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(57) Abstract: An apparatus and method are disclosed for acoustically guiding a distal end (14) of a tube (10) within a body (12).
An incident sound pulse is generated and propagated down the tube (10) into the body (12). A plurality of microphones (76, 78)
are located in the tube (10) and are positioned to detect pulses travelling through the tube (10). A discriminator (110) distinguishes
between incident sound pulses and those that are reflected from within the body. The detected sound pulses are processed to provide
an indication of the location of the distal end (14) of the tube (10) within the body (12), to assist with the guidance of the insertion
into the body (12), to estimate dimensions of the body (12) adjacent the distal end (14) of the tube (10), and to determine if the tube

(10) is obstructed.
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ACOUSTICAL GUIDANCE AND MONITORING SYSTEM FOR
ENDOTRACHEA

Background and Summary of the Invention

The present invention relates to an apparatus and method for
acoustically guiding, positioning, and monitoring a tube or catheter within a body.
More particularly, the present invention relates to an apparatus and method to guide
the placement of a tube in a body conduit or cavity, to monitor the position of the
tube, and to insure the patency of the tube in the body using a noninvasive acoustic
technique.

Endotracheal tubes (hereinafter “ETTs”), often referred to as breathing
tubes, are used to provide a conduit for mechanical ventilation of patients with
respiratory or related problems. An ETT is inserted through the mouth or nose and
into the trachea of a patient for several reasons: (1) to establish and maintain an open
airway; (2) to permit positive pressure ventilation which cannot be done effectively by
mask for more than brief periods; (3) to seal off the digestive tract from the trachea
thereby preventing inspiration of forced air into the stomach; and (4) as an anesthesia
delivery system.

ETTs are used extensively in the field, emergency rooms, surgical
suites, and intensive care units for patients that require ventilatory assistance. During
intubation, an ETT is typically inserted into the mouth, past the vocal cords, and into
the trachea. The proper location of the ETT tip is roughiy in the mid-trachea.
However, there are at least three possible undesired placement positions that can
result, either during intubation or due to a subsequent dislodgment. One of these
positions is in the esophagus. Another undesired position occurs from over-
advancement of the ETT past the bifurcation of the trachea (carina) and into one of
the mainstem bronchi. A third is above the vocal cords in the vocal tract.

The structure of the human airways is extremely complex. At the
upper end of the trachea is the larynx containing the vocal folds, and at the lower end
is the first bifurcation, known as the carina. The adult trachea is approximately 1.4 to
1.6 cm in diameter and 9 to 15 cm long. The newborn trachea averages about 0.5 cm

in diameter and 4 cm in length. The airways that are formed by the carina are the
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right primary bronchus and the left primary bronchus. The right primary bronchus is
shorter, wider, and more vertical than the left primary bronchus. For this reason a
majority of erroneous ETT insertions past the carina tend to follow the right primary
bronchus. Continuing farther down the airways, the bronchi branch into smaller and
smaller tubes. They finally terminate into alveoli, small airfilled sacs where oxygen-
carbon dioxide gas exchange takes place.

Providing a correctly positioned and unobstructed endotracheal tube is
amajor clinical concern. Any misplacement or obstruction of an ETT can pose a
threat to the patient’s health. Misdirecting the ETT into the esophagus or locating the
tip where there is a significant obstruction of its lumen can result in poor ventilation
of the patient and eventually lead to cardiac arrest, brain damage or even death.
Further, if the ETT is misplaced into a mainstem bronchus, lung rupture can occur.

If an ETT is obstructed with secretions or debris, a procedure known as
endotracheal suctioning must be performed to clear the ETT. This procedure consists
of introducing a sterile catheter through the ETT into the trachea, and applying
negative pressure as the catheter is withdrawn. It has been estimated that this
procedure is performed in Neonatal Intensive Care Units around 22,000 times per day
in the U.S., and in many cases, it is performed as a preventive measure. Even though
this procedure is performed very frequently, there are infrequent complications
associated with its practice. These complications include hypoxia, bradycardia, tissue
trauma, increase intracranial pressure, and tracheal or pharyngeal perforation.

In an attempt to avoid possible complications with ETT use, several
techniques have been developed to aid clinicians in the proper placement / location of
ETTs. Guidelines for the ideal technique are as follows: (1) the technique should
work as well for difficult intubations as it does for those not so difficult; (2) the
technique should indicate a proper ETT tip location unequivocally; (3) esophageal
intubation must always be detected; and (4) clinicians must understand the technique
and how to use it. The known techniques for clinical evaluation of ETT location
include direct visualization of the ETT placement, chest radiography, observation of
symmetric chest movements, auscultation of breath sounds, reservoir bag compliance,
the use of a video stethoscope, fiberoptic bronchoscopy, pulse oximetry, and

capnometry. However, none of the listed techniques allow a health care provider to
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constantly monitor the precise location of an ETT within the trachea, or the degree of
obstruction of its lumen.

Apparatuses and methods for acoustically guiding, positioning, and
monitoring tubes within a body are known in the art. See, for example, U.S. Patent
No. 5,455,144 to Wodicka et al., incorporated herein by reference, which discloses an
apparatus and method for acoustically monitoring the position of a tube within a body
conduit. In a preferred embodiment, a sound pulse is introduced into a wave guide
and is recorded as it passes by a mic‘;rophone located in the wave guide wall. After
propagating down the ETT, the sound pulse is emitted through the distal tip of the
ETT into the airway (or wherever in the body the tip of the ETT is located) and an
acoustic reflection propagates back up to the wave guide for measurement by the
same microphone. An absorptive material is located at the end of the wave guide to
prevent further reflections of the sound pulse. The amplitude and the polarity of the
incident and reflected sound pulse are used to estimate the characteristics of the
airway at the tip of the ETT, and thereby guide the ETT placement or monitor the
ETT for patency. In one preferred embodiment, a valve movable between a first and
second position was included to provide communication between a mechanical
ventilator and the proximal end of the ETT in the first position, and to provide
communication between the wave guide and the proximal end of the ETT in the
second position. Therefore, it is necessary during acoustical monitoring operations
using the Wodicka et al. device to temporarily disconnect the mechanical ventilator
(by switching valve positions) from the ETT.

As disclosed by Wodicka, et al., the acoustical properties of the
airways of a respiratory system change dramatically over the audible frequency range.
At very low frequencies, the large airway walls are yielding and significant wall
motion occurs in response to intra-airway sound. In this frequency range, the airways
cannot be represented accurately as rigid conduits and their overall response to sonic
pulses is predictably complex. At very high audible frequencies, the large airway
walls are effectively more rigid due to their inherent mass. However, one-
dimensional sound propagation down each airway segment cannot be ensured as the
sonic wavelengths approach in size the diameter of the segment, and effects of airway

branching are thought to increase in importance. There appears to be a finite range of
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frequencies between roughly 500 and 6,000 Hz where the large airways behave as
nearly rigid conduits and the acoustical effects of the individual branching segments
are not dominant. It is over this limited frequency range where the complicated
branching network can be approximately represented as a flanged "horn" and where
its composite acoustical properties reflect the total cross-sectional area of the airways.

The method and apparatus of the present invention distinguish between
esophageal, tracheal, and bronchial intubations; are sensitive to small movements of
the ETT; are able to continuously monitor the position of the distal tip of the ETT;
and are not invasive. Furthermore, the apparatus of the present invention has no
moving parts, and can be easily understood and operated by skilled clinicians.

According to one aspect of the present invention, an apparatus is
provided for acoustically detecting the location of a distal end of a tube relative to a
body conduit into which the tube is being inserted. The tube has a proximal end, and
a distal end formed for insertion into the body conduit. The apparatus includes a
speaker for generating a sound pulse in the tube; a first microphone for detecting a
sound pulse in the tube at a distal position relative to the speaker, and for generating a
first signal corresponding to the detected sound pulse; a second microphone for
detecting a sound pulse at a position in the tube between the first microphone and the
speaker, and for generating a second signal corresponding to a detected sound pulse;
and a processor configured to receive the first and second signals and to discriminate
between a distally traveling sound pulse and a proximally traveling sound pulse, the
processor using the first or second signal generated from detection of the proximally
traveling sound pulse to determine and report the location of the distal end of the tube
relative to the body conduit.

In one embodiment of the invention, the processor is further
configured to detect either a total or partial blockage in the tube. The processor can
also be configured to detect a kink in the tube.

In another embodiment of the invention, the processor provides a
signal representing the dimensions of the body conduit adjacent the distal end of the
tube. In this embodiment, the invention can further include a warning signal

generator for signaling when the dimensions signaled by the processor are not within



WO 01/91843 PCT/US01/16260

10

15

20

25

30

-5

a predetermined range. Furthermore, the warning signal generator can signal when
the distal end of the tube moves relative to the body conduit.

In one embodiment of the invention, the tube is adapted to be coupled
to a medical device, such as a mechanical ventilator, a breathing bag, an anesthesia
machine, or an infusion pump. In a further embodiment, a display can be provided in
electronic communication with the processor. The display can be designed to provide
an indication of the dimensions of the body conduit adjacent the distal end of the tube,
an indication of the patency of the tube, or an indication of the location of the distal
end of the tube relative to the body conduit.

In another embodiment of the invention, there is provided an apparatus
for acoustically detecting the location of a distal end of a tube relative to a body into
which the tube is being inserted. The apparatus includes a sound pulse generator, a
sound pulse receiver for signaling the detection of a sound pulse, a position indicator
configured to report the location of the distal end of the tube relative to the body using
the signal from the sound pulse receiver, and means for discriminating between a
sound pulse traveling away from the distal end of the tube and a sound pulse traveling
toward the distal end of the tube. In this embodiment, the sound pulse receiver is, for
example, a first microphone and a second microphone, or a directionally sensitive
microphone. The sound pulse receiver can be located at a distal position relative to
the sound pulse generator, or at a proximal location relative to the sound pulse
generator. In one aspect of this embodiment, the position indicator can also report
whether the tube is obstructed. In another aspect, the position indicator provides an
estimate of dimensions of the body adjacent the distal end of the tube. In yet another
aspect, a warning signal generator is provided for signaling when the dimensions
estimated by the position indicator are not within a predetermined range. The
warning signal generator can be further configured to signal when the distal end of the
tube moves relative to the body.

In yet another embodiment of the invention, a method of acoustically
detecting the location of a distal end of a tube relative to a body is provided. The
method inpludes the steps of generating a sound pulse in the tube; detecting a sound
pulse; determining the direction of travel of the detected sound pulse; and determining

the position of the distal end of the tube relative to the body using the detected sound
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pulse when the detected sound pulse is determined to be traveling away from the
distal end of the tube. In one aspect of this embodiment, the method further includes
the step of determining whether the tube is obstructed. In another aspect, the
invention further includes the step of determining whether the tube is kinked. In yet
another aspect of this method, the position determining step can include estimating
the dimensions of the body adjacent the distal end of the tube. The position
determining step can include the step of comparing a first signal representing a sound
pulse detected by a first microphone with a second signal representing a sound pulse
detected by a second microphone.

In a further embodiment of the invention, an apparatus for acoustically
detecting the location of a distal end of a gas or liquid filled tube within a body
conduit includes a sound pulse generator coupled to the tube, a sound pulse receiver
or receivers coupled to the tube at a distal position relative to the sound pulse
generator, a position indicator configured to report the location of the distal end of the
tube in the body conduit using signals from the sound pulse receiver or receivers, and
means for differentiating between a sound pulse traveling away from the distal end of
the tube and a sound pulse traveling toward the distal end of the tube.

Additional objects, features, and advantages of the invention will
become apparent to those skilled in the art upon consideration of the following
detailed description of a preferred embodiment exemplifying the best mode of

carrying out the invention as presently perceived.

Brief Description of the Drawings

The detailed description particularly refers to the accompanying
figures in which:

Fig. 1 is a diagrammatical view of a prior art system for determining
characteristics of an unknown system;

Fig. 2 is a diagrammatical view of a two-microphone system for
determining characteristics of an unknown system;

Fig. 3 is a diagrammatical view illustrating proper insertion of an

endotracheal tube (ETT) into a trachea of a human body;
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Fig. 4 is a diagrammatical view illustrating improper placement of the
ETT into an esophagus;

Fig. 5 is a diagrammatical view illustrating improper placement of an
ETT past a carina and into a right main bronchus;

Fig. 6 is a graph representing a total cross sectional area of the airways
of a respiratory system versus distance from vocal folds within a larynx;

Fig. 7 is a diagrammatical illustration of a simple acoustical flanged
“horn” model which represents the acoustical properties of the airway of the
respiratory system;

Fig. 8, is a diagrammatical view of a prior art apparatus for guiding a
distal end of a tube within a body using a single microphone;

Fig. 9 is a diagrammatical view of one embodiment of the apparatus of
the present invention for detecting the location of a distal end of a tube within a body
conduit;

Fig. 10 is a diagrammatical view showing the process utilized by the
discriminator of Fig. 9 to select a sound pulse;

Fig. 11 is a diagrammatical view of another embodiment of the
apparatus of the present invention for detecting the location of a distal end of a tube
within a body conduit;

Fig. 12 is a diagrammatical view of another embodiment of the
apparatus of the present invention for detecting the location of a distal end of a tube
within a body conduit, showing the use of a processor;

Fig. 13 is a diagrammatical view of the apparatus of Fig. 12, showing
the insertion of the apparatus in a trachea and the distances that are relevant during the
insertion thereof;,

Fig. 14 is a graphical representation of the relationship between the
geometry of a tube and the acoustic reflections recorded by the apparatus of the
present invention;

Fig. 15 is a graphical representation of the acoustic reflections recorded
by the apparatus of the present invention when an obstruction is present in the tube;

and
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Fig. 16 is a diagrammatical view illustrating a visual display of the
apparatus to provide visual indication to the user of the distance of insertion and of

the estimated diameter of a body conduit into which the ETT is inserted.

Detailed Description of the Drawings

When it is desired to direct an object (such as a tube, catheter, or
medical device) into an unknown systemn, it is known to generate a sound pulse within
the tube or medical device and to receive the reflections of the pulse as they return
from the unknown system, similar to the process used in sonar imaging. In the case of
a system as shown in Fig. 1, a speaker 2 transmits an incident sound pulse 4 that
travels toward the unknown system 6. As the incident sound pulse 4 enters the
unknown system 6, a sound pulse 8 is reflected back which can be received by the
microphone 9. The reflected sound pulse 8 (P,) can be analyzed to determine various
qualities of the unknown system, including the cross sectional area of the system.
Furthermore, as the incident sound pulse 4 (P;) continues to propagate through the
unknown system, additional reflections may occur. These subsequent reflected sound
pulses can indicate additional qualities of the unknown system, such as the depth of
the system, and whether the cross sectional area changes at all throughout that depth.

A two-microphone system is shown in Fig. 2, where the two
microphones are separated by a distance d. In the two-microphone system,
detenninatién can be made as to the direction of travel of a sound pulse, P; or P, by
analyzing the difference between the instant in which the sound pulse is detected by
the first microphone M1, and the instant in which the sound pulse is detected by the
second microphone, M2. For example, if a sound pulse is first detected by M1 and
then by M2, the pulse is determined to be traveling away from the unknown system 6,
and is thus a reflected pulse P,. In contrast, if a sound pulse is first detected by M2
and then M1, the pulse is determined to be traveling toward the unknown system.

The directional determination of the traveling sound pulse prevents the
misreading of sound pulses that are reflected from the speaker end 11 of the tube,
such as P,. For various reasons, an incident sound pulse, P;, may be reflected from
the speaker end 11 of the tube, including the presence of a blockage in the tube, a wall

at the end of the tube, or the attachment of another device (i.e., a mechanical
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ventilator) to the end of the tube. False readings can occur when reflected sound
pulse, P, travels past a single microphone, such as that shown in Fig. 1. However,
when two microphones are used, such as in the system illustrated in Fig. 2, a
determination of the direction of travel of the reflected sound pulse, P;, can eliminate
the possibility of a misreading.

Although the method and apparatus described below relate to guiding
and positioning an endotracheal tube (ETT) within a respiratory system of a body, it
should be understood that the present invention may be used to guide insertion of gas
or liquid filled tubes or catheters into other body conduits or cavities, or in various
mechanical operations.

As mentioned above, a method and apparatus for guiding the
positioning of an ETT is known in the art. A summary of the theory and analysis
associated with determining the position of an ETT follows. For a description of a
single microphone system for guiding the insertion of the ETT, and a more detailed
description of the analysis and theory involved in determining the position of the
ETT, reference can be made to U.S. Patent No. 5,455,144 to Wodicka, et al.,
previously incorporated by reference.

Referring now to the drawings, Figs. 3-5 illustrate insertion of an ETT
10 into a human body 12. ETT 10 includes a hollow tube having a distal end 14 for
insertion into body 12 and a connector 16 located outside body 12. Illustratively, ETT
10 is inserted into a mouth 18 of the patient. A respiratory system 20 includes a
trachea 22 which extends between vocal folds 24 of a larynx and a first bifurcation
known as a carina 26. Airways formed by carina 26 include a right primary bronchus
28 and a left primary bronchus 30. Continuing further down the airway, bronchial
tubes branch into smaller and smaller tubes.

Fig. 3 illustrates proper insertion of ETT 10 into trachea 22 between
vocal folds 24 and carina 26. For proper mechanical ventilation of the patient, it is
important that distal end 14 of ETT 10 is positioned properly within trachea 22
between vocal folds 24 and carina 26 to provide adequate ventilation to both lungs 32
and 34. Insertion of ETT 10 into the trachea 22 is sometimes a difficult procedure.
As illustrated in Fig. 4, it is possible for distal end 14 of ETT 10 to miss the entrance

to trachea 22 and enter an esophagus 36 leading to the stomach (not shown).
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Improper placement of ETT 10 into the esophagus is most evident in an emergency
room setting which is characterized by high stress and limited time. Improper
placement of open distal end 14 of ETT 10 into the esophagus 36 prevents ventilation
of lungs 32 and 34.

Improper insertion of distal end 14 of ETT 10 past carina 26 will result
in ventilation of only right lung 32 or left lung 34. Fig. 5 illustrates improper
insertion of distal end 14 of ETT 10 past carina 26 and into right main bronchus 28.
Because right primary bronchus 28 is shorter, wider, and more vertical than left
primary bronchus 30, the majority of ETT insertions past carina 26 tend to follow the
right primary bronchus 28. One object of the present invention is to detect if ETT 10
is improperly inserted into esophagus 36, right primary bronchus 28, or left primary
bronchus 30 and alert a user to the improper placement. The apparatus can then be
used to guide movement of ETT 10 back into its proper position within trachea 22.

The complex acoustical properties of the airways are determined by
their wall properties, branching structure, and cross-sectional area. At the low
frequencies associated with breathing, the large airway walls exhibit elastic behavior
and alter airway size in response to pressure changes. At higher acoustical
frequencies, their behavior is effectively more rigid due to inherent wall mass. The
frequency range over which the transition to nearly rigid tube behavior is not known,
but for example, modeling and experimental efforts suggest that the trachea
approaches rigidity at frequencies near 500 Hz. In contrast to wall properties, the
effect of branching on the overall acoustical properties has been hypothesized to be
most significant at frequencies above 6,000 Hz as the sonic wavelengths begin to
approach airway dimensions. Also, as the sound wavelengths approach airway
dimensions with increasing frequency, one-dimensional acoustic wave propagation
down the airways cannot be assured as other cross modes of propagation can occur
and thereby significantly increase the acoustical complexity of the response.

Thus, there is a band of frequencies between about 500 Hz and about
6,000 Hz over which the acoustical response of the large airways is strongly affected
by the cross-sectional area and relatively less affected by wall properties and
branching. Over this range it has also been indirectly shown that acoustical losses due

to viscous and thermal effects are small. This dictates that plane wave propagation in
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the large airways at these frequencies would occur at nearly free field speeds as if the
airways were rigid conduits. For this mode of propagation, reflections of a sonic
pulse occur spatially at points of changes in acoustic impedance Z, which equals the

characteristic acoustic impedance, Zj:

PoC dyne s
Z = Z = — —————
0T A o 1

where p, = density of air in g/cm?, ¢ is the sound speed in cm/s as determined by the

density and stiffness of air, and A is the cross-sectional area of the tube in cm?®. Thus,
for a non-changing propagation medium such as air, Z is predicted to be only a strong
function of the cross-sectional area of the tube or airways at frequencies between
about 500 Hz and about 6,000 Hz.

If one approximates the total cross-sectional area A (in cm?) of the
branching airways as a function of the distance D (in cm) below vocal folds 24 as
illustrated graphically in Fig. 6, an interesting feature becomes evident. Namely, A is
nearly constant for the first few airway branching levels and then increases very
rapidly thereafter. This geometrical approximation suggests that from an acoustical
perspective, the airways of respiratory system 20 behave in a similar manner to a
rapidly flanged "horn" or "trumpet" that is open to a nearly zero-pressure boundary
condition at its terminal end.

The response of this simple model of the airways to a sound pulse with
energy between 500 Hz and 6,000 Hz is depicted in Fig. 7. The incident pulse 40
travels in the direction of arrow 42 in the model without significant reflection for a
distance of roughly 20 cm since there is little change in A. When the incident pulse
40 encounters the flared region of the model, a portion 44 of the sonic energy is
reflected back up the airways in the direction of arrow 46, and a portion 48 is
transmitted further into the branching structure in the direction of arrow 50. Since the
flange is quite rapid due to the large spatial rate of change of A, a significant portion

of the incident energy is reflected at this "acoustical end" of the airways.
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For a plane wave that is incident upon a boundary between two media
with acoustic impedances Z, and Z,, the amplitude of the reflection can be expressed
as a dimensionless reflection coefficient, R, equal to the ratio of reflected p, to

incident p, acoustic pressure as follows:

ZI_ZO

R=2r
n L, @

In the case of propagation within a rigid tube of changing cross-
sectional area A that is entirely filled with air, this relationship for R can be rewritten

in terms of only areas via substitution of equation (2):

R-D0 &
Ay + A
Noting that for the case of a large increase in area at the boundary (A,
10 >>A,), R approaches -1 indicating a reflection that approaches the absolute amplitude
of the incident pulse but is inverted. Conversely, for the case of a large decrease in
area at the boundary (A, << A,), R approaches +1 and thus the reflection would be
expected to approach the amplitude of the incident pulse but not be inverted. If the
pressure amplitude of a reflection from a boundary is measured and compared to the
15  incident pressure amplitude, knowledge of the initial area A, can be used to estimate

the area A, after the boundary, as can be seen by rearranging equation (3):

_|1-R 2
AI—[1+RA cm 4)

0

Fig. 8 shows the prior art apparatus disclosed by the Wodicka ‘144
patent. As shown, a single microphone is used for receiving the sound pulse
transmitted by the speaker, and a valve is coupled to the ETT for alternating between

20  alink to the microphone / speaker combination and a link to the mechanical

ventilator.
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Fig. 9 illustrates one embodiment of the apparatus 70 for acoustically
guiding and monitoring the position of a tube or catheter (i.e., ETT 10) within a body.
For exemplary purposes, an ETT 10 connected to a ventilator 72 is shown in the
described embodiment. However, it should be understood that any tube, catheter, or
similar device could be substituted for ETT 10, and ventilator 72 could instead
comprise a medical device used in combination with the tube, catheter, or similar
device. Apparatus 70 includes tube 10 which is defined by a distal end 14 and a
proximal end 71, the proximal end 71 being communicatively coupled to any type of
medical device (i.e., a mechanical ventilator) 72 that is capable of cooperating with
the apparatus 70. Apparatus 70 further includes a connector 16 that connects tube 10
with the medical device 72. In the illustrated embodiment of the invention, a speaker
74 is coupled to the connector 16, a first microphone 76 is coupled to the connector
16 at a distal position relative to speaker 74, and a second microphone 78 is
positioned to lie between speaker 74 and microphone 76.

It should be understood that while the disclosed embodiments show
first and second microphones 76, 78 positioned distally relative to speaker 74, it is
equally possible to position speaker 74 distally from first and second microphones 76,
78 (not shown). In such an embodiment, similar, yet distinct, determinations and
calculations can be made to determine the distal position of the tube and its degree of
obstruction.

Referring again to the embodiment disclosed in Fig. 9, microphones
76, 78 are in electronic communication with a discriminator 110, wherein signals
representative of detected sound pulses are transmitted by microphones 76, 78 and
analyzed and compared as discussed further below. Discriminator 110 determines
whether a received sound pulse is traveling toward distal end 14 or toward ventilator
72. Discriminator 110 then transmits a signal to a position indicator 112, which uses
the signals representative of the detected sound pulses to determine the position of the
distal end 14 of the tube 10.

As shown in Fig. 9, speaker 74 generates an incident sound pulse
which propagates through connector 16 in two directions: distally as traveling pulse
114, and proximally as traveling pulse 116. Upon the occurrence of distally traveling

pulse 114 reaching distal end 14 of tube 10, a reflected pulse 118 is sent back through
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tube 10 toward microphones 76, 78. Likewise, a reflected pulse 120 can be sent back
from ventilator 72 toward microphones 76, 78.

As exemplified in Figs. 9 and 10, microphones 76, 78 detecting a
distally traveling pulse 114 provide signals to discriminator 110. Thereafter, a
reflected pulse 118 returns from distal end 14 of tube 10, the pulse 118 being detected
by first microphone 76 and then by second microphone 78 as it travels back toward
ventilator 72. Discriminator 110 generates a signal representing the direction of travel
of reflected sound pulse 118, and delivers the signal to position indicator 112. In the
event a sound pulse 116 is reflected back from ventilator 72 as reflected sound pulse
120, the reflected pulse 120 is detected first by second microphone 78 and then
detected by first microphone 76. Microphones 76, 78 deliver signals to discriminator
110, which determines that reflected sound pulse 120 is traveling distally, and
identifies that sound pulse 120 is not to be analyzed by position indicator 112 in the
determination of the position of distal end 14 of tube 10.

In one embodiment, the time t, of sound pulse generation by speaker
74 can be noted for later reference. Alternatively, time t, can be defined as the time of
detection of distally traveling pulse 114 by at least one of microphones 76, 78. Time
t, is then compared by position indicator 112 to time t;, which represents the time of
detection of a reflected pulse 118. In the case that reflected pulse 118 is a reflection
from the bronchi, the difference in time (%, - ty) is indicative of the distance between
the distal end 14 of tube 10 and the bronchi. The distance is therefore determined by

the following equation:

d — c(tl - tO)
2 )

where ¢ = speed of sound and d = distance.

Fig. 11 illustrates another embodiment of the apparatus 70 for
acoustically guiding and monitoring the position of an ETT 10 within a body. As
shown in this embodiment, speaker 74 and microphones 76, 78 can be alternatively
coupled to ventilator 72 rather than connector 16. Otherwise, the embodiment

functions as disclosed above.



WO 01/91843 PCT/US01/16260

10

15

20

25

30

-15-

Fig. 12 illustrates yet another embodiment of the apparatus 70 for
acoustically guiding and monitoring the position of a tube 10 within a body conduit,
showing the use of a computer 92 in the place of the discriminator 110 and position
indicator 112 of Fig. 9. Apparatus 70 includes tube 10 which is defined by a distal
end 14 and a proximal end 71, the proximal end 71 being communicatively coupled to
any type of medical device (i.e., a mechanical ventilator) 72 that is capable of
cooperating with the apparatus 70. Apparatus 70 further includes a connector 16 that
connects tube 10 with conduit 73, and a speaker 74 coupled to the conduit 73. In the
preferred embodiment, a first microphone 76 is coupled to conduit 73 at a distal
position relative to speaker 74, and a second microphone 78 is positioned between
speaker 74 and microphone 76.

In the embodiment shown in Fig. 12, computer 92 includes a central
processing unit (CPU) 94 and an internal memory 96. Illustratively, computer 92 is a
PC based computer including a 200 MHZ processor and display 98. Illustratively,
computer 92 runs a customized, menu-driven program under a Windows format. It is
understood, however, that computer 92 may be any microcontroller or
microprocessor. In addition, although the illustrated embodiment is PC based, a
hand-held unit containing a microprocessor or microcontroller along with an LCD
display 98 may be used in accordance with the present invention.

Tlustratively, speaker 74 is a driver model XL-9689 available from
Knowles Electronics. Speaker 74 is located in an outer wall of conduit 73. Computer
92 is coupled to an input of a digital-to-analog (D/A) converter 102. Hlustratively,
converter 102 is a PCI-MIO-16E-1 model available from National Instruments.
Converter 102 has an output coupled to an input of a BNC Connector 103. Connector
103 is coupled to amplifier 104. Illustratively, connector 103 is a BNC-2090 model
available from National Instruments. An output of amplifier 104 is coupled to
speaker 74. Illustratively, amplifier 104 is a model PMA-920 available from Denon.
Computer 92 therefore controls speaker 74 to generate sonic pulses in conduit 73. In
air-filled tubes, sonic pulses may have durations ranging from 0.01 ms to 10.00 ms.
In other embodiments, i.e., with liquid-filled tubes, the sonic pulse durations will vary

depending on the characteristics of the medium.
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Two pulses propagating in opposite directions emanate from speaker
74. The distally traveling incident pulse propagates down conduit 73 in the direction
of arrow 80. The incident sound pulse also travels in the direction of arrow 82. The
incident pulse traveling in the direction of arrow 80 is recorded as it first passes over
the second microphone 78, then the first microphone 76, and continues to propagate
down and out of distal end 14 of ETT 10. Reflections of this incident pulse occur
from within the airways and travel back toward the proximal end 71 of conduit 73, to
be recorded first by first microphone 76 and second by second microphone 78. The
analog outputs of microphones 76, 78 are digitized by A/D converter 102. The digital
representations are then stored for analysis in memory 96 of computer 92.

Microphones 76, 78 cooperate with computer 92 to provide a
directionally sensitive reading of a sound pulse as it propagates past the set of
microphones 76, 78 in the following manner. In the instance where a sound pulse is
recorded by first microphone 76 before it is recorded by second microphone 78,
computer 92 determines that the sound pulse is traveling from the distal end 14 of the
tube 10 to the proximal end 71. If, on the other hand, the sound pulse is first recorded
by second microphone 78, and later by first microphone 76, the sound pulse is
determined to be traveling toward the distal end 14 of the tube 10 originating from
either speaker 74 as an incident sound pulse, or as a reflection from the proximal end
71. Sound pulses that are determined to be reflections from proximal end 71 can be
disregarded by computer 92, since these pulses do not need to be analyzed for tube
placement. Differentiation can be made between incident sound pulses and reflected
sound pulses by considering the distance between the speaker 74 and microphones 76,
78, and the time elapsed since the initiation of the sound pulse, as discussed above.

As shown in Fig. 13, the preferred embodiment of the invention uses
an acoustic method to accurately measure three parameters within the body system.
The first parameter is the distance d,, which will be referred to as insertion depth. The
physical meaning of this distance is the separation between the distal end 14 of the
ETT 10 and the point 120 in the airways where a sudden increase in cross-sectional
area occurs. The knowledge of this distance would allow a clinician to properly
position the ETT 10 within the trachea 22. The second parameter is the diameter D of
the trachea 22 at its interface with the ETT 10. According to the invention, the
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measurement of this parameter will allow the distinction between tracheal, bronchial,
and esophageal intubation. The third and final parameter is the location and
magnitude of any obstructions present in the (ETT) tube 10. This measure will allow
the health care provider to constantly assess the patency of the ETT.

By providing two microphones, the present invention can determine
the direction of travel of a sound pulse, and thereby eliminate the need to have a
sound pulse absorber at the proximal end of the microphone that minimizes
reflections from the proximal end. Furthermore, because a sound pulse absorber is
not needed, a valve mechanism for routing the sound pulse to the absorber is not
required by the invention.

In yet another embodiment of the present invention, the two-
microphone system can be replaced by a single microphone (or single pulse-
receiving) system, provided the single microphone allows directional discrimination
of the sound pulse. For example, if a system is provided that includes only a single
microphone that is directionally sensitive, the same directionally discriminating effect
can be accomplished.

It is advantageous for the time delay between the microphones to be an
integer multiple of the sampling period used to digitize the reflected waveforms, or

Iq= mi; ©
where m is an integer.

The time delay between microphones 76, 78 can be determined in the
following manner: |

Microphones 76, 78 are mounted in tube 10 at a preselected distance d,
of, for example, 5 cm apart from each other. Speaker 74 is placed a distance d,, for
example 2 cm, from second microphone 78. Actual distances are preferably much
shorter, and these distances were selected only for trial purposes.

A sound pulse is thereafter generated by speaker 74 and recorded by
microphones 78 at a suitable sampling rate. The use of this high sampling frequency
improves the time resolution of the reflected waveform and allows for a more accurate
determination of the time delay between the microphones. The time delay is
calculated which also implies a sound propagation speed. A value of m is chosen to

determine the sampling period required via equation (6).
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At least three pieces of information can be extracted from the acoustic
data that are important for the development of a guidance and monitoring system.
These are the distance d, between the distal end 14 of tube 10 and the acoustical end
of the airways 22, the diameter D of the trachea or body cavity just after the distal end
14 of the tube 10, and the location and magnitude of obstructions present in tube 10.
The determination of each of these parameters requires the application of several
algorithms which are based on the principles of sound propagation in tubes.

The determination of the insertion depth d, is based on the principle
that for plane wave propagation, a reflection will occur wherever there is a change in
cross-sectional area. Fig. 14 shows how peaks in the acoustic response correspond to
changes in cross-sectional area. The graph is a plot of time T (in ms) versus
amplitude A. The first peak, which occurs at approximately 0.95 ms, is due to the
change in cross-sectional area at the boundary between the tube 10 and the trachea 22.
The second peak (1.3 ms) corresponds to the sudden increase in cross-sectional area
that occurs in the airways. The distance calculated is derived from time delay
between incident pulse and airway reflection (provides distance estimate between
microphone and airway region). Therefore, the distance d, can be calculated by
measuring the time delay between the incident pulse peak and the airway reflected

pulse peak, and thereafter substituting the delay in the following equation.

ct
d,=—*% )
)

where ¢ = speed of sound, and t, is the time difference between reflections.

The diameter of the trachea 22 can be estimated from the system
acoustic response by measuring the reflection coefficient at the boundary between
both the ETT tube 10 and the trachea 22. In cases where the endotracheal tube 10 fits
snugly inside a trachea 22, the diameter of the trachea can be determined by the

following equation:

D=, D ®



WO 01/91843 PCT/US01/16260

10

15

20

25

30

-19-

where D, is the inner diameter of the ETT 10. R is also determined by equation 3.
In the event that the outer diameter of the ETT 10 is smaller than the

trachea 22, the diameter of the trachea can be estimated by the following equation:

e \/ (1- R\D} - (1+ R)D} )
2(1+ R)

where D, is the outer diameter of the ETT 10, and D, is the inner diameter of the ETT

10.

As shown in Fig. 15, if an obstruction 130 occurs within the ETT 10,
an acoustic reflection will occur at that point due to a change in cross-sectional area.
The degree of the lumen constriction can be estimated by measuring the reflection
coefficient at the point of the obstruction. The method used to calculate the reflection
coefficient is similar to the one used to estimate the diameter of the trachea 22. Once
the reflection coefficient is estimated, the percent lumen constriction can be found

using:

I+ R

%LC=(1— )*100%

(10)

This additional capability of detecting the buildup of mucus or fluid
inside the ETT can indicate when an ETT requires suctioning. Any significant
mucous buildup along the inner walls of the ETT would alter the constant ETT cross-
sectional area and is detected by examining the reflections, if any, that precede in time
the tube tip reflection. Using these reflections, the locations and amounts of excess
mucus along the inner ETT walls are then estimated using equations (5) and (7).

The invention can further include a warning signal generator, for
signaling to an operator when an ETT may require suctioning, or when the airway
diameter at the tip of the ETT is smaller than the outer diameter of the ETT. In other
embodiments, the warning signal generator can be programmed to signal when any
one of a number of preselected conditions is present, including non-desirable

conditions at the tip of the tube, non-patency of the tube, and kinking of the tube.
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After the estimated insertion distance and estimated airway diameter
have been calculated by the system, they can be presented to the user in the
convenient graphical format depicted in Fig 16. This display consists of pictorial
representation of ETT 10, a marker of the estimated position of vocal folds 24 in
relation to the ETT tip, and boundary markers on either side of the ETT tip
representing the estimated diameter of the airway at the tube tip. All movements of
ETT 10 within the airway are reflected on the system display. Also, all previously
estimated airway diameter markers 177 remain displayed at their corresponding
position along ETT 10 which provides the user with a rough outline of the airway
dimensions between the vocal folds 24 and the tube tip.

The invention may also be described as a method of acoustically
detecting the relative location of a distal end of a tube within a body conduit.
According to the this embodiment of the invention, an incident sound pulse is
generated in the tube, a reflected sound pulse is detected, the direction of travel of the
reflected sound pulse is determined, and the position of the tube relative to the body
conduit is determined. The invention may also include the step of determining
whether the tube is obstructed. The invention may further include the step of
generating a warning signal upon the occurrence of preselected conditions. The
position determining step may include the step of estimating the dimensions of the
body conduit adjacent the distal end of the tube, as disclosed above. Furthermore, the
position determining step may include the step of comparing a first signal
representing a sound pulse detected by a first microphone with a second signal
representing a sound pulse detected by a second microphone.

The general method required to employ acoustical guidance according
to the apparatus and method of the present invention requires certain specific steps to
be followed. First, the acoustical properties of the medium in which the sound pulses
will be propagated must be analyzed and determined. For example, sound speed and
acoustic losses in the medium such as blood, air, or urine must be determined. The
next step of the method is to determine the acoustic wall properties of the body
conduit in which the tube or catheter will reside. Properties such as compliance,
mass, and resistance must be determined for the conduit or cavity into which the tube

or catheter is inserted. Next, anatomical boundaries that give rise to specific
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identifiable reflections must be determined. For instance, a pulse may be reflected off
a valve between the bladder and urethra when inserting a tube or catheter into the
bladder. Next, amplitude requirements for exogeneous sound pulses to be delivered
to ensure detectable reflections from the key boundaries must be determined. The
operator must also determine pulse width and shape (and therefore frequency content)
to optimize reflections from boundaries of interest to allow calculations of distances,
dimensions, etc. to be made. Finally, particular sound generators such as speakers,
detectors such as microphones, connectors, and valves must be coupled together to
propagate sound forces into a body, detect reflected pulses, and process the detected
pulses.

Although the method and apparatus described is related to guiding and
positioning an ETT 10 within a respiratory system of a body, it is understood that the
apparatus and method of the present invention may be used to guide insertion of gas
or liquid filled tubes or catheters into other body cavities or in various mechanical
operations. The acoustical guidance apparatus and method can be applied to a wide
variety of clinical tubes or catheters where accurate placement and position
monitoring is required. For example, the apparatus and method can be used to ensure
proper feeding tube placement in the stomach and not in the esophagus or small
intestine. The apparatus and method can be used to determine the location of a
urinary catheter for diagnosis and relief of incontinence or for other reasons. The
apparatus and method can also be used to position arterial and venous catheters to
measure physiological parameters and deliver therapeutic pharmaceuticals. Also
illustratively, the apparatus and method can be used to monitor the position of
indwelling heart catheters used in hemodynamic clinical studies.

Although the invention has been described in detail with reference to a
certain preferred embodiment, variations and modifications exist within the scope and

spirit of the invention as described and defined in the following claims.
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CLAIMS:

L. An apparatus for acoustically detecting the location of a distal
end of a tube relative to a body conduit into which the tube is inserted, the tube
having a proximal end and a distal end, the distal end formed for insertion into the
body conduit, the apparatus comprising:

a speaker for generating a sound pulse in the tube;

a first microphone for detecting a sound pulse in the tube at a distal
position relative to the speaker, and for generating a first signal corresponding to the
detected sound pulse;

a second microphone for detecting a sound pulse at a position in the
tube between the first microphone and the speaker, and for generating a second signal
corresponding to a detected sound pulse; and

a processor configured to receive the first and second signals and to
discriminate between a distally traveling sound pulse and a proximally traveling
sound pulse as the distal end of the tube is moved relative to the body conduit, the
processor using the first or second signal generated from detection of the proximally
traveling sound pulse to determine and report the location of the distal end of the tube
relative to the body conduit.

2. The apparatus of claim 1, wherein the processor is further
configured to detect a blockage in the tube.

3. The apparatus of claim 2, wherein the blockage is total.

4, The apparatus of claim 2, wherein the blockage is partial.

5. The apparatus of claim 1, wherein the processor is further
configured to detect a kink in the tube.

6. The apparatus of claim 1, wherein the processor provides a
signal representing the dimensions of the body conduit adjacent the distal end of the
tube.

7. The apparatus of claim 6, further comprising a warning signal
generator for signaling when the dimensions signaled by the processor are not within

a predetermined range.
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8. The apparatus of claim 1, further comprising a warning signal
generator for signaling when the distal end of the tube moves relative to the body
conduit.

9. The apparatus of claim 1, wherein the tube is adapted to be
coupled to a medical device.

10.  The apparatus of claim 9, wherein the medical device is one
selected from the group consisting of a mechanical ventilator, a breathing bag, an
anesthesia machine, and an infusion pump.

11.  The apparatus of claim 1, further comprising a display in
electronic communication with the processor.

12.  The apparatus of claim 11, wherein the display provides an
indication of the dimensions of the body conduit adjacent the distal end of the tube.

13.  The apparatus of claim 11, wherein the display provides an
indication of the patency of the tube.

14.  The apparatus of claim 11, wherein the display provides an
indication of the location of the distal end of the tube relative to the body conduit.

15.  An apparatus for acoustically detecting the location of a distal
end of a tube relative to a body into which the tube is inserted, the tube having a
proximal end and a distal end, the distal end formed for insertion into the body
conduit, the apparatus comprising:

a sound pulse generator;

a sound pulse receiver for signaling the detection of a sound pulse;

a position indicator configured to report the location of the distal end
of the tube relative to the body using the signal from the sound pulse receiver; and

means for discriminating between a sound pulse traveling away from
the distal end of the tube and a sound pulse traveling toward the distal end of the tube.

16.  The apparatus of claim 15, wherein the sound pulse receiver
comprises a first microphone and a second microphone.

17.  The apparatus of claim 15, wherein the sound pulse receiver
comprises a directionally sensitive microphone.

18.  The apparatus of claim 15, wherein the sound pulse receiver is

located at a distal position relative to the sound pulse generator.
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19.  The apparatus of claim 15, wherein the sound pulse receiver is
located at a proximal position relative to the sound pulse generator.

20.  The apparatus of claim 15, wherein the position indicator
determines whether the tube is obstructed.

21.  The apparatus of claim 15, wherein the position indicator
estimates dimensions of the body adjacent the distal end of the tube.

22.  The apparatus of claim 21, further comprising a warning signal
generator for signaling when the dimensions estimated by the position indicator are
not within a predetermined range.

23.  The apparatus of claim 15, further comprising a warning signal
generator for signaling when the distal end of the tube moves relative to the body.

24,  The apparatus of claim 15, further comprising a medical device
coupled to the tube.

25.  The apparatus of claim 15, further comprising a display in
electronic communication with the position indicator.

26. A method of acoustically detecting the location of a distal end
of a tube relative to a body, comprising the steps of:

generating a sound pulse in the tube;

detecting a sound pulse;

determining the direction of travel of the detected sound pulse; and

determining the position of the distal end of the tube relative to the
body using the detected sound pulse when the detected sound pulse is determined to
be traveling away from the distal end of the tube.

27. The method of claim 26, further comprising the step of
determining whether the tube is obétructed.

28.  The method of claim 26, further comprising the step of
determining whether the tube is kinked.

29.  The method of claim 26, wherein the position determining step
includes estimating the dimensions of the body adjacent the distal end of the tube.

30. The method of claim 29, further comprising the step of
generating a warning signal when the estimated dimensions are not within a

predetermined range.
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31.  The method of claim 26, further comprising the step of

generating a warning signal when the distal end of the tube moves relative to the

body.

32.  The method of claim 26, wherein the position determining step

5  includes the step of comparing a first signal representing a sound pulse detected by a

first microphone with a second signal representing a sound pulse detected by a second

microphone.
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