections) and the method of milk removal (breastfeeding or pump)
were carried out with random effects of different intercepts for each mother.

2.3 Results
Characteristics of the 12 exclusively breastfeeding mothers of healthy infants
with normal growth parameters (no concerns expressed by the mother or the
primary healthcare provider) are given in Table 2-1 Participant characteristics. The
majority of the infants were male (n=8) with six mothers being primiparous and six
multiparous. There was no significant difference in relation to the time to first milk
ejection associated with parity (P= .6).
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Table 2-1 Participant characteristics
Median

IQR

Age (years)

33

31-35

Parity

2

1-2

Gestational age at birth (weeks)

41

40-41

Current age (weeks)

18

15-19

Number of feeds in 24 hours

10

8-11

Total volume of breastmilk consumed in 24 hours (mL)

874

773-980

Mother

Infant

Breastfeeding

The mean duration of breastfeeding sessions was 6 min 53 sec (SD 2 min 57
sec). The amount of milk consumed by infants during these sessions was variable
with a mean volume of 82.7 mL (SD 47.3 mL).
The milk ejection duration and the time taken to reach peak duct diameter for
breastfeeding were not significantly different between sessions for the six women
observed during multiple breastfeeding sessions (p= 0.90; p= 0.84).
Representative examples of milk duct diameters during breastfeeding and
pumping are shown in Figure 2-1
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Figure 2-1 Milk ejection patterns in four individuals during breastfeeding and
pumping with an electric breast pump at maximum comfortable vacuum.
The pumping session was matched to the duration of the breastfeed for
analysis.
The milk ejection characteristics for the first two milk ejections are
summarized in Table 2-2. The mean maximum comfortable vacuum was -201 ± 40
mm Hg (range -116 to -262 mmHg). Intra-oral vacuums applied by the infants
during breastfeeding were not measured.
Table 2-2 The comparison of milk ejection characteristics within mothers
when pumping and breastfeeding for milk ejections 1 and 2
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Milk ejection 1

Duration
(seconds)
Time to peak
duct diameter
(seconds)

Milk ejection 2

Breastfeeding

Pumping

P value

Breastfeeding

Pumping

P value

105 ± 29

95 ± 27

0.18

98 ± 17

98 ± 14

0.99

34 ± 19

26 ± 16

0.15

30 ± 13

40 ± 13

0.16

There was a trend for the time to the first increase in duct diameter to be
shorter when the infants were breastfeeding (53.6 ± 30.2 sec) in comparison to
pumping (73.3 ± 22.0 sec; p= .057). The mean maximum duct diameter was similar
for both groups (breastfeeding 3.45 ± 1.54 mm, pumping 3.44 ± 1.47 mm; p= .85).
There was no significant difference for individual mothers between
breastfeeding and pumping in the duration of milk ejections (Table 2-2).
No significant differences were found when comparing the duration of the first
milk ejection with subsequent milk ejections during pumping or breastfeeding
sessions (p= .86).
The times taken to reach the peak duct diameter, or the first phase of the milk
ejection were not significantly different for the first or second milk ejections during
breastfeeding or pumping (Table 2-2). Furthermore, no significant difference was
found between the time taken to reach peak duct diameter from the beginning of the
first and subsequent milk ejections during breastfeeding or pumping sessions (p=
.48).

2.4 Discussion
In this study we used ultrasound to compare milk ejection characteristics
between the two different stimuli - breastfeeding and pumping. The timing and
duration of milk ejections for individual mothers were consistent during both
repeated breastfeeding and pumping sessions suggesting that this is a programmed
event regardless of the stimulus applied to the breast.
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The time to the initial milk ejection during breastfeeding was on average 20
seconds earlier than during pumping sessions, but this was not statistically
significant. This result may have been influenced by the presence of the infants in
the room and small sample size. The breastfeeding infants initiated a milk ejection
after 53 seconds in this study, which is similar to a previous study which reported
an increase in duct diameter 56 ± 30 seconds after the infant began to feed (Ramsay
et al. 2004). Similar results have been reported using other methods of measuring
milk ejection during breastfeeding, indicating that monitoring the duct diameter
changes using ultrasound had not adversely affected time to milk ejection (Cobo et
al. 1967; Luther et al. 1974; Sala et al. 1974). Kent et al (2003) found a significant
difference in time to milk ejection between breastfeeding and in response to a range
of stimulation patterns provided by an electric pump (120 – 149 seconds)
suggesting there may be some variation in the timing of the release of oxytocin in
response to different stimuli. This may have been due to the rigorous nature of that
study during which the infant was in a separate room and silence was maintained
between the mother and the researchers during the test sessions(Kent et al. 2003).
During a study under more relaxed conditions the time to milk ejection in response
to a breast pump was 73 – 92 seconds (Kent et al. 2008). These data and the current
study, where the infant was present in the room, are consistent with a 20- to 30second difference in time to milk ejection between breastfeeding and pumping.
Whilst the breastfeeding infant tends to produce a more rapid initiation of milk
ejection, improving conditions during pumping may reduce the time to milk
ejection.
When comparing milk ejection characteristics between breastfeeding and
pumping we found that the periodicity (timing) and duration of the milk ejection did
not differ between breastfeeding and pumping within a mother. There were no
significant differences between the duration in either the first or second milk
ejections when mothers were breastfeeding or pumping (Table 2). The analysis was
limited to two milk ejections as the monitored breastfeed was typically much
shorter (6 minutes 53s ± 2 minutes 57s) than the pumping session of 15 minutes
but the duration of milk ejections was comparable to findings described by others
(Prime et al. 2011; Ramsay et al. 2004). Further, we found that the time taken to
reach the peak duct diameter for the first and second milk ejections to be no
different for breastfeeding and pumping. These results are similar to those of the
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pumping studies conducted by Prime et al. in that milk ejection patterns during
breastfeeding appear to remain consistent during exclusive breastfeeding in the
short term, (over a six week period). However longitudinal studies are necessary to
confirm if they remain constant for the full length of lactation (Prime et al. 2011).
The vacuum characteristics of breast pumps in general differ to that of the
breastfeeding infant. The infant typically displays a higher suck cycle rate (74
sucks/min during nutritive sucking (Sakalidis et al. 2013b)) compared to the cycle
rate of the pump used in this study (ranging between 54 and 78 cycles/min
depending on the set level of vacuum (Ramsay et al. 2006)). However, once set, the
vacuum strength and the cycle rate were maintained for the full expression session.
In addition, the infant not only sucks in bursts with intervening pauses to ensure
maintenance of cardiorespiratory stability (Sakalidis et al. 2013b), but also varies
the strength of vacuum within a suck burst and typically uses either the same or
stronger vacuums during non-nutritive sucking. Although intra-oral vacuums were
not measured in this study, published figures are -148 ± 58 mm Hg, which is lower
than the pumping vacuum used in this study. Despite these differences in strength
and frequency of application of vacuum between breastfeeding and pumping, the
measured milk ejection characteristics were similar. Pumping patterns using more
variation to more closely resemble infant feeding have also shown no effect on milk
ejection characteristics other than to have a shorter time to the first milk ejection
(Ramsay et al. 2005b). Interestingly we have previously found that different vacuum
strengths during pumping do not affect the number of milk ejections within a
mother (Kent et al. 2008). We conclude that, once stimulated, the milk ejection
pattern is robust and independent of strength and frequency of application of
vacuum.
In this study we found for the first time that the duration of multiple milk
ejections within either a breastfeed or pumping session to be similar within women.
This indicates that the amount of oxytocin released at each milk ejection is similar
(Cobo et al. 1967; Sala et al. 1974) irrespective of the mode of stimulation and milk
removal. Indeed it has been reported that there is no significant difference in
oxytocin levels when comparing women breastfeeding with those expressing milk
using a variety of mechanical methods (Zinaman et al. 1992). Stress is also known
to affect the milk removal seemingly via the milk ejection process through
negatively influencing oxytocin release and impaired milk ejection (Dewey 2001)
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Stress was most likely minimized during pumping in this study as the mothers
attended an orientation session before the session that was analysed for this paper,
which was randomized amongst 3-4 different vacuum conditions (Kent et al. 2008).
It is unlikely therefore that we would detect changes in milk ejection patterns as a
result of stress. Further study would be required to confirm if indeed the timing and
duration of milk ejections are actually affected by stress.
Although milk ejection patterns are similar in women when breastfeeding or
pumping, a significant portion of women whose infants are able to remove
substantial amounts of milk are unable to pump milk effectively (Kent et al. 2008).
Further, the number of milk ejections during breastfeeding is positively related to
the volume of milk removed by the infant (Ramsay et al. 2004), however, this has
not been confirmed during pumping. These data suggest that factors other than milk
ejection characteristics are influencing the effectiveness of the pump in removing
milk and warrant further investigation.
Not only have we demonstrated that milk ejection patterns are similar
between breastfeeding and pumping but that multiple breastfeeding sessions for
individual women show consistent milk ejection patterns, at least over a period of
4-5 weeks. These results indicate that milk ejection characteristics are similar in the
short term; however, monitoring over twelve months is necessary to confirm that
these remain consistent in the long term.
Infant survival is dependent on the ability to feed effectively, and it is
acknowledged that gestation and early infancy are critical periods for programming
feeding. Disruptions during this period such as premature birth and caesarean
section are amongst events known to impact feeding outcomes (Barlow 2009;
Sakalidis et al. 2013b). The nature of milk ejection must therefore be robust to cope
with insults to the infant; however, the infant’s role if any in programming maternal
milk ejection patterns is unknown. Recent animal studies suggest that programming
in relation to lactation performance and offspring milk intake may begin well before
birth (Hinde et al. 2014; Cowley et al. 2014), but the timing of the programming of
the milk ejection reflex or even if such programming occurs remains unclear.
It is well documented that infants regulate their intake of breastmilk according
to their appetite (Daly, Owens & Hartmann 1993) and display individual
characteristics in relation to the rate of milk transfer and duration of feeding
(Woolridge, Baum & Drewett 1982). Whether these variations are infant
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determined, according to appetite, or are somewhat dictated by milk ejection
patterns remains to be determined. While these results appear to indicate that the
milk ejection pattern for the mother is innate, further research is required to
investigate whether this pattern is influenced by the initial stimulation by the
breastfeeding infant immediately postpartum or if it is programmed during
pregnancy.
The limitations of the study include the relatively small sample size. In
addition, this study only uses one type of electric pump so therefore does not
presume to suggest that these results would be replicated with the use of other
electric pumps, manual pumps or indeed expressing milk by hand. Additional
research is required to ascertain if milk ejection patterns remain consistent during
other methods of milk removal.

2.5 Conclusion
This study found that milk ejection patterns are not different within individual
mothers when breastfeeding or expressing milk with an electric pump set at
maximum comfortable vacuum. We also found that milk ejection patterns remain
consistent during breastfeeding sessions monitored over several weeks. Both of
these results support the possibility that milk ejection is an innately programmed
physiological response. This implies that factors other than milk ejection
characteristics play a role in determining the amount of milk removed by the breast
pump.
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Comparison Of Maternal Milk Ejection
Characteristics During Pumping Using InfantDerived And 2-Phase Vacuum Pattern

Abstract
Background
Milk ejection characteristics remain consistent throughout 12 months of
lactation in women who expressed breastmilk with an electric breast pump. In
addition, these characteristics appear to remain constant when women are
breastfeeding or pumping suggesting that milk ejection is a robust physiological
response. It is not known whether the stimulation of an infant at the breast in the
early postpartum period influences milk ejection patterns or whether this is a
programmed event. However, as more data become available on the mechanisms
involved in infant feeding, pumping patterns mimicking the infant more closely may
provide enhanced results. The objective of this study was to compare milk ejection
characteristics obtained when using a novel infant-derived pumping pattern with
an established 2-phase pattern.
Methods
Ten lactating mothers, 1 to 40 weeks of lactation with normal milk production
were recruited. Each participated in two pumping sessions in which either a 2-phase
pattern or infant-derived pattern were randomly assigned. Milk volume and milk
ejection characteristics were recorded, and the percentage of available milk
removed (PAMR) was calculated. Statistical analysis used linear mixed effects
modelling to determine any differences between breasts and pump patterns with
the consideration of individual variability as a random effect.
Results
The milk ejection patterns did not differ between patterns. Milk removal
volumes and PAMR were also similar. Peak milk flow rates were positively
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associated with the available milk (p= 0.0003) and PAMR (p= 0.0001), as was the
volume of milk removed during each milk ejection (p= 0.001 and p=0.0001).
Conclusion
An experimental pumping pattern designed to resemble infant sucking
characteristics did not alter milk ejection characteristics or milk removal
parameters compared with an established 2-phase pattern.

3.1 Background
Human milk is a complex fluid providing the infant with optimal nutrition and
immunological protection. The processes of milk synthesis and milk ejection ensure
the continued provision of milk for the breastfeeding infant. Milk is synthesized by
the lactocytes that line the breast alveoli where the majority of milk is stored. Milk
synthesis in established lactation is regulated via autocrine control whereby
continued synthesis is reliant on the removal of adequate volumes of milk from the
breast (Wilde et al. 1995). The milk is made available to the infant via the milk
ejection reflex during which the ejection of milk occurs as a result of sensory
stimulation of the nipple by the infant, which initiates the release of oxytocin into
the maternal circulation. Oxytocin subsequently binds to receptors on the
myoepithelial cells that surround the alveoli causing them to contract and resulting
in the expulsion of milk into the lactiferous ducts (Linzell & Peaker 1971; Ramsay et
al. 2004; Richardson 1949), through which it travels to the nipple and is available
for removal by the infant or breast pump. Hence successful milk removal is
dependent on positive pressure generated by the milk ejection within the breast and
negative pressure generated by the sucking of the infant.
With the prevalence of assisted births, medications, premature birth and
maternal illness along with increasing pressure for women to return to work, it not
always possible for women to feed their infant at the breast for every feed. As it is
critical that milk is removed from the breast to ensure establishment and
maintenance of a full milk supply (Kent 2007), mothers often utilize an electric
breast pump. It is imperative that pumping is efficient, effective and comfortable to
achieve and maintain full lactation. The milk volume and percent available milk
removed (PAMR) during breastfeeding and pumping have been shown to be greater
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with higher numbers of milk ejections (Prime et al. 2012a; Ramsay et al. 2004). Thus,
it is possible that altering milk ejection patterns may improve pumping outcomes
for mothers.
This study aimed to compare maternal milk ejection characteristics during
pumping with an established 2-phase pattern (Symphony) or a novel infant-derived
pattern.

3.2 Methods
3.2.1 Participants
A convenience sample of ten breastfeeding mothers was recruited and
provided written informed consent to participate in the study, which was approved
by the Human Research Ethics Committee of The University of Western Australia
(RA/4/1/7897).
All mothers had milk productions within the range reported by Kent et al (Kent
et al. 2006; Kent et al. 1999) and were providing adequate milk to support normal
growth and development of their infant (Table 3.1).

3.2.2 24 hour milk productions
The research protocol is illustrated in Figure 1. Mothers measured their 24hour milk production by test-weighing at home using accurate digital scales
(BabyWeigh™, Medela Inc., McHenry, IL, USA, resolution 2 g, accuracy ± 0.034%).
The corrected 24 hour milk production was calculated using the method described
by Arthur et al. (1987). During the 24-hour period, mothers expressed small
samples of milk into 5 mL polypropylene tubes (Sarstedt, Germany) before and after
each feed which were kept frozen at -20 °C until transferred to the laboratory for
analysis. The cream content of the samples was measured using the creamatocrit
method (Fleet & Linzell 1964) which enabled estimation of breast storage capacity
fullness and degree of breast fullness (Daly, Owens & Hartmann 1993; Kent et al.
2008). This allows calculation of the amount of milk available in the breast at the
beginning of each pumping session, and therefore the percent of available milk
removed during pumping.
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Figure 3-1 Research protocol to test for differences in milk ejection
characteristics using the Symphony and infant-derived pump patterns

3.2.3 Infant-derived vacuum pattern
The first 4 minutes of nutritive sucking during breastfeeding of 10 fully
breastfed infants were analysed for sucking frequency (sucks/min), duration of the
suck and duration of beginning of vacuum application from baseline to the peak of
the suck curve and the slope of the vacuum curve. A mean expression curve (the
infant-derived pattern) was generated that was asymmetrical (shorter time to peak
vacuum in the first half of the cycle) and operated at a frequency of 51 cycles/minute
(Figure 2). Both the infant-derived and 2-phase patterns (Symphony, Medela AG,
Baar, Switzerland) share the same stimulation phase.
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Figure 3-2 Vacuum curves for the 2-phase and infant-derived pump patterns

3.2.4 Pumping sessions
The two vacuum patterns that were used were the standard Symphony pattern
(Symphony, Medela, AG, Baar, Switzerland) at 54-78 cycles/minute or the infantderived pattern. The mothers attended the research laboratory at The University of
Western Australia for two study sessions. During each session, the left breast was
pumped first, followed by the right breast. The vacuum pattern that was applied to
the left breast during the first session was randomized, and the alternate pattern
was applied to the right breast. During the second session, the two vacuum patterns
were applied in the alternate order. The pump (LactaSearch, Medela, AG, Baar,
Switzerland) initially applied a stimulation pattern of 120 cycles per minute
(stimulation phase) until the mother sensed milk ejection or when copious milk flow
began. The pump was then changed to the allocated vacuum pattern and set at each
mother’s maximum comfortable vacuum, which has been shown to produce optimal
milk flow rate and milk yield (Kent et al. 2008), for 10 minutes. The expressed milk
was collected using a Showmilk (Medela AG, Zug, Switzerland) which recorded
cumulative weight and milk flow rate as previously described (2009) Showmilk
allowed measurement for each milk ejection: volume of milk expressed, peak milk
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flow rate, duration from the start to the finish, time from start of milk ejection until
maximum milk flow was reached (time to peak), as previously described (2015b).

3.2.5 Statistical analysis
Data analyses were conducted using R studio version 0.93 (R Core Team
2014). Data exploration consisted of descriptive statistics and box plots were
constructed to illustrate the variability of the results between the two patterns.
Linear mixed effects models were utilized to determine any differences between
breasts and pump patterns with the consideration of individual variability as a
random effect. Differences were considered statistically significant at p<0.05.

3.3 Results
Maternal and infant characteristics are documented in Table 3-1.
Table 3-1 Maternal and infant characteristics

Mother
Infant
Breastfeeding

Mean (SD)

Range

Age (years)

34 (6)

28-45

Parity

2 (1)

1-4

Gestational age at birth (weeks)

38 (2)

33-40

Current age (weeks)

17 (13)

1-40

Storage capacity left breast (ml)

219 (76)

114-323

Storage capacity right breast (ml)

181 (59)

114-303

Number of feeds in 24 h

11 (2)

7-14

Milk consumed from left breast (ml)

389 (160)

115-612

Milk consumed from right breast (ml)

328 (116)

132-552

Total volume milk consumed in 24 h (ml)

781 (139)

628-1038

Summary data of the first two milk ejections for the 2-phase and infant-derived
patterns for each breast are shown in Table 3-2. The first two milk ejections were
analysed as not all mothers had 3 or 4 ejections, limiting statistical analysis. The
mean number of milk ejections for each pattern is shown in Table 3-2 (range 1-4).
Table 3-2 Characteristics of the first two milk ejections (ME) during pumping
with either the 2-phase or infant patterns
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Overall

Left Breast

Right
Breast

Symphony

Infant
Pattern

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Time to ME1 (min)

1.5 (1.6)

1.5 (2.0)

1.6 (1.2)

1.5 (1.4)

1.5 (1.8)

Milk volume (ml)

24.4 (16.1)

28.6 (17.7) 20.2 (13.5)

24.5 (16.1) 24.2 (16.5)

% Total milk

47.3.(24.1)

53.4 (25.7) 41.1 (21.4)

48.6 (24.1) 45.9 (24.7)

Peak Flow Rate

0.3 (0.2)

0.4 (0.2)

0.3 (0.2)

0.3 (0.2)

0.3 (0.2)

Time to peak (min) 1.0 (0.7)

1.0 (0.6)

1.1 (0.9)

1.0 (0.6)

1.1 (0.9)

Duration (min)

2.3 (0.9)

2.3 (0.9)

2.4 (0.9)

2.3 (0.9)

2.4 (0.9)

Milk Volume (ml)

21.9 (18.8)

17.7(9.0)

26.0 (24.4)

21.0 (19.5) 22.9 (18.6)

% Total milk

39.4 (18.0)

36.3 (21.4) 41.0 (14.1)

38.3 (20.0) 40.7 (16.1)

Peak Flow Rate

0.3 (0.2)

0.3 (0.2)

0.4 (0.3)

0.3 (0.2)

0.3 (0.2)

Time to peak (min) 0.6 (0.3)

0.6 (0.4)

0.6 (0.3)

0.6 (0.2)

0.7 (0.4)

Duration (min)

2.2 (1.2)

2.3(1.5)

2.1 (0.7)

2.0 (0.7)

2.4 (1.5)

Volume (ml)

53.9 (27.1)

51.9 (20.8) 55.1 (31.6)

53.6 (28.5) 54.2 (26.3)

Number of MEs

2.7 (0.8)

2.6 (1.0)

2.6 (0.8)

Milk Ejection 1

Milk Ejection 2

2.8 (0.7)

2.8 (0.9)

With respect to milk removal, neither the volume nor PAMR during milk
ejections were different between breasts (p= 0.93, p= 0.65; Table 3.2) or between
patterns (p= 0.39, p=0.81; Table 3-3). Increased available milk and PAMR were
associated with increased peak flow rate (available milk: p=0.003; PAMR: p=0.0001)
and the volume of milk removed during each milk ejection (available milk: p=0.001;
PAMR: p=0.001).
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Table 3-3 The breast fullness and the percentage of available milk removed
(PAMR) in total and during each of the milk ejections (ME)
Infant-derived pattern

2-phase pattern

n

mean (SD)

n

Breast fullness
(proportion)

20

0.6 (0.3)

Breast fullness
(proportion)

Available milk (ml)

20

109.1 (35.3)

Available milk (ml) 20

PAMR Total (%)

20

52.2 (22.3)

PAMR Total (%)

20

PAMR ME1 (%)

20

23.8 (20.6)

PAMR ME1 (%)

20

PAMR ME2 (%)

18

21.4 (15.9)

PAMR ME2 (%)

18

PAMR ME3 (%)

13

10.6 (5.9)

PAMR ME3 (%)

13

PAMR ME4 (%)

4

5.3 (3.1)

PAMR ME4 (%)

4

20

The characteristics of milk ejections were consistent between breasts and
between patterns with respect to duration of ME (p= 0.94, p= 0.26; Figure 3-3) and
time to reach peak milk flow rate (p= 0.14, p= 0.15; Figure 3-4), except for the time
taken to reach peak milk flow rate which was longer for the first milk ejection overall
(p=0.001; Figure 3-4).

Figure 3-3 Duration of milk ejections (ME) for right and left breasts using 2phase and infant patterns.
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Figure 3-4 Time to peak during milk ejections for right and left breasts using
Symphony and Infant patterns (ME 1: n= 40; ME 2: n=37; ME 3: n= 25; ME 4:
n=6).

3.4 Discussion
In this study, we sought to determine whether a pumping pattern closer to that
of infant sucking at the breast would alter milk ejection characteristics within
women. We found no significant differences in either milk ejection parameters or
milk removal, providing further evidence that early programming of the reflex is not
influenced by different modes of stimulus later in lactation.
Milk ejection is a critical component in the continuity of milk synthesis and for
the delivery of sufficient milk to the infant or effective milk removal by the pump
should the mother be unable to breastfeed. It is essential that the infant consumes
adequate milk as nutritional deficiencies in early life both compromise survival and
preclude optimum development. Under-nourishment during this critical period may
result in environmental adaptations, which manifest themselves in metabolic and
other disorders later in life (Noguera et al. 2011; Hales & Barker 1992; Hales &
Barker 2001).
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The infant is often able to remove larger volumes of the milk from the breast
compared to an electric breast pump (Prime et al. 2012a; Ramsay et al. 2004) and
fares better at maintaining milk production in the long term. Many factors likely
contribute to more effective milk removal by the infant and one speculation is that
there is a complex array of interactions between mothers and infants in the early
postnatal period (Bernstein & Hinde 2016). In the early stages of lactation prior to
secretory activation, sucking is disorganized and characterized by a rapid sucking
rate and irregular sucking rhythm (Mathew & Bhatia 1989; Mizuno et al. 2008;
Bowen‐Jones, Thompson & Drewett 1982; Drewett & Woolridge 1979), which has
been thought to play a role in programming the initiation and volume of milk
production (Meier et al. 2012). A pump pattern simulating this pattern has been
developed and proven to be effective in preterm mothers in establishing a greater
milk supply, compared to those not exposed to the pattern (Meier et al. 2012). In
addition, this pattern decreased the time to secretory activation and increased milk
output in preterm, late preterm and term mothers who were pump dependent (Post,
Stam & Tromp 2016), suggesting the malleability of lactation in the early postpartum period.
The role of the infant, if any, in programming or dictating the reflex has not yet
been confirmed, but we have shown previously that the pattern of milk ejection,
measured as duct dilation on ultrasound during breastfeeding, was similar within
women to pumping with the Symphony pattern, measured by ShowMilk (Gardner
et al. 2015b).
To compare the Symphony and infant-derived patterns, we measured
numerous milk ejection characteristics including the duration of milk ejection. The
absence of a difference between the two patterns in duration of milk ejection
indicates the infant-like stimulus did not stimulate more milk ejections or more
frequent shorter milk ejections, scenarios that might improve the efficacy of milk
removal. Previously we tested a 3-phase pattern where the expression pattern was
changed after 2 minutes. This did not result in stimulation of another milk ejection
and is consistent with the pump pattern itself not having an impact on milk ejection.
Interestingly, the peak flow rate and time to reach peak flow rate were also not
different between the two patterns (Table 2) but were similar to values reported by
previous studies (Gardner et al. 2015b; Prime et al. 2011). These findings support
the notion that milk ejection is an innate response unaffected by changes in stimulus
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(Gardner et al. 2015b) or strength of vacuum applied (Kent et al. 2003), and remains
unaltered throughout lactation (Prime et al. 2011).
The repeatability and consistency of milk ejection patterns in women during
established lactation is rather remarkable and suggests the milk ejection reflex is a
robust physiological process. The ability to initiate milk ejection even without
nervous stimulation (demonstrated in cases of quadriplegia (Cowley 2005; McNeilly
et al. 1983) imply this process is critical to survival of the species. Indeed, mice pups
of oxytocin knockout dams die soon after birth due to the lack of milk transfer
(Nishimori et al. 1996).
Healthy infants that breastfeed effectively are often thought to be more
efficient than the expression of milk either by hand or with an electric breast pump.
Breastfed infants have been shown to remove 50% of the total volume of milk
removed at a breastfeed in the first two minutes and 80% in four minutes (Lucas,
Lucas & Baum 1979). Pumping with the Symphony pattern has been shown
repeatedly to remove 80% of the total volume of milk pumped in the first 8 minutes
of a 15 minute pumping session (Prime et al. 2012a) and that it removes 50 to 75%
of the available milk in the breast (Kent et al. 2008; Prime et al. 2009). The PAMR
for both patterns in this study (Table 3) was lower than those reported previously.
However, the pumping sessions in this study were 10 minutes in duration compared
to 15 minutes in previous studies (Kent et al. 2008; Prime et al. 2009).
When exploring the dynamics of milk removal from the breast during pumping
it has been shown that the majority of the milk (76% on average) is removed during
the first 2 milk ejections (Kent et al. 2008). In this study 90% of the total milk
pumped was removed in the first 2 milk ejections (Table 2). However, this higher
percentage may be due to the shorter pumping time and resultant lower volume. In
contrast, the PAMR for milk ejections would be a better indicator of the effectiveness
of milk removal. PAMR for the first milk ejection was between 24 and 28% on
average which is similar to that found by Ramsay et al (Ramsay et al. 2005b) who
used the Symphony pattern. The first 2 milk ejections in this study removed 45 to
49% of the milk available whereas the infant removes on average 70% of the
available milk during a breastfeed (Kent et al. 2006). If 80% of the milk is removed
by the infant in the first 4 minutes of a feed, equivalent to the first 2 milk ejections,
then the pump is still on average less efficient whether or not the Symphony or
infant-derived pattern is used (Lucas, Lucas & Baum 1979).
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As the breast empties, the rate of milk flow changes during subsequent milk
ejections, suggesting that infants modify their sucking patterns to accommodate
these changes in flow (Kent et al. 2008; Prime et al. 2009; Ramsay et al. 2006).
Cannon et al (2016) showed that infants modify their sucking characteristics
between the first and second two-minute nutritive phases of a feed. In particular,
the infant oral vacuum is reduced in strength between the first two-minute phase
and subsequent phases during the feed, which could be a response to changes in
milk flow or due to the increasing satiety of the infant (Cannon et al. 2016).
Characterising milk ejection during pumping to allow manipulation of vacuum
strengths or patterns may optimize milk removal, although a change in expression
pattern at 2 minutes to a more effective pattern later in pumping failed to achieve
this (Ramsay et al. 2005b). Interestingly, peak flow rates for the first two milk
ejections in this study were not different irrespective of the pattern, which may be
a reflection of the similar degrees of fullness of the breast which are positively
related to milk flow rate (Prime et al. 2011).
One of the strengths of this study was that one of the pump patterns was
developed from breastfeeding data to attempt to emulate infant sucking. This
exploratory study had a relatively small sample size however the results of
consistency of milk ejection patterns support previously published results.
Investigation of milk ejection patterns in the immediate postpartum period would
be useful to confirm that milk ejection patterns are programmed rather than
developed or altered at birth.
The characterisation of milk ejection in individuals may have other
advantages; potentially reducing pumping time in mothers in whom most milk is
removed within the first few minutes while those that release milk later in the
pumping period may need to pump for longer. Further exploration of alternative
pumping patterns would also be worthwhile to improve efficacy for mothers that
are pump dependent.

3.5 Conclusion
An infant-derived pumping vacuum pattern did not alter maternal milk
ejection characteristics when compared with the 2-phase Symphony pump pattern,
providing further evidence that milk ejection is a robust physiological response.
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Milk Ejection Patterns Remain
Consistent During The First And Second Lactations.
Abstract
Objective
Milk ejection is a critical physiological process for successful lactation in
humans and without it little milk can be removed. Individual milk ejection patterns
have been shown to remain consistent between breasts; at different lactation stages
and using different vacuum patterns with an electric breast pump. Little is known
about the milk ejection characteristics during the second lactation period in the
same mother. The objective of this study was to examine milk ejection
characteristics in the same woman over two lactations.
Methods
One mother took part in two pumping studies during consecutive lactations.
One pumping study examined milk ejection characteristics during simultaneous
breast expression during the first lactation. The second pumping study (second
lactation) used 2 different pumping patterns. Three distinct milk ejections were
measured during each pumping session.
Results
Measurements of milk flow were used to compare the duration and time taken
to reach the peak of each milk ejection for 2 pumping sessions from each of the
lactations. There were no significant differences in milk ejection characteristics:
between breasts, using different pumping patterns or between lactations in this
mother (p > .05).
Conclusion
Milk ejection appears to be a physiological response that is consistent across
consecutive lactations within the same mother. This suggests the milk ejection
characteristics are established during or prior to the first lactation. The infant
appears to have little influence on the milk ejection characteristics of the mother.
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4.2 Introduction
The development of the mammary gland and lactation has played a major role
in the evolution and classification of mammals (Hayssen 1993). Milk is essential for
the survival of mammals providing immunological protection as well as nutrition to
the offspring (Capuco & Akers 2009). Oftedal (Oftedal 2012) suggests that the
mammary gland has evolved from apocrine–like glands, which originally provided
moisture and antimicrobial protection to the egg, evolving to the secretion of the
complex, bioactive fluid that characterizes milk produced by mammals today.
Lactation has provided mammals with the ability to ensure survival and adapt to
environmental changes (Lefèvre, Sharp & Nicholas 2010). The evolution of milk
ejection as a physiological response enabling milk removal has not been well
reported, but it can be hypothesized that it is a mechanism to ensure that milk is
preserved within the breast preventing leakage whilst remaining easily accessible
for removal by the offspring.
Milk ejection is essential for successful lactation as very little milk is removed
without it. Oxytocin release from the posterior pituitary during lactation is triggered
through stimulation of the nipple. Oxytocin binds with the receptors in the
myoepithelial cells around the alveoli in the secretory tissue of the breast causing
them to contract. As a result milk is expelled from the alveoli into the milk ducts
where it is transported to the nipple to enable removal by either the infant or breast
pump (Ramsay et al. 2004).
Women are known to display individual characteristics in relation to milk
ejection patterns (Prime et al. 2011), but the timing of and influences on the
programming of this physiological process are unknown. Milk ejections in women
have been shown to be a reproducible physiological response. Prime et al. found that
the timing, duration and number of milk ejections remained constant throughout
the first 9 months of lactation (tested at 3, 6, 9 months) in a group of women using
an electric pump for milk removal (Prime et al. 2011). Recently Gardner et al.
reported that milk ejection characteristics were consistent within women during
different breastfeeding and pumping sessions (Gardner et al. 2015b).
The concentration and pattern of release of oxytocin has also been shown to
be the same within mothers when comparing breastfeeding and pumping (Zinaman
et al. 1992) and also across the course of lactation (Johnston & Amico 1986). It has
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been hypothesized that the neurohypophysial release and action of oxytocin may
also persist across subsequent lactations (Sala et al. 1974).
Previous studies examining milk ejection, have not, as far as the authors are
aware, included research on different lactations within the same woman.
The aim of this study was to compare the milk production characteristics and
milk ejection patterns from study sessions in consecutive lactations in the same
mother.

4.3 Materials and methods
The mother was initially recruited for a study comparing simultaneous
expression of breastmilk to sequential pumping in lactating women (Prime et al.
2012a). During that study infant milk intake was measured for a period of 24 hours
using test weighing. Samples collected during the 24-hour milk profile were also
assessed for fat content using the creamatocrit method (Prime et al. 2012a). During
the laboratory session the mother pumped with the Medela Symphony® pump
(Medela Inc, McHenry IL, USA) using the stimulation pattern until milk ejection
occurred after which the pump was switched to the expression pattern (54-78
cycles per minute, depending on vacuum strength) and the mother pumped for a
further 15 minutes. A purpose-built continuous weigh balance ShowMilk, Medela
AG, Switzerland; resolution 0.1 g, accuracy ± 0.02% of a maximum 2 kg) was used to
measure milk flow rate as previously described (Prime et al. 2012a). After the birth
of her second child in 2014 the same mother participated in another, as yet
unpublished, study at our laboratory. As part of the second study data was collected
in relation to infant milk intake, fat content and milk flow rates during pumping as
described above. For one pumping session the mother pumped with the standard
Medela Symphony pattern as described. For the other pumping session the mother
used the stimulation pattern prior to milk ejection and then an expression pattern
with a frequency of 20 cycles per minute. The maximum comfortable vacuum was
recorded and utilized for both study sessions. The Human Research Ethics
Committee of the University of Western Australia approved both studies and the
mother provided informed consent.
The duration from start to finish of each milk ejection, the time between the
start of each milk ejection and the time at which maximum milk flow was reached
(time to peak) were measured. A one-way ANOVA was carried out to compare the
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duration of the milk ejection and the time taken to reach the peak of the milk ejection
for each of the study sessions. This was followed by a Tukey’s post hoc test. Analyses
were carried out using R version 2.15.0 for Mac OS X. P values of less than .05 were
taken to be significant.

4.4 Results
A summary of maternal and infant characteristics is shown in Table 4-1. The
number of breastfeeds and milk production are within normal ranges.
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Table 4-1 Maternal, infant and breastfeeding characteristics
Lactation 1

Lactation 2

Age (years)

30

35

BMI

23

23

Sex

Female

Male

Birth weight (g)

3285

3380

Age (weeks)

16

9

12

14

Left

43

48

Right

55

43

Left

47

60

Right

34

51

Left

220

336

Right

330

302

Total

550

638

Maternal

Infant

Breastfeeding
Number of feeds (24 h)
Average feed (g)

Milk fat content (g/L)

24 hour milk production ( g)

Milk production increased by 16% in the second lactation and there was also
an increase in fat content in breastmilk from both breasts (left 28%, right 50%).
The mean duration of the milk ejections was 1.37± 0.09 minutes and the mean
time to reach peak flow rate for each milk ejection was 0.52 ± 0.11 minutes, with no
significant difference between sessions for either of these parameters (P > .05). The
milk ejection characteristics for the four research sessions are shown in Figure 4-1.
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Figure 4-1 Milk ejection patterns during 4 different pumping sessions for the
same mother, A & B during the first lactation (2010) and C& D during the
second lactation (2015). A & B show patterns for left and right breasts using
the Medela Symphony pattern during the first lactation. (C, D) show the milk
ejection patterns during the second lactation. (C) Using the Medela Symphony pattern and (D) using a frequency of 20 cycles per minute.

4.5 Discussion
This case study suggests that the maternal milk ejection pattern remains
consistent across consecutive lactations. The timing and duration of milk ejections
were consistent between breasts, pumping patterns and lactations. This indicates
that this physiological process is determined prior to the second lactation,
suggesting that each mother’s milk ejection profile may be innate and minimally
influenced by infant characteristics.
While the distribution and density of OT receptors could conceivably influence
the strength of milk ejection, i.e. duration of the milk ejection, it has been shown that
the amount of oxytocin released at each milk ejection is similar within a mother
(Cobo et al. 1967) and therefore milk ejection patterns may be influenced by both
oxytocin and OT receptor density.
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Previous studies have shown that using different expression patterns on an
electric breast pump does not change the pattern of milk ejection. An individual’s
milk ejection pattern has also been shown to be the same for left and right breasts
and between 3 and 9 months of lactation (Prime et al. 2011). The results of the
current study suggest that the milk ejection characteristics of a mother are
consistent during each lactation period. It is not known how or if this physiological
process is a result of programming, but it appears to be established before the
second lactation. Animal studies suggest that some aspects of maternal milk
production and offspring feeding behaviour and growth are actually programmed
during pregnancy (Cowley et al. 2014; Hinde et al. 2014). This occurs through
genetic imprinting; Grb 10 appears to influence both maternal milk production and
milk consumption by the offspring. Interestingly this gene was also found to be
expressed and imprinted in the mammary epithelium (Cowley et al. 2014). This gene
is also found in humans, but as yet no research has been carried out on its role in
determining lactation parameters. These findings are difficult to replicate in women
as programming of milk ejection is challenging to investigate.
The milk production of this mother fell within the normal range during both
lactations (Kent et al. 2006), although during the second lactation more milk was
produced over 24 hours and more milk was removed during the pumping sessions
(Figure 1). Previous studies on women have shown that milk production is
controlled, at least partially, by the infant’s appetite and not the mother’s capacity
to produce milk (Dewey et al. 1991). Further, the environment (developed versus
developing countries) appears to have little influence on maternal levels of milk
production. Energetics has been associated with maternal availability to feed
(Vitzthum 1994)) and may down-regulate milk supply by affecting the autocrine
control of milk production (Linzell 1955). However increased calorie consumption
has not been shown to increase milk supply in women in the Gambia (Prentice &
Prentice 1995). One would not expect a neuroendocrine response such as milk
ejection to be affected by maternal diet, but studies are needed to confirm this.
It has recently been reported from animal models that the second lactation
cycle results in an increase in glandular tissue, increased secretory capacity and
branching of the lobules which in turn leads to an increase in milk production (dos
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Santos et al. 2015). This supports clinical reports that milk production appears to be
greater in subsequent lactations (Zuppa et al. 1988).
These results suggest that the infant may need to adapt to the mother’s milk
ejection pattern to optimize milk intake and it raises the possibility that some
infants may have difficulty doing so. The sex of the infant may also influence the
volume and composition of breastmilk, as shown in this example where the second
infant consumed more breastmilk and the fat content also increased.
The increase in the volume of milk may be a function of infant appetite, and it
has been reported that male infants consume more milk (Kent et al. 2006). The
second infant (male) consumed more milk, so may have emptied the breast to a
greater extent which would result in increased fat intake (Kent et al. 2006). Previous
studies have also suggested that maternal economic circumstances as well as infant
sex may influence milk volume and energy content, but further research is needed
to clarify this (Powe, Knott & Conklin‐Brittain 2010). Further, the composition of
milk may also be influenced by the sex of the offspring, has been reported from
several animal model studies (Hinde 2009).

4.6 Conclusions
The results from this case study suggest that milk ejection patterns are
replicated during consecutive lactations, but this should be confirmed in more
women. The inference is that milk ejection is programmed during or prior to the
first lactation and the individual infant and breast pump have little influence on
maternal milk ejection characteristics. The pattern of milk ejection varies between
women but appears to be conserved within a mother. This innate or programmed
response may be advantageous if it results in a more efficient release of milk for that
mother. Programming of the milk ejection pattern could conceivably maximize the
effectiveness of lactation for the particular morphological and physiological
characteristics of each individual mother. Future experimental animal models may
elucidate timing of milk ejection programming via gene manipulation.
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Detection Of Milk Ejection Using
Bioimpedance Spectroscopy In Lactating Women
During Milk Expression Using An Electric Breast
Pump

Abstract
Background
Milk ejection is essential for effective milk removal during breastfeeding and
pumping, and for continued milk synthesis. Many women are unable to accurately
sense milk ejection to determine whether their infant is receiving milk or, when
pumping, to switch the pump to a more effective expression pattern.
Aims
To determine if changes in bioimpedance parameters are associated with milk
ejection in the lactating breast during pumping.
Methods
30 lactating women participated in 2 pumping sessions within 2 weeks of each
other. During pumping the breasts were monitored with bioimpedance
spectroscopy (on either the pumped or the non- pumped breast), and milk flow rate
and volume were measured simultaneously. All mothers completed 24-hour milk
productions. Linear mixed effects models were used to determine associations
between milk flow rate and bioimpedance changes.
Results
Changes in bioimpedance parameters were greater at the first milk ejection
when measured on the pumped breast (median (IQR): R zero: -7 (-17, -4,) % (n=30);
R infinity: -8 (-20, -2) % (n=29); membrane capacitance: -24 (-59, -7) % (n=27).
Changes in bioimpedance detected in the non-pumped breast were lower at the first
milk ejection, R zero: -3 (-8, -2) % (n=25); R infinity: -5 (-8, -2) % (n=23); membrane
capacitance: -9 (-17, 15) % (n=24). Smaller less consistent decreases in the
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bioimpedance characteristics were detected at the second milk ejection in both
breasts.
Conclusion
Bioimpedance parameters showed a consistent decrease associated with the
first milk ejection when electrodes were placed on the pumped breast. Smaller
decreases were observed when the non-pumped breast was monitored for the first
and second milk ejection. There was wide variation in the magnitude of changes
observed, and hence further development of the methodology is needed to ensure
reliability.

5.1 Introduction
Human milk provides optimal nutrition to facilitate growth and development
and afford immunological protection to the newborn. Essential physiological
processes which enable milk production, milk synthesis and milk ejection are
dependent on the developmental changes which occur during pregnancy and the
early postpartum period (Truchet & Honvo-Houéto 2017). Milk components are
drawn from the maternal bloodstream or produced within the lactocytes. Milk is
then secreted into the alveolar lumen, where it is stored for removal via milk
ejection (Truchet & Honvo-Houéto 2017). Without milk ejection, little of the
synthesised milk can be removed, resulting in inadequate intake by the infant and
potential down regulation of milk production (Kent et al. 2003; Ramsay et al. 2006).
Milk ejection is stimulated by the infant sucking the nipple or by other sensory
stimulation, resulting in nervous impulses being transmitted through the spinal
cord to the hypothalamus. This results in the posterior pituitary releasing oxytocin,
which is transported through the bloodstream to bind with G-protein-coupled
oxytocin receptors on the mammary myoepithelial cells (Truchet & Honvo-Houéto
2017). These cells contract, expelling milk from the alveolar lumen into the
shortened and widened ducts, where increased intra-ductal pressure propels the
milk towards the nipple for removal by the infant or breast pump (Ramsay et al.
2004).
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Most women have multiple milk ejections and the sensations accompanying
milk ejection are variable. Around 10-25% of women do not feel the first milk
ejection and perception of subsequent milk ejections is rare(Kent et al. 2003;
Ramsay et al. 2006). Previously, milk ejections have been detected using intramammary pressure, ultrasound imaging and through continuous measurement of
milk flow (Luther et al. 1974; Prime et al. 2011; Ramsay et al. 2004), all of which
require specialised equipment and expertise.
Bioimpedance technology offers a potential alternative method for the
detection of milk ejection. Bioimpedance measures the opposition (impedance) to
the passage of an alternating electrical current through body tissues. The current is
conducted by the electrolytes in the extracellular and intracellular fluids, which are
highly conductive. The cell membrane functions as an imperfect capacitor, and is
therefore only penetrable by the current in a frequency-dependent manner; at low
frequencies current cannot pass across membranes and passes only through the
extracellular fluid (Kyle et al. 2004; Cornish et al. 2001; Ward 2015). Breast milk is
an extracellular fluid and thus bioimpedance measurements at low frequencies will
reflect the resistance of the extracellular space, including milk in the milk ducts. The
relationship of resistance to fluid volume is inverse, i.e. resistance is low when
extracellular fluid volume is high.
Bioimpedance is most commonly used to predict body composition, i.e. fat
mass, fat-free mass and body water (Bera 2014; Kyle et al. 2004), although it is also
used in specific circumstances to assess localised fluid accumulation, such as in
lymphoedema (Ward 2015) In relation to the breast, bioimpedance has been
explored for the detection of breast pathologies including mastitis and cancer
(Gowry, Shahriman & Paulraj 2015; Malecka-Massalska et al. 2013; Tornuev et al.
2014). Thus the application of bioimpedance to the lactating breast offers a
possibility to detect milk ejection without reliance on maternal perception of milk
ejection.
The theoretical basis for using bioimpedance to detect milk ejection is based
on the assumption that fluid levels in the breast will alter during milk ejection,
resulting in changes in resistance at zero and infinite frequencies (R0 and R∞),
which are indicative of the levels of extracellular and total fluid respectively. In
addition, membrane capacitance (Cm) reflects the surface area of cell membranes
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and may change during milk ejection due to the movement of milk from the alveolar
lumen through the ducts, as well as the contractile effect of oxytocin on the
myoepithelial cells.
The aim of this study was to investigate whether bioimpedance is a viable
method to detect changes in both the pumped and the non-pumped breast
associated with milk expression.

5.2 Materials and methods
Thirty lactating women were recruited through the Australian Breastfeeding
Association or by social media. All participants were healthy breastfeeding mothers
and infants with no milk production or infant growth concerns. The mothers
provided informed consent to take part in the study, which was approved by The
University

of

Western

Australia

Human

Research

Ethics

Committee

(RA/4/1/7897). All participants completed a background questionnaire to collect
demographic information. Participants were all accustomed to expressing milk
using a breast pump. The majority of the research sessions were undertaken in
participants’ homes, with only one participant completing sessions in the laboratory
at The University of Western Australia.

5.2.1 24- hour milk profile
Mothers were issued with a baby weigh scale (Medela AG, Switzerland). Each
participant completed a 24-hour milk profile using the test weighing method
(Arthur, Hartmann & Smith 1987). Samples of 1-2 ml were collected in 5ml
polypropylene tubes (P5016SL, Techno Plas Pty Ltd, SA, Australia) before and after
each feed or pumping session. These samples were frozen until collection and
transportation to the lab, where they were analysed for fat content using the
creamatocrit method (Fleet & Linzell 1964). Participants entered time, breast (left
or right) and milk volume from each feed or expression electronically, and these
data were then used to calculate breast fullness and storage capacity using the
method described by Kent et al, (2003).
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5.2.2 Milk Flow and cumulative volume measurements from
experimental sessions
Two research sessions were conducted one week apart where one breast was
pumped each time with either the pumped or non-pumped breast being monitored
simultaneously using bioimpedance (Figure 5-1).

Figure 5-1 Flow chart showing study sessions
Milk flow rate was measured using the method described by Prime et al
(2009); a balance was used to continuously measure cumulative milk and flow rate
(Showmilk, Medela AG, Baar, Switzerland). The data were then analysed to
determine the individual milk ejection patterns of each mother (Gardner et al.
2015b; Prime et al. 2009). Parameters measured for each milk ejection included
duration, peak flow rate and the time taken for milk flow to peak. The volume and
cream content of milk removed during the experimental sessions were added to the
24-hour milk profile dataset to facilitate calculation of available milk, breast fullness
and percent available milk removed (PAMR) during each session. These
characteristics were calculated from the flow rate data.
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5.2.3 Bioimpedance measures
Bioimpedance data were collected using an Impedimed SFB7 bioimpedance
spectroscopy device (Impedimed, Pinkenba, Queensland 4008, Australia) which
measures bioimpedance parameters (impedance (Z), resistance (R), reactance (Xc)
and phase (Ph)) at 256 frequencies over a range of 3-1000 kHz. A single frequency
scan takes approximately 800 ms and scan data were collected continuously
throughout each session. The device uses a tetra – polar electrode arrangement; a
pair of voltage sense electrodes spanning the area of interest, with the current being
supplied by distally-placed current injection and return electrodes. Drive current is
200 µA and is totally harmless. The breast was swabbed with an alcohol wipe prior
to attachment of electrodes; gel pad electrodes supplied for use with the SFB7
machine were placed on the inferior medial and inferior lateral quadrants of the
breast (Figure 5-2).
The authors spent a great deal of time developing the optimal methodology
outlined above. Some variations in experimental protocol are listed below:
• Electrodes were tested using various arrangements on the breast to determine
the optimal position to detect changes.
• Electrodes were tested on both the breast shields and the breasts.
• Silver plated and gel pad electrodes were tested.
• Controls and lactating women participated in initial stages.
• Breast size was recorded but was not found to be related to changes in
bioimpedance).

Figure 5-2 Bioimpedance electrode placements on the breast for monitoring
of milk ejection during milk expression with an electric pump
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The experimental breast (one breast was pumped during each session) was
randomly selected during the first research session and the electrodes were placed
in the same positions on the same breast for each of the two monitored sessions,
which involved monitoring either the pumped or non-pumped breast. A two-minute
calibration period was conducted prior to pumping to collect baseline data before
the session began. Duration of pumping with the electric pump (Symphony, Medela
AG, Baar, Switzerland) was until 10 minutes after milk ejection (Figure 5-2). Milk
flow data was used to determine milk ejection characteristics and was synchronised
with the bioimpedance data which was then analysed to detect associated changes
(Figure 5-3).

Figure 5-3 Bioimpedance measurements with milk flow rate. a. R0. b. R∞.
Pump starts

Bioimpedance response

Milk ejection peak

5.2.4 Data analysis
Bioimpedance data were analysed according to the conventional Cole model
to provide resistance at zero and infinite frequencies (R0 and R¥ respectively).
Average tissue membrane capacitance (Cm) was also calculated. Cole modelling was
performed using Bioimp (version 5.4.03) software provided with the SFB7 machine.
Milk ejection parameters were measured using the methods described above.
Statistical analyses were carried out with R Studio Version 1.0.136 (R Studio Team
2015) using package nlme (Pinheiro et al. 2007) for linear mixed effect modelling
and lsmean (Lenth 2016) for Tukey post-hoc comparison. Probability values for the
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change in the bioimpedance characteristics were determined using the Wilcoxon
matched pairs test as the data were not normally distributed.

5.3 Results
The participant characteristics are detailed in Table 5-1. Parity was
significantly related to the volume of milk pumped (p<0.001). Most of the infants
were exclusively breastfeeding, but some of the older infants were consuming
supplementary foods.

Table 5-1 Maternal and infant characteristics
Mean (SD)

Median

Range

Age (years)

31(3)

32

24-38

Parity

2(1)

1

1-5

Body Mass Index (kgm-2)

28(6)

26

19-54

Gestational age at birth (weeks)

39 (1)

39

37-41

Birth weight (g)

3653(435)

3642

2660-4645

Age at monitoring (weeks)

18 (7)

17

5-33

Milk

Storage capacity (left breast; ml)

182 (78)

168

84-455

Production

Storage capacity (right breast; ml)

187 (62)

184

88-286

Milk removed by baby/pump: left
breast (ml)

383 (126)

363

228-741

Milk removed by baby/pump right
breast (ml)

395 (117)

380

221-723

24 h milk profile (Milk removed by
778 (169)
baby/pump) (ml)

773

484-1155

Mother

Infant

There was a mean of three milk ejections for participants over the two
sessions. There were no significant differences in milk volume pumped, PAMR, time
to reach milk ejection or the number of milk ejections between sessions. In addition,
there were no significant differences in milk ejection characteristics between the
two sessions (Table 5-2).
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Table 5-2 Milk ejection characteristics for pumping sessions
Measure (mean ± SD)

BIS electrodes on
pumped breast

BIS electrodes on nonpumped breast

P Value

Milk volume (ml)

81 ± 55

70 ± 51

0.17

Breast fullness

0.7 ± 0.2

0.7 ± 0.3

0.57

Available milk (ml)

144 ± 64

136 ± 65

0.55

% Available milk removed

58 ± 26

55 ± 27

0.61

Time to 1st milk ejection (s)

105 ± 77

136 ± 65

0.39

Number of milk ejections

3±1

3±1

0.42

Duration (s)

200 ± 113

182 ± 102

0.37

Time to peak flow rate (s)

69 ± 59

69 ± 39

0.99

Peak flow rate (g/s)

0.7 ± 0.6

0.5 ± 0.3

0.18

Milk volume (ml)

48 ± 48

39 ± 28

0.25

% milk volume removed

57 ± 27

56 ± 26

0.89

Duration (s)

126 ± 39

134 ± 49

0.41

Time to peak flow rate (s)

40 ± 16

45 ± 21

0.38

Peak flow rate (g/s)

0.6 ± 0.8

0.4 ± 0.4

0.17

Milk volume (ml)

22 ± 13

25 ± 36

0.67

% milk volume removed

29 ± 13

35 ± 23

0.08

First Milk Ejection

Second Milk Ejection

Bioimpedance data were plotted together with cumulative milk and flow rate
data, and typical example data are presented in Fig. 5-3. Changes in R0, R∞ and
membrane capacitance (Cm) from the 30 second period immediately prior to the
initial and second milk ejection to the period immediately following milk ejections
were determined and presented in Tables 5-3 & 5-4. The magnitude and significance
of changes recorded were smaller for milk ejection 2 (Table 5-4).
Although there were wide variations between individuals and between
sessions (pumped breast monitored vs non-pumped breast monitored), most
sessions showed a significant decrease in R0 and R∞ indicative of increased milk
flow (Table 5-3 and Table 5-4). In a few sessions, an increase in bioimpedance
parameters occurred at the first milk ejection for both the session where the
pumped breast was monitored (R0: n=2, R∞: n=3,) and for the non-pumped breast
(R0: n=4, R∞: n=3). However, the magnitude of change for R0 and R∞ on the non-
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pumped breast was considerably less than that of the pumped breast (Table 5-3).
Changes in Cm were more variable, and did not show a consistent relationship with
milk ejection.

Table 5-3 Bioimpedance measurements for the first milk ejection during
expression of milk with
Milk Ejection 1
Measure

Breast

n

Baseline (mean 30s
before change in milk
flow)
Median
(IQR)

R0
(Ohm)
R∞
(Ohm)

Cm
(nF)

Range

Change associated
with milk flow

Percent change

Median

% Change
median

(IQR)

Range

P value

Range

(IQR)

Pumped

30 36 (3,43)

16 - 122 -2 (-5,-1)

-31 - 12

-7 (-17,-4)

-46 - 31 <0.001

Nonpumped

25 35 (28,53)

17 - 108 -1 (-2,-1)

-17 - 3

-3 (-8,-2)

-30 - 9

Pumped

29 24 (21,29)

13 - 66

-2 (-5,-1)

-15 - 12

-8 (-20,-2)

-39 - 43 <0.001

Nonpumped

23 25 (18,38)

12 - 68

-1 (-3,0)

-10 - 2

-5 (-8,-2)

-25 - 4

Pumped

27 52 (34,79)

11 - 176 -10 (-32,-2) -81 - 22

-24 (-59,-7) -92 - 48 <0.001

Nonpumped

24 42 (25,63)

8 - 123

-9 (-17,15) -46 - 99 0.480

-3 (-6,5)

-16 - 63

Significant changes in: R0, R∞ and Cm were found less frequently for the second
milk ejection for both sessions (Table 5-4).
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Table 5-4 Bioimpedance measurements for the second milk ejection (P values
from Wilcoxon matched pairs test).
Milk Ejection 2
Measure

Breast

n

Baseline (mean 30s
before change in milk
flow)
Median
(IQR)

Range

Change associated with
Percent change
milk flow
Median
(IQR)

Range

% Change
median

P value
for
change

Range

(IQR)

Pumped

8

33 (27,37)

16 - 65

-2 (-2,-1)

-5 - -1

-4 (-7,-4)

-11 - -3 0.012

Nonpumped

6

30 (27,41)

20 - 52

-1 (-1,-1)

-1 - -1

-3 (-4,-2)

-7 - -1

Pumped

8

21 (14,26)

10 - 38

-1 (-1,0)

-4 - 0

-3 (-7,-3)

-17 - -1 0.012

Nonpumped

5

21 (18,25)

18 - 34

0 (-1,0)

-1 - 0

-2 (-4,-1)

-7 - -1

Pumped

9

52 (29,78)

17 - 85

-13 (-17-8)

-24 - -2

-26 (-37,17)

-57 - -8 0.008

Nonpumped

12 44 (39,96)

-31 - 1

-10 (-14,-6)

-33 - -3 0.002

R0
(Ohm)

R∞
(Ohm)

Cm
(nF)

27 - 133 -6 (-10,-3)

0.028

0.043

No significant relationships were demonstrated between the changes in
bioimpedance parameters at milk ejection, breast fullness (R0, p=0.87, R∞, p=0.63),
milk volume pumped (R0 p=0.57, R∞ , p= 0.57, Cm, p=0.66), PAMR (R0, p= 0.93, R∞
, p= 0.63, Cm, p=0.15) or milk ejection characteristics (time to first milk ejection, R0,
p=0.71, R∞ , p=0.12, Cm, p=0.37. Similarly for duration of milk ejection 1, R0, p= 0.29,
R∞ , p=0.57, Cm, p=0.09 and time to peak flow rate for milk ejection 1, R0, p=0.35,
R∞, p=0.41, Cm, p= 0.09). There was a significant relationship between Cm and breast
fullness, but further investigation is required to confirm this, given the variability of
changes in Cm in the research sessions.
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5.4 Discussion
This study has shown that bioimpedance parameters change significantly at
milk ejection; in particular a reduction in R0 and R∞ at the first milk ejection during
the expression of milk with an electric breast pump.
Bioimpedance successfully detected the first milk ejection during a pumping
session as a significant drop in R0 (93% of sessions) and R∞ (90% of sessions). This
consistent decrease in R0 and R∞ at the first milk ejection may be due to the
substantial increase in extracellular fluid i.e. milk, passing through the measurement
area during milk ejection. This is akin to a demonstrated decrease in R0 and R∞
when fluid is injected subcutaneously into the arm in humans (Ward et al. 2013) or
the decrease in R0 with lymph accumulation in lymphoedema (Ward 2015). The
bioimpedance electrodes were placed on the lower half of the breast, where all
women were likely to have a substantial amount of secretory tissue, thus increasing
the likelihood of detection of milk flow through the ducts at milk ejection. The
bioimpedance changes at the subsequent milk ejection were typically smaller
(Prime et al. 2011; Ramsay et al. 2004) in magnitude (Table 4). These decrements
are consistent with the reduced responsiveness of myoepithelial cell oxytocin
receptors with breast emptying, decreased intra-ductal pressure and reduced
volume of milk flowing through the ducts (DeNuccio & Grosvenor 1971).
Reductions in R0 and R∞ were observed when electrodes were placed on both
the pumped breast and the non-pumped breast, although considerably greater
magnitudes of change were observed when electrodes were applied on the same
breast that was expressed. Although milk ejection occurs simultaneously in both
breasts (Prime et al. 2012b), there are differences in the physiological changes when
there is no breast stimulation or milk removal. Ramsay et al (2004), reported ductal
dilation on the opposite breast during breastfeeding, and it was observed that the
milk was redistributed within the breast after the initial milk ejection (Ramsay et al.
2004). This may provide an explanation for the smaller changes in R0 and R∞
observed on the opposite breast. In addition, the non-pumped breast may have
contained less milk, as participants would generally select the fuller breast for the
study.
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Membrane capacitance also decreased when the electrodes were placed on the
pumped breast for the first milk ejection, but these measures exhibited wider
variability compared to R0, R∞ (Table 5.3). This suggests that membrane
capacitance decreases as extracellular fluid levels increase due to changes between
the fluid compartments influencing the membranes role as a capacitor.
Alternatively, the capacitive characteristics of the membranes may change with
conformational change in the membranes due to the presence of larger volumes of
extracellular fluid.
At the second milk ejection, measurable decreases in R0 & R∞ were detected
for 26% of sessions where the electrodes were placed on the expressed breast. The
smaller change was anticipated as the magnitude of the first milk ejection tends to
be greater, resulting in higher milk flow rates, and therefore a greater increase in
the extracellular fluid volume (Prime et al. 2011; Ramsay et al. 2006). Significant
changes in membrane capacitance at the second milk ejection were also observed,
which suggest continued physiological changes.
Despite the occurrence of changes in impedance parameters being associated
with milk ejection, the magnitude of these changes was not related to breast fullness,
milk ejection characteristics or percent available milk removed. This may not be
unexpected as the volume effectively measured by impedance constituted a
relatively small proportion of the whole breast, whilst these parameters relate to
the entire breast.
A number of limitations to this study must be acknowledged. The study was
designed as a proof of concept to determine whether impedance monitoring of the
lactating breast may be a fruitful line of research and should not be considered as an
established method for monitoring milk production. The complexities of the
lactating breast provide a challenge to researchers due to the large individual
variability in anatomy and physiology. The variability in R0, R∞ and membrane
capacitance reported in this study are likely to be due to a range of physiological
changes occurring during milk ejection. The lactating breast has twice as much
glandular as adipose tissue, but the distribution of these tissues varies within
individuals (Ramsay et al. 2004). The ductal system is also variable, with differences
in the width and length of ducts and the number of viable orifices on the nipple for
milk removal (Ramsay et al. 2005a). Milk ejection results in changes in duct
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morphology and intra-mammary pressure as the various lobes are asynchronously
emptied (Gardner et al. 2015b; Ramsay et al. 2004). Another factor not measured in
this study that might influence the detection of milk ejection is mammary blood flow,
which is variable between women but has been shown not to relate to milk
production (Geddes et al. 2012). In animal models, however, blood flow has been
reported to increase before milk ejection followed by a decrease during milk
ejection (Eriksson, Lundeberg & Uvnäs‐Moberg 1996). It is not, therefore possible
to ascribe with certainty the observed impedance changes specifically to milk
ejection per se. Nevertheless, impedance appears to be measuring changes strongly
associated with milk ejection.
Impedance measurements are affected by the geometry of the volume being
measured. Impedance measurements are best suited to cylindrical-shaped objects,
not highly variable in shape and volume such as the human breast. We attempted to
mitigate this confounder by locating electrodes in similar relative positions
irrespective of overall breast shape and size such that a similar effective volume was
measured between the sense electrodes. A disadvantage of this approach is that this
volume is small relative to total breast volume and may not be representative of the
breast overall. Further work is required to optimise electrode locations on the
breast, particularly given the highly variable shape and size of the human lactating
breast. Despite these challenges, we have shown that bioimpedance can consistently
detect changes occurring at milk ejection, and further modification of the equipment
and methods should result in improved performance, particularly if the whole
breast is monitored.

5.5 Conclusions
This study has demonstrated the potential for impedance monitoring as a
feasible method for the detection of the initial milk ejection during expression of
milk with an electrical breast pump. Changes in impedance parameters were
consistently observed with milk production through pumping although there was
wide variation in the magnitude of changes observed that is anticipated to be
reduced through optimisation of the impedance method. It is hoped that these
encouraging preliminary observations will stimulate further research. Potentially,
inclusion of sensors such as bioimpedance to detect milk ejection in a breast pump
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may provide biofeedback to enable automatic adjustment of pump settings and
improve the efficacy of milk removal.
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Changes In R0/R∞ Ratio And Membrane
Capacitance Are Associated With Milk Removal
From The Breast

Abstract
Perceived low milk supply is a common reason for introducing supplementary
feeds, which in turn serves to further diminish the milk supply. Current methods of
measuring milk production and milk transfer from the breast to the infant are
inaccessible to the mothers. There is a need for an inexpensive, portable device to
enable mothers to measure milk transfer to either confirm their milk production is
adequate or identify breastfeeding issues early. The aim of this study was to examine
changes in bioimpedance spectroscopy associated with milk removal from the
human lactating breast using an electric breast pump. Thirty lactating women
participated in 2 research sessions performed in random order over 2 weeks. Milk
flow rate and volume were measured during pumping. All mothers completed 24hour milk profiles. Breasts were monitored using bioimpedance spectroscopy.
Analysis was performed using linear mixed effects models to investigate the
relationship between both proportional change in membrane capacitance (Cm) and
R0/R∞ with milk removal. There was an inverse relationship between R0/R∞ and
milk removed (p<0.001). A positive relationship was also observed between Cm and
both volume of milk removed (P<0.001) and percentage of available milk removed
(p<0.001). This study has shown that changes in bioimpedance are related to the
volume of milk removed from the breast during pumping. This modality may hold
promise for the measurement of the effectiveness of the breastfeeding infant in
removing milk from the breast.
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6.1 Introduction
One of the most common concerns for first time mothers is the adequacy of
their milk supply in meeting the needs of the infant. Perceived low milk supply
(PLMS) is the most common reason for introducing supplementary feeds, which in
turn serve to further diminish the milk supply (Gatti 2008). Maternal stress
associated with PLMS may also potentially have a negative impact on milk transfer,
affecting both milk ejection and ultimately milk synthesis (Stuebe et al. 2011).
In order to provide sufficient breast milk, milk must be synthesised by the
lactocytes and then, through milk ejection, be propelled towards the nipple for
removal by the infant or breast pump. For breastfeeding to be successful the infant
must actively remove milk through the application of a cyclic vacuum (Geddes et al.
2008). The strength of the vacuum and the volume of milk in the breast are
determinants of how well the breast is drained. Frequent emptying of the breast is
associated with increased rates of milk synthesis (Meier & Engstrom 2007; Kent,
Prime & Garbin 2011; Lai et al. 2010). Once establishment of milk production has
occurred maintenance is under autocrine control, and therefore effective emptying
of the breast by the infant is critical to successful lactation (Peaker & Wilde 1996).
Risk of low milk supply is observed when the infant applies a weak vacuum, such as
in the case of the breastfeeding preterm infant (Geddes et al. 2017).
Infant growth is often used as a marker of adequate milk supply. However
infant behaviour may also be indicative of the infant not receiving adequate
volumes. In this case, it is important for mothers to ascertain whether any
insufficiency in breast milk volume is real or perceived, as low milk supply may have
a detrimental impact on the optimal growth and development of the infant, and
therefore supplementation is indicated (Gatti 2008; Hill & Humenick 1989).
Conversely, if the milk supply is adequate and the infant’s requirements are being
met, unnecessary supplementation may itself cause a reduction in milk supply and
hence shorten the duration of breastfeeding (Thulier & Mercer 2009).
Previous methods of measuring milk removal from the breast have included
measuring breast volume changes through the use of topography (Arthur, Smith &
Hartmann 1989), a computerized breast measurement system (Daly et al. 1992),
and test weighing of the mother or infant (Arthur, Hartmann & Smith 1987). The
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use of breast volume to measure milk synthesis and milk removal proved to be
impractical due to the amount of equipment and the complex data analysis required.
However, test weighing (Arthur, Hartmann & Smith 1987) is increasingly being used
in a clinical setting by health professionals to assess the intake of the infant over a
twenty-four hour period (Kent et al. 2015). This method is utilised by relatively few
breastfeeding dyads, hence the need for an inexpensive, portable tool to enable
mothers to measure their milk production.
Bioimpedance analysis, most commonly used for body composition
assessment (Gridneva et al. 2018), has been used to measure the functional state of
biological tissues (Rutkove, Aaron & Shiffman 2002), and is minimally invasive and
easy to use. Bioimpedance has also been used in the characterisation of healthy
breast tissue and breast pathologies (Cherepenin et al. 2002; Gowry, Shahriman &
Paulraj 2015; Tornuev et al. 2014). This method involves passing a small current
through bodily tissues, which is primarily conducted by the electrolytes in body
fluids. Fluid is compartmentalised into intra- or extracellular spaces, each having
different electrical conductivities but similar osmolarity. Cell membranes act as
imperfect capacitors; i.e. conducting through the extracellular fluid only at lower
frequencies, with the capacitive effect of the cell membrane decreasing at higher
frequencies allowing the current to pass through both the intra- and extracellular
fluids (Cornish et al. 2001). Breast milk is an extracellular fluid and thus
bioimpedance measurements at low frequencies reflect the resistance as the current
flows through the extracellular space (R0). At low frequencies, resistance is lower
when levels of extracellular fluid are high. R infinity is an indicator of total fluid and
therefore the R0/R∞ indicates changes in extracellular fluid in relation to total fluid.
During milk removal from the breast there are large shifts in milk volume as milk is
ejected from the alveoli into the ducts to be removed by the infant. It is hypothesised
that this will be reflected by changes in low frequency resistance.
The aim of this study was to determine if there is a relationship between
measures of bioimpedance of the breast and the volume of milk removed during
milk expression.

88

Changes In R0/R∞ Ratio And Membrane Capacitance Are Associated With Milk Removal From The Breast

6.2 Materials and methods
Thirty lactating women were recruited through the Australian Breastfeeding
Association or through social media. The study was approved by The University of
Western Australia Human Research Ethics Committee (RA/4/1/7897) and all the
participants provided written informed consent. All mothers provided informed
consent to take part in the study, which was approved by Human Research Ethics
Committee (RA/4/1/7897), University of Western Australia. All participants
completed a background questionnaire to collect demographic information. Most of
the research sessions were undertaken in participants’ homes with one participant
completing all sessions in the laboratory at The University of Western Australia

6.2.1 Milk Production
Each participant was issued with a set of baby weigh scales (Medela AG,
Switzerland) and completed a 24 hour milk profile using the test weighing method
(Arthur, Hartmann & Smith 1987). Milk intake may be underestimated by 10 ±12%
as no correction was made for infant insensible water. Infants were weighed and
milk samples of 1-2 ml were collected in 5 ml polypropylene tubes (P5016SL,
Techno Plas Pty Ltd, SA, Australia) before and after each feed. Five participants
expressed milk during the 24 hour period and they collected samples pre- and postbreast expression and milk volume was measured. All of the data was entered by the
participants, along with the time, to an app. Milk samples were frozen until they
could be collected and transported to the laboratory, where they were analysed for
fat content using the creamatocrit method (Fleet & Linzell 1964). The electronic
data entered by the participants was then used to calculate breast fullness and
storage capacity, based on the method described by Kent et al, (2003). The volume
and cream content of milk removed during the experimental sessions were added
to this dataset to facilitate calculation of available milk, breast fullness and percent
available milk removed (PAMR) during each session.

6.2.2 Milk Flow
Data collection sessions were conducted a week apart at the same time of day
using a Symphony hospital-grade pump (Medela AG, Baar , Switzerland). The time
since last feed or expression differed between participants and between sessions.
However, this was accounted for through the calculation of available milk, breast
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fullness and percent available milk removed. Milk flow rate during the expression of
milk with an electric breast pump was measured using the method described by
Prime et al (2009) using a continuous weighing balance to measure cumulative milk
and flow rate in grams per second (Prime et al. 2009). The balance had a resolution
of 0.1g and accuracy of ±0.02% and was connected to a computer through a USB
port. Cumulative milk volume data were sampled at 8 Hz and a derivative was used
to calculate flow rate in grams/second (Showmilk, Medela AG, Switzerland).

6.2.3 Bioimpedance
Bioimpedance data were collected using an Impedimed SFB7 bioimpedance
spectroscopy machine, which measures bioimpedance parameters (impedance and
its components, resistance and reactance) at 256 frequencies between 3-1000 kHz.
The SFB7 is a tetrapolar device, using separate drive current and impedance sensing
circuits. A harmless current (200 µA) is applied via distally located electrodes, with
sense electrodes spanning the measurement region. The breast was swabbed with
an alcohol wipe. EKG-style gel pad electrodes (Impedimed Pinkenba, QLD 4008,
Australia) were placed on the inferior medial and inferior lateral quadrants of the
breast (Figure 6-1) such that sense electrodes encompassed the majority of the
mammary secretory tissue. The experimental breast was randomly selected during
the first research session, and the electrodes were placed in the same positions on
the same breast for the duration of the study. There was a two-minute calibration
period, before the pump was switched on, to collect baseline data. Bioimpedance
data were collected continuously for the duration of each session.

Figure 6-1 Diagrammatic representation of electrode placement
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Each participant took part in two research sessions (Figure 6-2). The duration
of the pumping sessions was 10 minutes post-milk ejection; one session with the
electrodes on the breast being pumped (ipsilateral) and the other on the
contralateral breast. The milk flow data and the bioimpedance data were manually
synchronised for each session in preparation for analysis.

Figure 6-2 Study design

6.2.4 Statistical analysis
Bioimpedance data were fitted to Cole plots (reactance versus resistance) and
analysed using the Bioimp (version 5.4.03) software provided with the SFB7
machine (Impedimed Pinkenba, QLD 4008, Australia). Resistance values at zero and
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infinite frequencies (R0 and R∞ respectively) and membrane capacitance (Cm) were
determined for each frequency scan and plotted against time over the pumping
session. The ratio between R0 and R∞ was calculated. Membrane capacitance
measures were taken at the beginning and end of each session and the changes were
converted into a proportion of the starting value. Linear mixed effect models were
used to analyse pumped milk volume, PAMR, volume of milk removed over time,
R0/R∞ infinity ratio and change in Cm. The volume of milk removed and PAMR were
modelled with the fixed effect of pump session. The volume of milk removed over
time was modelled with fixed effect of either the R0/R∞ infinity ratio or change in
Cm. PAMR was modelled with fixed effect of change in Cm. All models considered
random effects for the participant.

Linear regression was used to illustrate the

correlation between changes in Cm, milk volume removed and PAMR. Statistical
analyses were carried out with RStudio Version 1.0.136 (R Studio Team 2015) using
package nlme (Pinheiro et al. 2007) for linear mixed effect modelling. Data are
presented as mean ± standard deviation (SD). Significance was set at the 5% level.

6.3 Results
Participant characteristics are shown in Table 6-1. The participants came from
a broad geographical area in the greater Perth region. The lactating women who
took part in the study had a wide range of body mass indices, parities and stages of
lactation.
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Table 6-1 Maternal and infant characteristics in 30 mother-infant dyads
Median

Range

Age (years)

32

24-38

Parity

1

1-5

BMI (kgm2)

26

19-54

Gestational age at birth (weeks)

39

37-41

Birthweight (g)

3642

2660-4645

Current age (weeks)

17

5-33

Milk

Storage capacity left breast (ml)

168

84-455

production

Storage capacity right breast (ml)

184

88-286

Milk produced from left breast (ml)

363

228-741

Milk produced from right breast (ml)

380

221-723

Mother

Infant

Total volume (ml) milk production in 24-h
773
(breastfeeds and expressions)

484-1155

Milk removal characteristics from the pumped breast are detailed in
Table 6-2. Contralateral breast refers to the electrode placement on the opposite
breast. The milk volume pumped and PAMR (percent available milk removed) were
similar between sessions (Table 6-2) (volume: p=0.17; PAMR: p = 0.61).

Table 6-2 Milk removal characteristics from the two monitored pumping
sessions
Ipsilateral breast

Contralateral breast

(mean ± SD)

(mean ± SD)

Breast fullness

0.7 ± 0.2

0.7 ± 0.3

Available milk (ml)

144 ± 64

136 ± 65

Milk volume (ml)

81 ± 55

70 ± 51

% Available milk removed

58 ± 26

55 ± 27

Number of milk ejections

3±1

3±1

Measure
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The R0/R∞ ratios were plotted for each session and overlaid with
synchronised cumulative milk output (Figure 6-3). Analysis of these plots indicated
a negative relationship between the R0/R∞ infinity ratio and the volume of milk
removed (p<0.001, R2 = 0.23) over time when the ipsilateral breast was pumped.
This relationship was not found when electrodes were placed on the contralateral
breast, where milk was not removed.

Figure 6-3 The inverse relationship between the R0/R∞ infinity ratio and
cumulative milk removed for a typical pumping session

Membrane capacitance also decreased, and the mean proportional change was
0.4 ± 0.2 (0.04-0.7). This decrease in Cm occurred as the volume of milk increased
(Figure 6-4).
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Figure 6-4 The inverse relationship between membrane capacitance and
cumulative milk removed for a typical pumping session
Utilising the proportionate change in Cm as a variable, a significant correlation
was found between the change in Cm and the volume of milk removed in the
ipsilateral breast over the entire pumping session (P<0.001, R2 = 0.42) (Figure 6-5).

Figure 6-5 The relationship between the proportionate change in membrane
capacitance of the ipsilateral breast and milk volume removed from the breast
for all subjects
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PAMR was also significantly related to the change in Cm when measured on the
pumped breast (P<0.001, R2= 0.41) (Figure 6-6). This relationship was not observed
when electrodes were placed on the contralateral breast during pumping.

Figure 6-6 The relationship between the proportionate change in membrane
capacitance and percentage available milk removed (PAMR) from the breast
for all subjects

6.4 Discussion
The results from this study confirm that bioimpedance characteristics are
related to milk removal from the breast during breast expression with an electric
breast pump. We found that R0/R∞ and Cm were related to milk volume removed
and PAMR.
Monitoring of the lactating breast with bioimpedance during pumping
illustrates that as the R0/ R∞ ratio decreases, the volume of milk removed increases.
The ratio decreases, indicating a rise in extracellular fluid levels in the monitored
area of the breast. Milk is an extracellular fluid secreted by lactocytes lining the
mammary alveoli. At low frequencies, the current applied through the bioimpedance
device cannot penetrate the cells and only the extracellular fluid is measured.
Impedance ratios are commonly used in physiological research (Turner, Lozano96
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Nieto & Bouffard 2006; Kyle et al. 2004) such as in dialysis (Lozano-Nieto 1998),
and are considered to provide information on fluid redistribution and data
reliability. At milk ejection, the ducts expand during the period of milk removal, as
they transport milk towards the nipple (Ramsay et al. 2004). As milk is removed
from the ducts, their diameter will decrease. The reduced volume of milk within the
ducts will then result in a reduction in the ratio. Another potential contribution to
the mammary extracellular fluid is the accumulation of interstitial fluid, which is
drawn into the area as a result of the negative pressure applied by the pump, and is
later cleared through the lymph system (Zoppou, Barry & Mercer 1997). To confirm
this speculation, extended monitoring of the breast post-pumping, may show a
potential increase in the ratio as fluid is dissipated (Ward 2015).
In conjunction with the observed decrease in R0/R∞ ratio larger decreases in
Cm were related to both greater volumes of milk removed from the breast and higher
PAMR. Cm is associated with membrane surface area of cells, and therefore increases
with increased hydration, and is also impacted by normal cell functioning of ion
channels and pumps (Bartels, Sørensen & Harrison 2015). The changes observed in
Cm during milk removal could be related to the changes in both physical structure
and physiology of the breast. For example; blood flow increases at the first milk
ejection and then decreases across a feed. A reduction in mammary blood may
partially account for the decrease in Cm across time. Further, the removal of milk
volume itself would likely contribute to a reduction in Cm since, as noted above, milk
removal involves changes in duct diameter which implies a change in lining cell
membranes which may also contribute to the observed change in Cm. Other potential
variables include changes in breast shape and pressure. Further research is
necessary to elucidate the mechanism behind the changes in mammary Cm.
While the relationships between the R0/R∞ ratio and Cm with milk removed
were not found to be predictive of the volumes removed, a larger sample size and
multiple data collection sessions with the same individuals may improve the
predictive power. Furthermore, testing is required during breastfeeding to
determine if the relationships found during pumping are also prevalent during
feeding.
Determination of the optimal site for electrode placement meant the milk
removal from the lobes in the lower portion of the breast was monitored. The lobes
are arranged in such a way that most of the ductal activity occurs in the inferior and
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lower lateral quadrants of the breast (Gooding et al. 2010) despite the increase in
glandular tissue volume during lactation (Ramsay et al. 2005a). We were able to
obtain robust measurements in this region due to the high synthetic and ejection
activity in the lower half of the breast compared to other areas.
Whilst this is a relatively small sample size, the study participants had a wide
range of BMI, parities and stages of lactation, which suggests that bioimpedance
could potentially measure milk removal in mothers with a wide range of
characteristics. In particular, changes were detected in women with low milk supply
indicating that the method is accurate for low volume removal from the
breast. Further studies would include larger numbers of women in each stage of
lactation as well those with low milk supply.
The strengths of this study are that the study participants had a wide range of
BMI, parities and stages of lactation, suggests that bioimpedance could potentially
measure milk removal in mothers with a wide range of characteristics. Further, the
women exhibited variable levels of milk production, potentially allowing the
detection of changes in the breast when milk supply was not optimal.
The limitations of the study are that the bioimpedance device is primarily
designed for whole body composition analysis. Optimisation of electrode design and
software for breast measurement for the present novel application may prove
advantageous (Bogónez-Franco et al. 2014). Due to the anatomy and shape of the
breast, we were limited to a small area of the breast, and therefore the results may
not be representative of the entire breast.

6.5 Conclusions
This study has shown that, when the lactating breast is monitored with
bioimpedance during pumping, the volume of milk removed and per cent available
milk removed are strongly associated with decreases in both the R0/R∞ ratio and
Cm. Optimisation of this method may provide a non-invasive tool to monitor milk
removal from the breast during breastfeeding.
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Thermal Physiology Of The Lactating
Nipple Influences The Removal Of Human Milk

Abstract
The nipple has a critical role in successful breastfeeding. Nipple trauma or pain
may negatively impact breastfeeding duration which has significant public health
implications. The aim of this study was to examine changes in nipple temperature
during breastfeeding and pumping within participants.
Thirty lactating women participated in two pumping (electric breast pump)
and one breastfeeding session. Nipple temperature of both breasts was monitored
for two minutes before and after each session with the non-pumped/non-suckled
nipple temperature recorded throughout each session.
The mean increase in nipple temperature after milk removal by the infant was
1.0 ± 1.6°C (range -3.2- 3.2) and after expression was 1.8 ± 1.4°C (range -0.9 – 6.1).
Nipple temperature pre-expression was significantly lower than post-expression
(Pre 32.6 ± 1.6, Post 34.3 ± 1.3, p <0.001) with no difference between the two
pumping sessions. For every 1°C rise in temperature an additional 10 mL of milk
was removed on average. The breastfed nipple temperature was significantly lower
pre feed than post feed (Pre 32.4 ± 1.6, Post 33.2 ± 1.2 p= 0.01) with a significant,
but smaller change in nipple temperature compared to pumping (Breastfeed 1.0 ±
1.6, Pumping 1.7 ± 1.4, p= 0.03).
Nipple temperature increases during pumping and breastfeeding suggesting
the breasts have a similar physiological response to different stimuli. Further, the
increased temperature potentially plays a role in effective milk removal.

7.1 Introduction
The mammary gland undergoes complex changes to reach its functional
capacity during pregnancy and lactation. Despite the nipple being integral to the
release of breast milk for the infant while feeding, and also stemming leakage
between breastfeeds, little is known about its anatomy and function during
lactation.
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The structure of the mammary gland includes intertwined and overlapping
ductal systems which are anatomically distinct (Geddes 2009). Orifices from these
ductal systems open onto the nipple, which is usually more pigmented than the
surrounding skin and becomes darker during pregnancy and lactation (Rusby &
Agha 2017; Stone & Wheeler 2015). The dermal surface of the nipple is covered with
epidermal ridges, which may have a role in protecting the nipple from trauma during
sucking (Rusby et al. 2007; Koyama et al. 2013). The end of the nipple has sebaceous
glands, which open onto the tip of the nipple as well as within the ducts, and may
play a role in protecting the nipple from cracking (Koyama et al. 2013; Montagna
1970). The nipple has abundant smooth muscle fibres that are arranged in a radial
(muscle of Myerholz) and circular fashion (muscle of Sappey) forming a mesh like
structure in the connective tissue around the ducts at the tip of the nipple, and larger
fibres that are found along the ducts extending into the nipple. Contraction of the
smooth muscle is moderated through the sympathetic adrenergic nerves and
enhances nipple erection, which facilitates breastfeeding (Vorherr 1974; Hamdi et
al. 2005; Zucca-Matthes, Urban & Vallejo 2016; Uvnäs‐Moberg & Eriksson 1996).
Increased blood flow may influence the skin temperature of the mammary
gland. Breast skin temperature is known to increase by one degree Celsius during
pregnancy, from 33.3± 0.1°C to 34.2± 0.1°C and a further one degree Celsius increase
during lactation as measured by Burd et al. (Burd et al. 1977) one day postpartum.
The areola is typically warmer compared to the rest of the breast tissue (34.6± 1.4°C
vs 34.0± 2.0°C ), possibly as a signal or stimulation for the infant to commence
suckling or the location of the nipple (Uvnas-Moberg 2015; Zanardo & Straface
2015). In contrast, the nipple is significantly cooler than the areola (33.7± 1.4°C and
34.8± 1.1°C respectively) which may help constrict the nipple to prevent milk
leakage between breastfeeds. Nipple temperature has been shown to increase
during pumping studies (increased by 0.6-1.8°C (Kent et al. 2011; Mitoulas et al.
2002b)) suggesting that there is increased blood flow to the nipple, supported by
studies in lactating women showing increased breast skin temperature (0.4 to 1°C
(Kimura & Matsuoka 2007)) and mammary blood flow across a breastfeed (BF).
These changes are also evident in the rat model(Eriksson, Lundeberg & Uvnäs‐
Moberg 1996). This phenomenon could be in part due to the release of oxytocin (OT)
causing vasodilation of the venous superficial plexus of the breast resulting in
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increased skin temperature. There is an assumption that the same changes in
temperature and mammary blood flow would be evident in the nipple. However
vasoactive peptides released from local nerves serve to regulate blood flow;
neuropeptide Y (NPY) which is a vasoconstrictor and calcitonin gene-related
peptide (CGRP) a vasodilator may also play a role particularly in the nipple during
pumping or breastfeeding (Eriksson, Lundeberg & Uvnäs‐Moberg 1996).
The internal thoracic artery supplies the majority of blood to the nipple via the
first to fourth intercostal branches (Zucca-Matthes, Urban & Vallejo 2016). Oxytocin
not only stimulates milk ejection but also increases blood flow to the breast via
vasodilation (Janbu et al. 1985; Ogawa et al. 2008). Oxytocin release in response to
nipple stimulation is systemic and should therefore also impact nipple temperature
on the opposite breast, but this response has not yet been documented.
Thermal imaging has been widely used in the dairy industry to measure
changes in teat temperature during milking (Paulrud et al. 2005; Vegricht et al.
2007). In women, thermal imaging has been used to examine changes in
temperature associated with pumping. The temperature of the nipple increased by
approximately 0.6°C after 5 minutes of pumping and 1.8°C after 15 minutes of
pumping using a breast shield at ambient temperature but returned to baseline
levels within two minutes of cessation of pumping (Mitoulas et al. 2002b; Kent et al.
2011). The warming effect of the infant’s mouth has been replicated during pumping
through the use of warmed shields (39°C). This resulted in more expedient removal
of 80% of the available milk when combined with the participants maximum
comfortable vacuum. This effect was attributed to the warmth relaxing the nipple
allowing the nipple ducts and nipple pore at the nipple tip to expand thus facilitating
the removal of milk. In contrast, when cold ultrasound gel was applied to the nipple,
nipple duct diameters were reduced suggesting that pumping with kits that have
been stored in the refrigerator may not be conducive to efficient milk removal (Kent
et al. 2011).
The nipple is a critical factor in successful milk removal from the breast by the
infant, and hence better understanding of nipple physiology will allow identification
of changes associated with suboptimal breastfeeding and pumping, and would
facilitate targeted management strategies to improve lactation outcomes for the
mother and infant. Nipple pain or anomalies have been implicated as major factors
in the cessation of breastfeeding (Kent et al. 2015; Berens 2015), yet examination of
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the nipple before and after breastfeeding or pumping has not been carried out.
Indeed, extreme changes in nipple temperature may signify reduced blood flow due
to poor fitting breast shields, extended duration of pumping, or perhaps infection.
The aim of this study was to use thermal imaging to measure temperature
changes of both nipples during breastfeeding and milk expression using an electric
breast pump.

7.2 Results
Participant characteristics are presented in Table 7-1. All participants had
normal milk productions within the range reported by Kent et al (Kent et al. 2006).
There was no significant difference in ambient temperature between the sessions
(S) (S1: 22.4± 0.4 °C, S2: 22.1 ± 0.9 °C, S3: 22.1 ± 0.5 °C). No relationship was
observed between the volumes of milk removed and the ambient temperature (S1
p= 0.32, 95% C.I.: 67 to 101.5ml, S2 p=0.13, 95% C.I.: 52.4 to 86.9ml, S3 p=0.87, 95%
C.I.: 47.4 to 81.9).
Table 7-1 Participant characteristics
Mean (SD)

Range

31 (3)

21 - 38

Parity

2 (1)

1-5

Body Mass Index

28 (6)

19 - 54

Milk production (ml / 24 h)

778 (169)

484 - 1155

Gestational age (weeks)

39 (1)

37 - 41

Birthweight (g)

3653 (435)

2660 - 4645

Current age (weeks)

18 (7)

5 – 33

Mother Age (years)

Infant

(female n=13, male n=17)

The nipple temperature increased significantly during both the pumping and
breastfeeding sessions (pumping, mean difference: 1.73°C, p<0.001, 95% C.I.:1.36
to 2.10 ; breastfeed p=0.01, mean difference: 0.95°C 95% C.I.: 0.36 to 1.55 Figure 1shows changes occurring on a pumped breast). Further, the magnitude of change
was not different between the left and right nipple (Table 7-2).
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Figure 7-0 Nipple temperature before and after a pumping session. A: 2
minutes prior to pumping, B: immediately before pump was started, C:
immediately after pump stopped, D: 2 minutes after 10 minutes of pumping.

There was no difference in the degree of change between the two pumping
sessions which were conducted on different breasts for all participants (p=0.37,
95% C.I.: 1.22 to 1.76) (Table 7-2).
Table 7-2 Nipple temperatures of the left and right nipples on the breast that
was pumped ( 2 pumping sessions on alternate breasts)
Pump 1 (n=30)

Pump 2 (n=30)

Mean SD

Range

Mean SD

Range

p

Volume (ml)

83 ± 55

4 - 264

70 ± 51

14 - 276

0.06

Nipple temperature before (°C)

32.5 ± 1.5

29.6 - 35.1 32.7± 1.8

28.4 - 34.9 0.19

Nipple temperature after (°C)

34.1 ± 1.3

30.4 - 36.9 34.6 ± 1.3

31.2 - 36.8 0.64

Change in nipple temperature
(°C)

1.7 ± 1.3

-0.9 - 4.3

1.9 ± 1.6

-0.6 - 6.1

0.37

The volume of milk removed during the pumping sessions was positively
associated with the increase in nipple temperature (p<0.02, 95% C.I.: 2.4 to 18.2).
An increase of 1°C in nipple temperature was associated with a mean estimate of a
10ml increase in milk volume expressed (Figure 7-2).
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Figure 7-2 Milk volume removed and temperature change during pumping
(n=60, shaded area represents 95% confidence limits)
Breastfeed duration was dependent on the infant and lasted between 2.2 and
30 minutes (mean 9 mins ± 5). The changes in nipple temperature on the suckled
breast before and after breastfeeding were not related to the volume of milk
removed by the infant (p=0.70). The duration of the breastfeed was determined by
the infant and was not associated with changes in nipple temperature (p=0.30).
Table 7-3 shows the temperature changes when the same breast was pumped
and fed from in two different sessions. The nipple temperature post pump and the
magnitude of change was much larger on the pumped breast.
Breastfeed duration was dependent on the infant and lasted between 2.2 and
30 minutes (mean 9 mins ± 5). The changes in nipple temperature on the suckled
breast before and after breastfeeding were not related to the volume of milk
removed by the infant (p=0.70). The duration of the breastfeed was determined by
the infant and was not associated with changes in nipple temperature (p=0.30).
Table 7-3 shows the temperature changes when the same breast was pumped
and fed from. The nipple temperature post pump and the magnitude of change was
much larger on the pumped breast.
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Table 7-3 Changes in nipple temperature during pumping and breastfeeding
on the same breast.
Pump 2 (n=30)

Breastfeed (n=30)

Mean ± SD Range

Mean ± SD Range

p

Volume

70 ± 51

14 - 276

65 ± 36

10 - 158

0.60

Nipple temperature before (°C)

32.7 ± 1.8

28.4 - 34.9 32.4 ± 1.4

30.3 - 35.2

0.16

Nipple temperature after (°C)

34.6 ± 1.3

31.2 - 36.8 33.2 ± 1.2

31.1 - 35.4

0.00

Change in nipple temperature (°C)

1.9 ± 1.6

-0.6 - 6.1

-3.2 ± 3.2

0.03

1.0 ± 1.6

Table 7-4 Nipple temperature changes on the non-pumped breast

Temperature

Right Nipple (n=30)

Left Nipple (n=30)

Mean

SD

Range

Mean

SD

Range

p

Opposite nipple, before (°C) 32.6

1.8

28.5 - 35.0

32.9

1.4

30.0 – 35.0 0.51

Opposite nipple, after (°C)

32.0

1.8

28.5 – 35.0

31.9

1.6

28.4 – 34.5 0.73

Change (°C)

-0.6

1.0

-3.8 - 0.6

-1.0

1.0

-3.6 – 0.7

0.16

There were no significant differences in the nipple temperature pre, post or in
relation to the magnitude of change between the right and left nipple (Table 7.3)
There was a significant difference between the nipple temperature pre and
post pumping on the non-pumped breast (p<0.001). The nipple on the opposite
breast was monitored over the entire pumping session and decreased gradually
over the course of the session (Figure 7.3) (data from the other breast during
breastfeeding was intermittent therefore is not reported).
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Mean temperature change ( ˚C)

0.5
0.3
0.1
-0.1
-0.3
-0.5
-0.7
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-0.9
-1.1

upper 95% CL

-1.3

lower 95% CL

-1.5
0
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Figure 7-3 Mean change in nipple temperature on the non-pumped breast
during pumping for all sessions (n=60)
By 30 seconds after the end of the breastfeed, no difference between pre and
post nipple temperatures remained (p=0.60). There were no differences between
the pre and post measures at 2 minutes after pumping on the pumped breast (p=0.1)
or the non-pumped breast (p=0.08) (Figure 7.4).

Figure 7-4 Time taken to return to baseline nipple temperature (Nipple
temperature before pumping and breastfeeding and the opposite breast
immediately before the pump or infant began to remove milk and at various
time intervals after the cessation of pumping or suckling)
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7.3 Discussion
This study confirmed that nipple temperature increases significantly during
both pumping and breastfeeding on the ipsilateral breast, implying similar
heamodynamic changes occurred in response to the different methods of milk
removal. No differences in temperature change were noted between right and left
nipples suggesting a similar response irrespective of breast. Furthermore, with
increasing nipple temperature during pumping more milk was removed from the
breast. Thus, is appears that changes in nipple temperature and blood circulation
are potential mediators of effective milk removal from the breast.
Previously it has been reported that an individual’s left and right breast share
the same anatomical features such as breast tissues and number of milk ducts
(Ramsay et al. 2005a). In addition milk ejection occurs in both breasts
simultaneously (Prime et al. 2009).
The nipple temperature of the pumped breast increased (Figure 7-1) during
92% of milk expression sessions (Table 7-2) and each 1°C increase in nipple
temperature was associated with an additional 10 ml of milk removed (Figure2).
Increased temperature is regarded as a proxy for increased blood flow. The increase
in nipple temperature could be due to the localised action of vasodilatory
neuropeptides e.g. CGRP (Marshall, Cumming & Fitzsimmons 1992; Kimura &
Matsuoka 2007; Janbu et al. 1985). Elevated nipple temperature may also be due, in
part, to the warming of the nipple-areolar complex by the shield and warm milk
(37°C) moving through the nipple pores, allowing dilation of the nipple orifices and
relaxation of the smooth muscle to facilitate milk removal. Indeed warm breast
shields have been shown to remove 80% of total volume pumped more rapidly (4.8
minutes) than ambient temperature shields (6.5 minutes) (Kent et al. 2011). Whilst
warmth appears conducive to milk removal, it is possible the application of cold
breast shields (stored in the refrigerator) would be detrimental to efficient
pumping.
Breastfeeding showed a significant increase in nipple temperature consistent
with pumping, although the changes were of a smaller magnitude. We did not find a
relationship between nipple temperature change and the volume of milk removed
by the infant. This absence of an association is likely due to variation in the duration
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of breastfeeding (BF) compared to pumping (mean 9 ± 5 min, range 2.2 to 30 min)
as well as the proportion of nutritive sucking and the regulation of milk removal
according to infant appetite. However, warmth applied to the nipple by the infant
(35.5 – 37.5 °C) is similar to the temperature applied by a warm shield during
pumping. This study found that warmth resulted in more rapid removal of the
volume of milk pumped (Kent et al. 2011). Thus, temperature may impact milk
removal in the breastfeeding infant but may be masked by the inability to
standardise conditions between infants. Similarly, it has been shown that infants are
able to remove 80% of the milk they require in the first 4 minutes of a feed (Cannon
et al. 2016) and therefore warmth appears to have the greatest effect on the release
of milk in early feeding pumping, which is equivalent to the first two milk ejections
(Kent et al. 2011).
Surprisingly, the temperature of the non-pumped nipple decreased
significantly across a pumping session (Figure 7-3). The non-pumped breast was
exposed to ambient temperature, and the nipple may be constricted to prevent
breast milk leaking from this breast during pumping or breastfeeding, resulting in
decreased blood flow and consequently lower temperature. The mechanisms by
which nipple blood flow is reduced are not clear; however, locally active
vasoconstrictor neuropeptide Y is thought to reduce oxytocin release thereby
regulating mammary blood flow and may influence contraction of the nipple via
smooth muscle receptors(Eriksson, Lundeberg & Uvnäs‐Moberg 1996; Eriksson et
al. 1996; Sheng & Zhu 2018). Conversely the impact of warmth on the nipple may be
far greater than realised and be necessary for smooth muscle relaxation facilitating
elongation of the nipple to facilitate milk flow through the nipple ducts. Further
studies are necessary in lactating women to confirm this hypothesis (Eriksson,
Lundeberg & Uvnäs‐Moberg 1996).
The ambient temperature was not found to have an impact on milk removal in
this study, which may be due to the warmth applied to the nipple by the infant and
the pumping process.
The increased nipple temperatures recorded during breastfeeding returned to
baseline levels more rapidly (30 seconds) than pumping (two minutes; Figure 7-4),
which supports findings from a previous pumping study(Mitoulas et al. 2002b). The
more rapid return temperature to pre breastfeed levels could be due to the smaller
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increase in temperature (1°C less) and the shorter duration of breastfeeding
compared to pumping. In contrast to the nipple temperature, mammary skin
temperature remains high, persisting for at least five minutes. Increased blood flow
in the lateral thoracic artery has been reported to take 0.5-1 hour to return to prefeed levels (Janbu et al. 1985). Prolonged increase in mammary skin temperature
compared to the nipple may be due to the persistent increased superficial
vasodilation induced by oxytocin (Kimura & Matsuoka 2007)
Nipple temperature measurement potentially provides a rapid, non-invasive
method to investigate common lactation issues associated with the nipple such as
vasoconstriction, nipple oedema, nipple trauma and nipple infection. Indeed
thermal imaging has been used in dairy cows to show congestion of the teat which
is associated with reduced blood flow and reduced milk removal (Paulrud et al.
2005; Vegricht et al. 2007). The application may not be limited to anomalies, but also
has potential to identify milk ejection and timing of onset of secretory activation
(Pickles 1953; Burd et al. 1977; Janbu et al. 1985). Our results serve as a reference
of normal changes in temperature that occur during pumping and breastfeeding in
women with no lactation problems.

7.4 Conclusion
This study demonstrated that nipple temperature increased during pumping
sessions, with the extent of this increase being associated with enhanced milk
removal. The magnitude of change in nipple temperature after breastfeeding was
significantly less than pumping but was not associated with volume of milk
consumed by the infant. In addition, left and right nipples respond to the
breastfeeding infant or breast pump with a similar change in nipple temperature.
Thermal imaging could potentially be a useful tool to monitor a range of conditions
in lactating women.

7.5 Materials and methods
Thirty lactating women were recruited, either through the Australian
Breastfeeding Association or by social media. All mothers provided informed
consent to take part in the study, which was approved by the University of Western
Australia’s Human Research Ethics Committee (RA/4/1/7897). All methods were
performed in accordance with the relevant guidelines and regulations.
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Demographics were collected by completion of a background questionnaire. The
majority of sessions (87 out of 90) were undertaken in participants’ homes, with
only one participant completing sessions (3 sessions) in the laboratory at the
University of Western Australia.

30 lactating mothers

Demographic data collected through
online questionnaire

Session A Pumping
•
•

•

Flow rate
Nipple temperature
measured pre- and postpumping, and throughout
session on contralateral
breast.
Milk samples pre- and
post-pumping for fat
analysis

Session C Breastfeed

Session B Pumping
•
•

•

Flow rate.
Nipple temperature
measured pre- and postpumping, and throughout
session on contralateral
breast.
Milk samples pre- and
post-pumping for fat
analysis

•

•

Nipple temperature
measured pre- and postbreastfeeding, and
throughout session on
contralateral breast.
Milk samples pre- and
post- breastfeeding for
fat analysis.

Figure 7.5 Study design
Each participant took part in three sessions (n=90) (Figure 7-5). The sessions
were conducted one week apart on the same day of the week at the same time of
day. Each session was randomised such that each participant pumped once from the
left and right breast and the breastfeed was from either breast. Participants pumped
for 10 minutes after milk ejection (Symphony, Medela AG, Baar, Switzerland was
used for all pumping sessions). Infant milk intake was measured using the test
weighing method (Arthur, Hartmann & Smith 1987) and duration of the
breastfeeding session was dependent on the infant. As the majority of sessions were
conducted in the homes of the participant the baby was always present during the
research sessions. Milk samples from study sessions were transported to the
laboratory in a cool box filed with ice.
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7.5.1 Milk Flow
Milk flow rate was measured using the method described by Prime et al (Prime
et al. 2009); a continuous balance was used to measure cumulative milk volume and
flow rate (g/s).

7.5.2 Nipple Temperature
Nipple temperature data were collected using a FLIR T650sc thermal camera
(Flir Systems Inc, Oregon, USA), which has thermal sensitivity <20mK @ 30°C
(accuracy 0.02°C), with image capture of 30 frames per second and spectral range
7.5-14 µm.
Ambient temperature was recorded prior to each session and the breasts were
exposed to room temperature during the setup period to equilibrate. The
temperature was then recorded for two minutes before and after pumping or
breastfeeding. At the end of pumping or breastfeeding the nipple was gently dried
to remove any milk droplets immediately prior to recording the temperature. The
temperature was simultaneously recorded for the opposite nipple throughout the
session. For the continuous measurement of the non-pumped and non-suckled
breast the milk flow data and nipple temperature data were synchronised for each
session in preparation for analysis. The data were plotted to provide a visual image
of the temperature changes occurring on the nipple of the opposite breast.

7.5.3 Calculation of percent available milk removed (PAMR)
Each participant completed a 24 hour milk profile using the test weighing
method (Arthur, Hartmann & Smith 1987). Samples of 1-2 ml were collected in 5ml
polypropylene tubes (P5016SL, Techno Plas Pty Ltd, SA, Australia) before and after
each feed or breast expression. These samples were frozen until collected and
transported to the laboratory by the research team, where they were analysed for
fat content using the creamatocrit method (Fleet & Linzell 1964). Participants
entered data from each feed or expression electronically, and these data were then
used to calculate breast fullness and storage capacity based on the method
described by Kent et al (Kent et al. 2003). The volume and cream content of milk
removed during the experimental sessions were added to this dataset to calculate
the available milk, breast fullness and PAMR during each session.
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7.5.4 Data Analysis
Nipple temperature data were prepared for analysis using the FLIR software
provided with the camera (FLIR Research IR, version 4.30.1.70, USA).
Given this was a pilot study 30 individuals were included. With 30 individuals
if the true difference in nipple temperature is 0.6 (and assuming a standard
deviation of 0.6), we will be able to reject the null hypothesis that the temperature
is the same before and after feeding with probability (power) .967. The Type I error
probability associated with this test of this null hypothesis is 0.05.
Students T tests were used for descriptive statistics. Linear mixed effect
models were used to analyse the difference in nipple temperature and milk volume.
Differences in nipple temperature or milk volume were modelled with fixed effects
for breast, pumping /breastfeeding session, degree of fullness and initial nipple
temperature. In addition, differences in the milk volume as explained by pumping
session and room temperature and nipple temperature as explained by pumping
session (Figure 7.2) were also modelled. The interactions of the fixed effects were
also tested in the models. All models included the random effect of
participant. Contrasts were examined for all pairwise comparisons with Tukey
corrections.
Statistical analyses were carried out using R version 3.4.4 (R Core Team 2014)
and R Studio Version 1.0.136 (R Studio Team 2015) using nlme package (Pinheiro
et al. 2007) for linear mixed effect modelling. Signiﬁcance was set at the 5% level.
To analyse nipple temperature recordings, a nine-pixel cursor was applied to
the tip of the nipple and the average temperature was recorded for every 300th
frame.
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General Discussion
The milk ejection reflex is highly conserved across all mammal species from
monotremes and marsupials to the placental mammals (McClellan, Miller &
Hartmann 2008). The necessity of the milk ejection reflex for successful lactation
across all mammals underlies its importance in the evolution of lactation and the
mammary gland. Stimulation of the nipple triggers oxytocin release from the
posterior pituitary. Oxytocin binds with the G-protein-coupled receptors in the
myoepithelial cells around the alveoli in the secretory tissue of the breast, causing
them to contract (Truchet & Honvo-Houéto 2017). As a result milk is expelled from
the alveoli into the milk ducts where it is transported to the nipple for removal
(Ramsay et al. 2004).
Components of the physiological and molecular control of lactation also hint at
the ancient origin of the milk ejection reflex. For example, there is a shared afferent
neural pathway from the nipple to the hypothalamus for the activation of both
oxytocin and prolactin release (Tindal & Knaggs 1969).
Women are known to display individual characteristics in relation to milk
ejection patterns (Prime et al. 2011). We were able to show that milk ejection
characteristics for individual mothers were consistent during repeated
breastfeeding and pumping sessions (Gardner et al. 2015b). An experimental
pattern designed to more closely reflect infant sucking behaviour showed no
difference in milk ejection characteristics compared with a standard, commercial
pumping pattern. The milk ejection patterns were also consistent between the right
and left breast. Hence the stimuli itself does not appear to effect milk ejection
characteristics. Further, we report for the first time that milk ejection patterns in the
same mother remain consistent over subsequent lactations. Although this is a case
study of a single mother and two lactations, it nonetheless gives further evidence
that the stimulus itself has little effect on the pattern and characteristics of the milk
ejection. In other words, it appears that the infant must adjust to the mother’s milk
ejection characteristics rather than shaping them by its own actions. This is
important as infants have to learn quickly to coordinate sucking, swallowing and
breathing (Barlow et al. 2009). Infants adapt their sucking pattern to accommodate
milk flow rates, which are determined by maternal milk ejection characteristics.
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Infant sucking characteristics have been shown to mature over the course of
lactation resulting in reduced vacuum, longer suck bursts, faster milk removal and
improved oxygen saturation in later lactation (Sakalidis et al. 2013a). Infants with
feeding difficulties may be unable to consume adequate milk, or experience choking
or breathing difficulties.
The stability of the milk ejection reflex, despite the different stimuli provided
by the infant and electric breast pump, is remarkable. This is the first time such
stability has been unequivocally demonstrated across lactations and with different
stimuli, and strongly suggests that the reflex is either innate or is programmed
before or early in the first lactation cycle. However, the mechanisms underlying this
stability are not clear. The oxytocin mediated milk ejection reflex is highly complex.
In the mother, components include oxytocin production in the hypothalamus,
transport to the posterior pituitary, release from the pituitary, transport to the
mammary gland, binding of receptors in the mammary gland, and degradation by
oxytocinases.
The stimuli from the infant or pump may trigger a programmed or innate
response from the posterior pituitary to release oxytocin in a consistent pattern in
individual mothers. While the response differs between mothers, each woman has a
characteristic response irrespective of the stimulus. This suggests that the amount
of oxytocin released at each milk ejection is similar (Cobo et al. 1967; Sala et al.
1974) regardless of the modes of stimulation and milk removal. Further research is
required to investigate whether this ME pattern is influenced by the initial
stimulation provided after birth by the breastfeeding infant or breast pump
immediately postpartum, or if it is programmed during pregnancy.
While milk ejection patterns are stable during established lactations, the
quantity of milk that can be removed by the pump or infant does not exhibit the
same reproducibility. For example, around a quarter of women whose infants are
able to remove substantial amounts of milk, are unable to pump milk effectively i.e.
pump less than 50% of the equivalent volume of milk consumed by the infant in an
average breastfeed (Kent et al. 2008). Further, the number of milk ejections during
breastfeeding is positively related to the volume of milk removed by the infant
(Ramsay et al. 2004), although, this has not been confirmed during pumping. These
observations suggest that factors other than milk ejection characteristics influence
the effectiveness of the milk removal such as parity, temperature and gene
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expression. Depression and anxiety may influence lactation through disruption of
oxytocin release and subsequently milk ejection and milk removal. Postpartum
depression and anxiety are common with up to 20% of women experiencing
depression (Stuebe et al. 2012; Le Strat, Dubertret & Le Foll 2011; Gavin et al. 2005)
or anxiety (Matthey et al. 2003; Heron et al. 2004) in the neonatal period. Women
with depressive symptoms have been shown to have lower plasma oxytocin levels
(Stuebe, Grewen & Meltzer-Brody 2013), lower heart rate variability and decreased
parasympathetic nervous functioning (Izumi et al. 2016). Further investigation is
needed to examine the role of these factors in milk ejection and production
particularly in primiparous mothers who typically experience more stress or
anxiety (Zanardo et al. 2009).
For a variety of reasons, such as the increasing pressure for women to return
to work, maternal and infant medical conditions, or premature birth, it not always
possible for women to feed their infant at the breast for every feed. As it is critical
that milk is removed from the breast to regularly and effectively to ensure the
establishment and maintenance of a full milk supply (Kent 2007) mothers must
often express milk. Efficacy of milk removal is significantly better with a breast
pump versus hand expression (Paul et al. 1996) and thus it is imperative that the
pump is efficient, effective and comfortable to achieve and maintain full lactation.
Hence, the design and operation of effective breast pumps must ensure that they
provide suitable stimulation to trigger milk ejections, and also be efficient in
removing the milk released from the alveoli by these milk ejections.
Most women have multiple milk ejections, but the sensations accompanying
milk ejection are variable. Around 10-25% of women do not feel the first milk
ejection and perception of subsequent milk ejections is not common (Kent et al.
2003; Ramsay et al. 2006). The electric breast pump (Symphony, Medela AG, Baar,
Switzerland) used in my studies utilised a biphasic vacuum pattern, whereby a more
frequent cycle rate was used initially to stimulate milk ejection (stimulation phase)
and then a lower cycle rate combined with a different vacuum curve was used to
remove milk from the breast (expression phase). The majority of the milk was
removed during the first two milk ejections, with 86% on average in the study that
compared pumping patterns (Ch3), and is consistent with other studies that have
measured ME (Kent et al. 2008). To increase pumping efficacy, this data suggests it
is important to switch from the stimulation to the expression pattern as soon as milk
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ejection occurs. An automated means of rapidly switching the pump from
stimulation to expression pattern at milk flow would therefore be advantageous for
effective and efficient pumping, especially for mothers who are unable to sense their
initial milk ejection.
Methods of detecting milk ejection are either invasive or require specialised
equipment and expertise, such as measurement of intra-mammary pressure,
ultrasound imaging and continuous measurement of milk flow (Luther et al. 1974;
Prime et al. 2011; Ramsay et al. 2004). We explored alternative technologies for the
detection of milk ejection; bioimpedance spectroscopy and thermal imaging
(Gardner et al (2019a; Gardner et al. 2019b); (Chapters 5 and 7).
Using bioimpedance the detection rate for the first ME during pumping was
approximately 90% of all sessions (reduction of R0 and R∞). The response at ME
was greater when measured on the pumped breast, suggesting integration of the
sensor into the breast shield would be logical. The mechanism by which the larger
response occurs is not entirely clear but may be due to the substantial increase in
extracellular fluid, i.e. milk, filling the ducts in the monitored area during milk
ejection. Smaller changes in R0 and R∞ were observed on the non-pumped breast
in only a quarter of the sessions in contrast to the greater changes on the pumped
breast. This may be due to either less volume in the non-pumped breast or
redistribution of milk to other areas of the breast (Ramsay et al. 2004). (Prime et al.
2011; Ramsay et al. 2006). Further optimisation of the technology, applied in a more
user-friendly manner on the breast shield, may ultimately reduce time spent
pumping by women.
In addition to the detection of ME, BIS proved to have dual potential in that
changes in parameters (R0/R∞ and Cm) were related to milk removal from the
breast with the pump. Both the volume of milk removed and PAMR were related to
changes in BIS parameters. Further, research to test the relationship over several
session with different starting degrees of fullness would be desirable. These results
would determine whether individual calibration of the device would be necessary
to enable the pump to respond to milk volumes removed or cease pumping when
the breast is emptied of milk (Gardner et al. 2018).
Our results suggest that refinement of BIS is required to ensure accurate
results. Tailoring of this modality to produce a device that mothers could access
would serve to address one of the most common reasons for weaning; perceived
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insufficient milk supply (PIMS) (Kent, Prime & Garbin 2011). Rising rates of anxiety
and depression, compounded by PIMS, may accelerate weaning. Additionally, the
ability to detect true low milk supply by such a device may expedite intervention.
Prevalence of low milk supply is currently estimated conservatively to be 10 to 15%
of mothers (Lee & Kelleher 2016).
The strengths of our study further support bioimpedance as a modality to
detect ME as the participants had a wide range of BMI, parities and stages of
lactation, which suggests that bioimpedance could potentially measure milk
removal over the full lactation period. Changes in BIS parameters were detected in
women with low milk supply indicating that the method is viable for low volume
storage and removal from the breast and suggest that bioimpedance could
potentially measure milk removal in mothers with a wide range of characteristics
and levels of milk production.
Based on the fact that warmth is applied to the nipple by the breastfeeding
infant, we supposed that changes in nipple temperature might be associated with
milk ejection and/or milk removal from the breast. The haemodynamics of the
lactating human nipple have not been comprehensively explored due to difficulties
in applying measurement techniques. Whilst we confirmed that nipple temperature,
as a proxy for nipple blood flow, increased during breastfeeding and pumping, we
also found that the degree of increase was associated with milk volume. For each
1°C increase in nipple temperature, an additional 10 ml of milk was removed during
pumping. It is not clear whether this increase in temperature is due to the
vasodilatory action of oxytocin, local vasodilators, relaxation of the muscle fibres in
the nipple or heating caused by the breast shield and pumping action. Whatever the
cause of the temperature rise, it appears to be conducive to more efficient and/or
effective removal of milk from the breast. This modality may therefore be useful at
point of care to rule out atypical nipple responses to pumping in women unable to
express reasonable volumes of milk. It may also potentially inform of impending
nipple oedema, inflammation, infection, or trauma in cases of maternal nipple pain.
However, prospective studies are needed to test these speculations.
Similar to BIS, we also speculated that changes in nipple temperature
associated with the first release of OT during pumping would be indicative of the
first ME. Unfortunately, this proved not to be the case, with neither a significant
change occurring at ME nor cyclic changes similar to multiple MEs being detected in
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the contra-lateral breast. The failure to detect changes in nipple temperature
corresponding to ME on the contralateral breast may be due to the delay in skin
temperature rise in response to oxytocin or a minimal temperature response to the
concentration of OT release at ME.
An overview of my findings, in relation to previous studies and the research
questions is shown in Figure 8-1.

Figure 8-1 Summary of findings in relation to hypotheses

In conclusion we have shown that ME in women is a robust reflex and is not
reliant on a preferential mode of stimulation. While the results clearly demonstrate
the robustness of milk ejection as a physiological phenomenon, it requires to be
determined when the response develops in individual mothers, whether it is innate
or programmed, and the mechanisms underpinning it. These questions would form
the basis for future research.
BIS has been shown to have clear potential as a technology for the detection of
milk ejection and estimation of the effectiveness of milk removal by the infant.
However, further development of the BIS system is required to standardise the
electrode placements, to explore extended coverage of the breast by additional
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electrodes, and to develop analysis software for the signals generated. The use of
thermal imaging to record differences in nipple temperature between breast feeding
and pumping is a significant knowledge contribution to nipple physiology. It thus
has potential as both a diagnostic and a research tool to monitor a range of
conditions in lactating women.
Future directions in relation to using sensors in lactation to detect milk
ejection or milk removal could include electrodermal activity and heart rate
variability. These studies would be enhanced by including biochemical measures
such as milk hormone levels (oxytocin and serotonin), sodium, potassium ratios and
cortisol.
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