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Description

RELATED APPLICATION/S

[0001] This application claims the benefit of priority
from U.S. Patent Application Nos. 61/006,558 filed Jan-
uary 22, 2008 and 61/053,069 filed May 14, 2008. The
contents of the above documents are incorporated by
reference as if fully set forth herein.

FIELD AND BACKGROUND OF THE INVENTION

[0002] The present invention, in some embodiments
thereof, relates to a breastfeeding and, more particularly,
but not exclusively, to a method and device for monitoring
breastfeeding by capacitance measurement.
[0003] It is recognized that breastfeeding is beneficial
for newborns as well as mothers. Pediatricians and other
health care providers promote breastfeeding as a normal
part of daily life, and encourage mothers to continue
breastfeeding for as long as mutually desired.
[0004] Breastfeeding is beneficial for newborns from
the standpoint of general health, growth, development.
In particular, breastfeeding significantly decreases the
risk for a large number of acute and chronic diseases.
For example, studies show that breastfed babies are less
likely to get diarrhea, ear infections, respiratory infec-
tions, bacteremia, bacterial meningitis, botulism, necro-
tizing enterocolitis, and urinary tract infections. In addi-
tion, breastfeeding provide the baby with a sense of
closeness, warmth and security.
[0005] Many studies indicate that breastfeeding is also
beneficial to the mother. For example, statistically,
breastfeeding mothers return to their normal weight more
rapidly. Breastfeeding is also known as one of the factors
that delay the resumption of ovulation, which may be ben-
eficial for mothers or families who wish to increase child
spacing.
[0006] Occasionally, the amount of mother milk con-
sumed by breastfed babies is not sufficient. When a
breastfed baby enters a stress condition, it is desired to
monitor the amount of milk consumed by the breastfed
baby so as to determine whether or not lack of feeding
is one of the sources of the stress. Several techniques
are known for monitoring breastfeeding.
[0007] The most widely employed technique is weight
subtraction. In this technique, the baby’s weight is meas-
ured before and after breastfeeding, and the amount of
milk consumption is calculated by subtracting the two
weights.
[0008] Another technique is disclosed in Daly et al.,
Exp. Physiology, 77, 79-87 (1992). In this technique,
changes in breast volume are traced by photographing
the breast before and after feeding.
[0009] U.S. Published Application No. 20058271913
and International Patent Publication No. WO
2006/054287 disclose a technique in which a volumetric
flow sensor is placed inside a silicon nipple cap through

which the baby suckles. The milk flow data from the sen-
sor is converted into milk volume data which is displayed
a display monitor.
[0010] International Patent Publication No. WO
2006/054287 discloses breastfeeding monitoring via
Doppler-shift measurements. an ultra-sonic Doppler-ef-
fect transmitter and receiver probes positioned proximate
to the nipple are activated during the breastfeeding ses-
sion to measure the amount of flow through the nipple.
The amount of flow is translated and accumulated into
milk volume.
[0011] International Patent Publication No. WO
2007/067632 discloses determining the condition of se-
lected regions of epithelial and stromal tissue. Electrodes
measure surface and transepithelial electropotential of
breast tissue, as well as surface electropotential and im-
pedance at one or more locations and at several frequen-
cies. An agent is introduced into the region of tissue to
enhance electrophysiological response characteristics.
The disclosure speediest measuring DC potential, im-
pedance, subepithelial resistance, epithelial resistance,
capacitance, characteristic frequency, depression angle
and transepithelial potential.

SUMMARY OF THE INVENTION

[0012] The present invention provides a method of
monitoring amount of milk consumed by an infant accord-
ing to claims 1 and 2, and a breastfeeding monitor system
according to claim 3.
[0013] According to an aspect of some embodiments
of the present invention there is provided a method of
monitoring amount of milk consumed by an infant being
breastfed by a breast. The method comprises: determin-
ing variations in electric capacitance of the breast during
breastfeeding, and correlating the electric capacitance
variations to an amount of milk consumed by the infant.
[0014] According to some embodiments of the inven-
tion the method further comprises measuring the electric
capacitance so as to determine the variations.
[0015] According to some embodiments of the inven-
tion the measurement of the electric capacitance is per-
formed so as to estimate electric capacitance of an inte-
rior of the breast while reducing contribution of a skin of
the breast to the electric capacitance.
[0016] According to some embodiments of the inven-
tion the measurement of the electric capacitance com-
prises measuring a phase of voltage sampled from a skin
of the breast in response to an electrical current applied
to the skin.
[0017] According to some embodiments of the inven-
tion the phase is measured via at least four electrodes
connected to a skin of the breast.
[0018] According to some embodiments of the inven-
tion the method further comprises correcting the corre-
lation using history data collected during previous breast-
feeding sessions.
[0019] According to some embodiments of the inven-
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tion the method further comprises measuring electric re-
sistance of the breast, and calculating a multiplication
between the electric resistance and the electric capaci-
tance, wherein the amount of milk is correlated to the
multiplication.
[0020] According to some embodiments of the inven-
tion the method further comprises performing a calibra-
tion measurement prior to the breastfeeding so as to col-
lect calibration data, wherein the multiplication is correct-
ed based on the calibration data.
[0021] According to some embodiments of the inven-
tion the method further comprises using the multiplication
for searching over the breast for regions occupied clus-
ters of alveoli.
[0022] According to some embodiments of the inven-
tion the method further comprises subtracting contribu-
tion of a skin of the breast to the electric capacitance.
[0023] According to some embodiments of the inven-
tion the contribution of the skin to the electric capacitance
and an overall electric capacitance of the breast are
measured by different electrical circuitries.
[0024] According to some embodiments of the inven-
tion the method further comprises measuring a thickness
of the skin, wherein the contribution of the skin to the
electric capacitance is estimated based on the thickness.
[0025] According to some embodiments of the inven-
tion the electric capacitance is measured by a capaci-
tance measuring device devoid of electrical contact with
the skin.
[0026] According to some embodiments of the inven-
tion the electric capacitance is measured, at least par-
tially, by at least one device selected from the group con-
sisting of a capacitance bridge, an LCR meter and an
oscillation frequency measuring device.
[0027] According to some embodiments of the inven-
tion the electric capacitance is measured via a plurality
of electrodes, wherein the method employs at least one
multiplexing cycle such that at different sub-cycles of the
multiplexing cycle, a different set of electrodes is used
for measuring the electric capacitance.
[0028] According to some embodiments of the inven-
tion the method further comprises using capacitance val-
ues measured during the at least one multiplexing cycle
for determining a capacitance measuring locations on
the breast in future sessions.
[0029] According to some embodiments of the inven-
tion the method further comprises analyzing capacitance
values measured during the at least one multiplexing cy-
cle so as to differentiate between measurement sensi-
tivities in different depths in the breast.
[0030] According to an aspect of some embodiments
of the present invention there is provided a breastfeeding
monitor system. The system comprises a capacitance
measuring unit adapted for measuring variations in elec-
tric capacitance of a breast during breastfeeding, and a
processing unit for correlating the electric capacitance
variations to an amount of milk consumed by an infant
being breastfed by a breast.

[0031] According to some embodiments of the inven-
tion the capacitance measuring unit is configured for
measuring electric capacitance of an interior of the
breast, while reducing contribution of a skin of the breast
to the electric capacitance.
[0032] According to some embodiments of the inven-
tion the capacitance measuring unit is configured for de-
termining the capacitance based on a phase of a voltage
sampled from a skin of the breast in response to an elec-
trical current applied to the skin.
[0033] According to some embodiments of the inven-
tion the capacitance measuring unit comprises at least
four electrodes connectable to a skin of the breast.
[0034] According to some embodiments of the inven-
tion the system further comprises a memory medium for
storing history data collected in previous breastfeeding
sessions, wherein the processing unit is configured for
correcting the correlation using the history data.
[0035] According to some embodiments of the inven-
tion the system further comprises a resistance measuring
unit for measuring electric resistance of the breast,
wherein the processing unit is configured for calculating
a multiplication between the electric resistance and the
electric capacitance, wherein the amount of milk is cor-
related to on the multiplication.
[0036] According to some embodiments of the inven-
tion the processing unit is configured for correcting the
multiplication based on calibration data collected prior to
the breastfeeding.
[0037] According to some embodiments of the inven-
tion the electric resistance and the electric capacitance
are measured at a plurality of frequencies, wherein the
multiplication is performed for each of the plurality of fre-
quencies, wherein the amount of milk is correlated to a
combination of at least two multiplications.
[0038] According to some embodiments of the inven-
tion the processing unit is configured for subtracting con-
tribution of a skin of the breast to the electric capacitance.
[0039] According to some embodiments of the inven-
tion the capacitance measuring unit comprises a skin ca-
pacitance measuring circuitry configured for measuring
the contribution of the skin, and an overall capacitance
measuring circuitry configured for measuring an overall
electric capacitance of the breast.
[0040] According to some embodiments of the inven-
tion the system further comprises a skin thickness meas-
uring device for measuring a thickness of the skin, where-
in the processing unit is configured for estimating the
contribution of the skin to the electric capacitance based
on the thickness.
[0041] According to some embodiments of the inven-
tion the capacitance measuring unit is configured to
measure the electrical capacitance while being electri-
cally isolated from the skin of the breast.
[0042] According to some embodiments of the inven-
tion the capacitance measuring unit comprises at least
one device selected from the group consisting of a ca-
pacitance bridge, an LCR meter and an oscillation fre-
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quency measuring device.
[0043] According to some embodiments of the inven-
tion the electric capacitance is measured at a frequency
of less than 100 MHz.
[0044] According to some embodiments of the inven-
tion the electric capacitance is measured via a plurality
of electrodes, wherein the system comprises a controller
for employing at least one multiplexing cycle such that
at different sub-cycles of the multiplexing cycle, a differ-
ent set of electrodes is used for measuring the electric
capacitance.
[0045] According to some embodiments of the inven-
tion the processing unit is configured for using capacitace
values measured during the at least one multiplexing cy-
cle so as to determine capacitance measuring locations
on the breast in future sessions.
[0046] According to some embodiments of the inven-
tion the processing unit is configured for analyzing ca-
pacitance values measured during the at least one mul-
tiplexing cycle so as to differentiate between measure-
ment sensitivities in different depths in the breast.
[0047] Unless otherwise defined, all technical and/or
scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art
to which the invention pertains. Although methods and
materials similar or equivalent to those described herein
can be used in the practice or testing of embodiments of
the invention, exemplary methods and/or materials are
described below. In case of conflict, the patent specifi-
cation, including definitions, will control. In addition, the
materials, methods, and examples are illustrative only
and are not intended to be necessarily limiting.
[0048] Implementation of the method and/or system of
embodiments of the invention can involve performing or
completing selected tasks manually, automatically, or a
combination thereof. Moreover, according to actual in-
strumentation and equipment of embodiments of the
method and/or system of the invention, several selected
tasks could be implemented by hardware, by software or
by firmware or by a combination thereof using an oper-
ating system.
[0049] For example, hardware for performing selected
tasks according to embodiments of the invention could
be implemented as a chip or a circuit. As software, se-
lected tasks according to embodiments of the invention
could be implemented as a plurality of software instruc-
tions being executed by a computer using any suitable
operating system. In an exemplary embodiment of the
invention, one or more tasks according to exemplary em-
bodiments of method and/or system as described herein
are performed by a data processor, such as a computing
platform for executing a plurality of instructions. Option-
ally, the data processor includes a volatile memory for
storing instructions and/or data and/or a non-volatile stor-
age, for example, a magnetic hard-disk and/or removable
media, for storing instructions and/or data. Optionally, a
network connection is provided as well. A display and/or
a user input device such as a keyboard or mouse are

optionally provided as well.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] Some embodiments of the invention are herein
described, by way of example only, with reference to the
accompanying drawings. With specific reference now to
the drawings in detail, it is stressed that the particulars
shown are by way of example and for purposes of illus-
trative discussion of embodiments of the invention. In this
regard, the description taken with the drawings makes
apparent to those skilled in the art how embodiments of
the invention may be practiced.
[0051] In the drawings:

FIG. 1 is a flowchart diagram illustrating a method
suitable for monitoring amount of milk consumed by
an infant being breastfed by a breast, according to
various exemplary embodiments of the present in-
vention;
FIG. 2 is a flowchart diagram of the method in em-
bodiments in which the amount of milk is correlated
to the electric capacitance and the electric resistance
of the breast;
FIGs. 3A-B are schematic illustrations of an elec-
trode configuration on a breast, according to various
exemplary embodiments of the present invention;
FIG. 4 is a schematic illustration of an electric ana-
logue of the configuration in FIG. 3;
FIG. 5 is a schematic illustration of a 3 component
electric analogue of internal breast tissue, according
to various exemplary embodiments of the present
invention;
FIG. 6 is a schematic illustration of an embodiment
of the present invention in which a pad is used for
the measuring the capacitance;
FIG. 7 is a schematic illustration of a breastfeeding
monitor system, according to various exemplary em-
bodiments of the present invention;
FIG. 8 is a schematic illustration describing an alve-
olus which collapses during expression of milk;
FIG. 9 is a schematic illustration describing an ar-
rangement of alveoli according to a computational
model employed by some embodiments of the
present invention;
FIG. 10 shows capacitance in nanofarads as a func-
tion of the volume of consumed milk in milliliters, as
measured in experiments performed according to
some embodiments of the present invention;
FIG. 11 shows a multiplication of resistance by ca-
pacitance as a function of the volume of consumed
milk, as measured for a frequency of 50 kHz in ex-
periments performed according to some embodi-
ments of the present invention;
FIG. 12 shows a multiplication of resistance by ca-
pacitance as a function of the volume of consumed
milk, as measured for a frequency of 25 kHz in ex-
periments performed according to some embodi-
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ments of the present invention;
FIG. 13 shows a ratio of intracellular water resistance
to alveoli resistance as a function of the volume of
consumed milk, as measured in experiments per-
formed according to some embodiments of the
present invention;
FIG. 14 shows capacitance as a function of time for
a frequency of 50 kHz as measured in another set
of experiments performed according to some em-
bodiments of the present invention;
FIG. 15 shows the measured capacitance of FIG. 14
as a function of the volume of consumed milk;
FIG. 16 shows resistance as a function of time for a
frequency of 50 kHz as measured in experiments
performed according to some embodiments of the
present invention;
FIG. 17 is a histogram of experimental results ob-
tained after employing a correction procedure, ac-
cording to various exemplary embodiments of the
present invention;
FIG. 18 shows a raw capacitance signal as a function
of the time as measured in experiments performed
according to some embodiments of the present in-
vention.
FIG. 19 shows a raw capacitance signal as a function
of the time as measured in another set of experi-
ments performed according to some embodiments
of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE 
INVENTION

[0052] The present invention, in some embodiments
thereof, relates to a breastfeeding and, more particularly,
but not exclusively, to a method and device for monitoring
breastfeeding by capacitance measurement.
[0053] Before explaining at least one embodiment of
the invention in detail, it is to be understood that the in-
vention is not necessarily limited in its application to the
details of construction and the arrangement of the com-
ponents and/or methods set forth in the following descrip-
tion and/or illustrated in the drawings and/or the Exam-
ples. The invention is capable of other embodiments or
of being practiced or carried out in various ways.
[0054] The present inventors found that the amount of
milk in the breast can be correlated to the electrical ca-
pacitance of the breast. It is recognized that the amount
of milk before and after breastfeeding can be used for
estimating the amount of milk consumed by an infant
being breastfed by the breast. This is because the typical
sucking rate of an infant is about 400 ml per hour, while
the production rate of milk in a breast is typically less
than 60 ml per hour (about 30 ml per hour on the average).
Thus, the amount of milk differentiated over time with
addition of the average production rate result in the es-
timated suckling rate within 7 % error at maximal confi-
dence.
[0055] The present inventors have therefore devised

a technique for monitoring the amount of consumed milk,
by measuring the electrical capacitance of the breast.
The dependence of the amount of milk (volume or mass)
on the electric capacitance of the breast according to the
discovery of the present inventors will now be explained.
[0056] The milk is stored in the alveoli of the breast,
which are small glands of about 0.1 mm diameter. During
milk expression, the alveoli decrease in size. The mem-
brane of each alveolus behaves as dielectric layer since
it blocks ionic conductance. Under AC electric field, these
membranes conduct displacement currents hence influ-
ence the capacitance of the breast. More specifically,
average cross-section of the alveoli in random orientation
can be sensed by measuring the breast’s capacitance.
It is recognized that the average cross-section of the al-
veoli is a proxy to their average volume, hence also to
the volume of milk in the breast.
[0057] Without being bound to any theory it is predicted
that the shape and size of the alveoli is approximately
universal, since the milk is held in the alveoli only due to
molecular force. The size of the alveoli is bound from
above to prevent spontaneous milk draining, and from
below to allow milk suctioning by a relatively low suction
force. Under this approximation, the relation between the
measured capacitance and milk volume is also universal.
[0058] There are two tissue types in the breast that
contract during milk expression: the alveoli and myoep-
ithelial cells. The myoepithelial cells surround the alveoli
and contract in response to Oxytocin hormone to help
depleting the milk. Yet, since the myoepithelial cells pos-
se 1-6% of the breast volume, their contraction is expect-
ed to have negligible effect on the capacitance. The
amount of milk in the ducts between the alveoli and the
nipple store is about 10 ml, which is small compared to
the alveoli that may store about 200 ml. Thus, to a good
approximation, the dependence of the capacitance on
the average alveolus volume can be considered linear.
Additional considerations with respect to the relation be-
tween the capacitance and the average volume of the
alveoli are provided in the Examples section that follows
(see Example 1).
[0059] Referring now to the drawings, FIGS. 1 and 2
are flowchart diagrams illustrating a method suitable for
monitoring amount of milk consumed by an infant being
breastfed by a breast, according to various exemplary
embodiments of the present invention.
[0060] It is to be understood that, unless otherwise de-
fined, the operations described hereinbelow can be ex-
ecuted either contemporaneously or sequentially in
many combinations or orders of execution. Specifically,
the ordering of the flowchart diagrams is not to be con-
sidered as limiting. For example, two or more method
steps, appearing in the following description or in the flow-
chart diagrams in a particular order, can be executed in
a different order (e.g., a reverse order) or substantially
contemporaneously. Additionally, several method steps
described below are optional and may not be executed.
[0061] The method begins at 10 and optionally contin-
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ues to 11 at which electric capacitance C of the breast
is measured during breastfeeding. The capacitance can
be measured using any measuring device known in the
art. Preferred techniques for measuring the electric ca-
pacitance according to some embodiments of the present
invention are provided hereinunder. In some embodi-
ments, 11 is not executed. In these embodiments, the
method preferably receives electrical capacitance data
from an external source.
[0062] The method continues to 12 at which variations
in the electric capacitance during the breastfeeding are
determined. The method continues to 13 at which the
variations in capacitance are correlated to an amount of
milk consumed by the infant. In some embodiments of
the present invention the method proceeds to 14 at which
the correlation is corrected using history data collected
during previous breastfeeding sessions. The history data
can include capacitance data and/or milk amount data
and/or data pertaining to intervals between successive
sessions.
[0063] The history data can be used in more than one
way. In some embodiments of the present invention his-
tory data is used for calibration. In some embodiments
of the present invention average values collected on sev-
eral sessions are used to improve the accuracy of the
extracted milk amount over time. In some embodiments,
history data are used for estimating the absolute content
of the milk in the breast, for example, by comparing a
contemporary value of capacitance or its descendants
with the minimal capacitance in the history data. Option-
ally, the estimation is based, at least in part, on the inter-
vals between successive sessions and/or the procedure
employed for measuring the capacitance in the previous
sessions (e.g., electrodes location, etc.).
[0064] The method ends at 15.
[0065] FIG. 2 is a flowchart diagram of the method in
embodiments in which the amount of milk is correlated
to the electric capacitance and the electric resistance of
the breast. The method begins at 10 and continues to 21
at which the capacitance C is obtained and 22 at which
an electric resistance R is obtained. The method can
measure C and/or R directly or receive capacitance
and/or resistance data from external sources. The meth-
od can then continue to 23 at which the method multiplies
R by C and 24 at which the method determine variations
in RC and correlates them to the amount of consumed
milk. The advantage of using RC as a measure for esti-
mating the amount of milk is that it is substantially invar-
iant to changes in the shape of the breast that may occur
during the breastfeeding session.
[0066] In some embodiments of the present invention
the breastfeeding session is preceded by a calibration
measurement, shown at 20, which is performed so as to
collect calibration data. In these embodiments, the value
of RC is corrected using the calibration data, and the
amount of milk is correlated to the corrected value of RC.
A preferred calibration procedure according to some em-
bodiments of the present invention is provided herei-

nunder.
[0067] In some embodiments of the present invention
the method corrects the correlation using history data
(e.g., capacitance, resistance, milk amount, intervals be-
tween successive sessions) collected during previous
breastfeeding sessions, as further detailed hereinabove.
[0068] The method ends at 15.
[0069] In various exemplary embodiments of the in-
vention the measurement the capacitance is measured
at a frequency which is less than 100 MHz, preferably
from about 1 kHz to about 100 MHz, more preferably
from about 1 KHz to about 10 MHz, more preferably from
about 1 kHz to about 1 MHz or from about 1 kHz to about
100 kHz or from about 10 kHz to about 100 kHz. The
advantage of this embodiment is that at low frequencies
the breast intracellular liquid primarily conducts as ionic
solution and not as dielectric matter, and the remaining
dielectric matter resides in thin membranes inside the
breast and at the skin.
[0070] In some embodiments of the present invention
the measurement of electric capacitance is performed
so as to determine the electric capacitance of the interior
of the breast, while reducing or minimizing skin contribu-
tion to electric capacitance. The variation in capacitance
of the internal breast tissue results from variations in the
amount or shape of biological dielectric matter and is
therefore better correlated to the amount of milk in the
breast.
[0071] Following is a description of several techniques
for measuring the capacitance of the breast, according
to various exemplary embodiments of the present inven-
tion.
[0072] In some embodiments, the measurement in-
cludes transmission of electrical current through the skin
and internal breast tissue and sampling of response volt-
age from the skin. This can be done via a plurality of
electrodes connected to a skin of the breast. In these
embodiments, the capacitance and optionally resistance
of the breast is determined based on the phase of the
sampled voltage.
[0073] FIG. 3 is a schematic illustration of a configura-
tion which can be used according to some embodiments
of the present invention for measuring the phase. FIG. 3
illustrates an embodiment in which a four-electrode con-
figuration is employed, but it is to be understood that the
number of electrodes can be other than four. In various
exemplary embodiments of the invention at least four
electrodes are employed.
[0074] Shown in FIG. 3 are four electrodes 30-1, 30-2,
30-3 and 30-4 attached to the skin of a breast 32 and in
electrical communication with a capacitance measuring
unit 36 via four wires 34-1, 34-2, 34-3 and 34-4, respect-
fully. The electrodes can be form on or integrated with a
pad or a chip (not shown, see, e.g., FIG. 6) which can be
attached to the skin or clipped to a breastfeeding brassier
(e.g., to the strips of the brassier). A pressing mechanism
such as arcs, foam or springs can be employed for press
the electrodes against the skin.
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[0075] One pair of the electrodes (say, electrodes 30-1
and 30-4) can serve as a current pair which applies AC
current to the skin and another pair of the electrodes (say,
electrodes 30-2 and 30-3) can serve as a voltage-pair
which samples the voltage from the skin. The electrodes
in the voltage pair are preferably buffered with an ampli-
fier 38 which features high input impedance. Preferably,
the input impedance of amplifier 38 is at least 100 MΩ
or at least 1GΩ, so as to ensure voltage sampling with
minimal or without current.
[0076] A preferred location of the electrodes on the
breast is the upper part of the breast, about 4-8 cm above
the nipple. The advantage of selecting this location is that
this part of the breast is generally planar and the geom-
etry does not change significantly during milk expression.
The electrodes can be arranged on pad (not shown, see
FIG. 6) which can be made sticky to allow fast attachment
of the electrodes to the skin.
[0077] The amplitude of the transmitted electrical cur-
rent is preferably from about 0.05 mA to about 0.5 mA.
The amplitude of the signal applied to the current pair
can vary, depending on the quality of the electric contact
between the electrodes and the skin. Generally, better
electrical contact reduces the amplitude of the applied
signal. For example, when bare and smooth conductive
electrodes are used, a peak-to-peak amplitude of 1-5
volts can be applied to the current pair to generate the
desired current.
[0078] The electric contact between the electrodes and
the skin can be enhanced, thereby reducing the ampli-
tude of the signal which generates the transmission cur-
rent. Enhanced electrical contact can also facilitate sens-
ing voltage from potential surfaces deep below the skin
level, thereby allowing the present embodiments to
measure the change in capacitance of the part of the
breast tissue that contains milk alveoli. The electric con-
tact can be enhanced using any contact enhancement
technique known in the art.
[0079] In some embodiments of the present invention
conductive electrode gel is employed. To this end a gel
commonly used in electrocardiogram (ECG) electrodes
can be used. This gel penetrates the stratum corneum
of the skin (epidermis) and allows adequate electrical
contact with the tissue below the skin. The contacting
surface of the electrodes can be made, for example, from
AgCI which reacts electrochemically with the gel and en-
hances the electrical current. This embodiment is partic-
ularly useful at low frequencies, e.g., below 20KHz. In
some embodiments of the present invention, electrode
gel or hydrogel over metallic (e.g., stainless still) elec-
trode surface is employed. The back of the electrode can
include screen printed conductive layer. This embodi-
ment is particularly useful at frequencies from about 20
kHz to about 1 MHz. The use of electrode gel is advan-
tage also from the standpoint of measurement consist-
ency since it reduces dependence of the penetrating cur-
rent on the pressure of the electrode over the skin. When
electrode gel is employed, a peak-to-peak amplitude of

about 0.5 volts can be applied to the current pair to gen-
erate the desired current.
[0080] In some embodiments of the present invention
the electrode surface includes conductive bulges or
teeth. Once the surface is pressed on the skin, the ca-
pacitance of the skin is increased thereby facilitating bet-
ter transmission of current to the tissue below the skin.
Short teeth can penetrate the external dead layers of the
skin (stratum corneum) and thus mimic the function of
electrode gel without applying liquid or gel. When the
electrode surface includes conductive bulges or teeth, a
peak-to-peak amplitude of from about 0.5 volts to about
1 volt can be applied to the current pair to generate the
desired current.
[0081] The electric analogue of the configuration in
FIG. 3 is illustrated in FIGS. 4 and 5. It is appreciated
that FIGS. 4 and 5 are simplified circuits, which are not
to be considered as limiting the scope of the present in-
vention in any way. The values of the components in FIG.
4 indicate typical breast measurement results at frequen-
cies of from about 10 to about 100KHz, with ball elec-
trodes pressed over the skin.
[0082] An AC generator transmits AC current via wires
34-1 and 34-4 through the skin to the internal breast tis-
sue. The amplitude and phase of the transmitted current
is sampled by a current sampling and measuring device.
The amplitude and phase of the voltage of the internal
breast tissue is sampled by voltage sampling and meas-
uring device via wires 34-2 and 34-3. Without being
bound to any specific theory, the internal tissue is mod-
eled (see FIG. 5) as being equivalent to a resistor Rb due
to galvanic (ionic) conductivity via the intracellular water,
and it is in parallel with a resistor Ra and capacitor Ca in
series due to displacement conductance through the al-
veoli membranes. Passage of current through the inter-
nal tissue is modeled via low impedance (about 10 Ω)
conduction see FIG. 3). The skin is modeled as having
much higher resistance than the tissue and high capac-
itance value.
[0083] The capacitance and optionally resistance of
the internal breast tissue can be calculated using the
sampled values of the voltage and current. Specifically,
the capacitance can be calculated from the capacitive
impedance Zcap defined as i(ε/1)/sin Δφ using the relation
Zcap = 1/(iωC), where I is the applied current, ε is the
sampled voltage, Δφ is the phase difference between ε
and I, i2 = -1, ω = 2πf and f is the frequency of the applied
signal. In embodiment in which the amount of milk is cor-
related to R and C, the multiplication RC can be calcu-
lated using the relation: 

where Zres is the measured resistive impedance defined
as (ε/I)/cos φ.
[0084] Knowing the current also can be used to detect
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the pressure of dry electrodes on the skin. Resistance
and capacitance slightly depend on the current and pres-
sure of the electrodes on the skin. In a 4-wire measure-
ment, the balance (difference between the sides) of the
pressure between dry electrodes slightly modifies the ca-
pacitance results. The following procedure can be em-
ployed for tracing the balance. The current wires are tem-
porarily switched. The current passes once between the
rightmost couple of electrodes and once between the left-
most couple of electrodes and the two currents can be
compared. If the currents are approximately the same
(e.g., within 10 %) then pressure can be considered bal-
anced.
[0085] In embodiments in which the breastfeeding is
preceded by a calibration measurement, the calibration
can be expressed as a relation between C or RC and the
parameters of the measurement. These parameters in-
clude, without limitation the current, I, the DC bias, εdc,
and the balance between two sides of the electrodes con-
struction, I1/I2, where I1 is the current measured when
signal is passed between, say, electrodes 30-1 and 30-2
and I2 is the currents measured when signal is passed
between, say, electrodes 30-3 and 30-4. For example,
the calibration can include a fitting procedure, e.g., ac-
cording to the relation: 

where, a1, a2 and a3 are fitted parameters and C0, I0 and
εdc0 are average values during the calibration. Once a1,
a2 and a3 are fitted, breastfeeding can begin and the
amount of milk can be correlated to the quantity
(I/I0)a1(εdc/εdc0)a2(I1lI2)a1RC, referred to hereinunder as
(RC)comp. The parameters of the calibration are prefer-
ably selected so as to reduce the fluctuation of (RC)comp
in terms of percent error.
[0086] In various exemplary embodiments of the in-
vention the electric capacitance and optionally electric
resistance are measured at a plurality of frequencies. In
these embodiments, the signal which generates the
transmitted electrical current is preferably a superposi-
tion of oscillating waveforms according to the number of
frequencies that are sampled. The amount of milk can
be estimated based on a combination of the measured
values of C and optionally RC for each individual frequen-
cy.
[0087] For example, suppose without loss of generality
that raw data are acquired at two frequencies, where for
each frequency the data is expressed in terms of the
resistance R and capacitance C as extracted from com-
plex value current I and voltage ε according to the rela-
tion: 

[0088] On the other hand, in a 3-component electrical
model of the breast (see FIG. 4) the components are
interpreted via the relation: 

[0089] Suppose further without loss of generality that
the ratio between the two frequencies is 2. Denoting by
R and C the values of the resistance and capacitance for
the higher frequency, and by R1/2 and C1/2 the values of
the resistance and capacitance for the lower frequency,
useful measures can obtained using the following formu-
lae: 

and 

[0090] In experiments performed by the present inven-
tors the ratio Rb/Ra was found to be approximately pro-
portional to RC. This ratio also approximates the ratio in
cross sections of alveoli and the rest of the tissue and
can therefore be used according to some embodiments
of the present invention for searching over the breast for
regions which are occupied with large clusters of alveoli
compared to other regions.
[0091] In experiments performed by the present inven-
tors it was found that the amount of milk can be correlated
to the following quantity: 

where the symbol () denotes average over history data
(RaCa and R1/2C1/2 in the present example) collected dur-
ing several previous breastfeeding sessions, and the
symbol Δ denotes a difference between the value of
R1/2C1/2 that is measured before breastfeeding and the
value of R1/2C1/2 that is measured after breastfeeding.
In some embodiments of the present invention one or
more of the history data averages is replaced with pre-
determined values.
[0092] The total amount of milk consumed by the infant
can also be correlated to the following normalized change
in capacitance: 
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where C1 is the capacitance before feeding and C2 is the
capacitance after feeding.
[0093] In some embodiments of the present invention
two or more sets of electrodes (e.g., four or more elec-
trodes per set) are attached to the breast, and multiplex-
ing technique between the sets and between electrodes
in the sets is employed for improving the accuracy of milk
estimation. This embodiment is illustrated in FIG. 3B. A
plurality of electrodes, generally shown at 30, contact
breast 32 and are connected via a plurality of connection
wires, generally shown at 34, to a controller 40 in unit 36.
For clarity of presentation, FIG. 3B does not show a
unique reference sign for each individual electrode and
each individual connecting wire. Also only some of the
connecting wires are depicted, but the skilled artisan
would know how to connect the electrodes to controller
40 having a microprocessor therein.
[0094] Controller 40 is preferably configured for per-
forming time-division multiplexing between the various
electrodes. The multiplexing cycle comprises two or more
sub-cycles wherein in each sub-cycle controller 40 se-
lects a different set of electrodes, and unit 36 performs
the measurement using the selected set of electrodes.
In some embodiments of the present invention controller
40 selects four electrodes per sub-cycle. In these em-
bodiment, unit 36 performs a four-wire measurement, as
further detailed hereinabove, wherein two electrodes
serve as a current pair for the respective sub-cycle and
two electrodes serve a voltage pair for the respective
sub-cycle.
[0095] The use of multiplexing reduces the effect of
local disturbance (e.g., when an electrode is close to a
blood vessel or another type of heterogeneity) on the
measurement. Data acquisition from several sets of elec-
trodes can also be used for determining a suitable loca-
tion for attaching the electrodes in future sessions. This
can be done, for example, by excluding locations at which
the acquired data (e.g., values of RC or Rb/Ra) substan-
tially deviate from the data acquired at other locations.
[0096] Multiplexing between various current and volt-
age electrode pairs can facilitate selective sensitivity to
various depths in the breast tissue. Selective sensitivity
can be based on various analysis principles, such as
those used in Electrical Capacitance Tomography. Such
analysis can be performed on the variations in capacitive
impedance related to milk expression, acquired by the
various electrode combinations. For example, values of
Δlog(C) (difference in capacitance logarithms before and
after breastfeeding) of two or more electrode combination
can be summed with appropriate sensitivity factors. The
result can be a reconstructed value of Δlog(C) at specific
depth in the tissue. Thus, such technique allows picking
a response from regions in the breast rich in milk alveoli
and extracting their change in capacitance due to milk
expression, in the same way a single impedance meas-
urement is processed.
[0097] In some embodiments of the present invention
an overall milk production rate is taken into consideration

while correlating the measured quantities or combination
of quantities to the amount of milk. This embodiment is
particularly useful when the breastfeeding session is rel-
atively long (e.g., above 30 minutes). The average rate
of milk production (about 30 ml per hour) can be multiplied
by the breastfeeding duration and added to the change
in milk volume in the breast.
[0098] FIG. 6 schematically illustrates an embodiment
in which the capacitance measuring unit includes a pad
60 having therein two or more sensing electrodes 64-1
and 64-2 for sensing changes in the capacitance of breast
32. Electrodes 64-1 and 64-2 can be connected to a ca-
pacitance measuring circuitry 62, e.g., via a two-wire con-
nection as shown. Although FIG. 6 shows an arrange-
ment of two electrodes in pad 60, this need not neces-
sarily be the case, since pad 60 can include more than
two electrodes. Also, pad 60 can be connected to circuitry
via any number of wires, which may be different from the
number of electrodes in pad 60. For example, pad 60
can include four electrodes which are bridged in pairs
and connected to circuitry 62 via a two-wire connection.
One such configuration is similar to the configuration
shown in FIG. 3 except that electrode 30-1 is bridged
with electrode 30-2, and electrode 30-3 is bridged with
electrode 30-4.
[0099] Pad 60 can be a sticky pad so as to facilitate
the attachment of the pad to the breast. Also contemplat-
ed is a pad which comprises two detachable parts, where-
in at the end of the breastfeeding session, one part of
the pad is detached while the other part remains on the
breast to mark the location for attaching the electrodes
in the next session. At the beginning of the breastfeeding,
the marker part of the pad can be detached to avoid in-
terfering with the breastfeeding after the pad is in place.
[0100] Pad can also be made non-sticky. In this em-
bodiment, pad 60 can be mounted on a breastfeeding
brassier (e.g., to the strips of the brassier) or the like. The
mounting is preferably such that the pad is pressed, e.g.,
by a pressing mechanism such as arcs, foam or springs,
to the skin but with minimal or no deformation of the shape
of the breast. For example, the pad and mounting mech-
anism can be made adjustable to the contour of the
breast.
[0101] The electrodes in pad 60 can be in electrical
contact with the skin or devoid of electrical contact with
the skin, as desired. Configurations in which the elec-
trodes are in contact with the skin are preferred from the
standpoint of strong signal, while configurations without
contact are preferred from the standpoint of comfort to
the breastfeeding mother. It is appreciated that capaci-
tance values measured without contacting the skin are
less susceptible to current effects but are significantly
lower compared to values measured by direct contact
with the skin. Yet, it was found by the inventors of the
present invention that non-contact configuration is suffi-
ciently sensitive to changes in the shape of the breast,
and can be therefore correlated to the amount of milk
consumed by the infant.
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[0102] Circuitry 62 is preferably sensitive to capaci-
tance changes in the sub-picofarad range (e.g., 0.01-1
pF) when the sensing electrodes do not contact the skin,
and in the nanofarad range (1-100 nF) when the sensing
electrodes contact the skin. In some embodiments of the
present invention circuitry 62 comprises a capacitance
bridge, and in some embodiments circuitry 62 comprises
an LCR meter. Also contemplated are embodiments in
which circuitry 62 is an oscillation frequency measuring
device, which detects oscillation frequency of a transistor
or an amplifier using a feedback loop via one of the elec-
trodes.
[0103] In some embodiments of the present invention
the contribution of the skin to the electric capacitance is
subtracted from the measured capacitance so as to iso-
late the capacitance of the internal breast tissue, which
correlates better to the amount of milk.
The contribution of the skin to the electric capacitance
can be measured in more than one way. In some em-
bodiments, schematically shown in FIG. 6, the overall
capacitance is measured by circuitry 62 and the skin ca-
pacitance is measured by a skin capacitance measuring
circuitry 66 which is different from circuitry 62. Circuitry
66 can employ, for example, a 3-wire capacitance meas-
uring technique, such as one of the techniques disclosed
in Rosell et al, IEEE. trans. Biomed. Eng 35(8),649
(1988), the contents of which are hereby incorporated by
reference. In some embodiments, the contribution of skin
to the electric capacitance is estimated based on the
thickness of the skin. The thickness of the skin can be
received as input from an external source, or it can be
measured. Non-invasive techniques for measuring skin
thickness are known in the art. In some embodiments,
the thickness of the skin is measured by an oxymeter
which emits infrared light in the direction of the skin and
detects the reflected light intensity according to the dis-
tance from blood that scatters the light. The measured
distance is the thickness of the dry skin layer.
[0104] Reference is now made to FIG. 7 which is a
schematic illustration of a breastfeeding monitor system
70, according to various exemplary embodiments of the
present invention. System 70 can be used for execution
any of the operations described above and in the flow-
chart diagrams of FIGS. 1 and 2.
[0105] System 70 comprises a capacitance measuring
unit 72 adapted for measuring variations in the electric
capacitance of the breast during breastfeeding, and a
processing unit 74 for correlating the electric capacitance
variations to the amount of milk consumed by the breast-
fed infant. Unit 74 is preferably a digital processing unit.
Capacitance measuring unit 72 is preferably configured
for measuring the electric capacitance of the interior of
the breast, while reducing contribution of the skin to the
electric capacitance. For example, unit 72 can comprise
a plurality of electrodes connectable to the skin of the
breast (not shown, see FIGS. 3 and 6) as further detailed
hereinabove. In various exemplary embodiments of the
invention unit 72 determines the capacitance based, at

least in part, on the phase of the response voltage, as
further detailed hereinabove. System 70 can further com-
prise a resistance measuring unit 78 which measures the
electric resistance of the breast, as further detailed here-
inabove. Processing unit 74 can calculate the multiplica-
tion RC and correlate the amount of milk to the value of
RC, as further detailed hereinabove. In various exempla-
ry embodiments of the invention system 70 comprises
controller 40 which performs the time-division multiplex-
ing between the various electrodes, as further detailed
hereinabove.
[0106] Unit 74 can be configured to perform any of the
above computational procedures for improving the accu-
racy of the correlation. Thus, for example, in some em-
bodiments unit 74 combines measurements taken at dif-
ferent frequencies, in some embodiments unit 74 calcu-
lates the calibration factor, in some embodiments unit 74
corrects the correlation using history data collected in
previous breastfeeding sessions, in some embodiments
unit 74 analyses the measurements obtained in the var-
ious sub-cycles of the multiplexing cycle for determining
suitable measuring locations in future sessions and/or
for differentiating between measurement sensitivities in
different depths in the breast, etc. In various exemplary
embodiments of the invention system 70 comprises a
memory medium 76 for storing the history data. Memory
medium 76 is preferably a non-volatile memory medium.
[0107] In some embodiments of the present invention
processing unit 74 is configured for subtracting the con-
tribution of the skin to the electric capacitance. In these
embodiment, capacitance measuring unit 72 preferably
comprises a skin capacitance measuring circuitry and an
overall capacitance measuring circuitry, as further de-
tailed hereinabove. System 70 can further comprise a
skin thickness measuring device 80 which measures the
thickness of skin, as further detailed hereinabove. In this
embodiment, processing unit 74 receives the value of
the skin thickness from device 80 and estimates the con-
tribution of the skin to the capacitance based on the thick-
ness.
[0108] System 70 can also comprise a user interface
module 82 and/ a display device 84. User interface 84
can be configured to receive input from the user, e.g.,
regarding the initiation and termination of breastfeeding.
Display device 84 can be a miniature display mounted in
the same housing with unit 74. Display device 84 serves
for displaying the monitoring results. The display can in-
dicate the progress of milk expression during breastfeed-
ing, for example, in the form of a graphical bar. At the
final stage display device 84 can display the amount of
consumed milk.
[0109] It is expected that during the life of a patent ma-
turing from this application many relevant capacitance
measuring techniques will be developed and the scope
of the term capacitance measuring device is intended to
include all such new technologies a priori.
[0110] As used herein the term "about" refers to 6 10
%.
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[0111] The word "exemplary" is used herein to mean
"serving as an example, instance or illustration." Any em-
bodiment described as "exemplary" is not necessarily to
be construed as preferred or advantageous over other
embodiments and/or to exclude the incorporation of fea-
tures from other embodiments.
[0112] The word "optionally" is used herein to mean
"is provided in some embodiments and not provided in
other embodiments." Any particular embodiment of the
invention may include a plurality of "optional" features
unless such features conflict.
[0113] The terms "comprises", "comprising", "in-
cludes", "including", "having" and their conjugates mean
"including but not limited to".
[0114] The term "consisting of means "including and
limited to".
[0115] The term "consisting essentially of’ means that
the composition, method or structure may include addi-
tional ingredients, steps and/or parts, but only if the ad-
ditional ingredients, steps and/or parts do not materially
alter the basic and novel characteristics of the claimed
composition, method or structure.
[0116] As used herein, the singular form "a", "an" and
"the" include plural references unless the context clearly
dictates otherwise. For example, the term "a compound"
or "at least one compound" may include a plurality of
compounds, including mixtures thereof.
[0117] Throughout this application, various embodi-
ments of this invention may be presented in a range for-
mat. It should be understood that the description in range
format is merely for convenience and brevity and should
not be construed as an inflexible limitation on the scope
of the invention. Accordingly, the description of a range
should be considered to have specifically disclosed all
the possible subranges as well as individual numerical
values within that range. For example, description of a
range such as from 1 to 6 should be considered to have
specifically disclosed subranges such as from 1 to 3, from
1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6
etc., as well as individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of
the breadth of the range.
[0118] Whenever a numerical range is indicated here-
in, it is meant to include any cited numeral (fractional or
integral) within the indicated range. The phrases "rang-
ing/ranges between" a first indicate number and a second
indicate number and "ranging/ranges from" a first indi-
cate number "to" a second indicate number are used
herein interchangeably and are meant to include the first
and second indicated numbers and all the fractional and
integral numerals therebetween.
[0119] It is appreciated that certain features of the in-
vention, which are, for clarity, described in the context of
separate embodiments, may also be provided in combi-
nation in a single embodiment. Conversely, various fea-
tures of the invention, which are, for brevity, described
in the context of a single embodiment, may also be pro-
vided separately or in any suitable subcombination or as

suitable in any other described embodiment of the inven-
tion. Certain features described in the context of various
embodiments are not to be considered essential features
of those embodiments, unless the embodiment is inop-
erative without those elements.
[0120] Various embodiments and aspects of the
present invention as delineated hereinabove and as
claimed in the claims section below find experimental
support in the following examples.

EXAMPLES

[0121] Reference is now made to the following exam-
ples, which together with the above descriptions illustrate
some embodiments of the invention in a non limiting fash-
ion.

EXAMPLE 1

Computational Model

[0122] In this example, additional considerations with
respect to the relation between the capacitance and the
average volume of the alveoli are provided, without being
bound to any specific theory. The following is based on
a computational model, which is not intended to limit the
scope of the present invention in any way.
[0123] FIG. 8 is a schematic illustration describing a
simplified alveolus which collapses during expression of
milk. For clarity of presentation, the alveolus is presented
as an oblate that collapses along the smaller axis c.
[0124] The average cross section of one oblate in ran-
dom orientation can be calculated [Vickers and Brown
Proc. R. Soc. Lond. A, 457, 283] as: 

where e is the ellipticity of the oblate, defined as e = (1 -
c2/a2)0.5 and α is half of the long diameter of the oblate
(a > c). The right-most term of 〈σ1〉 is nearly a constant
equals 0.88.
[0125] The volume of the oblate is: 

[0126] When the oblate is flattened a is approximately
constant and the volume is proportional to c without no-
ticeable change in oblate area (the surface of the oblate
does not need to be elastic to accommodate the change
in milk volume).
[0127] Assuming a uniform density of alveoli, n, the
volume of the milk V can be related to the volume of the
alveoli V1: 
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where Vbreast is the effective volume of the breast.
[0128] The capacitance of the numerous alveoli in the
sampled volume can be assessed by counting the alveoli
as if they are arranged in layers of a single alveolus in
each position (see FIG. 9). Such a layer with area Asamp
defines the total cross section of the alveoli, 〈σ〉: 

which can be written as: 

[0129] The total capacitance due to the alveoli is sam-
pled between potential surfaces of separation distance
Lsamp: 

where Deff is the effective width of the entire insulting
material between potential surfaces. Thus, in the present
computational model all capacitance in series sum up to
a single capacitor with effective thickness of insulting lay-
er. Since in each layer of alveoli the cross section of in-
sulting surface is 4 membranes of thickness d (two sides
of the cell, at two sides of the alveolus that form its en-
velope), the total effective membrane can be calculated
as: 

[0130] Thus, the total capacitance can be written as: 

where N = nVbreast is the number of alveoli in the breast.
[0131] Without being bound to any theory, it can be
assumed that on the average N, a and d have universal
values for most women, otherwise breastfeeding would
be either too hard for the infant to suck, or milk would
express spontaneously. The density n, the amount of fat
in the breast, and the shape of the breast may affect the
value of C for a given milk volume V.

EXAMPLE 2

Breastfeeding Monitoring Using a 4-Wire Configura-
tion

Methods

[0132] Eleven lactating mothers participated in a total
of 60 milk expression sessions, in which the mothers suc-
ceeded either to pump or to feed their baby with amount
of more than 45 ml milk. The amount of milk was meas-
ured in the case of pumping according to the level of milk
indicated in the bottle during several breaks of about 1/2
minute in the milk expression, and in the case of baby
feeding according to the weight of the baby before and
after eating. The accuracy of the former is 5 ml and of
the latter is 10 ml. The density of pumped milk was tested
regularly and can be assumed 1 gr/ml (with up to 7 %
error).
[0133] A 4-wire AC impedance method was used for
monitoring. Four pediatric ECG electrodes (ConMed
Huggables 1620-003) were placed in one line on the up-
per part of the breast at a constant location for each sub-
ject (61cm), 6-7 cm above the nipple. The inner voltage
electrodes were separated by 65 mm and the outer cur-
rent electrodes were placed further apart 30 mm from
the voltage electrodes. The sampling signal was a wave-
form 0.5 sin(ω t) + 0.5 sin(0.5ω t) in volts (t denotes time),
where ω = 2πf and f = 50 kHz.
[0134] The waveform was generated with a National
Instrument USB-6251 D/A output at an update rate of 2.5
MHz, and buffered through a INA117 differential ampli-
fier. This oscillating voltage was connected to one elec-
trode of the current pair, while the other electrode of the
current pair was connected to ground via a 301 Ohm (0.1
%) resistor that was used to sample the current according
to the voltage difference on the resistor. The electrodes
of the voltage pair were each amplified by a LT1793 JFet
amplifier and sampled by the A/D function of the NI USB-
6251 acquisition card.
[0135] The sampled voltage ε was based on the differ-
ence between the voltages on the two amplifier outputs.
The sampled current and voltage were passed via Fast
Fourier Transform (FFT) from a bank size of 1 second
data at sampling rate of 1 MHz. The peaks at each tested
frequency were located and the phase and amplitude of
the Fourier transformed current and voltage were con-
verted to resistance R and capacitance C in parallel mod-
el based on the equation: 

Results

[0136] Results of the capacitance C, the multiplication
RC for the higher frequency (50 kHz) and lower frequency
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(25 kHz), and the ratio Ra/Rb as a function of the volume
of consumed milk are shown in FIGS. 10-13, respective-
ly, for one experimental session. C is expressed in na-
nofarads (FIG. 10), RC is expressed in nanoseconds
(FIGS. 11 and 12) and the ratio Ra/Rb is dimensionless
(FIG. 13). The volume of consumed milk is expressed in
milliliters. Results of another experimental session on a
different subject are shown in FIGS.14-16 (performed at
50KHz frequency).
[0137] In the representative experimental session de-
picted in FIGS. 11-13, the following protocol was used:
5 minutes rest (i.e., no pumping or breastfeeding), 10
minutes pumping (from the 6th minute to the 15th
minute), 4 minutes rest (from the 16th minute to the 19th
minute), 5 minutes breastfeeding (from the 20th minute
to the 24th minute) and 2 minutes rest (from the 25th
minute to the 26th minute). 70 ml were pumped during
the pumping period and 40 ml were breastfed during the
breastfeeding period. The other breast was also moni-
tored during the entire 26 minutes but did not express
milk.
[0138] Each point in FIGS. 10-13 is based on an aver-
age of consecutive 10 samples of R and C, and the stand-
ard deviation of C was calculated from the 10 samples.
Points with standard deviation of more than 2 % of the
average were discarded. The stability was about 0.2-1%.
The slopes of RC as a function of the volume of consumed
milk (FIGS. 11 and 12) were calculated based on the 2
lasts points immediately before starting milk expression
and from the first 2 points immediately after stopping the
milk expression. The slopes were followed in order to
find a scaling between the volume of milk expressed and
the electrical measurements.
[0139] The capacitance shows a decrease from an in-
itial value of 9.5nF to 7.7nF owing to depletion of milk
from the alveoli in the breast (FIG. 10). Linear depend-
ence of the multiplication RC was observed for both the
higher (FIG. 11) and lower (FIG. 12) frequencies. Similar
behavior was observed in all other sessions. The slope
Δ(RC)1/2/ΔV in this representative session is about -1.05
ns/ml. The value of RaCa varied only slightly during the
entire session (RaCa = 4520680 ns).
[0140] Results of an additional experimental session
are presented in FIGS. 14-16. FIGS. 14-15 show varia-
tion of capacitance versus time and versus milk expres-
sion during breastfeeding, and FIG. 16 shows the varia-
tion of resistance. In FIGS. 14-16, diamonds designate
measurements before and after the baby touched the
breast, whereas dots designate measurements when the
baby sucked from the breast (the location of the latter
along the axis of milk expression assumes constant feed-
ing rate). The seizing of the baby on the breast modifies
the geometry and thus the capacitance and resistance
are modified; however, the resistance increases and the
capacitance decreases compared to the line between
the stable measurements, so in values of RC the inter-
ruption by the seizing of the baby should decrease. Note
that during expression of 160 ml the value of capacitance

decreases by more than 40% while the change in resist-
ance is much smaller in relative number (in other exper-
imental sessions the variation of resistance is not corre-
lated with milk expression).

Discussion

[0141] The standard deviation of the slopes
Δ(RC)1/2/ΔV extracted from 60 sessions was found to be
about 25 % of the average slope value. When Δ(RC)1/2
was corrected using history data the slopes showed a
decrease in the standard deviation to about 23.5 % of
the average. The following formula was used for correct-
ing Δ(RC)1/2: 

[0142] FIG. 17 is a histogram of the slopes after the
correction, where the average slope is scaled to 100 %.
72% of the values are within 20 % error in the slope rel-
ative to the average. The difference in percents relative
to 100 % can be interpreted as the error in predicting the
change in milk volume based on electrical measurements
with the given setup. The average value of the slope after
correction can be used to determine change of milk vol-
ume using the setup as a monitor for breastfeeding.
[0143] The present experiment demonstrated that giv-
en the average slope, the measurement in accordance
with some embodiments of the present invention of the
difference in Δ(RC)1/2 and the initial values of RaCa and
(RC)1/2 allows to predict the volume of consumed milk
with an accuracy of 23.5% for any woman.

EXAMPLE 3

Breastfeeding Monitoring Using a Non-Contacting 
Configuration

[0144] The amount of milk consumed by a baby during
breastfeeding was monitored by measuring the capaci-
tance between two electrodes placed on the breast but
not in electrical contact with them during breastfeeding
session.
[0145] FIG. 18 and Fig. 19 show raw data of the ca-
pacitance signal in pF as a function of the time in arbitrary
unit during one breastfeeding session. A continuous
change in the capacitance was observed during the en-
tire session. The observed change in capacitance is in-
terpreted as a proxy to the amount of milk consumed by
the baby during breastfeeding.
[0146] The amount of consumed milk can be correlated
to the following normalized change in capacitance: 
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where C1 is the capacitance before feeding and C2 is the
capacitance after feeding.
[0147] Although the invention has been described in
conjunction with specific embodiments thereof, it is evi-
dent that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly,
it is intended to embrace all such alternatives, modifica-
tions and variations that fall within the spirit and broad
scope of the appended claims.
[0148] All publications, patents and patent applications
mentioned in this specification are herein incorporated
in their entirety by reference into the specification, to the
same extent as if each individual publication, patent or
patent application was specifically and individually indi-
cated to be incorporated herein by reference. In addition,
citation or identification of any reference in this applica-
tion shall not be construed as an admission that such
reference is available as prior art to the present invention.
To the extent that section headings are used, they should
not be construed as necessarily limiting.

Claims

1. A method of monitoring amount of milk consumed
by an infant being breastfed by a breast, comprising
determining variations in a multiplication between
electric resistance of the breast and electric capac-
itance of the breast during breastfeeding, and cor-
relating said variations in said multiplication to an
amount of milk consumed by the infant.

2. A method of monitoring amount of milk consumed
by an infant being breastfed by a breast, comprising
determining variations in electric capacitance of the
breast during breastfeeding, and correlating said
electric capacitance variations to an amount of milk
consumed by the infant.

3. A breastfeeding monitor system (70), comprising a
capacitance measuring unit (72) adapted for meas-
uring variations in electric capacitance of a breast
(32) during breastfeeding, and a processing unit (74)
for correlating said electric capacitance variations to
an amount of milk consumed by an infant being
breastfed by a breast.

4. The system (70) of claim 3, wherein said capacitance
measuring unit (72) is configured for measuring elec-
tric capacitance of an interior of the breast (32), while
reducing contribution of a skin of the breast (32) to
said electric capacitance.

5. The system (70) of claim 3, wherein said measure-
ment of said electric capacitance comprises meas-
uring a phase of a voltage sampled from a skin of
the breast (32) in response to an electrical current
applied to said skin.

6. The system (70) of claim 5, wherein said phase is
measured using at least four electrodes (30) con-
nectable to a skin of the breast (32).

7. The system (70) of claim 3, further comprising a
memory medium (76) for storing history data collect-
ed in previous breastfeeding sessions, wherein said
processing unit (74) is configured for correcting said
correlation using said history data.

8. The system (70) of claim 3, further comprising a re-
sistance measuring unit (78) for measuring electric
resistance of the breast (32), wherein said process-
ing unit (74) is configured for calculating a multipli-
cation between said electric resistance and said
electric capacitance, wherein said amount of milk is
correlated to on said multiplication.

9. The method or system (70) of any of claims 1 and
8, wherein said multiplication is corrected based on
calibration data collected prior to said breastfeeding.

10. The system (70) of claim 8, wherein said electric re-
sistance and said electric capacitance are measured
at a plurality of frequencies, wherein said multiplica-
tion is determined for each of said plurality of fre-
quencies, and wherein said amount of milk is corre-
lated to a combination of at least two multiplications.

11. The method or system (70) of any of claims 2 and
3, wherein a contribution of the skin of the breast
(32) to said electric capacitance is subtracted.

12. The method or system (70) of any of claims 2 and
3, wherein said electric capacitance is measured, at
least partially using at least one device selected from
the group consisting of a capacitance bridge, an LCR
meter and an oscillation frequency measuring de-
vice.

13. The method or system (70) of any of claims 2 and
3, wherein said electric capacitance is measured us-
ing a plurality of electrodes (30), and wherein at least
one multiplexing cycle is employed such that at dif-
ferent sub-cycles of said multiplexing cycle, a differ-
ent set of electrodes is used for measuring said elec-
tric capacitance.

14. The method or system (70) of claim 13, wherein elec-
tric capacitance values measured during said at least
one multiplexing cycle are used for determining
measuring locations on the breast (32) in future ses-
sions.

15. The method or system (70) of claim 13, wherein elec-
tric capacitance values measured during said at least
one multiplexing cycle are analyzed so as to differ-
entiate between measurement sensitivities in differ-
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ent depths in the breast (32).

Patentansprüche

1. Verfahren zur Kontrolle einer Menge von Milch, die
von einem Säugling konsumiert wird, der durch eine
Brust gestillt wird, umfassend ein Bestimmen von
Schwankungen einer Multiplikation zwischen elek-
trischem Widerstand der Brust und elektrischer Ka-
pazität der Brust während des Stillens und Korrelie-
ren der Schwankungen der Multiplikation mit einer
Menge von Milch, die vom Säugling konsumiert wird.

2. Verfahren zur Kontrolle einer Menge von Milch, die
von einem Säugling konsumiert wird, der durch eine
Brust gestillt wird, umfassend ein Bestimmen von
Schwankungen elektrischer Kapazität der Brust
während des Stillens und Korrelieren der Schwan-
kungen der elektrischen Kapazität mit einer Menge
von Milch, die vom Säugling konsumiert wird.

3. Stillkontrollystem (70), umfassend eine Kapazitäts-
messeinheit (72), die zum Messen von Schwankun-
gen elektrischer Kapazität einer Brust (32) während
des Stillens ausgelegt ist, und eine Verarbeitungs-
einheit (74) zum Korrelieren der Schwankungen der
elektrischen Kapazität mit einer Menge von Milch,
die von einem Säugling konsumiert wird, der durch
eine Brust gestillt wird.

4. System (70) nach Anspruch 3, wobei die Kapazitäts-
messeinheit (72) so konfiguriert ist, dass sie elektri-
sche Kapazität eines Inneren der Brust (32) bei
gleichzeitigem Reduzieren eines Beitrags einer Haut
der Brust (32) zur elektrischen Kapazität misst.

5. System (70) nach Anspruch 3, wobei die Messung
der elektrischen Kapazität ein Messen einer Phase
einer von einer Haut der Brust (32) in Reaktion auf
einen an die Haut angelegten elektrischen Strom ab-
getasteten Spannung umfasst.

6. System (70) nach Anspruch 5, wobei die Phase unter
Verwendung von mindestens vier Elektroden (30)
gemessen wird, die mit einer Haut der Brust (32)
verbunden werden können.

7. System (70) nach Anspruch 3, ferner umfassend ein
Speichermedium (76) zum Speichern von Verlaufs-
daten, die in früheren Stillsitzungen erfasst wurden,
wobei die Verarbeitungseinheit (74) zum Korrigieren
der Korrelation unter Verwendung der Verlaufsdaten
konfiguriert ist.

8. System (70) nach Anspruch 3, ferner umfassend ei-
ne Widerstandsmesseinheit (78) zum Messen elek-
trischen Widerstands der Brust (32), wobei die Ver-

arbeitungseinheit (74) so konfiguriert ist, dass sie
eine Multiplikation zwischen dem elektrischen Wi-
derstand und der elektrischen Kapazität berechnet,
wobei die Menge von Milch mit der Multiplikation kor-
reliert wird.

9. Verfahren oder System (70) nach einem der Ansprü-
che 1 bis 8, wobei die Multiplikation basierend auf
Kalibrierdaten korrigiert wird, die vor dem Stillen er-
fasst werden.

10. System (70) nach Anspruch 8, wobei der elektrische
Widerstand und die elektrische Kapazität bei einer
Mehrzahl von Frequenzen gemessen werden, wobei
die Multiplikation für jede der Mehrzahl von Frequen-
zen bestimmt wird, und wobei die Menge von Milch
mit einer Kombination von mindestens zwei Multip-
likationen korreliert wird.

11. Verfahren oder System (70) nach einem der Ansprü-
che 2 und 3, wobei ein Beitrag der Haut der Brust
(32) zur elektrischen Kapazität subtrahiert wird.

12. Verfahren oder System (70) nach einem der Ansprü-
che 2 und 3, wobei die elektrische Kapazität wenigs-
tens teilweise unter Verwendung mindestens einer
Vorrichtung gemessen wird, die aus der Gruppe be-
stehend aus einer Kapazitätsbrücke, einem LCR-
Messer und einer Schwingungsfrequenzmessvor-
richtung ausgewählt wird.

13. Verfahren oder System (70) nach einem der Ansprü-
che 2 und 3, wobei die elektrische Kapazität unter
Verwendung einer Mehrzahl von Elektroden (30) ge-
messen wird, und wobei mindestens ein Multiplex-
zyklus eingesetzt wird, derart dass bei verschiede-
nen Teilzyklen des Multiplexzyklus ein unterschied-
licher Satz von Elektroden zum Messen der elektri-
schen Kapazität verwendet wird.

14. Verfahren oder System (70) nach Anspruch 13, wo-
bei elektrische Kapazitätswerte, die während des
mindestens einen Multiplexzyklus gemessen wer-
den, zum Bestimmen von Messstellen auf der Brust
(32) in zukünftigen Sitzungen verwendet werden.

15. Verfahren oder System (70) nach Anspruch 13, wo-
bei elektrische Kapazitätswerte, die während des
mindestens einen Multiplexzyklus gemessen wer-
den, analysiert werden, um zwischen Messempfind-
lichkeiten in verschiedenen Tiefen in der Brust (32)
zu differenzieren.

Revendications

1. Procédé de surveillance de la quantité de lait con-
sommée par un nourrisson nourri au sein, compre-
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nant la détermination des variations d’une multipli-
cation entre la résistance électrique du sein et la ca-
pacitance électrique du sein pendant l’allaitement,
et l’établissement d’une corrélation entre lesdites va-
riations de ladite multiplication et une quantité de lait
consommée par le nourrisson.

2. Procédé de surveillance de la quantité de lait con-
sommée par un nourrisson nourri au sein, compre-
nant la détermination des variations de la capaci-
tance électrique du sein pendant l’allaitement, et
l’établissement d’une corrélation entre lesdites va-
riations de capacitance électrique et une quantité de
lait consommée par le nourrisson.

3. Système de surveillance d’allaitement (70), compre-
nant une unité de mesure de capacitance (72) con-
çue pour mesurer les variations de la capacitance
électrique d’un sein (32) pendant l’allaitement, et une
unité de traitement (74) pour établir une corrélation
entre lesdites variations de capacitance électrique
et une quantité de lait consommée par un nourrisson
nourri au sein.

4. Système (70) selon la revendication 3, dans lequel
ladite unité de mesure de capacitance (72) est con-
figurée pour mesurer la capacitance électrique de
l’intérieur du sein (32), tout en réduisant la contribu-
tion de la peau du sein (32) à ladite capacitance élec-
trique.

5. Système (70) selon la revendication 3, dans lequel
ladite mesure de ladite capacitance électrique com-
prend la mesure d’une phase d’une tension échan-
tillonnée à partir de la peau du sein (32) en réponse
à un courant électrique appliqué à ladite peau.

6. Système (70) selon la revendication 5, dans lequel
ladite phase est mesurée en utilisant au moins qua-
tre électrodes (30) pouvant être connectées à la
peau du sein (32) .

7. Système (70) selon la revendication 3, comprenant
en outre un support de mémorisation (76) pour mé-
moriser des données d’historique collectées dans
des sessions d’allaitement précédentes, dans lequel
ladite unité de traitement (74) est configurée pour
corriger ladite corrélation en utilisant lesdites don-
nées d’historique.

8. Système (70) selon la revendication 3, comprenant
en outre une unité de mesure de résistance (78) pour
mesurer la résistance électrique du sein (32), dans
lequel ladite unité de traitement (74) est configurée
pour calculer une multiplication entre ladite résistan-
ce électrique et ladite capacitance électrique, dans
lequel une corrélation est établie entre ladite quantité
de lait et ladite multiplication.

9. Procédé ou système (70) selon l’une quelconque
des revendications 1 et 8, dans lequel ladite multi-
plication est corrigée sur la base de données d’éta-
lonnage collectées avant ledit allaitement.

10. Système (70) selon la revendication 8, dans lequel
ladite résistance électrique et ladite capacitance
électrique sont mesurées à une pluralité de fréquen-
ces, dans lequel ladite multiplication est déterminée
pour chacune de ladite pluralité de fréquences, et
dans lequel une corrélation est établie entre ladite
quantité de lait et une combinaison d’au moins deux
multiplications.

11. Procédé ou système (70) selon l’une quelconque
des revendications 2 et 3, dans lequel la contribution
de la peau du sein (32) à ladite capacitance électri-
que est soustraite.

12. Procédé ou système (70) selon l’une quelconque
des revendications 2 et 3, dans lequel ladite capa-
citance électrique est mesurée, au moins partielle-
ment en utilisant au moins un dispositif sélectionné
dans le groupe consistant en un pont de capaci-
tances, un appareil de mesure LCR et un dispositif
de mesure de fréquence d’oscillation.

13. Procédé ou système (70) selon l’une quelconque
des revendications 2 et 3, dans lequel ladite capa-
citance électrique est mesurée en utilisant une plu-
ralité d’électrodes (30), et dans lequel au moins un
cycle de multiplexage est utilisé de sorte qu’à diffé-
rents cycles secondaires dudit cycle de multiplexa-
ge, un ensemble d’électrodes différent soit utilisé
pour mesurer ladite capacitance électrique.

14. Procédé ou système (70) selon la revendication 13,
dans lequel les valeurs de capacitance électrique
mesurées pendant ledit au moins un cycle de multi-
plexage sont utilisées pour déterminer des empla-
cements de mesure sur le sein (32) dans des ses-
sions futures.

15. Procédé ou système (70) selon la revendication 13,
dans lequel les valeurs de capacitance électrique
mesurées pendant ledit au moins un cycle de multi-
plexage sont analysées de manière à différentier les
sensibilités de mesure à différentes profondeurs
dans le sein (32).
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