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Human milkis the ideal source of nutrition for infants. Most health
organizations recommend direct breastfeeding from the first hour of life,
extending throughout the first and second year. However, uncertainties
regarding the volumes of milk ingested by the infant contribute to suboptimal
rates of breastfeeding. Here we introduce a compact and unobtrusive
devicethat gently interfaces to the breast via four electrodes and accurately
measures expressed milk volume during breastfeeding through changesin
the alternating currentimpedance. The data pass wirelessly to asmartphone
continuously throughout each breastfeeding session for real-time graphical
display. Comprehensive experimental and computational results establish
the operating principles and guide engineering choices for optimized
performance. Evaluations with 12 breastfeeding mothers over periods of
aslongas17 weeks in the neonatal intensive care unit and in home settings
illustrate the practical utility of this technology in addressing a critically
important unmet need in maternal and neonatal care.

Human milk is the ideal primary nutrition for infants, whether born
preterm or full term’. The World Health Organization, the American
Academy of Pediatrics and others recommend breastfeeding within
the first hour of life, exclusive breastfeeding for the first 6 months,
and continued breastfeeding throughout the first and second year
of the infant’s life'. Rates of breastfeeding initiation and duration
are, however, suboptimal. In the United States, only 83% of infants
were ever breastfed according to the Centers for Disease Control and
Prevention’. The proportion of infants exclusively breastfed through
6 months of ageis 25% compared with the Healthy People 2030 stated
target of 42%, and the proportion of infants breastfed at 1 year is 37%
with a stated target of 54% (refs. 4,5).

Disruptions to breastfeeding can occur when uncertainty exists
regarding the volumes ingested by the infant. After preterm birth,
which affects 10% of infants in the United States, the hospitalized

infant’s immature feeding mechanisms (lack of a sucking reflex) lead
to a temporary utilization of nasogastric tube feedings of expressed
breast milk until these mechanisms mature and the infant begins to
breastfeed. During this maturation, infants cannot take sufficient
volumesindependently during breastfeeding. A challenge for clinical
teams tasked with managing the infant’s nutrition is the burdensome
method for assessing the volumes ingested by pre-/post-feed weigh-
ing, used infrequently due to practical difficulties and motion-induced
artefacts. A clear unmet need is for a simple, easy-to-use, objective
alternative, preferably also with capabilities for real-time continuous
monitoring throughout each session of breastfeeding. Such data can
eliminate uncertainty on the part of the clinical staff, with the potential
toreduce prolonged discussions with the nutrition team, and can also
decrease anxiety for parents who worry about supplying enough breast
milk forinfant growth®’.
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Even among parents of full-term infants who are otherwise born
healthy, assessing the status of milk production and determining the
success of a breastfeeding session can be stressful’. When infants
breastfeed at low volumes, resulting poor weight gain, dehydration and
hyperbilirubinemia canresultin hospitalization®. Parents athome have,
at best, only the same primitive, cumbersome methods for assessing
volumesingested during breastfeeding that are available to clinicians.
The resulting uncertainties, taken together with the clinician’s con-
cerns for adequate infant nutrition, can result in frequent healthcare
visits to visually assess a breastfeeding session and to serially track
theinfant’s weight®.

The ability to monitor the volume of milk produced during a
breastfeeding session in a convenient continuous manner via a wire-
less, wearable system would address these issues. Reliably reporting
thisinformation to clinicians and parentsin the hospital and outpatient
(home) settings would allow those concerned with the growth and
development of infants—preterm or full term—to know the adequacy of
breastfeeding and the nutrition that the infant receives. This paper pre-
sents development and testing of an engineering solution that fulfills
the key requirements for thisunmet need—a system that can wirelessly
monitor the volume of milk released from the breast as a function of
time during breastfeeding, with datarepresentedinreal timethrougha
graphical userinterface onasmartphone. Detailed experimental stud-
ies and computational investigations based on anatomically realistic
models of the breast quantitatively capture the operating principles
and support design choices for optimized performance. Demonstra-
tions on 12 lactating mothers while using mechanical breast pumps
across periods of as long as 17 weeks in the neonatal intensive care
unit (NICU) and in home settings provide convincing evidence of the
practical utility of this technology in addressing thisimportant clinical
need. This foundational testing of specific milk volumes measured in
bottles provides the basis for asystemthat can be applied to the normal
physiology, aninfant feeding directly at the breast.

Results

System design

Figure 1a shows a schematic illustration of the system on a mother’s
breast to monitor the volume of milk consumed by an infant during
breastfeeding. The technology uses four skin-interfaced electrodes
that connect to asmall base station for measurements of bioimpedance
and wireless communication (Fig. 1b,c and Supplementary Fig. 1). As
demonstrated subsequently, data collected continuously and in real
time indicate that fractional changes in bioimpedance correlate in a
directlinear fashion with the volume of milk removed from the breast,
with high accuracy and precision. Figure 1d presents an illustration
of the anatomy of the breast of a human female and the operational
mechanism of the system. The breast consists of skin, muscle, fat, lobes
(15-20, each with20-40 lobules), ducts and the nipple®™° (Supplemen-
tary Fig. 2). Alveolar cells in the lobules activate after childbirth to
produce milk. When breastfeeding begins, suckling triggers oxytocin
release, which stimulates myoepithelial cells to squeeze breast milk
from the alveoli" . Breast milk then drains toward the nipple pores
to be consumed by the infant. (Sucking reflexes do not develop until
~32 weeks of gestation and are typically fully developed at 36 weeks of
gestation.) Since the electrical conductivity of breast milk is slightly
higher than that of other body tissues, such as skin or breast fat, the
bioimpedance of the breast increases during breastfeeding® ™',

Four skin-interfaced electrodes at strategic locations on the breast
serve as the basis for measuring changesin the bioimpedance. The two
outer electrodes inject low levels (255 pAgys) of alternating current
(a.c.), whilethe twoinner electrodes simultaneously measure voltages,
for conversioninto bioimpedance. Figure 1e shows block diagrams of
the system. The circuit refines the voltage signals (V; and V,) through
alow-passfilter (LPF) with a1,000 Hz cut-off frequency and provides a
voltage gain of 10 V/V, controlled by aninstrumentation amplifier (INA)

and programmable gain amplifier (PGA). Demodulators multiply the
received signal by square waves of identical frequency, facilitating the
downconversion of the measurement frequency todirect current (d.c.).
The demodulator signal phase is 0° for the in-phase outputs and 90° for
the quadrature outputs. Subsequent to the PGA amplifiers, the signal
passes through two-pole active low-pass anti-aliasing filters (AAF)
witha 600 Hz cut-offfrequency. Following the AAFs, the in-phase and
quadrature signals channelinto 20-bit sigma-delta analogue-to-digital
converters (ADCs) for digitization. The 20-bit ADC signals are delivered
tothe microprocessor module through the Serial Peripheral Interface
(SPI), then transmitted to mobile devices via Bluetooth communica-
tion protocols, enabling users to monitor bioimpedance data and
corresponding milk volumes in real time. In the proposed circuit, the
power management integrated circuit (PMIC) manages the wireless
power charging circuits, and a voltage regulator maintains the internal
operating voltage (VDD) at3 V.

Measurements at a.c. frequencies above ~-50 kHz probe bothinter-
cellularand extracellular fluid due to the nature of the current pathways
inthis regime' (Fig. 1f). In contrast, comparatively low a.c. frequencies
(below 50 kHz) reflect mainly extracellular fluid®. Because breast milk
isatype of extracellular fluid, low frequency measurements represent
thebest choice for the current purposes. Supplementary Fig. 3 shows
the equivalent circuit diagram, including the biological tissue. Extracel-
lular fluid contributes only a resistance component to the bioimped-
ance (real part). Intracellular fluid, by contrast, contributes not only
resistance but also capacitive reactance (imaginary part), the latter
derived from cell membrane capacitance. Since low frequency a.c.
(below 50 kHz) cannot pass through the cell membrane and only travels
through the extracellular fluid, the bioimpedance system presented
here primarily measures the resistance. Figure 1g shows the results
of human body simulations of the impedance with and without milk
(10 vol%) and the difference between these impedances as a function
of a.c. frequency. Simulation results based on models of the human
body confirmthata.c. measurementsinthe low frequency regime are
more sensitive to changes in milk volume than those at high frequency.
The subsequent studies thus use a frequency of 16 kHz and a current
of 255 pAgys, Well within the safe range allowed by safety standard IEC
60601-1.

Studies using benchtop models

Figure 2a and Supplementary Fig. 4 show schematic diagrams in
cross-sectional and front views, respectively, of a breast model
designed for validation studies. The model adopts a simplified hemi-
spherical design, with layers to represent skin, breast fat and a cavity
to contain milk. Four electrodes attach to the outside of the skin, with
centre-to-centre distances betweenthe outer and inner pairs of 130 mm
and 100 mm, respectively. The electrical conductivities of breast
fat, skin and breast milk are 0.025Sm™, 0.141Sm™and 0.412S m™,
respectively'”® (Fig. 2b and Supplementary Fig. 5). The model uses a
commercial product that has asimilar electrical conductivity to skin.
Thebreast fat relies on agar gel formed with aconcentration of sodium
chloride (NaCl) thatleads to an electrical conductivity similar to that of
breast fat” %, as highlighted in Fig. 2c. Supplementary Figure 6 outlines
the process for fabricating this breast model. For experiments, cow
milk was used as a substitute for human breast milk due to its similar
electrical properties®. During breastfeeding, as the amount of breast
milk decreases, the total breast volume also decreases. The volume
ofthe other tissues, such as breast fat and skin, remain the same. Sup-
plementary Fig. 7 shows the benchtop testing models with 100, 80,
60,40,20 and 0 ml of milkin the cavities, with total volumes of 1,000,
980, 960, 940, 920 and 900 ml, respectively.

The bioimpedance response in the breast depends on the elec-
trode positions, along with geometrical and complex permittivity
parameters defined by (1) the anatomy of the breast, (2) internal tissue
layer thicknesses and spatial distributions of fibro glandular tissue,
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Fig.1| Wearable wireless system and operating principles for continuous
monitoring of breast milk released during nursing. a, Schematicillustration
of'the device onamothers’ breast to monitor the milk released by the breast,

and thus consumed by an infant, during breastfeeding. b, Image of the complete
system. ¢, Schematic exploded-view illustration of the base station. d, Schematic

Frequency (Hz)

cross-sectionalillustration of the bioimpedance electrodes on the mother’s
breast’. e, Block diagrams of system operation. Li-Po, lithium polymer. f, Path
ofa.c. passing through tissue at high and low frequency. g, Simulation results
for the real part of the impedance of breast tissue with and without milk and the
difference in these values as a function of a.c. frequency.

and (3) breast milk. Figure 2d-f presents frequency-domain, finite
element method (FEM) simulations based on a simplification of the
anatomical geometries (that s, halfasphere) for purposes of compari-
sonto experimental results obtained with the benchtop breast model.
Specifically, Fig. 2d shows the electrical field distribution at 16 kHz on
the surface of the model with100 ml of milkin the cavity for a4-surface
electrodelinear array when thetop electrode supplies an electrical cur-
rent of 255 pAgys (). Arrows indicate the direction, fromtop tobottom,
of the electric field on the surface of the breast to the location of the
bottom electrode, whichactsasacurrent sink. Cross-sectional views of
the computed field distributions on theinner regions of the breast with
100 ml of milk and without milk, respectively, appear in Fig. 2e,f. The

distributionis symmetric along the circumference of the breast due to
the equidistant placement of the electrodes. The milk alters the flow and
continuity of the electric field displacement and distribution (Fig. 2e)
due to the abrupt change in the dielectric properties at the interface
between the tissue and the milk. Asillustrated in Fig. 2g, experimental
measurements and simulation results show good agreement. Both
capture the approximately linear dependence of the impedance on
milk output volume. In particular, as the volume of milk decreases, the
impedance increases from 102 ohms to 112 ohms due primarily to the
remaining volume fraction of milk and its effective dielectric influence
onthetissue. Theeffectistoredirect the flow of electric currentinside
the tissue as shown by the transition between Fig. 2e and f.
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Fig. 2| Verification of phantom model. a, Schematic cross-sectional diagram
ofthe phantom model for experimental measurements and simulations.

b, Average electrical conductivity across the frequency range from 10 kHz to

10 MHz of breast tissue, skin and milk. ¢, Real part of the impedance of agar gel at
afrequency of 16 kHz as a function of the concentration of NaCl. d-f, Simulation

External electrode distance (mm)

results for the electric field distribution on the surface (d) and inside of the
phantom model with (e) and without (f) milk. g, Experimental measurements

and simulation results for the impedance as a function of milk output volume.

h, Experimental measurements and simulation results for the difference in
impedance with and without milk as a function of the external electrode distance.

These changesin field depend on the placement of the electrodes,
asthe penetration depth and sensitivity canbe approximated as linearly
proportionaltothe external electrode distance for the placement range
of interest (130-150 mm) and the sizes of the electrodes. Figure 2h
summarizes the difference inimpedance AZ between the presence
and absence of milk as a function of the external electrode distance
(Supplementary Fig. 8). As the distance between the top two electrodes
andthe bottomtwo electrodes decreases, the sensitivity to changesin
milk volumeincreaseslinearly toreachaAZ=10.75 ohms at an external
electrode distance of 130 mm. Thus, the benchtop tests and simulation
results capture the key mechanisms that affect the measurement. This
setup exploits the symmetry of this simplified case to highlight the
basicrelationships between geometrical and dielectric variables that
influence impedance. The results serve as a guide to understand the
results of anatomically correct simulations and human participant
studies described subsequently.

Simulations using anthropomorphic breast models

Figure 3a shows a schematic cross-sectional view of a human breast
obtained from a breast model repository for microwave and breast
imaging technologies®. Here, skin, fat and fibro glandular clusters for
thebreastintra/extracellular glands and milk (-10% of the total breast

volume) represent the internal anatomy and internal tissue distribu-
tions based on magnetic resonance imaging (MRI) of anactual breast,
reconstructed from STL files for 3D-FEM simulation (Supplementary
Fig.9). Thismodel adopts asimilar bioimpedance analysis methodol-
ogy as the simplified geometrical models described in the previous
section. Figure 3b,c highlights the computed electrical field distribu-
tionon the surface of the breast and internally through the tissues and
milk. Due to the anatomy and internal tissue distribution, the electric
field flow exhibits some asymmetries that depend on details specific to
each patient. Nevertheless, Fig. 3c shows that electric field variations or
discontinuities in the location of the fibro glandular clusters occur due
tothe presence of milk, thereby resulting in changesin theimpedance,
asillustrated by the cross-sectional cut in the ZY plane. These simu-
lations highlight the influence of anatomically accurate geometries
and associated non-symmetrical dielectric effects, with changes in
impedance caused by both the volume fraction and proximity of the
fibro glandular tissue to the sensing electrodes. The simulation setup
and results for the impedance as a function of milk output volume as
extracted from the model are shown in Fig. 3d,e. To determine the
influence of breast milk on the impedance change, the total breast
volume s fixed to 1,000 ml during milk extraction. The model assumes
that before breastfeeding, the volumes of total breast and breast milk
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Fig. 3| Humanbody simulation results for breast milk monitoring
through measurements of bioimpedance. a, Schematic cross-sectional
diagram of amodel of the human body. b,c, Simulation results for the electric
field distribution on the breast surface (b) and inside the breast (c).
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d,e, Configurations for the simulations (d) and results (e) forimpedance asa
function of milk output volume. f,g, Configurations for the simulations (f) and
results (g) forimpedance as a function of total breast volume, without milk.

are1,000 mland100 ml, respectively. After breastfeeding, the volume
of total breast is 1,000 ml and there is no breast milk. The purpose of
this assumption is to reveal the influence of the volume fraction, dis-
tribution and dielectric constant of milk. The simulationsindicate that
the impedance increases by 17.9 ohms following extraction of 100 ml
of milk, typical for breastfeeding. Figure 3e shows an approximately
linear dependence between the milk output volume and the computed
impedance caused by the effective dielectric change inside the breast
tissue. Figure 3f,g highlights similar calculations obtained as a func-
tion of total breast volume without the influence of milk. The findings
indicate that the changesin total breast volume (-10% decrease) during
breastfeeding have a negligible effect on the bioimpedance response.In
other words, changes in bioimpedance depend primarily on changesin
dielectric propertiesrather thanchangesin volume. Inparticular, when
thetotal breast volume decreases from 1,000 mlto 900 ml,impedance
decreases by only 1.9 ohm. This change is approximately only 10% when
compared with that associated with loss of 100 ml of milk.
SupplementaryFig.10 indicates a parametric study to model 245
different combinations of breast sizes based on the dimensions of the
three principal axes of an ellipse. Across the three-dimensional (3D)
space, the volume of the breast varies between 135 ml and 6,500 ml
to capture the effect of size. By modifying the principal axes over the
range shown in Supplementary Fig. 10a, we obtain different breast
shapes, where breast asymmetry is related to the ratios between the

principal axes. Supplementary Fig. 10b shows a 3D scatterplot of the
initialimpedanceinrelation to breast size and dimensions. The results
indicate that the initial impedance reaches a maximum value when
the intermediate axis is large, which causes an increase in electric
field distribution due to the electrode placement and tissue coverage
inside the breast. Supplementary Fig. 11a,c,e reveals that the initial
impedanceislinearly proportional to the intermediate axis, inversely
proportional to the semi-minor axis and decreases nonlinearly as
the semi-major axis increases. Supplementary Fig. 11b,d,f indicates
that the differenceinimpedanceisinversely proportionaltoboth the
semi-major axis and the semi-minor axis. This comprehensive analysis
explains the dependency onbreast size and shape and therelationships
between the magnitude of the initialimpedance during placement and
the changes inimpedance during breastfeeding.

Hydration levels and sweat can affect the electrical conductivity
and relative permittivity of skin, resulting in associated changes in skin
impedance. The electrical conductivity of the stratum corneum varies
from107 S m™ for dry skin to 107 S m™ for wet skin*. Supplementary
Fig.12a,b indicates, however, that the initial bioimpedance and the
difference in bioimpedance are largely unaffected by the value of the
electrical conductivity over the range for dry and wet skin conditions,
simply because the properties of the skin play aminor rolein the over-
allimpedance of the breast tissue measured across its breadth. The
effects of sweat can be evaluated through exposure toasaunaat 60 °C
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lactation. d, Milk output volume collected in abottle attached to the breast pump
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deviation between the milk output volume inferred from the bioimpedance
system and that collected in the breast pump bottle.

for 30 min to induce sweating. This exposure results in substantial
release of sweat—an extreme case far larger than sweat released froma
stress or painresponse—withanassociated decreasein the skinimped-
ance, but with arelative change in bioimpedance of the breast of only
around -0.7% (Supplementary Fig. 13), which is negligible compared
with changes associated with removal of milk from the breast due
to breastfeeding (-13.2% relative change for extraction of 100 ml of
milk). Supplementary Fig. 14 shows that bioimpedance changes with
humidity. As the relative humidity increases from 42% to 87% by gen-
erating steam in a closed space, the relative change in bioimpedance
isapproximately —0.3%, a negligible difference. Evaluations involving
milk spilled (several drops) onto the region of the skin where the elec-
trodes are mounted also indicate negligible changes inbioimpedance
(Supplementary Fig.15).

In practical use, noise caused by motion artefactsisalsoimportant
to consider, as well asits magnitude relative to expected changes from
changesinmilk volume. Theresultsin Supplementary Fig. 16 indicate
the magnitude of representative artefacts that can occur during breast-
feeding. The magnitude of the baseline noise, excluding such artefacts,
is ~0.13 ohm. Transient noise levels from respiratory cycles, typical
body movements, application of breast massage to stimulate milk
release, motions of the interconnecting wires, motions at the interface
between the skin and the electrodes, force applied to the electrodes
and placingacloth onthe electrode are approximately 0.5,1,3,1,1,1.5
and 0.3 ohm, respectively. Such artefacts can, however, be reduced

by appropriate data processing, specifically through elimination of
frequency components of the signal above 0.05 Hz. Moreover, accord-
ing to FEM simulation results (Fig. 3e) and measurements on human
participants described subsequently, the increase in bioimpedance
duetoextraction of 100 ml of milkis ~15 ohms, substantially larger than
the noise. Systematic errors may arise, however, due to differencesin
electrode placement for each trial. Assuch, inthe subsequent studies,
the flange of the breast pump serves as a reference for the electrode
placement position (Supplementary Fig. 17a). The upper and lower
electrode sets attach to the top and bottom of the breast around the
outside of the breast pump flange (diameter of 90 mm) at a45-degree
angle. Small ink markings on the skin (Supplementary Fig. 17b) can
improve the accuracy of electrode placement for subsequent repeti-
tive measurements. Supplementary Fig. 18 shows that the magnitude
of variations in resistance associated with repetitively placing and
removing the electrodes on the breast, using the flange as a guide, is
comparableto theintrinsic baseline noise, ~0.13 ohm.
Supplementary Figs. 19-21 indicate the simulation result on a
simplified spherical geometry breast model to investigate the effect
ofelectrode placement and angular misalignment. In this breast model,
the breast diameter is 155 mm, the external electrode distance is varied
between 90 mm and 150 mm and the angular misalignment (6) of the
top electrodes is varied between 0 and 160° to identify the optimal
placement and understand the influence of electrode positioning. The
surface plotin Supplementary Fig.20 shows the nonlinear relationships
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between both parameters and shows that angular misalignments
6>50°produce asubstantial decrease inimpedance. Simulation results
in Supplementary Fig. 21 provide a practical guide for experimental
placement where the recommendation is to place the electrodes
between the normalized distance 0.6 < Zeiectrode 0.97 (where D,jecirode

breast

isthe distance betweenthe electrodes and D, ., is the diameter of the
breast) and ensure that 8 < 50° to maximize the bioimpedance sensitiv-
ity to breastfeeding.

Supplementary Fig.22 indicates the peel strength of the electrodes
to verify that the electrodes are not easily detached due to changes in
skin contact during breastfeeding. A tensile tester (Mark-10) quantifies
the peel strength of the Bio ProTech electrodes used in these studies
and additional four adhesives (3M Red Dot, 3M Tegaderm, Reserv and
Syrtenty). The Bio ProTech electrode used here has an average peel
strength value of -0.2 N mm™, which is substantially higher than those
of'the other four comparison groups.

Validation in human studies

The goal of the technology is to enable the amount of breast milk con-
sumed by aninfant during direct breastfeeding to be monitored accu-
rately andinreal time. Studies to validate this capability and to calibrate
the systemrely on a breast pump and a connected bottle to precisely
quantify the volume of milk extracted from the breast as a function
of time. Figure 4a presents a schematic illustration of the bioimped-
ance system and the breast pump on the mother’s breast. Figure 4b
shows the placement of the electrodes around the flange of the pump.
Theresults in Fig. 4c summarize the relative change in bioimpedance

during lactation. Measurements include a period of 3 min before and
3 min after use of the pump. InFig. 4c, the grey line represents the raw
data, and the black line represents the data with a smoothing filter to
minimize errors due to artefacts such as those described previously.
Supplementary Fig. 23 outlines the detailed smoothing process. To
enable real-time impedance filtering and monitoring, a system was
developed that updates a real-time plot every 2.5 s by optimizing the
number of datawindows and applying alow-pass filter (Supplementary
Fig.24).A datawindow consisting of 50 samples witha50% overlap (25
samples) is generated from real-time impedance data (10 Hz of sam-
pling rate). Overshooting caused by initial values during the low-pass
filtering process is mitigated by subtracting the initial value of the data
window to appropriately shift the data. A third-order low-pass filter with
a0.5 Hz cut-offfrequencyis then applied to achieve asmoothed graph.
Finally, a continuous real-time plot is generated by shifting the data
through the addition of the final value of the previously filtered dataset.
Simultaneous recordings capture the volume of milk in the bottle at
3-minintervals (Fig. 4d). The results of four trials on a single participant
establish repeatable correlations between the relative change in bio-
impedance and milk output volume (Fig. 4¢e). The Bland-Altman plot
inFig.4findicates that the mean difference and standard deviation of
milk output volume inferred from the bioimpedance system and that
collected in the bottle are 0.1 ml and 4.87 ml, respectively.

Human studies from various participants
Figure 5aillustrates the use of the system on mothers tested in one of
two environments: (1) in the NICU and (2) in the home setting. Since
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each participant has a different breast density, breast shape, breast
size, dielectric properties and internal tissue distribution of breast
fat, gland and milk, somewhat different calibration factors connect
measurements of bioimpedance to volume of milk output. With such
personalized calibration procedures, the system can accurately moni-
tor theamount of breast milk consumed by infantsin real time. The data
enable amother oramember of clinical staffto set a target amount of
breast milk to provide to aninfant, allowing for continued breastfeeding
until reaching thistarget. Figure 5b presentsresults from participant 1
with four replicate measurements. The time intervals from the first to
the fourth measurement are 12 days, 106 days and 6 days, respectively.
Animportant conclusionis that the calibration factor for determining
milk volume from bioimpedance measurements remains the same
throughout the duration of this and other studies presented here.
Figure 5c shows results of the first trial for each of 12 participants (Sup-
plementary Figs. 25-38). As expected, the calibration factor varies
due to differences in breast density, shape and size, but perhaps not
asmuch as might be expected. The Bland-Altman plotin Fig. 5d shows
the difference between the milk output volume inferred from the device
andthat collected in the breast pump bottle from these 12 participants.
Replicate measurements from various participants verify the ability
to reliably monitor the amount of milk released from the breast. The
mainreasons for differencesin accuracy between participantsinclude
body movement, breast massage and time intervals between trials.

Demonstrations of the practical use of the device for participant 11
(Supplementary Fig. 37k) involve first defining a calibration factor from
theresults of two trials using the breast pump. Applying this factor to
subsequent recordings of bioimpedance while breastfeeding aninfant
yields the amount of milk consumed. The difference in weight of the
infant before and after breastfeeding provides a separate measurement
for comparison. Clinicians commonly use the weight measurement to
track the amount of milk consumed by infants. For this example, the
weights before and afterare 2,680 +10 gand 2,700 + 10 g, respectively.
This difference corresponds toaconsumptionof 20 +10 g, or equiva-
lently 20 + 10 ml, of milk. The volume determined by bioimpedance s
24 + 4 ml, suggesting no substantial difference compared to the value
determined by weight.

Although an individualized approach is preferred, as a rough
approximation, a participant-independent calibration scheme can
yield estimates of milk volume. Supplementary Fig. 39ashows a plot of
the percentage change in bioimpedance and milk output volume based
on data from all participants and a linear fit to define a single calibra-
tion factor. Supplementary Fig.39b presents the differences between
the milk output volume inferred using the device with this calibration
and that collected in the breast pump bottle for all participants. The
average percentage error in the milk volume estimated with the device
is~3% across this entire dataset.

For anindividual, the accuracy is the same whether the absolute
changein bioimpedance (AZ) or the relative change in bioimpedance
(AZ/Z,) serves as the basis for determining the calibration factor. To
generate a single calibration factor for all participants, however, the
relative change in bioimpedance is preferred. Here, AZ depends on
physical parameters such as breast size, shape and the volume frac-
tion of milk. The value of AZ/Z, largely eliminates these effects via
normalization with Z,. Supplementary Fig. 40 represents simulation
results for AZand AZ/Z, as a function of total breast volume (from
750 mlto1,400 ml) for afixed milk output volume (100 ml). Simulation
results show that AZchanges by up to 8 ohms across the range of breast
volumes examined here. By contrast, AZ/Z, remains almost constant,
with only a1% difference across this same range.

Discussion

Thetechnology introduced here addresses animportantunmet need
inreducing barriers to successful breastfeeding, thereby supporting
the realization of established public health goals for infant feedings.

The operationrelies on simple measurements of bioimpedance, moti-
vated by schemes previously published for tracking release or buildup
of other biofluids such as urine and lymph fluids, and in one case, even
asaresearchtoolforidentifyinginitiation of lactation near the nipple
area” . The long-term goal is to bypass the standard cumbersome
approach of weighing the infant before and after breastfeeding to
determine the amount of ingested milk, thereby allowing this type of
total volume assessment to be performed in a routine and frequent
manner, whetherinthe hospital or athome. The dataare also expected
toreduce uncertainties for clinicians managing mother-infant dyads.
Inamoreimportant sense, the measurementsyield unique insights into
thetime dynamics ofingestion, continuously during each breastfeed-
ing session, in a way that would be difficult orimpossible to replicate
with any existing approach. Such physiologicindicators also facilitate
the management of hospitalized preterminfants who are developing
feeding skills. For instance, this information can determine whether
consumption of milk occurs primarily early or late within the time of
breastfeeding, or whether it is evenly distributed throughout. These
dataandrelated derived quantities canbe presented to the mother and
her family and shared with her healthcare team to help optimize breast-
feeding outcomes, to the nutritional benefit of the infant and ultimate
achievement of international public health goals. Critical next steps
require testing in the diverse situations of direct breastfeeding, such
asdifferent positioning of infants during feeding, whichis the normal
physiologic circumstance for infant feeding. Further opportunities for
improving the engineering aspects of the device include integration
into garments such as breastfeeding bras to enhance user experience. A
further next step could be to use bioimpedance technology to analyse
the nutritional composition of breast milk, whichis based on the prin-
ciplethatdifferencesin the nutritional composition of breast milk (for
example, fat content) affectits electrical conductivity®. Of additional
importance, considering the health benefits of breastfeeding for both
theinfantand the mother, the ability to use the device remotely,inhome
settings, will offer the potential to reduce inequalities associated with
patientswho, due to geographical and/or economic considerations, do
not haveready access to medical facilities and professional caregivers.

Methods

Participant and institutional review board approval

Once consent was obtained, standard demographic datawere collected
fromeach participant. Additional details regarding the comfort of the
sensor apparatus were solicited from each participant before and/
or after the pumping session. In addition, participants were asked to
report any concerns (for example, irritation, rash, breakdown) expe-
rienced 24 hafter each session. None were infact reported. The North-
western University International Review Board approved this study (IRB
number STU00211016). All participants provided informed consent
before any study procedures. There was no participant compensation.
Twelve healthy lactating women participated. These participants had
amedian age of 34 years (range: 28-42 years).

Fabrication of the bioimpedance system

Thebase station used a printed circuit board (PCB, PCBWay) populated
withaBluetooth low energy system on chip (BLESoC, ISP1807, Insight
SIP), two low-drop output (LDO) voltage regulators and an analogue
front-end (AFE) for bioimpedance monitoring (Maxim30009, Analog
Devices), a 110 mAh lithium polymer battery (PRT-13853, DigiKey)
and an interconnecting wire, all mounted using a low-temperature
reflow process with soldering paste (TS391LT, Chip Quik) and heat
gun (AOYUE Int866). The high-performance AFE module features a
high-resolution ADC with up to 17-bit precision and supports a broad
range of bioelectrical impedance analysis frequencies, from 1kHz to
500 kHz. The AFE includes anembedded sine-wave current generator
that can be programmed via user interfaces to accommodate vari-
ous frequencies. Four electrode connectors (SHIELD-EKG-EMG-PRO,
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Mouser Electronics) served asinterfaces to the PCB. A soft silicone elas-
tomer (Silbione, Elkem) encapsulated the system. The encapsulation
processinvolved placing the base stationinamould, pouringa precur-
sortothesilicone elastomerinto the mould and curingat 75 °Cfor 3 h.

Fabrication of the benchtop model

The phantom breast model used agar gel with electrical conductivity
similar to that of breast tissue. The fabrication began with mixing
35.25 g of agar powder (A1296, Sigma Aldrich) and 1.53 g of NaCl
(71382, Sigma Aldrich) with 1,500 g of deionized (DI) water ina beaker.
The resulting solution was then heated on a hot plate at 290 °C for
30 min while stirring using a magnetic bar. After completely dis-
solving the agar and NaCl powder, the agar solution was poured into
aconcave hemispherical mould (180 mm diameter). A small convex
hemispherical mould (75 mm diameter) placed on top defined a cavity
for the milk. Cooling the agar solution to room temperature (23 °C)
for 3 hsolidified the gel to allow removal of the moulds. An artificial
skin product (SynDaver) provided an outer layer as an interface to
the electrodes.

FEM simulations

Electric field modelling relied on the commercial software COMSOL
6.1(AC/DCModule User’s Guide) to compute the electric field distribu-
tion in the phantom benchtop models and the anatomically accurate
breast geometries to determine the bioelectrical impedance on the
basis of afour-electrode arrangement. All cases used equations for the
electrical currentinthe frequency domain to account for theinfluence
of conduction and displacement currents as

V.)J=V-(0E +jwD +]J.)=Q; ()]
E=-VV ?2)
D = eg€,E 3)

where ] is the current density, o is the electrical conductivity of the
tissues, Eisthe electricfield, wis the angular frequency, Dis the electric
field displacement, ¢, is the relative permittivity of the tissues, J. is an
externally generated current density, Q; is the current source in the
electrodes (wherej = (-1)"2is the imaginary unit) and Vis the electric
potential. In the benchtop model, the skin layer, breast fat, milk and
electrodes were modelled using 4 node tetrahedral elements and the
total number of elementsin the model was ~450,000. The 3D anatomi-
cally accurate model taken from scans was imported into COMSOL as
STL files from the breast model repository for microwave and breast
imaging technologies hosted by the University of Calgary in Canada®.
The skin, fat and 8 fibro glandular clusters that provide the intra- and
extracellular tissue in the breast were obtained from the path
BM_Hetero_001>Left>Fat_1 Fgt_8 to generate the geometry and the
internal breast tissue distribution and mesh it with ~2,350,000 tetra-
hedral elements. A mesh convergence study was performed to ensure
accurate results. In all numerical models, the four electrodes were
positioned on the surface of the skin and assigned terminal current
boundary conditions. The top electrode /, was assigned a 255 pAgys
currentand thebottom electrode /, was set to ground, while the inter-
mediate voltage electrodes V,and V, were used as floating potentials®.
Continuity of the current density and electric potential was ensured
between the electrodes, electrode-tissue interface and tissues. A
frequency sweep from1kHz to 10 GHz was implemented to study the
parametric sweep to vary the distance between the top and bottom
electrodes onthe skin. The frequency-dependent relative permittivity
and electrical conductivity used in the simulation for the skin, breast
fatand breastglands'®" are shown in Supplementary Fig. 5. In addition,
in the simulation, the frequency-dependent relative permittivity of

breast milk was obtained from a Debye relaxation model from reference
values®***inthe MHz and GHz frequency range as
e — €l

S ® )

g (w)=¢e, +
@) =€ 1+ w212

(g5 — €& ) (wT)

1+ w212

g (w) = (5)
where ¢’(w) isthereal partand ¢”(w) is theimaginary part of the permit-
tivity. Here w is the angular frequency, &, = 10,000 is the real static
(low frequency) permittivity, €., = 20 is the real permittivity at high
frequencies and T=1x10"? s is the relaxation time. The frequency-
dependent values are shown in Supplementary Fig. 5. The simula-
tion assumes that the electric conductivity varies between 0.4 Sm™
and 0.55S m™ based on the previously reported values for milk
conductivity®*.

Human clinical studies

First, participants were provided with information about the bioim-
pedance system and the purpose of the human clinical study before
obtaining their consent to participate. The bioimpedance system
used commercially available silver/silver chloride (Ag/AgCl) elec-
trodes (T716, Bio Protech). The upper and lower electrode sets were
attached tothe top and bottom of the breast around the outside of the
breast pump flange (diameter of 90 mm). Following attachment of the
electrodes of the device to the breast, bioimpedance data collection
occurred for3 minbeforelactation wasinduced by activating the breast
pump. During milk expression, recordings of the amount of breast milk
collected in the breast pump bottle occurred every 3 min. Bioimped-
ance values were continuously measured until 3 min after deactivating
the pump. The final step involved removing the electrodes from the
breastand recording responses of the participants to questions about
the discomfort or pain caused by the electrodes, interconnect wires
and base station. Measurements of the weight of the infant involved a
paediatric/infant scale (Scale-Tronix 4802, Welch Allyn). Data analysis
was performed using Microsoft Office 365 Excel and Origin Pro 2021b.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the results in this study are available within the
paper and its Supplementary Information. The data used in the study
arenot publicly available because they containinformation that could
compromise research participant privacy. Anonymized data can be
made available from the corresponding authors on request for aca-
demic purposes. Sample dataare available on GitHub at https://github.
com/JH127/Sample-data (ref. 35).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

0 XX X OO

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Custom iOS application and code that runs on smartphones (iPhone XR)

Data analysis Microsoft Office 365 Excel, Origin Pro 2021b, COMSOL 6.4 (AC/DC Module User's Guide)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data supporting the results in this study are available within the paper and its Supplementary Information. The data used in the study are not publicly available
because they contain information that could compromise research participant privacy. Anonymized data can be made available on request for academic purposes.
Sample data are available at https://github.com/JH127/Sample-data.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The studies relied on breastfeeding mothers (12 female).

Reporting on race, ethnicity, or Race, ethnicity and other social groupings were not used as a factor within the analysis or conclusions.
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groupings

Population characteristics Healthy participants (n=12, 12 female, median age of 34 years, range of 28-42 years)

Recruitment Healthy volunteers were recruited from mothers in Lurie Children's Hospital of Chicago Neonatal Intensive Care Unit (NICU).
Informed consent was obtained for all patients.

Ethics oversight The Northwestern University IRB approved this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculation was performed. This study was intended to describe and understand novel measurements. Sample sizes were
chosen to demonstrate the reliability and repeatability of device functionality.

Data exclusions  No data were excluded.

Replication All attempts at replication of all devices, prepared by the same fabrication processes described in the paper, were successful. All experiments
were repeated at least twice.

Randomization  Randomization was not applicable, as this was an observational pilot study.

Blinding Blinding was not applicable because the recruited groups were not classification categories.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Plants

Seed stocks The study did not involve plants.

Novel plant genotypes  The study did not involve plants.

Authentication The study did not involve plants.
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