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Abstract
Background
The provision of mother’s own milk is particularly important to the health of preterm infants.
Lactational mastitis is an inflammatory condition of the breast that can impact milk production,
is characterized by pain, erythema and ‘flu like symptoms’ and may be infective or noninfective. It is a primary cause of early cessation of breastfeeding with an incidence of 20 – 27%
after birth at term. Despite increased risk factors the incidence of mastitis in mothers of
hospitalised preterm infants is not known. Increased sodium:potassium ratio (Na:K) and sodium
concentrations have been measured in mastitic milk and may be useful markers of this disease.
While point of care (POC) testing for mastitis is standard in the dairy industry, there are no POC
tests available for lactating women. Handheld sodium and potassium concentration sensors
have been validated in human milk research but to date have not been implemented clinically.
The primary aim of the study was to determine whether elevated milk Na:K ratios and sodium
concentration measured at POC were associated with mastitis. Secondary aims included
determination of the incidence of mastitis, whether an acute reduction in 24 h milk production
volume is associated with mastitis, and causative organisms associated with mastitis in mothers
of preterm infants.

4

Methods
Mothers of preterm infants, born at 29 – 34 weeks gestation, provided serial milk samples,
breast health questionnaire (BHQ) responses and 24 h expression volume data. Milk sodium
and potassium concentrations were measured at POC and screened for elevated sodium (>16
mmol/L) and Na:K ratios (> 1.0). On the eighth day postpartum and then every 6 days
thereafter, milk samples were collected for microbiological analysis and culture. For episodes of
mastitis, milk samples, BHQ and 24 h expression volume data were collected daily from the day
of onset to 48 hours post resolution of symptoms. Microbiological analysis was performed on
milk samples collected on the day of onset. Follow-up contact was made at four and eight
weeks postpartum to determine episodes of mastitis beyond discharge from the neonatal unit.

Results
For the 44 study participants, there were four episodes of mastitis during the neonatal unit
stay. Both milk Na:K and sodium concentrations were elevated at the onset of each episode,
with three episodes associated with acute reductions in 24 h milk production. Two further
mastitis episodes were reported after discharge, giving an incidence of 15.4% up to 8 weeks
after preterm birth. Staphylococcus epidermidis was the most commonly isolated organism,
although only one episode had growth >105 indicating infective mastitis.

Discussion
Mothers of preterm infants with mastitis have elevated milk Na:K and sodium concentrations
measured at POC at the onset of the mastitic episode, and some have associated acute
5

reductions in milk production. Expressing mothers of hospitalised preterm infants face many
challenges and risk factors for mastitis, so POC measurement of Na:K or sodium concentration
may offer a useful tool for identifying this.
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Chapter 1. Introduction
Mother’s own milk is considered to be the optimal source of nutrition for preterm infants
because it provides enhanced growth and neurodevelopment, immune support and protection
from gastrointestinal disease (Menon & Williams, 2013; Underwood, 2013). While donor
human milk may be used when mother’s own milk is not available, supplies are limited and
current milk processing practices reduce important milk components (O’Connor, Ewaschuk, &
Unger, 2015). Therefore, mothers of preterm infants admitted to the neonatal unit are
encouraged to pump regularly to provide milk for their infants. Establishment and maintenance
of an adequate milk production is imperative.
Mastitis, an acute inflammation of the mammary gland, is a common complication in lactating
women that may cause a reduction in milk production (Contreras & Rodríguez, 2011), lead to
the development of abscess (Lam, Chan, & Wiseman, 2014), or result in early cessation of
breastfeeding (Amir, Trupin, & Kvist, 2014). It can, therefore, impact the availability of mother’s
own milk for the preterm infant. The incidence of mastitis in mothers of term infants ranges
from 4.9% – 33% (Heads & Evans, 1995; Riordan & Nichols, 1990), while the incidence in
mothers of preterm infants has not been reported.
Mastitis typically presents with localised pain, fever and ‘flu like symptoms and may be infective
or non-infective (Amir, 2014), with Staphylococcus aureus and Staphylococcus epidermidis the
most common causative organisms for infective mastitis. Onset may be insidious or sudden.
When mothers are concerned about their fragile preterm infant, managing an intense schedule
of pumping, visiting the neonatal unit and caring for other children, and reliant on others for
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transport, recognition and treatment of mastitis may be delayed. Further, risk factors for
mastitis including nipple shield use, inadequate breast emptying, use of a breast pump and
maternal or infant illness are prevalent in mothers of preterm infants (Amir, 2014; Cullinane et
al., 2015; Mediano, Fernandez, Rodriguez, & Marin, 2014). As mastitis has implications for both
the mother and her preterm infant, early detection and management is crucial.
While serial point of care (POC) testing enables early detection and is routine in the dairy
industry (Ashraf & Imran, 2018; Viguier, Arora, Gilmartin, Welbeck, & O’Kennedy, 2009), there
are no routine tests for lactating women. Instead, diagnosis and treatment is largely empirical
with milk microbiological culture reserved for cases that are unresponsive to broad spectrum
antibiotics, recurrent or suspected to be nosocomial (Amir, 2014). Further, milk culture results
are typically reported 24 - 48 hours after sampling and the results may not change the
treatment course.
Sodium concentrations, and sodium to potassium ratios (Na:K) in human milk change over the
course of lactation and are used as markers of secretory activation (Morton, 1994; Murase,
Wagner, C, Dewey, & Nommsen-Rivers, 2017), milk production (Dutta, Saini, & Prasad, 2014)
and mastitis (Fetherston, Lai, & Hartmann, 2006). During mastitis, widening of the tight
junctions of the mammary epithelium result in an increased milk sodium concentration and
Na:K ratio (Fetherston et al., 2006). So far measurement of milk sodium and potassium
concentrations have been restricted to the research laboratory using flame spectrometry.
However, handheld ion selective sodium and potassium concentration devices have now been
validated for use in human milk research (Lai, Gardner, & Geddes, 2018) enabling measurement
at POC. Point of care measurement of milk sodium and potassium offers the opportunity for
19

early detection and treatment of mastitis in the clinical setting, thus potentially limiting its
impact on the supply of mothers’ own milk to the preterm infant.
In this study, it was hypothesised that during episodes of mastitis, milk Na:K and sodium
concentration measured at POC would increase to colostral levels, that there would be an
increased incidence of mastitis due to risk factors and that there would be acute reductions in
24 h milk production volume. It was also hypothesised that S.aureus and S.epidermidis were the
most common organisms isolated during episodes of mastitis in mothers of preterm infants.
The aims of this study were to determine whether the use of POC monitoring for elevated milk
Na:K ratios and Na concentrations could detect the onset of mastitis in expressing mothers of
preterm infants.
The primary aim of the study was to determine whether elevated milk Na:K ratios and Na
concentrations, measured at POC, are associated with mastitis symptoms.
The secondary aims of the study were to:
•

determine the incidence of mastitis in mothers of preterm infants who are
predominantly expressing for their infants,

•

determine if an acute reduction in 24 h milk production volume is associated with
markers of mastitis, and

•

determine the causative organisms associated with mastitis in this cohort
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Chapter 2. Review of the Literature
2.1 Introduction
Human milk is considered the optimum nutrition for all infants however mother’s own milk is of
particular importance for preterm infants. Mastitis, an inflammation of the breast that is a
common complication of lactation, has been reported to decrease milk production and lead to
early weaning. Mothers of preterm infants who are predominantly expressing for their
hospitalised infants have several risk factors that possibly increase the incidence of mastitis in
this population. In the dairy industry, point of care (POC) or ‘cowside’ testing is used to identify
mastitis, enabling early intervention and management. There are currently no POC options
available for the clinical detection of mastitis. Sodium concentration (Na) and sodium to
potassium (Na:K) ratio in human milk have been used as biomarkers for both mastitis and
secretory activation. Handheld sodium and potassium concentration analysers have been
validated in human milk research but have not been used in the clinical setting. This review will
explore the literature surrounding mastitis that can affect the availability of mother’s own milk
for vulnerable preterm infants.

2.2 Human milk benefits
The immune-protective, developmental and health benefits of human milk are well
documented and so it is considered the ‘gold standard’ for infant nutrition. There is evidence
that breastfeeding is associated with increased brain white matter development (Deoni et al.,
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2013) and positive effects on intelligence (Horta, Loret de Mola, & Victoria, 2015) and cognition
(Pang et al., 2019). Reduced risks of otitis media, atopic dermatitis, diarrheal illness, asthma,
sudden infant death syndrome (SIDS) and hospitalisation from upper respiratory tract infections
are also reported in infants born at term (Eidelman & Schanler, 2012; Walker, 2010). However,
the provision of human milk is of particular importance for preterm infants.
For infants born preterm, human milk is important to both short- and longer-term health
outcomes. Low birth weight and preterm infants are at risk for necrotising enterocolitis (NEC),
late onset sepsis (LOS), retinopathy of prematurity (ROP) (Bharwani, Green, Pezzullo, Bharwani,
& Dhanireddy, 2016) and poor developmental outcomes (Tudehope, 2013). Feeding these
vulnerable infants human milk, especially from their own mother, has benefits for the
gastrointestinal, immunological and neurological systems (Menon & Williams, 2013;
Underwood, 2013) and also decreases the rates of re-admission to hospital within the first year
post discharge from the Neonatal Intensive Care Unit (NICU) (Eidelman & Schanler, 2012).
Human milk increases gut motility, improves time to full enteral feeds, decreases feed
intolerance and contains components that enhance gut maturation and repair (Lechner & Vohr,
2017).
Preterm infants have reduced innate immunity as a result of an immature intestinal
microbiome and paucity of immune factors such as IgA and epidermal growth factors (Walker,
2010). They have increased exposure to potentially pathogenic organisms within the NICU and
often require antibiotic treatment (Belfort et al., 2013; McCrory & Murray, 2013) that further
diminishes the intestinal microbiome. In addition, the gut of a preterm infant has an excessive
inflammatory response to inflammatory agents such as interleukin-8 (IL-8), as well as both
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pathogenic and commensal bacteria that may explain the increased risk for NEC (Walker, 2010).
Human milk contains probiotic bacteria, prebiotic elements such as human milk
oligosaccharides (HMOs) and immune, anti-inflammatory and growth factors that assist in the
development of a healthy gut microbiome (Menon & Williams, 2013; Tudehope, 2013). It also
modulates immune responses to inflammatory stimuli and prevents the adhesion of pathogens
to the epithelial surface of the intestine (Bertino et al., 2012).
Human milk feeding of preterm infants is associated with improved neurodevelopmental
outcomes up to 7 years of age (Menon & Williams, 2013; Tudehope, 2013) and in adolescence
(Isaacs, Morley, & Lucas, 2009). For preterm infants fed human milk in the NICU, increased
intelligence scores, white matter and brain size have been reported at eight years of age
(Bertino et al, 2012). The optimised neurodevelopmental outcomes associated with human milk
are thought to result from the increased concentrations of short chain fatty acids that are
precursors to long chain polyunsaturated fatty acids. The latter are involved in brain growth
and development and the prevention of NEC and LOS, both conditions that impact on
neurodevelopmental sequelae (Belfort et al., 2013; Lechner & Vohr, 2017; Menon & Williams,
2013; Tudehope, 2013).
In comparison to preterm infant formula, the provision of human milk is associated with
improved health outcomes for preterm infants. Specifically, human milk is protective against
NEC and is associated with reductions in the incidence of LOS and severity of and ROP (Miller et
al., 2018). At present, when a mother is unable to provide enough milk to meet her preterm
infant’s nutritional requirement, PDHM is utilised in many NICUs. While pasteurisation through
heat treatment is required to eliminate potentially harmful bacterial organisms in donor milk, it
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also destroys significant immunological elements that assist in the development of the healthy
gut microbiome (Tudehope, 2013). Therefore, the provision of mother’s own milk is particularly
significant. As such, it is imperative that mothers of preterm infants are assisted to establish
and maintain adequate milk production.
Mothers who are exclusively expressing whilst their infants are in the neonatal unit face many
challenges. Secretory activation, the onset of copious milk production, can be delayed after
preterm birth (Henderson, Hartmann, Newnham, & Simmer, 2008) and may lead to reduced
milk production at the infants discharge from hospital if not identified and managed effectively
(Hoban et al., 2018). Lactational mastitis has been reported to lead to decreased milk
production in humans (Ingman, Glynn, & Hutchinson, 2014) and in the dairy industry (Contreras
& Rodríguez, 2011), likely as a result of biochemical changes in relation to milk stasis or in
response to pathogenic bacteria (Ingman et al., 2014). Recurrent or severe infection has been
implicated in early weaning (Amir et al., 2014). Delayed secretory activation and mastitis are
both associated with elevated milk sodium concentration and elevated milk sodium potassium
ratio (Na:K) (Fetherston et al., 2006; Morton, 1994).

2.3 Lactational Mastitis

2.3.1 Definition and presentation
Mastitis is described as inflammation of the breast tissue with or without bacterial infection
(Amir, 2014). It is characterised by localised pain and erythema and systemic ‘flu-like’
symptoms such as fever, fatigue and malaise (Amir, 2014). It is typically unilateral and can
24

present as a painful, hot, erythematous area on the breast that is a round, firm mass, a ‘wedge
shaped’ mass or an area involving the entire breast (See Fig 1.1). Lactational mastitis is primarily
seen in the first 6 weeks postpartum but may occur at any time during lactation and can be
recurrent (Amir, 2014; Cullinane et al., 2015).
Figure 2.1 Differing presentations of mastitis. Painful, erythematous areas in A. Round mass,
B. Wedge Shaped mass and C. involving the entire breast.

A.

B.

C.

Acute symptoms and recurrent episodes have been implicated in the decision to terminate
breastfeeding early (Amir et al., 2014; Schwartz, 2002). If untreated, it may progress further to
breast abscess, whereby the mastitic area becomes walled off to contain a purulent collection
that requires repeated aspiration under ultrasound control or surgical drainage with concurrent
antibiotic treatment (Lam et al., 2014).
There are two primary classifications of mastitis described in the literature: non-infective
mastitis thought to be caused by milk stasis, and infective mastitis caused by an overgrowth of
a potentially pathogenic bacteria. Milk stasis, or a ‘blocked duct’ presents as a smooth lump in
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the breast tissue with localised pain and often erythema without fever. It may progress to noninfective or infective mastitis which are clinically indistinguishable from each other as the
inflammatory response can occur without pathogenic activity (Amir, Forster, Lumley, &
McLachlan, 2007; Kvist, Larsson, Hall-Lord, Steen, & Schalen, 2008). The recent literature
describes non-infective and infective mastitis as being on a ‘continuum’ or infectious process
that proceeds from milk stasis (Amir, 2014) to either non-infective or infective mastitis.
Infective mastitis can be confirmed on microbiological culture and colony count of a milk
sample. However, culture and colony count is fraught with a 24-48 hour wait for results and
mothers can be acutely unwell with rapid treatment required. In addition, the milk of healthy
mothers has an extensive commensal bacterial profile (Kvist et al., 2008) that may confound
milk culture results as it can be difficult to distinguish pathogenic from normal flora. Whilst
mastitis has been implicated in the transmission of pathogenic bacteria such as Streptococcus
agalactiae, more commonly known as Group B Streptococcus (GBS), to the infant via breast
milk, it is rare and can also occur without evidence of mastitis (Filleron et al., 2014; Kvist et al.,
2008).
A further classification of mastitis, sub-clinical mastitis (SCM), has been described as increased
milk sodium and cytokine concentrations without clinical evidence of inflammation (World
Health Organization, 2000). It is unclear however, whether these changes are caused by
reduced milk removal that may result in engorgement or as a precursor to clinical signs of
inflammation. A recent South African study demonstrated positive relationships between Na:K
>1.0 and elevated inflammatory and anti-inflammatory factors such as cytokines, antiinflammatory marker interleukin-1 RA, and inflammatory markers Tumour necrosis factor - a
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(TNF- a), interleukin- 8 (IL-8), interleukin- 1b (IL-1b) and RANTES (regulated upon activation,
normal T-cell expressed and secreted) at median 155 days (IQR 98 – 218 days) postpartum, The
study did not report the 24 h feeding frequency or milk production volume, or number of
infants that had commenced supplementary foods or fluids (Tuaillon et al., 2017), therefore it is
possible that increased sodium concentrations related to involution may have confounded the
results (Neville et al., 1991). A study of 96 exclusively breastfeeding mothers in Malawi found
correlations between raised concentrations of milk sodium and increased inflammatory
markers such as lactoferrin, lysozyme, secretory leukocyte protease inhibitor (SLPI)`, IL-8 and
RANTES at 6 weeks postpartum. However, clinical information was not collected at the time of
sampling preventing examination of associations with symptoms and 24 h milk production
volume (Semba, 1999).
In the dairy industry, SCM significantly reduces milk yield (Gonçalves et al., 2018) but a study of
Ghanaian breastfeeding mothers reported a non-significant reduction in breastmilk intake with
increased milk Na:K (Aryeetey, 2007). At present, in humans SCM is of particular concern in
areas where Human Immunodeficiency Virus (HIV) is endemic. Some evidence suggests that
SCM, along with non-infective and infective mastitis, could increase the risk of HIV transmission
to the infant by increasing the viral load in the milk (World Health Organization, 2000) possibly
due to increased permeability of the alveolar epithelium.
Mastitis, subclinical mastitis and milk stasis are all reported to precede inflammatory sequelae
that lead to widening of the paracellular pathway between lactocytes. This process changes
concentrations of milk components with increased protein and decreased carbohydrate, fat and
energy (Say et al., 2016) and increased the concentrations of factors that mediate the
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inflammatory process. It is postulated that this phenomenon allows the immune factors to
reach the site of infection (Nguyen & Neville, 1998).

2.3.2 Incidence of mastitis
The incidence of mastitis in breastfeeding women varies markedly between different
populations (Spencer, 2008), ranging from 4.9% in an Australian study (Heads & Evans, 1995) to
33% in a North American study (Riordan & Nichols, 1990). More recent Australian studies have
reported incidences of 27.5% and 20%, in the first 8 postpartum weeks after birth at term (Amir
et al., 2007; Cullinane et al.). Mastitis is most common within the first 6 weeks postpartum but
can present at any time in lactation (Amir, 2014). While the incidence of mastitis is increased
for mothers of hospitalised term infants and those that frequently use a breast pump (Cullinane
et al., 2015; Mediano et al., 2014), the incidence of mastitis in mothers of hospitalised preterm
infants, or in mothers exclusively expressing breastmilk is not reported.

2.3.3 Risk factors for mastitis
Risk factors for mastitis include those which contribute to milk stasis and nipple trauma.
Factors associated with milk stasis include inadequate breast emptying through shortened feed
durations, longer feeding intervals or missed feeds, poor attachment and positioning at the
breast, oversupply and engorgement, rapid weaning from breastfeeding, compression of the
breast from a tight bra or seatbelt, and the presence of a milk blister or bleb on the nipple
(Amir, 2014; Cullinane et al., 2015). Nipple shield use has also been implicated (Cullinane et al.,
2015). Nipple trauma associated with suboptimal attachment and positioning in term infants
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(Amir, 2014) increases the likelihood of inadequate breast emptying (likely due to limiting of
feed duration and/or frequency due to pain) and bacterial infection. Mothers of hospitalised
preterm infants may be required to exclusively pump milk for their infants for weeks to months.
Nipple trauma in pumping mothers may be caused by incorrect sizing of breast shields and
excessive suction pressure.
Progression to infective mastitis and breast abscess has been associated with maternal or infant
illness, damaged nipples (Amir, 2014; Mediano et al., 2014), S. aureus isolated from the nipple
or breastmilk (Cullinane et al., 2015; Kinlay, O' Connell, & Kinlay, 2001) and history of mastitis in
a previous lactation (Cullinane et al., 2015; Mediano et al., 2014). Cullinane et al (2015) found
that the risk of mastitis doubled when nipple damage was present in the first four weeks of
lactation and increased by 75% when S.aureus was cultured from nipple swabs or breastmilk.
A recent Spanish case-control study examined breastfeeding mothers with mastitis (n=368) and
without mastitis (n=148) using a questionnaire to retrospectively evaluate risk factors for
mastitis. All had healthy infants born at term and were referred to the study by midwives and
lactation consultants from surrounding areas. The authors reported that women who had
cracked nipples, used nipple shields or bottles, were expressing using an electric breast pump
or whose term infants were hospitalised after birth had an increased risk of mastitis (Mediano
et al., 2014). As nipple trauma or oversupply are risk factors for mastitis as well as possible
reasons for expressing, it is not clear whether expressing was in itself a risk factor. However,
many of the reported factors could predispose the lactating woman to milk stasis and while
maternal stress and/or fatigue have been cited as precursors to mastitis (Amir, 2014; Cullinane
et al., 2015) the aetiology is not clear.
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Nipple piercing and breast augmentation surgery have not been explicitly cited as risk factors in
lactational mastitis, however several case studies have implicated piercing in the development
of non-lactational or primary mastitis and abscesses (Kapsimalakou et al., 2010). It is possible
that disruption of milk ducts as a result of breast surgery may cause milk stasis and subsequent
mastitis in early lactation, yet there is no published evidence to indicate an increased risk of
lactational mastitis following augmentation surgery.
The provision of mother’s own milk is particularly important for preterm infants in the neonatal
nursery, yet mothers of preterm infants often have multiple risk factors for mastitis such as
frequent daily use of an electric breast pump, shortened duration of expressions, long intervals
between expressions, nipple shield use, and both infant and maternal health issues. Further,
there is the potential for nosocomial infection when expressing in the hospital environment
(Engür et al., 2014). Early detection and management of milk stasis and mastitis is imperative
for this population.

2.3.4 Management and treatment of mastitis
In mothers of term infants, the Academy of Breastfeeding Medicine’s clinical protocol (Amir,
2014) recommends that the initial management of mastitis is ‘frequent and effective’ milk
removal by breastfeeding and/or milk expression with gentle massage to decrease milk stasis.
Ideally breastfeeding should continue during treatment. However, as there is a significant
correlation between nipple damage and infective mastitis, prevention through early correction
of attachment and positioning, and skilled management of damaged nipples should be
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implemented. Supportive care measures include oral analgesia and non-steroidal antiinflammatory drugs and the application of cool or heat packs (Amir, 2014).
If symptoms do not improve within 24-48 hours, empirical antibiotic treatment i.e. without
culture of milk is typically commenced (Amir, 2014). However, as noted by Kvist et al (2008),
primary causative organisms can have multi-antibiotic resistance and can produce exotoxins
and biofilms. Therefore antibiotic treatment without identification of the pathogen and its
sensitivities may lead to a worsening of symptoms and further resistance to antibiotics
(Cullinane et al., 2015). Current guidelines recommend milk cultures when there is evidence of
breast abscess, a recurrence of mastitis, a hospital acquired infection or no significant
improvement within 48 hours of commencing antibiotic treatment (Amir, 2014).
Arroyo et al (2010) investigated the effects of lactobacillus treatment versus antibiotic
treatment in 352 women with mastitis. When compared to antibiotic treatment, maternal
ingestion of two specific lactobacillus species for three weeks significantly reduced symptoms
of mastitis and milk bacterial counts at 21 days after the onset of mastitis. The administered
probiotic bacteria are found in human milk and have demonstrated antibacterial properties
against harmful bacteria (Jimenez, Delgado, Arroyo, Fernández, & Rodríguez, 2009). Amir et al
(2016) have questioned the validity of this study citing issues with blinding, the antibiotics
received, data collection points and delayed time to effect. An improvement in symptoms and a
reduction in bacterial colony count in milk samples was reported at day 21, which was not
recorded on the trial registry as a data collection point and is delayed for an acute infection
which should demonstrate an improvement within 48 hours of commencing antibiotic
treatment (Amir, 2014). Given that the typical duration of a mastitis episode is one to five days
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(Fetherston et al., 2006), improvement by day 21 cannot be considered evidence of effective
treatment. Effective and efficient treatment is required to reduce the severity of symptoms,
and risks of reduced milk production and breast abscess. Prior to accepting probiotic
supplementation as a standard treatment for mastitis or breast inflammation, a well-designed
randomised control trial is required to demonstrate efficacy (Amir et al., 2016).

2.3.5 Screening for mastitis
At present, there are no POC tests available for mastitis for lactating women. Diagnosis is
typically based on clinical symptoms with antibiotics commenced if infective mastitis is
suspected. As the most common pathogen in mastitis is S. aureus, flucloxacillin or dicloxacillin
are used unless there is a penicillin allergy.
In the dairy industry, it has long been routine to complete screening at ‘cow-side’ i.e. at the
point of milking, to enable early detection and management (Ashraf & Imran, 2018; Viguier et
al., 2009). Both bovine mastitis and SCM can reduce the quality, production, taste and pH of
milk that can lead to ongoing health issues for the herd and economic effects for the producer
(Viguier et al., 2009). Early detection of mastitis in the dairy setting enables faster treatment,
recovery and can minimise economic losses due to reduced production, decreased milk quality
and premature culling (Ashraf & Imran, 2018). The three POC screening tests routinely used in
this industry are the California Mastitis Test (CMT), somatic cell count (SCC) and electrical
conductivity testing. The CMT is a quick and inexpensive test but results can be subjective and
prone to false negatives. The test involves a specific detergent being added to a milk sample to
lyse the somatic cells that leads to increased viscosity of the sample forming a gel if the somatic
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cell count is elevated. A true SCC is determined by using automated cell counters and is routine
for both the screening for udder health and milk quality. When the SCC is elevated >200 000
cells/mL it indicates mastitis or SCM. Electrical conductivity increases significantly in mastitic
bovine milk due to the increased sodium and chloride ion concentrations however it relies on
the detection of a large deviation from individual baseline values. Conductivity testing has been
incorporated into newer milking machines in large dairy farms but handheld devices can also be
used (Viguier et al., 2009).
In recent human studies, SCC has been used for research purposes (Hassiotou et al., 2013;
Rackov et al., 2016). However, SCC in lactating women is difficult to determine without sample
manipulation. This is due to the high lipid concentration in human milk compared to bovine
milk and epithelial cells that comprise the majority of somatic cells in human milk as opposed to
macrophages in bovine milk (Rackov et al., 2016). A Canadian study has proposed a novel way
of categorising SCC as high and low using near infrared spectroscopy that does not require
defatting of the milk sample prior to testing. This technique has yet to be validated as a
diagnostic tool (Rackov et al., 2016).
Point of care testing of sodium or Na:K ratio in human milk is a quick, easy and cheap test that
may provide early confirmation of mastitis, enabling timely management to decrease any
impact on maternal health, milk production and, potentially, transfer of pathogens via milk to
vulnerable infants.
There are marked changes in human milk composition in the week after birth, including
reductions in sodium concentration and Na:K ratio. An understanding of the stages of lactation

33

and associated biochemical changes is critical in guiding the exploration of POC testing for
markers of mastitis.

2.4 Stages of Human Lactation

2.4.1 Secretory differentiation
Mammary development in pregnancy, or secretory differentiation, involves the branching of
milk ducts, formation of lobules and development of alveoli at the terminal buds. It is
controlled by a circulating ‘lactogenic hormone complex’ of oestrogen, progesterone, prolactin
and cortisol (Pang & Hartmann, 2007). Secretory differentiation occurs by 24 weeks gestation,
with increasing levels of prolactin thought to be responsible for the differentiation of mammary
epithelial cells to lactocytes, or milk producing cells, within the alveoli (Hassiotou & Geddes,
2013). Corresponding clinical changes are seen in increased breast size and fullness evident at
22 weeks gestation (Hartmann, Cregan, Ramsay, Simmer, & Kent, 2003). The lactocytes
synthesise colostrum which is a thick, yellowish fluid that has high concentrations of
immunologic components and protein, and a low concentration of lactose. High circulating
levels of progesterone inhibit the action of prolactin and therefore prevent milk production.
Colostrum is secreted in small volumes in pregnancy and in the early postpartum period until
secretory activation occurs (Hassiotou & Geddes, 2013; Neville, McFadden, & Forsyth, 2002).
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2.4.2 Secretory activation
Secretory activation is characterised by the onset of copious milk secretion that occurs with the
decrease in serum progesterone concentration (following expulsion of the placenta) in the
presence of elevated serum prolactin concentrations (Allen, Keller, Archer, & Neville, 1991),
insulin and cortisol (Neville et al., 1991). It starts at the cellular level at around 30-40 hours
postpartum, with copious milk production usually evident at 72-96 hours after birth (Allen et
al., 1991). Associated with the production of copious volumes of milk are changes in
concentrations of macronutrients, electrolytes and immune factors. Initially it was surmised
that these changes were due to the dilutional effect of increasing milk production. However,
two distinct physiological processes have been identified: closure of the paracellular pathways
between lactocytes by tight junctions that decrease the diffusion of components from the
plasma to the milk, and the changes in lactocyte metabolism that leads to the dilution of
several factors that are secreted by the lactocyte (Neville et al., 1991).
Tight junctions are comprised of claudins which are transmembrane proteins that form a
continuous arrangement of intramembranous strands or ‘junction’ between the lactocytes.
They are the most apical components of the junctional complex that also includes the adherent
junction and desmosomes. The closure of these pathways between lactocytes at the time of
secretory activation limits the diffusion of ions such as sodium, water and other material
through the paracellular pathway into the mammary alveolus. This results in a sharp decrease
in milk sodium concentration (Kobayashi et al., 2016) as seen in Figure. 2.2.
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Figure 2.2 Lactocytes with A) open paracellular pathways allowing movement of ions such as
sodium into alveolus B) tight junctions limiting sodium ion diffusion into the alveolus
A)

Lactocyte
Tight Junction
Cell nucleus

Basal Membrane

B)
Mammary alveolus containing
milk

Lactocyte
Tight Junction

Cell nucleus
Basal Membrane

Delayed secretory activation is described as the failure to attain copious milk production by day
five postpartum. It is associated with a shortened duration of lactation (Chapman & PerezEscamilla, 1999; Neifert & Bunik, 2013) and can negatively affect milk production in a
subsequent lactation (Henderson et al., 2008). Evidence of delayed secretory activation and
reduced 24 h milk production volume at day 10 is commonly seen after preterm birth (Cregan,
De Mello, Kershaw, McDougall, & Hartmann, 2002; Henderson et al., 2008). Monitoring milk
composition changes during this imperative time could provide early identification or
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confirmation of delayed secretory activation and allow for early intervention to maximise milk
production and duration of lactation in this vulnerable group.

2.4.3 Involution
Involution is the final stage of lactation whereby the redundant lactocytes are removed by
programmed apoptosis after weaning, returning the breast to a resting or non-lactating state
(Hassiotou & Geddes, 2013; Silanikove, 2014). This usually occurs with introduction of
supplementary foods or fluids which causes a reduction of milk removal and therefore
downregulation of milk production (Neville et al., 1991). Subsequent widening of the tight
junctions and more permeable paracellular pathways causes increased milk concentration of
ions such as sodium (Neville et al., 1991). Abrupt weaning or weaning at less than six months
postpartum has maternal health implications such as an increased risk of breast cancer
(Silanikove, 2014).

2.5 Milk production

2.5.1 Milk production volume
Milk production and secretion volumes are between 0 - 185 mL/24 h on days one to two
postpartum (Neville et al., 1988). This volume quickly increases linearly after secretory
activation (Neville et al., 1991) with reported mean volumes of approximately 415 - 500 mL/24
h on day five increasing to approximately 750 mL/ 24 h by day 28 (Kent, Gardner, & Geddes,
2016; Neville et al., 1988). For mothers of preterm infants, a 24 hour milk production volume of
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³ 500 mL at two weeks (14 days) or ‘coming to volume’ (Hoban et al., 2018) has been reported
as the baseline adequate volume for successful lactation (Hill, Aldag, Chatterton, & Zinaman,
2005).
Milk production volumes in mothers of preterm infants are reported to be more variable and
typically lower than that of mothers of term infants (Hill et al., 2005). For both term and
preterm groups, the volume produced at one week postpartum is predictive of adequacy of
milk production at six weeks. A study by Hoban et al (2018) confirmed that for mothers of
preterm infants, milk production volume at two weeks predicts adequacy of production at
discharge from the neonatal unit. Milk electrolyte changes, such as an increase in Na
concentration, as seen in weaning, are evident when the milk production volume is reduced to
£ 400 mL/day (Neville et al., 1991). An elevated Na:K has been observed in women reporting
poor milk production volumes at day seven (Murase et al., 2017).
For exclusively expressing mothers, 24 h milk production volume is associated with 24 h
expression frequency (Henderson et al., 2008) as well as the duration of expression episodes
using an electric breast pump, and time intervals between expressions (Lai et al., 2019). A
recent study found an association between milk synthesis, frequency and the interval between
expressions in mothers of preterm infants. The minimum recommended number of expressions
required to maintain milk production volume is six per 24 h and with no more than seven hours
between expressions (Lai et al., 2019).
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2.5.1 Milk production in mastitis
In the dairy industry the effect of mastitis on downregulation of milk secretion is widely
recognised (Contreras & Rodríguez, 2011). In humans, mastitis and SCM have been associated
with a decrease in milk production volume (Contreras & Rodríguez, 2011) which may impact
infant nutrition. The reduction in milk production is thought to be secondary to biochemical
changes caused by local inflammatory response to pathogenic bacteria or in response to
restricted milk flow leading to milk stasis or engorgement. Both impact synthesis and secretion
of milk from the mammary epithelial cells (Ingman et al., 2014).

2.6 Human milk composition
Human milk is a dynamic fluid that varies markedly in concentrations of macronutrients,
immune factors and electrolytes in response to the stage of lactation (Ballard & Morrow, 2013),
time of day (Neville et al., 1984), preterm birth (Bauer & Gerss, 2011) and breast inflammation
(Say et al., 2016). Studies have shown that colostrum has elevated concentrations of protein in
comparison to mature milk (Dutta et al., 2014) with the protein concentration of colostrum
from mothers of preterm infants significantly higher than after birth at term (Bauer & Gerss,
2011; Gidrewicz & Fenton, 2014). The protein concentration reduces at similar rates but
remains higher in preterm mature milk (Bauer & Gerss, 2011). Lactose and lipid concentrations
in colostrum are lower than in mature milk in both groups with higher concentrations in
preterm milk across all stages of lactation. Increases in energy density, lactose and lipid
concentrations are reported over the first weeks of lactation in both term and preterm milk
(Bauer & Gerss, 2011). Recently it has also been reported that lipid and carbohydrate
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concentrations, and energy density are significantly reduced in mastitic human milk (Say et al.,
2016).
A number of immune components in human milk are transferred from the mothers to aid in the
development of the infant’s gut microbiome and both passive and active immunity. Human
milk, though dynamic, is noted to have elevated lactoferrin, immunoglobulin and inflammatory
mediator concentrations and a varying leukocyte complement (Hassiotou et al., 2013; Semba,
1999). Concentrations are elevated in colostrum from mothers of extremely preterm infants
compared to that from mothers of term infants (Moles et al., 2015). During the first weeks
postpartum numbers of leukocytes in maturing milk decrease to a baseline where they are
relatively stable (Hassiotou et al., 2013). During maternal infection, such as mastitis, and
possibly during infant infection, there are significant increases in leukocytes (Hassiotou et al.,
2013), lactoferrin and inflammatory mediators (Semba, 1999).
Electrolyte concentration changes occur during the transition from colostrum to mature milk.
High colostral magnesium, chloride, sodium and potassium concentrations decrease after
secretory activation, while ionised calcium, free phosphate and citrate concentrations increase
during the transition to mature milk (Neville et al., 1991).

2.6.1 Milk sodium concentration
At secretory differentiation, the widened paracellular pathways between lactocytes allow
sodium ions to easily permeate into colostrum leading to a high concentration of sodium (Pang
& Hartmann, 2007). Early studies of antenatal colostrum have reported mean concentrations of
sodium at 61.3 mmol/L that continues after birth until the paracellular pathways become less
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permeable due to tight junctional closure at secretory activation. The sodium concentration
then decreases from approximately 23 mmol/L to 8 mmol/L in term and preterm mature milk
(Table 1.6.2) (Allen et al., 1991; Atkinson, Radde, Bryan, & Anderson, 1980; Bauer & Gerss,
2011; Jensen, 1995). Milk sodium concentrations remain relatively stable in healthy lactation
(Allen et al., 1991; Hill, Aldag, Zinaman, & Chatterton, 2007) and is not influenced by maternal
hydration or dietary sodium intake. An early study reported no significant difference in milk
sodium concentration between mothers of term and preterm infants after secretory activation
(Atkinson et al., 1980) with a more recent study confirming this and suggesting that a low
sodium concentration on day three be used as a marker of adequate milk production (Bauer &
Gerss, 2011). The milk sodium concentration remains elevated in cases of delayed secretory
activation (Morton, 1994) and increases to colostral levels when milk production volume is <
400 mL/day such as when weaning (Dutta et al., 2014; Neville et al., 1988). A milk sodium
concentration of > 16mmol/L on day 6 postpartum has been identified as a significant risk
factor for shortened duration of lactation (Morton, 1994). However, using this value as the
lower limit for elevated sodium concentration, one study reported a weaker association with a
maternal concern about milk production than the Na:K ratio (Murase et al., 2017).

2.6.2 Milk sodium concentration in mastitis
The inflammatory process of mastitis causes the tight junctions of the mammary epithelium to
widen, resulting in compositional changes in the milk. Increased permeability allows interstitial
fluid and plasma to diffuse into the milk thus increasing the sodium concentration (Say et al.,
2016; Semba, 1999). In a study of 26 lactating women where 14 developed 22 episodes of
mastitis, milk sodium concentrations from the mastitic breast were compared with that of the
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asymptomatic breast and with baseline samples. Within subjects, a significantly higher sodium
concentration was observed in the milk of the affected breast (mean 21.8 mmol/L) when
compared to baseline (mean 14.0 mmol/L) and that of the asymptomatic breast (mean 14.8
mmol/L). The elevated sodium concentration persisted whilst inflammation was still evident,
even after systemic symptoms had resolved (Fetherston et al., 2006). Semba et al (1999)
reported that elevated milk sodium concentration (³ 12 mmol/L) measured at six weeks
postpartum in exclusively breastfeeding mothers of healthy infants also contained high levels of
immune factors such as IL-8, secretory leukocyte peptidase inhibitor (SLPI) and lactoferrin when
compared with milk samples with sodium concentrations < 12 mmol/L. Although a number of
these mothers were treated for mastitis, they were unable to link milk samples and clinical
symptoms due to trial design. They did however report that compared to milk Na:K ratios, milk
sodium concentrations had stronger positive correlations with elevated inflammatory and
immunological factors, such as cytokines in milk than Na:K. This study’s authors suggested that
sodium alone is a more reliable indicator of inflammation or mastitis (Semba, 1999).

2.6.3 Milk potassium concentration
Potassium ions are secreted into milk via the apical membrane in the lactocyte. Milk potassium
concentrations decrease linearly, inversely correlating with increasing milk production over the
immediate postpartum period (Hassiotou & Geddes, 2013). Concentrations reduce from
approximately 18.0 mmol/L in postpartum term colostrum (Allen et al., 1991) and 15.1 – 19.3
mmol/L in preterm colostrum (Jensen, 1995) to 12 - 15 mmol/L in both term and preterm
mature milk (Atkinson, 1980, Jensen, 1995} (Table 2.1). In the first eight weeks after birth, milk
potassium concentrations are higher in mothers of extremely preterm infants (<28 weeks, 14.0
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± 2.2 mmol/L) when compared to mothers of term infants (11.5 ± 1.9 mmol/L) although the
difference is not significant (Bauer & Gerss, 2011). Potassium remains stable in both term and
preterm milk from weeks 2 to 12 of lactation (Dutta et al., 2014).

2.6.4 Milk sodium potassium ratio (Na:K)
In some studies milk sodium potassium ratio (Na:K) is used as a marker of secretory activation
and inflammation instead of milk sodium concentration. It is reported to produce less sampling
error by adjusting for differences in the amounts of lipid and aqueous strata of the sample (Lai
et al., 2018; Murase et al., 2017). In colostrum Na:K is initially elevated > 2.0 and decreases as
milk sodium concentrations reduce to a ratio of 0.6 in mature milk (Lemay et al., 2013) (Table
2.1). This reduction in milk Na:K is a marker of secretory activation (Ballard & Morrow, 2013)
and is associated with maternal satisfaction with adequacy of milk volume production on day 7
postpartum (Murase et al., 2017), whereas an elevated Na:K is a known marker for breast
inflammation or mastitis (Fetherston et al., 2006). The ratio is calculated by dividing milk the
sodium concentration by the milk potassium concentration (Figure 2.3).
Figure 2.3 Na:K ratio calculation

𝑁𝑎: 𝐾 𝑟𝑎𝑡𝑖𝑜 =

𝑁𝑎 𝐶𝑜𝑛𝑐 𝑖𝑛 𝑚𝑚𝑜𝑙/𝐿
𝐾 𝐶𝑜𝑛𝑐 𝑖𝑛 𝑚𝑚𝑜𝑙/𝐿

One study reported that exclusively breastfeeding mothers with an elevated milk Na:K ratio on
day seven without evidence of mastitis were over two times more likely to report concern
regarding milk production volume than those with non-elevated Na:K ratio. The researchers

43

found that milk sodium concentration had a weaker association with maternal concern
regarding milk production than milk Na:K (Murase et al., 2017).

2.6.5. Milk sodium potassium ratio in mastitis
An increased milk Na:K > 1.0 occurs in mastitis with inflammation of the mammary epithelium
causing the widening of the tight junctions leading to increased permeability of the paracellular
pathway, thereby increasing the milk sodium concentration and the Na:K ratio (Neville et al.,
1991). Milk Na:K ratio > 1.0 has been correlated with an increase in cytokines that affect
inflammation. Na:K ratio measurement has been recommended for the diagnosis of subclinical
mastitis as it has less sample variability and more closely correlated more closely with cytokines
and other inflammatory mediators (Filteau et al., 1999). However another study reported that
sodium concentration had a stronger correlation with the same mediators when a lower upper
limit (< 12 mmol/L) for normal sodium concentration was used, rather than (16 mmol/L) as
used in the other study (Semba, 1999).
Both milk Na:K and sodium concentration are elevated in response to inflammation in mastitis
irrespective of whether there is evidence of pathogenic bacterial activity.
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Table 2.1 Milk sodium and potassium concentrations (mmol/L) reported as mean ± standard
deviation and mean Na:K ratio.
Sodium (Na)

Potassium (K)

(mmol/L)

(mmol/L)

61.3 ± 25.8a

18.3 ± 5.6a

>2.0e

22.2 ± 9 - 31.8 ± 16d

15.1 ± 4.5 – 19.3 ± 6.2d

1.4-1.6*

Term postpartum colostrum

18.5 ± 1.3b

18.5 ± 0.9b

1.0*

Preterm mature breastmilk

6.5 ± 1.3 – 10.6 ± 2.2c

12.1 ± 1.8c – 15 ± 5d

0.6*

Term mature breastmilk

7.2 ± 0.4a – 13.9 ± 1.7b

11.5 ± 1.9c - 15.3 ± 0.6b

0.6f

Antenatal colostrum
Preterm postpartum colostrum

Na:K

(aAllen et al, 1991, bAtkinson et al, 1980, cBauer & Gerss, 2011, dJensen, 1995, eLeMay et al,
2013, fMurase et al, 2017) *calculated from table values

2.7 Human milk colonisation and infection

2.7.1 Human milk colonisation
Human milk has its own unique but diverse microbiome that assists in colonising the infant gut
(Harvey, Nongena, Gonzalez-Cinca, Edwards, & Redshaw, 2013). Together with human milk
oligosaccharides (HMOs), the human milk virome and other bioactive factors, the microbiome
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aids in the development of the infant’s intestinal microbiome and therefore its immune system
(Le Doare, Holder, Bassett, & Pannaraj, 2018).
The primary bacterial species isolated in human milk from mothers of preterm infants are
Staphylococcus spp., Streptococcus spp. and Lactobacillus spp. These are often accompanied by
Enterococcus spp. and Enterobacteriae spp. in mature milk (Moles et al., 2015). The gram
negative bacillus, S. epidermidis is the predominant commensal bacteria in milk samples while
S. aureus is normal skin flora that may be considered a contaminant when cultured in milk
samples (Heikkilä & Saris, 2003). Boix-Amoros, Collado, and Mira (2016), however, reported
that S. aureus was not isolated in the milk of healthy mothers. Commensal bacteria can actively
oppose and inhibit pathogenic bacteria, and prevent the transition of microorganisms from
commensal to pathogenic (Heikkilä & Saris, 2003; Ma et al., 2015). For example, Heikkila and
Saris (2003) demonstrated that S. aureus could be inhibited or supressed by 20% of S.
epidermidis, 50% of S. salivaris, E. faecalis and lactic acid bacteria that were isolated from milk
samples. In addition, Ma et al. (2015) reported that the commensal bacteria work together as a
network to inhibit pathogenic activity. There is evidence that the milk microbiota differs
between women after term and preterm birth with a small study finding significantly fewer
lactobacillus species in milk in preterm mothers (Khodayar-Pardo, Mira-Pascual, Collado, &
Martinez-Costa, 2014).

2.7.1 Human milk colonisation in mastitis
Staphylococcus aureus is a commensal bacterium frequently identified in milk cultures and
nipple swabs (Moles et al., 2015), but is also the pathogen most commonly associated with
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infective mastitis (Amir, 2014; Heikkilä & Saris, 2003; Kvist et al., 2008) and breast abscess (Kvist
et al., 2008). While nipple colonisation with S. aureus is a risk factor for mastitis many colonised
women do not develop clinical symptoms (Cullinane et al., 2015). Indeed, bacterial counts are
reported to be similar between healthy milk donors and women with mastitis, and so
microbiological culture alone may not be useful in determining whether mastitis is infective
(Amir et al., 2007; Cullinane et al., 2015). S. aureus can, because of its innate and acquired
antibiotic resistance, exotoxin production and cell mediated responses, cause an acute severe
systemic illness (Kvist et al., 2008) that is particularly difficult to treat (Delgado et al., 2009)
Coagulase negative staphylococcus (CoNS), S. epidermidis is also frequently identified as a
causative organism in lactational mastitis. This infection is typically chronic and recurrent and
can be difficult to treat (Delgado et al., 2009) due to biofilm formation and the innate structure
of the organism (Iwatsuki, Yamasaki, Morizane, & Oono, 2006).
Streptococcus agalactiae or group B streptococcus (GBS) is a less common causative organism
that may also be identified in milk samples of asymptomatic women. The reported incidence of
GBS colonization is 0.4% - 0.8% in mother’s own milk and 3.5-10% in raw donor milk (Filleron et
al., 2014; Le Doare et al., 2018). Milk stasis, SCM and mastitis have been associated with
elevated bacterial load in the milk of GBS colonised mothers (Kubín, Mraštíková, Paulová,
Motlová, & Franěk, 1987; Kvist et al., 2008). GBS is an organism of concern as it can cause
severe neonatal sepsis. It is unclear whether human milk is a vector of transmission or assists in
protection from GBS infection (Filleron et al., 2014; Kvist et al., 2008). Transmission of
pathogens from expressed breast milk to vulnerable preterm infants is possible, with three
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reported cases of infection and death thought to be associated with contaminated expressed
milk (Widger, O’ Connell, & Stack, 2010).
Reliance on milk bacterial counts as an indicator of infective mastitis has decreased in recent
years due to increased understanding of the nature of commensal bacteria in human milk.
There is conflicting evidence as to the sensitivity of milk bacterial counts in determining
infective mastitis. Kvist et al. (2008) reported no correlation between elevated bacterial counts
(³107 cfu/L) and clinical symptoms while Delgado et al. (2009) reported that the staphylococcal
count was significantly higher in mastitic milk samples than in healthy milk samples.
Methods that facilitate more rapid confirmation of mastitis will aid early and effective
treatment possibly limiting the severity of the disease. This may then reduce the impact on
maternal wellbeing, decrease the possibility of early weaning and maintain milk production
volume for provision of mother’s own milk to vulnerable preterm infants.
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Chapter 3- Materials and Methods
3.1 Study Design
An observational study of milk sodium and potassium concentrations, microbiological count
and culture, symptoms of breast inflammation and 24 h milk production volume was conducted
in expressing mothers of preterm infants. Mothers completed a background questionnaire at
recruitment, and serial milk sampling was performed for analysis of sodium and potassium
concentrations, microbiological analysis and culture. For sodium and potassium concentration
measurement and calculation of Na:K ratios, samples of expressed milk were collected from
both left and right breasts every second day from days two to ten postpartum, and then every
third day, and analysed at the POC. In addition, milk samples were collected for microbiological
analysis and culture on postpartum days eight and thirteen, and then every six days. At each
sampling time point a breast health questionnaire was completed which collected data on 24 h
milk production volume, expression frequency and inflammatory symptoms for each breast
(Figure 3.1). Qualitative surveys were conducted on day ten and four weeks postpartum to
determine participants’ experiences of having their milk tested. Serial milk sampling and data
collection continued until infant discharge or transfer from the Neonatal Unit of the study
hospital.
In cases where signs of breast inflammation were identified, milk samples were collected from
both breasts on the day of onset for measurement of sodium and potassium concentrations,
and microbiological analysis and culture. Daily samples and breast health questionnaire data
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were collected until 48 hours post resolution of symptoms to enable monitoring over the
course of the illness.
Sample collection was omitted if the mother was unable to express the required volume, was
unable to meet her infant’s milk volume requirements and/or expressed concern about
providing study samples.
Mothers were contacted at four and eight weeks postpartum to determine current feeding
method, breastfeeding and expression frequency and occurrence of mastitis.
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Figure 3.1 Flow chart of study timepoints

Days 2,4,6,8,10 then 3rd daily
Inflammation

(until discharge or transfer)

symptoms
Milk sodium and
potassium concentration
(POC)

24 h expression volume
and frequency

Breast health
questionnaire

Onset:
Microbiological culture
and count

Days 8 & 13 then each 6 days
(until discharge or transfer)

Milk microbiological culture & count

Daily until 48hrs post
resolution of
symptoms:
Milk Na & K
concentration POC

Volume & Frequency

Breast health
questionnaire

Follow up
Day 10 & 4 weeks

4 weeks

8 weeks

Qualitative survey

Follow up questionnaire

Follow up questionnaire

3.2 Participants
Mothers of infants born between 29-34 weeks gestation and admitted to the Neonatal Unit at
King Edward Memorial Hospital (KEMH) were identified and recruited from the Neonatal Unit
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Admissions Register, electronic nursing handover document or referral from clinical staff. The
Neonatal Unit is a tertiary neonatal centre comprised of 30 intensive care beds and 50 special
care beds. It caters for preterm and sick babies from the entire state of Western Australia.
Inclusion criteria for the study were: mothers ³ 18 years of age that were planning to provide
milk for their infants and intending to visit KEMH daily. Mothers were excluded from
participation if they were non-English speaking due to limited access to interpreter support,
required hospitalisation beyond routine postnatal care or had complex health and/or
psychosocial issues that prevented regular breast expression and/or daily visiting to the
Neonatal Unit. Mothers who met the inclusion criteria were provided verbal and printed study
information within 48 hours of birth by the author or supervisor in either their private room on
the postnatal ward, the Interview Room in the Neonatal Unit or, on request, at their infant’s
‘cot-side’. They were invited to participate by providing written informed consent. Participants
were not financially compensated for participation in this study.

3.2.1 Ethics
Human Research Ethics approvals were obtained from the Women and Newborn Health Service
(RGS000103) and The University of Western Australia (UWA, (RA/4/1/9308). This study was
prospectively registered with the Australia and New Zealand Clinical Trials Register
(ACTRN12617001047381).
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3.3 Materials

3.3.1 Background questionnaire
A background questionnaire was completed by interview at the time of consent or at initial milk
collection to obtain demographic data and maternal health, obstetric and lactation histories.
Relevant items such as previous breastfeeding, expressing and mastitis experiences, breast
surgery and piercings were recorded. The questionnaire consisted of sixteen items requiring
both multiple choice and binomial responses and took approximately five minutes to complete.
See Appendix 1.
Socio –Economic Indexes for Areas (SEIFA) scores (Australian Bureau of Statistics, 2018) were
obtained by matching each participant’s postcode with relevant SEIFA decile score and
categorised as either low socio-economic area (SEIFA decile score £ 3), moderate socioeconomic area (SEIFA decile 4 – 6) and high socio economic area (SEIFA decile ³ 7).

3.3.2 Breast health questionnaire
The breast health questionnaire was adapted from the work of Fetherston et al. (2006) to
determine a numerical expression for symptoms of breast inflammation as well as 24 h milk
production volume, breast expression frequency and maternal sensation of breast fullness prior
to expression. The breast health questionnaire consisted of seven items that were completed
for each breast at each sampling time point. See Appendix 2. Completion of the questionnaire
typically took less than five minutes and was administered by brief interview with the

53

researcher. Subsections of the breast health questionnaire related to pain, inflammation and
systemic symptoms of mastitis with multiple choice or binomial responses required.
Pain scores were determined by maternal responses to three questions relating to the presence
or absence of pain, its duration (< 12 hours, 12 – 24 hours or > 48 hours) and severity (no pain,
mild discomfort, painful or severe pain), with the combined pain sub-scores ranging from zero
(no pain) to seven (severe pain lasting > 48 hours).
Inflammation scores were determined by maternal responses to three questions relating to
erythema, shape and temperature of any inflamed area on the breast. Scores ranged from zero
(normal breast, no inflammation noted) to seven (hot to touch, erythematous area covering the
whole breast).
Systemic symptoms were quantified by two questions relating to maternal evaluations of body
temperature and wellbeing. Total sub-scores ranged from zero (temperature < 37.5°C and
generally well) to five (temperature > 38.5°C with fever and extremely unwell).
The sum of the three sub-scores provided a total breast health score (range 0 – 19) for each
breast, with higher score values indicating greater severity of symptoms.

3.3.3 Breast expression diary
All mothers expressing for their infant/s in the Neonatal Unit were routinely provided with a
breast expression booklet from the Neonatal Nutrition team. The booklet contained
information regarding expression and storage of milk, and a diary for recording the volume and
time of each breast expression. The mothers participating in this study were asked to record
expression volumes for each breast rather than the combined volumes to allow for the
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detection of individual breast changes that may occur with mastitis. Expression data were
transcribed from the diaries at each timepoint.

3.3.4 Science knowledge translation questionnaire
Knowledge translation is described as the process by which knowledge or research studies are
synthesized and disseminated so as to improve health outcomes and services. This approach
involves the stakeholders such as participants in the design and implementation of the study,
evaluation and dissemination of its results (Straus, Tetroe, & Graham, 2009; Wensing & Grol,
2019). Our study included maternal questionnaires to ascertain maternal concerns and
perspectives on milk testing, as this data will be useful in determining the feasibility of clinical
applications that may result from this study. Mothers were asked to answer five open-ended
questions at ten days and four weeks postpartum to ascertain their understanding of the study
and perceived benefits and disadvantages to study participation and having their milk testing.
See Appendix 5.

2.3.5 Follow up questionnaire
Mothers were contacted by phone, text message and/or email at four and eight weeks
postpartum to determine their current feeding method, breastfeeding and expression
frequency and occurrence of mastitis. See Appendix 6. In cases where the infant was still an
inpatient in the Neonatal Unit at the time of follow up, the researcher met with the mother to
complete the follow-up questionnaire.
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3.4 Milk sample collection method
A number of steps were implemented to minimize the risk of contamination of milk samples
with substances or bacteria that could affect sodium and potassium concentration
measurement or microbiological culture. Participants were asked to ensure that they had not
expressed with an electric pump, worn breast pads or applied cream to their nipples in the two
hours prior to sample collection.
Prior to commencing the sample collection procedure, milk collection tubes were labelled with
the participant’s study identification number, sample type and collection side (left or right
breast), date and time of collection. Microbiology samples were also labelled with the
participant’s birthdate as is standard practice at the study hospital.
Participants were given the option of collecting samples under instruction of the researcher, or
of having the researcher perform the sample collection during visits to the Neonatal Unit. They
were offered a private space to complete sample collection, such as their room on the
postnatal ward or the expressing room in the Neonatal Unit. The sample collection procedure
was performed by the researcher or the mother after hand washing was completed. The
researcher wore disposable gloves for the procedure.
Disinfection of the nipples and areolae was completed immediately prior to sample collection
by swabbing with a 70% isopropyl alcohol and 1% chlorhexidine swab (Briemar, Koo Wee Rup,
Australia). Swabbing was performed using a circular motion extending from the nipple to the
border of the areola, then left to air dry for 30 seconds. To reduce contamination of the sample
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by skin flora, two to four drops of milk were hand expressed onto a sterile gauze swab
(Multigate Medical Products Pty Ltd, Villawood, Australia) and discarded. See Appendix 3.
Hand expression of milk samples was completed by placing the fingers and thumb either side of
the areola and gently compressing towards the nipple repeatedly until the required sample
volume was obtained. Separate samples were collected from the left and right breasts at each
sample collection and capped immediately. For sodium and potassium concentration analysis, a
3 mL sample was hand expressed into a 5 mL polypropylene tube (Technoplas Pty Ltd, St Marys,
SA, Australia). For microscopy and culture analysis, a 1 mL sample was hand expressed into a 15
mL bevelled base polypropylene tube (Sarstedt AG &Co, Numbrecht, Germany). Where samples
were required for both microscopy and culture and sodium and potassium analysis, the
microbiology sample was collected first to minimize the risk of contamination.
A home sampling pack and instructions were given to each mother to provide for situations
where the onset of breast inflammation symptoms occurred at home, in case the mother was
unable to attend the study hospital due to severity of illness. Mothers were given verbal and
written instructions for disinfection, collection, storage and transport of milk samples and two
70% isopropyl alcohol and 1% chlorhexidine swabs (Briemar, Koo Wee Rup, Australia), a packet
of sterile gauze swabs (Multigate Medical Products Pty Ltd, Villawood, Australia), two 5 mL
polypropylene tubes (Technoplas Pty Ltd, St Marys, SA, Australia), two 15 mL bevelled base
polypropylene tubes (Sarstedt AG &Co, Numbrecht, Germany), a breast health questionnaire
and a specimen bag. See Appendix 3. Mothers were instructed to contact the researcher and
collect milk samples from both breasts if they experienced any symptoms of breast
inflammation at home. Samples could be refrigerated and brought to the neonatal nursery for
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analysis within 12 hours, or frozen and brought in at their next visit. See Appendix 3. Samples
were transported to the hospital in an insulated bag with ice packs. Subsequently refrigerated
samples were warmed to room temperature and analysed, and frozen samples were stored at 20°C for later analysis.

3.5 Sodium and potassium ion meters
Milk sodium and potassium concentrations were measured at POC using handheld ion selective
meters, B-722 LAQUAtwin Compact Sodium Ion Meterä (Horibaâ, Japan) and B-731
LAQUAtwin Compact Potassium Ion Meterä (Horibaâ, Japan) (Figure 3.2).
Figure 3.2 Handheld sodium and potassium meters used for point of care (POC) measurement
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Each meter is selective for specific ion (i.e, Na, K) and determines the ion concentration by
measuring its potential across a polymeric pH response membrane to a reference electrode
within a sensor filled with a gel of known ionic concentration (Figure 3.3). Selectivity is
determined by the size of the molecular opening within the membrane and the size of the ion
being measured (Lai et al., 2018). For the Na ion meter, the ion selective membrane is
comprised of Na ionophore II, and for the K ion meter, the ion selective membrane is comprised
of valinomycin (Horiba Ltd, 2018). The sensors are housed in waterproof hand held units. These
probes have been validated for use in measurement of human milk Na and K concentrations
(Lai et al., 2018).
Figure 3.3 A diagrammatic representation of the selective ion meters for sodium and
potassium. Adapted from Horiba (2018)

Ion selective membrane

Reference electrode
Gel filled sensor
Liquid interface

59

3.5.1 Milk sodium and potassium concentration analysis
The B-722 LAQUAtwin Compact Sodium Ion Meterä (Horibaâ, Japan) and B-731 LAQUAtwin
Compact Potassium Ion Meterä (Horibaâ, Japan) were used for analysis using the following
calibration and analysis procedures that are identical for each ion meter.
Prior to testing, each ion meter was calibrated to 150 ppm and 2000 ppm by instilling 150 ppm
calibration solution onto the sensor to completely cover it and depressing the ‘CAL’ button.
After confirmation of calibration to 150 ppm, the sensor was cleansed with double de-ionised
water and gently wiped with KimWipes (Kimberley-Clarke Worldwide, Irving, TX, USA). Next,
300 µL of 2000 ppm calibration solution was instilled to completely cover the sensor, the ‘CAL’
button depressed again to verify calibration to 2000 ppm was confirmed. The sensor cleaning
process was repeated until the sensor measurement displayed 0 ppm.
Using a pipette, 300 µL samples of expressed milk were aspirated from the collection tube and
instilled onto each electrode sensor, and readings recorded in parts per million (ppm) after 15
seconds of stabilisation time. Milk samples were returned to the collection tube via pipette. The
sensor cleaning process was repeated until the sensor reading registered 0 ppm. Each assay
was completed in duplicate.

3.5.2 Conversion of milk sodium and potassium concentrations
The ion meters reported electrolyte concentrations as parts per million (ppm). Concentrations
were converted to mmol/L by dividing the concentration (ppm) by the relevant atomic weight
i.e. sodium = 22.99, potassium = 39.1 (Figure 3.4).
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Figure 3.4 Calculation for converting concentration (ppm) to concentration (mmol/L)
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑝𝑚
= 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚𝑜𝑙/𝐿)
𝐴𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
The duplicate results for both sodium and potassium concentrations (mmol/L) were averaged
and used to calculate the milk Na:K ratio using the following formula. See Figure 3.5.:

Figure 3.5 Calculation for Na:K ratio

𝑁𝑎: 𝐾 𝑟𝑎𝑡𝑖𝑜 =

𝑁𝑎 𝐶𝑜𝑛𝑐 𝑖𝑛 𝑚𝑚𝑜𝑙/𝐿
𝐾 𝐶𝑜𝑛𝑐 𝑖𝑛 𝑚𝑚𝑜𝑙/𝐿

3.5.3 Milk sample storage
Point of care analysis of milk sodium and potassium concentrations was planned to be
completed in the neonatal nursery within 30 min of sample collection. Where POC analysis was
not possible samples were stored at -20°C and later thawed, warmed to room temperature and
analysed in the neonatal nursery.
During office hours, microbiological samples were sent to the PathWest laboratory at KEMH
immediately after collection. Samples collected outside of office hours were stored at -20°C
immediately after collection and sent to the laboratory during office hours.
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Residual milk samples were stored at -20°C in the Neonatal Unit research freezer, and later
transferred in polystyrene containers with icepacks to the -20°C freezers at the Hartmann
Human Lactation Research Laboratory at The University of Western Australia.

3.6 Microbiological analysis of milk samples
For microbiological culture both blood agar medium (PathWest Medical Laboratory WA Media,
Perth, Australia) and cysteine lactose electrolyte-deficient (CLED) agar medium (PathWest
Medical Laboratory WA Media, Perth, Australia) were used to promote bacterial proliferation.
As per the laboratory’s standard operating procedure for bacterial analysis of human milk, 50µL
of milk was streaked out to single colonies on each media. The blood agar medium was used to
culture possible staphylococcus and streptococcus species and the CLED agar medium used for
growth of all other pathogens. The samples were incubated at 37°C for 24 hours and single
colonies assessed.
Matrix Assister Laser Desorption Ionization (MALDI-ToF) Mass Spectrometer (MALDI-ToF MS,
Bruker Corporation, Billerica, United States of America) was used for the identification of
cultured bacterial organisms (Florio, Tavanti, Barnini, Ghelardi, & Lupetti, 2018). This was done
by mixing the sample with a matrix, an energy absorbing solution that encapsulates and causes
the sample to crystalise when the compound dries. The sample encapsulated in the matrix is
then ionised and desorbed by a laser beam. The resulting ions are then accelerated through a
charged grid where they separate according to their mass to charge ratio (m/z) and measured
by establishing the time required for the ions to travel along the flight tube. Using this data, a
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peptide mass fingerprint is produced for the sample which is analysed and matched against a
proteome database for identification (Singhal, Kumar, Kanaujia, & Virdi, 2015).
To prepare for bacterial count the milk samples were diluted 1:10 by adding 100 µL of milk to
900 µL of nutrient broth. Each diluted sample was then serially diluted from 1x10-2 to 1x10-8 in
nutrient broth (PathWest Medical Laboratory WA Media, Perth, Australia). Three 10 µL drops of
each dilution solution were plated onto another blood agar medium using a drop plate method
(Singleton & Sainsbury, 2006). The inoculated plates were then incubated under aerobic
conditions at 37°C for 24 hours. Colonies were then enumerated under dissecting microscope
to obtain the bacterial density in colony forming units per millilitre (cfu/mL) with >104 cfu/mL
indicating heavy growth (Schanler et al., 2011).
Identified cultures and bacterial colony counts were reported to the research team via
PathWest Direct, an online reporting system that was accessed at the study hospital. As the
identification of heavy bacterial growth was a possible outcome, our study protocol stipulated
that clinically significant milk cultures such as group A or group B Streptococcus would be
reported to the medical team caring for the mother’s infant.

3.7 Statistical analysis
The primary aim of this study was to determine whether elevated Na or Na:K ratios measured
at POC were associated with mastitis in mothers of hospitalised preterm infants. Relationships
between elevated Na and Na:K ratios and breast symptoms, positive microbiology culture and
acute reductions in 24 h milk production volume of the affected breast/s were examined.
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A mixed binomial model was planned with repeated measurements of Na:K ratio over an
average of two and a half to three weeks and separate evaluations of breast symptoms,
microbiological culture and reductions in 24 h milk production. It was estimated that 62
participants were required to ensure a 95% chance of seeing at least two cases of elevated Na:K
ratio, as calculated using a simulation model with a=0.05 to a power of 95%.
A secondary aim of the study was to examine the incidence of mastitis in mothers of preterm
infants. Recruitment of 65 participants would allow for estimation of the true incidence (within
95% CI) in this population, based on an estimate of approximately 20% of mothers developing
mastitis over 8 postnatal weeks (Cullinane et al., 2015).
Microsoftâ Excel for Mac (2018) was used for descriptive statistical analysis including
calculating mean, median, standard deviation, range and interquartile range for data. IBMâ
SPSSâ Statistics (Version 26) was used for measures of association, Chi square and Fishers
Exact Test, between milk Na:K ratio and sodium concentration results collected after day six
versus breast health scores and milk production volume at the same timepoint. Milk analysis
results milk production and breast health questionnaire scores were categorised prior to
statistical evaluation (Table 3.1). Milk sodium concentration was tested for association for both
12 mmol/L and 16 mmol/L. For all association measures, if the expected value of one cell was
less than five, the Fishers Exact Test results were reported in place of the Chi Square Test.
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Table 3.1. Categories for each variable for both healthy and abnormal values
Healthy

Abnormal
Elevated/ Decreased

Na:K

£ 1.0

> 1.0

Sodium concentration 1

£ 12 mmol/L

>12 mmol/L

Sodium concentration 2

£ 16 mmol/L

> 16 mmol/L

Potassium concentration

£ 20 mmol/L

> 20 mmol/L

Volume (per breast)

> 250 mL/ 24 h

£ 250 mL/ 24 h

Breast health scores

£1

>1

3.8 Data management
Study data were de-identified and collected under a study identification number that was
allocated at consent. Data recorded on hard copy data collection sheets and questionnaires
were entered into REDCap (Research Electronic Data Capture). REDCap is a secure, password
protected, web-based application designed to support data capture for clinical research (Harris
et al., 2009) and is hosted at The University of Western Australia. On completion of the project,
the de-identified data will be uploaded to the UWA Research Repository, a secure on-line
database. Hard copies of signed consent forms, data and results will be kept in a locked filing
cabinet within a locked office in the Neonatal Directorate at KEMH until at least 7 years after
the date of publication or project completion, whichever is the latter, and then shredded.
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Chapter 4 Results
4.1 Participant characteristics
Mothers of preterm infants admitted to the neonatal unit at KEMH in Subiaco, Western
Australia were recruited between October 2017 and April 2019. This study aimed to recruit 65
mothers of preterm infants. Of the 332 mothers screened for eligibility, 46 consented to
participate in the study. The remainder either did not meet the inclusion criteria, declined to
participate or were not approached due to planned early transfer or after discussion with
clinicians. (Figure 4.1.). As a Master of Child Health Research student, the author was solely
responsible for recruitment which was limited by paid work commitments and studying parttime, thus further slowing the recruitment rate. Recruitment was ceased prior to achievement
of the required sample size to enable completion of course requirements within the timeframe
of the Masters degree course.
Demographic data were obtained for 44 mothers and their 48 infants (38 singletons, five sets of
twins) (Figure 4.1.). Three participants withdrew from the study due to time constraints and did
not wish to be included in follow-up to eight weeks but were agreeable to milk sample results
being included in the analysis. Additionally, there were four participants who were unable to be
contacted at the final follow-up timepoint thus 39 participants were followed up to eight weeks
postpartum.
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Figure 4.1 CONSORT 2010 flow diagram of study

CONSORT 2010 Flow Diagram

Enrollment

Assessed for eligibility (n=332)

Excluded (n= 286)
¨ Not meeting inclusion criteria
(n= 104)
¨ Declined to participate (n=70)
¨ Other reasons – early transfer
indicated, not approached (n=112)

Observation

Allocated to observation (n= 46)
¨ Observed (n= 44)
¨

Follow up

withdrawn prior to sampling (n= 2)

Followed up (n=39)
•

Lost to follow-up (n= 4)

•

Discontinued observations (maternal time constraints), did
not want to continue follow up (n= 3)

•

Discontinued observations (maternal time constraints, no
longer expressing), did want to continue follow up (n=2)

Analysed

Analysis

•

Milk samples for electrolyte analysis (n=660)

•

Milk samples for microbiological analysis (n=196)

•

Breast health questionnaires (n=382)

•

24 h Milk production volumes = (n=364)

o

Excluded from analysis (n=2)

Demographic characteristics are reported in Table 4.1. The precipitating factors for preterm
birth were often multifactorial, and included hypertension or pre-eclampsia (27%),
spontaneous preterm rupture of membranes (17%) and spontaneous preterm labour (15%).
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Table 4.1 Demographic characteristics of mothers and infants

Responses (n)

n (%)

Median (IQR)

Maternal characteristics (n=44)
30.5 (28, 34)

Maternal age (years)

44

Primiparous

44

25 (57)

Singleton birth

44

39 (89)

Mode of birth = Caesarean

44

25 (52)

Smoking in pregnancy

42*

5 (12)

Smoking, current

42*

3 (7)

SEIFA index**
£3

42*

8 (19)

4-6

10 (24)

³7

24 (57)

Education level
up to year 12 high school

43*

16 (37)

certificate/apprenticeship

10 (23)

graduate degree or higher

17(40)

Infant characteristics (n=48)
Birth gestation (weeks)

44

31.6 (30, 33)

Birthweight (grams)

48

1480 (1380, 1982)

Infant sex = male

48

25 (52)

* missing data **SEIFA index (Socio-Economic Indexes for Areas) categorises Australian postal area codes by
relative socio-economic advantage or disadvantage with index < 3 indicating most disadvantaged and > 7
indicating least disadvantaged.

While the median time to first breast expression was 2.5 hours after birth, 19 (45%) expressed
within the first hour. Three of the 17 participants that had previously lactated reported a
history of mastitis, of which one was conservatively managed, and two required antibiotic
treatment. Nipple piercing was reported in five (11%) participants and one participant had a
history of breast augmentation surgery (Table 4.2).
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Table 4.2 Breastfeeding characteristics of study participants reported as n (%) or median (IQR)

Multiparous
Previous lactation
previous episode of mastitis
previous lactation duration (months)
All participants
time to first breast expression (h)
first expression within 2 h of birth
Intended breastfeeding duration
“as long as possible”
< 12 months
³ 12 months

(n)

n (%)

19
17

17 (89%)

Median (IQR)

3 (18%)
24 (12,69)
42*
42*

2.5 (1, 6)
21 (50%)

42*
12 (28)
6 (14)
24 (57)

*missing data

4.2 Mastitis Incidence
This study did not achieve the sample size of n=65 required to estimate the true incidence of
mastitis in the preterm population. Within the study cohort of 44 mothers, three participants
experienced a total of four episodes of breast inflammation or mastitis during their infants’
neonatal unit admission. A further two participants reported episodes after discharge but
within eight weeks of birth. Therefore, there were six episodes of mastitis observed in five
mothers of preterm infants in the period between onset of secretory activation (beyond day six
in this cohort) and eight weeks postpartum. The incidence rate per episode for this study
sample was 15.4% (six episodes per 39 participants) and per participant was 12.8% (5/39
participants followed up to 8 weeks of age).
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4.3 Mastitis cases
The characteristics of the mothers who experienced the six cases of mastitis are reported in
Table 4.3. Mothers that experienced symptoms of breast inflammation are reported as
‘mastitis’ subjects while the remaining are reported as ‘healthy.’ Within the mastitis group one
mother reported previous breast augmentation surgery, one had unilateral nipple piercing and
another had bilateral nipple piercings. The odds ratio of developing mastitis after reporting
previous breast surgery or nipple piercing was 13.12 (CI 95% 1.66 – 103.67) and the relative risk
was 7.93 (CI 95% 1.61 – 39.13) indicating increased risk in this cohort.
Table 4.3 Characteristics of participants with and without mastitis within 8 weeks of birth,
reported as mean ± SD or n (%).
Characteristics

Mastitis group (n=5)

Healthy group (n=39)

Maternal age (years)

29 ± 6

30 ± 5

Primiparous

3 (60%)

23 (59%)

Multiparous, previous
breastfed/expressed

2/2 (100%)

14/16 (88%)

Multiparous, not
breastfed/expressed

0/2 (0%)

2/16 (12%)

Mastitis in previous lactation

0/2 (0%)

3/14 (21%)

Singleton pregnancy

5 (100%)

34 (87%)

Caesarean birth

1 (20%)

23 (59%)

0, 0

5 (13), 3 (8%)

3 (60%)

4 (10%)

31.8 ± 1.9

31.5 ± 1.5

Smoking; pregnancy, current
Previous breast surgery or
piercing
Birth gestation (weeks)
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Of the three participants that had mastitis during the infant’s neonatal unit stay, secretory
activation had occurred and milk sodium concentrations were within the reference rangefor
mature milk prior to the onset of mastitis. Milk Na:K ratios < 1.0 were observed bilaterally by
day six postnatal in two case mothers and by day eight in the third case mother. Further,
bilateral milk sodium concentrations were < 16 mmol/L by day six in all three case mothers.
The four episodes of mastitis that arose during infant hospitalisation occurred unilaterally for
M1 (postnatal days 13 and 20) and M2 (postnatal day 22) and bilaterally for participant M3
(postnatal day 15) (Table 4.4). All samples were collected after the onset of symptoms. Mothers
were referred to the neonatal unit’s international board certified lactation consultant for
confirmation and management, and were deemed suitable for conservative treatment i.e.
antibiotic treatment was not required.
The Breast Health Questionnaire (BHQ) score was elevated on day one of each episode. BHQ
scores returned to 0 within 48 hours of reporting symptoms for three episodes, and after three
days for the other episode (Table 4.4). During sample collection for onset of mastitis symptoms
in her right breast on day 13 participant (M1) reported that she had experienced systemic
symptoms and breast pain in her left breast on the evening of postnatal day 9. She had
disregarded the pain and fever as normal postnatal adaptation and symptoms of her chronic
illness (Crohn’s disease), so did not mention this and the left breast was asymptomatic when
completing the routine day 10 sampling and BHQ.
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Table 4.4 Daily biochemistry, breast health questionnaire (BHQ) scores and 24 h production
volume results for mastitic and unaffected breast from onset to resolution of mastitis
symptoms in mothers of hospitalised preterm infants
M1
M1
M2
M3
Postnatal day
at first
sample/culture
Breast side
affected*
Na:K
D1
D2
D3
D4
Na (mmol/L)
D1
D2
D3
D4
BHQ score
D1
D2
D3
D4
24 h
production
(mL)
D1
D2
D3
D4

13

20

22

15

L

R*

L*

R

L

R*

L*

R*

0.63
0.47
0.47
0.43

1.15
0.52
0.3
0.21

1.32
0.38

0.46
0.35

0.27
0.25
+
0.29

0.43
1.23
+
0.55

2.18
+
+
1.17

1.07
+
+
0.46

12.83
11.31
7.39
6.96

20.66
12.4
6.09
5.22

19.57
8.26

8.26
5.87

4.78
4.78

8.26
22.62

5.22

9.79

23.71
+
+
15.01

12.18
+
+
6.09

2
1
0
0

8
6
5
0

4
0

1
0

0
0
+
0

6
4
+
0

7
0
+
0

7
0
+
0

350
360
270
300

345
350
265
410

350
350

350
360

1000
700
+
700

240
350
+
300

600
600
+
600

600
600
+
650

+ samples/data not collected as mother not available

4.4 Milk sodium and potassium concentrations
A total of 660 milk samples (330 paired samples from 44 mothers) were collected for
electrolyte concentration analysis, of which 594 samples were from healthy participants. One
pair of samples was excluded due to aberrant readings. It was not possible to collect milk
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samples at every designated collection timepoint for each participant due to inability to express
colostrum, low milk production volume or milk prioritized to the infant, maternal illness or
unavailability. Approximately 10% of samples were stored at -20°C prior to initial analysis.
The three participants who experienced mastitis during their infants’ neonatal unit admission
provided a total of 66 (33 paired) milk samples, including those collected at scheduled study
time points and daily over the course of each episode of mastitis.

4.4.1 Milk sodium to potassium ratio (Na:K ratio): healthy group
Milk Na:K ratios were calculated from (n=592) paired sodium and potassium concentrations.
For the healthy group the median Na:K ratio was elevated at 1.22 on day two prior to secretory
activation, decreased to reference range (< 1.0) (Ballard & Morrow, 2013) by day four and
remained < 0.6 thereafter (Figure 4.2.).
Beyond day six postpartum, there were six healthy participants that had episodes of elevated
milk Na:K in the absence of mastitis symptoms. Two (H6, H31) had elevated Na:K ratios that
persisted beyond day six. After secretory activation some variation was noted in several
participants and appeared to be due to reduced milk production and frequency of pumping
which is explored later in section 4.5.
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Figure 4.2 Milk Na:K ratio by postnatal day in healthy participants

4.4.2 Milk sodium to potassium ratio (Na:K ratio): mastitis group
For all but one case, the Na:K ratio was < 1.0 in the days prior to the onset of mastitis. The Na:K
increased to > 1.0 in all cases around the time of onset of mastitis.(Figure 3.3). M1 had a milk
Na:K > 1.0 in her left breast on day ten and had only fleeting symptoms so the mother did not
report this. Within three days (day 13) the onset of mastitis in the right breast was reported as
the first epsiode; the left breast Na:K was < 1.0 at this time but on day 20 was elevated in
conjunction with symptoms of inflammation indicating a second epsiode of mastitis. M2 had a
Na:K ratio increased to > 1.0 within 24 h of symptom onset. In three episodes the Na:K ratio
normalised within 48 h of the onset of symptoms, while in the fourth episode (M3, bilateral
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mastitis), milk Na:K in the left breast remained elevated until the sixth day after onset, despite
resolution of symptoms (Figure 3.3).
Figure 4.3 Na:K ratio by postnatal day for ‘breast inflammation’ participants (indicated by
dotted lines) and group median for ‘healthy’ participants (indicated by solid line)

4.4.3 Milk sodium concentration: healthy group
For healthy participants, a total of 594 milk samples were analysed for sodium concentration. A
rapid decline in median sodium concentration was observed between postnatal days two and
six, with a more gradual decrease thereafter (Figure 4.4). The median sodium concentration
value was < 16 mmol/L by day four (Table 4.6).
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Three participants had continuing elevated sodium beyond day six and were all associated with
milk production volume of <200 mL/24 h (H1, H6, H35). A further two participants that
experienced single unilateral episodes of elevated sodium concentration >16 mmol/L on day 10
(H31, 18.27 mmol/L) and day 19 (H19, 22.18 mmol/L) with concurrent reduction in milk
production volume of <200 mL/24 h (H19, H31) and no increase in BHQ score.
Figure 4.4 Milk sodium concentrations by postnatal day: healthy group

4.4.4 Milk sodium concentration: mastitis group
In all mastitis subjects, milk sodium concentrations had decreased to < 16 mmol/L by day six
indicating that secretory activation had occurred, and increased to > 19 mmol/L during mastitis
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epsiodes. The onset of elevated sodium in relation to the timing of onset of mastitis symptoms
varied between cases with M1 recording elevated sodium concentration in the unaffected
breast three days prior to the first reported episode, on day 16. The second episode and
elevated sodium concentration in the opposite breast was recorded on day 20. For M2,
elevated sodium was observed on the day after onset of symptoms reported on day 22 and M3
recorded unilateral milk sodium elevation on day15. In three of the four episodes, milk sodium
concentration returned to < 16 mmol/L within 24 - 48 h of the first elevated sodium sample
(Figure 4.5).
Figure 4.5 Sodium concentration (mmol/L) by postnatal day for mastitis cases (indicated by
dotted lines) and group median for ‘healthy’ group (indicated by solid line)
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4.4.5 Milk potassium concentration: healthy group
In the healthy group median milk potassium concentration increased from day two to day four,
decreased to within preterm reference range (9.3 – 20.0 mmol/L) (Jensen, 1995) by day 13 and
then stabilised. Eleven of 31 (35%) participants had concentrations > 20 mmol/L of which four
persisted until day 13 (Figure 4.6).
Figure 4.6 Milk potassium concentrations in the first postnatal month.

4.4.6 Milk potassium concentration: mastitis group
Milk potassium concentration was initially elevated in two mastitis cases and reduced to < 20
mmol/L by day ten. Two participants’ milk potassium concentrations remained < 20 mmol/L
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during episodes of breast inflammation. The remaining participant (M1) demonstrated an
increase to 24.2 mmol/L and 23.9 mmol/L for the left and right breast respectively on the day
after the initial report of breast symptoms and reduction in the milk potassium concentration
from the affected breast at the second episode (Figure 3.7).

Figure 4.7 Potassium concentration (mmol/L) by postnatal day for mastitis cases (indicated by
dotted lines) and group median for healthy group (indicated by solid line)
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4.5 Milk production volume and breast expressions

4.5.1 24 h milk production volume; healthy group
For the healthy group, the median combined (left and right breast) 24 h milk production
volume rapidly increased from < 20 mL on day two to 440 mL by day six. From day eight
onwards the median combined 24 h milk production volume was ³ 600 mL (Figure 4.8).
Low milk production (< 500 mL / 24 h) was observed in 26% (8/31) of all participants that
reported milk production volumes on day 13, of which their productions had a median of 337
(IQR 285, 396) mL/ 24 h. Of the mothers with low milk production on day 13, three were
transferred out of the study hospital prior to the next follow up timepoint, and one withdrew
from the study; for the remaining four mothers low milk production persisted for the duration
of their infants’ neonatal unit stay.
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Figure 4.8 Healthy participants’ combined 24 h milk production volumes (mL) reported by
postnatal day to day 22

Of the 23 mothers with adequate milk production on day 13, milk productions of > 1220 mL/ 24
h, indicating oversupply, were observed in two (9%) mothers on day six and three mothers on
day 16. Of the healthy group with adequate milk production on day 13, brief episodes of low
milk production volumes were observed in four participants; two on day 19, one on day 34 and
one on day 49. However, the reported lower total expression volume the latter two are
confounded by commencement of some breastfeeding with concurrent reduction of breast
expression frequency: as test weighing was not performed, transferred milk volumes cannot be
accounted for.
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Of the five participants (16%) that reported a noticeable difference in volume between sides
four had higher 24 h volumes from the right breast. By day ten, 22 of 29 participants (76%)
recorded a difference in 24 h milk production volume between breasts of 78 ± 98mL, 5/29
(17%) reporting a difference of ³ 100 mL (range 100-400 mL/24 h). Higher production was
noted equally for left and right breasts (11/22), with differences sustained throughout the
testing period.

4.5.2 24 h milk production volume; mastitis group
All three participants who experienced mastitis had combined production volumes > 500 mL/24
h by postnatal day six and two (M2, M3) had an ‘oversupply’ of > 1220 mL/24 h at day 16. A
transient reduction in 24 h milk production volume was observed in three of four episodes of
mastitis; case M1 had a bilateral reduction in milk producution during days one and three of her
first episode with a combined reduction of 270 mL /24 h over the two days, and a decrease of
60 mL/24 h from the affected breast on the first day of her second episode; case M2 had a 360
mL/24 h reduction in the affected breast and an increase of 300 mL/24 h in the unaffected
breast (Table 4.4). The third participant exhibited no change in milk production. All participants
combined milk production remained > 500 mL/ 24 h despite reductions in volume during
mastitis (Figure 4.9).
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Figure 4.9 Twenty four h milk production volume per breast by postnatal day for mastitis
cases (indicated by dotted lines) and group median for healthy participants (indicated by solid
line)

4.5.3 Breast expressions; healthy group
There were 347 reported breast expression frequencies recorded from all participants over the
study period. The median expression rate was 7/24 h in the first ten days. This reduced to 56/24 h after day 31 but was confounded as most mothers were also breastfeeding their infants
during this time period (Table 4.5). There were four reports of reduced expression frequency (<
5/24 h) on day two, two on day four and one on day six. All were associated with low 24 h milk
production volumes with one participant reporting reduced frequency at all three timepoints.
From day eight to day 25 there were two to three reports of reduced expression frequencies at
each data collection timepoint. At day eight, three reduced expression frequencies were
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associated with milk production £ 500 mL/24 h but beyond day 25 none were associated with
reduced milk production volume.
Table 4.5 Breast expressions per 24 h by postnatal day; all participants
n=

Median

IQR

Day 2

33

7

(5, 7)

Day 4

40

7

(6, 7)

Day 6

40

7

(6, 7)

Day 8

34

7

(6, 7)

Day 10

31

7

(6, 7)

Day 13

30

6

(5, 7)

Day 16

25

7

(6, 7)

Day 19

19

6

(5, 7)

Day 22

18

6

(5, 7)

Day 25

14

7

(6, 7)

Day 28

10

7

(6, 7)

Day 31

10

6

(6, 7)

Day 34

11

7

(6, 7)

Day 37

7

6

(6, 7)

Day 40

10

6

(5, 6)
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4.5.4 Breast expressions; mastitis group
All mastitis cases were expressing six to seven times in 24 h by day six and continued to express
five times or more in a 24 h period (Figure 4.10).
Figure 4.10 Number of milk expressions per 24 h by postnatal day for mastitis cases (indicated
by dotted lines) and group median for healthy participants (indicated by solid line)

4.6 Breast health questionnaire scores

4.6.1 Breast health questionnaires (BHQ); healthy group
There were 668 paired breast health questionnaire (BHQ) scores completed by the healthy
participants. The incidence of BHQ > 1, indicating the presence of symptoms, was 16% (11/70)
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on day 2, and 25% (19/76) on day 4 with a decreasing incidence to no elevated scores at day 16
(Table 4.6). There were three instances of elevated scores at days 31 – 37, and no elevated BHQ
scores from day 40 to the completion of the sampling period or discharge (Table 4.6).
Table 4.6 Breast health questionnaire (BHQ) scores by postnatal day; healthy group
Postnatal Day

n

BHQ £ 1 (%)

BHQ > 1

Max score

n (max score)

Day 2

70

59 (84%)

11 (16%)

7

2

Day 4

76

57 (75%)

19 (25%)

8

2

Day 6

70

60 (85%)

10 (15%)

10

2

Day 8

68

64 (94%)

4 (6%)

6

2

Day 10

58

54 (93%)

4 (7%)

7

1

Day 13

54

51 (94%)

3 (6%)

6

1

Day 16

50

50 (100%)

-

1

3

Day 19

26

26 (100%)

-

1

2

Day 22

22

22 (100%)

-

0

-

Day 25

28

28 (100%)

-

1

1

Day 28

20

20 (100%)

-

0

-

Day 31

20

18 (90%)

2 (10%)

6

2

Day 34

22

18 (81%)

4 (19%)

6

2

Day 37

14

12 (86%)

2 (14%)

2

2

Day 40

18

18 (100%)

-

0

-
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4.6.2 Breast health questionnaires; mastitis group
There were 32 paired BHQ scores provided by the mastitis group throughout their infants’
admissions to the neonatal unit. Of these nine were collected during mastitis episodes. All three
participants reported increased BHQ scores in the affected breast on day one of each episode
(range 54 to 8). All had BHQ scores £ 1 prior to the onset of mastitis. One participant reported a
slightly increased BHQ score for the unaffected breast on the initial day of the episode. For all
mastitis episodes BHQ scores had normalised to £ 1 within two (n=3) or three days (n=1) of
reporting the onset of symptoms (Figure 4.11).
Figure 4.11 BHQ score per breast by postnatal day for mastitis cases (indicated by dotted
lines) and Na:K ratio £ 1.0 as normal value (indicated by solid line)

87

4.7 Associations; healthy group
Measures of association between milk Na:K ratio, sodium concentration, BHQ scores and 24 h
milk production volumes beyond day 6 postnatal were examined. There were 505 matched
BHQ scores, Na:K ratios and sodium concentrations, of which 484 also had matched 24 h milk
production volumes. As there are differing reports of upper levels of normal for sodium
concentration in the literature, both milk sodium concentrations 16 mmol/L (Morton, 1994)
and 12 mmol/L (Semba, 1999) were examined.

4.7.1 Milk sodium potassium ratio and BHQ scores
Milk Na:K ratios from 505 samples collected after day six were categorised as within reference
range (Na:K ratio £ 1.0) or elevated (Na:K > 1.0), and examined for associations with
corresponding BHQ scores.. There were 29 (6%) elevated BHQ scores; of these only seven (24%)
had an elevated Na:K ratio. Elevated BHQ scores were positively associated with elevated Na:K
ratios (p < 0.001).
Of the three healthy participants with elevated Na:K that persisted after day six, only one had a
BHQ > 1, and was being treated by the lactation consultants for engorgement (Table 4.7). The
other two did not report breast inflammation symptoms or changes in breast fullness and had
milk production volumes < 500 mL/ 24 h at time of elevated Na:K. Four healthy participants had
an increased Na:K after initial reduction to < 1.0 by day six; they did not have elevated breast
health scores but two of the four had reduced milk production volumes of < 500 mL/24 h.
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4.7.2 Milk sodium concentration and BHQ scores
Milk sodium concentration from 505 samples collected after day six were initially categorised as
within reference range (Na £ 16mmol/L) or elevated (Na >16 mmol/L). They were examined for
correlations with corresponding BHQ scores. BHQ scores £ 1 were categorised as healthy, and
scores >1 as elevated, indicating symptoms of inflammation (Table 4.7). Of the 29 (6%) reports
of an elevated BHQ score, eight (28%) had an elevated milk sodium concentration
demonstrating a positive correlation (p= < 0.001).
Of three healthy participants that continued to have elevated milk sodium concentrations after
day six, one had elevated breast health scores. Two participants had elevated sodium
concentrations after the initial reduction to £16 mmol/L with no elevation in BHQ score.
An alternative analysis was performed with milk sodium concentration was categorised as
normal (Na < 12 mmol/L) or elevated (Na >12 mmol/L), and data examined for an association
with corresponding BHQ scores. Of 29 (6%) reports of an elevated BHQ score, 12 (41%) had an
elevated milk sodium concentration (p = <0.001) demonstrating a positive association between
these variables.
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Table 4.7 Associations between breast health questionnaire (BHQ) and Na:K ratio and sodium
concentration
Measure

n

BHQ > 1
n= 29
22 (4%)

Na:K £ 1.0

481

BHQ £ 1
n= 476
459 (91%)

Na:K > 1.0

24

17 (3%)

7 (1%)

Na £ 12 mmol/L

456

439 (87%)

17 (3%)

Na > 12 mmol/L

49

37 (7%)

12 (2%)

Na £ 16 mmol/L

485

464 (92%)

21 (4%)

Na > 16 mmol/L

20

12 (2%)

8 (2%)

c2

p value

-

<0.001

-

<0.001

-

<0.001

4.7.3 Milk sodium potassium ratio and milk production volume
Milk Na:K from 484 samples collected after day six, were categorised as previously reported
and examined for association with corresponding 24 h milk production volumes. Milk
production volumes were categorised as normal (> 250 mL /24 h per breast) and reduced (£
250 mL/24 h) (Table 4.8). Of the 24 (9%) samples with an elevated Na:K ratio, 20 (83%) also had
an reduced milk production volume. There were, however, 150/484 (31%) samples that had
low milk production volume £ 250 mL /24 h but a normal Na:K ratio £ 1.0. The association
between elevated Na:K and reduced milk production was significant (c2 = 25.76 (1, 484), p <
0.001) .

90

All three healthy participants with elevated Na:K that persisted after day six had low milk
production volumes. For two of the three cases Na:K normalised by day 10; the third case had
persistent elevated Na:K >1.0 and milk production volume £ 250 mL/ 24 h until transfer to a
peripheral hospital on day 17.

4.7.4 Milk sodium concentrations and milk production volume
Milk sodium concentrations from 484 samples collected after day six were initially categorised
as within reference range (Na £ 16mmol/L) or elevated (Na >16 mmol/L), and examined for
correlations with 24 h milk production volumes. Milk production volumes > 250 mL/24 h per
breast were categorised as normal, and volumes £ 250 mL/24 h were categorised as decreased
(Table 4.8). Of the 20 (4%) samples with elevated milk sodium concentration, 60% (12/20) had a
normal milk production volume. Chi square analysis showed a positive association between
elevated sodium concentration and reduced milk production volume (c2= 45.15 (1, 484), p <
0.001).
Of the three healthy participants who continued to have elevated sodium concentration after
day six (and also an elevated Na:K ratio), all had low milk production volumes that persisted to
day 10 (n=2) and day 13 for the right side and day 19 for the left (n=1). There were two cases of
elevated milk sodium concentration that occurred on days 10 and 19, accompanied by milk
production volumes £ 250 mL/24 h. This was an increase in production from the preceding
timepoint for the participant with elevated sodium concentration on day 10 however the
volume did not increase over 250 mL/ 24 h. For the participant with elevated sodium
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concentration on day 19, her 24h milk production volume had decreased by 240 mL in the
affected breast and 190 mL in the unaffected breast.
Again, as an alternative measure, milk sodium concentrations were categorised as within
reference range (Na £ 12 mmol/L) or elevated (Na >12 mmol/L). Data were examined for an
association with 24 h milk production volume. Milk production volume was categorised as
above. There were 48 (10%) samples with sodium concentration > 12 mmol/L, of which 36
(75%) had reduced milk production. Chi square analysis showed positive relationship between
elevated milk sodium concentration and reduced milk production volume (c2= 37.18 (1, 484), p
< 0.001) (Table 4.8).
Table 4.8 Differences in milk Na:K ratio and sodium concentration between mothers with
adequate (> 250mL/24 h) and low (£ 250 mL/24 h) 24 h milk production volumes
Measure

n

Na:K £ 1.0

460

Vol > 250
(mL)
356 (74%)

Na:K > 1.0

24

8 (2%)

16 (3%)

Na £ 12 mmol/L

436

344 (71%)

92 (19%)

Na > 12 mmol/L

48

20 (4%)

28 (6%)

Na £ 16 mmol/L

464

361 (75%)

103 (21%)

Na > 16 mmol/L

20

12 (2%)

8 (2%)

Vol £ 250
(mL)
104 (21%)

c2

p

23.75

<0.001

32.15

<0.001

45.15

<0.001
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4.8 Milk microbiological cultures; healthy and mastitic groups
Microbiological analysis of milk was performed for 210 samples (105 paired samples), of which
4 paired samples were collected during episodes of mastitis. A total of 294 bacteria were
cultured and 74/210 (35%) samples cultured more than one organism. For the healthy group
‘no growth’ was reported for three (1.6%) samples and there were 255 positive cultures from
188 samples. Of the samples collected from the mastitis group, there were 40 positive cultures
from 22 samples, with no samples reported as ‘no growth’.
In total, 23 different organisms were identified; 22 organisms were identified from healthy
group samples, and seven were identified from mastitis group samples. Staphylococcus
epidermidis was the most commonly isolated organism, accounting for 68% of bacterial cultures
in the healthy group and 52% of the mastitis group. Staphylococcus lugdunensis was the next
most common cultured bacterium in the healthy group, accounting for 10% of growth, while
Enterococcus faecalis (17%) and Staphylococcus aureus (15%) were the next most commonly
cultured organisms in the mastitis group (Figure 4.12).
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Figure 4.12 Proportions of microbial culture growth for milk samples collected from healthy
and mastitis groups.

For the four most frequently isolated organisms across both groups, the bacterial growth was
quantified as low to moderate (<105 cfu/mL) or high (>105 cfu/mL), with high growth considered
to be clinically significant. In the healthy group bacterial growth was limited to low to moderate
for all organisms cultured except Staphylocccus warneri, which is considered normal flora. In
the mastitis group 5/9 (46%) samples with S.epidermidis had high growth and 4/5 (80%) of
S.aureus had moderate to high growth. However S.aureus was not cultured in any samples
collected at the onset of mastitis (Table 4.10). For the mastitis group, S. epidermidis was
isolated in all samples taken at time of initial presentation with symptoms, although high
growth was only identified in one affected breast. Low growth of E. faecalis (n=2) and Klebsiella
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spp. (n=1) were also cultured at the onset of mastitis, however, the latter is a possible
contaminant (Table 4.9).
Table 4.9 Bacterial growth of the four most frequently isolated bacteria in healthy and
mastitis groups.
Bacterial growth

Healthy samples

Mastitis samples

n= 149
149 (100%)
n=8
8 (100%)
n=27
27 (100%)
n=6
6 (100%)
-

n=9
4 (44%)
5 (46%)
n=5
4(80%)
1(20%)
n=1
1(100%)
n=8
8 (100%)
-

S. epidermidis
low – moderate
high
S. aureus
low – moderate
high
S. lugdunensis
low - moderate
high
E. faecalis
low
high

Table 4.10 Organisms cultured from milk samples collected at time of onset of mastitis.
M1
PN day at first
sample/culture
Breast side
*affected
Microbiological
growth CFU/mL
S. epidermidis
E. faecalis
S. anginosus
Klebsiella sp.

M1

M2

M3

13

13

20

20

22

22

15

15

R*

L

R

L*

R*

L

R*

L*

104-105

104-105

104-105

104-105

>105
103-104

104-105

103-104
103-104

103-104
103-104

<103

103-104

104-105
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4.9 Science knowledge translation
Participants completed questionnaires on days 10 and 28 postpartum. Questions related to
perceived benefits of milk testing, whether they would participate in a similar study in the
future and whether they would alter anything regarding the current milk testing procedure. See
Appendix 5. Participants were offered a brief interview or a written questionnaire and were
contacted by phone if their infant had been discharged from the neonatal unit.
Questionnaires were completed by 25 (64%) of 39 mothers on day 10, and 15 (38%) of 39 on
day 28. The low response rate on day 28 was due to the large proportion of participants that
had been transferred or discharged; only a few were contactable and willing to participate at
that time.
Regarding the overall experience of having milk tested, all respondents on day 10, and 13 (87%)
of 15 on day 28 indicated that it was a positive experience, with comments indicating it was
easy, informative and that the time commitment was acceptable. Two specifically commented
on the value of the extra support and information provided by the researchers. Across the two
time points, 2 mothers reported that milk testing required ‘more effort’ or that the study was
too long, while 3 described feelings of overwhelm as a result of having a baby in the neonatal
unit, with the milk sampling requirements contributing to this.
When asked whether they liked having their milk tested, the responses were positive at both
day 10 (24/25 positive) and day 28 (14/15 positive). Some explained that they liked getting
additional information and support, learning about changes in their milk and milk production
volumes, potential prevention of mastitis and helping others in the future.
96

Benefits to the individual mother in having milk tested were perceived by 20 (80%) of 25
mothers on day 10 and 7 (47%) of 15 mothers on day 28. One participant noted that having her
milk tested had encouraged her to ‘be more organised or systematic’ in her approach to
expressing than she would have been otherwise.
When asked if they were invited to participate in milk testing with subsequent children, 19
(76%) of 25 mothers on day 10 and 11 (73%) of 15 on day 28 indicated they would be willing.
Participants were invited to suggest changes to the milk testing process. 4 (27%) of 15 stated it
would be easier to provide pumped rather than hand expressed samples. No other suggestions
were offered.
The study was largely well received by the participants who were willing to contribute to
research, learn about lactation and possibly benefit from early detection of symptoms relating
to mastitis. Negative perceptions were expressed by a few participants who were overwhelmed
with their infants’ neonatal unit admission.
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Chapter 5. Discussion
This study found that the incidence of mastitis in predominantly expressing mothers of preterm
infants was low, and elevated milk Na and Na:K measured at POC coincided with maternal
reports of altered breast health including mastitis.
This study, however, had several limitations. The small sample size lead to an underpowered
study suggesting that the findings relating to incidence of mastitis be interpreted with restraint
until confirmed by a larger study. Due to the strict inclusion and exclusion criteria, the mothers
of preterm infants who participated in the study were relatively healthy and had minimal issues
with milk production regulation. Findings, therefore, cannot be extrapolated to the entire
neonatal unit population or all mothers of preterm infants. It is also possible that volunteer bias
influenced participation and therefore results by having only women that were motivated to
ensure that expressing was completed as per the unit guidelines.
In this study cohort of 39 mothers of preterm infants, there were six mastitis episodes (15%) in
five women reported up to eight weeks postpartum with four of these occurring during the
infants’ admission. Despite the many predisposing factors for mastitis faced by mothers of
hospitalised preterm infants, this is the first report of mastitis in this high-risk group. As the
study did not achieve the required sample size to demonstrate the true incidence of mastitis in
the preterm population, findings must be interpreted with caution.
The observed rate tended to be lower than the reported 20% incidence in mothers of term
infants (Cullinane et al., 2015). It is possible the lower rate was in part due to the ‘participation
effect’ whereby involvement in a study is associated with improved outcomes (Nijjar et al.,
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2017). Participants were required to report their milk production volumes, expression
frequency and breast health status every two to three days throughout their infant’s neonatal
unit stay which likely raised awareness of expression practices, milk production, breast health
and symptoms of mastitis. This may have unintentionally encouraged participants to adhere to
the expression frequency and interval guidelines recommended by the neonatal unit thus
decreasing milk stasis and therefore mastitis. Future research could examine the impact of
neonatal nurses’ lactation support on the prevention of mastitis and low milk supply through
regular reviews of 24 h milk production volume and expression frequency, and referral to the
lactation team when problems are identified.
It is also possible that volunteer bias contributed to the lower than expected observed rate of
mastitis. Volunteer bias is where participants who volunteer for a study differ with regard to
important clinical characteristics from those who decline participation (Tripepi, Jager, Dekker, &
Zoccali, 2010). Women that volunteer for lactation studies may value breastfeeding and the
provision of their milk more than those who decline. The majority of participants in this study
were highly motivated to provide their milk to their infants with more than half indicating an
intended breastfeeding duration of 12 months or more (Table 4.2).
The incidence of mastitis may have also been influenced by the reasons this researcher did not
approach 40% of potential participants i.e. due to severe maternal or infant illness, both of
which are recognised risk factors for mastitis (Amir, 2014) (Figure 3.1). Recruitment of the
entire maternal population of the neonatal unit would likely result in a higher incidence of
mastitis, however it would be unethical to burden mothers struggling with their own health
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challenges and/or that of their preterm infants (National Health and Medical Research Council,
2018).
There were similar demographic features between mothers who did and did not experience
mastitis, but there were differences in relation to risk factors (Table 4.3). In particular, of the
mothers that experienced mastitis three (60%) of five had nipple piercings or previous breast
surgery compared to four (10%) of 39 in the healthy group. An increased risk for breast abscess
is reported for nipple piercing due to the presence of a foreign material or scarring that may
deform lactiferous ducts (Gollapalli et al., 2010). More commonly, during lactation scarring
may prevent effective milk removal and promote milk stasis therefore increasing the risk of
mastitis (Amir, 2014).
An acute reduction in milk production volume was observed in two of the four monitored
episodes of mastitis (Figure 4.9). As 24 h milk production volumes were recorded every second
or third day rather than daily, it is not possible to determine whether the reduced milk
production preceded or followed the onset of mastitis symptoms. In these cases, despite the
reduced volumes, adequate 24 h milk production volume was maintained during mastitis
episodes. The mothers that experienced mastitis had all achieved ‘coming to volume’ > 500 mL/
24 h by day six postpartum, of which four of the five had oversupply, or milk production volume
>1220 mL/24 h. This likely explains why an acute reduction in milk production did not impact
the adequacy of supply. This observation is in agreement with reports that ‘oversupply’ is a risk
factor for mastitis (Cullinane et al., 2015).
The most commonly isolated bacteria in the milk of all mothers was S.epidermidis which is a
known commensal bacteria in human milk (Moles et al., 2015). It was the primary organism
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cultured in each sample collected at the onset of mastitis, although clinically significant ‘heavy’
growth was only reported for one sample (Table 4.10). Of the other organisms cultured during
mastitis episodes none had clinically significant growth, indicating that only one of the four
monitored episodes was possibly infective. In contrast S.aureus has been reported as the main
causative organism of mastitis (Amir, 2014; Heikkilä & Saris, 2003; Kvist et al., 2008). While this
was not cultured in any of the samples collected at the time of mastitis, the proportion of
samples that were colonised with S.aureus, and the bacterial density detected within those
samples across the neonatal unit stay were higher for mothers that experienced mastitis when
compared to those who did not (Table 4.9). This observation concurs with reports that S.aureus
colonisation is a risk factor in mastitis (Cullinane et al., 2015).
Reduced bacterial diversity was observed in mothers that experienced mastitis with only seven
organisms cultured from samples taken throughout their infants’ admission (including during
mastitis), as compared to 22 cultured organisms in the healthy group (Figure 4.12). Recent
studies have confirmed less diverse microbial communities are associated with lactational
mastitis (Patel et al., 2017), although the aetiology of this is not understood.
As hypothesised, elevated Na:K and sodium concentrations were observed at the onset of all
four monitored episodes of mastitis, similar to that observed in the term population
(Fetherston et al., 2006) (Figures 4.3 and 4.5). Inflammation, both clinical and subclinical,
increases permeability of the mammary epithelial cells allowing the influx of sodium ions into
the milk (Kobayashi et al., 2016). It is important however to take into account the timing of
testing in relation to birth, as elevated Na:K and sodium concentrations are measured in
colostrum and are prolonged with delayed secretory activation (Morton; Murase et al., 2017).
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Indeed we saw two episodes of elevated Na:K and three of elevated Na that persisted beyond
day six postpartum in association with low milk expression volumes, but no breast symptoms.
Further, we observed instances of randomly elevated milk Na:K and of elevated sodium
concentration with reduced milk production and no breast symptoms in mothers who had
previously established milk production. This suggests a biochemical response to an acute
decrease in milk volume with a possible alternative explanation of sub clinical mastitis (Semba,
1999).
Elevated Na:K and sodium concentrations are observed at or after the onset of mastitis, but are
also associated with delayed secretory activation and instances of reduced milk production
(Dutta et al., 2014) that occur after secretory activation. POC testing of either Na:K or sodium
concentration may be useful as a confirmatory test in the neonatal unit setting. Both tests
detected all cases of delayed secretory activation in study participants, however, sodium
concentrations provided less variation.
The timing of changes in milk Na:K and sodium concentration in relation to the onset of mastitis
symptoms is not known. In this study the mastitis cases occurred after day 10 postpartum when
sampling was performed every third day. In each case the mother’s previous sampling had
occurred at least 24 hours before the onset of mastitis, and sampling during mastitis did not
occur until at least 12 hours after onset of symptoms. Therefore, it is not possible to know
whether the biochemical changes associated with widening of the paracellular pathways occurs
prior to the onset of symptoms. Indeed, many women have an insidious onset of breast
changes prior to mastitis and yet report sudden onset of symptoms. Given the incidence of
mastitis in mothers in the neonatal unit, daily screening would be impractical and expensive.
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Alternatively, if a mother has mild clinical signs that do not warrant antibiotic treatment, milk
monitoring and advice to ensure adequate and frequent breast emptying may prevent the
development of mastitis particularly in cases of oversupply.
There are conflicting reports as to whether milk Na:K (Filteau et al., 1999) or sodium
concentration (Semba, 1999) is the better marker of mastitis. In this study both Na:K and
sodium concentration were elevated in the four monitored episodes of mastitis, of which one
had persistent elevated Na:K to day 6 of the episode but normal sodium concentration by that
time. As there was minimal difference between the two tests it suggests that POC monitoring of
milk sodium concentration alone would be adequate, however this requires confirmation in a
larger study.
The study had several limitations, with the inability to achieve the required sample size
resulting in an underpowered study. Further, we recruited mothers of preterm infants that
were relatively healthy and motivated to breastfeed, with a minimum milk production of 300
mL / 24 hr. Therefore, the reported incidence of mastitis in the study setting provides some
indication, but cannot be extrapolated more generally to mothers of preterm infants.
In the clinical setting, POC milk testing may be used to identify delayed secretory activation and
to confirm clinical signs of breast inflammation, thus leading to early identification and
treatment. POC testing of sodium concentration would be cheaper, easier and quicker, and in
conjunction with a review of maternal expression practices and volumes can identify lactation
issues. In practice, POC testing and review could be performed on day six to identify and
intervene for delayed secretory activation, and repeated on day 14 to ensure adequate milk
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production volume and breast health. Testing could be performed for expressing mothers of
hospitalised infants with indefinite signs of breast inflammation to guide management.
Milk sampling was positively received by the majority of the participants with comments made
regarding ease, speed and the support obtained from the study team. However, those already
finding the neonatal unit overwhelming were ambivalent or negative about milk testing, and
some participants found the sampling frequency to be too intensive. Many participants
suggested that it would be more convenient to provide samples from their routinely pumped
expressions. This may be a feasible option as long as each pumped sample is from a single
pumping session and the pump is sterilised before use.
This study provides insights into mastitis in the preterm population. The incidence of mastitis in
this cohort of expressing mothers of preterm infants is lower than reported incidence in
mothers of term infants. These were primarily non-infective cases detected with half of the
observed episodes resulting in a reduction of milk production volume. This is most likely due to
difficulty of maintaining a full-time expressing regime, oversupply and risk factors. However, an
adequately powered study to determine the true incidence of mastitis in these mothers is still
required. A larger study may also be able to capture a broader sample with less intensive
sampling requirements. POC milk testing of sodium concentration may offer a simple, cheap
tool to confirm delayed secretory activation and mastitis, thereby ensuring early detection and
intervention to optimise milk production for these fragile infants.
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Appendix 1. Background Questionnaire

Study ID:

Maternal Details
Name:

Date of birth:

Marital status:

Ethnic group:

Telephone:

email:

Height:

Weight:

Bra size a) pre pregnancy:

What is the highest level of education
you have completed? (Please circle)

b)

post birth:

Year 11 or lower
Trade
Year 12
Other
Diploma / Certificate III or IV
Undergraduate/ Postgraduate degree

What is your occupation?
How many children do you have?
Have you breastfed before this baby?
(please circle)

How many hours after birth did you first
express for this baby?
How long do you plan to breastfeed this
baby?
Have you had mastitis before this baby?

No
Yes: 1st baby: ____ weeks / months / years
Yes: 2nd baby: ____ weeks / months / years

Did you smoke during this pregnancy?

No
Yes: right / left/ both
If yes, treated with antibiotics? Yes / No
☐ Breast reduction
☐ Breast augmentation (implants)
☐ Lumpectomy
☐ Other: ________________________
Nipple piercing: no / right / left / both
Breast piercing: no / right / left / both
Yes No

Do you currently smoke?

Yes

Have you had any breast surgery? (Please
tick any that apply to you)

Have you had nipple or breast piercing/s?

No

Please list your current medications
and/or supplements

Baby Details
Baby’s name:

Date of birth:

Birth gestation:

Male / Female

Birth weight:

Apgars

Mode of birth:

☐

vaginal

☐ assisted

(vacuum / forceps)

☐ Caesarean

Current medications:

Thank you for your time. All answers are strictly confidential.
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Appendix 2. Breast Health Questionnaire and scoring guide
Study ID:
In the last 24 hours how much
breast milk have you expressed?

LEFT breast

RIGHT breast

___________ mL

___________ mL

Prior to expressing, how full are
your breasts?
(please circle your answers)

LEFT breast
no change
mildly full
moderately full
very full

RIGHT breast
no change
mildly full
moderately full
very full

Have you experienced any breast
pain or discomfort?

LEFT breast
YES
NO

RIGHT breast
YES
NO

< 12 hours
< 24 hours
24- 48 hours
> 48 hours

< 12 hours
< 24 hours
24- 48 hours
> 48 hours

absent
tender
painful
severe

absent
tender
painful
severe

LEFT Breast
YES
NO

RIGHT Breast
YES
NO

normal skin temperature
warm to touch
hot to touch

normal skin temperature
warm to touch
hot to touch

absent
small and round
wedge shaped
covering all the breast

absent
small and round
wedge shaped
covering all the breast

Do you have any cracks or grazes
on your nipples?

LEFT nipple
YES
NO

RIGHT nipple
YES
NO

Have you had a high temperature
OR fever?
If YES, what was your highest
temperature?

High temperature?
Fever (chills, shivers)?

If YES, how long has the pain
lasted?

IF YES, describe the pain

Do you have any areas of heat,
swelling or redness on your
breasts?
If YES, is the area of swelling or
redness…

If YES, describe the redness /
swelling

Have you been generally well?

Adapted from Fetherston 2006

< 37.5°C
YES

YES (see below)
YES (see below)
37.5° to 38.5°C

NO
NO
> 38.5°C

NO, generally
NO, very
No, extremely
unwell
unwell
unwell
TOTAL SCORE: _______________
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Appendix 2: continued. Breast Health Questionnaire: Scoring
Guide
In the last 24 hours how much
breast milk have you expressed?

LEFT breast
___________ mL

Prior to expressing, how full are
your breasts?
(please circle your answers)

LEFT breast
no change (0)
mildly full (1)
moderately full (2)
very full (3)

___________ mL
RIGHT breast
no change (0)
mildly full (1)
moderately full (2)
very full (3)

LEFT breast
NO (0)

RIGHT breast
YES
NO (0)

Have you experienced any breast
pain or discomfort?
If YES, how long has the pain
lasted?

YES

< 12 hours (1)
< 24 hours (2)
24- 48 hours (3)
> 48 hours (4)

< 12 hours (1)
< 24 hours (2)
24- 48 hours (3)
> 48 hours (4)

absent (0)
tender (1)
painful (2)
severe (3)

absent (0)
tender (1)
painful (2)
severe (3)

LEFT Breast
YES
NO (0)

RIGHT Breast
YES
NO (0)

normal skin temperature (0)
warm to touch (1)
hot to touch (2)

normal skin temperature (0)
warm to touch (1)
hot to touch (2)

absent (0)
small and round (1)
wedge shaped (2)
covering all the breast (3)

absent (0)
small and round (1)
wedge shaped (2)
covering all the breast (3)

LEFT nipple
YES (1)
NO (0)

RIGHT nipple
YES (1)
NO (0)

IF YES, describe the pain

Do you have any areas of heat,
swelling or redness on your
breasts?
If YES, is the area of swelling or
redness…

If YES, describe the redness /
swelling

Do you have any cracks or grazes
on your nipples?
Have you had a high temperature
OR fever?
If YES, what was your highest
temperature?
Have you been generally well?

RIGHT breast

High temperature
Fever (chills, shivers)
< 37.5°C (0)
YES (0)

YES (see below)
YES (see below)
37.5° to 38.5°C (1)

NO, generally
unwell (1)

NO, very
unwell (2)

NO (0)
NO (0)
> 38.5°C (2)
No, extremely
unwell (3)

Adapted from Fetherston 2006
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Appendix 3. Instructions for milk sample collection
Instructions for Milk Sample Collection
Please collect samples at least 2 hours since
¢ last breast milk expression or breastfeed
¢ use of a nipple cream
¢ use of breast pads
1. Place the milk collection containers, pen and chlorhexidine swabs close to
where you will sit to collect the milk samples
2. Label containers with your study ID number, ‘left’ and ‘right’, date and time
of sample collection
3. Wash your hands
4. If available, apply alcohol based hand gel to your hands and let it dry
completely
5. If you have breast/nipple pain, start with the breast that has the least pain
6. Use a chlorhexidine swab to cleanse the nipple using a circular motion,
moving from nipple to areola. See diagram below.
7. Hand express and discard the first 2-3 drops of milk
8. For the microbiology sample, hand express 5 mL milk into the red top
container
9. Next, hand express 3 mL milk into the white top container
10. Place lids on the containers; make sure the lids are secure
Now collect samples from the other breast, repeating steps 3 – 10 above

breast

nipple

areola

Using a clean swab, start at
the nipple and clean in a
widening circular motion
onto the areola

Diagram: Cleansing the nipple and areola for milk sample collection.

Sample Collection at Home
If you have mastitis and are collecting the milk samples at home, please contact
Emma 0412 524 596 to arrange sample transport / collection
If milk samples will be taken to KEMH
WITHIN 30 mins: samples can be kept at room temperature
WITHIN 12 hours: store samples in your fridge
MORE THAN 12 hours: store samples in your freezer
Please ensure samples are kept cool during transport to KEMH
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*Mastitis cases; micro sample at onset, daily Na and K testing, milk production and breast health questionnaire til 48hr post resolution

Date

Appendix 4. Case Report Form

Appendix 5. Maternal Feedback Interview
We would like to know about your experience of having your breast milk tested.
Day 10 postnatal

Date:

1. Overall, how are you finding the experience of having your breast milk tested?

2. Did you like having your breast milk tested? Yes / No

Why?

3. Is there any benefit to you in having your breast milk tested? Yes / No (if yes, what?)

4. Would you have the testing done again if you had another baby? Yes / No

Why?

5. Is there anything you would change about the current process for testing your breast milk?
What would you change, and why?

Week 4 postnatal

Date:

1. Overall, how did you find the experience of having your breast milk tested?

2. Did you like having your breast milk tested? Yes / No

Why?

3. Was there any benefit to you in having your breast milk tested? Yes / No (If yes, what?)

4. Would you have the testing done again if you had another baby? Yes / No

Why?

5. Looking back on your experience, is there anything you would change about the process for testing your breast milk? Yes
/ No. What would you change, and why?
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Appendix 6. Follow-up (telephone) Questionnaire
4 weeks postnatal

Study ID:

Date:

*Include mothers’ experience questionnaire (Appendix 5)
Is your baby still receiving your breast milk?
☐ YES: Only breast milk
☐ YES: Breast milk and infant formula
☐ NO: Infant formula only
If NO; Please tell me when your baby stopped
Weaning date:
having your breast milk
Infant age:
If NO please tell me your reason/s for weaning
(Thank for participation in study, explain that no
further follow up is required)

☐ Low milk supply
☐ Nipple pain
☐ Other:

If YES, how many breastfeeds has your baby had
in the last 24 hrs?

1 2 3 4 5 6 7 8 9 10 11 12

If YES, how many times have you expressed in
the last 24 hrs?

1 2 3 4 5 6 7 8 9 10 11 12

Have you had mastitis since your baby was
discharge from the nursery at KEMH?
Do you currently have any breastfeeding
concerns or problems?
(If YES suggest attendance at KEMH BFC
Phone (08) 6458 1844)

☐ NO
☐ YES
If YES how many times? _____________
☐ Low milk supply
☐ Nipple pain
☐ Other:

8 weeks postnatal

Date:

Is your baby still receiving your breast milk?

☐ YES: Only breast milk
☐ YES: Breast milk and infant formula
☐ NO: Infant formula only
Weaning date:
Infant age:

If NO; Please tell me when your baby stopped
having your milk
If NO please tell me your reason/s for weaning

☐ Low milk supply
☐ Nipple pain
☐ Other:

If YES, how many breastfeeds has your baby had
in the last 24 hrs?

1 2 3 4 5 6 7 8 9 10 11 12

If YES, how many times have you expressed in
the last 24 hrs?

1 2 3 4 5 6 7 8 9 10 11 12

Have you had mastitis since the last time we
☐ NO
☐ YES
contacted you a month ago?
If YES how many times? _____________ ABs?
Do you currently have any breastfeeding
☐ No concerns
concerns or problems?
☐ Low milk supply
(If YES suggest attendance at KEMH BFC
☐ Nipple pain
Phone (08) 6458 1844)
☐ Other:
(Thank for participation in study, explain no further follow up required)
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