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SYSTEM AND METHODS FOR POSITIONING
AN INTUBATION TUBE

CLAIM OF PRIORITY

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 62/139,061 filed on Mar. 27, 2015,
entitled “SYSTEMS AND METHODS FOR POSITIONING
AN INTUBATION TUBE.”

TECHNICAL FIELD

[0002] This document describes systems and methods for
determining placement of an intubation tube in a patient.

BACKGROUND

[0003] Tracheal intubation is a procedure performed on
patients who are unconscious or otherwise cannot breathe on
their own. The placement of an endotracheal tube in the
trachea of the patient helps prevent suffocation or obstruction
of the passage of air to the lungs and serves as a conduit
through which medication can be administered. Typically,
intubation is performed with a laryngoscope, flexible fiber-
optic bronchoscope, or video laryngoscope. After insertion of
the intubation tube, a balloon cuff at the far end of the tube is
inflated to secure placement of the tube.

[0004] Although intubation provides relief in emergency
situations, or situations in which a patient cannot breathe
under her own power, there are considerable dangers associ-
ated with tracheal intubation. For example, placement of the
tube in the esophagus of the patient can lead to potentially
fatal anoxia. Furthermore, improper placement of the tube
relative to the carina can result in unevenly ventilated lungs.
When properly positioned, the distal tip of the tube will be
positioned in the mid-trachea slightly above the bifurcation of
the trachea. Conventional methods for addressing placement
of the intubation tube include direct visualization until the
tube passes through the glottis of the patient and indirect
visualization using a bronchoscope after visual contact is lost.
Additional techniques include listening to the chest and stom-
ach with a stethoscope.

SUMMARY

[0005] This document describes a first acoustic sensor con-
figured to be disposed to listen to one of a lung and a stomach
of the patient and to provide a first signal, and a signal pro-
cessing unit, coupled to the first acoustic sensor, configured to
analyze spectral components of the first signal and determine
whether a frequency of the spectral components of the first
signal are characteristic of sounds induced by ventilation via
the intubation tube of airflow to the lung or the stomach of the
patient. The function of the preamble is to set forth the general
technical environment of the invention.

[0006] Insome implementations, the signal processing unit
is further configured to provide an instruction to relocate the
first acoustic sensor responsive to the determination. The
signal processing unit is further configured to provide an
instruction to relocate the first acoustic sensor at one of a third
left intercostal region, a third right intercostal region, a sixth
left intercostal region, a sixth right intercostal region, and a
stomach region of the body of the patient. In some implemen-
tations, the actions include a second acoustic sensor config-
ured to be disposed to listen to one of the lung and the stomach
of the patient and to provide a second signal, wherein the
signal processing unit is further coupled to the second acous-
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tic sensor and configured to analyze spectral components of
the second signal and determine whether a frequency of the
spectral components of the second signal are characteristic of
sounds induced by ventilation via the intubation tube of air-
flow to the lung or the stomach of the patient. In some imple-
mentations, the signal processing unit is further configured to
determine whether an amplitude of the spectral components
of the first signal and the second signal are substantially
equal, and provide an instruction to relocate a position of the
intubation tube in the patient in response to a determination
that the amplitude of the spectral components of the first
signal and the second signal are substantially unequal. In
some implementations, the first acoustic sensor is configured
to be disposed at approximately the third left intercostal
region of the body of the patient, and the second acoustic
sensor is configured to be disposed at approximately the third
right intercostal region of the body of the patient. In some
implementations, the actions include a third acoustic sensor
coupled to the signal processing unit and configured to be
disposed at approximately the stomach region of the body of
the patient and to provide a third signal, wherein the signal
processing unit is further configured to analyze spectral com-
ponents of the third signal. In some implementations, the
signal processing unit is further configured to analyze spec-
tral components of the third signal and determine whether a
frequency of the spectral components of the third signal are
characteristic of sounds induced by ventilation via the intu-
bation tube of airflow to the stomach of the patient. The
actions include an air flow sensor configured to detect airflow
through the intubation tube; wherein the signal processing
unit is coupled to the air flow sensor and further configured to
analyze the spectral components of the first signal responsive
to detecting the airflow through the intubation tube. In some
implementations, the air flow sensor is positioned at a distal
tip of the intubation tube. In some implementations, the air
flow sensor is positioned at a proximal tip of the intubation
tube. In some implementations, the air flow sensor includes a
differential air flow sensor. The actions include a first pressure
sensor positioned at a proximal tip of the intubation tube; and
a second pressure sensor positioned at the distal tip of the
intubation tube; wherein the signal processing unit is coupled
to the first pressure sensor and the second pressure sensor and
configured to analyze a pressure differential between a first
pressure detected by the first pressure sensor and a second
pressure detected by the second pressure sensor. The signal
processing unit is further configured to filter vibrational noise
transduced into the first signal from chest compressions deliv-
ered to the patient.

[0007] Insomeimplementations, the system includesa first
acoustic sensor configured to be disposed to listen to one of a
lung and a stomach of the patient and to provide a first signal;
asecond acoustic sensor configured to be disposed to listen to
one of the lung and the stomach of the patient and to provide
a first signal; and a signal processing unit, coupled to the first
acoustic sensor and the second acoustic sensor, configured to
analyze spectral components of the first signal and the second
signal, and determine that the intubation tube is properly
disposed in the body of the patient in response to a determi-
nation that a frequency of the spectral components of the first
signal and the second signal are characteristic of sounds of
airflow to the lung or the stomach of the patient.

[0008] Insome implementations, the signal processing unit
is further configured to determine whether the frequency of
the spectral components of the first signal and second signal
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are above a determined threshold and an amplitude of the
spectral components of the first signal and the second signal
are substantially equal, and determine that the intubation tube
is properly disposed in the body of the patient in response to
adetermination that the frequency of the spectral components
of the first signal and the second signal are above the deter-
mined threshold and the amplitude of the spectral compo-
nents of the first signal and the second signal are substantially
equal. The actions include an air flow sensor configured to
detect airflow through the intubation tube; wherein the signal
processing unit is coupled to the air flow sensor and further
configured to analyze the spectral components of the first
signal and the second signal responsive to detecting the air-
flow through the intubation tube. In some implementations,
the air flow sensor is positioned at a distal tip of the intubation
tube. In some implementations, the air flow sensor is posi-
tioned ata proximal tip of the intubation tube. In some imple-
mentations, the air flow sensor includes a differential air flow
sensor. In some implementations, the actions include a first
pressure sensor positioned at a proximal tip of the intubation
tube; and a second pressure sensor positioned at the distal tip
of the intubation tube; wherein the signal processing unit is
coupled to the first pressure sensor and the second pressure
sensor and configured to analyze a pressure differential
between a first pressure detected by the first pressure sensor
and a second pressure detected by the second pressure sensor.
In some implementations, the signal processing unit is further
configured to filter vibrational noise transduced into the first
signal from chest compressions delivered to the patient. In
some implementations, the first acoustic sensor and second
acoustic sensor each includes one of a microphone and an
accelerometer. In some implementations, the first acoustic
sensor is disposed in a sensor assembly that includes a first
ECG electrode removably coupled to the first acoustic sensor.
In some implementations, the sensor assembly includes a
self-adhesive pad configured to attach to the body of the
patient, and wherein the first ECG electrode and the first
acoustic sensor are mounted to the adhesive pad. The adhe-
sive pad includes a perforation disposed between the first
ECG electrode and the first acoustic sensor. In some imple-
mentations, the signal processing unit is further configured to
analyze the first signal and the second signal and determine
displacement of the body in the third left intercostal region
and the third right intercostal region. In some implementa-
tions, the signal processing unit is further configured to com-
pare the displacement of the body in the third left intercostal
region and the third right intercostal region, and to determine
that the intubation tube is properly disposed in the body of the
patient in response to the determination that the frequency of
the spectral components of the first signal and the second
signal are above the determined threshold and the amplitude
of the spectral components of the first signal and the second
signal are substantially equal, and determining that the dis-
placement of the body in the third left intercostal region is
substantially equal to the displacement of the body in the third
right intercostal region. In some implementations, the signal
processing unit is further configured to low-pass filter the first
signal and the second signal prior to analyzing the first signal
and the second signal and determining displacement. In some
implementations, the signal processing unit is configured to
low-pass filter the first signal and the second signal with a
pass-band of 0 Hz to 5 Hz. The signal processing unit is
further configured to band-pass filter the first signal and the
second signal prior to analyzing the spectral components of
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the first signal and the second signal. The signal processing
unit is configured to band-pass filter the first signal and the
second signal with a pass-band of 5 Hz to 5000 Hz.

[0009] The signal processing unit is further configured to
analyze the first signal and the second signal and determine
displacement of the body in the third left intercostal region
and the third right intercostal region. In some implementa-
tions, the signal processing unit is further configured to com-
pare the displacement of the body in the third left intercostal
region and the third right intercostal region, and to determine
that the intubation tube is properly disposed in the body of the
patient in response to the determination that the frequency of
the spectral components of the first signal and the second
signal are above the determined threshold and the amplitude
of the spectral components of the first signal and the second
signal are substantially equal, and determining that the dis-
placement of the body in the third left intercostal region is
substantially equal to the displacement of the body in the third
right intercostal region. In some implementations, the actions
include a third acoustic sensor coupled to the signal process-
ing unit and configured to be disposed at approximately the
left abdominal region of the body of the patient and to provide
a third signal; and a fourth acoustic sensor coupled to the
signal processing unit and configured to be disposed at
approximately the right abdominal region of the body of the
patient and to provide a fourth signal; wherein the signal
processing unit is further configured to analyze spectral com-
ponents of the third signal and the fourth signal, determine
whether a frequency of the spectral components of the third
signal and the fourth signal are above the determined thresh-
old and an amplitude of the spectral components of the third
signal and the fourth signal are substantially equal, and deter-
mine that the intubation tube is properly disposed in the body
in response to the determination that the frequency of the
spectral components of the first signal, the second signal, the
third signal, and the fourth signal are above the determined
threshold, the amplitude of the spectral components of the
first signal and the second signal are substantially equal, and
the amplitude of the spectral components of the third signal
and the fourth signal are substantially equal. In some imple-
mentations, the third acoustic sensor and the fourth acoustic
sensor each includes one of a microphone and an accelerom-
eter. In some implementations, each of the first, second, third,
and fourth acoustic sensors is disposed in a sensor assembly
that includes a respective ECG electrode. The actions include
a fifth acoustic sensor coupled to the signal processing umt
and configured to be disposed at approximately the stomach
region of the body of the patient and provide a fifth signal;
wherein the signal processing unit is further configured to
analyze spectral components of the fifth signal.

[0010] The system performs actions including receiving a
first signal from a first acoustic sensor disposed to listen to
one of a lung and a stomach ofthe patient; receiving a second
signal from a second acoustic sensor disposed to listen to one
of the lung and the stomach of the patient; comparing a
frequency of spectral components of the first signal and the
second signal to sounds of airflow to the lung or the stomach
of the patient; and determining positioning of the intubation
tube in a body of the patient in response to the comparison of
the frequency of the spectral components.

[0011] Insome implementations, performs actions includ-
ing comparing the frequency of the spectral components of
the first signal and the second signal comprises comparing the
frequency of the spectral components of the first signal and
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the second signal to a determined threshold. The actions
include comparing an amplitude of the spectral components
of the first signal and the second signal; and determining
positioning of the intubation tube in the body of the patient in
response to the comparison of the amplitude and the compari-
son of the frequency. The actions include receiving a first
ECG signal from a first ECG electrode removably coupled to
the first acoustic sensor and receiving a second ECG signal
from a second ECG electrode removably coupled to the sec-
ond acoustic sensor. The actions include analyzing the first
signal and the second signal; and determining displacement
of the body in a third left intercostal region and a third right
intercostal region. The actions include comparing the dis-
placement of the body in the third left intercostal region and
the third right intercostal region, and determining that the
intubation tube is properly disposed in the body of the patient
in response to determining that the frequency of the spectral
components of the first signal and the second signal are above
the determined threshold, the amplitude of the spectral com-
ponents of the first signal and the second signal are substan-
tially equal, and the displacement of the body in the third left
intercostal region is substantially equal to the displacement of
the body in the third right intercostal region. In some imple-
mentations, the actions include low-pass filtering the first
signal and the second signal prior to analyzing the first signal
and the second signal and determining displacement. In some
implementations, the act of low-pass filtering includes filter-
ing the first signal and the second signal with a pass-band of
0 Hz to 5 Hz. The actions include band-pass filtering the first
signal and the second signal prior to comparing the frequency
of the spectral components of the first signal and the second
signal to a determined threshold. In some implementations,
the act of band-pass filtering includes band-pass filtering the
first signal and the second signal with a pass-band of 5 Hz to
5000 Hz. The actions include analyzing the first signal and the
second signal; and determining displacement of the body ina
third left intercostal region and a third right intercostal region.
In some implementations, the actions include comparing the
displacement of the body in the third left intercostal region
and the third right intercostal region, and determining that the
intubation tube is properly disposed in the body of the patient
in response to determining that the frequency of the spectral
components of the first signal and the second signal are above
the determined threshold, an amplitude of the spectral com-
ponents of the first signal and the second signal are substan-
tially equal, and the displacement of the body in the third left
intercostal region is substantially equal to the displacement of
the body in the third right intercostal region. In some imple-
mentations, the actions include receiving a third signal from a
third acoustic sensor disposed at approximately the left
abdominal region of the body of the patient; receiving a fourth
signal from a fourth acoustic sensor disposed at approxi-
mately the right abdominal region of the body of the patient;
comparing an amplitude of spectral components of the third
signal and the fourth signal; comparing a frequency of the
spectral components of the third signal and the fourth signal
to adetermined threshold; and determining positioning of the
intubation tube in the body of the patient in response to the
comparison of the amplitude and the comparison of the fre-
quency. In some implementations, the actions include analyz-
ing the third signal and the fourth signal; and determining
displacement of the body in the left stomach region and the
right stomach region. In some implementations, the actions
include receiving a third ECG signal from a third ECG elec-
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trode removably coupled to the third acoustic sensor and
receiving a fourth ECG signal from a fourth ECG electrode
removably coupled to the fourth acoustic sensor. The actions
include receiving a fifth signal from a fifth acoustic sensor
disposed at approximately the stomach region of the body of
the patient; and analyzing spectral components of the fifth
signal. In some implementations, the actions include trigger-
ing the act of comparing the frequency of spectral compo-
nents of the first signal and the second signal to sounds of
airflow to the lung or the stomach of the patient responsive to
detecting airflow through the intubation tube. In some imple-
mentations, the actions include triggering the act of compar-
ing the frequency of spectral components of the first signal
and the second signal to sounds of airflow to the lung or the
stomach of the patient responsive to detecting a pressure
differential between a first pressure sensor positioned at a
proximal tip of the intubation tube and a second pressure
sensor positioned at a distal tip of the intubation tube.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGS. 1A-1B show examples of intubation tube
placement systems.

[0013] FIG. 2 shows a diagram of a signal processing sys-

tem.

[0014] FIGS. 3-4 show examples of intubation tube place-

ment systems.

[0015] FIG. 5 shows an example of a process flow.
DETAILED DESCRIPTION

[0016] This document describes methods and systems to

facilitate placement of an endotracheal intubation tube. An
intubation tube positioning system determines placement of
an intubation tube in a patient such that human error in audi-
torily comparing respiration and stomach sounds can be
avoided. Once the intubation tube is placed in the patient, the
positioning system can monitor the position of the intubation
tube to verify that the placement of the intubation tube is
maintained.

[0017] As discussed above, to determine proper placement
of endotracheal intubation tubes conventional methods uti-
lize direct visualization, indirect visualization via a broncho-
scope, or typically, physician placed stethoscopes. Accord-
ingly, these methods recognize that a properly placed
intubation tube will result in equilateral breathing sounds, and
minimal noise in the stomach region of the patient. Neverthe-
less, these methods require a highly trained physician to
recognize the sounds of a properly placed intubation tube.
Often the distinction in sounds is difficult to recognize by ear
and subject to interference created by environmental condi-
tions such as patient movement and ambient noise.

[0018] Applicants have appreciated there is a need to facili-
tate proper placement of an endotracheal intubation tube and
protect patients from improperly placed intubation tubes. To
address these needs, Applicants have developed a number of
different embodiments of an intubation tube positioning sys-
tem that determines proper placement of an intubation tube in
a patient while removing the human error in auditorily com-
paring respiration and stomach sounds. Once the intubation
tube is properly placed in the patient, embodiments of the
present system can also monitor the position of the intubation
tube to verify that proper placement of the intubation tube is
maintained.
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[0019] FIG. 1A shows an example of an intubation tube
positioning system 100. The intubation tube positioning sys-
tem 100 includes an intubation tube 140. The intubation tube
140 includes a balloon cuff 142 disposed at its distal end to
maintain the position of the tube 150 in the trachea and create
a seal with the trachea wall. The intubation tube positioning
system 100 includes a first sensor assembly 102 having an
acoustic sensor 104, a second sensor assembly 108 having an
acoustic sensor 110, a plurality of connectors 118, and a
signal processing unit 114. In some implementations, the first
sensor assembly 102 is configured to be disposed at approxi-
mately the third left intercostal region of the body of the
patient and the second sensor assembly 108 is configured to
be disposed at approximately the third right intercostal region
of the body of the patient. The intercostal region is the ana-
tomic space between two ribs. For example, the third left
intercostal region corresponds to the left side of the patient
between ribs three and four and the third right intercostal
region corresponds to the right side of the patient between ribs
three and four. In some implementations, the first assembly
102 and second assembly 108 are placed slightly above the
nipple and below the clavicle. In some implementations the
sensor assemblies 102, 108 are displaced in the third inter-
costal regions of the body. In some implementations, the
sensor assemblies 102, 108 are configured to be disposed in
other regions of the patient’s body.

[0020] As shown in FIG. 1A, the first sensor assembly 102
includes an acoustic sensor 104 and the second sensor assem-
bly 108 includes an acoustic sensor 110. Various types of
acoustic sensors can be used, such as the AUDICOR™ RT 4.0
AM sensor and similar sensors provided by Inovise Medical,
Inc., and other acoustic sensors described in greater detail
below. The acoustic sensors can include an accelerometer,
microphone, or other additional sensors. The acoustic sensors
are configured to detect and convey acoustic signals, such as
those created by activity (e.g., movement) of the lungs or
stomach of the patient. The acoustic sensors are intercon-
nected, via the connection element 118, to the signal process-
ing unit 114 and may exchange data such as collected acoustic
signals. The connection element 118 can include a pair of
leads extending from the acoustic sensors to the signal pro-
cessing unit 114. In some implementations, the first and sec-
ond sensor assemblies can further include a battery opera-
tively connected to the acoustic sensors and configured
provide electrical power for signal detection operations.

[0021] In some implementations, the acoustic sensor 110
can comprise a three axis multiple-channel MEMS acceler-
ometer. The acoustic sensor 110 may comprise a three-chan-
nel accelerometer. In some implementations, a first channel
of the three-channel accelerometer is configured to monitor
sounds produced by a heart of the patient, a second channel of
the three-channel accelerometer is configured to monitor a
respiration of the patient, and a third channel of the three-
channel accelerometer is configured to monitor movement of
the patient. The acoustic three-channel accelerometer can be
configured to sense movement in each of three orthogonal
axes. An example of an accelerometer which may be utilized
in some implementations is a LIS344ALH accelerometer,
available from STMicroelectronics.

[0022] In some implementations the acoustic sensor 110
comprises a microphone. In some implementations the
acoustic sensor 110 comprises an accelerometer. The acoustic
sensor 110 and associated electronics may be configured to
monitor any one or more of a patient’s respiration, a patient’s
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heart sounds, a patient’s position, and an activity level of a
patient. The acoustic sensor 110 and associated electronics
may additionally or alternatively be configured to monitor
other sounds which may be indicative of a state of health of a
patient, for example, gastrointestinal sounds or the sounds of
snoring or the absence of such sounds, for example, to pro-
vide an indication of the patient experiencing sleep apnea.
The acoustic sensor 110 may provide signals indicative of the
patient’s respiration on a first channel, signals indicative of
the patient’s heart sounds on a second channel, and signals
indicative of the patient’s position on a third channel. In other
implementations, the different channels may be utilized to
provide signals indicative of more than one physiological
parameter or other parameter associated with the state of the
patient. For example, in one implementation, the acoustic
sensor 110 may provide signals indicative of the patient’s
heart sounds on a first channel, signals indicative of the
patient’s respiration on a second channel, and signals indica-
tive of the patient’s body position on any or all of the first,
second, and third channel. It should be appreciated that
dependent on the underlying parameter that is being moni-
tored, multiple signals related to the parameter being moni-
tored may be received over a single channel or a number of
different channels.

[0023] Further, when including an accelerometer, the
acoustic sensor 110 and associated electronics may be con-
figured to provide an indication of whether a therapy elec-
trode assembly including the acoustic sensor has been cor-
rectly placed on a patient. The acoustic sensor 110 and
associated electronics may be configured to detect, for
example, by sensing the direction of the pull of the Earth’s
gravity, the orientation of the acoustic sensor 110, and of the
therapy electrode assembly in which it is included. The
acoustic sensor 110 and associated electronics may thus be
utilized to provide an indication of whether the therapy elec-
trode assembly has been correctly placed on a patient or
whether it has been incorrectly placed, for example, in an
inverted position.

[0024] The acoustic sensor 110 and associated electronics
may be configured to detect whether CPR is being performed
on the patient and to output a signal responsive to the detec-
tion of the performance of CPR. Further, electronics associ-
ated with the acoustic sensor 110 may be configured to ana-
lyze the motion associated with the performance of CPR, for
example, the rate and depth of chest compressions. Other
acoustic sensors can be used, such as those described in U.S.
Pat. Nos. 7,302,290, 7,668,589, and 8,409,108, and U.S.
Patent Application Serial No. 2015/0005588, titled
“THERAPUTIC DEVICE INCLUDING ACOUSTIC SEN-
SOR,” which are each incorporated herein by reference in
entirety.

[0025] The signal processing unit 114 can be used to deter-
mine and identify the source of the signal being received from
the acoustic sensor 110. The acoustic sensor 110 of the intu-
bation tube placement system 100 can be placed on the exte-
rior of the patient and can be used for lung auscultation. The
acoustic sensor 110 can be used for detecting lung sounds and
tracheal sounds. The signal processing unit can be configured
to distinguish between the lung sounds and the tracheal
sounds and assist a physician in determining a condition of a
patient by making this initial determination, which can
change the analysis of the physician since a sound can have
different implications for the condition of the patient depend-
ing on the source of the sound.
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[0026] For example, a typical tracheal sound is hollow and
nonmusical and can be heard during the two phases of the
respiratory cycle. The tracheal sound signal waveform can
appear similar to white noise. The frequencies of the tracheal
sound can range from about 100 Hz to almost 5000 Hz, but
have a drop in power at frequencies near 800 Hz. The tracheal
sound can be produced by turbulent airflow in the pharynx,
glottis, and subglottic region. The tracheal sound can carry
sound from within the lungs, allowing auscultation of other
sounds without filtering from the chest cage. For example, if
apatient has upper-airway obstruction, the tracheal sound can
become a tracheal wheeze, which can be distinguished from
asthmatic sounds from the lungs. In addition, tracheal sounds
can more easily reveal the presence of bronchial or tracheal
stenosis or a tumor in the central airway than the lung sound.

[0027] The lung sound is typically soft, nonmusical, and
heard clearly during inspiration and during the early phase of
expiration. The lung sound signal waveform can appear simi-
lar to low-pass filtered noise. The frequency range for the lung
sounds is narrower than for the tracheal sounds and extends
from about 100 Hz to 1000 Hz, and have a drop in power at
frequencies near 100-200 Hz. A decrease in sound intensity is
the most common abnormality and can indicate conditions
including hypoventilation, airway narrowing, lung destruc-
tion, pleural effusion, and pneumothorax. Addition informa-
tion on characterizing the lung sounds and the tracheal sounds
canbe found in Bohandana, Abraham, Fundamentals of Lung
Auscultation, N. Engl. . Med. 2014; 370:744-51, which is
incorporated herein by reference in its entirety.

[0028] The signal processing unit 114 can distinguish
between the tracheal sound and the lung sound by applying
signal processing techniques, described in further detail
below. In some implementations, the waveform of a sound
thatis measured by the acoustic sensor 110 can be analyzed to
determine frequency, power, and timing of the signal as com-
pared to the respiratory cycle of the patient to determine the
source of the sound and identify the sound as the tracheal
sound or the lung sound. For example, a waveform having a
frequency of 500 Hz at a given power level can indicate a
tracheal source. For example, a waveform having a frequency
of 50 Hz at a given power level that is detected during inspi-
ration but not expiration can indicate a lung source.

[0029] In addition to the signal processing techniques
described above, the signal processing unit 114 can process
and analyze tracheal sounds, lung sounds, and other respira-
tory sounds received by the acoustic sensor 110 using other
algorithms and techniques. In some implementations, the
acoustic sensors 110 can be multi-axis sound sensors. The
acoustic sensors 110 collect several signals from the patient
simultaneously along multiple, angularly intersecting X, Y, Z
sound-collecting axes. In some implementations, processed
signals are supplied that relate (to each other) simultaneously
gathered sound signals, including what are referred to herein
as processed-output apexcardiogram signals. The processed
signals may be created in the contest of having used the X and
Y components of collected sound information, including
appropriate ratios of X and Y signals, to minimize interfer-
ence from ambient noise signals, and/or to give information,
at the time of signal collection, about how to shift the relevant
sound sensor laterally on the anatomy so as to collect the
maximum available Z-axis sound signal, a process known as
“lateral shifting.” In some implementations, X and Y sound
components can additionally be employed to detect and char-
acterize shear/surface sound waves for various purposes, such
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as for the minimizing of extraneous noise interference. In
some implementations, the received signals are processed to
obtain associated vector magnitude and directionality infor-
mation. The signals are analyzed using vector magnitude and
directionality information for assessment of the subject’s
condition. These signal processing techniques can be used
with acoustic sensors such as the AUDICOR™ RT 4.0 AM
sensor and similar sensors provided by Inovise Medical, Inc.
Other signal processing techniques can be used, such as those
described in U.S. Pat. Nos. 7,302,290, 7,668,589, and 8,409,
108, and U.S. Patent Application Serial No. 2015/0005588,
titled “THERAPUTIC DEVICE INCLUDING ACOUSTIC
SENSOR,” which are each incorporated herein by reference
in entirety.

[0030] As shown in FIG. 1A, the first sensor assembly 102
and the second sensor assembly 108 additionally include an
ECG (electrocardiogram) electrode. A combined sensor
assembly that includes both an acoustic sensor and an ECG
electrode can be configured to monitor the patient’s ECG
signals. In some implementations, the ECG signals can be
combined with collected acoustic signals. In some implemen-
tations, a patient undergoing intubation can have his ECG
signals monitored. In the implementation depicted in FIG.
1A, the ECG electrode 106 of the first sensor assembly 102
and the ECG electrode 112 of the second sensor assembly 108
are proximate the first and second acoustic sensors and
removably coupled to the first and second acoustic sensors,
respectively. In some implementations, each sensor assembly
can include a disconnect/connect assembly that separates the
acoustic sensor from the respective ECG electrode (e.g.,
acoustic sensor 104 separates from ECG electrode 106). In
some implementations, in each sensor assembly, the acoustic
sensor may be removably coupled to the ECG electrode using
a hook and loop (e.g., VELCRO®) type fastener, perforated
pad, or separable buckle. The ECG electrodes may contact the
skin of the patient directly, or via an adhesive pad. The ECG
electrodes can measure and record the electrical activity of
the heart over a period of time. In some implementations,
each ECG electrode is interconnected, via the connection
element 118, with the signal processing unit 114 and can
exchange data such as the detected ECG signals. In some
implementations, the ECG electrodes of the first sensor
assembly 102 and second sensor assembly 108 include exten-
sions of ECG leads.

[0031] Although shown in FIG. 1A as lying along separate
detection axes, in some implementations, the first sensor
assembly 102 and the second sensor assembly 108 can
include an acoustic sensor and an ECG electrode aligned with
one another (e.g. symmetrically aligned) at spaced locations
distributed on and along a shared detection axis. In some
implementations, the acoustic sensor and ECG electrode may
share a common axis with the ECG electrode being disposed
within a circumference of the acoustic sensor, as described in
U.S. Pat. No. 7,010,342, for example. In this regard, ECG
signals that are collected by the ECG electrodes can be treated
as emanating from the same source.

[0032] In some implementations, when the first sensor
assembly 102 and second sensor assembly 108 are placed on
the body of the patient for signal collection, the contacting
surface of the sensor assembly and corresponding individual
sensor(s) includes a conductive gel, which seals the space
from outside air and provides an improved electrical and
acoustic connection. The conductive gel can further restrict
the collected signals to those that are related to the placement



US 2016/0278663 A1l

site. In some implementations, the first and second sensor
assemblies include a self-adhesive pad (pad 116 and pad 120)
for traction against the patient’s body. The self-adhesive pads
116, 120 stabilize the sensor assemblies 102, 108 against the
patient, maintain placement ofthe sensor assemblies 102,108
at the signal collection site, and prevent slippage of the sensor
assemblies 102, 108 during the course of the intubation pro-
cess.

[0033] As described above, signals from the body detected
by the acoustic sensor and ECG electrode of the first sensor
assembly 102 and second sensor assembly 108 can be
received at the signal processing unit 114. In some implemen-
tations, the sensor assemblies 102, 108 include internal
acoustic and electric signal processing circuitry such as buff-
ers, amplifiers, and/or analog to digital converters. Signals
detected by the acoustic sensors and ECG electrodes shown in
FIG. 1A can be received by the signal processing unit 114. In
some implementations, the signal processing unit 114
includes acoustic signal processing circuitry and ECG signal
processing circuitry. The signal processing unit 114 is con-
figured to determine placement of the intubation tube in the
body of the patient in response to analyzing the acoustic
and/or the electrical signals received from the first sensor
assembly 102 and second sensor assembly 108. Spectral com-
ponents of lung and stomach sounds can vary vastly in regard
to placement of the intubation tube. The signal processing
unit 114 compares spectral components of the acoustic sig-
nals measured by the first sensor assembly 102 and second
sensor assembly 108 with spectral components of lung and
esophageal sounds. For example, the sound of aspirating
lungs can be of a higher frequency than spectral components
of stomach noises. Accordingly, the signal processing unit
114 is configured to compare spectral components of the
acoustic signal collected by the first sensor assembly 102 and
the acoustic signal collected by the second sensor assembly
108 with a predetermined threshold to determine placement
of the intubation tube in the trachea. The predetermined
threshold can be indicative of the discrepancy in lung and
esophageal spectral components. In some implementations,
if the spectral components exhibit a frequency component
above the predetermined threshold, the signal processing unit
114 can indicate to an operator of the system 100 (e.g., a
clinician) that the intubation tube has been propetly placed in
the trachea. In some implementations, if the frequency char-
acteristics of the spectral components fall below the prede-
termined threshold, the signal processing unit 114 indicates
or conveys an alert that the intubation tube has been improp-
erly placed in the esophagus. Proper placement of the intu-
bation tube can occur if the intubation tube is placed in a
position such that the intubation tube is effective (e.g., posi-
tioned according to design specifications). In some imple-
mentations, the predetermined threshold can be determined
based on patient age, gender, height, weight, and/or physical
condition. In some implementations, the threshold value can
be a discrete value. In some implementations, the threshold
value can include a range of frequencies.

[0034] Insome implementations, the signal processing unit
114 can also determine placement of the distal end of the
intubation tube relative to the carina in response to analysis of
the spectral components of acoustic signals collected by the
first sensor assembly 102 and second sensor assembly 108.
The signal processing unit 114 is configured to compare an
amplitude of the spectral components of the signal received
from the first sensor assembly 102 to an amplitude of the
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spectral components of the signal received from the second
sensor assembly 108. Because a properly placed intubation
tube approximately evenly inflates each lung, substantially
equal amplitudes indicate that the tube has been properly
positioned.

[0035] Referring again to FIG. 1A, the signal processing
unit 114 can determine displacement of the body of the
patient from detected signal data provided by the first acoustic
sensor 104 and the second acoustic sensor 108. In some
implementations, when the intubation tube is properly placed
in the trachea, the chest of the patient can rise. In some
implementations, if the intubation tube is improperly placed
in the esophagus of the patient, the abdomen can rise. The
signal processing unit 114 can be configured to determine
whether a slow level DC component of displacement is occur-
ring, and determine if the intubation tube has been properly
placed. In some implementations, the signal processing unit
114 can be configured to convey notice of proper placement
of the intubation tube or convey an alert when the intubation
tube has been improperly placed.

[0036] Insomeimplementations, the signal processing unit
114 includes a band pass filter having a passband of approxi-
mately 20 Hz to 5000 Hz for filtering the detected acoustic
signals and a low pass filter of about 0 Hz to 5 Hz for the
displacement correlated acoustic signals. The disclosed fil-
ters can remove unwanted interference such as ambient noise.
In some implementations, various filters of the signal pro-
cessing unit 114 may be configured to filter vibrational noise
transduced into the acoustic sensors resulting from chest
compressions delivered to the patient. The acoustic sensors
may utilize an accelerometer to sense vibration on the chest
wall at the sensor assemblies. The same type of accelerometer
may be used to measure compression depth by placing it on
the patient’s sternum underneath hands of an operator (e.g.,
clinician). In some implementations, filtering is accom-
plished by blanking the acoustic signal during periods when
compressions are detected by the signal processing unit using
the signal from the sternal accelerometer.

[0037] In some implementations the system 100 may
include a single sensor assembly. FIG. 1B shows an example
intubation tube positioning system 100 including a single
sensor assembly 152. In some implementations, the single
sensor assembly 152 includes one of the first sensor assembly
102 or second sensor assembly 108. In some implementa-
tions, the signal processing unit 114 may be configured to
guide placement of the single sensor assembly 152 at various
locations of the patient’s body (e.g., as indicated generally by
ghostlines 154). As shown in FIG. 1B, one implementation of
the single sensor assembly 152 includes an acoustic sensor
156. In some implementations, the single sensor assembly
152 is configured to be disposed to listen to one of the lungs
or the stomach of the patient. This may include a position at
approximately the third left intercostal region of the body of
the patient, the third right intercostal region of the body of the
patient, or the stomach region of the body of the patient. In
some implementations, the single sensor assembly 152 is
configured to be displaced in the third intercostal regions of
the body. In some implementations, the single sensor assem-
bly 152 can be configured to be disposed in other regions of
the patient’s body.

[0038] As discussed above with reference to the first sensor
assembly 102 and second sensor assembly 108, the single
sensor assembly 152 is configured to detect and convey
acoustic signals, such as those created by activity (e.g., move-
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ment) of the lungs or stomach of the patient. The acoustic
sensor 156 1s interconnected, via the connection element 118,
to the signal processing unit 114 and may exchange data such
as collected acoustic signals. In some implementations, the
single sensor assembly 152 can include an ECG (electrocar-
diogram) electrode 158. A combined sensor assembly that
includes both an acoustic sensor and an ECG electrode can
monitor the patient’s ECG signals. In some implementations,
the ECG signals can be combined with collected acoustic
signals. In some implementations, the patients undergoing
intubation can have their ECG signals monitored. In some
implementations, the single sensor assembly 152 is placed on
the body of the patient for signal collection processes and
analyses.

[0039] As described above, signals from the body detected
by the acoustic sensor 156 and ECG electrode 158 of the
single sensor assembly 152 can be received at the signal
processing unit 114. In some implementations, the single
sensor assembly 152 includes internal acoustic and electric
signal processing circuitry such as buffers, amplifiers, and/or
analog to digital converters. Signals detected by the acoustic
sensor 156 and ECG electrode 158 shown in FIG. 1B can be
received by the signal processing unit 114. As discussed
above with reference to the first sensor assembly 102 and
second sensor assembly 108, the signal processing unit 114 is
configured to determine placement of the intubation tube in
the body of the patient in response to analyzing the acoustic
and/or the electrical signals received from the single sensor
assembly 152. Generally, the signal processing unit 114 is
configured to analyze spectral components of the signal
detected by the single sensor assembly 152 and determine
whether a frequency of the spectral components of the signal
are characteristic of sounds induced by ventilation via the
intubation tube of airflow to the lung or the stomach of the
patient. Such processes are discussed herein with reference to
the first and second sensor assemblies 102 and 108.

[0040] Insome implementations, the signal processing unit
114 is further configured to provide an instruction to relocate
the single sensor assembly 152 responsive to the determina-
tion. For example, responsive to a determination that the
placement of the intubation tube is proper, the signal process-
ing unit 114 may provide a verbal or visual instruction to an
operator of the system to relocate the single sensor assembly
152 to a second position. Instructions may include text,
images, moving images, video, audio, or tones. In some
implementations, relocating the single sensor assembly 152
includes relocating the single sensor assembly 152 at one of
the third left intercostal region, the third right intercostal
region, a sixth left intercostal region, a sixth right intercostal
region, or a stomach region of the body of the patient,
although the single sensor assembly 152 may be relocated to
any position on the body of the patient. Responsive to repo-
sitioning the single sensor assembly 152, the signal process-
ing unit 114 may re-perform the signal collection processes
and analysis. This process may be repeated for a predeter-
mined iteration of locations or for a predetermined time dura-
tion. The signal processing unit 114 may compare the ampli-
tude or frequency of spectral components of the signal
detected by the acoustic sensor 156 of the single sensor
assembly 152 at a first placement with the amplitude or fre-
quency of spectral components of a signal detected at a sec-
ond placement, or further placement, to determine position-
ing of the of intubation tube within the patient.
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[0041] Collection of data from the acoustic sensors can be
controlled to account for artifact due to vibration such as
vibration from vehicular motion, patients being transported
on stretchers, or clinicians touching and moving a patient
during treatment. In some implementations, the system 100
described above may be configured to have at least one air
flow sensor coupled with the signal processing unit 114 and
configured to measure air flow within the intubation tube 140,
such as shown in FIG. 1B. The at least one air flow sensor 160
is configured to provide an automatic analysis gate to receive
signals at the one or more acoustic sensors during particular
circumstances of operation, such as when air flow is occur-
ring. The signal processing unit 114 can be configured to
analyze spectral components of the signal detected by one or
more acoustic sensors responsive to detecting air flow
through the intubation tube 140. In some implementations,
the air flow sensor 160 uses the principles of a differential air
flow sensor. As shown in FIG. 1B, the sensor 160 is placed
approximately either at the proximal tip 170 or distal tip 172
of the intubation tube 140. Based on detection of air flow in
the intubation tube 140, the signal processing unit 114 can be
configured to initiate an analysis of the sounds from the one or
more acoustic sensors (e.g., acoustic sensor 156), reducing
(e.g., minimizing) effects of vibration artifact.

[0042] Asdiscussed above, when confirming the placement
of an intubation tube in standard clinical situations, a stetho-
scope is typically manually moved by the clinician to each
location. Once moved, the clinician listens for breaths at each
moment a ventilation is delivered. In these scenarios, each
position may require from 5-10 seconds of listening per
breath taken of the patient. This process is repeated at poten-
tially five locations for potentially two breaths. Thus, in these
scenarios, the practice of intubation tube placement confir-
mation can take up to 100 seconds.

[0043] In some implementations, the air flow sensor 160
can be used for intubation tube placement such that place-
ment can be confirmed automatically and at all locations
using fewer than five seconds. In some implementations, the
placement can be confirmed in about 3-5 seconds.

[0044] In some implementations, the gating function may
be generated by a user input from the operator of the intuba-
tion placement system (e.g., system 100). For example, via an
interface of the signal processing unit 114 the operator may
select a triggering operation to begin the processes described
above (e.g., “Start Listening Now” softkey). Other examples
of ventilation monitoring are described in U.S. patent appli-
cation Ser. No. 14/109,519, titled “VENTILATION MONI-
TORING”, which is incorporated herein by reference in its
entirety.

[0045] In some implementations, the gating function may
be provided by transthoracic impedance of the one or more
sensor assemblies and/or capnography (ETCO2) informa-
tion.

[0046] Insomeimplementations, one or more pressure sen-
sors may be located in the intubation tube 140 and coupled
with the signal processing unit 114. A first pressure sensor
162 is positioned at or near the proximal tip 170 of the intu-
bation tube 140 and at least a second pressure sensor 164 is
located at or near the distal tip 172 of the intubation tube 140.
The first and second pressure sensors 162 and 164 are con-
figured to measure absolute pressure within the intubation
tube 140. By measuring the pressures at the proximal and
distal ends relative to ambient pressures, as well as the timing
between the onset of pressure waves along the intubation tube
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140, the coupled signal processing unit 114 may determine
the source of the air flow, such as whether the air flow is due
to spontaneous breathing by the patient or due to bagging by
the clinician or a ventilator. Other examples of ventilation
monitoring are described in U.S. patent application Ser. No.
11/384,218 titled “AUTOMATED RESUSCITATION
DEVICE WITH VENTILATION SENSING AND
PROMPTING”, which is incorporated herein by reference in
its entirety. In some implementations, the processes and
analyses described above may initiate or execute responsive
to analysis of a pressure differential between the first pressure
sensor 162 and the second pressure sensor 164.

[0047] In some implementations, a first sensor assembly
may be placed over the stomach and a second sensor assem-
bly may be positioned at approximately at a sternal notch of
the body of the patient. The second sensor assembly may
contain a first acoustic sensor faced laterally such that the first
acoustic sensor of the centrally located second sensor assem-
bly preferentially senses the sounds from the right lung. Simi-
larly, the second sensor assembly may contain a second
acoustic sensor faced such that the second acoustic sensor of
the centrally located second sensor assembly preferentially
senses the sounds from the left lung. If the intubation tube is
placed too deeply, the amplitude of acoustic sounds measured
from the left and right sensors may not be balanced, and if the
tube is placed too shallow in the trachea, the amplitudes of the
left and right sensor outputs may be balanced with an attenu-
ated amplitude, as compared to a properly located intubation
tube. In some implementations, if the left and right ampli-
tudes are imbalanced, the signal processing unit (e.g., signal
processing unit 114) may prompt or instruct the operator of
the intubation system to adjust the position of the intubation
tube, such as to pull the tube out approximately 1inch and test
again. Using air flow measures from the air flow sensor 160,
the amplitude of spectral components of the signal detected
by the one or more acoustics sensors can be normalized to air
flow so that as the operator delivers ventilation, multiple
ventilations with the tube at different depths can be compared.
In some implementations, the intubation tube placement hav-
ing the largest amplitude that is still balanced can be chosen as
the proper intubation tube placement.

[0048] Referring to FIG. 2, there is illustrated a block dia-
gram of a signal processing unit 114, in which various aspects
and functions are practiced. As shown, the signal processing
unit 114 can include one or more systems components that
exchange information. More specifically, the signal process-
ing unit 114 can include at least one processor 202, a power
source 214, a data storage 210, a sensor interface 212, a user
interface 208, a memory 204, and one or more interconnec-
tion mechanisms 206. The power source 214 may be a
rechargeable battery that provides electrical power to other
components. The at least one processor 202 may be any type
of processor, multiprocessor, or controller. The at least one
processor 202 is connected to the other system components,
including one or more memory devices 204 by the intercon-
nection mechanism 206.

[0049] The sensorinterface 212 couples one or more sensor
assemblies, such as the first and second sensor assemblies
(102 and 108), to the at least one processor 202. In some
implementations, the sensor interface 212 may also couple
the at least one processor to other physiological sensors, such
as activity sensors, pulse oxygen sensors, temperature sen-
sors, respiratory rate sensors, thoracic impedance sensors,
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blood pressure sensors, acoustic sensors, etc. The sensor
interface 212 can include signal processing circuitry, such as
the circuitry discussed above.

[0050] The memory 204 stores programs (e.g., sequerces
of instructions coded to be executable by the processor 202)
and data during operation of the signal processing unit 114.
Thus, the memory 204 may be a relatively high performance,
volatile, random access memory such as a dynamic random
access memory (“DRAM”) or static memory (“SRAM”).
However, the memory 204 may include any device for storing
data, such as a disk drive or other nonvolatile storage device.
Various examples may organize the memory 204 into particu-
larized and, in some cases, unique structures to perform the
functions disclosed herein. These data structures may be
sized and organized to store values for particular data and
types of data.

[0051] Components of the signal processing unit 114 are
coupled by an interconnection mechanism such as the inter-
connection mechanism 206. The interconnection mechanism
206 may include any communication coupling between sys-
tem components such as one or more physical busses in
conformance with specialized or standard computing bus
technologies such as IDE, SCSI, PCI and InfiniBand. The
interconnection mechanism 206 enables communications,
including instructions and data, to be exchanged between
system components of the signal processing unit 114.

[0052] The signal processing unit 114 can also include one
or more user interface devices 208 such as input devices,
output devices and combination input/output devices. Inter-
face devices may receive input or provide output. More par-
ticularly, output devices may render information for external
presentation. Input devices may accept information from
external sources. Examples of interface devices include key-
boards, mouse devices, trackballs, microphones, touch
screens, printing devices, display screens, speakers, network
interface cards, etc. Interface devices allow the signal pro-
cessing unit 114 to exchange information and to communi-
cate with external entities, such as users and other systems.

[0053] The data storage element 210 includes a computer
readable and writeable data storage medium configured to
store noon-transitory instructions and other data, and cant
include both nonvolatile storage media, such as optical or
magnetic disk, ROM or flash memory, as well as volatile
memory, such as RAM. The instructions may include execut-
able programs or other code that can be executed by the at
least one processor 202 to perform any of the functions
described here below.

[0054] Insome implementations, the signal processing unit
114 includes additional components and/or interfaces, such
as a communication network interface (wired and/or wire-
less), and the at least one processor 202 may include a power
saving processor arrangement. In various implementations,
the signal processing unit 114 may include a digital signal
processor having architecture to measure, filter, and/or com-
press discrete or continuous analog signals received from the
sensor assemblies.

[0055] As discussed above, use of a first and second sensor
assembly, in addition to a signal processing unit, can improve
the accuracy and safety of endotracheal intubation tube place-
ment. The intubation tube placement system can discern an
acoustic sound is indicative of esophageal or tracheal intuba-
tion tube placement for a user. In some implementations, the
system reduces effects from environmental conditions, such
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as ambient noise, that may otherwise interfere with intubation
tube placement determinations.

[0056] FIG. 3 shows anexample intubation tube placement
system. With continuing reference to FIG. 1A and FIG. 2, in
addition to a first sensor assembly and a second sensor assem-
bly each having an acoustic sensor and an ECG electrode
coupled to the body, some implementations can further
include a third sensor assembly 302 having an acoustic sensor
304 and an ECG electrode 306, and a fourth sensor assembly
308 having an acoustic sensor 310 and an ECG electrode. In
some implementations, the ECG electrodes are proximate
and removably coupled to the third and fourth acoustic sen-
sors, respectively. The third sensor assembly 302 is config-
ured to be disposed at approximately the left abdominal
region of the body and the fourth sensor assembly 308 is
configured to be disposed at approximately the right abdomi-
nal region of the body. As shown in FIG. 3, the dispositions
can include the area slightly above the diaphragm approxi-
mately at the sixth left and right intercostals. In some imple-
mentations, the sensors can be configured to be displaced in
other regions of the patient’s body.

[0057] Although various types of sensors may be
employed, the acoustic sensor of the third sensor assembly
304 and the acoustic sensor of the fourth sensor assembly 310
can include an accelerometer or a microphone. The acoustic
sensor is configured to convey acoustic signals, such as those
created by activity (e.g., movement) of the lungs or stomach
of the patient. The acoustic sensors are interconnected, via the
connection element 118, with the signal processing unit 114
and may exchange data such as detected acoustic signals. In
some implementations, the third sensor assembly 302 and the
fourth sensor assembly 308 include a self-adhesive pad
(shown as 314 and316) for traction against the patient’s body.
The self-adhesive pad stabilizes the respective sensor assem-
bly against the patient and prevents movement during the
course of the intubation process.

[0058] As discussed above with reference to FIG. 1A, sig-
nals from the body detected by the acoustics sensors can be
received by the signal processing unit 114. In addition to
determining placement of the intubation tube in the body of
the patient in response to analyzing the acoustic signals
received from the first and second sensor assemblies, the
signal processing unit can be further configured to determine
tube placement in response to analyzing acoustic signals
received from the third sensor assembly 302 and fourth sensor
assembly 308. Accordingly, the signal processing unit 114 is
configured to compare spectral components of the signals
collected by the third and fourth sensor assemblies with a
predetermined threshold to determine proper placement of
the intubation tube in the trachea. In some implementations,
the predetermined threshold can be the same predetermined
threshold as discussed above with reference to the first sensor
assembly 102 and the second sensor assembly 108. In some
implementations, the predetermined threshold is unique to
the third sensor assembly 302 and fourth sensor assembly
308.

[0059] Furthermore, the signal processing unit can be fur-
ther configured to determine placement of the distal end of the
intubation tube relative to the carina in response to analysis of
the spectral components of the acoustic signals received from
the third sensor assembly 302 and fourth sensor assembly
304. The signal processing unit 114 is configured to compare
an amplitude of the spectral components of the signals
received from the acoustic sensor ofthe third sensor assembly
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302 to an amplitude of the spectral components of the signal
received from the fourth sensor assembly 308. In some imple-
mentations, the signal processing unit 114 can also be con-
figured to compare the amplitudes of spectral components of
signals from acoustic sensors disposed on the same side ofthe
patient’s body. For example, the signal processing unit may
compare amplitudes of signals received from a first sensor
disposed proximate the third left intercostal region of the
patient’s body and a third sensor disposed proximate the sixth
left intercostal region of the patient’s body.

[0060] The signal processing unit 114 is configured to
determine displacement of the body of the patient from
detected signal data provided by the third sensor assembly
302 and the fourth sensor assembly 308. The signal process-
ing unit 114 is configured to determine whether a slow level
DC component of displacement is occurring, and determine if
the intubation tube has been properly placed. As described
above, in some implementations, the signal processing umt
114 can be configured to convey proper placement of the
intubation tube or convey an alert when the intubation tube
has been improperly placed.

[0061] FIG. 4 shows an example of an intubation tube
placement system. In addition to a first sensor assembly, a
second sensor assembly, a third sensor assembly, and a fourth
sensor assembly, each having an acoustic sensor and an ECG
electrode, an implementation can further include a fifth sen-
sor assembly 402 having an acoustic sensor 404. As shown in
FIG. 4, the fifth sensor assembly 402 can be configured to be
disposed at approximately the stomach region of the patient.
Although various types of sensors may be employed, the
acoustic sensor 404 of various implementations can include
an accelerometer, a piezoelectric strain gauge or a micro-
phone. The acoustic sensor 404 is configured to convey
acoustic signals, such as those created by activity of the
stomach of the patient. The acoustic sensor 404 is intercon-
nected, via the connection element 118, with the signal pro-
cessing unit 114 and may exchange data such as detected
acoustic signals. In some implementations, the fifth sensor
assembly 402 includes a self-adhesive pad 408 for traction
against the patient’s body. The self-adhesive pad 408 stabi-
lizes the sensor assembly against the patient and prevents
movement during the course of the intubation process.
[0062] Signals from the body collected by the acoustic
sensor 404 of the fifth sensor assembly 402 can be received at
the signal processing unit 114. In addition to determining
placement of the intubation tube in the body of the patient in
response to analyzing the acoustic and/or the electrical sig-
nals received from the first, second, third, and fourth sensor
assemblies, the signal processing unit 114 can be further
configured to determine tube placement in response receiving
signals collected by the fifth sensor assembly 402. In some
implementations, the signal processing unit is configured to
compare spectral components of the signals collected by the
fifth sensor assembly 402 to a predetermined threshold to
determine proper placement of the intubation tube in the
trachea. In some implementations, because the fifth sensor
assembly 402 is can be positioned proximate the stomach of
the patient, heightened activity in the stomach region follow-
ing the intubation process can be recognized as indication of
improper tube placement.

[0063] Furthermore, the signal processing unit 114 is con-
figured to determine displacement of the patient’s body based
on signals collected by the fifth sensor assembly 402. In some
implementations, because the fifth sensor assembly 402 can
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be positioned proximate the stomach of the patient, increased
displacement in the stomach region following the intubation
process can be recognized as indication of improper tube
placement. In some implementations, the signal processing
unit can be configured to convey proper placement of the
intubation tube or convey an alert when the intubation tube
has been improperly placed.

[0064] Referring now to FIG. 5, a method of determining
intubation tube positioning in a patient, such as placement
system 100 described above with reference to FIGS. 14, is
shown. In step 502, method 500 can include receiving a first
signal from a first acoustic sensor. In some implementations,
the first acoustic sensor includes an accelerometer or a micro-
phone. The acoustic sensor of an implementation is config-
ured to collect and convey acoustic signals, such as those
created by activity of the lungs or stomach of the patient. Prior
to receiving the first signal from the first acoustic sensor, the
method of FIG. 5 can further include placing the first acoustic
sensor at approximately the third left intercostal region of the
body of the patient. In some implementations, the first acous-
tic sensor is placed slightly above the nipple and below the
clavicle. In some implementations, a signal processing unit,
such as described above, is configured to guide placement of
the first acoustic sensor. In some implementations in which
only a single acoustic sensor is used, the signal processing
unit may direct placement in the third left intercostal region of
the body of the patient, followed by placement in the third
right left intercostal region of the body of the patient, fol-
lowed by placement in the sixth left intercostal region of the
body of the patient, followed by placement in the sixth right
intercostal region of the body of the patient, and also followed
by placement in the stomach region of the patient. The signal
processing may guide placement, of one or more sensor
assemblies in any of the discussed areas or regions, in any
particular order. In some implementations, if multiple acous-
tic sensors are used, for example, in the implementation
described previously with reference to FIG. 4, the signal
processing unit may direct placement of a first acoustic sensor
in the third left intercostal region, followed by placement of a
second acoustic sensor in the third right intercostal region,
followed by placement of a third acoustic sensor in the sixth
left intercostal region, followed by placement of a fourth
acoustic sensor in the sixth right intercostal region, and also
followed by placement of a fifth sensor in the stomach region
of the patient.

[0065] Instep 502, method 500 may also include receiving
a second signal from a second acoustic sensor, receiving a
third signal from a third acoustic sensor, receiving a fourth
signal from a fourth acoustic sensor, and/or receiving a fifth
signal from a fifth acoustic sensor. In some implementations,
the second, third, fourth, and fifth acoustic sensor can each
include an accelerometer or a microphone. The acoustic sen-
sors are configured to detect and convey acoustic signals,
such as those created by activity (e.g., movement) of the lungs
or stomach of the patient. Prior to receiving the second, third,
fourth, or fifth signal from the respective acoustic sensor, the
method of FIG. 5 may further include placing the second,
third, fourth, or fifth acoustic sensor.

[0066] In some implementations, act 502 may also include
receiving a first ECG signal from a first ECG electrode
removably coupled to the first acoustic sensor, receiving a
second ECG signal from a second ECG electrode removably
coupled to the second acoustic sensor, receiving a third ECG
signal from a third ECG electrode removably coupled to the
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third acoustic sensor, and/or receiving a fourth ECG signal
from a fourth ECG electrode removably coupled to the fourth
acoustic sensor. In some implementations, the acoustic sensor
and coupled ECG electrode may be symmetrically aligned
with one another at spaced locations distributed on and along
a shared detection axis, as described in U.S. Pat. No. 7,010,
342, for example. In this regard, ECG signals that are col-
lected by the ECG electrodes can be treated as emanating
from the same source.

[0067] In some implementations, act 502 may include fil-
tering the received signals prior to comparing and/or analyz-
ing the signals. Step 502 may include low-pass filtering the
received acoustic signal using a low-pass filter with a pass-
band of 0 Hz to 5 Hz. In some implementations, act 502 may
include band-pass filtering the first signal and the second
signal prior to comparing the frequency of the spectral com-
ponents of the first signal and the second signal to a deter-
mined threshold. The band-pass filter may include a filter
with a passband of 5 Hz to 5000 Hz. In some implementa-
tions, act 502 can include low-pass filtering the received
acoustic signals and band-pass filtering the received acoustic
signals.

[0068] Instep 504, various implementations of method 500
may include comparing a frequency of the spectral compo-
nents of the received acoustic signals to a determined thresh-
old. In some implementations the comparing includes com-
paring spectral components of the acoustic signals measured
by the first and second sensor assemblies with spectral com-
ponents of lung and esophageal sounds, since the sound of
aspirating lungs is typically of a higher frequency than spec-
tral components of stomach noises. The predetermined
threshold is indicative of the discrepancy in lung and esoph-
ageal spectral components. In some implementations, the
predetermined threshold can be determined based on patient
age, gender, height, weight, and/or physical condition.
Although primarily referred to as a discrete value, in addi-
tional implementations, the threshold value can include a
range of frequencies.

[0069] In some implementations, method 500 may also
include comparing an amplitude of spectral components of
the first signal and the second signal. Because a properly
placed intubation tube can evenly inflate each lung, substan-
tially equal amplitudes of the signals collected by the first and
second sensor assembly indicates that the tube has been prop-
erly positioned. Additionally, the signal processing unit may
be configured to analyze the first and second signal and deter-
mine displacement of the body in the third left intercostal
region and the third right intercostal region. Specifically, the
signal processing unit may compare the displacement of the
body in the third left intercostal region and the third right
intercostal region.

[0070] Some implementations include comparing a fre-
quency of the spectral components of the third signal and
fourth signal, as well as amplitude of the spectral components
of the third signal and fourth signal. The signal processing
unit may be configured to analyze the third signal and the
fourth signal, and determine displacement of the body in the
left abdominal region and the right abdominal region. The
signal processing unit may be configured to analyze spectral
components of the third signal and the fourth signal, deter-
mine whether a frequency of the spectral components of the
third signal and the fourth signal are above the determined
threshold and an amplitude of the spectral components of the
third signal and the fourth signal are substantially equal. In
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some implementations, the signal processing unit may also
compare signals received from acoustic sensors on the same
side of the patient’s body (e.g., signals from sensors dis-
posed proximate the third left intercostal and the sixth left
intercostal). In some implementations, the signal processing
structure may also be configured to analyze spectral com-
ponents of the fifth signal.

[0071] In act 506, various implementations of the method
500 include determining endotracheal intubation tube place-
ment. The signal processing unit may be configured to
determine positioning of the intubation tube in the body of
the patient in response to analysis of the comparison of the
amplitude of spectral components, comparison of the fre-
quency of the spectral components of the first and second
signal, and displacement of the body. In some implementa-
tions, the method includes determining whether the intuba-
tion tube has been placed in the trachea or the esophagus,
and determining if the distal end of the intubation tube has
been inserted beyond the carina into the left or right lung,
based on the comparison of the spectral components to the
predetermined threshold and the comparison of spectral
component amplitudes, and displacement of the body. If the
spectral components exhibit a frequency component above
the predetermined threshold, the signal processing unit can
indicate to a user of the system that the intubation tube has
been properly placed in the trachea. If the frequency char-
acteristics of the spectral components fall below the prede-
termined threshold value, the signal processing unit can
indicate, or convey an alert, that the intubation tube has been
improperly placed, such as in the esophagus. Furthermore, if
the received signals indicate heightened displacement in the
patient’s stomach, the signal processing unit can alert the
user that the intubation tube is improperly placed, such as in
the esophagus.

[0072] Some implementations can improve the accuracy
and safety of conventional endotracheal intubation tube
placement systems and techniques and discern whether an
acoustic sound is indicative of esophageal or tracheal intu-
bation tube placement. Furthermore, the system reduces the
effects of environmental conditions, such as ambient noise,
that may otherwise intubation adversely affect tube place-
ment determinations.

[0073] Having thus described several aspects of at least
various implementations of the systems and methods for
intubation tube placement, it is to be appreciated various
alterations, modifications, and improvements will readily
occur to those skilled in the art. Such alterations, modifica-
tions, and improvements are intended to be part of this
disclosure, and are intended to be within the scope of the
systems and methods for intubation tube placement. Accord-
ingly, the foregoing description and drawings are by way of
example only.

[0074] Moreover, it is to be understood that both the
foregoing description and information merely illustrative
examples of various aspects and implementations the meth-
ods and systems for positioning an intubation tube, and are
intended to provide an overview or framework for under-
standing the nature and character of the claimed aspects and
implementations.

[0075] Furthermore, in the event of inconsistent usages of
terms between this document and documents incorporated
herein by reference, the term usage in the incorporated
references is supplementary to that of this document; for
irreconcilable inconsistencies, the term usage in this docu-
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ment controls. In addition, the accompanying drawings are
included to provide illustration and a further understanding
of the various aspects and examples, and are incorporated in
and constitute a part of this specification. The drawings,
together with the remainder of the specification, serve to
explain principles and operations of the described and
claimed aspects and implementations.

What is claimed is:

1. A system for determining positioning of an intubation
tube in a patient, comprising;

a first acoustic sensor configured to be disposed to listen
to one of a lung and a stomach of the patient and to
provide a first signal; and

a signal processing unit, coupled to the first acoustic
sensor, configured to analyze spectral components of
the first signal and determine whether a frequency of
the spectral components of the first signal are charac-
teristic of sounds induced by ventilation via the intu-
bation tube of airflow to the lung or the stomach of the
patient.

2. The system of claim 1, wherein the signal processing
unit is further configured to provide an instruction to relo-
cate the first acoustic sensor responsive to the determination.

3. The system of claim 2, wherein the signal processing
unit is further configured to provide an instruction to relo-
cate the first acoustic sensor at one of a third left intercostal
region, a third right intercostal region, a sixth left intercostal
region, a sixth right intercostal region, and a stomach region
of the body of the patient.

4. The system of claim 1, further comprising:

a second acoustic sensor configured to be disposed to
listen to one of the lung and the stomach of the patient
and to provide a second signal;

wherein the signal processing unit is further coupled to
the second acoustic sensor, and configured to analyze
spectral components of the second signal and determine
whether a frequency of the spectral components of the
second signal are characteristic of sounds induced by
ventilation via the intubation tube of airflow to the lung
or the stomach of the patient.

5. The system of claim 4, wherein the signal processing
unit is further configured to determine whether an amplitude
of the spectral components of the first signal and the second
signal are substantially equal, and provide an instruction to
relocate a position of the intubation tube in the patient in
response to a determination that the amplitude of the spectral
components of the first signal and the second signal are
substantially unequal.

6. The system of claim 5, wherein the first acoustic sensor
is configured to be disposed at approximately the third left
intercostal region of the body of the patient, and the second
acoustic sensor is configured to be disposed at approxi-
mately the third right intercostal region of the body of the
patient.

7. The system of claim 4, further comprising:

a third acoustic sensor coupled to the signal processing
unit and configured to be disposed at approximately the
stomach region of the body of the patient and to provide
a third signal,

wherein the signal processing unit is further configured to
analyze spectral components of the third signal.

8. The system of claim 7, wherein the signal processing

unit is further configured to analyze spectral components of
the third signal and determine whether a frequency of the
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spectral components of the third signal are characteristic of
sounds induced by ventilation via the intubation tube of
airflow to the stomach of the patient.

9. The system of claim 1, further comprising:

an air flow sensor configured to detect airflow through the
intubation tube;

wherein the signal processing unit is coupled to the air
flow sensor and further configured to analyze the
spectral components of the first signal responsive to
detecting the airflow through the intubation tube.

10. The system of claim 9, wherein the air flow sensor is

positioned at a distal tip of the intubation tube.

11. The system of claim 9, wherein the air flow sensor is
positioned at a proximal tip of the intubation tube.

12. The system of claim 9, wherein the air flow sensor
includes a differential air flow sensor.

13. The system of claim 9, further comprising:

a first pressure sensor positioned at a proximal tip of the

intubation tube; and

a second pressure sensor positioned at the distal tip of the
intubation tube;

wherein the signal processing unit is coupled to the first
pressure sensor and the second pressure sensor and
configured to analyze a pressure differential between a
first pressure detected by the first pressure sensor and a
second pressure detected by the second pressure sensor.

14. The system of claim 13, wherein the signal processing
unit is further configured to filter vibrational noise trans-
duced into the first signal from chest compressions delivered
to the patient.

15. A system for determining positioning of an intubation
tube in a patient, comprising:

a first acoustic sensor configured to be disposed to listen
to one of a lung and a stomach of the patient and to
provide a first signal;

a second acoustic sensor configured to be disposed to
listen to one of the lung and the stomach of the patient
and to provide a first signal; and

a signal processing unit, coupled to the first acoustic
sensor and the second acoustic sensor, configured to
analyze spectral components of the first signal and the
second signal, and determine that the intubation tube is
properly disposed in the body of the patient in response
to a determination that a frequency of the spectral
components of the first signal and the second signal are
characteristic of sounds of airflow to the lung or the
stomach of the patient.

16. The system of claim 15, wherein the signal processing
unit is further configured to determine whether the fre-
quency of the spectral components of the first signal and
second signal are above a determined threshold and an
amplitude of the spectral components of the first signal and
the second signal are substantially equal, and determine that
the intubation tube is properly disposed in the body of the
patient in response to a determination that the frequency of
the spectral components of the first signal and the second
signal are above the determined threshold and the amplitude
of the spectral components of the first signal and the second
signal are substantially equal.

17. The system of claim 16, further comprising:

an air flow sensor configured to detect airflow through the
intubation tube;

wherein the signal processing unit is coupled to the air
flow sensor and further configured to analyze the
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spectral components of the first signal and the second
signal responsive to detecting the airflow through the
intubation tube.

18. The system of claim 17, wherein the air flow sensor
is positioned at a distal tip of the intubation tube.

19. The system of claim 17, wherein the air flow sensor
is positioned at a proximal tip of the intubation tube.

20. The system of claim 19, wherein the air flow sensor
includes a differential air flow sensor.

21. The system of claim 20, further comprising:

a first pressure sensor positioned at a proximal tip of the

intubation tube; and

a second pressure sensor positioned at the distal tip of the

intubation tube;

wherein the signal processing unit is coupled to the first

pressure sensor and the second pressure sensor and
configured to analyze a pressure differential between a
first pressure detected by the first pressure sensor and a
second pressure detected by the second pressure sensor.

22. The system of claim 21, wherein the signal processing
unit is further configured to filter vibrational noise trans-
duced into the first signal from chest compressions delivered
to the patient.

23. The system of claim 16, wherein the first acoustic
sensor and second acoustic sensor each includes one of a
microphone and an accelerometer.

24. The system of claim 23, wherein the first acoustic
sensor is disposed in a sensor assembly that includes a first
ECG electrode removably coupled to the first acoustic
Sensor.

25. The system of claim 24, wherein the sensor assembly
includes a self adhesive pad configured to attach to the body
of the patient, and wherein the first ECG electrode and the
first acoustic sensor are mounted to the adhesive pad.

26. The system of claim 25, wherein the adhesive pad
includes a perforation disposed between the first ECG
electrode and the first acoustic sensor.

27. The system of claim 24, wherein the signal processing
unit is further configured to analyze the first signal and the
second signal and determine displacement of the body in the
third left intercostal region and the third right intercostal
region.

28. The system of claim 27, wherein the signal processing
unit is further configured to compare the displacement of the
body in the third left intercostal region and the third right
intercostal region, and to determine that the intubation tube
is properly disposed in the body of the patient in response to
the determination that the frequency of the spectral compo-
nents of the first signal and the second signal are above the
determined threshold and the amplitude of the spectral
components of the first signal and the second signal are
substantially equal, and determining that the displacement of
the body in the third left intercostal region is substantially
equal to the displacement of the body in the third right
intercostal region.

29. The system of claim 27, wherein the signal processing
unit is further configured to low-pass filter the first signal
and the second signal prior to analyzing the first signal and
the second signal and determining displacement.

30. The system of claim 29, wherein the signal processing
unit is configured to low-pass filter the first signal and the
second signal with a pass-band of 0 Hz to 5 Hz,

31. The system of claim 16, wherein the signal processing
unit is further configured to band-pass filter the first signal
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and the second signal prior to analyzing the spectral com-
ponents of the first signal and the second signal.

32. The system of claim 31, wherein the signal processing
unit is configured to band-pass filter the first signal and the
second signal with a pass-band of 5 Hz to 5000 Hz.

33. The system of claim 16, wherein the signal processing
unit is further configured to analyze the first signal and the
second signal and determine displacement of the body in the
third left intercostal region and the third right intercostal
region.

34. The system of claim 33, wherein the signal processing
unit is further configured to compare the displacement of the
body in the third left intercostal region and the third right
intercostal region, and to determine that the intubation tube
is properly disposed in the body of the patient in response to
the determination that the frequency of the spectral compo-
nents of the first signal and the second signal are above the
determined threshold and the amplitude of the spectral
components of the first signal and the second signal are
substantially equal, and determining that the displacement of
the body in the third left intercostal region is substantially
equal to the displacement of the body in the third right
intercostal region.

35. The system of claim 16, further comprising:

a third acoustic sensor coupled to the signal processing
unit and configured to be disposed at approximately the
left abdominal region of the body of the patient and to
provide a third signal; and

a fourth acoustic sensor coupled to the signal processing
unit and configured to be disposed at approximately the
right abdominal region of the body of the patient and to
provide a fourth signal;

wherein the signal processing unit is further configured to
analyze spectral components of the third signal and the
fourth signal, determine whether a frequency of the
spectral components of the third signal and the fourth
signal are above the determined threshold and an
amplitude of the spectral components of the third signal
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and the fourth signal are substantially equal, and deter-
mine that the intubation tube is properly disposed in the
body in response to the determination that the fre-
quency of the spectral components of the first signal,
the second signal, the third signal, and the fourth signal
are above the determined threshold, the amplitude of
the spectral components of the first signal and the
second signal are substantially equal, and the amplitude
of the spectral components of the third signal and the
fourth signal are substantially equal.

36. The system of claim 35, wherein the third acoustic
sensor and the fourth acoustic sensor each includes one of a
microphone and an accelerometer.

37. The system of claim 36, wherein each of the first,
second, third, and fourth acoustic sensors is disposed in a
sensor assembly that includes a respective ECG electrode.

38. The system of claim 35, further comprising:

a fifth acoustic sensor coupled to the signal processing
unit and configured to be disposed at approximately the
stomach region of the body of the patient and provide
a fifth signal;

wherein the signal processing unit is further configured to
analyze spectral components of the fifth signal.

39. A method of determining intubation tube positioning

in a patient, comprising:

receiving a first signal from a first acoustic sensor dis-
posed to listen to one of a lung and a stomach of the
patient;

receiving a second signal from a second acoustic sensor
disposed to listen to one of the lung and the stomach of
the patient;

comparing a frequency of spectral components of the first
signal and the second signal to sounds of airflow to the
lung or the stomach of the patient; and

determining positioning of the intubation tube in a body
of the patient in response to the comparison of the
frequency of the spectral components.
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