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STETHOSCOPE SYSTEM INCLUDING A
SENSOR ARRAY

TECHNICAL FIELD

[0001] This disclosure relates generally to mobile health
devices, methods and systems.

DESCRIPTION OF THE RELATED
TECHNOLOGY

[0002] Stethoscopes are used by physicians to monitor
vibrations in a patient’s chest, particularly vibrations asso-
ciated with heart movements and breathing. Stethoscopes
may be capable of detecting such vibrations as sounds or as
electrical signals transduced by electromechanical or piezo-
electric sensors. Although existing stethoscopes provide
generally adequate performance, improved devices would
be desirable.

SUMMARY

[0003] The systems, methods and devices of the disclosure
each have several innovative aspects, no single one of which
is solely responsible for the desirable attributes disclosed
herein.

[0004] One innovative aspect of the subject matter
described in this disclosure can be implemented in an
apparatus that may include a patch and a control system. The
apparatus may be, or may include, a stethoscope system. The
patch may include an array of pressure sensors. The patch
may be conformable to a patient’s body. In some examples,
the array of pressure sensors may include identical, or
substantially identical, pressure sensors. In some instances,
the array of pressure sensors may be a two-dimensional M
by N or M by M array, wherein M and N are integers. In
some implementations, the patch may include flexible mate-
rial to which the array of pressure sensors may be attached.
In some examples, the patch may include at least one layer
of adhesive material for secure placement on the patient’s
body.

[0005] The control system may be capable of receiving
signals from the array of pressure sensors. The signals may
correspond to measurements from multiple pressure sensors
of the array of pressure sensors. In some examples, the
signals may correspond to redundant measurements from
multiple pressure sensors of the array of pressure sensors. In
some instances, the signals may cortespond to multiple
simultaneous measurements obtained from different areas of
a patient’s chest during a time interval. In some implemen-
tations, the signals may correspond to multiple simultaneous
and redundant measurements of vibrations produced by one
or more heart valves.

[0006] In some implementations, the control system may
be capable of combining signals from multiple pressure
sensors of the array of pressure sensors to produce combined
signals. According to some such implementations, the con-
trol system may be capable of performing signal pre-
processing before combining the signals. The control system
may be capable of filtering the combined signals to remove,
at least in part, breathing signal components and to produce
filtered signals. In some examples, the control system may
be capable of transforming the signals from a time domain
into a frequency domain.

[0007] According to some implementations, the control
system may be capable of determining a correspondence
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between heart signal components of the filtered signals and
corresponding heart valve activity. In some examples, the
control system may be capable of determining a correspon-
dence between heart signal components and corresponding
parts of a cardiac cycle. In some instances, the control
system may be capable of determining heart valve activity
based, at least in part, on the filtered signals.

[0008] In some examples, the control system may be
capable of determining a quality metric for one or more of
the heart signal components. Some implementations of the
apparatus may include a user feedback system. For example,
the user feedback system may include force feedback ele-
ments. In some instances, the force feedback elements may
be instances of the pressure sensors. According to some
implementations, the force feedback elements and the pres-
sure sensors may be piezoionic devices. In some implemen-
tations, the control system may be capable of providing
instructions (e.g., via the user feedback system) based on a
comparison of the quality metric and a quality metric
threshold.

[0009] In some implementations, the apparatus may
include an interface system. According to some such imple-
mentations, the control system may be capable of receiving
instructions from a second device, via the interface system,
and of controlling at least a portion of the apparatus accord-
ing to the instructions. Accordingly, in some implementa-
tions the control system may be disposed, at least in part, in
a second device. In some examples, the control system may
be capable of detecting an abnormality of heart valve
activity and of transmitting a signal, via the interface system,
corresponding to the abnormality. In some instances, the
interface system may include an interface capable of wire-
less communication.

[0010] Other innovative aspects of the subject matter
described in this disclosure can be implemented in a method.
The method may involve processing signals from a stetho-
scope system. In some examples, the method may be per-
formed by a control system. The method may involve
receiving, by the control system, signals from an array of
pressure sensors. The signals may correspond to measure-
ments from multiple pressure sensors of the array of pres-
sure sensors. The method may involve combining, via the
control system, signals from multiple pressure sensors of the
array of pressure sensors to produce combined signals. The
method may involve filtering the combined signals to
remove, at least in part, breathing signal components and to
produce filtered signals.

[0011] In some implementations, the method may involve
determining a correspondence, via the control system,
between heart signal components of the filtered signals and
corresponding heart valve activity. According to some
examples, the method may involve determining a correspon-
dence between heart signal components and corresponding
parts of a cardiac cycle. In some instances, the method may
involve determining heart valve activity based, at least in
part, on the filtered signals.

[0012] In some examples, the method may involve deter-
mining a quality metric for one or more of the heart signal
components. Some implementations of the method may
involve providing instructions based on a comparison of the
quality metric and a quality metric threshold. In some
implementations, the method may involve detecting an
abnormality of heart valve activity and transmitting a signal
corresponding to the abnormality.
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[0013] Some or all of the methods described herein may
be performed by one or more devices according to instruc-
tions (e.g., software) stored on one or more non-transitory
media. Such non-transitory media may include memory
devices such as those described herein, including but not
limited to random access memory (RAM) devices, read-only
memory (ROM) devices, etc. Accordingly, other innovative
aspects of the subject matter described in this disclosure can
be implemented in one or more non-transitory media having
software stored thereon.

[0014] In some instances, the software may include
instructions for receiving, by a control system, signals from
an array of pressure sensors. The signals may correspond to
measurements from multiple pressure sensors of the array of
pressure sensors. The software may include instructions for
combining signals from multiple pressure sensors of the
array of pressure sensors to produce combined signals. In
some examples, the software may include instructions for
filtering the combined signals, via the control system, to
remove, at least in part, breathing signal components and to
produce filtered signals. The software may include instruc-
tions for determining a correspondence, via the control
system, between heart signal components of the filtered
signals and corresponding heart valve activity.

[0015] According to some examples, the software may
include instructions for determining a quality metric for one
or more of the heart signal components. In some such
examples, the software may include instructions for provid-
ing a response that corresponds with the quality metric. In
some implementations, the software may include instruc-
tions for detecting an abnormality of heart valve activity and
of transmitting a signal corresponding to the abnormality.
[0016] Details of one or more implementations of the
subject matter described in this specification are set forth in
the accompanying drawings and the description below.
Other features, aspects, and advantages will become appar-
ent from the description, the drawings, and the claims. Note
that the relative dimensions of the following figures may not
be drawn to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 shows examples of cardiac cycle elements.
[0018] FIG. 2 shows the locations on which a prior art
stethoscope should be placed for proper auscultation of the
S1 and S2 heart sounds.

[0019] FIGS. 3A and 3B show stethoscope locations for
auscultation of breathing sounds.

[0020] FIG. 4 is a block diagram that shows examples of
components of apparatus in which some aspects of the
present disclosure may be implemented.

[0021] FIG. 5A is a flow diagram that outlines one
example of a method for controlling a stethoscope system.
[0022] FIG. 5B is a flow diagram that outlines another
example of a method for controlling a stethoscope system.
[0023] FIG. 6 shows examples of portions of signals from
multiple pressure sensors of an array.

[0024] FIG. 7 shows examples of S1 and S2 heart sounds
in the time domain.

[0025] FIG. 8A shows an example of a frequency spec-
trum for S1 heart sounds.

[0026] FIG. 8B shows an example of a frequency spec-
trum for S2 heart sounds.

[0027] FIG. 9 shows an example of a stethoscope system.
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[0028] FIG. 10 shows an example of a stethoscope system
that includes a user feedback system.

[0029] FIG. 11 is a network diagram that shows examples
of components of a system in which some aspects of the
present disclosure may be implemented.

DETAILED DESCRIPTION

[0030] The following description is directed to certain
implementations for the purposes of describing the innova-
tive aspects of this disclosure. However, a person having
ordinary skill in the art will readily recognize that the
teachings herein may be applied in a multitude of different
ways. For example, one or more components of a stetho-
scope system may be included in wearable devices, gar-
ments or other apparel, including but not limited to smart
clothing. It is contemplated that the described stethoscope
system implementations may be included in or associated
with a variety of electronic devices such as, but not limited
to: laptops, mobile telephones, multimedia Internet enabled
cellular telephones, mobile television receivers, wireless
devices, smartphones, Bluetooth® devices, personal data
assistants (PDAs), wireless electronic mail receivers, hand-
held or portable computers, netbooks, notebooks, smart-
books, tablets, global positioning system (GPS) receivers/
navigators, cameras, camcorders, wrist watches, electronic
reading devices (e.g., e-readers), mobile health devices, etc.
In some implementations, one or more components of a
stethoscope system may be included in furniture. In some
examples, one or more components of a stethoscope system
may be included in a vehicle. The teachings herein also may
be used in applications such as, but not limited to, electronic
switching devices, radio frequency filters, sensors, including
but not limited to biometric sensors, accelerometers, gyro-
scopes, motion-sensing devices, magnetometers, inertial
components for consumer electronics, parts of consumer
electronics products, varactors, liquid crystal devices, elec-
trophoretic devices, etc. Thus, the teachings are not intended
to be limited to the implementations depicted solely in the
Figures, but instead have wide applicability as will be
readily apparent to one having ordinary skill in the art.

[0031] Some implementations described in this disclosure
can be implemented in a stethoscope system that may
include an array of sensors. In some examples, the sensors
may include pressure sensors. In some examples, the sensor
array may be implemented in a wearable “patch” that is
conformable to a patient’s body. In some implementations,
the patch may be included in a sleeve, in a wrap or in another
type of clothing or accesory. In other implementations, the
patch may be embedded in furniture, in a medical probe, etc.
The stethoscope system may include a control system that is
capable of receiving signals from the array of sensors. The
signals may, for example, correspond to multiple simulta-
neous measurements from multiple pressure sensors of the
array. The multiple simultaneous measurements may include
redundant measurements. The control system may be
capable of distinguishing breathing signal components from
heart signal components. In some examples, the control
system may be capable of determining correlations and/or
diversity of signal components. The control system may be
capable of filtering the signals to remove, at least in part, the
breathing signal components. The control system may be
capable of determining a correspondence between heart
signal components and corresponding heart valve activity. In
some implementations, the control system may be capable
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of determining a correspondence between heart signal com-
ponents and corresponding parts of a cardiac cycle. Some
implementations may involve combining signals from mul-
tiple pressure sensors of the array.

[0032] Particular implementations of the subject matter
described in this disclosure can be implemented to realize
one or more of the following potential advantages. Unlike
other stethoscope systems, the stethoscope system disclosed
herein enables the user to place a patch that includes the
array of pressure sensors and to receive satisfactory heart
signal components without requiring the user to have knowl-
edge of the precise location to place the stethoscope system.
For example, some stethoscope systems may include a
wearable patch that may be placed across a significant
portion of a patient’s chest. Some such stethoscope systems
may be relatively easier to use than prior art stethoscopes
that were intended for use by physicians. Therefore, some
stethoscope systems disclosed herein may be more suitable,
as compared to prior art stethoscopes, for use in a home,
pharmacy or kiosk setting. Some stethoscope systems may
be capable of providing information regarding a patient’s
cardiac activity to the patient, to a doctor or to a family
member. In some examples, a stethoscope system may be
capable of detecting an abnormality of cardiac activity and
of transmitting a signal, via the interface system, corre-
sponding to the abnormality. Some stethoscope systems may
be capable of providing continuous, or substantially con-
tinuous, measurements of a patient’s cardiac activity
throughout the day. Such implementations may lead to
quicker diagnosis of a patient’s abnormal cardiac activity.
[0033] Stethoscopes are used by physicians to monitor
vibrations in a patient’s chest, such as vibrations associated
with heart movements and breathing. As noted above,
stethoscopes may be capable of detecting such vibrations as
sounds or as electrical signals transduced by electrome-
chanical or piezoelectric sensors, such as pressure sensors.
Therefore, although heart-related vibrations may sometimes
be referred to herein as “heart sounds” and breathing-related
vibrations may sometimes be referred to herein as “breath-
ing sounds,” such vibrations will not necessarily be detected
as sounds.

[0034] Heart sounds include sounds generated by the
beating heart and the resulting flow of blood through the
heart. For example, heart sounds may reflect turbulence
caused by the closing of heart valves. During a process of
“cardiac auscultation,” a physician may use a stethoscope to
listen to such heart sounds, which may provide information
regarding the condition of a patient’s heart.

[0035] FIG. 1 shows examples of cardiac cycle elements.
A healthy adult heart will produce two heart sounds that are
often described as a “lub” and a “dub,” which occur in
sequence during each heartbeat. The “lub” sound corre-
sponds with the first heart sound, also referred to as S1,
whereas the “dub” sound corresponds with the second heart
sound S2. In addition to the normal S1 and S2 heart sounds,
a variety of other sounds may be present including heart
murmurs, adventitious sounds, and gallop rhythms S3 and
S4.

[0036] As indicated in FIG. 1, the S1 heart sound is caused
by the closure of the mitral and tricuspid valves, which are
collectively referred to as the atrioventricular valves. The S1
heart sound results from reverberation within the blood
associated with the sudden blockage of blood flow caused by
closing the atrioventricular valves. Both the S1 heart sound
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and the S2 heart sound may include multiple components.
The component of the S1 heart sound that corresponds with
closing the mitral valve may be denoted as M, and the
component of the S1 heart sound that corresponds with
closing the tricuspid valve may be denoted as T,. M,
normally precedes T,.

[0037] As shown in FIG. 1, the S2 heart sound corre-
sponds with the end of ventricular systole and the beginning
of ventricular diastole. As the left ventricle empties, the
pressure of the left ventricle falls below the pressure in the
aorta. Aortic blood flow quickly reverses back toward the
left ventricle and is stopped by aortic valve closure. Like-
wise, as the pressure in the right ventricle falls below the
pressure in the pulmonary artery, the pulmonary valve
closes.

[0038] The S2 heart sound includes an A2 component,
which is caused by closing the aortic valve. The S2 heart
sound also includes a P2 component, which is caused by
closing the pulmonary valve. In general, A2 precedes P2.
The aortic valve and the pulmonary valve are collectively
referred to as the semilunar valves. The A2 component is
caused by closing the aortic valve and the P2 component is
caused by closing the pulmonary valve.

[0039] FIG. 2 shows the locations on which a prior art
stethoscope should be placed for proper auscultation of the
S1 and S2 heart sounds. A human ribcage 200 and collar
bones are shown by dashed lines and an outline of a human
heart 205 is shown via solid black lines. For proper auscul-
tation of S1 heart sounds, a physician should place the
stethoscope on auscultation site 210, near the mitral valve,
and on auscultation site 215, near the tricuspid valve. For
proper auscultation of S2 heart sounds, a physician should
place the stethoscope on auscultation site 220, near the aortic
valve, and on auscultation site 225, near the pulmonary
valve. Aside from the challenges of evaluating the heart
sounds, merely placing a stethoscope in the proper locations
would be challenging for a typical non-physician.

[0040] FIGS. 3A and 3B show stethoscope locations for
auscultation of breathing sounds. In FIG. 3A, the stetho-
scope locations 300 are shown on the front of a human chest,
whereas in FIG. 3B the stethoscope locations 300 are shown
on the back of a human chest. Auscultation of breathing
sounds may reveal normal breathing sounds and/or abnor-
mal breathing sounds such as crackles, wheezes, pleural
friction rubs (squeaking or grating sounds of the pleural
linings rubbing together), etc. A trained physician knows the
locations on which the stethoscope should be placed and
knows the characteristic properties of normal and abnormal
breathing sounds. In addition to the challenges of evaluating
the properties of breathing sounds, even placing a stetho-
scope in the proper locations could be challenging for
non-physicians.

[0041] FIG. 4 is a block diagram that shows examples of
components of apparatus in which some aspects of the
present disclosure may be implemented. As with other
implementations disclosed herein, the numbers of elements
and types of elements shown in FIG. 4 are merely shown by
way of example. Other implementations may have more,
fewer or different elements. In the implementation shown in
FIG. 4, the stethoscope system 400 includes a sensor array
405 and a control system 410.

[0042] The control system 410 may include at least one of
a general purpose single- or multi-chip processor, a digital
signal processor (DSP), an application specific integrated
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circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor
logic, or discrete hardware components. The control system
410 may be capable of performing some or all of the
methods described herein. In some implementations, the
control system 410 may be capable of controlling one or
more components of the stethoscope system 400. For
example, the control system 410 may be capable of control-
ling the sensor array 405.

[0043] In some implementations, the control system 410
may be capable of controlling the stethoscope system 400
according to instructions (e.g., software) stored on one or
more non-transitory media. Such non-transitory media may
include one or more memory devices of the stethoscope
system 400, which may include one or more random access
memory (RAM) devices, one or more read-only memory
(ROM) devices, etc. In some implementations, the control
system 410 may include one or more of such memory
devices. Accordingly, at least some aspects of the subject
matter disclosed herein may be implemented via one or
more non-transitory media having software stored thereon.
[0044] In the example shown in FIG. 4, the stethoscope
system 400 includes an optional interface system 415. The
interface system 415 may, for example, include a wireless
interface system. In some implementations, the interface
system 415 may include a network interface, an interface
between the control system 410 and a memory system
and/or an external device interface (e.g., a port). In some
implementations, the stethoscope system 400 may be
capable of wireless communication with a second device via
the interface system 415. Some examples are described
below.

[0045] FIG. 5A is a flow diagram that outlines one
example of a method for controlling a stethoscope system.
The blocks of method 500, like other methods described
herein, are not necessarily performed in the order indicated.
Moreover, such methods may include more or fewer blocks
than shown and/or described. In one example, the method
may be implemented by the stethoscope system 400 shown
in FIG. 4. The blocks of method 500 may, for example, be
performed (at least in part) by a control system such as the
control system 410 that is shown in FIG. 4. However,
method 500 also may be performed by other devices or
systems, such as the stethoscope system 400 shown in FIG.
9 and described below. In some examples, method 500 may
be implemented, at least in part, according to software stored
on one or more non-transitory media.

[0046] In this example, block 505 involves receiving
signals from an array of pressure sensors. The signals may,
for example, be received by a control system from a sensor
array such as the sensor array 405 shown in FIG. 4 or the
sensor array 405 shown in FIG. 9. In this example, the
signals correspond to measurements from multiple pressure
sensors of the array. In some implementations, the signals
may correspond to multiple simultaneous, or substantially
simultaneous, measurements from multiple pressure sensors
of the array. According to some examples, the signals may
correspond to multiple simultaneous and redundant mea-
surements from multiple pressure sensors of the array.
[0047] According to this example, block 510 involves
combining signals from multiple pressure sensors of the
array of pressure sensors to produce combined signals. In
some examples block 510 (or another block) may involve
determining correlations and/or diversity of signals, of sig-
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nal components, or of both signals and signal components.
Various examples are disclosed herein.

[0048] FIG. 6 shows examples of portions of signals from
multiple pressure sensors of an array. In this example, the
signal portions are shown in the time domain. In FIG. 6, the
vertical axis indicates time, with time increasing in the
downward direction. FIG. 6 shows signal portions 6054,
6055 and 605¢. It may be seen that the signal portions 6054,
6055 and 605¢ are not identical, in part because they are
time-shifted and because their components (for example,
their peaks and troughs) have differing amplitudes.

[0049] However, it may be seen that the components of the
signal portions 6054, 6055 and 605¢ correspond with one
another. For example, point 610a of the signal portion 605a
corresponds with point 6105 of the signal portion 6055 and
with point 610¢ of the signal portion 605¢. Similarly, point
6154 of the signal portion 605a corresponds with point 6155
of the signal portion 6055 and with point 615¢ of the signal
portion 605¢. Because the components of the signal portions
605a, 60556 and 605¢ correspond with one another, the
corresponding signals may be referred to herein as “redun-
dant” signals. Accordingly, the term “redundant” as used
herein does not necessarily mean “identical.”

[0050] In this example, point 610a occurs at a time t;, and
the point 6105 occurs at a time t,. The time difference
between the time t; and the time t, is At. If At were added to
the time values of the signal portion 6054, or if At were
subtracted from the time values of the signal portion 6055,
the peaks and troughs of the signal portions 6054 and 6055
would correspond more closely in time.

[0051] The value of At may be determined by performing
a cross-correlation between functions that correspond with
the signal portions 605a and 605h. Accordingly, some
examples may involve determining a correlation between
signals received from different sensors. For example, block
510 of FIG. 5 (or a pre-processing block that is performed
before block 510) may involve determining a cross-corre-
lation f(t)*g(t) between a first function f(t) that corresponds
with the signal portion 605a and a second function g(t) that
corresponds with the signal portion 6055 or the signal
portion 605¢.

[0052] If the functions f{(t) and g(t) were identical, differ-
ing only by an unknown shift along the time axis, a
cross-correlation process may be used to determine by how
much g(t) would need be shifted along the time axis to make
g(t) identical to f{t). One could envision the mathematical
process as sliding the function g(t) along the time axis and
calculating the integral of the product off{t) and g(t) at each
position. When the functions match, the value of the cross-
correlation f{t)*g(t) is maximized. Even though the signal
portions 605a and 6055 are not identical, determining the
cross-correlation f(t)*g(t) between a first function f{t) that
corresponds with the signal portion 605a and a second
function g(t) that corresponds with the signal portion 6055
would nonetheless allow a determination of the value of At
at which the cross-correlation is maximized.

[0053] According to the implementation shown in FIG. 5,
block 510 involves combining signals from multiple pres-
sure sensors of the array of pressure sensors, to produce
combined signals. Combining signals from multiple pres-
sure sensors, for example by integrating the corresponding
values of multiple signals, may attenuate noise and enhance
signal values. A process of combining signals from multiple
pressure sensors of the array of pressure sensors may, in
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some implementations, be performed after a cross-correla-
tion and time-shifting process such as that described above.
In some examples, the cross-correlation and time-shifting
processes may be part of a pre-processing block that is
performed before block 510.

[0054] According to some implementations, method 500
may involve transforming the signals from a time domain
into a frequency domain, e.g., via some type of Fourier
transform. According to some such implementations, the
signals may be transformed from a time domain into a
frequency domain prior to block 515. In some examples, the
Fourier transform may be a Discrete Fourier Transform
(DFT), such as a Fast Fourier Transform (FFT). Some
implementations may involve implementing a Wigner dis-
tribution function. Alternatively, or additionally, method 500
may involve a wavelet transform, such as a continuous
wavelet transform or a discrete wavelet transform.

[0055] In the implementation of FIG. 5, block 515
involves filtering the combined signals to remove, at least in
part, the breathing signal components. In some examples,
block 515 may involve applying one or more filters in the
frequency domain. For example, a control system may apply
one or more filter functions, or filter transfer functions, to the
output of a Fourier transform of the input signals. The filter
functions may include one or more low-pass filters, high-
pass filters, Gaussian filters, Butterworth filters and/or other
filters. The filtering process(es) of block 515 may take into
account known properties of heart signal components and
breathing signal components, such as those discussed below.
[0056] In this example, block 520 involves determining a
correspondence between heart signal components of the
filtered signals and corresponding heart valve activity. In
some such examples, block 520 may involve determining a
correspondence between heart signal components of the
filtered signals and corresponding semilunar valve activity
(e.g., aortic valve and/or pulmonary valve activity), corre-
sponding mitral valve activity, corresponding tricuspid valve
activity, etc. Some implementations may involve determin-
ing a correspondence between heart signal components of
the filtered signals and corresponding parts of a cardiac
cycle. Some such implementations may involve identifying
S1 heart sounds, identifying S2 heart sounds, or identifying
both S1 and S2 heart sounds. Alternatively, or additionally,
some implementations may involve identifying S3 heart
sounds, S4 heart sounds or both S3 heart sounds and S4 heart
sounds.

[0057] FIG. 5B is a flow diagram that outlines another
example of a method for controlling a stethoscope system.
The blocks of method 550, like other methods described
herein, are not necessarily performed in the order indicated.
Moreover, such methods may include more or fewer blocks
than shown and/or described. In one example, the method
may be implemented by the stethoscope system 400 shown
in FIG. 4. The blocks of method 550 may, for example, be
performed (at least in part) by a control system such as the
control system 410 that is shown in FIG. 4. However,
method 550 also may be performed by other devices or
systems, such as the stethoscope system 400 shown in FIG.
9 and described below. In some examples, method 550 may
be implemented, at least in part, according to software stored
on one or more non-transitory media.

[0058] In this example, blocks 555-565 may be performed
substantially as blocks 505-515 are performed. However, in
this example block 570 involves determining heart valve
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activity based, at least in part, on the filtered signals. Block
570 may, for example, involve determining semilunar valve
activity (e.g., aortic valve and/or pulmonary valve activity),
determining mitral valve activity and/or determining tricus-
pid valve activity, etc. Accordingly, while the operation(s) of
block 570 may be similar to those of block 520, block 570
does not necessarily involve determining a correspondence
between heart signal components of the filtered signals and
corresponding heart valve activity.

[0059] FIG. 7 shows examples of S1 and S2 heart sounds
in the time domain. FIG. 7 originally appeared in Zhidong,
Zhao, Shen, Qingin and Ren, Fangqin, Heart Sound Bio-
metric System Based on Marginal Spectrum Analysis in
Sensors, Volume 13, Issue 2 (MDPI—QOpen Access Publish-
ing 2013) and may be reproduced for noncommercial or
commercial purposes pursuant to the terms of the Creative
Commons Attribution 3.0 Unported License (CC BY 3.0). It
may be seen in FIG. 7 that both the time duration and the
amplitude of S1 heart sounds tend to be greater than those
of S2 heart sounds. Therefore, some implementations may
involve evaluating the time duration, the amplitude or both
the time duration and the amplitude of signals received from
the sensor array. In the examples shown in FIGS. 5A and 5B,
method 500 and/or method 550 may involve evaluating the
time duration, the amplitude or both the time duration and
the amplitude of filtered signals, received after the filtering
process of block 515 or block 565. If the filtering process is
performed after a transform into the frequency domain, a
wavenumber domain, etc., such evaluations may be made
after a subsequent inverse transform back to the time
domain.

[0060] According to some implementations, method 500
and/or method 550 may involve identifving the components
of S1 heart sounds, identifying the components of S2 heart
sounds, or identifying the components of both S1 and S2
heart sounds. For example, block 520 may involve deter-
mining the aortic component or “A2” and the pulmonic
component or “P2” of S2 heart sounds. The A2 component
of a healthy person’s heart normally precedes the P2 com-
ponent, as shown in FIG. 7: here, the A2 component 705
precedes the P2 component 710. The time difference
between A2 and P2 should generally be greater during
inspiration than during expiration. Moreover, the A2 com-
ponent 705 generally includes higher-amplitude signals than
those of the P2 component 710, as shown in FIG. 7.
Therefore, in some implementations block 520 may involve
evaluating the temporal characteristics (such as the time
difference between A2 and P2) and the frequency spectrum
of heart signal components.

[0061] In some implementations method 500 and/or
method 550 may involve evaluating the frequency spectrum
of heart signal components. FIG. 8A shows an example of a
frequency spectrum for S1 heart sounds. FIG. 8B shows an
example of a frequency spectrum for S2 heart sounds. FIGS.
8A and 8B originally appeared in Debbal, S. M., Comput-
erized Heart Sounds Aralysis (InTech September 2011)
(“Debbal”), and may be reproduced for noncommercial or
commercial purposes pursuant to the terms of the Creative
Commons Attribution 3.0 Unported License (CC BY 3.0).

[0062] Referring first to FIG. 8A, it may be seen that
according to Debbal, the highest amplitudes for S1 heart
sounds occur between 50 and 130 Hz. FIG. 8B indicates that
Debbal found that the highest amplitudes for S2 heart
sounds occur between 75 and 200 Hz. Moreover, it may be
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seen from FIG. 8B that the A2 component of a healthy
person’s heart generally includes higher-frequency signals
than those of the P2 component. In this example, the peak
amplitude for the P2 component occurs at slightly less than
100 Hz, whereas the peak amplitude for the A2 component
occurs at approximately 160 Hz. However, other authors
have concluded that the major concentrations of energy for
S2 heart sounds occurs below 150 Hz. (See, e.g., Arnott, P.
1., et al, Spectral Analysis of Heart and Breath sounds (J
Biomed Eng. 1984 Apr; 6(2): 121-8) (“Arnott™).)

[0063] Arnott also determined that the highest detected
amplitudes for breathing sounds are different, depending on
where the breathing sounds are measured. For example, the
peak amplitudes for breathing sounds that were measured
over the base of the right lung were at 446 Hz for inspiratory
breathing sounds, with a standard deviation of +/-143 Hz,
and at 286 Hz for expiratory breathing sounds, with a
standard deviation of +/-53. (Id: see Abstract.) According to
Arnott, the highest detected amplitudes for breathing sounds
that were measured over the base of the left lung were at 475
Hz for inspiratory breathing sounds, with a standard devia-
tion of +/-115, and at 284 Hz for expiratory breathing
sounds, with a standard deviation of +/-47. (Id.) Arnott
indicates that the highest detected amplitudes for breathing
sounds measured over the interscapular region were at 434
Hz for inspiratory breathing sounds, with a standard devia-
tion of +/-130 Hz, and at 338 Hz for expiratory breathing
sounds, with a standard deviation of +/-77. (Id.) Per Arnott,
the highest detected amplitudes for breathing sounds mea-
sured over the over the right anterior chest were at 604 Hz
for inspiratory breathing sounds, with a standard deviation
of +/-302, and at 406 Hz for expiratory breathing sounds,
with a standard deviation of +/-205. (1d.)

[0064] It may be determined from the foregoing that if
sensor data are obtained for a sequence of inspiratory
breathing sounds and expiratory breathing sounds, inspira-
tory breathing sounds and expiratory breathing sounds may
be distinguished according to the frequency spectra of the
breathing sounds: the breathing sounds that include more
energy in a relatively higher frequency range will generally
correspond to inspiratory breathing sounds.

[0065] Accordingly, some implementations may involve
identifying inspiratory breathing sounds and expiratory
breathing sounds according to a spectral analysis. In some
examples, the spectral analysis may be part of the analysis
of block 510 of FIG. 5. In such examples, method 500 and/or
method 550 may involve not only distinguishing breathing
signal components from heart signal components, but also
may involve determining characteristics of the breathing
signal components.

[0066] According to some such implementations, a control
system may be capable of transforming signals from an
array of pressure sensors from the time domain into the
frequency domain. The control system may be capable of
identifying inspiratory breathing sounds and expiratory
breathing sounds according to a spectral analysis. In some
such examples, the control system may be capable of
identifying time intervals corresponding to inspiratory
breathing sounds and time intervals corresponding to expi-
ratory breathing sounds. The control system also may be
capable of distinguishing breathing signal components from
heart signal components.

[0067] In some implementations, block 515 of FIG. 5A
and/or block 565 of FIG. 5B may involve one or more
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filtering processes that take into account the characteristics
of the frequency spectra of heart signal components and
breathing signal components. According to some such
implementations, block 515 and/or block 565 may involve
applying one or more filters in the frequency domain that are
selected to pass most of the energy for signals corresponding
to S1 and S2 heart sounds, while attenuating most of the
energy for signals corresponding to breathing sounds. Alter-
natively, or additionally, some implementations may involve
applying one or more filters in the frequency domain that are
selected to pass most of the energy for signals corresponding
to breathing sounds, while attenuating most of the energy for
signals corresponding to S1 and S2 heart sounds. For
example, a control system may apply one or more filter
fanctions, or filter transfer functions, to the output of a
Fourier transform of the input signals. The filter functions
may include one or more low-pass filters, high-pass filters,
Gaussian filters, Butterworth filters and/or other filters.

[0068] In some implementations, the control system may
be capable of applying a low-pass filter with a roll-off that
starts at approximately 200 Hz, e.g. at 190 Hz, 195 Hz, 200
Hz, 205 Hz, 210 Hz, 215 Hz, etc. Such implementations may
significantly attenuate signals having frequencies that are
greater than approximately 200 Hz. In some implementa-
tions, the control system may be capable of applying a
band-pass filter that passes a frequency range between about
50 and 200 Hz., e.g., between 55 and 200 Hz., between 55
and 205 Hz., between 55 and 210 Hz., between 60 and 200
Hz., between 60 and 205 Hz., between 60 and 210 Hz.,
between 65 and 200 Hz., etc. Such low-pass and band-pass
filters may pass most of the energy for signals corresponding
to S1 and S2 heart sounds, while attenuating most of the
energy for signals corresponding to breathing sounds. After
filtering in the frequency domain, some implementations
may involve applying an inverse transform to the filtered
signals in the frequency domain to produce filtered signals
in the time domain.

[0069] Some implementations may involve at least some
analysis and/or processing in the time domain. Some post-
filtering examples are described above with reference to
FIG. 7, in which method 500 of FIG. 5A and/or method 550
of block FIG. 5B may involve evaluating the time duration,
the amplitude or both the time duration and the amplitude of
filtered signals, received after the filtering process of block
515 or block 565. If the filtering process is performed after
a transform into the frequency domain, a wavenumber
domain, etc., such evaluations may be made after a subse-
quent inverse transform back to the time domain. However,
in some implementations, at least some analysis and/or
processing may be performed in the time domain before the
filtering process of block 515 or block 565. According to
some examples, this time domain analysis may be part of
block 510, or may be part of a separate process that occurs
before block 515 or block 565.

[0070] For example, FIG. 7 indicates that both the time
duration and the amplitude of S1 heart sounds tend to be
greater than those of S2 heart sounds. Therefore, some
implementations may involve evaluating the time duration,
the amplitude or both the time duration and the amplitude of
signals received from the sensor array. Some such examples
may involve evaluating the time duration, the amplitude or
both the time duration and the amplitude of filtered signals
prior to the filtering process of block 515 or block 565.



US 2017/0215835 Al

[0071] According to some such implementations, signals
corresponding to S1 heart sounds and signals cortesponding
to S2 heart sounds may be identified, segregated and trans-
formed into the frequency domain prior to the filtering
process of block 515 or block 565. In some such implemen-
tations, the one or more filters that are applied to signals
corresponding to S1 heart sounds in one or more filters that
are applied to may be different from the one or more filters
that are applied to S2 heart sounds. For example, block 515
or block 565 may involve applying a low-pass filter or a
band-pass filter with a roll-off that starts at approximately
150 Hz to signals corresponding to S1 heart sounds, e.g. a
roll-off that starts at 125 Hz, 130 Hz, 140 Hz, 145 Hz, 150
Hz, 155 Hz, etc. Block 515 or block 565 may involve
applying a low-pass filter or a band-pass filter with a roll-off
that starts at approximately 200 Hz to signals corresponding
to S2 heart sounds, e.g. a roll-off that starts at 190 Hz, 195
Hz, 200 Hz, 205 Hz, 210 Hz, 215 Hz, etc. Such implemen-
tations have the potential advantage of retaining most of the
energy corresponding to the S1 and S2 heart sounds, while
attenuating energy corresponding to noise or to breathing
sounds.

[0072] FIG. 9 shows an example of a stethoscope system.
In this example, the stethoscope system 400 includes a patch
901 that includes a sensor array 405. Here, the sensor array
405 is a two-dimensional array of pressure sensors 905
having 3 rows and 4 columns. Accordingly, FIG. 9 shows an
example of an M by N array of pressure sensors, wherein M
and N are integers. In this example, M equals 3 and N equals
4. In this implementation, the pressure sensors 905 of the
sensor array 405 are substantially identical pressure sensors.
For example, the pressure sensors 905 may have identical
specifications and may actually be identical, within a range
of manufacturing tolerances.

[0073] Alternative implementations may include other
types of sensors, other configurations of sensors, a different
number of sensors, etc. For example, in some implementa-
tions the sensor array 405 may include an M by M array of
pressure sensors. [n some implementations the sensor array
405 may include a non-rectangular array of pressure sensors,
such as an oval array, a circular array, etc. In some imple-
mentations, the sensor array 405 may be substantially rect-
angular, but may include one or more rows or columns that
are relatively longer or shorter than the other rows or
columns. For example, some such implementations may
include one or more rows having additional pressure sen-
sors, such as the second row of the sensor array 405 shown
in FIG. 9 that includes optional sensors 9054 and 9055. In
other examples, the pressure sensors 905 of the sensor array
405 may be similar pressure sensors, but all of the pressure
sensors 905 may not be identical, or substantially identical,
pressure sensors. In some implementations, the patch 901
may be included in a sleeve, in a wrap or in another type of
clothing or accesory. In other implementations, the patch
901 may be embedded in furniture, in a medical probe, etc.

[0074] As shown in FIG. 9, the sensor array 405 may, in
some examples, occupy a substantial portion of a patient’s
chest 907. In some such examples, the signals obtained by
sensors of the sensor array 405 may correspond to multiple
simultaneous measurements of different areas of the
patient’s chest. For example, the signals may correspond to
multiple simultaneous measurements of vibrations produced
by one heart valve or multiple simultaneous measurements
of vibrations produced by two or more heart valves.
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[0075] 1In this example, the sensors 905 of the sensor array
405 are mounted in backing material 910, which may
include any suitable material. In this example, the patch 901
includes backing material 910, which is flexible and may
easily be conformed to a human chest. In some implemen-
tations, the backing material may include an elastic mem-
brane and the pressure sensors 905 may be arranged on or
embedded within the elastic membrane. The sensors 905
may be rigid or flexible, depending on the particular imple-
mentation. In some implementations, the backing material
may include a woven material and the pressure sensors 905
may be woven into the woven material. In some embodi-
ments, the backing material may include a non-woven
material and the pressure sensors 905 may be arranged on or
embedded within the non-woven material. According to
some implementations, the backing material 910 includes at
least one layer of adhesive material for secure placement on
a patient’s body. In some implementations of the sensor
array 405, the backing material 910 may include multiple
layers of adhesive material. In some such implementations,
the layers of adhesive material may be separated from one
another, for example by peeling one layer of adhesive
material from another layer. In some such examples, each of
the layers of adhesive material may adhere more strongly to
a patient’s skin than to adjacent adhesive layers. Some such
implementations may allow the sensor array 405 to be used
multiple times for a patient, or for multiple patients, with a
clean adhesive layer provided against the patient’s chest
each time.

[0076] In this example, the control unit 915 includes a
control system and an interface system. The control system
may include at least one of a general purpose single- or
multi-chip processor, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field pro-
grammable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, or discrete hardware
components. In some implementations, the control system
may be capable of controlling one or more components of
the stethoscope system 400. For example, the control system
may be capable of controlling the sensor array 405. The
control unit may be flexible or rigid, depending on the
particular implementation.

[0077] Accordingly, the control unit 915 may be capable
of providing the functionality of the control system 410 and
the interface system 415 that are shown in FIG. 4 and
described elsewhere herein. For example, the control unit
915 may be capable of providing the functionality described
above with reference to the blocks of FIG. 5A and/or FIG.
5B. In some implementations, the control unit 915 may be
capable of providing the additional functionality that is
described above with reference to FIGS. 6-8.

[0078] Insome implementations, the control system of the
control unit 915 may include one or more memory devices,
such as one or more random access memory (RAM) devices,
one or more read-only memory (ROM) devices, or other
non-transitory media. Accordingly, at least some aspects of
the subject matter disclosed herein may be implemented via
one or more non-transitory media having software stored
thereon, via firmware, etc.

[0079] Insome implementations, the control unit 915 may
be capable of providing additional functionality. For
example, in some implementations, the control unit 915 may
be capable of performing additional signal pre-processing.
In some implementations that are described above, a pre-
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processing block may be performed before block 510 of
FIG. 5A or before block 560 of FIG. 5B. In some examples,
the pre-processing block may involve cross-correlation and
time-shifting processes. According to some implementa-
tions, the control unit 915 may be capable of performing
additional signal pre-processing, such as identifying noisy or
“dead” sensors and deleting the signals from such sensors.
In some implementations, the control unit 915 may be
capable of normalizing the amplitudes of signals received
from multiple pressure sensors of the sensor array 405.
[0080] In some implementations, the interface system of
the control unit 915 may include a network interface, an
interface between the control system and a memory system
and/or an external device interface (e.g., a port). In this
example, the interface system is capable of wireless com-
munication with one or more other devices. In the imple-
mentation shown in FIG. 9, the interface system is capable
of wireless communication with a second device, which is a
mobile device 920 in this example.

[0081] In some implementations, at least a portion of the
control system functionality that is described herein may be
performed by a second device, such as the mobile device
920. Accordingly, the control system 410 that is disclosed
herein may be disposed, at least in part, in one or more other
devices. According to some implementations, the control
system of the control unit 915 may be capable of receiving
instructions from a second device, via the interface system,
and of controlling at least a portion of the stethoscope
system 400 according to the instructions. However, in some
examples the instructions may originate from another
device, which may or may not be in the vicinity of the
stethoscope system 400. Some examples are described
below with reference to FIG. 11.

[0082] Insome implementations, the control system of the
control unit 915 (and/or the control system of the mobile
device 920) may be capable of encrypting data, e.g., before
transmitting the data via an interface system. According to
some examples, the control system may be capable of
encrypting data via symmetric-key cryptography. In some
such examples, the control system may be capable of
encrypting data via a block cipher cryptographic method,
e.g., according to the Data Encryption Standard (DES) or the
Advanced Encryption Standard (AES). In some implemen-
tations, the control system may be capable of encrypting
data via a cryptographic hash function, such as one of the
Secure Hash Algorithm (SHA) series of functions, e.g., the
SHA-1, the SHA-2 or the SHA-3 algorithm. According to
some examples, the control system may be capable of
encrypting data via asymmetric-key cryptography methods,
such as public-key cryptography methods.

[0083] Although the example shown in FIG. 9 shows a
stethoscope system 400 that occupies a substantial portion of
the patient’s chest 907, some implementations of the stetho-
scope system 400 may not be large enough to cover a
particular patient’s chest. In some instances, either because
of the size of the stethoscope system 400, the size of the
patient, or both, it may be difficult to position the stetho-
scope system 400 in an optimal manner.

[0084] FIG. 10 shows an example of a stethoscope system
that includes a user feedback system. Such a user feedback
system may, for example, be advantageous for providing
feedback to a user regarding proper placement of the stetho-
scope system 400 on a patient’s chest. In this example, the
user feedback system of the stethoscope system 400 includes
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multiple force feedback elements 1005. The numbers, types
and orientations of the force feedback elements 1005 that are
shown in FIG. 10 are merely examples. Other implementa-
tions may include more, fewer and/or different types of force
feedback elements 1005. Some implementations of the
stethoscope system 400 may not include any of the force
feedback elements 1005.

[0085] In some implementations, the force feedback ele-
ments 1005 may include piezoionic devices. For example, in
some implementations the force feedback elements 1005
may include flexible piezoionic devices such as those
described in M. S. Sarwar et al., “Transparent and Confor-
mal ‘Piezoionic’ Touch Sensor,” Proceedings of SPIE, 9430
943026-1-943026-9 (2015), which is hereby incorporated by
reference. In some implementations, both the force feedback
elements 1005 and the pressure sensors 905 may be
piezoionic devices. In some such examples, the force feed-
back elements may be instances of the pressure sensors.
[0086] According to some examples, the control system of
the control unit 915 (or another control system) may be
capable of determining a quality metric for heart signal
components, e.g., 51 heart sounds and S2 heart sounds,
obtained using the method of 500 from sensor signals and of
determining whether the quality metric is less than a quality
metric threshold. The quality metric may, in some instances,
correspond (at least in part) with a position of the stetho-
scope system 400.

[0087] As noted above, the A2 component of S2 heart
sounds generally has higher-amplitude signals than those of
the P2 component of S2 heart sounds. Accordingly, in some
instances the A2 component may be readily detectable at all
of the auscultation sites of a patient’s chest (and possibly at
other locations of a patient’s chest), whereas the P2 com-
ponent may not be readily detectable at locations that are not
near auscultation site 225, near the pulmonary valve (see
FIG. 2).

[0088] Accordingly, in some examples, the amplitude of
the P2 component may be at least one aspect of a quality
metric that is determined by the control system of the control
unit 915 (or another control system). A quality metric that
corresponds to the amplitude of the P2 component may be
measured in various ways, depending on the particular
implementation. According to some such examples, the
quality metric may be determined according to a measured
amplitude of the P2 component itself, e.g., according to
whether the measured amplitude of the P2 component is
above a threshold value. This threshold value is one example
of a “quality metric threshold.” Alternatively, or addition-
ally, the quality metric may be determined according to a
relative amplitude of the A2 and P2 components. For
example, the quality metric may be based, at least in part, on
the ratio of the amplitude of the P2 component to the
amplitude of the A2 component. In other implementations,
the quality metric may be based, at least in part, on factors
other than the amplitude of the P2 component, for example
on the spectral content of the obtained S1 and S2 heart
sounds in reference to that expected from typical heart
sounds, e.g., as shown in FIGS. 7 and 8.

[0089] If the control system of the control unit 915 deter-
mines that the quality metric is not at or above a quality
metric threshold, in some implementations the control sys-
tem of the control unit 915 may be capable of providing
instructions via the user feedback system. In some imple-
mentations, the control system may be capable of control-
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ling one or more of the force feedback elements 1005 to
provide user feedback indicating that the stethoscope system
400 should be re-positioned.

[0090] For example, the control system of the control unit
915 may determine that the quality metric is not at or above
a quality metric threshold and that the pressure sensors al12
and al3 are indicating the highest values of the quality
metric, such as the highest-amplitude signals for the P2
component. Alternatively, or additionally, the control system
of the control unit 915 may be capable of determining a
quality metric gradient. In some such examples, the control
system of the control unit 915 may control the force feed-
back sub-element 1010a, the force feedback sub-element
10105, or both the force feedback sub-element 1010a and
the force feedback sub-element 10105, to provide force
feedback indicating that the stethoscope system 400 should
be moved in the direction of the arrow 1015. According to
some such implementations, if the control system of the
control unit 915 only activates one of the force feedback
sub-elements, this indicates that the stethoscope system 400
should be moved a relatively smaller distance than if the
control system of the control unit 915 activates both the
force feedback sub-element 1010a and the force feedback
sub-element 10105. Alternatively, or additionally, the con-
trol system of the control unit 915 may be capable of
determining a quality metric gradient and of providing
instructions via the user feedback system according to the
quality metric gradient.

[0091] Some implementations may involve determining
other types of quality metrics. In some examples, a quality
metric may be based on characteristics of one or more pulses
that correspond with heart activity. The pulse characteristics
may, for example, include pulse length, pulse shape and/or
pulse rate. Pulse shape can be relative to other values, such
as amplitude values. There are several classification systems
for pulse shapes. In some such classification systems, the
dicrotic notch of the arterial pulse wave is regarded as a key
factor of pulse shapes. The presence or absence of the
dicrotic notch may, for example, be an indication of arterial
stiffness.

[0092] Accordingly, the determination of such quality
metrics may or may not trigger a user prompt for moving the
patch 901, depending on the particular implementation. In
some implementations, determining such quality metrics
may trigger a change in processing of signals received by the
patch 901. For example, if a dicrotic notch had previously
been detected in a patient’s arterial pulse wave but the
current arterial pulse waves, after processing, were not
indicating a notch, in some implementations of method 500
or method 550, the combined signals of may be processed
with a filter that allows more high-frequency signal compo-
nents to be included in the filtered signals.

[0093] According to some implementations, the control
system of the control unit 915 (or another control system
disclosed herein) may be capable of detecting an abnormal-
ity of heart valve activity. According to some such imple-
mentations, the control system may be capable of transmit-
ting a signal, via an interface system (such as the interface
system 415 of FIG. 4), corresponding to the abnormality. For
example, the A2 component of a healthy person’s heart
normally precedes the P2 component, as shown in FIG. 7. In
some implementations, if the control system determines that
the P2 component precedes the A2 component, the control
system may be capable of transmitting a signal correspond-
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ing to the abnormality. As described above, the A2 compo-
nent generally includes higher-amplitude signals than those
of the P2 component. According to some examples, if the
control system determines that the P2 component includes
higher-amplitude signals than those of the A2 component,
the control system may be capable of transmitting a signal
corresponding to the abnormality.

[0094] The signal corresponding to the abnormality may
or may not indicate the type of abnormality, depending on
the particular implementation. In some implementations, the
control system may be capable of transmitting a signal
corresponding to the abnormality via a wireless interface to
one or more other devices on a network, which may be a
network such as that described below with reference to FIG.
11. The other device(s) may be used by a health care
professional, a family member, etc. In some examples, the
control system may be capable of transmitting a signal
corresponding to the abnormality to a mobile device, such as
the mobile device 920q that is shown in FIG. 9. In some
implementations, the mobile device may be capable of
relaying the signal to another device. In some such imple-
mentations, the mobile device may be capable of providing
an audio and/or visual alert corresponding to the abnormal-
ity.

[0095] FIG. 11 is a network diagram that shows examples
of components of a system in which some aspects of the
present disclosure may be implemented. The numbers, types
and arrangements of devices shown in FIG. 11 are merely
shown by way of example. In this example, various devices
are capable of communication via one or more networks
1117. The networks 1117 may, for example, include the
public switched telephone network (PSTN), including cel-
lular telephone networks, the Internet, etc. The mobile
devices 920a and 9205 shown in FIG. 11 may, for example,
include personal computing devices such as smart phones,
cellular telephones, tablet devices, etc.

[0096] At location 1120, a mobile device 920q is capable
of wireless communication with the stethoscope system 400.
The mobile device 9204 is one example of a “second device”
referenced in the foregoing discussion. The mobile device
920a may, for example, be capable of executing software to
perform some of the methods described herein, such as
receiving data, decrypting data, displaying images corre-
sponding with received data, receiving user input and send-
ing control signals to the stethoscope system 400, etc.
[0097] Inthis example, a data center 1145 includes various
devices that may be capable of providing health information
services via the networks 1117. Accordingly, the data center
1145 is capable of communication with the networks 1117
via the gateway 1125. Switches 1150 and routers 1155 may
be capable of providing network connectivity for devices of
the data center 1145, including storage devices 1160, servers
1165 and workstations 1170. Although only one data center
1145 is shown in FIG. 11, some implementations may
include multiple data centers 1145.

[0098] One or more types of devices in the data center
1145 (or elsewhere) may be capable of executing middle-
ware, e.g., for data management and/or device communica-
tion. Health-related information, including but not limited to
information obtained by networked stethoscope systems
400, may be uploaded (e.g., from mobile devices such as
mobile device 920a) and stored on storage devices 1160
and/or servers 1165. Health-related software also may be
stored on storage devices 1160 and/or servers 1165. In some
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implementations, some such health-related software may be
available as “apps” and downloadable by authorized users.
Some such apps may be executable on devices that are
capable of communication with stethoscope systems 400,
such as the mobile device 920q.

[0099] In this example, various people and/or entities,
including but not limited to health care professionals,
patients, patients’ families, insurance company representa-
tives, etc., may obtain information regarding, or obtained by,
stethoscope systems 400. The information may include, but
may not be limited to, data obtained by one or more
stethoscope systems 400, other sensor data (such as tem-
perature data) obtained by one or more stethoscope systems
400, etc.

[0100] In some examples, authorized people and/or enti-
ties may obtain such information via the data center 1145.
Alternatively, at least some people and/or entities may be
authorized to obtain such information via a data feed from
stethoscope systems 400, e.g., via corresponding devices
that are in communication with the stethoscope systems 400.
Accordingly, in some examples one or more other devices
(such as mobile devices 920 or devices of the data center
1145) may act as intermediaries for such data feeds. Such
devices may, for example, be capable of applying data
encoding algorithms, data compression algorithms, data
encryption algorithms, data filtering algorithms, executing
data summary and/or analysis software, etc. In some imple-
mentations, data encoding algorithms, data decoding algo-
rithms, data compression algorithms, data encryption and
decryption algorithms, data filtering, summary software,
analysis software, etc., may be available as “apps” and
downloadable (e.g., from the data center 1145) by autho-
rized users.

[0101] In this example, a family member of an authorized
user is logging into the system, via the mobile device 9205,
in order to access physiological data obtained by the stetho-
scope system 400 from the user in location 1120. FIG. 11
also depicts a doctor’s office 1105, from which a health care
professional 1110 is using a laptop 1115 to access informa-
tion from the data center 1145. The information may include
information obtained by the stethoscope system 400 in
location 1120 and/or information obtained by other the
stethoscope systems 400.

[0102] Some implementations disclosed herein may be
capable of providing authentication and/or identification
functionality. For example, one of the servers 1165 of the
data center 1145 may be capable of controlling access to
information obtained by networked stethoscope systems
400. In some such examples, a server 1165 may provide
access to such information only after a user has provided an
authentic user name and a corresponding password, e.g., via
the mobile device 9205 or the laptop 1115, which have been
accepted by the server 1165. The user name and password
may have been established during a prior enrollment pro-
cess.

[0103] According to some implementations, one or more
of the devices shown in FIG. 11 may be capable of obtaining
biometric information. For example, in some implementa-
tions the mobile device 920a, the mobile device 9205 and/or
the laptop 1115 may include a biometric sensor system,
which may include a fingerprint sensor system, a camera
system, etc. In some examples, a server 1165 may provide
access to information obtained by networked stethoscope
systems 400 only after a user has provided fingerprint

Aug. 3, 2017

information or other biometric information (e.g., via the
mobile device 920qa, the mobile device 9205 or the laptop
1115) that has been authenticated by the server 1165. (As
used herein, “fingerprint information” includes print infor-
mation corresponding to any digit, including fingerprint
images and thumbprint images.) The server 1165 may, for
example, compare the provided fingerprint or other biomet-
ric information (also referred to herein as “currently-ob-
tained biometric information™) with stored biometric infor-
mation that was obtained during a prior enrollment process
(also referred to herein as “previously-obtained biometric
information”).

[0104] Inalternative implementations, another device may
be capable of providing authentication and/or identification
functionality. For example, in some implementations, a
control system 410 of a stethoscope system 400, a control
system of a mobile device, or both, may include authenti-
cation and/or identification functionality.

[0105] Insome examples, a biometric sensor system of the
mobile device 920q, such as a fingerprint sensor system,
may obtain biometric information from a user. Alternatively,
or additionally, in some examples a biometric sensor system
of the stethoscope system 400 may obtain biometric infor-
mation from a user. A control system may perform an
authentication process that is based, at least in part, on the
biometric information in order to verify the identity of the
user. For example, the authentication process may involve
comparing currently-obtained biometric information with
previously-obtained biometric information from an autho-
rized user. Depending on the particular implementation, the
control system may reside in the mobile device 920a, in the
stethoscope system 400 or in another device (such as a
server 1165).

[0106] If the authentication process is successful, in some
implementations the control system may authorize a user
whose identity has been verified to control the stethoscope
system 400 via the mobile device 920a and/or to receive
information from the stethoscope system 400 via the mobile
device 920a. In some implementations, the data and/or other
sensor data that are acquired by the stethoscope system 400
may be associated with identity information of the user. For
example, the data and/or other sensor data that are acquired
by the stethoscope system 400 may be stored in a data
structure that also includes the identity information of the
user. In some examples, the identity information may
include the user’s name. In some instances, the identity
information may include at least some of the biometric
information that was obtained during the authentication
process, such as fingerprint information.

[0107] As used herein, a phrase referring to “at least one
of” a list of items refers to any combination of those items,
including single members. As an example, “at least one of:
a, b, or¢” i1s intended to cover: a, b, ¢, a-b, a-c, b-c, and a-b-c.
[0108] The various illustrative logics, logical blocks, mod-
ules, circuits and algorithm processes described in connec-
tion with the implementations disclosed herein may be
implemented as electronic hardware, computer software, or
combinations of both. The interchangeability of hardware
and software has been described generally, in terms of
functionality, and illustrated in the various illustrative com-
ponents, blocks, modules, circuits and processes described
above. Whether such functionality is implemented in hard-
ware or software depends upon the particular application
and design constraints imposed on the overall system.
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[0109] The hardware and data processing apparatus used
to implement the various illustrative logics, logical blocks,
modules and circuits described in connection with the
aspects disclosed herein may be implemented or performed
with a general purpose single- or multi-chip processor, a
digital signal processor (DSP), an application specific inte-
grated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A general purpose processor may be a microproces-
sor, or, any conventional processor, controller, microcon-
troller, or state machine. A processor also may be imple-
mented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
MICroprocessors, one or more Microprocessors in conjunc-
tion with a DSP core, or any other such configuration. In
some implementations, particular processes and methods
may be performed by circuitry that is specific to a given
function.

[0110] In one or more aspects, the functions described
may be implemented in hardware, digital electronic cir-
cuitry, computer software, firmware, including the structures
disclosed in this specification and their structural equivalents
thereof, or in any combination thereof. Implementations of
the subject matter described in this specification also may be
implemented as one or more computer programs, i.€., one or
more modules of computer program instructions, encoded
on a computer storage media for execution by, or to control
the operation of, data processing apparatus.

[0111] If implemented in software, the functions may be
stored on or transmitted over as one or more instructions or
code on one or more computer-readable media, such as one
or more non-transitory media. The processes of a method or
algorithm disclosed herein may be implemented in a pro-
cessor-executable software module which may reside on a
computer-readable medium. Computer-readable media
include both computer storage media and communication
media including any medium that may be enabled to transfer
a computer program from one place to another. Storage
media may be any available media that may be accessed by
a computer. By way of example, and not limitation, non-
transitory media may include RAM, ROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium that
may be used to store desired program code in the form of
instructions or data structures and that may be accessed by
a computer. Also, any connection may be properly termed a
computer-readable medium. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital
versatile disc (DVD), floppy disk, and blu-ray disc where
disks usually reproduce data magpetically, while discs
reproduce data optically with lasers. Combinations of the
above should also be included within the scope of computer-
readable media. Additionally, the operations of a method or
algorithm may reside as one or any combination or set of
codes and instructions on a machine readable medium and
computer-readable medium, which may be incorporated into
a computer program product.

[0112] Various modifications to the implementations
described in this disclosure may be readily apparent to those
having ordinary skill in the art, and the generic principles
defined herein may be applied to other implementations
without departing from the spirit or scope of this disclosure.
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Thus, the disclosure is not intended to be limited to the
implementations shown herein, but is to be accorded the
widest scope consistent with the claims, the principles and
the novel features disclosed herein. The word “exemplary”
is used exclusively herein, if at all, to mean “serving as an
example, instance, or illustration.” Any implementation
described herein as “exemplary” is not necessarily to be
construed as preferred or advantageous over other imple-
mentations.

[0113] Certain features that are described in this specifi-
cation in the context of separate implementations also may
be implemented in combination in a single implementation.
Conversely, various features that are described in the context
of a single implementation also may be implemented in
multiple implementations separately or in any suitable sub-
combination. Moreover, although features may be described
above as acting in certain combinations and even initially
claimed as such, one or more features from a claimed
combination may in some cases be excised from the com-
bination, and the claimed combination may be directed to a
subcombination or variation of a sub combination.

[0114] Similarly, while operations are depicted in the
drawings in a particular order, this should not be understood
as requiring that such operations be performed in the par-
ticular order shown or in sequential order, or that all illus-
trated operations be performed, to achieve desirable results.
In certain circumstances, multitasking and parallel process-
ing may be advantageous. Moreover, the separation of
various system components in the implementations
described above should not be understood as requiring such
separation in all implementations, and it should be under-
stood that the described program components and systems
may generally be integrated together in a single software
product or packaged into multiple software products. Addi-
tionally, other implementations are within the scope of the
following claims. In some cases, the actions recited in the
claims may be performed in a different order and still
achieve desirable results.

[0115] It will be understood that unless features in any of
the particular described implementations are expressly iden-
tified as incompatible with one another or the surrounding
context implies that they are mutually exclusive and not
readily combinable in a complementary and/or supportive
sense, the totality of this disclosure contemplates and envi-
sions that specific features of those complementary imple-
mentations may be selectively combined to provide one or
more comprehensive, but slightly different, technical solu-
tions. It will therefore be further appreciated that the above
description has been given by way of example only and that
modifications in detail may be made within the scope of this
disclosure.

1. A stethoscope system, comprising;

a patch that includes an array of pressure sensors, the
patch being conformable to a patient’s body; and

a control system capable of:

receiving signals from the array of pressure sensors, the
signals corresponding to measurements from mul-
tiple pressure sensors of the array of pressure sen-
sors;

combining signals from multiple pressure sensors of
the array of pressure sensors to produce combined
signals;



US 2017/0215835 Al

filtering the combined signals to remove, at least in
part, breathing signal components and to produce
filtered signals; and

determining a correspondence between heart signal
components of the filtered signals and corresponding
heart valve activity, wherein the control system
includes one or more components from a list of
components consisting of: a general purpose single-
or multi-chip processor; a digital signal processor; an
application specific integrated circuit a field pro-
grammable gate array or other programmable logic
device, discrete gate or transistor logic, and a dis-
crete hardware component.

2. The stethoscope system of claim 1, wherein the control
system is capable of transforming the signals from a time
domain into a frequency domain.

3. The stethoscope system of claim 1, wherein the control
system is capable of determining a quality metric for the
heart signal components.

4. The stethoscope system of claim 3, further comprising
a user feedback system, wherein the control system is
capable of providing instructions via the user feedback
system based on a comparison of the quality metric and a
quality metric threshold.

5. The stethoscope system of claim 4, wherein the user
feedback system includes force feedback elements.

6. The stethoscope system of claim 5, wherein the force
feedback elements include pressure sensors.

7. The stethoscope system of claim 6, wherein the force
feedback elements and the pressure sensors are piezoionic
devices.

8. The stethoscope system of claim 1, wherein the array
of pressure sensors is a two-dimensional M by N or M by M
array, wherein M and N are integers.

9. The stethoscope system of claim 1, wherein the control
system is further capable of performing signal pre-process-
ing before combining the signals.

10. The stethoscope system of claim 1, wherein the patch
includes at least one layer of adhesive material for secure
placement on the patient’s body.

11. The stethoscope system of claim 1, wherein the patch
includes flexible material to which the array of pressure
sensors is attached.

12. The stethoscope system of claim 1, wherein the array
of pressure sensors includes substantially identical pressure
SEensors.

13. The stethoscope system of claim 1, wherein the
signals correspond to multiple simultaneous measurements
obtained from different areas of a patient’s chest during a
time interval.

14. The stethoscope system of claim 1, wherein the
signals correspond to multiple simultaneous and redundant
measurements of vibrations produced by one or more heart
valves.

15. The stethoscope system of claim 1, further comprising
an interface system capable of wireless communication.

16. The stethoscope system of claim 1, further comprising
an interface system, wherein the control system is capable of
receiving instructions, via the interface system, and of
controlling at least a portion of the stethoscope system
according to the instructions.

17. The stethoscope system of claim 1, wherein the
control system is disposed, at least in part, in another device.
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18. The stethoscope system of claim 1, wherein the
signals correspond to redundant measurements from mul-
tiple pressure sensors of the array of pressure sensors.

19. The stethoscope system of claim 1, wherein the
control system is further capable of determining a corre-
spondence between heart signal components and corre-
sponding parts of a cardiac cycle.

20. The stethoscope system of claim 1, further comprising
an interface system, wherein the control system is further
capable of detecting an abnormality of heart valve activity
and of transmitting a signal, via the interface system, cor-
responding to the abnormality.

21. A method of processing signals from a stethoscope
system, comprising;

receiving, by a control system, signals from an array of

pressure sensors, the signals corresponding to measure-
ments from multiple pressure sensors of the array of
pressure sensors;

combining, via the control system, signals from multiple

pressure sensors of the array of pressure sensors to
produce combined signals;

filtering the combined signals, via the control system, to

remove, at least in part, breathing signal components
and to produce filtered signals; and

determining a correspondence, via the control system,

between heart signal components of the filtered signals
and corresponding heart valve activity, wherein the
control system includes one or more components from
a list of components consisting of: a general purpose
single- or multi-chip processor; a digital signal proces-
sor; an application specific integrated circuit a field
programmable gate array or other programmable logic
device, discrete gate or transistor logic, and a discrete
hardware component.

22. The method of claim 21, further comprising deter-
mining a quality metric for the heart signal components.

23. The method of claim 22, further comprising providing
instructions based on a comparison of the quality metric and
a quality metric threshold.

24. The method of claim 21, further comprising detecting
an abnormality of heart valve activity and of transmitting a
signal corresponding to the abnormality.

25. At least one non-transitory medium having software
stored thereon, the software including instructions for:

receiving, by a control system, signals from an array of

pressure sensors, the signals corresponding to measure-
ments from multiple pressure sensors of the array of
pressure sensors;
combining signals from multiple pressure sensors of the
array of pressure sensors to produce combined signals;

filtering the combined signals, via the control system, to
remove, at least in part, breathing signal components
and to produce filtered signals; and

determining a correspondence, via the control system,

between heart signal components of the filtered signals
and corresponding heart valve activity, wherein the
control system includes one or more components from
a list of components consisting of: a general purpose
single- or multi-chip processor; a digital signal proces-
sor; an application specific integrated circuit a field
programmable gate array or other programmable logic
device, discrete gate or transistor logic, and a discrete
hardware component.
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26. The at least one non-transitory medium of claim 25,
wherein the software includes instructions for determining a
quality metric for the heart signal components.

27. The at least one non-transitory medium of claim 25,
wherein the software includes instructions for detecting an
abnormality of heart valve activity and of transmitting a
signal corresponding to the abnormality.

28. A stethoscope system, comprising:

a patch that includes an array of pressure sensors, the

patch being conformable to a patient’s body; and

control means for:

receiving signals from the array of pressure sensors, the
signals corresponding to measurements from mul-
tiple pressure sensors of the array of pressure sen-
sors;

combining signals from multiple pressure sensors of
the array of pressure sensors to produce combined
signals;

filtering the combined signals to remove, at least in
part, breathing signal components and to produce
filtered signals; and
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determining heart valve activity based, at least in part,
on the filtered signals, wherein the control means
includes one or more components from a list of
components consisting of:

a general purpose single- or multi-chip processor; a digital
signal processor; an application specific integrated cir-
cuit a field programmable gate array or other program-
mable logic device, discrete gate or transistor logic, and
a discrete hardware component.

29. The stethoscope system of claim 28, further compris-
ing an interface system, wherein the control means includes
means for detecting an abnormality of heart valve activity
and of transmitting a signal, via the interface system, cor-
responding to the abnormality.

30. The stethoscope system of claim 28, wherein the
control means includes means for determining a correspon-
dence between heart signal components of the filtered sig-
nals and corresponding parts of a cardiac cycle.
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