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(57) Abstract: A system for localizing an ultrasound imaging transducer. The ultrasound imaging transducer is operated in a first
resonant mode to transmit an ultrasound imaging signal. Image data is generated based on this transmitted ultrasound imaging signal.
The ultrasound imaging transducer is also operated in a second resonant mode to transmit or receive an ultrasound positioning signal.
The position of the imaging transducer can then be determined based on the transmitted or received ultrasound positioning signal.
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ULTRASOUND RANGING FOR LOCALIZATION OF IMAGING TRANSDUCER

FIELD OF THE INVENTION
The invention generally relates to medical imaging devices, and more particularly to

systems for ultrasonically imaging body tissue.

BACKGROUND OF THE INVENTION

For purposes of diagnosis and treatment planning, imaging techniques are commonly
used in medical procedures to view the internal anatomy of a patient’s body. In 'qtne imaging
technique, an imaging catheter with a distally rotatable ultrasound transducer is ins;fted nto
the patient’s body, e.g., through a blood vessel. Typically, the ultrasound transducer will be
mounted on the distal end of a drive shaft that rotates within the catheter body. The drive
shaft is typically composed of a counter wound spring coil to maximize the distal transfer and
response of the rotational forces applied to the proximal end of the shaft, while maximizing
lateral flexibility.

To obtain an interior image of the body tissue, the rotating ultrasound tra}lsducer
transmits pulses of ultrasound energy into the body. A portion of the ultrasourigi ‘energy is
reflected off of the internal anatomy of the body back to the transducer. The reflected
ultrasound energy (echo) impinging on the transducer produces an electrical signal, which is
used to form a 360 degree cross-sectional interior image of the body. The rotating ultrasound
transducer can be longitudinally translated, so that multiple cross-sectional images can be
generated and later reconstructed into a three-dimensional interior image of the body tissue.

Oftentimes, it is desirable to localize the imaging catheter, so that it can be accurately
guided within the target area of the patient’s body. In addition, it is also desirable to localize
the imaging plane of the rotating imaging transducer, so that the resultant ultrasound image

can be properly displayed within the context of the target area based on the localized position
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of the ultrasound transducer. In one guidance system, a graphical representation of the
imaging catheter is displayed in a three-dimensional computer-generated representation of a
body tissue, e.g., a heart chamber. The three-dimensional representation of the body tissue is
produced by mapping the geometry of the inner surface of the body tissue in a three-
dimensional coordinate system. For example, a mapping device can be placed in contact with
multiple points on the body tissue to obtain surface points, and a graphical surface can then
be confofmed to the mapped surface points. Alternatively, a mapping device can be moved
around inside the body cavity to obtain interior points, and a graphical surface can be
gradually deformed in real time to include each interior point as it is obtained. In this case,
the mapping device can also be placed in contact with the body tissue to obtain surface
points, so that the graphical deformation process can be further refined.

In any event, the position and orientation of the imaging catheter, and thus, the
position and orientation of the imaging plane, are determined by placing one or more location
sensors on the catheter body known distances from the imaging transducer, and then tracking
the position of these sensor(s) within the three-dimensional coordinate system. The position
and orientation of the imaging plane can be extrapolated from the determined positions
and/or orientation of the sensor(s). In the case of an ultrasound-based guidance system,
multiple location sensors (in the form of ultrasound transducers) are placed along the distal
end of the imaging catheter, so that its angular orientation can be determined. An example of
this type of guidance system is the Realtime Position Management™ (RPM) tracking system
developed commercially by Cardiac Pathways Corporation, now part of Boston Scientific
Corp. The RPM system is currently used in the treatment of cardiac arrhythmia to define
cardiac anatomy, map cardiac electrical activity, and guide an ablation catheter to a treatment

site in a patient’s heart.
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Although the use of these types of guidance systems are generally useful in tracking
the position and orientation of an imaging catheter and its imaging plane, it is still desirable
to make further improvements. For example, the addition of each location sensor
incrementally increases the complexity and cost of the system, and thus, a reduction in the
number of location sensors needed to localize the distal end of an imaging catheter would be
beneficial. In addition, the overall length of the counterwound drive shaft will vary as the
catheter body is curved, thereby shifting the position of the imaging transducer proximally or
distally relative to the catheter body a distance up to 8 millimeters. This may cause
inaccuracies when determining the position of the imaging transducer within the three-
dimensional coordinate system. Also, the extrapolation process used to determine the

position and orientation of the imaging plane may cause further inaccuracies.

SUMMARY OF THE INVENTION

In accordance with one embodiment of the invention, an ultrasound imaging
transducer localization system comprises an ultrasound imaging transducer having first and
second resonant modes, and control/processing circuitry coupled to the ulirasound transducer
for operating the imaging transducer in the first resonant mode to transmit an ultrasound
imaging signal (e.g., a 9 MHz ultrasound pulse), and for operating the imaging transducer in
the second resonant mode to transmit or receive an ulirasound positioning signal (e.g., a 1
MHz ultrasound pulse). The control/processing circuitry is configured for generating image
data based on the transmitted ultrasound imaging signal, and for determining a position of the
imaging transducer based‘on the transmitted or received ultrasound positioning signal. The
control/processing circuitry implemented in hardware, software, firmware, or any

combination thereof,
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The localization system may optionally further comprise a probe, such as, e.g., a
catheter, on which the imaging transducer is mounted. The imaging transducer can be
rotatable, in which case, the localization system can further comprise a drive unit a drive unit
mechanically coupled to the imaging transducer for rotating the imaging transducer around an
axis. In this manner, the control/processing circuitry can generate 360° cross-sectional image
data. The imaging transducer can, however, be non-rotatable. The control/processing
circuitry can operate the imaging transducer in the first and second resonant modes, generate
the imaging data, and determine the position of the imaging transducer in the same manner
described above. The imaging transducer can exhibit the same characteristics as those
previously described.

Other objects and features of the invention will become apparent from consideration

of the following description taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate the design and utility of embodiments of the invention, in
which similar elements are referred to by common reference numerals, and in which:

FIG. 1 is a functional block diagram of one embodiment of a body tissue imaging
system constructed in accordance with the invention;

FIG. 2 is a functional block diagram of an ultrasound imaging subsystem used in the
body tissue imaging system of FIG. 1;

FIG. 3 is a cross-sectional view of an ultrasonic imaging catheter used in the
ultrasound imaging subsystem of FIG. 2;

FIG. 4 is a perspective view of a square ultrasound transducer, particularly illustrating

its resonant modes;
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FIG. 5 is a perspective view of a disk-shaped ultrasound transducer, particularly
illustrating its resonant modes;

FIG. 6 is a perspective view of a cylindrical ultrasound transducer, particularly
illustrating its resonant modes;

FIG. 7 is a table illustrating a distance matrix formed by calculating the distances
between ultrasound tracking transducers, an ultrasound imaging transducer, and ultrasound
reference transducers of an ultrasound ranging system;

FIG. 8 is a functional block diagram of a positional arrangement between a plurality
of ultrasound receiving transducers and an ultrasound transmitting transducer;

FIG. 9 is a functional block diagram of ultrasound ranging circuitry used in the body
tissue imaging system of FIG. 1; and

FIG. 10 is a diagram showing an exemplary series of ultrasound pulses transmitted by

the ultrasound ranging circuitry of FIG. 9.

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

Referring to FIG. 1, an exemplary body tissue imaging system 10 constructed in
accordance with the invention is shown. The imaging system 10 generally comprises (1) an
imaging subsystem 12 for generating image data of body tissue, e.g., a heart; (2) a guidance
subsystem 14 for localizing the image data within a three-dimensional graphical
environment; (3) a composite image generator 16 for generating a composite image by
registering the image data with the three-dimensional graphical environment; and (4) a
display 18 for displaying the composite image. It should be noted that the elements
illustrated in FIG. 1 are functional in nature, and are not meant to limit the structure that

performs these functions in any manner. For example, several of the fiunctional blocks can be
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embodied in a single device, or one of the functional blocks can be embodied in multiple
devices. Also, the functions can be performed in hardware, software, or firmware.

The imaging subsystem 12 comprises an ultrasound imaging catheter 20, which
includes a distally rotatable ultrasound imaging transducer 22 for generating and detecting
imaging signals representing the interior of the body, and ultrasound imaging
control/processing circuitry 24 coupled to the imaging catheter 20 for processing these |
signals into image data.

Specifically, and with reference to FIGS. 2 and 3, the ultrasound imaging catheter 20
comprises an elongated catheter body or sheath 34 having a lumen 36 extending
therethrough. The catheter body 34 is made of a flexible material, so that it is able to be
easily introduced through a body Iumen, such as, e.g., an esophagus or a blood vessel. The
imaging catheter 20 further comprises a rotatable imaging assembly 38, which comprises a
housing 40 (or “can”) and the imaging transducer 22. The imaging catheter 20 further
comprises a drive shaft 42 extending through the lumen 36. The rotating imaging assembly
38 is mounted on the distal end of the drive shaft 42, and a drive motor (not shown) is
mounted to the proximal end of the drive shaft 42. The catheter body 34 includes an acoustic
window 44 for allowing ultrasound pulses to pass through the catheter body 34. The lumen
36 may be filled with fluid, e.g., water, to better couple ultrasound energy from the imaging
transducer 22 to the surrounding body.

The imaging control/processing circuitry 24 includes an electrical pulse generator 46
and an electrical signal receiver 48, both of which are coupled to the imaging transducer 22
via signal wires (not shown) that extend through the center of the drive shaft 42. The
imaging control/processing circuitry 24 further includes an ultrasound image processor 50

coupled to the electrical signal receiver 48.
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To obtain an ultrasound image of the interior of the body, the imaging catheter 20
may be inserted into the body with the imaging transducer 22 adjacent the tissue to be
imaged, and the imaging assembly 38 is operated to generate an imaging beam that rotates
about an axis 52 and forms a rotational plane 54. Specifically, the imaging assembly 38 is
mechanically rotated along the axis 52, while the pulse generator 46 transmits electrical
pulses through the signal wires to excite the imaging transducer 22. In the illustrated
embodiment, the imaging assembly 38 is rotated at 30 revolutions/second, and the pulse
generator 46 generates 9 MHz pulses at a rate of 256 pulses per revolution. The imaging
transducer 22 converts the electrical pulses into pulses of ultrasound energy, which are
emitted into the body tissue. A portion of the ultrasound energy is reflected off of the body
tissue back to the imaging transducer 22. The imaging transducer 22 converts the back-
reflected ultrasound energy into electrical signals representing the body tissue, which are
transmitted back through the signal wires to the electrical signal receiver 48. The eiectrical
signals are detected by the eiectrical signal receiver 48 and outputted to the ultrasound image
processor 50, which processes the received electrical signals into 360 degree cross-sectional
ultrasound image data of the body tissue using known ultrasound image processing
techniques. For each cross-section of image data; the ultrasound image processor 50 selects a
fiducial orientation (in the illustrated embodiment, that associated with the generation of the
first pulse) that will be used to orient the imaging data. Proper rotational orientation of the
imaging data can be achieved using any one of a variety of imaging orientation methods, such
as those described in U.S. Patent No. 6,248,075, and in U.S. Patent Application Serial No.
10/319,285.

To image a three-dimensional volume of the body, the imaging assembly 38 may be
translated axially within the catheter body 34 by pulling back the drive shaft 42 with the drive

motor. As the imaging assembly 38 is axially translated, the imaging transducer 22 is rotated
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to obtain multiple cross-sectional images (i.e., “slices™) of the body tissue at different
positions within the body. In this case, the ultrasound image processor 50 then aggregates
(i.e., pieces together) the multiple cross-sectional images to reconstruct the volume of the
body using known volume reconstruction techniques.

Referring back to FIG. 1, the guidance subsystem 14 generally comprises ultrasound
ranging circuitry 26 for determining the distances between ultrasound tracking transducers
30, the imaging transducer 22 (which also functions as a tracking transducer), and ultrasound
reference transducers 32. As will be described further detail below, the distances between the
reference transducers 32 can be triangulated to establish a three-dimensional coordinate
system, and the distances between the tracking transducers 30 and the reference transducers
32 can be triangulated to determine the positions (x,y,z) of the tracking transducers 30, and
thus any structure or tissue adjacent the tracking transducers 30, within the established
coordinate system. Similarly, the distances between the imaging transducer 22 and the
reference transducers 32 can be triangulated to determine the positions (x,y,z) of the imaging
transducer 22, and thus the rotational plane, within the established coordinate system.

In the illustrated embodiment, the ultrasound reference transducers 32 are mounted on
a pair of reference catheters (not shown). For example, the number of reference transducers
32 can total eight, with four reference transducers 32 mounted on each reference catheter.
The reference catheters can be placed anywhere within the body (preferably, a known
location) that arranges the reference transducers 32 in three-dimensional space, and that
allows the reference transducers 32 to communicate with the tracking transducers 30 and
imaging transducer 22. For example, if the body tissue to be imaged is heart tissue, the first
two dimensions of the coordinate system are provided by placing one of the reference
catheters within the coronary sinus (CS) to arrange its four reference transducers 32 in a two-

dimensional plane, and the third dimension is provided by placing by placing the other
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reference catheter within the right venticular (RV) apex to arrange its four reference
transducers 32 off of the two-dimensional plane. It should be noted that only three of the
reference transducers 32 located on the CS reference catheter are needed to provide the first
two dimensions of the coordinate system, while only one of the reference transducers 32
located on the RF reference catheter is needed to provide the third dimension. The remaining
reference transducers 32 are redundant and are used to improve the accuracy of the
triangulation process.

In the illustrated embodiment, two cylindrically-shaped tracking transducers 30 are
mounted about the distal end of the imaging catheter body 34 (shown in FIG. 3). If the body
tissue to be analyzed is a heart chamber, tracking transducers 30 can also be mounted at the
distal end of a mapping catheter (not shown) to facilitate the mapping of electrophysiological
information within the heart chamber. One of the tracking transducers 30 can be mounted on
the distal tip of the mapping catheter, or alternatively, this tracking transducer 30 can be
mounted on the distal tip of a separate marking catheter (not shown), so that the inner surface
of the heart chamber can be structurally mapped.

In the illustrated embodiment, the reference transducers 32 are operated as
transceivers (i.e., they have the capability of transmitting and receiving ultrasound pulses),
the tracking transducers 30 are operated as receivers, and the imaging transducer 22 is
operated as a transmitter. As will be described in further detail below, operating the imaging
transducer 22 as a transmitter provides certain design advantages. It should be noted,
however, that the imaging transducer 22, like the reference transducers 32 and tracking
transducers 30, can be operated as a transceiver or receiver without straying from the
principles taught by this invention.

The reference transducers 32 are operated as transmitters by stimulating them with

electrical pulses, which in turn causes the reference transducers to vibrate and transmit
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ultrasound pulses. The reference transducers 32 and tracking transducers 30 are operated as
receivers by stimulating them with ultrasound pulses, which in turn causes the reference
transducers to vibrate and transmit electrical pulses.

The ultrasound transducers‘ are composed of piezoelectric ceramics that convert
electrical energy into vibrational energy, and vice versa. This vibration results from the
piezoelectric ceramic expanding in one direction, which causes it to contract in another
direction. The expansion and contraction causes an ultrasound signal or pulse to be emitted
from each surface of the transducer when transmitting. Similarly, a received ultrasound
signal or pulse causes a receiving transducer to expand and contract, generating electricity.
Each direction of expansion/contraction is termed a vibrational mode. Each vibration mode
of a transducer is associated with a resonant frequency (i.e., the frequency of
expansion/contraction), which is determined by the size and geometry of the transducer, and
the speed of sound, s, in the piezoelectric ceramic, which is known to be approximately 4000
m/sec.

For example, FIGS. 4-6 illustrate ultrasound transducers 100 with varying geometries.
In FIG. 4, a square transducer 100(1) exhibits two resonant modes: (1) a thickness mode,
which is caused by expansion/contraction along the thickness # of the transducer 100(1) and
results in ultrasound energy being emitted from its face; and (2) a planar mode, which is
caused by expansion/contraction along the plane p of the transducer 100(1) and results in
ultrasound energy being emitted from its edges. The resonant frequency, f; of the transducer
100(1) when operated in the thickness mode can be given by f=s/2¢. Assuming that the
transducer 100(1) has a thickness, ¢, of 0.0087 inches, it will exhibit a resonant frequency, £,
of 9 MHz when operated in the thickness mode. The resonant frequency, f; of the transducer

100(1) when operated in the planar mode can be given by f=s/21. Assuming that the

10



10

15

20

25

WO 2004/054450 PCT/US2003/037842

transducer 100(1) has a length, 7, of 0.079 inches, it will exhibit a resonant frequency, f; of 1
MHz when operated in the planar mode.

In FIG. 5, a disk-shaped transducer 100(2) exhibits two resonant modes: (1) a
thickness mode, which is caused by expansion/contraction along the thickness # of the
transducer 100(2) and results in ultrasound energy being emitted from its face; and (2) a
radial mode, which is caused by expansion/contraction along the diameter d of the transducer
100(2) and results in ultrasound energy being radially emitted from its circumference. The
resonant frequency, f; of the transducer 100(2) when operated in the thickness mode can be
given by f'=s/2¢. Assuming that the transducer 100(2) has a thickness, #, of 0.0087 inches, it
will exhibit a resonant frequency, f; of 9 MHz when operated in the thickness mode. The
resonant frequency, f, of the transducer 100(2) when operated in the radial mode can be given
by f=s/2d. Assuming that the transducer 100(2) has a diameter, d, of 0.079 inches, it will
exhibit a resonant frequency, f; of | MHz when operated in the radial mode.

In FIG. 7, a cylindrical transducer 100(3) exhibits two resonant modes: (1) a length
mode, which is caused by expansion/contraction along the length I of the transducer 100(3)
and results in ultrasound energy being emitted from its edges; and (2) a circumferential mode,
which is caused by expansion/contraction along the circumference c of the transducer 100(3)
and results in ultrasound energy being radially emitted from its circumference c. The
resonant frequency, £, of the transducer 100(3) when operated in the length mode can be
given by f=s/2/. Assuming that the transducer 100(3) has a length, /, of 0.0087 inches, it
will exhibit a resonant frequency, f; of 9 MHz when operated in the length mode. The
resonant frequency, f; of the transducer 100(3) when operated in the circumferential mode
can be given by f'=s/nd. Assuming that the transducer 100(2) has a diameter, d, of 0.050
inches, it will exhibit a resonant frequency, f, of 1 MHz when operated in the circumferential

mode.
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It is this multi-vibrational mode phenomenon that allows the imaging transducer 22 to
provide a positioning function in addition to the imaging function. That is, the imaging
transducer 22 is advantageously operated in two resonant modes (thickness and radial), such
that it transmits imaging ultrasound pulses in the thickness mode (at 9 MHz) and transmits
positioning ultrasound pulses in the radial mode (at 1 MHz). In this case, the imaging
transducer 22 is shaped as a disk having a thickness, ¢, of 0.0087 inches, and a diameter, d, of
0.079 inches. The reference transducers 32 and tracking transducers 30 are capable of
receiving the ultrasound pulses that are transmitted from the imaging transducer 22 in the
radial mode. Thus, it can be appreciated that the use of the imaging transducer 22 to perform
positioning, eliminates the need for an additional tracking transducer 30. It can also be
appreciated that operating the imaging transducer 22 as a transmitter during the positioning
function requires minimal or no modification to existing imaging equipment, since, during
the imaging function, the imaging transducer 22 inherently transmits ultrasound pulses that
could be used for positioning. No amplifiers or filters need be incorporated into existing the
imaging device, which may otherwise be required if the imaging transducer 22 is operated as
a receiver or transceiver.

Notably, the electrical pulse transmitted to the imaging transducer 22 is relatively
short in order to increase the imaging resolution of resulting image data. Although this
électn'cal pulse is nominally 9 MHz, its relatively short width spreads the harmonic
frequencies over a broad range, which includes 1 MHz. Thus, the 9 MHz electrical pulse will
stimulate the thickness and radial modes of the imaging transducer 22, so that it transmits 9
MHz and 1 MHz ultrasound pulses.

Ideally, the beam profile of the ultrasound pulses transmitted and/or received by the
tracking transducers 30, imaging transducer 22 (in the radial mode), and reference

transducers 32 is isotropic. That is, each of the ultrasound pulses has a beam profile that is
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substantially equal in all directions. In contrast, a beam profile that is anisotropic exhibits
lovs'/ points or nulls that may cause inconsistent measurements between transducers. Because
the discontinuities between the different surfaces of the ultrasound transducer create
discontinuities in its beam profile, however, ultrasound transducers, such as those illustrated
in FIGS. 4-6, tend to be anisotropic to a certain extent. For example, in the illustrated
embodiment, the ultrasound pulses transmitted and received by the tracking and reference
transducers 30 and 32 exhibit an isotropic ratio (ratio of largest to smallest amplitude of beam
profile) of approximately 3. The ultrasound pulses transmitted by the imaging transducer 22
when operated in the radial mode is 6. Typically, however, these isotropic ratios are
sufficient to perform accurate distance measurements between the transducers.

To determine the distances between the tracking and reference transducers 30 and 32,
the ranging circuitry 26 is operated to cause each reference transducer 32 to transmit an
ultrasound pulse to the remaining reference transducers 32 and the tracking transducers 30,
and then calculate the “time-of-flight” of each ultrasound pulse. The ranging circuitry 26 is
also operated to calculate the time-of-flight of the ultrasound pulses transmitted by the
imaging transducer 22 during its positioning function to the tracking and reference transducer
30 and 32.

Thus, it can be seen from FIG. 7 that a nine-by-thirteen distance matrix, defined by
the nine transmitting transducers on one side (eight reference transducers 32 (TXVR1-8) and
one imaging transducer 22 (IMAG/TX) and thirteen receiving transducers on the other side
(eight reference transducers 32 (TXVR1-8), two tracking transducers 30 (RX1-2) located on
the imaging catheter 20, and three tracking transducers 30 (RX3-5) located on the mapping
catheter), is formed. This matrix contains the time-of-flight of the ultrasound pulses

transmitted between each transmitting transducer and the respective receiving transducers.
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The distances (d1-d109) between the respective transducers can then be calculated using
these time-of-flight values.

For example, referring to FIG. 8, a transmitting transducer 110 and four receiving
transducers 112(1)-(4) are shown being separated from each other by respective distances d1-
d4. To measure the distances d1-d4 between the transmitting transducer 110 and the
receiving transducers 112, the equation d'= vt can be used, where v is the velocity of the
ultrasound pulse transmitted by the transmitting transducer 110 through the medium to the
receiving transducers 112, and 7 is the time that it takes for the ultrasound pulse to travel
between the transmitting transducer and the respective receiving transducer 112. To simplify
the distance computations, the velocity of the ultrasound pulses may be assumed to be

constant. This assumption typically only produces a small error since the velocity of

. ultrasound pulses varies little in body tissue and blood.

Turning now to FIG. 9, the components of the ranging circuitry 26 will now be
described in further detail. The ranging circuitry 26 includes a pulse generator 56 coupled to
the reference transducers 32, a threshold detector 58 coupled to the reference transducers 32
and the tracking transducers 30, distance circuitry 60 coupled to the threshold detector 58,
control circuitry 62 coupled to the pulse generator 46, and a distance counter 64 coupled to
the control circuitry 62.

The pulse generator 46 is configured for generating electrical pulses that are
transmitted to the reference transducers 32, which convert the electrical pulses into
ultrasound pulses. The control circuitry 62 operates the pulse generator 46, such that the
pulses are generated at the desired frequency and spacing. In the illustrated embodiment, the
electrical pulses are 1 MHz pulses that are transmitted at a rate of one pulse per millisecond.
Notably, the 1 MHz ultrasound pulses transmitted by the reference transducers 32 are

consistent with the 1 MHz ultrasound pulses generated by the imaging transducer 22 in the
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radial mode. The control circuitry 62 also controls the multiplexing between the pulse
generator 46 and the reference transducers 32, such that reference transducers 32 are
stimulated by the electrical pulses in a sequential fashion. Thus, the control circuitry 62 will
cause the first reference transducer 32(1) to transmit an ultrasound pulse, then the second
reference transducer 32(2), and so on until the last reference transducer 32(8) transmits an
ultrasound pulse. The control circuitry 62 will then cycle through the reference transducers
32 again. As illustrated in FIG. 10, a dead period is created at the end of each cycle in order
to provide a separate transmission petiod for the imaging transducer 22, as will be described
in further detail below. In the illustrated embodiment, this dead period extends for 1
millisecond. Thus, each transmission cycle is 9 milliseconds.

Coincident with the transmission of each ultrasound pulse from a reference transducer
32, the control circuitry 62 is configured for triggering the distance counter 64 to begin
counting from zero. The running count value of the distance counter 64 provides a measure
of time from the transmission of the ultrasound pulse. This distance counter 64 is reset to
zero upon the transmission of the next ultrasound pulse. The control circuitry 62 is coupled
to the image control/processing circuitry 24, so that it can determine when the ultrasound
pulse has been transmitted from the imaging transducer 22. In the illustrated embodiment,
the image control/processing circuitry 24 transmits a trigger pulse to the control circuitry 62
to indicate transmission of a ultrasound pulse from the imaging transducer 22.

After each ultrasound pulse has been transmitted, the remaining transducers receive
the ultrasound pulse and convert the ultrasound pulse into respective electrical pulses. The
threshold detector 58 is configured for detecting the electrical pulses that are above a
threshold level, e.g., a voltage level. Upon receipt of a detected electrical pulse from the
threshold detector 58, the distance circuitry 60 reads the current count from the distance

counter 64, which provides a distance measurement between the corresponding receiving
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transducer and the current transmitting transducer in the form of an elapsed tifne between the
transmission of the transmit pulse and the detection of the receive pulse. The distance
circuitry 60 listens for the transmitted pulse within a time window, e.g., 100usec. The time
window may begin immediately or silortly after the transmitted pulse has been transmitted.

In determining the time of detection of the transmitted pulse by each receiving transducer, the
distance circuitry 60 interprets the first signal that the threshold detector 58 detects within the
time window as the received pulse.

With regard to the imaging transducer 22, the distance circuitry 60 will listen for the
receive pulse during the dead period immediately after receiving the trigger signal from the ’
image control/processing circuitry 24. Assuming that the imaging assembly 38 rotates at a
rate of 30 revolutions per second, and the pulse generator 46 generates 256 pulses per
revolution, the imaging transducer 22 will transmit ultrasound pulses at a rate of 7 to 8 pulses
per millisecond. Thus, multiple pulses will be received from thé imaging transducer 22
within the 1 millisecond dead period. Once the first trigger signal from the
imaging/processing circuitry 24 has been received during the dead period, the distance
circuitry 60 will take the first pulse received by the receiving transducers.

To prevent or minimize ultrasound interference that may otherwise result from the
transmission of ultrasound energy from the imaging transducer 22 during the imaging
function, the ranging circuitry 26 preferably includes filtering circuitry. For example, the
emission of ultrasound energy from the imaging transducer 22 may cause the measured
distance between a transmitting transducer and a receiving transducer to be less than it
actually is. To minimize this adverse effect, multiple distance measurements between each
combination of transducers can be taken for each measurement cycle. The greatest distance

measurement can then be selected from the multiple distance measurements to obtain the true
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measurement between the transducers. Such a filtering technique is disclosed in U.S. Patent
Application Serial No. 10/213,441.

Referring back to FIG. 1, the guidance subsystem 14 further comprises a graphical
processor 28 for using the ranging information contained in the distance matrix generated by
the ranging circuitry 26 to determine the positions of the tracking transducers 30 within a
three-dimensional coordinate system (as established by the reference transducers 32), and
graphically rendering the distal end of the catheter bc;dy 34, the rotational plane 54 of the
imaging assembly 38, and the imaging environment within the three-dimensional coordinate
system. The graphical processor 28 may also graphically generate an imaging pattern formed
by the rotating imaging element 22, e.g., a conical pattern, and render it within the coordinate
system. This technique is detailed in U.S. Patent Application Serial No. 10/318,474.

The three-dimensional coordinate system is established by triangulating the relative
distance calculations between each reference transducer 32 and the remaining reference
transducers 32. That is, the graphical processor 28 utilizes the first eight receive columns and
the first eight transmission rows in the distance matrix (d1-d7, d13-d19, d25-d31, d37-d43,
d49-d55, d61-d67, d73-d79, and d85-d91) illustrated in FIG. 7. As previously described,
placement of the reference transducers 32 in three-dimensional space (at least three
transducers defining a plane, and at least one transducer located off of the plane) is sufficient
to establish the three-dimensional coordinate system. The coordinates of the tracking
transducers 30 within this three-dimensional coordinate system are determined by
triangulating the relative distance calculations between each of the tracking transducers 30
and the reference transducers 32. That is, the graphical processor 28 utilizes the last five
receive columns and the first eight transmission rows in the distance matrix (d8-d12, d20-
d24, d32-d36, d44-d48, d56-d60, d68-d72, d80-d84, and d92-d96) illustrated in FIG. 7. The

coordinates of the imaging transducer 22 within the three-dimensional coordinate system are
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likewise determined by triangulating the relative distance calculation between the imaging
transducer 22 and the reference transducers 32. To simplify the processing, this is
accomplished by treating the imaging transducer 22 as one of the tracking transducers 30
(i-e., assuming that it is a receiving transducer) and treating the reference transducers 32 as
transmitting transducers. This can be performed by transposing a portion of the ninth
transmission row of the distance matrix (d97-d104) onto an additional receive column, as
illustrated in FIG. 7.

Once the positional coordinates of the tracking transducers 30 and imaging transducer
22 have been determined, the graphical processor 28 can determine the positional coordinates
and orientation of the distal ends of the imaging catheter 20 and mapping catheter.
Specifically, the graphical processor 28 can determine this information by extrapolating the
determined positions of the tracking transducers 30 and imaging transducer 22 based on the
known structure of the imaging catheter body 34 and mapping catheter and the positional
relationship between these transducers. In the preferred embodiment of the imaging catheter
20, the portion of the distal end between the imaging transducer 22 and the adjacent tracking
transducer 30 is relatively stiff, and thus, there will typically be no or very little curve in that
portion to extrapolate. Rather, the imaging catheter 20 will tend to bend between that
adjacent tracking transducer 30 and the proximal-most tracking transducer 30. As such, the
“creep” of the imaging transducer 30 will have little or no adverse effect on the calculation of
the positional coordinates and orientation of the imaging catheter 20.

The positional coordinates of the origin of rotational plane 54 can be determined from
the positional coordinates of the imaging transducer 22, and the orientation of the rotational
plane 54 can be determined from the extrapolated orientation of the portion of the catheter
body 34 that contains the imaging transducer 22. The graphical processor 28 is optionally

configured to reconstruct the body cavity in which the image is generated by determining the
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positional coordinates of a roving tracking transducer (e.g., one of the tracking transducers 30
located on the mapping catheters) that is placed in contact with the inner surface of the body
cavity. Additional details on determining the location and orientation of ultrasound
transducers and the catheters that carry them, as well as body 'cavity reconstruction
techniques, can be found in U.S. Patent No. 6,490,474, and in U.S. Patent Application Serial
09/128,304.

Referring still to FIG. 1, the composite image generator 16 is configured for
superimposing the image data obtained from the image control/processing circuitry 24 over
the three-dimensional information obtained from the graphical processor 28 using known
mathematical techniques, and displaying the composite image data on the display 18.
Significantly, the origin and orientation of the image data can be obtained from the positional
coordinates and orientation of the rotational plane 54.

In the foregoing specification, the invention has been described with reference to a
specific embodiment thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the scope of the invention, as defined in

the claims.

19



10

15

20

WO 2004/054450 PCT/US2003/037842

CLAIMS

1. An ultrasound imaging transducer localization system, comprising:
an ultrasound imaging transducer having first and second resonant modes; and
control/processing circuitry coupled to the imaging transducer for operating thé
imaging transducer in the first resonant mode to transmit an ultrasound imaging signal, and
for operating the imaging transducer in the second resonant mode to transmit or receive an
ultrasound positioning signal, the control/processing circuitry configured for generating
imqge data based on the transmitted imaging signal, and for determining a position of the
imaging transducer based on the transmitted or received positioning signal.
2. The system of claim 1, further comprising a probe, wherein the imaging transducer is

mounted on the probe.

3. The system of claim 2, wherein the probe is a catheter.
4, The system of any of claims 1-3 wherein the imaging transducer is rotatable.
5. The system of any of claims 1-4, wherein the control/processing circuitry generates

the image data by processing a reflected portion of the transmitted imaging signal.

6. The system of any of claims 1-5, wherein the control/processing circuitry is
configured for determining the position of the imaging transducer by calculating a distance
between the imaging transducer and one or more ultrasound reference transducers by
calculating a time period defined by the time of flight of the positioning signal between the
imaging transducer and the one or more reference transducers.

7. The system of any of claims 1-6, wherein the control/processing circuitry is
configured for determining the position of the imaging transducer within a three-dimensional

coordinate system.
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8. The system of any of claims 1-7, further comprising a drive unit mechanically
coupled to the imaging transducer for rotating the imaging transducer around an axis, wherein
the one or more processors are configured for generating 360° cross-sectional image data.

9. The system of any of claims 1-8, wherein the imaging signal and positioning signal
comprise ultrasound pulses.

10.  The system of any of claims 1-9 wherein the control/processing circuitry is configured
for operating the imaging transducer in first and second resonant modes by stimulating the
imaging transducer with a single electrical signal.

11.  The system of any of claims 1-10, wherein the imaging and positioning signals are 9
and 1 MHz, respectively.

12.  The system of any of claims 1-11, wherein the imaging transducer is disk-shaped, the
first resonant mode is a thickness mode, and the second resonant mode is a radial mode.

13.  The system of any of claims 1-12, wherein the imaging transducer exhibits a first
isotropy ratio when operated in the first resonant mode, and a second isotropy ratio greater
than the first isotropy ratio when operated in the second resonant mode.

14.  The system of claim 13, wherein the second isotropy ratio is less than 10.

15.  The system of claim 13, wherein the second isotropy ratio is equal to or less than 6.
16.  The system of any of claims 1-15, wherein the control/processing circuitry is
configured for operating the imaging transducer in the second mode to transmit the

positioning signal.
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