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Description

FIELD OF THE INVENTION

[0001] The invention generally relates to an ultrasound
imaging transducer localization system, and more par-
ticularly to systems for ultrasonically imaging body tissue.

BACKGROUND OF THE INVENTION

[0002] For purposes of diagnosis and treatment plan-
ning, imaging techniques are commonly used in medical
procedures to view the internal anatomy of a patient’s
body. In one imaging technique, an imaging catheter with
a distally rotatable ultrasound transducer is inserted into
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.
[0003] To obtain an interior image of the body tissue,
the rotating ultrasound transducer transmits pulses of ul-
trasound energy into the body. A portion of the ultrasound
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 electri-
cal signal, which is used to form a 360 degree cross-
sectional interior image of the body. The rotating ultra-
sound transducer can be longitudinally translated, so that
multiple cross-sectional images can be generated and
later reconstructed into a three-dimensional interior im-
age of the body tissue.
[0004] Oftentimes, it is desirable to localize the imag-
ing 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 im-
age can be properly displayed within the context of the
target area based on the localized position of the ultra-
sound 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-dimen-
sional 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 ex-
ample, 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 conformed 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.
[0005] 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 dis-
tances from the imaging transducer, and then tracking
the position of these sensor(s) within the three-dimen-
sional coordinate system. The position and orientation
of the imaging plane can be extrapolated from the deter-
mined positions and/or orientation of the sensor(s). In
the case of an ultrasound-based guidance system, mul-
tiple location sensors (in the form of ultrasound transduc-
ers) are placed along the distal end of the imaging cath-
eter, so that its angular orientation can be determined.
An example of this type of guidance system is the Real-
time Position Management™ (RPM) tracking system de-
veloped 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.
[0006] 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 ex-
ample, 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 need-
ed to localize the distal end of an imaging catheter would
be beneficial. In addition, the overall length of the coun-
terwound drive shaft will vary as the catheter body is
curved, thereby shifting the position of the imaging trans-
ducer proximally or distally relative to the catheter body
a distance up to 8 millimeters. This may cause inaccu-
racies when determining the position of the imaging
transducer within the three-dimensional coordinate sys-
tem. Also, the extrapolation process used to determine
the position and orientation of the imaging plane may
cause further inaccuracies.
[0007] In US-A-5 307 816 there is described an ultra-
sound imaging transducer localization system according
to the preamble of claim 1. More particularly, this US-A-
5 307 816 provides a catheter system that utilizes a single
ultrasound transducer to provide both imaging and posi-
tioning functions. Such known system, however, uses
multiple drive components for transmitting separate elec-
trical signals to the ultrasound transducer to provide the
imaging and positioning functions.
[0008] The objective of the present invention is to pro-
vide an ultrasound imaging transducer localization sys-
tem which overcomes the above-mentioned problems of
the prior art.
[0009] To achieve this, the ultrasound imaging trans-
ducer localization system of the invention is character-
ized by the features claimed in the characterizing part of
claim 1.
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SUMMARY OF THE INVENTION

[0010] In accordance with the invention, an ultrasound
imaging transducer localization system comprises an ul-
trasound imaging transducer having first and second res-
onant modes, and control/processing circuitry coupled
to the ultrasound transducer for operating the imaging
transducer in the first resonant mode to transmit an ul-
trasound 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 ultrasound po-
sitioning 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 ultra-
sound positioning signal. The control/processing circuitry
implemented in hardware, software, firmware, or any
combination thereof.
[0011] 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 imag-
ing 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 oper-
ate the imaging transducer in the first and second reso-
nant modes, generate the imaging data, and determine
the position of the imaging transducer in the same man-
ner described above. The imaging transducer can exhibit
the same characteristics as those previously described.
[0012] Other objects and features of the invention will
become apparent from consideration of the following de-
scription taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] 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 embodi-
ment 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 im-
aging catheter used in the ultrasound imaging sub-
system of FIG. 2;
FIG. 4 is a perspective view of a square ultrasound
transducer, particularly illustrating its resonant
modes;

FIG. 5 is a perspective view of a disk-shaped ultra-
sound transducer, particularly illustrating its reso-
nant modes;
FIG. 6 is a perspective view of a cylindrical ultra-
sound transducer, particularly illustrating its reso-
nant modes;
FIG. 7 is a table illustrating a distance matrix formed
by calculating the distances between ultrasound
tracking transducers, an ultrasound imaging trans-
ducer, 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 re-
ceiving transducers and an ultrasound transmitting
transducer;
FIG. 9 is a functional block diagram of ultrasound
ranging circuitry used in the body tissue imaging sys-
tem 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 EM-
BODIMENTS

[0014] 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 im-
age 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 functional
blocks can be 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, soft-
ware, or firmware.
[0015] The imaging subsystem 12 comprises an ultra-
sound imaging catheter 20, which includes a distally ro-
tatable 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.
[0016] Specifically, and with reference to FIGS. 2 and
3, the ultrasound imaging catheter 20 comprises an elon-
gated catheter body or sheath 34 having a lumen 36 ex-
tending therethrough. The catheter body 34 is made of
a flexible material, so that it is able to be easily introduced
through a body lumen, such as, e.g., an esophagus or a
blood vessel. The imaging catheter 20 further comprises
a rotatable imaging assembly 38, which comprises a
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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 ultra-
sound 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.
[0017] The imaging control/processing circuitry 24 in-
cludes an electrical pulse generator 46 and an electrical
signal receiver 48, both of which are coupled to the im-
aging transducer 22 via signal wires (not shown) that
extend through the center of the drive shaft 42. The im-
aging control/processing circuitry 24 further includes an
ultrasound image processor 50 coupled to the electrical
signal receiver 48.
[0018] 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 elec-
trical 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 trans-
ducer 22 converts the back-reflected ultrasound energy
into electrical signals representing the body tissue, which
are transmitted back through the signal wires to the elec-
trical signal receiver 48. The electrical signals are detect-
ed by the electrical signal receiver 48 and outputted to
the ultrasound image processor 50, which processes the
received electrical signals into 360 degree cross-section-
al ultrasound image data of the body tissue using known
ultrasound image processing techniques. For each
cross-section of image data, the ultrasound image proc-
essor 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 No. 2004 114 146.
[0019] 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

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 ag-
gregates (i.e., pieces together) the multiple cross-sec-
tional images to reconstruct the volume of the body using
known volume reconstruction techniques.
[0020] Referring back to FIG. 1, the guidance subsys-
tem 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 ul-
trasound 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 be-
tween the tracking transducers 30 and the reference
transducers 32 can be triangulated to determine the po-
sitions (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 de-
termine the positions (x,y,z) of the imaging transducer
22, and thus the rotational plane, within the established
coordinate system.
[0021] In the illustrated embodiment, the ultrasound
reference transducers 32 are mounted on a pair of ref-
erence catheters (not shown). For example, the number
of reference transducers 32 can total eight, with four ref-
erence transducers 32 mounted on each reference cath-
eter. The reference catheters can be placed anywhere
within the body (preferably, a known location) that ar-
ranges the reference transducers 32 in three-dimension-
al space, and that allows the reference transducers 32
to communicate with the tracking transducers 30 and im-
aging 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 ar-
range its four reference transducers 32 in a two-dimen-
sional plane, and the third dimension is provided by plac-
ing by placing the other reference catheter within the right
venticular (RV) apex to arrange its four reference trans-
ducers 32 off of the two-dimensional plane. It should be
noted that only three of the reference transducers 32 lo-
cated 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 di-
mension. The remaining reference transducers 32 are
redundant and are used to improve the accuracy of the
triangulation process.
[0022] 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
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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.
[0023] In the illustrated embodiment, the reference
transducers 32 are operated as transceivers (i.e., they
have the capability of transmitting and receiving ultra-
sound 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 be-
low, operating the imaging transducer 22 as a transmitter
provides certain design advantages. It should be noted,
however, that the imaging transducer 22, like the refer-
ence transducers 32 and tracking transducers 30, can
be operated as a transceiver or receiver without straying
from the principles taught by this invention.
[0024] 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 ultrasound pulses. The reference transduc-
ers 32 and tracking transducers 30 are operated as re-
ceivers by stimulating them with ultrasound pulses, which
in turn causes the reference transducers to vibrate and
transmit electrical pulses.
[0025] 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 direc-
tion, 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 expan-
sion/contraction is termed a vibrational mode. Each vi-
bration mode of a transducer is associated with a reso-
nant frequency (i.e., the frequency of expansion/contrac-
tion), which is determined by the size and geometry of
the transducer, and the speed of sound, s, in the piezo-
electric ceramic, which is known to be approximately
4000 m/sec.
[0026] 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 t of the transducer 100
(1) and results in ultrasound energy being emitted from
its face; and (2) a planar mode, which is caused by ex-
pansion/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 trans-
ducer 100(1) when operated in the thickness mode can
be given by f=s/2t. Assuming that the transducer 100(1)
has a thickness, t, of 0.0087 inches, it will exhibit a res-
onant frequency, f, of 9 MHz when operated in the thick-

ness mode. The resonant frequency, f, of the transducer
100(1) when operated in the planar mode can be given
by f = s/2l. Assuming that the transducer 100(1) has a
length, l, of 0.079 inches, it will exhibit a resonant fre-
quency, f, of 1 MHz when operated in the planar mode.
[0027] In FIG. 5, a disk-shaped transducer 100(2) ex-
hibits two resonant modes: (1) a thickness mode, which
is caused by expansion/contraction along the thickness
t of the transducer 100(2) and results in ultrasound en-
ergy being emitted from its face; and (2) a radial mode,
which is caused by expansion/contraction along the di-
ameter d of the transducer 100(2) and results in ultra-
sound energy being radially emitted from its circumfer-
ence. The resonant frequency, f, of the transducer 100
(2) when operated in the thickness mode can be given
by f= s/2t. Assuming that the transducer 100(2) has a
thickness, t, 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 diame-
ter, d, of 0.079 inches, it will exhibit a resonant frequency,
f, of 1 MHz when operated in the radial mode.
[0028] In FIG. 7, a cylindrical transducer 100(3) exhib-
its two resonant modes: (1) a length mode, which is
caused by expansion/contraction along the length l 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 cir-
cumference c of the transducer 100(3) and results in ul-
trasound energy being radially emitted from its circum-
ference c. The resonant frequency, f, of the transducer
100(3) when operated in the length mode can be given
by f= s/2l. Assuming that the transducer 100(3) has a
length, l, of 0.0087 inches, it will exhibit a resonant fre-
quency, 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/πd. Assuming that the transducer 100(2) has a diame-
ter, d, of 0.050 inches, it will exhibit a resonant fiequency,
f, of 1 MHz when operated in the circumferential mode.
[0029] It is this multi-vibrational mode phenomenon
that allows the imaging transducer 22 to provide a posi-
tioning 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 thick-
ness, t, of 0.0087 inches, and a diameter, d, of 0.079
inches. The reference transducers 32 and tracking trans-
ducers 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, elim-
inates the need for an additional tracking transducer 30.
It can also be appreciated that operating the imaging
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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 ultra-
sound pulses that could be used for positioning. No am-
plifiers 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 trans-
ceiver.
[0030] Notably, the electrical pulse transmitted to the
imaging transducer 22 is relatively short in order to in-
crease the imaging resolution of resulting image data.
Although this electrical pulse is nominally 9 MHz, its rel-
atively 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 ra-
dial modes of the imaging transducer 22, so that it trans-
mits 9 MHz and 1 MHz ultrasound pulses.
[0031] Ideally, the beam profile of the ultrasound puls-
es transmitted and/or received by the tracking transduc-
ers 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 substantially
equal in all directions. In contrast, a beam profile that is
anisotropic exhibits low points or nulls that may cause
inconsistent measurements between transducers. Be-
cause 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 embodi-
ment, 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 puls-
es transmitted by the imaging transducer 22 when oper-
ated in the radial mode is 6. Typically, however, these
isotropic ratios are sufficient to perform accurate distance
measurements between the transducers.
[0032] To determine the distances between the track-
ing and reference transducers 30 and 32, the ranging
circuitry 26 is operated to cause each reference trans-
ducer 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 ultra-
sound pulse. The ranging circuitry 26 is also operated to
calculate the time-of-flight of the ultrasound pulses trans-
mitted by the imaging transducer 22 during its positioning
function to the tracking and reference transducer 30 and
32.
[0033] 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 be-
tween each transmitting transducer and the respective
receiving transducers. The distances (d1-d109) between
the respective transducers can then be calculated using
these time-of-flight values.
[0034] 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 be-
tween the transmitting transducer 110 and the receiving
transducers 112, the equation d = vτ 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 τ is the time that it
takes for the ultrasound pulse to travel between the trans-
mitting transducer and the respective receiving transduc-
er 112. To simplify the distance computations, the veloc-
ity of the ultrasound pulses may be assumed to be con-
stant. This assumption typically only produces a small
error since the velocity of ultrasound pulses varies little
in body tissue and blood.
[0035] 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 de-
tector 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 cou-
pled to the control circuitry 62.
[0036] The pulse generator 46 is configured for gen-
erating electrical pulses that are transmitted to the refer-
ence transducers 32, which convert the electrical pulses
into ultrasound pulses. The control circuitry 62 operates
the pulse generator 46, such that the pulses are gener-
ated at the desired frequency and spacing. In the illus-
trated embodiment, the electrical pulses are 1 MHz puls-
es that are transmitted at a rate of one pulse per milli-
second. Notably, the 1 MHz ultrasound pulses transmit-
ted by the reference transducers 32 are consistent with
the 1 MHz ultrasound pulses generated by the imaging
transducer 22 in the radial mode. The control circuitry 62
also controls the multiplexing between the pulse gener-
ator 46 and the reference transducers 32, such that ref-
erence 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 trans-
mit an ultrasound pulse, then the second reference trans-
ducer 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 period for the imaging transducer 22, as will
be described in further detail below. In the illustrated em-
bodiment, this dead period extends for 1 millisecond.
Thus, each transmission cycle is 9 milliseconds.

9 10 



EP 1 569 560 B1

7

5

10

15

20

25

30

35

40

45

50

55

[0037] Coincident with the transmission of each ultra-
sound pulse from a reference transducer 32, the control
circuitry 62 is configured for triggering the distance coun-
ter 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 illus-
trated embodiment, the image control/processing circuit-
ry 24 transmits a trigger pulse to the control circuitry 62
to indicate transmission of a ultrasound pulse from the
imaging transducer 22.
[0038] After each ultrasound pulse has been transmit-
ted, 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 thresh-
old level, e.g., a voltage level. Upon receipt of a detected
electrical pulse from the threshold detector 58, the dis-
tance circuitry 60 reads the current count from the dis-
tance counter 64, which provides a distance measure-
ment between the corresponding receiving transducer
and the current transmitting transducer in the form of an
elapsed time 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., 100Psec. The time window may begin im-
mediately or shortly after the transmitted pulse has been
transmitted. In determining the time of detection of the
transmitted pulse by each receiving transducer, the dis-
tance circuitry 60 interprets the first signal that the thresh-
old detector 58 detects within the time window as the
received pulse.
[0039] 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. As-
suming 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 trans-
ducer 22 will transmit ultrasound pulses at a rate of 7 to
8 pulses per millisecond. Thus, multiple pulses will be
received from the imaging transducer 22 within the 1 mil-
lisecond 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.
[0040] To prevent or minimize ultrasound interference
that may otherwise result from the transmission of ultra-
sound energy from the imaging transducer 22 during the
imaging function, the ranging circuitry 26 preferably in-
cludes 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 dis-
tance measurements between each combination of
transducers can be taken for each measurement cycle.
The greatest distance measurement can then be select-
ed from the multiple distance measurements to obtain
the true measurement between the transducers. Such a
filtering technique is disclosed in U.S. Patent Application
Serial No. 10/213,441.
[0041] Referring back to FIG. 1, the guidance subsys-
tem 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 body 34, the rotational plane
54 of the imaging assembly 38, and the imaging environ-
ment within the three-dimensional coordinate system.
The graphical processor 28 may also graphically gener-
ate 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.
[0042] The three-dimensional coordinate system is es-
tablished by triangulating the relative distance calcula-
tions between each reference transducer 32 and the re-
maining 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 de-
fining 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 trans-
ducers 30 within this three-dimensional coordinate sys-
tem are determined by triangulating the relative distance
calculations between each of the tracking transducers
30 and the reference transducers 32. That is, the graph-
ical 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 coordi-
nates of the imaging transducer 22 within the three-di-
mensional coordinate system are 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 trans-
ducer) and treating the reference transducers 32 as
transmitting transducers. This can be performed by trans-
posing a portion of the ninth transmission row of the dis-
tance matrix (d97-d104) onto an additional receive col-
umn, as illustrated in FIG. 7.
[0043] Once the positional coordinates of the tracking
transducers 30 and imaging transducer 22 have been
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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 posi-
tions of the tracking transducers 30 and imaging trans-
ducer 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 trans-
ducer 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.
[0044] The positional coordinates of the origin of rota-
tional plane 54 can be determined from the positional
coordinates of the imaging transducer 22, and the orien-
tation 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 recon-
struct the body cavity in which the image is generated by
determining the positional coordinates of a roving track-
ing transducer (e.g., one of the tracking transducers 30
located on the mapping catheters) that is placed in con-
tact with the inner surface of the body cavity. Additional
details on determining the location and orientation of ul-
trasound 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
No. 6,950,689.
[0045] 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 co-
ordinates and orientation of the rotational plane 54.
[0046] In the foregoing specification, the invention has
been described with reference to a specific embodiment
thereof. It will, however, be evident that various modifi-
cations and changes may be made thereto without de-
parting from the scope of the invention, as defined in the
claims.

Claims

1. An ultrasound imaging transducer localization sys-
tem (10), comprising:

an ultrasound imaging transducer (22) having
first and second resonant modes; and
control/processing circuitry (24) configured for
operating the imaging transducer (22) in the first
and second resonant modes to respectively
transmit an ultrasound imaging signal and an
ultrasound positioning signal,
the control/processing circuitry (24) configured
for generating image data based on the trans-
mitted imaging signal, and for determining a po-
sition of the imaging transducer based on the
transmitted or received positioning signal, the
system being characterized in that the control/
processing circuitry (24) includes a single pulse
generator (46) for stimulating the imaging trans-
ducer (22) with a single electrical pulse to oper-
ate the imaging transducer (22) in the first and
second resonant modes.

2. The system of claim 1, characterized in further com-
prising a probe (20), wherein the imaging transducer
(22) is mounted on the probe (20).

3. The system of claim 2, characterized in that the
probe (20) is a catheter.

4. The system of any of claims 1-3, characterized in
that the imaging transducer (22) is rotatable.

5. The system of any of claims 1-4, characterized in
that the control/processing circuitry (24) generates
the image data by processing a reflected portion of
the transmitted imaging signal.

6. The system of any of claims 1-5, characterized in
that the control/processing circuitry (24) is config-
ured for determining the position of the imaging
transducer (22) by calculating a distance between
the imaging transducer (22) and one or more ultra-
sound reference transducers (32) by calculating a
time period defined by the time of flight of the posi-
tioning signal between the imaging transducer (22)
and the one or more reference transducers (32).

7. The system of any of claims 1-6, characterized in
that the control/processing circuitry (24) is config-
ured for determining the position of the imaging
transducer (22) within a three-dimensional coordi-
nate system.

8. The system of any of claims 1-7, characterized in
further comprising a drive unit (42) mechanically cou-
pled to the imaging transducer (22) for rotating the
imaging transducer (22) around an axis (52), and
one or more processors (59) configured for gener-
ating 360° cross-sectional image data.

9. The system of any of claims 1-8, characterized in
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that the imaging signal and positioning signal com-
prise ultrasound pulses.

10. The system of any of claims 1-9, characterized in
that the imaging and positioning signals are 9 and
1 MHz, respectively.

11. The system of any of claims 1-10, characterized in
that the imaging transducer (22) is disk-shaped, the
first resonant mode is a thickness mode, and the
second resonant mode is a radial mode.

12. The system of any of claims 1-11, characterized in
that the imaging transducer (22) exhibits a first isot-
ropy ratio when operated in the first resonant mode,
and a second isotropy ratio greater than the first isot-
ropy ratio when operated in the second resonant
mode.

13. The system of claim 12, characterized in that the
second isotropy ratio is less than 10.

14. The system of claim 12, characterized in that the
second isotropy ratio is equal to or less than 6.

15. The system of any of claims 1-14, characterized in
that the control/processing circuitry (24) is config-
ured for operating the imaging transducer (22) in the
second mode to transmit the positioning signal.

Patentansprüche

1. Ultraschall- Abbildungswandler- Lokalisierungssy-
stem (10), welches aufweist:

einen Ultraschall-Abbildungswandler (22) mit
einem ersten und einem zweiten Resonanzmo-
dus; und
eine Steuer-/Verarbeitungsschaltung (24), die
ausgebildet ist zum Betreiben des Abbildungs-
wandlers (22) in dem ersten und dem zweiten
Resonanzmodus, um jeweils ein Ultraschall-Ab-
bildungssignal und ein Ultraschall-Positionie-
rungssignal zu senden,
welche Steuer-/Verarbeitungsschaltung (24)
ausgebildet ist zum Erzeugen von Bilddaten auf
der Grundlage des gesendeten Abbildungssi-
gnals und zum Erfassen einer Position des Ab-
bildungswandlers auf der Grundlage des gesen-
deten oder empfangenen Positionierungssi-
gnals, welches System dadurch gekennzeich-
net ist, dass die Steuer-/Verarbeitungsschal-
tung (24) einen einzelnen Impulsgenerator (46)
zum Anregen des Abbildungswandlers (22) mit
einem einzelnen elektrischen Impuls enthält, um
den Abbildungswandler (22) in dem ersten und
dem zweiten Resonanzmodus zu betreiben.

2. System nach Anspruch 1, dadurch gekennzeich-
net, dass es weiterhin eine Sonde (20) aufweist,
wobei der Abbildungswandler (22) auf der Sonde
(20) befestigt ist.

3. System nach Anspruch 2, dadurch gekennzeich-
net, dass die Sonde (20) ein Katheter ist.

4. System nach einem der Ansprüche 1 bis 3, dadurch
gekennzeichnet, dass der Abbildungswandler (22)
drehbar ist.

5. System nach einem der Ansprüche 1 bis 4, dadurch
gekennzeichnet, dass die Steuer-/Verarbeitungs-
schaltung (24) die Bilddaten durch Verarbeiten eines
reflektierten Teils des gesendeten Abbildungssi-
gnals erzeugt.

6. System nach einem der Ansprüche 1 bis 5, dadurch
gekennzeichnet, dass die Steuer-/Verarbeitungs-
schaltung (24) ausgebildet ist zum Bestimmen der
Position des Abbildungswandlers (22) durch Be-
rechnen eines Abstands zwischen dem Abbildungs-
wandler (22) und einem oder mehreren Ultraschall-
Bezugswandlern (32) durch Berechnen einer Zeit-
periode, die definiert ist durch die Zeit der Übertra-
gung des Positionierungssignals zwischen dem Ab-
bildungswandler (22) und dem einen oder den meh-
reren Bezugswandlern (32).

7. System nach einem der Ansprüche 1 bis 6, dadurch
gekennzeichnet, dass die Steuer-/Verarbeitungs-
schaltung (24) ausgebildet ist zum Bestimmen der
Position des Abbildungswandlers (22) innerhalb ei-
nes dreidimensionalen Koordinatensystems.

8. System nach einem der Ansprüche 1 bis 7, dadurch
gekennzeichnet, dass es weiterhin eine Antriebs-
einheit (42), die mechanisch mit dem Abbildungs-
wandler (22) gekoppelt ist, um den Abbildungswand-
ler (22) um eine Achse (52) zu drehen, und einen
oder mehr Prozessoren (59), die ausgebildet sind
zum Erzeugen von 360°-Querschnittsbilddaten, auf-
weist.

9. System nach einem der Ansprüche 1 bis 8, dadurch
gekennzeichnet, dass das Abbildungssignal und
das Positionierungssignal Ultraschallimpulse auf-
weisen.

10. System nach einem der Ansprüche 1 bis 9, dadurch
gekennzeichnet, dass das Abbildungs- und das
Positionierungssignal 9 bzw. 1 MHz sind.

11. System nach einem der Ansprüche 1 bis 10, da-
durch gekennzeichnet, dass der Abbildungs-
wandler (22) scheibenförmig ist, wobei der erste Re-
sonanzmodus ein Dickenmodus ist und der zweite
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Resonanzmodus ein Radialmodus ist.

12. System nach einem der Ansprüche 1 bis 11, da-
durch gekennzeichnet, dass der Abbildungs-
wandler (22) ein erstes Isotropieverhältnis zeigt,
wenn er in dem ersten Resonanzmodus betrieben
wird, und ein zweites Isotropieverhältnis, das größer
als das erste Isotropieverhältnis ist, wenn er in dem
zweiten Resonanzmodus betrieben wird.

13. System nach Anspruch 12, dadurch gekennzeich-
net, dass das zweite Isotropieverhältnis kleiner als
10 ist.

14. System nach Anspruch 12, dadurch gekennzeich-
net, dass das zweite Isotropieverhältnis gleich oder
kleiner als 6 ist.

15. System nach einem der Ansprüche 1 bis 14, da-
durch gekennzeichnet, dass die Steuer-/Verarbei-
tungsschaltung (24) ausgebildet ist zum Betreiben
des Abbildungswandlers (22) in dem zweiten Mo-
dus, um das Positionierungssignal auszusenden.

Revendications

1. Système de localisation de transducteur d’imagerie
ultrasonore (10), comprenant :

un transducteur d’imagerie ultrasonore (22)
ayant des premier et second modes résonants ;
et
un circuit de commande/traitement (24) confi-
guré pour faire fonctionner le transducteur
d’imagerie (22) dans les premier et second mo-
des résonants pour respectivement émettre un
signal d’imagerie ultrasonore et un signal de po-
sitionnement ultrasonore,
le circuit de commande/traitement (24) étant
configuré pour générer des données d’image
sur la base du signal d’imagerie émis et pour
déterminer une position du transducteur d’ima-
gerie sur la base du signal de positionnement
émis ou reçu, le système étant caractérisé en
ce que le circuit de commande/traitement (24)
inclut un générateur d’unique impulsion (46)
pour stimuler le transducteur d’imagerie (22)
avec une unique impulsion électrique pour faire
fonctionner le transducteur d’imagerie (22) dans
les premier et second modes résonants.

2. Système selon la revendication 1, caractérisé en
ce qu’il comprend en outre une sonde (20), dans
lequel le transducteur d’imagerie (22) est monté sur
la sonde (20).

3. Système selon la revendication 2, caractérisé en

ce que la sonde (20) est un cathéter.

4. Système selon l’une quelconque des revendications
1-3, caractérisé en ce que le transducteur d’ima-
gerie (22) est tournant.

5. Système selon l’une quelconque des revendications
1-4, caractérisé en ce que le circuit de commande/
traitement (24) génère les données d’image en trai-
tant une partie réfléchie du signal d’imagerie émis.

6. Système selon l’une quelconque des revendications
1-5, caractérisé en ce que le circuit de commande/
traitement (24) est configuré pour déterminer la po-
sition du transducteur d’imagerie (22) en calculant
une distance entre le transducteur d’imagerie (22)
et un ou plusieurs transducteurs de référence ultra-
sonores (32) en calculant une période temporelle
définie par le temps de parcours du signal de posi-
tionnement entre le transducteur d’imagerie (22) et
le/les un ou plusieurs transducteurs de référence
(32).

7. Système selon l’une quelconque des revendications
1-6, caractérisé en ce que le circuit de commande/
traitement (24) est configuré pour déterminer la po-
sition du transducteur d’imagerie (22) dans un sys-
tème de coordonnées tridimensionnelles .

8. Système selon l’une quelconque des revendications
1-7, caractérisé en ce qu’il comprend en outre une
unité d’entraînement (42) couplée mécaniquement
au transducteur d’imagerie (22) pour faire tourner le
transducteur d’imagerie (22) autour d’un axe (52),
et un ou plusieurs processeurs (59) sont configurés
pour générer des données d’image de section trans-
versale à 360°.

9. Système selon l’une quelconque des revendications
1-8, caractérisé en ce que le signal d’imagerie et
le signal de positionnement sont constitués d’impul-
sions ultrasonores.

10. Système selon l’une quelconque des revendications
1-9, caractérisé en ce que les signaux d’imagerie
et de positionnement sont de respectivement 9 et 1
MHz.

11. Système selon l’une quelconque des revendications
1-10, caractérisé en ce que le transducteur d’ima-
gerie (22) est en forme de disque, le premier mode
résonant est un mode en épaisseur et le second mo-
de résonant est un mode radial.

12. Système selon l’une quelconque des revendications
1-11, caractérisé en ce que le transducteur d’ima-
gerie (22) présente un premier rapport d’isotropie
lorsqu’il fonctionne dans le premier mode résonant
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et un second rapport d’isotropie supérieur au premier
rapport d’isotropie lorsqu’il fonctionne dans le se-
cond mode résonant.

13. Système selon la revendication 12, caractérisé en
ce que le second rapport d’isotropie est inférieur à
10.

14. Système selon la revendication 12, caractérisé en
ce que le second rapport d’isotropie est égal ou in-
férieur à 6.

15. Système selon l’une quelconque des revendications
1-14, caractérisé en ce que le circuit de comman-
de/traitement (24) est configuré pour faire fonction-
ner le transducteur d’imagerie (22) dans le second
mode pour émettre le signal de positionnement.
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