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

Human milk provides optimal nutrition to facilitate growth
and development and afford immunological protection to the
newborn. Essential physiological processes which enablemilk
production, milk synthesis and milk ejection are dependent on
the developmental changes which occur during pregnancy
and the early postpartum period [1]. Milk components are
drawn from the maternal bloodstream or produced within
the lactocytes. Milk is then secreted into the alveolar lumen,

where it is stored for removal via milk ejection [1]. Without
milk ejection, little of the synthesised milk can be removed,
resulting in inadequate intake by the infant and potential down
regulation of milk production [2, 3].

Milk ejection is stimulated by the infant sucking the nipple
or by other sensory stimulation, resulting in nervous impulses
being transmitted through the spinal cord to the hypothalamus.
This results in the posterior pituitary releasing oxytocin, which
is transported through the bloodstream to bind with G protein-
coupled oxytocin receptors on the mammary myoepithelial
cells [1]. These cells contract, expelling milk from the alveolar
lumen into the shortened and widened ducts, where increased
intra-ductal pressure propels the milk towards the nipple for
removal by the infant or breast pump [4].

Most women have multiple milk ejections and the sensa-
tions accompanying milk ejection are variable. Around 10–
25% of women do not feel the first milk ejection and percep-
tion of subsequent milk ejections is rare [2, 3]. Previously,
milk ejections have been detected using intra-mammary
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pressure, ultrasound imaging and through continuous mea-
surement of milk flow [4–6], all of which require specialised
equipment and expertise.

Bioimpedance technology offers a potential alternative
method for the detection of milk ejection. Bioimpedance mea-
sures the opposition (impedance) to the passage of an alternat-
ing electrical current through body tissues. The current is con-
ducted by the electrolytes in the extracellular and intracellular
fluids, which are highly conductive. The cell membrane func-
tions as an imperfect capacitor, and is therefore only penetra-
ble by the current in a frequency-dependent manner; at low
frequencies current cannot pass across membranes and passes
only through the extracellular fluid [7–9]. Breast milk is an
extracellular fluid and thus bioimpedance measurements at
low frequencies will reflect the resistance of the extracellular
space, including milk in the milk ducts. The relationship of
resistance to fluid volume is inverse, i.e. resistance is low
when extracellular fluid volume is high.

Bioimpedance is most commonly used to predict body
composition, i.e. fat mass, fat-free mass and body water [7,
10], although it is also used in specific circumstances to assess
localised fluid accumulation, such as in lymphoedema [9]. In
relation to the breast, bioimpedance has been explored for the
detection of breast pathologies including mastitis and cancer
[11–13]. Thus the application of bioimpedance to the lactating
breast offers a possibility to detect milk ejection without reli-
ance on maternal perception of milk ejection.

The theoretical basis for using bioimpedance to detect milk
ejection is based on the assumption that fluid levels in the
breast will alter during milk ejection, resulting in changes in
resistance at zero and infinite frequencies (R0 and R∞), which
are indicative of the levels of extracellular and total fluid re-
spectively. In addition, membrane capacitance (Cm) reflects
the surface area of cell membranes and may change during
milk ejection due to the movement of milk from the alveolar
lumen through the ducts, as well as the contractile effect of
oxytocin on the myoepithelial cells.

The aim of this study was to investigate whether
bioimpedance is a viable method to detect changes in both
the pumped and the non-pumped breast associated with milk
expression.

Methods

Thirty lactating women were recruited through the Australian
Breastfeeding Association or by social media. All participants
were healthy breastfeeding mothers and infants with no milk
production or infant growth concerns. The mothers provided
informed consent to take part in the study, which was ap-
proved by The University of Western Australia Human
Research Ethics Committee (RA/4/1/7897). All participants
completed a background questionnaire to collect demographic

information. Participants were all accustomed to expressing
milk using a breast pump. The majority of the research ses-
sions were undertaken in participants’ homes, with only one
participant completing sessions in the laboratory at The
University of Western Australia.

24- H Milk Profile

Mothers were issued with a baby weigh scale (Medela AG,
Switzerland). Each participant completed a 24-h milk profile
using the test weighing method [14]. Samples of 1–2 ml were
collected in 5 ml polypropylene tubes (P5016SL, Techno Plas
Pty Ltd., SA, Australia) before and after each feed or pumping
session. These samples were frozen until collection and trans-
portation to the lab, where they were analysed for fat content
using the creamatocrit method [15]. Participants entered time,
breast (left or right) and milk volume from each feed or ex-
pression electronically, and these data were then used to cal-
culate breast fullness and storage capacity using the method
described by Kent et al., [2].

Milk Flow and Cumulative Volume Measurements
from Experimental Sessions

Two research sessions were conducted one week apart where
one breast was pumped each time with either the pumped or
non-pumped breast being monitored simultaneously using
bioimpedance (Fig.1).

Milk flow rate was measured using the method described
by Prime et al. [16]; a balance was used to continuously mea-
sure cumulative milk and flow rate (Showmilk, Medela AG,
Baar, Switzerland). The data were then analysed to determine
the individual milk ejection patterns of each mother [16, 17].
Parameters measured for eachmilk ejection included duration,
peak flow rate and the time taken for milk flow to peak. The
volume and cream content of milk removed during the exper-
imental sessions were added to the 24-h milk profile dataset to
facilitate calculation of available milk, breast fullness and per-
cent available milk removed (PAMR) during each session.
These characteristics were calculated from the flow rate data.

Bioimpedance Measures

Bioimpedance data were collected using an Impedimed SFB7
bioimpedance spectroscopy device (Impedimed, Pinkenba,
Queensland 4008, Australia) which measures bioimpedance
parameters (impedance (Z), resistance (R), reactance (Xc) and
phase (Ph)) at 256 frequencies over a range of 3–1000 kHz. A
single frequency scan takes approximately 800 ms and scan
data were collected continuously throughout each session.
The device uses a tetra – polar electrode arrangement; a pair
of voltage sense electrodes spanning the area of interest, with
the current being supplied by distally-placed current injection
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and return electrodes. Drive current is 200 μA and is totally
harmless. The breast was swabbed with an alcohol wipe prior
to attachment of electrodes; gel pad electrodes supplied for use
with the SFB7machine were placed on the inferior medial and
inferior lateral quadrants of the breast (Fig. 2).

The authors spent a great deal of time developing the opti-
mal methodology outlined above. Some variations in experi-
mental protocol are listed below:

& Electrodes were tested using various arrangements on the
breast to determine the optimal position to detect changes.

& Electrodes were tested on both the breast shields and the
breasts.

& Silver plated and gel pad electrodes were tested.
& Controls and lactating women participated in initial

stages.
& Breast size was recorded but was not found to be related to

changes in bioimpedance.

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

Data Analysis

Bioimpedance data were analysed according to the conven-
tional Cole model to provide resistance at zero and infinite

Fig. 2 Bioimpedance electrode
placements on the breast for
monitoring of milk ejection
during milk expression with an
electric pump

Fig. 1 Flow chart showing study sessions
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frequencies (R0 and R∞ respectively). Average tissue mem-
brane capacitance (Cm) was also calculated. Cole modelling
was performed using Bioimp (version 5.4.03) software pro-
vided with the SFB7 machine. Milk ejection parameters were
measured using the methods described above. Statistical anal-
yses were carried out with R Studio Version 1.0.136 [18]
using package nlme [19] for linear mixed effect modelling
and lsmean [20] for Tukey post-hoc comparison. Probability
values for the change in the bioimpedance characteristics were
determined using the Wilcoxon matched pairs test as the data
were not normally distributed.

Results

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

There was a mean of 3 milk ejections for participants over
the two sessions. There were no significant differences in milk
volume pumped, PAMR, time to reach milk ejection or the
number of milk ejections between sessions. In addition, there
were no significant differences in milk ejection characteristics
between the two sessions (Table 2).

Bioimpedance data were plotted together with cumulative
milk and flow rate data, and typical example data are present-
ed in Fig. 3. Changes in R0, R∞ and membrane capacitance
(Cm) from the 30 s period immediately prior to the initial and

secondmilk ejection to the period immediately followingmilk
ejections were determined and presented in Tables 3 & 4. The
magnitude and significance of changes recorded were smaller
for milk ejection 2 (Table 4).

Although there were wide variations between individuals
and between sessions (pumped breast monitored vs non-
pumped breast monitored), most sessions showed a signif-
icant decrease in R0 and R∞ indicative of increased milk
flow (Tables 3 & 4). In a few sessions, an increase in
bioimpedance parameters occurred at the first milk ejection
for both the session where the pumped breast was moni-
tored (R0: n = 2, R∞: n = 3,) and for the non-pumped breast
(R0: n = 4, R∞: n = 3). However, the magnitude of change
for R0 and R∞ on the non-pumped breast was considerably
less than that of the pumped breast (Table 3). Changes in
Cm were more variable, and did not show a consistent
relationship with milk ejection.

No significant relationships were demonstrated between
the changes in bioimpedance parameters at milk ejection,
breast fullness (R0, p = 0.87, R∞, p = 0.63), milk volume
pumped (R0 p = 0.57, R∞, p = 0.57, Cm, p = 0.66), PAMR
(R0, p = 0.93, R∞, p = 0.63, Cm, p = 0.15) or milk ejection
characteristics (time to first milk ejection, R0, p = 0.71, R∞,
p = 0.12, Cm, p = 0.37. Similarly for duration of milk ejection
1, R0, p = 0.29, R∞, p = 0.57, Cm, p = 0.09 and time to peak
flow rate for milk ejection 1, R0, p = 0.35, R∞, p = 0.41, Cm,
p = 0.09). There was a significant relationship between Cm

and breast fullness, but further investigation is required to
confirm this, given the variability of changes in Cm in the
research sessions.

Fig. 3 Bioimpedance measurements with milk flow rate. a. R0. b. R∞. Pump starts Bioimpedance response Milk ejection peak
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Discussion

This study has shown that bioimpedance parameters change
significantly at milk ejection; in particular a reduction in R0
and R∞ at the first milk ejection during the expression of milk
with an electric breast pump.

Bioimpedance successfully detected the first milk ejection
during a pumping session as a significant drop in R0 (93% of
sessions) and R∞ (90% of sessions). This consistent decrease
in R0 and R∞ at the first milk ejection may be due to the
substantial increase in extracellular fluid i.e. milk, passing
through the measurement area during milk ejection. This is
akin to a demonstrated decrease in R0 and R∞ when fluid is
injected subcutaneously into the arm in humans [21] or the

decrease in R0 with lymph accumulation in lymphoedema [9].
The bioimpedance electrodes were placed on the lower half of
the breast, where all women were likely to have a substantial
amount of secretory tissue, thus increasing the likelihood of
detection of milk flow through the ducts at milk ejection. The
bioimpedance changes at the subsequent milk ejection were
typically smaller [4, 6] in magnitude (Table 4). These decre-
ments are consistent with the reduced responsiveness of
myoepithelial cell oxytocin receptors with breast emptying,
decreased intra-ductal pressure and reduced volume of milk
flowing through the ducts [22].

Reductions in R0 and R∞ were observed when electrodes
were placed on both the pumped breast and the non-pumped
breast, although considerably greater magnitudes of change

Table 1 Maternal and infant
characteristics Mean (SD) Median Range

Mother Age (years) 31(3) 32 24–38

Parity 2(1) 1 1–5

Body Mass Index (kgm−2) 28(6) 26 19–54

Infant Gestational age at birth (weeks) 39 (1) 39 37–41

Birth weight (g) 3653(435) 3642 2660–4645

Age at monitoring (weeks) 18 (7) 17 5–33

Milk Storage capacity (left breast; ml) 182 (78) 168 84–455

Production Storage capacity (right breast; ml) 187 (62) 184 88–286

Milk removed by baby/pump: left breast (ml) 383 (126) 363 228–741

Milk removed by baby/pump right breast (ml) 395 (117) 380 221–723

24 h milk profile (Milk removed by baby/pump) (ml) 778 (169) 773 484–1155

Table 2 Milk ejection
characteristics for pumping
sessions

Measure (mean ± SD) BIS electrodes on pumped

breast

BIS electrodes on
non-pumped breast

P Value

Milk volume (ml) 81 ± 55 70 ± 51 0.17

Breast fullness 0.7 ± 0.2 0.7 ± 0.3 0.57

Available milk (ml) 144 ± 64 136 ± 65 0.55

% Available milk removed 58 ± 26 55 ± 27 0.61

Time to 1st milk ejection (s) 105 ± 77 136 ± 65 0.39

Number of milk ejections 3 ± 1 3 ± 1 0.42

First Milk Ejection

Duration (s) 200 ± 113 182 ± 102 0.37

Time to peak flow rate (s) 69 ± 59 69 ± 39 0.99

Peak flow rate (g/s) 0.7 ± 0.6 0.5 ± 0.3 0.18

Milk volume (ml) 48 ± 48 39 ± 28 0.25

% milk volume removed 57 ± 27 56 ± 26 0.89

Second Milk Ejection

Duration (s) 126 ± 39 134 ± 49 0.41

Time to peak flow rate (s) 40 ± 16 45 ± 21 0.38

Peak flow rate (g/s) 0.6 ± 0.8 0.4 ± 0.4 0.17

Milk volume (ml) 22 ± 13 25 ± 36 0.67

% milk volume removed 29 ± 13 35 ± 23 0.08
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were observed when electrodes were applied on the same
breast that was expressed. Although milk ejection occurs si-
multaneously in both breasts [23], there are differences in the
physiological changes when there is no breast stimulation or
milk removal. Ramsay et al. [4], reported ductal dilation on
the opposite breast during breastfeeding, and it was observed
that the milk was redistributed within the breast after the initial
milk ejection [4]. This may provide an explanation for the
smaller changes in R0 and R∞ observed on the opposite
breast. In addition, the non-pumped breast may have
contained less milk, as participants would generally select
the fuller breast for the study.

Membrane capacitance also decreased when the electrodes
were placed on the pumped breast for the first milk ejection,
but these measures exhibited wider variability compared to
R0, R∞ (Table 3). This suggests that membrane capacitance
decreases as extracellular fluid levels increase due to changes
between the fluid compartments influencing the membranes
role as a capacitor. Alternatively, the capacitive characteristics

of the membranes may change with conformational change in
the membranes due to the presence of larger volumes of ex-
tracellular fluid.

At the second milk ejection, measurable decreases in R0 &
R∞ were detected for 26% of sessions where the electrodes
were placed on the expressed breast. The smaller change was
anticipated as the magnitude of the first milk ejection tends to
be greater, resulting in higher milk flow rates, and therefore a
greater increase in the extracellular fluid volume [3, 6].
Significant changes in membrane capacitance at the second
milk ejection were also observed, which suggest continued
physiological changes.

Despite the occurrence of changes in impedance parameters
being associated with milk ejection, the magnitude of these
changes were not related to breast fullness, milk ejection char-
acteristics or percent available milk removed. This may not be
unexpected as the volume effectively measured by impedance
constituted a relatively small proportion of the whole breast,
whilst these parameters relate to the entire breast.

Table 3 Bioimpedance measurements for the first milk ejection during expression of milk with an electric breast pump (P values from Wilcoxon
matched pairs test)

Measure Breast Milk Ejection 1

n Baseline (mean 30s before change
in milk flow)

Change associated with milk flow Percent change P value

Median (IQR) Range Median (IQR) Range % Change median
(IQR)

Range

R 0 (Ohm) Pumped 30 36 (3,43) 16–122 -2 (−5,-1) −31 - 12 −7 (−17,-4) −46 - 31 <0.001

Non-pumped 25 35 (28,53) 17–108 −1 (−2,-1) −17 - 3 −3 (−8,-2) −30 - 9 0.007

R∞ (Ohm) Pumped 29 24 (21,29) 13–66 −2 (−5,-1) −15 - 12 −8 (−20,-2) −39 - 43 <0.001

Non-pumped 23 25 (18,38) 12–68 −1 (−3,0) −10 - 2 −5 (−8,-2) −25 - 4 <0.001

Cm (nF) Pumped 27 52 (34,79) 11–176 −10 (−32,-2) −81 - 22 −24 (−59,-7) −92 - 48 <0.001

Non-pumped 24 42 (25,63) 8–123 −3 (−6,5) −16 - 63 −9 (−17,15) −46 - 99 0.48

Significant changes in: R0, R∞ and Cm were found less frequently for the second milk ejection for both sessions (Table 4)

Table 4 Bioimpedance measurements for the second milk ejection (P values from Wilcoxon matched pairs test)

Measure Breast Milk Ejection 2

n Baseline (mean 30s before change
in milk flow)

Change associated with milk flow Percent change P value for
change

Median (IQR) Range Median
(IQR)

Range % Change median
(IQR)

Range

R 0 (Ohm) Pumped 8 33 (27,37) 16–65 −2 (−2,-1) −5 - -1 −4 (−7,-4) −11 - -3 0.012

Non-pumped 6 30 (27,41) 20–52 −1 (−1,−1) -1 - -1 −3 (−4,-2) −7 - −1 0.028

R∞ (Ohm) Pumped 8 21 (14,26) 10–38 -1 (−1,0) −4 - 0 −3 (−7,-3) −17 - −1 0.012

Non-pumped 5 21 (18,25) 18–34 0 (−1,0) -1 - 0 −2 (−4,-1) −7 - -1 0.043

Cm (nF) Pumped 9 52 (29,78) 17–85 −13 (−17–8) −24 - -2 −26 (−37,17) −57 - -8 0.008

Non-pumped 12 44 (39,96) 27–133 −6 (−10,-3) −31 - 1 −10 (−14,-6) −33 - -3 0.002
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A number of limitations to this study must be acknowl-
edged. The study was designed as a proof of concept to deter-
mine whether impedance monitoring of the lactating breast
may be a fruitful line of research and should not be considered
as an established method for monitoring milk production. The
complexities of the lactating breast provide a challenge to
researchers due to the large individual variability in anatomy
and physiology. The variability in R0, R∞ and membrane
capacitance reported in this study are likely to be due to a
range of physiological changes occurring during milk ejec-
tion. The lactating breast has twice as much glandular as ad-
ipose tissue, but the distribution of these tissues varies within
individuals [4]. The ductal system is also variable, with dif-
ferences in the width and length of ducts and the number of
viable orifices on the nipple for milk removal [24]. Milk ejec-
tion results in changes in duct morphology and intra-
mammary pressure as the various lobes are asynchronously
emptied [4, 17]. Another factor not measured in this study that
might influence the detection of milk ejection is mammary
blood flow, which is variable between women but has been
shown not to relate to milk production [25]. In animal models,
however, blood flow has been reported to increase before milk
ejection followed by a decrease during milk ejection [26]. It is
not, therefore possible to ascribe with certainty the observed
impedance changes specifically to milk ejection per se.
Nevertheless, impedance appears to be measuring changes
strongly associated with milk ejection.

Impedance measurements are affected by the geometry of
the volume being measured. Impedance measurements are
best suited to cylindrical-shaped objects not highly variable
in shape and volume the human breast. We attempted to mit-
igate this confounder by locating electrodes in similar relative
positions irrespective of overall breast shape and size such that
a similar effective volume was measured between the sense
electrodes. A disadvantage of this approach is that this volume
is small relative to total breast volume and may not be repre-
sentative of the breast overall. Further work is required to
optimise electrode locations on the breast, particularly given
the highly variable shape and size of the human lactating
breast. Despite these challenges, we have shown that
bioimpedance can consistently detect changes occurring at
milk ejection, and further modification of the equipment and
methods should result in improved performance, particularly
if the whole breast is monitored.

Conclusion

This study has demonstrated the potential for impedance mon-
itoring as a feasible method for the detection of the initial milk
ejection during expression of milk with an electrical breast
pump. Changes in impedance parameters were consistently
observed with milk production through pumping, although

there was wide variation in the magnitude of changes ob-
served. It is anticipated that optimisation of the impedance
method will reduce this variation and these encouraging pre-
liminary observations will stimulate further research.
Potentially, inclusion of sensors such as bioimpedance to de-
tect milk ejection in a breast pump may provide biofeedback
to enable automatic adjustment of pump settings and improve
the efficacy of milk removal.
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