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FIG. 2
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ACOUSTIC RESPIRATORY MONITORING
SENSOR WITH PROBE-OFF DETECTION

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/137,629, filed Dec. 20, 2013, titled
“Acoustic Respiratory Monitoring Sensor With Probe-Off
Detection,” which claims benefit of U.S. Provisional Appli-
cation No. 61/748,381, filed Jan. 2, 2013, titled “Acoustic
Respiratory Monitoring Sensor With Probe-Off Detection”,
the disclosure of which are hereby incorporated by reference
in their 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 of between 0.001 Hz to
1 GHz; a low acoustical impedance close to water and
human tissue; a high dielectric strength; a good mechanical
strength; and piezoelectric membranes are moisture resistant
and inert to many chemicals.

SUMMARY

[0005] For purposes of summarizing the disclosure, cer-
tain aspects, advantages and novel features of the inventions
have been described herein. It is to be understood that not
necessarily all such advantages can be achieved in accor-
dance with any particular embodiment of the inventions
disclosed herein. Thus, the inventions disclosed herein can
be embodied or carried out in a manner that achieves or
optimizes one advantage or group of advantages as taught or
suggested herein without necessarily achieving others.

[0006] Embodiments described herein include sensors and
sensor systems having probe-off detection features. For
example, sensors and physiological monitors described
herein include hardware and/or software capable of provid-
ing an indication of the integrity of the connection between
the sensor and the patient. In various embodiments, the
physiological monitor is configured to output an indication
of a probe-off condition for an acoustic sensor (or other type
of sensor). For example, in an embodiment, a signal from an
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acoustic sensor is compared with a signal from a second
sensor to determine a probe-off condition.

[0007] In certain embodiments, a method of determining a
connection state between a non-invasive acoustic sensor and
a medical patient can include receiving an acoustic physi-
ological signal from an acoustic sensor coupled with a
medical patient. Further, the method can include receiving a
second physiological signal from a second sensor coupled
with the medical patient. Moreover, the method can include
comparing, with one or more processors, the acoustic physi-
ological signal and the second physiological signal. In some
embodiments, in response to said comparison, the method
can include outputting an indication of whether one or both
of the non-invasive acoustic sensor and the second sensor is
properly connected to the patient.

[0008] Additionally, in certain embodiments, a system for
determining a connection state between a non-invasive
acoustic sensor and a medical patient can include one or
more processors that can receive an acoustic physiological
signal from an acoustic sensor coupled with a medical
patient. The system can further receive a second physiologi-
cal signal from a second sensor coupled with the medical
patient. Moreover, the system can determine, with one or
more processors, whether the acoustic physiological signal
is at least partially correlated with the second physiological
signal. Additionally, in response to a determination that the
acoustic physiological signal is at least partially correlated
with the second physiological signal, the system can output
an indication of whether one or both of the non-invasive
acoustic sensor and the second sensor is properly connected
to the patient.

[0009] Furthermore, in some embodiments, a method of
determining a connection state between a non-invasive
acoustic sensor and a medical patient can include receiving
an acoustic physiclogical signal from an acoustic sensor, the
acoustic physiological signal reflecting first physiological
information of a patient. Further, the method can include
receiving a photoplethysmograph signal from an optical
sensor, the photoplethysmograph signal reflecting second
physiological information of the patient. The method can
also include comparing, with one or more processors, the
acoustic physiological signal and the photoplethysmograph
signal. Moreover, in response to said comparing, the method
can further include outputting an indication of whether the
acoustic sensor is properly connected to the patient.

[0010] In certain embodiments, a method of determining a
connection state between a non-invasive acoustic sensor and
a medical patient, the method can include receiving an
acoustic physiological signal from an acoustic sensor
coupled with a medical patient. Further, the method can
include analyzing low frequency content of the acoustic
physiological signal with one or more processors. The
method can also, in response to said analysis of the low
frequency content, include outputting an indication of
whether the acoustic sensor is properly connected to the
patient. In some embodiments, the method can further
include receiving a second acoustic physiological signal
from a second acoustic sensor positioned over a chest of the
medical patient. Furthermore, the method can include iden-
tifying a second heart sound feature in the second acoustic
waveform where in some embodiments said analyzing the
low frequency content of the acoustic physiological signal
includes identifying a feature of the acoustic physiological
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signal that corresponds to the second heart sound feature in
the second acoustic waveform.

[0011] Moreover, in some embodiments, a method of
determining a connection state between a non-invasive
acoustic sensor and a medical patient, can include receiving
an acoustic physiological signal from an acoustic sensor
coupled with a medical patient. The method can further
include extracting a low frequency waveform from the
acoustic physiological signal. In addition, the method can
include comparing the low frequency waveform with a
database of pulse rate waveforms with one or more proces-
sors. The method can include in response to determining that
the low frequency waveform does not have a substantial
match in the database of pulse rate waveforms, outputting a
probe-off indication.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Throughout the drawings, reference numbers can
be re-used to indicate correspondence between referenced
elements. The drawings are provided to illustrate embodi-
ments of the inventions described herein and not to limit the
scope thereof.

[0013] FIGS. 1A-B are block diagrams illustrating physi-
ological monitoring systems in accordance with embodi-
ments of the disclosure.

[0014] FIG. 2 is a top perspective view illustrating por-
tions of a sensor system in accordance with an embodiment
of the disclosure.

[0015] FIGS. 3A-C are block diagrams of example
embodiments of patient monitoring systems with probe-off
detection.

[0016] FIG. 4 illustrates a further embodiment of a patient
monitoring system.

[0017] FIG. 5 illustrates plots of example acoustic wave-
forms that can be used to identify probe-off condition.
[0018] FIGS. 6, 7A-B, 8 illustrate embodiments of pro-
cesses for identifying the probe-off condition.

[0019] FIG. 9 illustrates an embodiment of processes for
identifying the probe-off condition.

[0020] FIG. 10 illustrates example features for improving
the location accuracy of an acoustic sensor.

[0021] FIGS. 11A-E illustrate various patterns of detected
pulse rates for different patients based on neck placement.
[0022] FIGS. 12A-B depict example algorithms for iden-
tifying the probe-off condition.

[0023] FIG. 13 depicts an example algorithm for identi-
fying the probe-off condition.

[0024] FIGS. 14A-B illustrate example multiparameter
physiological monitor displays.

DETAILED DESCRIPTION

[0025] Various embodiments will be described hereinafter
with reference to the accompanying drawings. These
embodiments are illustrated and described by example only,
and are not intended to be limiting.

I. Introduction

[0026] Certain existing patient monitoring systems
include biological sound sensors that capture patient bodily
sounds (e.g., heart sounds, breathing, digestive system
sounds, vocalization and other speech sounds, etc.) and
physiological monitors which process the captured sounds to
determine physiological parameters. Such systems generally
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rely on a robust connection between the sensor and the
patient to reliably detect and process the targeted bodily
sounds. As such, a probe-off condition, such as (for
example) a faulty or unstable connection between the sensor
(e.g., the probe) and the patient, can lead to a number of
problems, particularly where the patient monitor or medical
personnel are not made aware of the issue.

[0027] When the physiological monitor is not aware of a
faulty connection between the sensor and patient, the moni-
tor may misinterpret readings detected by the sensor. For
example, the monitor may indicate false alarm conditions. In
one instance, where the system is configured to detect
patient breathing sounds and determine a corresponding
respiratory rate, the monitor may falsely determine that the
patient is not breathing, instead of merely indicating that the
sensor has detached from the patient’s skin. The system may
additionally detect significant amounts of environmental
noise due to a probe-off condition, and then improperly
present the detected noise as physiological signal. Moreover,
medical personnel may similarly misinterpret results pre-
sented by the monitor when the personnel are not aware of
a faulty connection, possibly leading to misdiagnoses or
other issues.

[0028] Embodiments described herein include sensors and
sensor systems having probe-off detection features. For
example, sensors and physiological monitors described
herein include hardware and/or software capable of provid-
ing an indication of the integrity of the connection between
the sensor and the patient. In various embodiments, the
physiological monitor is configured to output an indication
of a probe-off condition for an acoustic sensor (or other type
of sensor). For example, in an embodiment, a signal from an
acoustic sensor is compared with a signal from a second
sensor to determine a probe-off condition. The second sensor
may be an optical sensor, electroencephalography (EEG)
sensor, electrocardiograph (ECG) sensor, a second acoustic
sensor, combinations of the same, or another type of sensor.
In one embodiment, the pulse rate of a patient can be
independently measured with both the acoustic sensor and
the second sensor. A lack of correlation between pulse rate
measured by both sensors may indicate a probe-off condition
for either the acoustic sensor or the second sensor. Other
techniques for determining probe-off conditions are
described in greater detail below, including embodiments
where a single acoustic sensor is used to determine a
probe-off condition.

[0029] The probe-off techniques described herein can be
used in a variety of ways to improve patient monitoring. For
example, the patient monitor can provide medical personnel
with an indication of the quality of the attachment state of
the sensor, such as “sensor connected,” “sensor discon-
nected,” “sensor improperly connected,” an indication (e.g,,
a percentage or other alphanumeric indication) as to the
degree of the connection quality, or some other indication of
the connection quality, combinations of the same, or the like.
[0030] Additionally, the sensor, monitor, and/or user may
use the indication of the attachment state to avoid false
positive (e.g., alarm) conditions. For example, where a
system is monitoring patient breathing sounds and the sensor
becomes disconnected, the monitor can use the probe-off
functionality to avoid reporting a false alarm to medical
personnel that the patient is not breathing. Instead, the
monitor can report the probe-off and/or false alarm condition
to personnel, who can in turn fix the faulty connection. A
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wide variety of other uses or combinations of the uses
described herein are possible. For example, in one embodi-
ment, the sensor or monitor stops detecting and/or reporting
sound information when the sensor is not properly attached
to a patient. Moreover, by alerting medical personnel to
probe-off conditions, the probe-off module reduces the risk
that the probe-off condition and therefore physiological
sounds of interest will go un-monitored for extended periods
of time.

[0031] While described with respect to acoustic sensors
configured to detect physiological sounds of a patient, many
of the techniques described herein are compatible with other
types of patient sensors (e.g., pulse oximetry sensors, cap-
nography sensors, ECG sensors, EEG sensors, bioimped-
ance sensors, blood pressure sensors, and the like).

II. Example Acoustic System Overview

[0032] Prior to describing probe-off features in detail, an
overview of example acoustic monitoring sensors and sys-
tems is provided below with respect to FIGS. 1A-1C.
Example embodiments describing probe-off functionality
are described below with respect to FIGS. 2-13.

[0033] In various embodiments, an acoustic monitoring
system includes an acoustic signal processing system that
measures and/or determines any of a variety of physiological
parameters of a medical patient. For example, in an embodi-
ment, the physiological monitoring system includes an
acoustic monitor. The acoustic monitor may be an acoustic
respiratory monitor which can determine any of a variety of
respiratory parameters of a patient, including respiratory
rate, expiratory flow, tidal volume, minute volume, apnea
duration, breath sounds, riles, rhonchi, stridor, and changes
in breath sounds such as decreased volume or change in
airflow. In addition, in some cases the acoustic signal
processing system monitors other physiological sounds,
such as heart rate to help with probe off detection, heart
sounds (S1, S2, S3, S4, and murmurs), and change in heart
sounds such as normal to murmur or split heart sounds
indicating fluid overload. Moreover, the acoustic signal
processing system may (1) use a second probe over the chest
for additional heart sound detection; (2) keep the user inputs
to a minimum (example, height); and/or (3) use a Health
Level 7 (HL7) interface to automatically input patient
demography.

[0034] In certain embodiments, the physiological moni-
toring system includes an electrocardiograph (ECG or EKG)
system that measures and/or determines electrical signals
generated by the cardiac system of a patient. The ECG
system can include one or more sensors for measuring the
electrical signals. In some embodiments, the electrical sig-
nals are obtained using the same sensors used to obtain
acoustic signals.

[0035] In still other embodiments, the physiological moni-
toring system includes one or more additional sensors used
to determine other desired physiological parameters. For
example, in some embodiments, an optical photoplethysmo-
graph sensor determines the concentrations of analytes con-
tained in the patient’s blood, such as oxyhemoglobin, car-
boxyhemoglobin, methemoglobin, other dyshemoglobins,
total hemoglobin, fractional oxygen saturation, glucose,
bilirubin, and/or other analytes. In other embodiments, a
capnograph determines the carbon dioxide content in
inspired and expired air from a patient. In other embodi-
ments, other sensors determine blood pressure, pressure
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sensors, flow rate, air flow, and fluid flow (first derivative of
pressure). Other sensors may include a pneumotachometer
for measuring air flow and a respiratory effort belt, a
bioimpedance sensor for measuring respiratory effort, an
EEG sensor for measuring brain activity, and the like. In
certain embodiments, these sensors are combined in a single
processing system which processes signal output from the
sensors on a single multi-function circuit board or multiple
circuit boards.

[0036] Referring specifically to the drawings, FIGS. 1A,
1B, and 2 illustrate example patient monitoring systems,
sensors, and cables that can be used to provide acoustic
physiological monitoring of a patient, such as respiratory
monitoring, with probe-off detection.

[0037] For example, FIG. 1A shows an embodiment of a
physiological monitoring system 10. In the physiological
monitoring system 10, a medical patient 12 is monitored
using one or more sensors 13, each of which transmits a
signal over a cable 15 or other communication link or
medium to a physiological monitor 17. The physiological
monitor 17 includes a processor 19 and, optionally, a display
11. The one or more sensors 13 include sensing elements
such as, for example, acoustic piezoelectric devices, elec-
trical ECG leads, pulse oximetry sensors, or the like. The
sensors 13 can generate respective signals by measuring a
physiological parameter of the patient 12. The signals are
then processed by one or more processors 19. The one or
more processors 19 then communicate the processed signal
to the display 11 if a display 11 is provided. In an embodi-
ment, the display 11 is incorporated in the physiological
monitor 17. In another embodiment, the display 11 is
separate from the physiological monitor 17. The monitoring
system 10 is a portable monitoring system in one configu-
ration. In another instance, the monitoring system 10 is a
pod, without a display, and is adapted to provide physiologi-
cal parameter data to a display.

[0038] For clarity, a single block is used to illustrate the
one or more sensors 13 shown in FIG. 1A. Tt 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, and the like. In each of the foregoing embodiments,
additional sensors of different types are also optionally
included. Other combinations of numbers and types of
sensors are also suitable for use with the physiological
monitoring system 10.

[0039] Insome embodiments of the system shown in FIG.
1A, all of 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
and process signals is housed within a separate housing. In
addition, the physiological monitor 17 of certain embodi-
ments includes hardware, software, or both hardware and
software, whether in one housing or multiple housings, used
to receive and process the signals transmitted by the sensors
13.

[0040] As shown in FIG. 1B, the acoustic sensor 13 can
include a cable 25. The cable 25 can include three conduc-
tors within an electrical shielding. One conductor 26 can
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provide power to a physiological monitor 17, one conductor
28 can provide a ground signal to the physiological monitor
17, and one conductor 28 can transmit signals from the
sensor 13 to the physiological monitor 17. For multiple
sensors, one or more additional cables 115 can be provided.
[0041] Insome embodiments, the ground signal is an earth
ground, but in other embodiments, the ground signal is 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 carries two conductors
within an electrical shielding layer, and the shielding layer
acts 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.

[0042] FIG. 2 an embodiment of a sensor system 100
including a sensor 101 suitable for use with any of the
physiological monitors shown in FIGS. 1A and 1B. The
sensor system 100 includes a sensor 101, a sensor cable 117,
a patient anchor 103 attached to the sensor cable 117, and a
connector 105 attached to the sensor cable 117. The sensor
101 includes a shell 102 configured to house certain com-
ponentry of the sensor 101, and an attachment subassembly
104 positioned the sensor 101 and configured to attach the
sensor 101 to the patient.

[0043] 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 includes a port 121 for receiving a connector 112 of
the instrument cable 111 and a second port 123 for 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 addi-
tional ports in other embodiments for receiving additional
cables. The hub includes a cable 122 which terminates in a
connector 124 adapted to connect to a physiological monitor
(not shown). In another embodiment, no hub is provided and
the acoustic sensor 101 is 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,
which is incorporated by reference in its entirety herein.
Examples of acoustic sensors are described in U.S. Patent
Application No. 61/703,731, which is incorporated by ref-
erence in its entirety herein.

[0044] The component or group of components between
the sensor 101 and the monitor in any particular embodiment
may 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 may
be referred to as a cabling apparatus: the sensor cable 117,
the connector 105, the cable connector 109, the instrument
cable 111, the hub 120, the cable 122, and/or the connector
124. Tt 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,
forming the cabling apparatus.

[0045] Inanembodiment, the acoustic sensor 101 includes
one or more sensing elements (not shown), such as, for
example, a piezoelectric device or other acoustic sensing
device. Where a piezoelectric membrane is used, a thin layer
of conductive metal can be deposited on each side of the film
as electrode coatings, forming electrical poles. The opposing

Mar. 29, 2018

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 (or other signal source) and generate a corre-
sponding voltage potential across the electrical poles of the
sensing element.

[0046] The shell 102 according to certain embodiments
houses a frame (not shown) 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 dis-
posed on the bottom surface of the frame. Thus, the sensing
elements according to some embodiments are free to
respond to acoustic waves incident upon them, resulting in
corresponding induced voltages across the poles of the
sensing elements.

[0047] Additionally, the shell 102 can include an acoustic
coupler not shown), which advantageously improves the
coupling between the source of the signal to be measured by
the sensor (e.g., the patient’s body) and the sensing element.
The acoustic coupler 102 of one embodiment includes a
bump positioned to apply pressure to the sensing element so
as to bias the sensing element in tension. For example, the
bump can be positioned against the portion of the sensing
element that is stretched across the cavity of the frame. In
one embodiment, the acoustic coupler further includes a
protrusion (not shown) on the upper portion of the inner
lining, which exerts pressure on the backbone 110 (dis-
cussed below) and other internal components of the sensor
101.

[0048] The attachment portion 107 helps secure the sensor
assembly 101 to the patient. The illustrated attachment
portion 107 includes first and second attachment arms 106,
108. The attachment arms can be made of any number of
materials, such as plastic, metal or fiber. Furthermore, the
attachment arms can be integrated with the backbone (dis-
cussed below). The underside of the attachment arms 106,
108 include patient adhesive (e.g., in some embodiments,
tape, glue, a suction device, eftc.), which can be used to
secure the sensor 101 to a patient’s skin. The example
attachment portion 107 further includes a resilient backbone
member 110 which extends into and forms 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 number of resilient materials, such as
plastic, metal, fiber, combinations thereof, or the like.

[0049] As the attachment arms 106, 108 are 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 causes the sensor 101 to be
beneficially biased in tension against the patient’s skin
and/or reduces stress on the connection between the patient
adhesive and the skin. Further examples of compatible
attachment portions, associated functionality and advan-
tages are described in U.S. application Ser. No. 12/643,939
(the *939 application) previously incorporated by reference.
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, and are explicitly
incorporated by reference herein.
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[0050] Moreover, as will be described in greater detail, the
attachment portion 107 can also advantageously work
together with other sensor componentry to provide an indi-
cation to the monitor or to the user as to the attachment state
of the sensor.

[0051] 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, and/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 (the 883 application). In other embodiments, the
acoustic sensor 101 is a biological sound sensor such as
those described in U.S. Pat. No. 6,661,161 or U.S. patent
application Ser. No. 12/643,939, filed on Dec. 21, 2009 (the
*939 application), both of which are incorporated by refer-
ence herein in their entirety. Other embodiments include
other suitable acoustic sensors. For example, in certain
embodiments, compatible acoustic sensors can be config-
ured to provide a variety of auscultation functions, including
live and/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 functionality can be found in U.S. patent
application Ser. No. 12/905,036 entitled PHYSIOLOGICAL
ACOUSTIC MONITORING SYSTEM, filed on Oct. 14,
2010, previously incorporated by reference herein in its
entirety.

[0052] While an example sensor system 100 has been
provided, embodiments described herein are compatible
with a variety of sensors and associated components.

1II. Example Systems and Sensors Incorporating
Probe-Off Functionality

[0053] FIGS. 3A through 3C are block diagrams illustrat-
ing embodiments of patient monitoring systems 300 having
probe-off detecting features. The probe-off detecting fea-
tures can be useful for determining the connection state of
the acoustic sensor on the patient.

[0054] FIG. 3A illustrates an embodiment of a patient
monitoring system 300A. The patient monitoring system
300A includes an acoustic sensor 310, an optical sensor 320,
and a patient monitor 330. The acoustic sensor 310 can
include one or more acoustic sensor elements 312, such as
any of the piezoelectric elements described above. In some
embodiments, the acoustic sensor 310 can also include a
high pass filter 314 and a low pass filter 316. In alternative
embodiments, one or both of the filters 314 and 316 may be
implemented in the patient monitor 330 instead or in addi-
tion to in the acoustic sensor 310.

[0055] In some embodiments, the acoustic sensor element
(s) 312 produce one or more physiological signals indicative
of one or more physiological sounds emanating from a
patient’s body. For example, the acoustic sensor elements
312 may produce a physiological signal that is indicative of
a particular type of physiological sound, which is sometimes
referred to herein as the target physiological sound. A variety
of target physiological sounds are possible, for example,
breathing or respiratory sounds, heart sounds, digestive
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sounds, vocalization and other speech sounds, and the like.
For example, when an acoustic sensor is placed on the neck
at or near the carotid artery, the target sounds can include
both heart and respiratory sounds. The acoustic sensor 310
can also capture such sounds by being placed near an artery
on the wrist, arm, or leg or may be placed on the chest
directly over or near the heart.

[0056] The target sounds may occur in different frequency
ranges. For example, respiratory sounds are typically found
in a higher frequency range than heart sounds. Accordingly,
it may be possible to select one or more target sounds by
filtering frequency bands from the physiological signal 318.
As such, the high pass filter 314 and low pass filter 316 can
filter these frequency bands to separate heart sounds and
respiratory sounds. The filters 314, 316 may be implemented
in hardware (such as electronic circuitry) and/or software or
firmware (such as in a processor).

[0057] In an embodiment, the high pass filter 314 selects
a portion of the incoming signal corresponding to frequen-
cies higher than a selected cut-off frequency. In one embodi-
ment, the cut-off frequency of the high pass filter 314 can be
selected so as to include respiratory sounds in a passband of
the filter 314. These respiratory sounds may be in the range
of about 100 Hz to about 1 kHz. Accordingly, the cutoff
frequency can be at or below 100 Hz in one embodiment.
However, higher or lower cutoff’ frequencies may be chosen
for the high pass filter 314. The signal selected by the high
pass filter 314 may be output to a respiratory rate calculator
332 of the patient monitor 330, which calculate and output
the respiratory rate 342 of the patient.

[0058] The low pass filter 316 can select a portion of the
incoming signal corresponding to frequencies lower than a
cut-off frequency of the low pass filter 316. In one embodi-
ment, the cut-off frequency of the low pass filter 316 is
chosen so0 as to enable the filter 316 to select frequencies
associated with heart rate or pulse rate sounds. Heart sounds
typically have a frequency range lower than 3 Hz. A normal
heart at rest beats at about 60 times a minute, or about once
per second. Thus, in one embodiment, the cutoff frequency
of the low pass filter 316 is about 3 Hz. Other values for the
cut-off frequency are possible, such as, for example, about
5 Hz, 10 Hz, 20 Hz, or lower than 3 Hz. The signal output
by the low pass filter 316 can be provided to a probe-off
detector 334 of the patient monitor 330, which can provide
an indication of any probe-off condition between the sensor
and the patient, such as whether or not the sensor 310 is
properly attached to the patient. Whether the sensor is
properly attached to the patient may depend on the integrity
of a connection between the acoustic sensor 310 and the
patient. For example, the sensor 310 may be in some
physical contact with the patient, but may not be fully
attached to the patient or completely detached, resulting in
false or weak signal measurements.

[0059] The patient monitor 330 can include hardware
(such as one or more processors and/or electronic circuitry),
software, and/or firmware for measuring a physiological
parameter such as respiratory rate. Inputs to the parameter
calculator 110 can include, among others, optical sensor data
provided by the optical sensor 320 and the outputs of the
filters 314, 316 described above.

[0060] The optical sensor 102 can be a pulse oximetry
sensor, a co-oximetry sensor, or the like. The optical sensor
320 can use spectrophotometry techniques to measure a
variety of blood constituents, including for example, oxygen



US 2018/0085068 A1

saturation, hemoglobin, methemoglobin, carboxyhemoglo-
bin, other hemoglobin species, concentrations of the same,
and the like. In addition, the optical sensor 320 can also be
used to measure a variety of other physiological parameters,
including pulse rate, perfusion, and the like. The optical
sensor 320 can include one or more emitters that shine one
or more wavelengths of light through tissue of a living
person, such as through a finger, toe, or foot. One or more
detectors can receive the transmitted light after attenuation
by the tissue and can generate one or more signals respon-
sive to the attenuated light.

[0061] The optical sensor 102 may operate at one or more
wavelengths. In one embodiment, the optical sensor 102
operates at a single wavelength, e.g., using a single emitter
(or multiple emitters of the same wavelength) to produce a
photoplethysmograph output. However, the optical sensor
102 may also operate at multiple wavelengths to generate a
photoplethysmograph. The photoplethysmograph (some-
times referred to herein as a “plethysmograph,” “photop-
leth,” “pleth” or “PPG”) can be a waveform that represents
changes in blood volume as measured by one or more
wavelengths of light irradiated at a tissue site of a patient.
These changes in blood volume can be caused by arterial
pulsation, and as such, can be related to pulse rate. Thus, the
photoplethysmograph can include pulse rate information,
which the parameter calculator 336 can analyze to derive an
indication of pulse rate for a patient.

[0062] Advantageously, in certain embodiments, the
probe-off detector 334 of the patient monitor 330 can use the
optical sensor data (including photpleth data) together with
the acoustic sensor output of the low pass filter 316 to detect
a probe-off condition of either sensor 310, 320. In one
embodiment, the probe-off detector 334 can use the optical
sensor data and the selected portion of the physiological
signal from the low pass filter 316 to provide an indication
346 as to the quality of the connection between the acoustic
sensor 310 and the patient, such as whether or not the sensor
310 is properly attached to the patient. For example, if the
output of the low pass filter 316 includes sounds correspond-
ing to pulse rate and the photoplethysmograph includes
pulse rate information, the probe-off detector 334 can con-
sider the acoustic sensor 310 and optical sensor 320 to be
properly attached. If the output of the low pass filter 316
does not include a detectable pulse rate and the photopleth
does (as detected by the probe-off detector 334), the probe-
off detector 334 may conclude that the acoustic sensor is not
properly attached and output a probe off indication 346
accordingly. Similarly, if the probe-off detector 334 detects
pulse rate in the output of the low pass filter 316 but not in
that of the photopleth, the probe-off detector 334 can output
a probe-off indicator 346 that indicates the optical sensor
320 may not be properly attached. In some embodiments,
instead of outputting a probe-off indicator 346, the probe-off
detector can output a check sensor placement indicator.

[0063] The probe-off detector 334 can compare the output
of the two sensors 310, 320 in a variety of ways to determine
whether either sensor 310, 320 is in a probe-off state. For
instance, the probe-off detector 334 can correlate the signals
from the optical sensor 320 and acoustic sensor 310 to
determine connection quality or probe on/off condition of
the acoustic sensor 310. In one embodiment, this correlation
involves comparing the pulse rate obtained from both sen-
sors. If the pulse rate is obtained from both sensors and it is
similar or within a threshold, then there is a high likelihood
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that one or both of the sensors are properly attached to the
patient, and the probe-off detector 334 does not output a
probe-off condition. In another embodiment, the probe-off
detector 334 can calculate a cross-correlation (or convolu-
tion or other similar calculation, in either the time or
frequency domain) between the signals obtained from the
optical sensor 320 and the acoustic sensor 310. The probe-
off detector 334 can indicate that a probe-off condition exists
if the area under the cross-correlated signal is above a certain
threshold or if there are peaks in the cross-correlated spec-
trum above a certain threshold. In some embodiments, the
probe-off detector 334 outputs an indication for the connec-
tion state of the sensor for displayed on a display connected
to the patient monitor 330. The output can also include an
audible and/or visual alarm. An example of indicator is
described below with respect to FIG. 13.

[0064] In other embodiments (not shown), the high pass
filter 314 and low pass filter 316 may be omitted from the
acoustic sensor 310. Instead, the output of the acoustic
sensor elements 312 can be provided directly to the probe-
off detector 334, which can attempt to detect pulse rate in
this output. Similarly, the output of the acoustic sensor
elements 312 can be provided to the respiratory rate calcu-
lator 332, which can calculate respiratory rate from this
output.

[0065] FIG. 3B illustrates another embodiment of a probe-
off monitoring system 300B. In the depicted embodiment,
the patient monitoring system 300B includes the acoustic
sensor 310 of FIG. 3A and one or more other sensors 322.
The one or more other sensors 322 can include, for example,
one or more additional acoustic sensors, ECG sensors,
electroencephalography (EEG) sensors, optical sensors, and/
or bioimpedance sensors. The one or more other sensors 322
may be positioned at various locations on the patient’s body
(see, e.g., FIG. 4).

[0066] In some embodiments, the other sensor 322 is a
second acoustic sensor. The second acoustic sensor can be
placed in a second location on the patient’s body apart from
the location of the acoustic sensor 310. For example, if the
acoustic sensor 310 is placed on the patient’s neck, the
second acoustic sensor can be placed over the heart, wrist
(e.g., over the ulnar or radial artery), leg, chest, back, etc. of
the patient. Alternatively, two acoustic sensors (310, 322)
can be placed together in one location. The one or more
sensors 322 may also include a third (or more) acoustic
sensor(s). The third acoustic sensor can be placed at or near
an artery at a different location.

[0067] The acoustic sensor 310 and one or more other
sensors 322, for example, can be coupled to the probe-off
detector 334. The low pass filter 316 can select the portion
of the physiological signal 318 corresponding to a patient’s
heart sound or pulse rate. The one or more other sensors 322
can output a second physiological signal that is provided to
the probe-off detector 334. If the other sensor 322 includes
an acoustic sensor, the acoustic sensor may also include a
loss pass filter that outputs a filtered signal including heart
rate information. The probe-off detector 334 can correlate
the physiological signal 318 from the acoustic sensor 310
with a second physiological signal to determine probe off/on
of the acoustic sensor 310.

[0068] In some embodiments, the probe-off detector can
also use physiological signals from other sensors, for
example, an ECG sensor, or an EEG sensor. In one embodi-
ment, the signal from the ECG sensor can be used to
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calculate pulse rate of the patient by the probe-off detector
334. The pulse rate can be then compared with that obtained
from the acoustic sensor 310. If the measured pulse rate
from the acoustic sensor is substantially similar to the
measured pulse rate from the ECG sensor, as determined by
the probe-off detector 334, then an indication of probe-on
condition may be optionally displayed on the monitor. If the
two rates are, however, not within a threshold value, an
indication of probe-off condition may be displayed on the
monitor. Other algorithms can be used to correlate the output
of the two (or more) sensors 310, 322, as will be described
in greater detail below. Likewise, the other sensor(s) 322 can
include an EEG sensor that includes pulse oximetry func-
tionality for detecting pulse rate, which the probe-off detec-
tor 334 can correlate to determine probe-off or on condi-
tions.

[0069] FIG. 3C illustrates another embodiment of a patient
monitoring system 300C. In the depicted embodiment, the
patient monitoring system 300C can determine probe-off or
probe-on condition of the acoustic sensor 310 without using
one or more other sensors 320, 322 of FIGS. 3A and 3B. As
in FIGS. 3A and 3B, the low-pass filter 316 can output a
filtered signal that may include heart rate information. The
patient monitor 330 includes, in addition to the respiratory
rate calculator 332 and probe-off detector 334, a pulse rate
calculator 338 that can attempt to calculate a pulse rate from
the output of the low pass filter 316. The pulse rate calculator
338 can provide an indication of whether a pulse rate was
detected to the probe-off detector 334, which can determine
from this information whether the acoustic sensor 310 is
properly connected. If a pulse rate is not detected, the
probe-off detector 334 can output a probe-off indicator. In
addition, the pulse rate calculator 338 may also output the
calculated pulse rate 352 on a display of the patient monitor
330. In some embodiments, instead of outputting a probe-off
indicator, the probe-off detector can output a check sensor
placement indicator (see, e.g., FIG. 14B).

[0070] FIG. 4 illustrates another embodiment of a patient
monitoring system 400. The features of the patient moni-
toring system 400 can be combined with any of the features
of the systems described elsewhere herein. Likewise, any of
the features described elsewhere herein can be incorporated
into the patient monitoring system 400. In the depicted
embodiment, the patient monitoring system 400 includes a
cable hub 406 that enables one or many sensors to be
selectively connected and disconnected to the cable hub 406.

[0071] The monitoring system 400 includes a cuff 410
with a patient device 416 for providing physiological infor-
mation to a patient monitor 420 or which can receive power
from a power supply (420). The patient monitor 420 can
implement any of the functionality of the patient monitors
330 described above. The cuff 410 can be a blood pressure
cuff or merely a holder for the patient device 416. The
patient device 416 can instead be a wireless transceiver. The
patient device 416 is also coupled with an optical finger
sensor 402 via cable 407. Further, the patient device 416 is
coupled with the cable hub 406 via a cable 405a. The cable
hub 406 can be selectively connected to one or more sensors.
In the depicted embodiment, example sensors shown
coupled to the cable hub 406 include an ECG sensor 408a
and a brain sensor 440. The ECG sensor 408a can be
single-lead or multi-lead sensor. The brain sensor 440 can be
an electroencephalography (EEG) sensor and/or an optical
sensor. An example of EEG sensor that can be used as the
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brain sensor 440 is the SEDLine™ sensor available from
Masimo® Corporation of Irvine, Calif., which can be used
for depth-of-anesthesia monitoring among other uses. Opti-
cal brain sensors can perform spectrophotometric measure-
ments using, for example, reflectance pulse oximetry. The
brain sensor 440 can incorporate both an EEG/depth-of-
anesthesia sensor and an optical sensor for cerebral oxim-
etry.

[0072] The ECG sensor 408a is coupled to an acoustic
sensor 404 and one or more additional ECG leads 408b. For
illustrative purposes, four additional leads 4085 are shown,
for a 5-lead ECG configuration. In other embodiments, one
or two additional leads 4085 are used instead of four
additional leads. In still other embodiments, up to at least 12
leads 4085 can be included. Acoustic sensors can also be
disposed in the ECG sensor 4084 and/or lead(s) 4085 or on
other locations of the body, such as over a patient’s stomach
(e.g., to detect bowel sounds, thereby verifying patient’s
digestive health, for example, in preparation for discharge
from a hospital). Further, in other embodiments, the acoustic
sensor 404 can connect directly to the cable hub 406 instead
of to the ECG sensor 408a.

[0073] The cable hub 406 can enable one or many sensors
to be selectively connected and disconnected to the cable
hub 406. It can be advantageous to obtain physiological
signals from multiple sensors to determine probe-off condi-
tions, e.g., by correlation as described above. For example,
a signal from the acoustic sensor 404 can be correlated with
a signal from the ECG sensor 408. The cable hub can enable
capturing signals from multiple sensors for correlation.
Advantageously, in certain embodiments, the correlation
from multiple sensors can enable indication of a probe-off
condition.

IV. Example Waveforms

[0074] Turning to FIG. 5, a plot 500 is shown that includes
a set of five example waveforms. An acoustic heart sounds
waveform 530 and the acoustic wrist pulse waveform 540
are illustrated, along with a third acoustic waveform (an
acoustic carotid pulse waveform) 550 and an ECG wave-
form 560. The plot 500D helps to illustrate the correlation
performed by the probe-off detector in certain embodiments.
The use of two sensors results in two physiological signals,
which can be correlated to identify the connection state of
one of the sensors.

[0075] In one embodiment, the physiological signal 250
from the acoustic sensor 310 of FIGS. 3A-B can be corre-
lated with the plethysmograph waveform 570. For example,
the peak 572 of the plethysmograph waveform 570 can be
correlated with the peak 552 of the physiological signal 550
from the acoustic sensor in accordance with the system of
FIG. 3A. Depending on the success of correlation, the
probe-off detector 334 of FIGS. 3A-B can determine the
connection quality of the acoustic sensor 310. Correlating
peaks can be done by cross-correlation algorithms and signal
processing.

[0076] In another embodiment, the physiological signal
250 from the acoustic sensor 310 of FIGS. 3A-B can be
correlated with one or more of the physiological signals 530,
540, or 560. For example, the peak 532 of the third physi-
ological signal 530 from the third acoustic sensor 530 can be
correlated with the peak 552 of the physiological signal 550
from the acoustic sensor in accordance with the system of
FIG. 3B. Similarly, the peak 542 of the second physiological
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signal 540 can be correlated with the peak 552 of the
physiological signal 550 from the acoustic sensor. These
peaks represent or are related to heart rate of the patient. In
some implementations, the physiological signal 550 from
the acoustic sensor can be correlated with more than one of
the signals 530, 540, 560, or 570.

V. Probe-Off Detection Process

[0077] FIGS. 6, 7, and 8 illustrate embodiments of pro-
cesses 600, 700, and 800 respectively for determining
whether the sensor is properly attached to the patient. These
processes can be implemented by any of the systems 100,
300, 400 described above. In particular, each of these
processes can be implemented by any of the probe-off
detectors 334 described above. Advantageously, in certain
embodiments, these processes can determine, based at least
partly on non-invasive physiological measurements,
whether to trigger an indication of a probe-off condition.
[0078] Referring specifically to FIG. 6, at block 610, a first
physiological acoustic signal is received from an acoustic
sensor coupled to the patient. Similarly, a photoplethysmo-
graph signal is received from the patient through an optical
sensor at block 612. The probe-off detector 334 calculates a
correlation at block 614 between the acoustic signal and the
photoplethysmograph signal as described above. At block
616, the probe-off detector 334 determines based on the
calculation whether the two signals are correlated. If the two
signals are correlated, then in an optional step at block 620,
an output indication of successful connection condition is
sent. This correlation can include computing a cross-corre-
lation, convolution, or the like as described above. The
correlation can be done in the time domain or the frequency
domain. Correlation can also include calculating a Pearson
correlation coeflicient based on both signals. In the alterna-
tive, if the two signals are not correlated, then an output
indication of probe-off condition is sent at block 618.
[0079] FIG. 7A illustrates another embodiment of a pro-
cess 700A for determining whether a sensor is properly
attached to a patient. At block 710, a first physiological
acoustic signal is received from an acoustic sensor coupled
to the patient. Similarly, a second physiological signal is
received from the patient through an optical sensor at block
712. The probe-off detector calculates a correlation at block
714 between the acoustic signal and the second physiologi-
cal signal as described above. At block 716, the probe-off
detector determines based on the calculation whether the
two signals are correlated, e.g., as described above. If the
two signals are correlated, then in an optional step at block
720, an output indication of successful connection condition
is sent. In the alternative, if the two signals are not corre-
lated, then an output indication of a probe-off condition is
sent at block 718.

[0080] FIG. 7B illustrates yet another embodiment of a
process 700B for determining whether a sensor is properly
attached to a patient. At block 730, an acoustic signal is
received from a patient, and at block 732, a second physi-
ological signal is received from the patient (using any other
sensor). At block 734, the probe-off detector 334 calculates
a first pulse rate (PR ) from the acoustic signal and a second
pulse rate (PR) from the second physiological signal. The
probe-off detector 334 then determines, at block 736,
whether an absolute value of the difference between the two
pulse rates is within a threshold value. If so, the probe-off
detector 334 can optionally output an indication of a probe-
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on condition at block 740. If not, the probe-off detector 334
can output an indication of a probe-off condition at block
738.

[0081] The process 700B can therefore facilitate rapid and
processing resource efficient calculation of a probe-off (or
on) condition because, instead of performing a cross-corre-
lation or the like, the process 700B obtains the difference
between two pulse rate calculations. However, in certain
embodiments, the features of the process 700B can be
combined with any of the other processes described herein.
For instance, the probe-off detector 334 can implement the
features of the process 700B as well as calculate the cross-
correlation between the two signals as described above. The
probe-off detector 334 can use both the cross-correlation and
the difference between the two calculated pulse rates to
determine whether a probe-off condition is present. Addi-
tional embodiments for combining the output of different
algorithms are described in greater detail below.

[0082] FIG. 8 illustrates an embodiment of a process 800
for determining whether the sensor is properly attached to
the patient. At block 810, a physiological acoustic signal is
received from an acoustic sensor coupled to the patient. The
pulse rate calculator and the probe-off' detector indepen-
dently or in combination, attempt to detect a pulse rate from
the received signal at block 812. At block 814, the probe-off
detector determines whether a pulse is detected. If the pulse
is detected, then in an optional step at block 818, an output
indication of successful connection condition is sent. In the
alternative, if the pulse is not detected, then an output
indication of a probe-off’ condition is sent at block 8§16.
Effectively, the process 800 determines whether the sensor is
properly attached to the patient with respect to the embodi-
ments described in FIG. 3C.

[0083] FIG. 9 illustrates an embodiment of a process 900
for determining whether the sensor is properly attached to
the patient. At block 910, a physiological acoustic signal is
received from an acoustic sensor coupled to the patient. The
acoustic signal is transformed into a frequency domain
equivalent transformed signal at block 912. In one embodi-
ment, a fast Fourier transform (“FFT”) of the acoustic signal
generates the transformed frequency domain signal, produc-
ing a signal having a plurality of frequency bins. At block
914, the energy in the low frequency bins is calculated.
Energy in the low frequency bins can reflect the presence of
heart rate. In one embodiment, the energy in the lowest
frequency bin is calculated. In another embodiment, the
energy in a plurality of the lowest frequency bins are
calculated. The energy can be calculated by taking the
magnitude of the FFT signal. Alternatively, the power in
each bin can be calculated by computing the power spectral
density of the acoustic signal.

[0084] If the energy is calculated from multiple bins, the
sum of the energy may be computed to compute an overall
energy for a plurality of bins. If the energy (or overall
energy) in the low frequency bin or bins meets or exceeds a
threshold value, then in an optional step at block 918, an
output indication of successful connection condition is sent.
In the altemative, if the pulse is not detected, then an output
indication of a probe-off condition is sent at block 920.

VI. Using Pulse Shape Information to Detect Pulse
Rate in an Acoustic Sensor

[0085] Other algorithms than those described above can be
used to detect pulse rate, and therefore a probe-on (or off)
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condition, in an acoustic sensor. Some additional examples
of such algorithms are described below. Further, it can be
useful to obtain a more accurate indication of where on the
neck an acoustic sensor should be placed to more accurately
detect the carotid pulse. Placing the acoustic sensor directly
over the carotid artery, for instance, may result in a higher
signal to noise ratio (SNR) for detecting pulse rate than if the
acoustic sensor is placed elsewhere. Improving SNR for
detecting pulse rate can improve the accuracy of probe-off
detection algorithms implemented by the systems described
herein. FIG. 10 illustrates example features for improving
the location accuracy of an acoustic sensor. FIGS. 11A
through E illustrate various patterns of detected pulse rates
for different patients based on neck placement. Using these
patterns, an algorithm can be constructed that attempts to
match an individual patient’s pulse rate patterns to one or
more pulse rate patterns of many patients to further improve
pulse rate detection and therefore probe-off detection accu-
racy. FIG. 12 depicts an example algorithm that the probe-
off detector 334 described above can use pattern matching
for probe-off’ detection.

[0086] Referring to FIG. 10, an acoustic sensor 1004 is
shown placed over the neck of a patient in the proximity of
the jugular vein or the carotid artery at a first position. The
positions described here are with respect to the location of
the artery or the vein. One or more acoustic signals may be
obtained at this first position. The acoustic sensor 1004 is
then moved to different positions with respect to the carotid
artery or the jugular vein as shown in FIG. 10. One or more
acoustic signals may be obtained at multiple positions over
the neck of a patient in the proximity of the jugular vein or
the carotid artery. These measurements may be repeated for
a group of subjects. In one embodiment, the measurements
are obtained for a group of five or more subjects. Although
not shown, a laser interferometer may be used to detect
where on the patient’s skin the highest peak vibrations are
corresponding to pulse rate, and this interferometer data can
be compared and/or correlated with the acoustic sensor data
to improve placement of the acoustic sensor on a patient.

[0087] FIGS. 11A through E illustrate example acoustic
waveforms obtained at different positions (e.g., as shown
schematically in FIG. 10) as the sensor is placed over the
neck of the five subjects. For example, FIG. 11A shows
acoustic pulse waveforms 1102 at a first position for a first
subject. Acoustic waveform 1104 corresponds to a second
subject at the first position. Likewise, acoustic pulses 1106,
1108, and 1110 correspond to a third, fourth, and a fifth
subject, respectively with all of the measurements taken at
the first position.

[0088] Waveforms 1112, 1114, 1116, 1118, and 1120 in
FIG. 11B correspond to acoustic pulses for a first, second,
third, fourth, and a fifth subject, respectively at a second
position. Similarly, waveforms shown in FIGS. 11C-E cor-
respond to the group of five subjects at different positions.
In one embodiment, the group of five subjects remains the
same between positions. In another embodiment, the group
of five subjects may be different.

[0089] At some of these positions, the variation between
the acoustic waveforms between the subjects may vary
significantly. The signal may also be noisy and may not
contain distinctive features. For example, in FIG. 11A and
FIG. 11E, the variation between waveforms 1102, 1104,
1106, 1108, and 1110 may be significant.
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[0090] There are, however, some other positions on the
neck with respect to the artery where if the acoustic sensor
1004 is placed, the signals are substantially similar over
multiple subjects. For example, FIG. 11C illustrates sub-
stantially similar acoustic signals 1122, 1124, 1126, 1128,
and 1130 obtained by placing an acoustic sensor at a second
position with respect to the artery over five different sub-
jects. Signals obtained from the second position also contain
features, for example, a positive peak 1132, as compared to
signals obtained from other positions. In another embodi-
ment, these signals may be obtained from multiple different
patients or test subjects.

[0091] In an embodiment, data representing these wave-
forms can be stored in a database or the like. Together, they
can form an orthogonal set of basis waveforms, or eigen-
waveforms, that can be used to match an individual patient’s
waveform with one in the set of basis waveforms (see FIG.
12). Accordingly, it may be advantageous to obtain a large
sample set, for example, of acoustic pulse measurements
from hundreds or thousands of patients.

VII. Probe-Off Detection Using Pulse Matching

[0092] The pulse shape vectors or template signals
described with respect to FIG. 11 or other pulse shape
template signals can be used to identify probe-off conditions.
In one embodiment, the pulse shape vectors are stored in the
patient monitor. These stored pulse shapes can be correlated
with an acoustic pulse signal received from a patient. The
patient may be someone whose pulse shape was not previ-
ously measured and does not have one or more pulse shape
vectors stored in the set of pulse shape vectors. In another
embodiment, the patient may be from the same group of
subjects used to obtain a set of recorded pulse shapes. In yet
another embodiment, one or more of the patient’s own pulse
shape previously measured and stored may be used for
determining whether the sensor is properly attached to the
patient. In some embodiments, the acoustic pulse signals
may go through one or more low pass filters (described
above) before morphology detection described with respect
to FIGS. 12A-C, and 13.

[0093] Any of the probe-off detection processes described
below or elsewhere herein can be used together by the
probe-off’ detector 334. The probe-off detector 334 can
arbitrate between the output of the processes or algorithms
so as to output an overall probe-off detection decision. For
example, each process described herein can compute a
confidence value that represents the process’s confidence in
its probe-off (or on) determination. The probe-off detector
334 can thus execute the processes in parallel (at least in
part) and evaluate their results based on the computed
confidences (or execute the processes serially and then
afterwards evaluate them together). The probe-off detector
334 can also apply greater weight to some of the processes
than others, so as to emphasize the output of such processes
over others. The probe-off detector 334 can further adapt the
weights applied to each process over time based on confi-
dence. Moreover, in other embodiments, the probe-off detec-
tor 334 combines the output of the processes to come up
with an overall score or indication that represents whether or
not the probe is on or off.

[0094] FIG. 12A illustrates an embodiment of a process
1200 that can determine whether the sensor is properly
attached to a patient using pulse matching. The process 1200



US 2018/0085068 A1

can be implemented by any of the systems described herein,
such as any of the probe-off detectors described herein.
[0095] At block 1210, one or more pulse shape waveforms
may be measured from the patient using an acoustic sensor.
The probe-off detector can perform pulse matching at block
1214 between the patient’s pulse waveform and the set of
pulse waveforms obtained and stored as described above. In
one embodiment, the probe-off detector implements a
matched filter to compare the patient’s pulse waveform with
the plurality of waveforms in the stored waveform data
(collected from and/or extrapolated from other patients). In
another embodiment, the probe-off detector performs the
matching by first performing a wavelet transform or the like
of the patient’s pulse waveform using one or more of the
stored waveforms. The wavelet transform can use the stored
waveforms as a set of basis functions or wavelets (e.g., a
Hilbert basis), which can be compared with the patient’s
pulse waveform to determine a degree to which the patient’s
waveform matches any of the stored waveforms. Thus, the
output of the wavelet transform may include wavelet spec-
tral-domain content that is indicative of which pulses the
patient’s waveform matches. For example, if the patient’s
pulse wave matches one of the stored waveforms, the
wavelet transform output corresponding to that stored wave-
form may have a value that indicates a match between the
patient’s waveform and the stored waveform. The match
may be less than a perfect match (e.g., due to noise) while
still indicating that the patient’s waveform likely corre-
sponds to other physiologically-possible waveforms in the
waveform storage. In other embodiments, the probe-off
detector can use similar techniques in place of wavelet
techniques using other transforms, such as the Short Time
Fourier Transform, the Chirplet transform, or the Gabor
transform, combinations of the same, or the like.

[0096] Viewed another way, pulse matching can be
obtained by correlating a known or template signal, the set
of pulse vectors, with the received acoustic signal to detect
the presence of the pulse shape in the acoustic signal. This
correlation can be an n-dimensional correlation (n being an
integer) depending on the number of pulse shape vectors in
the set. In another embodiment, pulse matching may be
obtained from cross-correlation of the received acoustic
signal with one or more of the set of pulse vectors. In one
embodiment, the signals are not matched if the area under
the cross-correlated signal is below a threshold value.
[0097] If the patient’s pulse waveform matches any of the
waveforms in the set of waveforms, then in an optional step
at block 1218, an output indication of successful connection
condition is sent. In the alternative, if the two signals are not
matched, then an output indication of a probe-off’ condition
is sent at block 1220.

[0098] FIG. 12B illustrates an embodiment of a process
1200B that can determine whether the sensor is properly
attached to a patient by detecting one or more physiological
characteristics in the pulse waveforms based on the acoustic
signals received from an acoustic sensor coupled to a
patient. The process 1200B can be implemented by any of
the systems described herein, such as any of the probe-off
detectors described herein.

[0099] Acoustic signals that correspond to respiration,
pulse rate, or other physiological phenomenon may be
distinguished from noise by recognizing that the human
body constraints such acoustic signals to certain boundary
conditions. For example, while an acoustic sensor can pick
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up an acoustic signal from skin vibration, skin vibration may
be confined to physical boundary conditions imposed by the
elasticity of the skin and surrounding tissue connected to the
skin. These physical boundary conditions can impose limits
on the characteristics (such as amplitude) of an acoustic
signal that corresponds to respiration or pulse rate. Noise
signals may have greater amplitudes than respiratory and
pulse rate signals, particularly if the noise is due to a sensor
that is not properly attached to the patient. Thus, acoustic
signal amplitude and other signal characteristics may be
evaluated by a hardware processor to distinguish respiratory
rate and pulse rate signals from noise, which can facilitate
probe-off detection.

[0100] At block 1230, an acoustic signal can be received
from a patient using an acoustic sensor attached to the neck,
chest, or elsewhere on the body. The acoustic signal may be
low-pass filtered to focus on potential pulse waveform data
residing at low frequencies as described above. At block
1232, the probe-off detector 334 can detect one or more
characteristics in the received signal that may correspond to
expected physiological characteristics. For instance, the
probe-off detector 334 can detect whether the amplitude of
the acoustic signal exceeds a predetermined limit. The
predetermined limit can correspond to observed and/or
theoretical maximum skin displacement (which may be
patient-dependent and corrected for baseline shift).

[0101] The probe-off detector 334 can also determine
physiological characteristics from the shape of the acoustic
signal. For example, the probe-off detector 334 can look for
a characteristic (such as a small dip) in the pulse wavefrom
that may match a dichrotic notch typically found in a
photoplethysmograph waveform. The dichrotic notch is an
example characteristic indicative of an actual physiological
pulse signal instead of noise. Thus, if the probe-off detector
334 detects a dichrotic notch, the probe-off detector 334 can
determine that the acoustic sensor 310 is attached to the
patient. The probe-off’ detector 334 can also detect other
characteristics in the pulse to evaluate a potential probe-off
condition. Other characteristics may include features corre-
sponding to the heart sounds, and in particular, the second
heart sound (S2), inflection points, peaks, and dips. In one
embodiment, when the first characteristic is detected corre-
sponding to a physiological feature in a pulse waveform, the
probe-off detector can look for a second characteristic in the
pulse waveform following the first characteristic. The sec-
ond characteristic may be based on a stored waveform
shapes and/or physiological phenomenon. Accordingly, in
some embodiments, the detection can include looking for
two or more features in the pulse waveform in particular
order.

[0102] In some embodiments, the probe-off detector 334
can check for one or more other characteristics described
above and output a confidence measurement based on the
number of characteristics detected. Thus, based on the
detecting one or more characteristics, in an optional step at
block 1236, an output indication of a successful connection
condition can be sent, indicating that the sensor is properly
placed on the patient. In the alternative, if no characteristics
are detected or if the signal does not have physical charac-
teristics other than noise, then an output indication of a
probe-off condition is sent at block 1238.

[0103] FIG. 13 illustrates an embodiment of a process
1300 that can determine whether the sensor is properly
attached to a patient by matching one or more characteristics
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in the pulses received from acoustic sensors positioned at
different parts of a patient’s body. The process 1300 can be
implemented by any of the systems described herein, such as
any of the probe-off detectors described herein. At block
1310, a first acoustic waveform from a first sensor located at
a first position on the body of a patient may be obtained by
a patient monitor. At block, 1312, a second acoustic wave-
form from a second sensor located at a second position on
the body of the patient may be obtained by the patient
monitor.

[0104] The first acoustic waveform from the first acoustic
sensor may include different physiological features com-
pared to the second acoustic waveform from a second
acoustic sensor depending on the placement of each of the
acoustic sensors on body of a patient. The first acoustic
signal may also share some features with the second acoustic
signal depending on receiving some shared physiological
characteristics. Accordingly, the first and the second acoustic
signals may have some shared and some different morpholo-
gies. In addition, the first and the second acoustic signal may
be orthogonal because they are collected from different parts
of the body. As an example, the first acoustic sensor can be
placed near a carotid artery at the neck of a patient and the
second acoustic sensor can be placed on the chest near the
heart of the patient. The second acoustic signal received near
the chest may include features corresponding to both the first
and second heart sounds (S1 and S2), while the first acoustic
signal near the carotid artery at the neck may include a
feature corresponding to the second heart sound (S2) but not
the first (S1). The probe-off detector 334 can correlate the
two acoustic signals to determine whether both signals
include the S2 sound. If so, the probe-off detector 334 can
determine that one or both of the acoustic sensors is properly
placed on the patient.

[0105] Accordingly, at step 1314, if the characteristic is
found in both acoustic signals, the probe-off detector 334
can optionally output an indication of successful a connec-
tion. If the characteristic is not found in both signals, then an
output indication of a probe-off condition is sent at block
1260.

VIII. Example User Interface

[0106] FIGS. 14A-B illustrate example multiparameter
physiological monitor displays 1400. The display 1401a can
output a probe-off indicator 1414a. The probe-off indicator
1414a can be generated using any of the techniques
described above. The example display 1400 shown includes
parameter data for respiratory rate, including a measured
respiratory rate value 1412 in breaths per minute (bpm) and
an acoustic physiological signal 1406. The probe-off indi-
cator 1414a can separately indicate the connection quality of
the attached acoustic sensor. The display 1401A also
includes parameter data for SpO2 1402, and pulse rate 1404
in beats per minute (BPM). In the depicted embodiment
shown in FIG. 14A, the probe-off indicator 1414A includes
text that indicates that the sensor is not properly attached to
the patient. In some embodiments, the probe-off indicator
1114A includes text indicating that the sensor placement
needs to checked, as shown in FIG. 14B. The text displayed
in the probe-off indicator 114 may depend on a confidence
calculation from one of the probe-off detection processes
described above. Each one of the probe-off processes
described above may have different confidence rating
depending on how accurately the particular process or
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combination of processes can predict a probe-off condition.
The confidence rating may be stored in the patient monitor.
In some embodiments, more than one of probe-off processes
(described above) can be used to determine the probe-off
indicator 1114A.

IX. Additional Embodiments

[0107] Each of the algorithms for detecting a probe-off
condition described above, although described separately,
can work together to refine a probe-off detector. For
instance, some or all of the techniques described herein may
operate in parallel (and/or in series) to produce a decision
from each algorithm. The patient monitor can implement
decision logic to decide whether to output a probe-off
indication or alarm based on the outputs of the various
algorithms. Each algorithm may also output a confidence
score that indicates a degree to which the algorithm is
confident that its result is accurate. The confidence score
may be in any suitable range, such as [0, 1] or some other
range. The decision logic can use the confidence scores to
determine whether to output a probe-off indicator. Further,
confidence scores or indicators can be output by an indi-
vidual algorithm that is not being used in a parallel fashion.
[0108] As an example, the probe-off detector may deter-
mine 1) whether energy in the low frequency spectrum
exceeds a threshold, 2) whether pulse rate calculated from an
acoustic sensor and from an optical sensor are within a
threshold range, and 3) whether the pulse waveform of the
patient matches any pulse waveforms in a dataset of wave-
form data, as described above. The probe-off detector can
assign a confidence score based on the results of each
algorithm. A decision logic module of the probe-off detector
can then evaluate, based on these scores and outputs,
whether to output an indication of a probe-off condition. In
an embodiment, if the majority of the algorithms indicated
that probe-off likely occurred, the decision logic can output
a probe-off indication. In another embodiment, if fewer than
amajority of the algorithms output a probe-off indication but
the confidence scores of these algorithms exceeds a thresh-
old, the decision logic may output a probe-off indication.
Many other embodiments and configurations of the decision
logic are possible.

[0109] In certain embodiments, a method of determining a
connection state between a non-invasive acoustic sensor and
a medical patient can include receiving an acoustic physi-
ological signal from an acoustic sensor coupled with a
medical patient. In some embodiments, the method can
further include receiving a second physiological signal from
a second sensor coupled with the medical patient. The
method can also include the step of comparing, with one or
more processors, the acoustic physiological signal and the
second physiological signal. In some embodiments, the
method can include step of, in response to said comparison,
outputting an indication of whether one or both of the
non-invasive acoustic sensor and the second sensor is prop-
erly connected to the patient.

[0110] The method of preceding paragraph, wherein the
step of outputting an indication can include text indicating
that a sensor connection needs to be checked.

[0111] In some embodiments, a method of determining a
connection state between a non-invasive acoustic sensor and
a medical patient can include receiving an acoustic physi-
ological signal from an acoustic sensor coupled with a
medical patient. The method can further include the step of
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extracting a low frequency waveform from the acoustic
physiological signal. In some embodiments, the method can
include the step of detecting one or more characteristics in
the low frequency waveforms that correspond to predeter-
mined physiological features and in response to detecting
that the low frequency waveform does not have any char-
acteristics, outputting a probe-off indication. In an alternate
embodiment, the method can include the step of detecting a
first feature in the low frequency waveform that corresponds
to a first physiological feature and detecting a second feature
in the waveform that corresponds to a second physiological
feature in time. In response to detecting the second feature,
the method can include the step of outputting an indication
whether the sensor is properly connected to the patient.
[0112] In some embodiments, a method of determining a
connection state between a non-invasive acoustic sensor and
a medical patient can include receiving a first acoustic
physiological signal from a first acoustic sensor coupled
with a medical patient and receiving a second acoustic
physiological signal from a second acoustic sensor coupled
with the medical patient at different location than the first
acoustic sensor. The method can further include the step of
extracting a low frequency waveforms from the first and the
second acoustic physiological signals. In some embodi-
ments, the method can include the step of matching a
characteristic in the first acoustic physiological signal to a
characteristic in the second acoustic physiological signal. In
response to matching, the method can include the step of
outputting an indication whether the sensor is properly
connected to the patient.

X. Terminology

[0113] 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.

[0114] 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
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.

[0115] 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). Moreover, in
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certain embodiments, acts or events can be performed con-
currently, e.g., through multi-threaded processing, interrupt
processing, or multiple processors or processor cores, rather
than sequentially.

[0116] 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.

[0117] 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.

[0118] 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.

[0119] 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-
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tion. All changes which come within the meaning and range
of equivalency of the claims are to be embraced within their
scope.

1.-25. (canceled)

26. A method of automating detection of whether an
acoustic sensor is properly attached to a patient, the method
comprising:

receiving an acoustic physiological signal from an acous-

tic sensor;

transforming the acoustic physiological signal into a

frequency domain;
extracting energy of low frequency components in the
frequency transformed acoustic physiological signal;

comparing the extracted energy with a threshold that
indicates a likelihood of good quality connection of the
acoustic sensor with the patient; and

in response to said comparison, outputting an indication

of automated detection of whether the acoustic sensor
is properly attached to the patient.

27. The method of claim 26, wherein the low frequency
bins include frequencies corresponding to a heart rate.

28. The method of claim 26, wherein the extraction of
energy comprises adding magnitude of low frequency com-
ponents of the transformed acoustic physiological signal.

29. The method of claim 26, wherein the extraction of
energy comprises computing a power spectral density of the
acoustic physiological signal.

30. The method of claim 26, wherein the indication
comprises an alarm.

31. The method of claim 26, wherein the transform
comprises wherein the transform comprises one or more of
the following: a wavelet transform, a short-time Fourier
transform, a chirplet transform, and a Gabor transform.

32. A system of automating detection of whether an
acoustic sensor is properly attached to a patient, the system
comprising one or more hardware processors configured to:

receive an acoustic physiological signal from an acoustic

sensor;

transform the acoustic physiological signal into a fre-

quency domain;
extract energy of low frequency components in the fre-
quency transformed acoustic physiological signal;

compare the extracted energy with a threshold that indi-
cates a likelihood of good quality connection of the
acoustic sensor with the patient; and
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in response to said comparison, output an indication of
automated detection of whether the acoustic sensor is
properly attached to the patient.

33. The system of claim 32, wherein the low frequency
bins include frequencies corresponding to a heart rate.

34. The system of claim 32, wherein the extraction of
energy comprises adding magnitude of low frequency com-
ponents of the transformed acoustic physiological signal.

35. The system of claim 32, wherein the extraction of
energy comprises computing a power spectral density of the
acoustic physiological signal.

36. The system of claim 32, wherein the indication
comprises an alarm.

37. The system of claim 32, wherein the transform com-
prises wherein the transform comprises one or more of the
following: a wavelet transform, a short-time Fourier trans-
form, a chirplet transform, and a Gabor transform.

38. A system of automating detection of whether an
acoustic sensor is properly attached to a patient, the system
comprising one or more hardware processors configured to:

receive an acoustic physiological signal from an acoustic

sensor;

determine a magnitude of at least one of a plurality of low

frequency components in the received acoustic physi-
ological signal, and

in response to said determination, output an indication of

automated detection of whether the acoustic sensor is
properly attached to the patient.

39. The system of claim 38, wherein the at least one of the
plurality of low frequency components include a frequency
corresponding to a heart rate.

40. The system of claim 38, wherein the one or more
hardware processors are further configured to transform the
acoustic physiological signal into a frequency domain for
the determination of the magnitude.

41. The system of claim 40, wherein the indication
comprises an alarm.

42. The system of claim 41, wherein the transform com-
prises wherein the transform comprises one or more of the
following: a wavelet transform, a short-time Fourier trans-
form, a chirplet transform, and a Gabor transform.
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