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(57) ABSTRACT

An acoustic sensor attached to a medical patient can non-
invasively detect acoustic vibrations indicative of physi-
ological parameters of the medical patient and produce an
acoustic signal corresponding to the acoustic vibrations. The
acoustic signal can be integrated one or more times with
respect to time, and a physiological monitoring system can
determine pulse or respiration parameters based on the
integrated acoustic signal. The physiological monitoring
system can, for instance, estimate a pulse rate according to
pulses in the integrated acoustic signal and a respiration rate
according to a modulation of the integrated acoustic signal,
among other parameters. Further, the physiological moni-
toring system can compare the integrated acoustic signal or
parameters determined based on the integrated acoustic
signal with other signals or parameters to activate alarms.
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ACOUSTIC PHYSIOLOGICAL MONITORING
SYSTEM

REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 14/636,500, filed Mar. 3, 2015,
entitled “Acoustic Pulse And Respiration Monitoring Sys-
tem,” which is a continuation of U.S. patent application Ser.
No. 14/206,900, filed Mar. 12, 2014, entitled “Acoustic
Physiological Monitoring System,” which claims priority
benefit from U.S. Provisional Application No. 61/780,412,
filed Mar. 13, 2013, entitled “Acoustic Pulse And Respira-
tion Monitoring System,” each of which is hereby incorpo-
rated herein by reference in its entirety.

BACKGROUND

[0002] The “piezoelectric effect” is the appearance of an
electric potential and current across certain faces of a crystal
when it is subjected to mechanical stresses. Due to their
capacity to convert mechanical deformation into an electric
voltage, piezoelectric crystals have been broadly used in
devices such as transducers, strain gauges and microphones.
However, before the crystals can be used in many of these
applications they must be rendered into a form which suits
the requirements of the application. In many applications,
especially those involving the conversion of acoustic waves
into a corresponding electric signal, piezoelectric mem-
branes have been used.

[0003] Piezoelectric membranes are typically manufac-
tured from polyvinylidene fluoride plastic film. The film is
endowed with piezoelectric properties by stretching the
plastic while it is placed under a high-poling voltage. By
stretching the film, the film is polarized and the molecular
structure of the plastic aligned. A thin layer of conductive
metal (typically nickel-copper) is deposited on each side of
the film to form electrode coatings to which connectors can
be attached.

[0004] Piezoelectric membranes have a number of attri-
butes that make them interesting for use in sound detection,
including: a wide frequency range; a low acoustical imped-
ance close to water and human tissue; a high dielectric
strength; a good mechanical strength; and piezoelectric
membranes are moisture resistant and inert to many chemi-
cals.

SUMMARY

[0005] Acoustic sensors, such as piezoelectric mem-
branes, can be used to determine respiration related param-
eters from an acoustic signal sensed from the neck of an
individual, such as a medical patient. The determined res-
piration parameters can include parameters such as the
individual’s respiration rate in some implementations. As a
result, the sensed acoustic signal can be filtered before signal
processing to remove certain frequency components that
may not be used to determine the respiration parameters. In
one such embodiment, the sensed acoustic signal can be
high-pass filtered to remove or diminish frequencies below
about 100 Hz and pass frequencies above about 100 Hz
because the determined respiration parameters may be deter-
mined based on frequency components of the sensed acous-
tic signal that may exceed about 100 Hz. However, such
filtering can remove or diminish pulse information that may
be included in the sensed acoustic signal.
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[0006] The systems and methods of this disclosure, in
some embodiments, advantageously may not high-pass filter
a sensed acoustic signal to remove or diminish frequency
components below about 100 Hz. Instead, the sensed acous-
tic signal can be high-pass filtered at a lower frequency, such
as about 0.1 Hz, 1 Hz, 10 Hz, 30 Hz, 40Hz, or the like. The
filtered acoustic signal can be further filtered to remove or
reduce effects on the acoustic signal of a sensing device,
which is used to sense and/or process the acoustic signal, to
thereby obtain a compensated signal that may correspond
closely to a pulse signal of the individual. The compensated
signal can then be used to determine numerous respiration
and pulse parameters, such as the individual’s respiration
rate or pulse rate.

[0007] Acoustic sensors and associated processing mod-
ules that together form a sensing device can inherently filter
and change signals output by the sensing device. For
example, the mechanical properties of an acoustic sensor,
such as the materials of the acoustic sensor or a match of the
acoustic sensor to the skin of an individual, can influence an
acoustic signal output by a sensing device. In addition, the
electrical properties of a high-pass, band-pass, or low-pass
filter module included in a sensing device can influence an
acoustic signal output by the sensing device. Such filtering
and changing of signals, unfortunately, can result in an
acoustic signal output by a sensing device that may hide or
mask an underlying physical signal detected by the sensing
device. The output acoustic signal thus can be difficult to
process for determining parameters for understanding the
physiological condition of an individual.

[0008] The impact of a sensing device, including an
acoustic sensor and one or more associated processing
modules, on a detected acoustic signal can be understood in
terms of a system transfer function. The sensing device can
be considered to receive an input signal (for example, the
vibration of an individual’s skin) and then generate an
output signal based on both the received input signal and a
system transfer function. The sensing system, for instance,
may be considered to output a signal that corresponds to the
input signal after being influenced by the system transfer
function.

[0009] Accordingly, the systems and methods of this dis-
closure, in some embodiments, can filter an acoustic signal
so as to reverse or undo the effects on the acoustic signal of
a sensing device used for sensing or processing the acoustic
signal. An acoustic signal can be obtained as a result that
corresponds closely to a physical signal detected by the
sensing device. This acoustic signal desirably can be under-
stood in terms of physical limitations, boundaries, or intu-
itions since the acoustic signal may correspond closely to a
physical signal. For example, the acoustic signal can directly
correspond to an expansion and contraction of the sensed
skin of an individual, which can be useful in determining
accurate and reliable respiration and pulse parameters for the
individual.

[0010] One aspect of this disclosure provides a physiologi-
cal monitoring system configured to determine one or more
pulse or respiration parameters from one or more of an
acoustic signal and a plethysmograph signal. Before deter-
mining respiration or pulse parameters from the acoustic
signal, the acoustic signal can be integrated one or more
times with respect to time. The physiological monitoring
system can utilize the integrated acoustic signal to estimate
a pulse rate based on pulses in the integrated acoustic signal
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and a respiration rate based on modulation of the integrated
acoustic signal, among other parameters. The physiological
monitoring system further can compare the determined
parameters with predetermined values or pulse and respira-
tion parameters determined based on a plethysmograph
signal, for example, to activate alarms of the physiological
monitor.

[0011] Advantageously, in certain embodiments, the pulse
and respiration parameters determined in accordance with
this disclosure can increase the robustness of a physiological
monitoring system. For instance, the pulse and respiration
parameters can provide one or more additional parameter
values to validate the accuracy of parameters determined
using one or more other physiological sensors. Moreover,
the pulse and respiration parameters determined in accor-
dance with this disclosure can be sensed closer to an
individual’s heart or chest than using one or more other
types or placements of physiological sensors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGS. 1A-B are block diagrams illustrating physi-
ological monitoring systems;

[0013] FIG. 1C is a top perspective view illustrating
portions of a sensor system;

[0014] FIG. 2A illustrates an acoustic neck sensor and a
chest sensor for physiological measurements;

[0015] FIG. 2B illustrates an acoustic neck sensor and a
plethysmograph for physiological measurements;

[0016] FIG. 3 is a schematic diagram of acoustic and
optical sensors and sensor drive elements and a correspond-
ing digital signal processor and I/O drive elements;

[0017] FIG. 4 is a block diagram of a pulse and respiration
processor of a physiological monitor that includes an acous-
tic signal processor and a plethysmograph signal processor;
[0018] FIG. 5 is a block diagram of an example acoustic
signal processor;

[0019] FIG. 6 is a block diagram of an example acoustic
filter;
[0020] FIG. 7Ais an example acoustic signal processed by

an acoustic signal processor;

[0021] FIG. 7B is an example filtered acoustic signal
generated by a filter;

[0022] FIG. 7C is another example filtered acoustic signal
generated by a filter;

[0023] FIG. 7D is an example filtered acoustic signal
generated by a filter that illustrates amplitude modulation;
[0024] FIG. 8 illustrates a process for determining a
patient pulse rate based on an acoustic signal,

[0025] FIG. 9 illustrates a process for detecting an acous-
tic probe error;
[0026] FIG. 10 illustrates a process for determining a

patient respiration rate based on an acoustic signal; and
[0027] FIG. 11 illustrates example signals processed by an
acoustic signal processor.

DETAILED DESCRIPTION

[0028] In various embodiments, a physiological monitor-
ing system that includes an acoustic signal processing sys-
tem can communicate with an acoustic sensor to measure or
determine any of a variety of physiological parameters of a
medical patient. For example, the physiological monitoring
system can include an acoustic monitor. The acoustic moni-
tor may, in an embodiment, be an acoustic respiratory
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monitor that can determine one or more respiratory param-
eters of the patient, including respiratory rate, expiratory
flow, tidal volume, minute volume, apnea duration, breath
sounds, rales, rhonchi, stridor, and changes in breath sounds
such as decreased volume or change in airflow. In addition,
in some implementations, the acoustic signal processing
system can be used to monitor or determine other physi-
ological sounds, such as patient heart rate to help with probe
off detection, heart sounds (S1, S2, S3, S4, and murmurs), or
change in heart sounds including normal to murmur or split
heart sounds indicating fluid overload. Moreover, the acous-
tic signal processing system can further communicate with
a second probe placed over the patient’s chest for additional
heart sound detection in some implementations.

[0029] In certain embodiments, the physiological moni-
toring system can include an electrocardiograph (ECG or
EKG) that may measure or process electrical signals gen-
erated by the cardiac system of a patient. The ECG can
include one or more sensors for measuring the electrical
signals. In some implementations, the electrical signals can
be obtained using the same sensors that may be used to
obtain acoustic signals.

[0030] In certain embodiments, the physiological moni-
toring system can communicate with one or more additional
sensors to determine other desired physiological parameters
for a patient. For example, a photoplethysmograph sensor
can be used to determine the concentrations of analytes
contained in the patient’s blood, such as oxyhemoglobin,
carboxyhemoglobin, methemoglobin, other dyshemoglo-
bins, total hemoglobin, fractional oxygen saturation, glu-
cose, bilirubin, and/or other analytes. In another example, a
capnograph can be used to determine the carbon dioxide
content in inspired and expired air from a patient. In yet
another example, one or more other sensors, such as a
pneumotachometer for measuring air flow and a respiratory
effort belt, can be used to determine blood pressure, flow
rate, air flow, and fluid flow (first derivative of pressure). In
certain embodiments, the sensors can be combined in a
single processing system that can process the one or more
signals output from the sensors on a single multi-function
circuit board.

[0031] FIGS. 1A through 1C illustrate example patient
monitoring systems, sensors, and cables that can be used to
provide acoustic physiological monitoring, such as acoustic
pulse and respiration monitoring, of a patient.

[0032] FIG. 1A shows an embodiment of a physiological
monitoring system 10. In the monitoring system 10, a
medical patient 12 can be monitored using one or more
sensors 13, each of which can transmit a signal over a cable
15 or other communication link or medium to a physiologi-
cal monitor 17. The physiological monitor 17 can include a
processor 19 and, optionally, a display 11. The one or more
sensors 13 can include sensing elements such as, for
example, acoustic piezoelectric devices, electrical ECG
leads, pulse oximetry sensors, or the like. The one or more
sensors 13 can generate respective signals by sensing a
physiological condition of the patient 12. The signals can
then be processed by the processor 19. The processor 19 can
communicate the processed signal to the display 11 if a
display 11 is provided. In an embodiment, the display 11 is
incorporated in the physiological monitor 17. In another
embodiment, the display 11 is separate from the physiologi-
cal monitor 17. The monitoring system 10 can, for instance,
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be a portable monitoring system or a pod, without a display,
that may be adapted to provide physiological parameter data
to a display.

[0033] For clarity, a single block is used to illustrate the
one or more sensors 13 shown in FIG. 1A. It should be
understood that the sensor 13 shown is intended to represent
one or more sensors. In an embodiment, the one or more
sensors 13 include a single sensor of one of the types
described below. In another embodiment, the one or more
sensors 13 include at least two acoustic sensors. In still
another embodiment, the one or more sensors 13 include at
least two acoustic sensors and one or more ECG sensors,
pulse oximetry sensors, bioimpedance sensors, capnography
sensors, or the like. Additional sensors of different types can
also be included. Other combinations of numbers and types
of sensors are also suitable for use with the physiological
monitoring system 10.

[0034] Insome embodiments of the system shown in FIG.
1A, the hardware used to receive and process signals from
the sensors are housed within the same housing. In other
embodiments, some of the hardware used to receive or
process the signals can be housed within a separate housing.
In addition, the physiological monitor 17 can include hard-
ware, software, or both hardware and software, whether in
one housing or multiple housings, usable to receive and
process the signals transmitted by the one or more sensors 13
[0035] As shown in FIG. 1B, the one or more sensors 13
can include a cable 25. The cable 25 can include three
conductors within an electrical shielding. One conductor 26
can provide power to a physiological monitor 17, one
conductor 28 can provide a ground signal to the physiologi-
cal monitor 17, and one conductor 28 can transmit signals
from the one or more sensors 13 to the physiological monitor
17. For multiple sensors implementations, one or more
additional cables 115 can further be provided.

[0036] In some embodiments, the ground signal can be an
earth ground, but in other embodiments, the ground signal
may be a patient ground, sometimes referred to as a patient
reference, a patient reference signal, a return, or a patient
return. In some embodiments, the cable 25 can carry two
conductors within an electrical shielding layer, and the
shielding layer can act as the ground conductor. Electrical
interfaces 23 in the cable 25 can enable the cable to
electrically connect to electrical interfaces 21 in a connector
20 of the physiological monitor 17. In another embodiment,
the sensor 13 and the physiological monitor 17 communicate
wirelessly, such as via an [EEE standard (e.g., IEEE 802,
IEEE 802.11 a/b/g/n, WiFi™, or Bluetooth™, etc.)

[0037] FIG. 1C illustrates an embodiment of a sensor
system 100 including a sensor 101 suitable for use with the
physiological monitors shown in FIGS. 1A and 1B. The
sensor system 100 can include the sensor 101, a sensor cable
117, and a connector 105 attached to the sensor cable 117.
The sensor 101 can include a shell 102, an acoustic coupler,
103 and a frame 104, which may also be referred to as a
sensor support, configured to house certain componentry of
the sensor 101, and an attachment portion 107 positioned on
the sensor 101 and configured to attach the sensor 101 to the
patient.

[0038] The sensor 101 can be removably attached to an
instrument cable 111 via an instrument cable connector 109.
The instrument cable 111 can be attached to a cable hub 120,
which can include a port 121 for receiving a connector 112
of the instrument cable 111 and a second port 123 for
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receiving another cable. In certain embodiments, the second
port 123 can receive a cable connected to a pulse oximetry
or other sensor. In addition, the cable hub 120 could include
additional ports for receiving one or more additional cables
in other embodiments. The hub includes a cable 122 which
terminates in a connector 124 adapted to connect to a
physiological monitor. In another embodiment, no hub may
be provided and the acoustic sensor 101 can be connected
directly to the monitor, via an instrument cable 111, or
directly by the sensor cable 117, for example. Examples of
compatible hubs are described in U.S. patent application Ser.
No. 12/904,775, filed on Oct. 14, 2010, which is incorpo-
rated by reference in its entirety herein. Examples of acous-
tic sensors are described in U S. patent application Ser. No.
14/030,268, filed on Sep. 18, 2013, which is incorporated by
reference in its entirety herein.

[0039] The component or group of components between
the sensor 101 and monitor can be referred to generally as
a cabling apparatus. For example, where one or more of the
following components are included, such components or
combinations thereof can be referred to as a cabling appa-
ratus: the sensor cable 117, the connector 105, the cable
connector 109, the instrument cable 111, the hub 120. the
cable 122, or the connector 124. It should be noted that one
or more of these components may not be included, and that
one or more other components may be included between the
sensor 101 and the monitor to form the cabling apparatus.
[0040] Inanembodiment, the acoustic sensor 101 includes
one or more sensing elements, such as, for example, one or
more piezoelectric devices or other acoustic sensing devices.
Where a piezoelectric membrane may be used, a thin layer
of conductive metal can be deposited on each side of the film
as electrode coatings, forming electrical poles. The opposing
surfaces or poles may be referred to as an anode and cathode,
respectively, Each sensing element can be configured to
mechanically deform in response to sounds emanating from
the patient and generate a corresponding voltage potential
across the electrical poles of the sensing element.

[0041] The shell 102 can house a frame or other support
structure configured to support various components of the
sensor 101. The one or more sensing elements can be
generally wrapped in tension around the frame. For
example, the sensing elements can be positioned across an
acoustic cavity disposed on the bottom surface of the frame.
Thus, the sensing elements can be free to respond to acoustic
waves incident upon them, resulting in corresponding
induced voltages across the poles of the sensing elements.
[0042] Additionally, the shell 102 can include an acoustic
coupler, which advantageously can improve the coupling
between the source (for example, the patient’s body) of the
signal to be measured by the sensor and the sensing element.
The acoustic coupler can include a bump positioned to apply
pressure to the sensing element so as to bias the sensing
element in tension. In one example, the bump can be
positioned against the portion of the sensing element that
may be stretched across the cavity of the frame. The acoustic
coupler further can include a protrusion on the upper portion
of the inner lining, which exerts pressure on the backbone
110 and other internal components of the sensor 101.
[0043] The attachment portion 107 can help secure the
sensor assembly 101 to the patient. The illustrated attach-
ment portion 107 can include first and second attachment
arms 106, 108. The attachment arms can be made of any
number of materials, such as plastic, metal or fiber. Further-
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more, the attachment arms can be integrated with the back-
bone. The underside of the attachment arms 106, 108 include
patient adhesive (for example, tape, glue, a suction device,
or the like), which can be used to secure the sensor 101 to
a patient’s skin. The attachment portion 107 further can
include a resilient backbone member 110 which may extend
into and form a portion of the attachment arms 106, 108. The
backbone 110 can be placed above or below the attachment
arms 106, 108, or can be placed between an upper portion
and a lower portion of the attachment arms 106, 108.
Furthermore, the backbone can be constructed of any num-
ber of resilient materials, such as plastic, metal, fiber,
combinations thereof, or the like.

[0044] As the attachment arms 106, 108 may be brought
down into contact with the patient’s skin on either side of the
sensor 102, the adhesive affixes to the patient, Moreover, the
resiliency of the backbone 110 can cause the sensor 101 to
be beneficially biased in tension against the patient’s skin or
reduces stress on the connection between the patient adhe-
sive and the skin. Further examples of compatible attach-
ment portions, associated functionality and advantages are
described in U.S. application Ser. No. 12/643,939 (the *939
Application), which is incorporated by reference herein. For
example, embodiments of attachment portions are shown in
and described with respect to FIGS. 2B, 2C, 9A-9D and 10
of the *939 Application, which is explicitly incorporated by
reference herein in its entirety.

[0045] The acoustic sensor 101 can further include cir-
cuitry for detecting and transmitting information related to
biological sounds to the physiological monitor. These bio-
logical sounds can include heart, breathing, or digestive
system sounds, in addition to many other physiological
phenomena. The acoustic sensor 101 in certain embodi-
ments is a biological sound sensor, such as the sensors
described herein. In some embodiments, the biological
sound sensor is one of the sensors such as those described in
U.S. patent application Ser. No. 12/044,883, filed Mar. 7,
2008, which is incorporated in its entirety by reference
herein. In other embodiments, the acoustic sensor 101 can be
a biological sound sensor such as those described in the *939
Application. Other embodiments can include other suitable
acoustic sensors. For example, in certain embodiments,
compatible acoustic sensors can be configured to provide a
variety of auscultation functions, including live or recorded
audio output (e.g., continuous audio output) for listening to
patient bodily or speech sounds. Examples of such sensors
and sensors capable of providing other compatible function-
ality can be found in U.S. patent application Ser. No.
12/905,036, filed on Oct. 14, 2010, which is incorporated by
reference herein in its entirety.

[0046] While the sensor system 100 has been provided as
one example sensor system, embodiments described herein
are compatible with a variety of sensors and associated
components.

[0047] FIGS.2A-B illustrate physiological acoustic moni-
toring system 200 embodiments having sensors in commu-
nication with a physiological monitor 205. As shown in FIG.
2A, a first acoustic sensor 210 can be neck-mounted and
utilized for monitoring body sounds and deriving one or
more physiological parameters, such as the pulse or respi-
ration rate of the patient 201. An optional second acoustic
sensor 220 can be utilized to monitor body sounds. In an
embodiment, the body sound sensor 220 may be chest-
mounted for monaural heart sound monitoring and for
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determination of heart rate. In another embodiment, the
second acoustic sensor 220 can include an additional body
sound sensor mounted proximate the same body site, but
with sufficient spatial separation to allow for stereo sensor
reception. As shown in FIG. 2B, an optional plethysmograph
sensor 230 coupled to the finger of a patient can further be
utilized for monitoring and deriving one or more physiologi-
cal parameters, such as respiration or pulse rate of the patent
201.

[0048] FIG. 3 illustrates acoustic 301 and optical 302
sensors and sensor drive elements 303 and a corresponding
digital signal processor 340 and I/0 drive elements 304.
Some elements in FIG. 3, such as piezoelectric membrane
317 and optical front-end 325, are denoted as within a
dashed area as optional features and can be included indi-
vidually or as sets of elements in some embodiments of
physiological monitoring system.

[0049] A multi-acoustic sensor configuration 301 can
include a power interface 313, piezo circuits and a piezo-
electric membrane 317 corresponding to each sensor head
306, 307, The piezoelectric membrane 317 can sense vibra-
tions and generate a voltage in response to the vibrations.
The signal generated by the piezoelectric membrane can be
communicated to the piezo circuit and transmitted to the
monitor 205 (FIGS. 2A-B) for signal conditioning and
processing. The piezo circuit can decouple the power supply
313 and perform preliminary signal conditioning. In an
embodiment, the piezo circuit 316 can include clamping
diodes to provide electrostatic discharge (ESD) protection
and a mid-level voltage DC offset for the piezoelectric signal
to ride on, to be superimposed on, or to be added to. The
piezo circuit may also, for instance, have a high pass filter
to eliminate unwanted low frequencies, such as below about
100 Hz for some breath sound applications or below about
30 Hz for some pulse sound applications, and an op amp to
provide gain to the piezoelectric signal, The piezo circuit
may also have a low pass filter on the output of the op amp
to filter out unwanted high frequencies. In an embodiment,
a high pass filter can be provided on the output in addition
to or instead of the low pass filter. The piezo circuit may also
provide impedance compensation to the piezoelectric mem-
brane, such as a series/parallel combination used to control
the signal level strength and frequency of interest that can be
input to the op amp. In one embodiment, the impedance
compensation can be used to minimize the variation of the
piezoelectric element output. The impedance compensation
can be constructed of any combination of resistive, capaci-
tive, and inductive elements, such as RC or RLC circuits.

[0050] As shown in FIG. 3, a physiological acoustic
monitor 300 embodiment can drive and process signals from
the multi-acoustic sensor 301 and the optical sensor 302.
The monitor 300 can include one or more acoustic front-
ends 321, 322, an analog-to-digital (A/D) converter 331, an
audio driver 370 and a digital signal processor (DSP) 340.
The DSP 340 can include a wide variety of data or signal
processors capable of executing programs for determining
physiological parameters from input data. An optical front-
end 325, digital-to-analog (D/A) converters 334 and an A/D
converter 335 can drive emitters 308 and transform resulting
composite analog intensity signal(s) from light sensitive
detector(s) 309 received via a sensor cable 310 into digital
data input to the DSP 340. The acoustic front-ends 321, 322
and A/D converter 331 can transform analog acoustic signals
from piezoelectric elements 301 into digital data input to the
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DSP 340. The A/D converter 331 is shown as having a
two-channel analog input and a multiplexed digital output to
the DSP. In another embodiment, each front-end, can com-
municate with a dedicated single channel A/D converter
generating two independent digital outputs to the DSP. An
acoustic front-end 321 can also feed an acoustic sensor
signal 311 directly into an audio driver 370 for direct and
continuous acoustic reproduction of an unprocessed (raw)
sensor signal by a speaker, earphones or other audio trans-
ducer 362.

[0051] Also shown in FIG. 3, the monitor 300 may also
have an instrument manager 350 that communicates
between the DSP 340 and input/output 360. One or more /O
devices 360 can communicate with the instrument manager
350 including displays, alarms, user I/O and instrument
communication ports. Alarms 366 may be audible or visual
indicators or both. The user /O 368 may be, as examples,
keypads, touch screens, pointing devices or voice recogni-
tion devices, or the like. The displays 364 can be indicators,
numeric, or graphics for displaying one or more of various
physiological parameters or acoustic data. The instrument
manager 350 may also be capable of storing or displaying
historical or trending data related to one or more of param-
eters or acoustic data.

[0052] Further shown in FIG. 3, the physiological acoustic
monitor 300 may also have a “push-to-talk” feature that
provides a “listen on demand” capability. For example, a
button 368 on the monitor can be pushed or otherwise
actuated so as to initiate acoustic sounds to be sent to a
speaker, handheld device, or other listening device, either
directly or via a network. The monitor 300 may also have a
“mode selector” button or switch 368 that can determine the
acoustic content provided to a listener, either local or
remote. These controls may be actuated local or at a distance
by a remote listener. In an embodiment, push on demand
audio occurs on an alarm condition in lieu of or in addition
to an audio alarm. Controls 368 may include output filters
like on a high quality stereo system so that a clinician or
other user could selectively emphasize or deemphasize
certain frequencies so as to hone-in on particular body
sounds or characteristics.

[0053] In various embodiments, the monitor 300 can
include one or more processor boards installed within and
used for communicating with a host instrument. Generally,
a processor board incorporates the front-end, drivers, con-
verters and DSP. Accordingly, the processor board can
derive physiological parameters and communicate values
for those parameters to the host instrument. Correspond-
ingly, the host instrument can incorporate the instrument
manager and /O devices. The processor board may also
include one or more microcontrollers for board manage-
ment, including, for example, communications of calculated
parameter data or the like to the host instrument.

[0054] Communications 369 may transmit or receive
acoustic data or audio waveforms via local area or wide area
data networks or cellular networks. Controls may cause the
audio processor to amplify, filter, shape or otherwise process
audio waveforms so as to emphasize, isolate, deemphasize
or otherwise modify various features of the audio waveform
or spectrum. In addition, switches, such as a “push to play”
button can initiate audio output of live or recorded acoustic
data. Controls may also initiate or direct communications.
[0055] FIG. 4 is a block diagram of a pulse and respiration
processor 400 of a physiological monitor that can include an
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acoustic signal processor 410, a plethysmograph (“pleth”)
signal processor 420, and a collection processing module
430. The acoustic signal processor 410 can include, for
instance, any of the acoustic signal processors described in
this disclosure. The plethysmograph signal processor 420
includes, for instance, any of the plethysmograph signal
processors described in this disclosure. The one or more
processors 19 of FIGS. 1A-B and DSP 340 of FIG. 3 can
include the pulse and respiration processor 400.

[0056] The pulse and respiration processor 400 can deter-
mine one or more pulse or respiration parameters from one
or more of an acoustic signal 412 and a plethysmograph
signal 422. The acoustic signal processor 410 can receive an
input acoustic signal 412, such as an acoustic signal obtained
from the neck of an individual via the first acoustic sensor
210 of FIGS. 2A-B or the sensor head 306 of FIG. 3. The
acoustic signal 412 can correspond to a signal received from
the A/D converter 331 of FIG. 3. The plethysmograph signal
processor 420 can receive the input plethysmograph signal
422, such as a plethysomographic signal obtained from the
finger of a patient via plethysmograph sensor 230 of FIG. 2B
or optical sensor 302 of FIG. 3, The plethysomographic
signal can correspond to a signal received from the A/D
converter 335 of FIG. 3.

[0057] The acoustic signal processor 410 and plethysmo-
graph signal processor 420 can each respectively determine
pulse and respiration parameters, such as a pulse rate (“PR”)
and respiration rate (“RR”) of a patient. The acoustic signal
processor 410 can output 414 the parameters determined
based on the acoustic signal 412 to the collection processing
module 430, and plethysmograph signal processor 420 can
output 424 the parameters determined based on the plethys-
mograph signal 422 to the collection processing module
430. The collection processing module 430 can include a
decision logic module 430A (sometimes referred to as an
arbiter or arbitration module) and a probe error detection
module 430B. The collection processing module 430 can
perform processing of received parameters and output 434
arbitrated parameters for additional processing or detected
probe errors, such as for triggering alarm conditions corre-
sponding to the status of a patient.

[0058] In some embodiments, the pulse and respiration
processor 400 can determine other pulse or respiration
information, such as estimating a carotid intensity or respi-
ration events. Such carotid intensity information may be
used as an indication of blood pressure changes or pulse
variability of an individual. The respiratory events can
include information regarding a time when inspiration or
expiration begin (Ti or Te, respectively), a time duration of
an inspiration or an expiration (Tie or Tei, respectively), a
ratio of the time duration of inspiration to expiration, or of
expiration to inspiration (Tie/Tei or Tei/Tie, respectively), or
some other respiratory event (e.g., conclusion of inspiration
or expiration, midpoint of inspiration or expiration, or any
other marker indicating a specific time within the respiratory
cycle, or the like). Such respiratory event information may
be used to further identify the occurrence of various respi-
ratory conditions, such as apnea, occlusion of the breathing
passageway, or snoring, for example.

[0059] FIG. 5 is a block diagram of the acoustic signal
processor 410 according to one embodiment. As illustrated,
the acoustic signal processor 410 can include an acoustic
filter 510 and an acoustic signal processing module 520, The
acoustic filter 510 can filter the acoustic signal 412 to
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perform an inverse filtering relative to a transfer function of
a sensing device (for example, including the piezoelectric
membrane 317 and associated processing circuitry) used to
sense the acoustic signal from the patient. The acoustic filter
510 can, for instance, perform a deconvolution using the
transfer function of the sensing device and the acoustic
signal 412 to undo, reverse, or diminish the impact of the
sensing device on the acoustic signal 412. In one implemen-
tation, where the transfer function for a sensing device
results in one or more derivatives with respect to time being
performed on the detected acoustic signal, the acoustic filter
510 can integrate the acoustic signal 412 one or more times
with respect to time to obtain a filtered acoustic signal 514
corresponding to the carotid pulse of an individual, A
sensing device can have a transfer function that results in
one or more derivatives with respect to time being per-
formed on the detected acoustic signal when, for example,
the sensing device may include one or more high-pass filters,
Each high-pass filter in a sensing device can function as a
differentiator of the acoustic signal. For instance, a sensing
device may include a piezoelectric membrane, which can
function as a high-pass filter of an acoustic signal, as well as
one or more cutofl high-pass filters.

[0060] In some embodiments, the transfer function for a
particular sensing device can be programmed or determined
for the acoustic filter 510 at manufacture, setup-time, or
runtime of a physiological monitor. In one example, a
known input signal, which has an expected output signal,
can be provided to the sensing device at manufacture. By
analyzing the actual output signal, expected output signal,
and known input signal, the transfer function for the par-
ticular sensing device can be determined and then stored to
a memory of the monitor for later retrieval. In another
example, the outputs of different sensors that may be con-
nected to the same input signal can be compared at setup-
time and used to determine the transfer function. Again, the
determined transfer function can be stored to a memory of
the monitor for later retrieval. In other implementations, one
or more other approaches additionally or alternatively can be
used to determine the transfer function for a particular
sensing device.

[0061] The acoustic signal processing module 520 can
include a pulse processor 520A and respiration processor
520B configured to determine one or more pulse or respi-
ration parameters, respectively, based on the filtered acoustic
signal 514. The pulse processor 520A and respiration pro-
cessor 5208 can output the determined pulse and respiration
parameters 414A, 414B for further processing, such as by
the collection processing module 430 of FIG. 4. In some
embodiments, the respiration processor 520B can process
the filtered signal acoustic signal 514 to determine one or
more respiration parameters, such as respiratory rate, as
disclosed in U.S. patent application Ser. No. 14/201,566,
filed on Mar. 7, 2014, which is incorporated herein by
reference in its entirety.

[0062] FIG. 6 is a block diagram of the acoustic filter 510
according to one embodiment. The acoustic filter 510 can
filter the acoustic signal 412 in the frequency domain to
reverse the effects of a transfer function of a sensing device
used to sense the acoustic signal from the patient. The
acoustic filter 510 can, in one implementation, integrate the
acoustic signal 412 one or more times with respect to time
to generate the filtered acoustic signal 514. In some embodi-
ments, the acoustic filter 510 can integrate the acoustic
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signal 412 twice with respect to time to obtain the filtered
acoustic signal 514. The filtered acoustic signal 514 can
advantageously be a signal corresponding to an individual’s
carotid pulse and has relatively minimal noise or few other
dominating frequency components. The filtered acoustic
signal 514 can enable the straightforward determination of
numerous characteristics indicative of pulse or respiration
parameters of an individual.

[0063] As illustrated in FIG. 6, the acoustic filter 510 can
include a frequency domain (“FD”) transform module 610,
a filtering module 620, and a time domain (“TD”) transform
module 630. The FD transform module 610 and TD trans-
form module 630 together can enable performance of fil-
tering by the filtering module 620 in a domain other than the
time domain. Advantageously, in certain embodiments, per-
forming filtering, such as integration, in the frequency
domain can reduce the complexity of calculations when
performing filtering. For instance, integrating in the fre-
quency domain can permit integration calculations without
accounting for additional constants that may be added if the
integration may be performed in the time domain.

[0064] The frequency domain transform module 610 can
receive the input acoustic signal 412 and transform the
acoustic signal 412 to generate a frequency domain equiva-
lent transformed signal 614. In one embodiment, the fre-
quency domain transform module 610 can perform a fast
Fourier transform (“FFT”) of the acoustic signal 412 to
generate the transformed signal 614. The filtering module
620 can receive the transformed signal 614 and, in the case
of integration filtering, scale the transformed signal 614 by
a frequency function, such as a function proportional to
(2mf)™2, to generate a scaled signal 624. The filtering module
620 can thus integrate the transformed signal 614 with
respect to time in the frequency domain. The time domain
transform module 630 can then transform the scaled signal
624 to a time domain equivalent filtered acoustic signal 514.
In one embodiment, the time domain transform module 630
can perform an inverse fast Fourier transform (“IFFT”) of
the scaled signal 624 to generate the filtered acoustic signal
514.

[0065] FIG. 7A is a normalized acoustic signal 700, such
as the acoustic signal 412 of FIGS. 4-6, processed by an
acoustic signal processor, such as the acoustic signal pro-
cessor 410 of FIGS. 4 and 5. The acoustic signal 700 can be
sensed from the neck of a patient via an acoustic sensor, such
as the first acoustic sensor 210 of FIGS. 2A-B or the sensor
head 306 of FIG. 3. The acoustic signal 700 is shown plotted
on an intensity axis versus a time axis. As can be seen in
FIG. 7A, the acoustic signal 700 can be a relatively chaotic
signal, including numerous frequency components ranging
from low to high frequency components.

[0066] In one implementation, the steps of sensing and
processing the acoustic signal 700 from an individual’s neck
can result in a differentiation with respect to time of the
individual’s physiological pulse signal. Accordingly, the
acoustic signal 700 can be integrated with respect to time to
reverse one or more differentiations during sensing and
processing. For example, the piezo circuits illustrated in
FIG. 3 can output a signal corresponding to the derivative of
the sensed motion of the skin of a patient. Further, before
processing the signal at the DSP, a high-pass filter can be
utilized and thus output the derivative with respect to time
of the received signals from the piezo circuits. As a result,
advantageously, in certain embodiments, the acoustic signal
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700 can be filtered by an acoustic filter, such as acoustic
filter 510 of FIGS. 5 and 6, by computing the double integral
of the acoustic signal to obtain a signal corresponding to an
individual’s carotid pulse that may have relatively minimal
noise or few other dominating frequency components.
[0067] FIG. 7B is a normalized filtered acoustic signal 720
generated by a filter, such as the acoustic filter 510 of FIGS.
5 and 6. The acoustic signal 700 of FIG. 7A may have been
integrated twice with respect to time to generate the filtered
acoustic signal 720. The filtered acoustic signal 720 is
shown plotted on an intensity axis versus a time axis. As can
be seen in FIG. 7B, the filtered acoustic signal 720 can be a
relatively ordered signal, including fewer frequency com-
ponents than the acoustic signal 700 of FIG. 7A.

[0068] FIG. 7C is another normalized filtered acoustic
signal 740 generated by a filter, such as the acoustic filter of
FIGS. 5 and 6. The filtered acoustic signal 740 can be a
closer view of the filtered acoustic signal 720 of FIG. 7B.
The filtered acoustic signal 740 is shown plotted on an
intensity axis versus a time axis. Advantageously, in certain
embodiments, the filtered acoustic signal 740 can be used by
the acoustic signal processing module 520 of FIG. 5 to
determine numerous pulse and respiration parameters of an
individual.

[0069] The filtered acoustic signal 740 can have multiple
pulses 742, each with a peak 744 and a valley 746 and
extending over a time period 748, where the reciprocal of the
time period 748 may equal a pulse rate. A carotid index (CI)
value can be defined for each pulse 742:

AC (L
Cl=—
DC

where “AC” 752 designates a peak amplitude 744 minus a
valley amplitude 746 for a particular pulse, “DC” 750
designates a peak amplitude 744 relative to a particular
intensity level. A pulse variability measure can be calculated
that may be responsive to the magnitude of pulse variations,
such as the amplitude modulation described with respect to
FIG. 7D and depicted by envelope 770 of FIG. 7D, for
example. One pulse variability measure can be a pulse
variability index (PVI), In an embodiment, PV1is calculated
as:

_ Clyax = Clyiy 2

PVI x 100

MAX

where “Cl,,,” designates a maximum CI over a particular
period of time and “Cl, ;" designates a minimum CI over
the particular period of time. Thus, PVI can be the CI
variation, expressed as a percentage of the maximum CI.
Advantageously, in certain embodiments, pulse variability
measures such as PVI can provide a parameter indicative of
an individual’s physical condition or health.

[0070] The pulse processor 520A of the acoustic signal
processing module 520 can analyze the filtered acoustic
signal 740 as discussed with respect to FIG. 7C to determine
numerous other pulse parameters. In addition to determining
a pulse rate, CI, and PVI, the pulse processor 520A can, for
instance, detect blood pressure changes. Such parameter
information can be useful for determining appropriate doses
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or timings for delivery of medicine to an individual or
designing an intelligent cuff inflation system for measuring
patient blood pressure. Moreover, in certain embodiments,
advantageously the parameter information can be based on
a carotid signal sensed closer to an individual’s heart and
with fewer turns in vasculature than a signal sensed from the
individual’s wrist or finger, and thus can be useable to
determine relatively reliable or accurate parameter informa-
tion.

[0071] The collection processing module 430 can receive
the pulse rate and related pulse parameters from the acoustic
signal processor 410. The probe error detection module
430B of the collection processing module 430 can use the
parameters, for example, to determine a sensor or probe
connection state including a probe-off, probe-error, or probe-
on state, such as discussed with respect to FIG. 9, Further,
the collection processing module 430 can use the pulse rate
and other pulse parameters and available information to
determine a pulse wave transit time (PWTT), corresponding
to the blood pressure of an individual. Advantageously, in
certain embodiments, by using the filtered acoustic signal
740 and another signal from an acoustic sensor near an
individual’s heart, PWTT can be determined with greater
robustness and accuracy than using some other methods.
The filtered acoustic signal 740 and the signal from the
another sensor can provide signals in the fluid domain that
may not introduce domain conversion delay. For instance, if
PWTT may be determined using an ECG signal, the deter-
mined PWTT value can include a domain transition delay
time for a bodily electrical signal to transfer to the individu-
al’s muscles.

[0072] FIG. 7D is a filtered acoustic signal 760 that
illustrates amplitude modulation. Inhalation and exhalation
can create positive pressure and negative pressure, respec-
tively, on an individual’s blood vessels, which may modu-
late the individual’s pulse signal. Under certain conditions,
an individual’s respiration can amplitude modulate (“AM”)
762 an acoustic signal, such as filtered acoustic signal 720
of FIG. 7B, sensed from the neck of the individual. In
particular, the modulation period 764 can be inversely
related to the individual’s respiration rate. Certain imple-
mentations may utilize other modulations of the acoustic
signal, such as a frequency modulation, to determine the
respiration rate in place of or in addition to amplitude
modulation.

[0073] In some embodiments, respiration rate can be
determined in the frequency domain by analyzing the spec-
trum of the filtered acoustic signal 760. In the frequency
domain, the filtered acoustic signal 760 can include at least
a peak corresponding to the pulse rate and two respiration
peak sidebands, displaced on either side of the pulse rate
peak. By extracting the respiration beak sidebands, the
respiration rate corresponding to the two respiration peaks
can be determined.

[0074] In some embodiments, respiration rate can be
determined in the time domain based on the respiration
modulation period 764. A time domain calculation may be
based upon envelope detection of the filtered acoustic signal
760, such as a curve-fit to the peaks (or valleys) of the
filtered acoustic signal 760 or, alternatively, the peak-to-
peak variation. Related measurements of variation in a
plethysmograph envelope are described, for instance, in U.S.
patent application Ser. No. 11/952,940, filed Dec. 7, 2007,
which is incorporated by reference in its entirety herein.
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[0075] In some embodiments, the respiration processor
520B of FIG. 5 can determine local maxima 766 and minima
770 in the upper envelope 762 of the filtered acoustic signal
760. The maxima 766 and minima 770 can correspond to, or
may be further processed to determine, various respiratory
events, such as the onset of inspiration Ti 766, the onset of
expiration Te 770, the duration of inspiration Tie 768, the
duration of expiration Tei 772, the ratio of the duration of
inspiration to expiration Tie/Tei, the ratio of the duration of
expiration to inspiration Tei/Tie, respiration rate, or other
respiration-related events.

[0076] FIG. 8 illustrates a process 800 for determining a
patient pulse rate based on an acoustic signal, such as the
acoustic signal 700 of FIG. 7A. For convenience, the process
800 is described in the context of the signals, systems, and
devices of FIGS. 2A-B, 3-6, and 7A-D, but may instead be
implemented by other signals, systems, and devices
described herein or other computing systems.

[0077] At block 805, an acoustic signal can be received
from a probe. The acoustic signal can be a signal obtained
from the neck of a patient via the probe, such as the first
acoustic sensor 210 of FIGS. 2A-B or the sensor head 306
of FIG. 3. The acoustic signal 412 can correspond to a signal
received from the AID converter 331 by the DSP 340 of FIG.
3 or the acoustic signal 412 received by the acoustic signal
processor 410 of FIGS. 4 and 5.

[0078] At block 810, the received acoustic signal can be
integrated twice with respect to time. The integration can be
performed by the DSP 340 or the acoustic filter 510 of FIGS.
5 and 6. In some embodiments, the integration can be
performed by the acoustic filter 510 in the frequency domain
as discussed with respect to FIG. 6.

[0079] At block 815, a pulse rate can be estimated based
on the integrated acoustic signal. The DSP 340 or acoustic
signal processor 410 can estimate the pulse rate based on the
reciprocal of the time period between pulses of the inte-
grated acoustic signal, such as time period 748 of FI1G. 7C.
[0080] Although block 810 can include the operation of
integrating the received acoustic signal twice with respect to
time in some embodiments, the operation at block 810 can
include one or more other filtering operations (for example,
differentiating, integrating, multiplying, subtracting, or com-
puting the results of another function) in other embodiments
to reverse or undue changes to the received acoustic signal
due to the probe, as well as one or more associated process-
ing modules.

[0081] FIG. 9 illustrates a process 900 for detecting an
acoustic probe error. For convenience, the process 900 is
described in the context of the signals, systems, and devices
of FIGS. 2A-B, 3-5, and 7A-D, but may instead be imple-
mented by other signals, systems, and devices described
herein or other computing systems.

[0082] At block 905, an acoustic signal can be received
from a probe, and a plethysmograph signal can be received
from a pleth sensor. The acoustic signal can be a signal
obtained from the neck of a patient via the probe, such as the
first acoustic sensor 210 of FIGS. 2A-B or the sensor head
306 of FIG. 3. The acoustic signal 412 can correspond to a
signal received from the A/D converter 331 by the DSP 340
of FIG. 3 or the acoustic signal 412 received by the acoustic
signal processor 410 of FIGS. 4 and 5. The plethysmograph
signal can be a signal obtained from the finger of a patient
via a non-invasive sensor, such as the plethysmograph
sensor 230 of FIG. 2B or optical sensor 302 of FIG. 3. The

Apr. 23,2020

plethysomographic signal can correspond to a signal
received from the AID converter 335 by the DSP 340 of FIG.
3 or the plethysmograph signal 422 received by the plethys-
mograph processor 420 of FIG. 4.

[0083] At block 910, the received acoustic signal can be
integrated twice with respect to time. The integration can be
performed by the DSP 340 or the acoustic filter 510 of FIGS.
5 and 6, In some embodiments, the integration can be
performed by the acoustic filter 510 in the frequency domain
as discussed with respect to FIG. 6.

[0084] At block 915, a pulse rate can be estimated based
on the integrated acoustic signal and the plethysmograph
signal. The DSP 340 or acoustic signal processor 410 can
estimate the pulse rate PRA based on the reciprocal of the
time period between pulses of the integrated acoustic signal,
such as time period 748 of FIG. 7C. The DSP 340 or
plethysmograph signal processor 420 can estimate the pulse
rate PR, using the plethysmograph processor 422.
[0085] At block 920, the pulse rate PRA can be compared
to a pulse rate value of zero or about zero beats per minute.
The DSP 340 or probe error detection module 430B can
perform the comparison. In response to determining that the
pulse rate equals zero or about zero, at block 925, the DSP
340 or combining module 430 can activate an alarm condi-
tion indicating a probe error. For instance, the DSP 340 can
transmit a signal to the instrument manager 350 of FIG. 3 to
activate an alarm 366 of one of the I/O devices 360.
[0086] At block 930, the pulse rate PRA can be compared
to a first threshold pulse rate value. The DSP 340 or probe
error detection module 430F can perform the comparison.
The first threshold value can be a value determined based on
a minimum pulse rate that would be expected for an indi-
vidual. In some embodiments, the first threshold can equal
20 beats per minute. In response to determining that the
pulse rate does not exceed the first threshold, at block 925,
the DSP 340 or combining module 430 can activate an alarm
condition indicating a probe error. For instance, the DSP 340
can transmit a signal to the instrument manager 350 to
activate an alarm 366 of one of the [/O devices 360.
[0087] At block 935, the difference between the pulse rate
PRA and pulse rate PR, can be compared to a second
threshold pulse rate value. The second threshold value can
be a value determined based on a minimum pulse rate
difference that would be expected between an acoustic and
plethysomographic determined pulse rate. In some embodi-
ments, the second threshold can equal 5 or 10 beats per
minute. In response to determining that the difference
exceeds or equals the second threshold, at block 925, the
DSP 340 or combining module 430 can activate an alarm
condition indicating a probe error. For instance, the DSP 340
can transmit a signal to the instrument manager 350 to
activate an alarm 366 of one of the I/O devices 360.
[0088] At block 940, a no-probe-error state can be deter-
mined. For instance, the DSP 340 or combining module 430
can determine that probe may be operating without error and
may take no corrective action. In some embodiments, the
DSP 340 or combining module 430 can utilize the absence
of a probe error to determine the validity of a pulse rate or
to cause DSP 340 or combining module 430 to output a
particular value for display to a patient.

[0089] In some embodiments, other approaches can be
additionally or alternatively used to determine probe errors
or activate alarms based on the integrated acoustic signal.
For instance, the timing or shape of features of the integrated
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acoustic signal can be compared to features of one or more
other signals, such as signals from a plethysomographic
sensor or another acoustic sensor. The features can include
local maxima or minima of the signals, and the like. Devia-
tions in the timing or shape between features of the inte-
grated acoustic signal and features of the other signals can
indicate a probe error or alarm condition. As another
example, detected energy levels in lower frequencies of the
integrated acoustic signal can be used to determine the
presence of a pulse rate and thus to indicate a no probe error
state. In a further example, the integrated acoustic signal can
be compared to one or more signal templates to determine
whether the integrated acoustic signal has an expected form,
When the integrated acoustic signal does not have an
expected form, a probe error indication can be triggered and
an alarm can be activated. Such other approaches are
described in more detail in U.S. patent application Ser. No.
14/137,629, filed Dec. 20, 2013, which is incorporated by
reference in its entirety herein.

[0090] Although block 910 can include the operation of
integrating the received acoustic signal twice with respect to
time in some embodiments, the operation at block 910 can
include one or more other filtering operations (for example,
differentiating, integrating, multiplying, subtracting, or com-
puting the results of another function) in other embodiments
to reverse or undue changes to the received acoustic signal
due to the probe, as well as one or more associated process-
ing modules.

[0091] FIG. 10 illustrates a process 1000 for determining
a patient respiration rate based on an acoustic signal, such as
the acoustic signal 700 of FIG. 7A. For convenience, the
process 1000 is described in the context of the signals,
systems, and devices of FIGS. 2A-B, 3-5, and 7A-D, but
may instead be implemented by other signals, systems, and
devices described herein or other computing systems.

[0092] At block 1005, the acoustic signal can be received
from a probe. The acoustic signal can be a signal obtained
from the neck of a patient via the probe, such as the first
acoustic sensor 210 of FIGS. 2A-B or the sensor head 306
of FIG. 3. The acoustic signal 412 can correspond to a signal
received from the A/D converter 331 by the DSP 340 of FIG.
3 or the acoustic signal 412 received by the acoustic signal
processor 410 of FIGS. 4 and 5.

[0093] At block 1010, the received acoustic signal can be
integrated twice with respect to time. The integration can be
performed by the DSP 340 or the acoustic filter 510 of FIGS.
5 and 6. In some embodiments, the integration can be
performed by the acoustic filter 510 in the frequency domain
as discussed with respect to FIG. 6.

[0094] At block 1015, a respiration rate can be estimated
based on the integrated acoustic signal. For instance, the
DSP 340 or acoustic signal processor 410 can estimate the
respiration rate based on amplitude modulation of the inte-
grated acoustic signal as discussed with respect to FIG. 7D.

[0095]  Although block 1010 can include the operation of
integrating the received acoustic signal twice with respect to
time in some embodiments, the operation at block 1010 can
include one or more other filtering operations (for example,
differentiating, integrating, multiplying, subtracting, or com-
puting the results of another function) in other embodiments
to reverse or undue changes to the received acoustic signal
due to the probe, as well as one or more associated process-
ing modules.
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[0096] FIG. 11 illustrates example signals processed by an
acoustic signal processor. The signals include a raw acoustic
signal 1102, such as the acoustic signal 412 of FIGS. 4-6,
processed by the acoustic signal processor 410 of FIGS. 4
and 5. The raw acoustic signal 1102 can be sensed from the
neck of a patient via an acoustic sensor, such as the first
acoustic sensor 210 of FIGS. 2A-B or the sensor head 306
of FIG. 3. The acoustic signal 1102 is shown plotted on an
intensity axis versus a time axis. As can be seen in FIG. 11,
the acoustic signal 1102 can be a relatively chaotic signal,
including numerous frequency components ranging from
low to high frequency components.

[0097] The signals of FIG. 11 further include a compen-
sated acoustic signal 1106 that can be a filtered acoustic
signal generated by a filter, such as the acoustic filter 510 of
FIGS. 5 and 6. In one implementation, the raw acoustic
signal 1102 may have been integrated twice with respect to
time to generate the compensated acoustic signal 1106. As
can be seen, the compensated acoustic signal 1106 can be a
relatively ordered signal, including fewer frequency com-
ponents than the raw acoustic signal 1102.

[0098] In addition, the signals of FIG. 11 include a high
frequency acoustic signal 1104 and a low frequency acoustic
signal 1108. The high frequency acoustic signal 1104 can
illustrate just the high frequency components of the com-
pensated acoustic signal 1106, and the low frequency acous-
tic signal 1108 can just illustrate the low frequency compo-
nents of the compensated acoustic signal 1106 (for example,
the low frequency components between about 0.2 Hz and
0.8 Hz).

[0099] Advantageously, in certain embodiments, the low
frequency acoustic signal 1108 can be used to accurately and
precisely determine one or more respiration parameters for
a patient since the local maxima and minima of the low
frequency acoustic signal 1108 can directly correspond to
exhalation and inhalation. Multiple consecutive local
maxima or multiple consecutive local minima can thus be
correctly identified as multiple exhalations or multiple inha-
lations. As a result, an acoustic signal processor can, for
example, determine a time when inspiration or expiration
begin (Ti or Te, respectively), a time duration of an inspi-
ration or an expiration (Tie or Tei, respectively), a ratio of
the time duration of inspiration to expiration, or of expira-
tion to inspiration (Tie/Tei or Tei/Tie, respectively) with
greater confidence.

[0100] Embodiments have been described in connection
with the accompanying drawings. However, it should be
understood that the figures are not drawn to scale. Distances,
angles, etc. are merely illustrative and do not necessarily
bear an exact relationship to actual dimensions and layout of
the devices illustrated. In addition, the foregoing embodi-
ments have been described at a level of detail to allow one
of ordinary skill in the art to make and use the devices,
systems, etc. described herein. A wide variety of variation is
possible. Components, elements, and/or steps can be altered,
added, removed, or rearranged. While certain embodiments
have been explicitly described, other embodiments will
become apparent to those of ordinary skill in the art based
on this disclosure.

[0101] Conditional language used herein, such as, among
others, “can,” “could,” “might,” “may,” “e.g.,” and the like,
unless specifically stated otherwise, or otherwise understood
within the context as used, is generally intended to convey
that certain embodiments include, while other embodiments
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do not include, certain features, elements and/or states.
Thus, such conditional language is not generally intended to
imply that features, elements and/or states are in any way
required for one or more embodiments or that one or more
embodiments necessarily include logic for deciding, with or
without author input or prompting, whether these features,
elements and/or states are included or are to be performed in
any particular embodiment.

[0102] Depending on the embodiment, certain acts,
events, or functions of any of the methods described herein
can be performed in a different sequence, can be added,
merged, or left out altogether (e.g., not all described acts or
events are necessary for the practice of the method). More-
over, in certain embodiments, acts or events can be per-
formed concurrently, e.g., through multi-threaded process-
ing, interrupt processing, or multiple processors or processor
cores, rather than sequentially.

[0103] The various illustrative logical blocks, modules,
circuits, and algorithm steps described in connection with
the embodiments disclosed herein can be implemented as
electronic hardware, computer software, or combinations of
both. To clearly illustrate this interchangeability of hardware
and software, various illustrative components, blocks, mod-
ules, circuits, and steps have been described above generally
in terms of their functionality. Whether such functionality is
implemented as hardware or software depends upon the
particular application and design constraints imposed on the
overall system. The described functionality can be imple-
mented in varying ways for each particular application, but
such implementation decisions should not be interpreted as
causing a departure from the scope of the disclosure.
[0104] The various illustrative logical blocks, modules,
and circuits described in connection with the embodiments
disclosed herein can be implemented or performed with a
general purpose processor, a digital signal processor (DSP),
an application specific integrated circuit (ASIC), a field
programmable gate array (FPGA) or other programmable
logic device, discrete gate or transistor logic, discrete hard-
ware components, or any combination thereof designed to
perform the functions described herein. A general purpose
processor can be a microprocessor, but in the alternative, the
processor can be any conventional processor, controller,
microcontroller, or state machine. A processor can also be
implemented 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.
[0105] The blocks of the methods and algorithms
described in connection with the embodiments disclosed
herein can be embodied directly in hardware, in a software
module executed by a processor, or in a combination of the
two. A software module can reside in RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM
memory, registers, a hard disk, a removable disk, a CD-
ROM, or any other form of computer-readable storage
medium known in the art. An exemplary storage medium is
coupled to a processor such that the processor can read
information from, and write information to, the storage
medium. In the alternative, the storage medium can be
integral to the processor. The processor and the storage
medium can reside in an ASIC. The ASIC can reside in a
user terminal. In the alternative, the processor and the
storage medium can reside as discrete components in a user
terminal.
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[0106] While the above detailed description has shown,
described, and pointed out novel features as applied to
various embodiments, it will be understood that various
omissions, substitutions, and changes in the form and details
of the devices or algorithms illustrated can be made without
departing from the spirit of the disclosure. As will be
recognized, certain embodiments of the inventions described
herein can be embodied within a form that does not provide
all of the features and benefits set forth herein, as some
features can be used or practiced separately from others. The
scope of certain inventions disclosed herein is indicated by
the appended claims rather than by the foregoing descrip-
tion. All changes which come within the meaning and range
of equivalency of the claims are to be embraced within their
scope.

1-20. (canceled)

21. A physiological monitoring system configured to
non-invasively detect acoustic vibrations indicative of one
or more physiological parameters of a medical patient, the
physiological monitoring system comprising:

one or more hardware processors configured to:

receive an acoustic signal from an acoustic sensor, the
acoustic sensor configured to attach to a medical
patient, detect acoustic vibrations associated with the
medical patient, and generate the acoustic signal
indicative of the acoustic vibrations, wherein the
acoustic sensor is associated with a transfer function
that affects the acoustic signal generated by the
acoustic sensor;

process the acoustic signal to lessen an effect of the
transfer function on the acoustic signal and generate
a processed acoustic signal, wherein the processed
acoustic signal corresponds to a scaled frequency
domain equivalent of the acoustic signal;

estimate a physiological parameter of the medical
patient based at least on the processed acoustic
signal, wherein the physiological parameter includes
one or more respiratory or cardiac parameters; and

cause a display to display an indication of the physi-
ological parameter.

22. The physiological monitoring system of claim 21,
wherein to process the acoustic signal, the one or more
hardware processors configured to scale the acoustic signal
by a frequency function.

23. The physiological monitoring system of claim 22,
where the frequency function comprises a function that is
proportional to (mf)~%

24. The physiological monitoring system of claim 21,
wherein to process the acoustic signal, the one or more
hardware processors configured to integrate a frequency
domain equivalent of the acoustic signal with respect to time
in the frequency domain.

25. The physiological monitoring system of claim 21,
wherein to process the acoustic signal, the one or more
hardware processors configured to compute a double inte-
gral with respect to time of the acoustic signal.

26. The physiological monitoring system of claim 21,
wherein to process the acoustic signal, the one or more
hardware processors are further configure to generate a
frequency domain equivalent of the acoustic signal.

27. The physiological monitoring system of claim 26,
wherein to generate the frequency domain equivalent, the
one or more hardware processors are configured to compute
a Fourier transform of the acoustic signal.
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28. The physiological monitoring system of claim 27,
wherein the Fourier transform comprises a fast Fourier
transform.
29. The physiological monitoring system of claim 21,
wherein to process the acoustic signal, the one or more
hardware processors are further configured to generate a
time domain equivalent of the acoustic signal.
30. The physiological monitoring system of claim 29,
wherein to generate the time domain equivalent of the
acoustic signal, the one or more hardware processors are
configured to compute an inverse Fourier transform of the
acoustic signal.
31. The physiological monitoring system of claim 21,
wherein to lessen the effect of the transfer function on the
acoustic signal comprises removing the effect of the transfer
function on the acoustic signal.
32. The physiological monitoring system of claim 21,
wherein the transfer function of the acoustic sensor corre-
sponds to a high-pass filter.
33. The physiological monitoring system of claim 21,
wherein at least a portion of the transfer function of the
acoustic sensor is caused by at least one of a processing
circuitry of the acoustic sensor, a piezoelectric membrane of
the acoustic sensor, or a sensed motion of skin of the medical
patient.
34. The physiological monitoring system of claim 21,
wherein the physiological parameter comprises at least one
of pulse rate, expiratory flow, tidal volume, minute volume,
apnea duration, breath sounds, rales, rhonchi, stridor, air
volume, airflow, heart sounds, or change in heart sounds.
35. A method for determining one or more physiological
parameters of a medical patient, the method comprising:
receiving an acoustic signal from an acoustic sensor
attached to a medical patient, the acoustic sensor con-
figured to detect acoustic vibrations associated with the
medical patient and generate the acoustic signal indica-
tive of the acoustic vibrations, wherein the acoustic
sensor is associated with a transfer function that affects
the acoustic signal generated by the acoustic sensor;

processing the acoustic signal to lessen an effect of the
transfer function on the acoustic signal and generate a
processed acoustic signal, wherein the processed
acoustic signal comprises a scaled frequency domain
equivalent of the acoustic signal;

estimating a physiological parameter of the medical

patient based at least on the processed acoustic signal,
wherein the physiological parameter includes one or
more respiratory or cardiac parameters; and
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causing a display to display an indication of the physi-

ological parameter.

36. The method of claim 35, wherein said processing
comprises integrating a frequency domain equivalent of the
acoustic signal with respect to time in the frequency domain.

37. The method of claim 35, wherein said processing
comprises computing a double integral with respect to time
of the acoustic signal.

38. The method of claim 35, wherein said processing
comprises:

generating a frequency domain equivalent of the acoustic

signal by computing a fast Fourier transform of the
acoustic signal; and

generating a time domain equivalent of the acoustic signal

by computing an inverse fast Fourier transform of the
acoustic signal.

39. A physiological monitor comprising:

an input configured to receive an acoustic signal from an

acoustic sensor, the acoustic sensor configured to attach
to a medical patient, detect acoustic vibrations associ-
ated with a medical patient, and generate the acoustic
signal indicative of the acoustic vibrations, wherein the
acoustic sensor is associated with a transfer function
that affects the acoustic signal generated by the acoustic
signal; and

one or more hardware processors in communication with

the input and configured to:

process the acoustic signal to lessen an effect of the
transfer function on the acoustic signal and generate
a processed acoustic signal, wherein to process the
acoustic signal, the one or more hardware processors
are configured to scale a frequency domain equiva-
lent of the acoustic signal,

estimate a physiological parameter of the medical
patient based at least on the processed acoustic
signal, wherein the physiological parameter includes
one or more respiratory or cardiac parameters, and

cause a display to display an indication of the physi-
ological parameter.

40. The physiological monitor of claim 39, wherein to
process the acoustic signal, the one or more hardware
processors are further configured to:

generate the frequency domain equivalent of the acoustic

signal by computing a fast Fourier transform of the
acoustic signal; and

generate a time domain equivalent of the acoustic signal

by computing an inverse fast Fourier transform of the
acoustic signal.
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