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(57) ABSTRACT

A surgical navigation system including an ultrasound catheter
is disclosed herein. The ultrasound catheter includes a flex-
ible catheter housing defining a distal end, a transducer array
disposed at least partially within the catheter housing, and a
motor coupled with the transducer array. The motor is con-
figured to rotate the transducer array in order to image a
three-dimensional volume. The ultrasound catheter also
includes a tracking element adapted to provide an estimate of
a position and/or orientation of the distal end of the catheter
housing. The tracking element is disposed within the catheter
housing and immediately adjacent to the distal end.
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1
SURGICAL NAVIGATION SYSTEM WITH A
TRACKABLE ULTRASOUND CATHETER

RELATED APPLICATIONS

This application claims priority to Provisional Application
No. 60/938,434 filed on May 16, 2007, and is hereby incot-
porated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

The subject matter disclosed herein relates to a surgical
navigation system operable to track an ultrasound catheter.

Surgical navigation systems implementing electro mag-
netic (EM) technology can track the position and/or orienta-
tion ofa medical instrument and convey this locationto a user.
The position and orientation information can be conveyed by
virtually superimposing a graphic representation of the distal
end of the medical device onto a patient image. Accordingly,
the user receives visual feedback to help navigate or guide the
medical device to a target site.

Conventional surgical navigation systems generally
include a tracking element disposed near the proximal end of
the tracked instrument such that the tracking element does not
interfere with the performance of the medical procedure. The
tracking element may comprise a magnetic field generator or
a magnetic field sensor, and may comprise one or more coils
defining a variety of different coil configurations. As medical
personnel are frequently more concerned with the position
and orientation of the distal end of the medical instrument, it
is often necessary to estimate the distance between a tracking
element disposed near the proximal end of an instrument and
the instrument’s distal tip. One problem associated with
tracking a catheter-based medical instrument is that catheters
are flexible which may cause the distance between the proxi-
mal end and the distal end to vary. Another problem associ-
ated with tracking an ultrasound catheter device is related to
interference from the ultrasound motor that can render any
tracking system position and orientation estimates less pre-
cise.

BRIEF DESCRIPTION OF THE INVENTION

The above-mentioned shortcomings, disadvantages and
problems are addressed herein which will be understood by
reading and understanding the following specification.

In an embodiment, an ultrasound catheter includes a flex-
ible catheter housing defining a distal end, a transducer array
disposed at least partially within the catheter housing, and a
motor coupled with the transducer array. The motor is con-
figured to rotate the transducer array in order to image a
three-dimensional volume. The ultrasound catheter also
includes a tracking element adapted to estimate a position
and/or orientation of the distal end of the catheter housing.
The tracking element is disposed within the catheter housing
and immediately adjacent to the distal end.

In another embodiment, a surgical navigation system
includes an ultrasound catheter coniprising a flexible catheter
housing defining a distal end; a transducer array disposed at
least partially within the catheter housing; and a motor
coupled with the transducer array. The motor is configured to
rotate the transducer array in order to image a three-dimen-
sional volume. The surgical navigation system also includes a
first tracking element adapted to provide an estimate of a
position and/or orientation of the distal end of the catheter
housing. The first tracking element is disposed near the distal
end of the catheter housing so that the catheter housing flex
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does not appreciably diminish the precision of the position
and/or orientation estimate. The surgical navigation system
also includes a second tracking element disposed near the
motor. The second tracking element is configured to record a
noise signal produced by the motor.

In another embodiment, a surgical navigation system
includes an ultrasound catheter comprising a flexible catheter
housing defining a distal end, a transducer array disposed at
least partially within the catheter housing, and a motor
coupled with the transducer array. The motor is configured to
rotate the transducer array in order to image a three-dimen-
sional volume. The surgical navigation system also includes a
first tracking element adapted to provide an estimate of a
position and/or orientation of the distal end of the catheter
housing. The first tracking element is disposed immediately
adjacent to the distal end of the catheter housing so that
catheter housing flex does not appreciably diminish the pre-
cision of the position and/or orientation estimate. The surgi-
cal navigation system also includes a second tracking element
disposed near the motor. The second tracking element is
configured to record a noise signal produced by the motor.
The surgical navigation system also includes a tracking sys-
tem connected to the first tracking element and the second
tracking element. The tracking system is configured to com-
pensate for the recorded noise signal from the second tracking
element in a manner adapted to improve the precision of the
position and/or orientation estimate from the first tracking
element.

Various other features, objects, and advantages of the
invention will be made apparent to those skilled in the art
from the accompanying drawings and detailed description
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of an imaging and
navigation system in accordance with an embodiment;

FIG. 2 is a partially cutaway schematic illustration of an
ICE catheter in accordance with an embodiment; and

FIG. 3 is a partially cutaway schematic illustration of an
ICE catheter in accordance with another embodiment.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description, reference is made to
the accompanying drawings that form a part hereof, and in
which is shown by way of illustration specific embodiments
that may be practiced. These embodiments are described in
sufficient detail to enable those skilled in the art to practice the
embodiments, and it is to be understood that other embodi-
ments may be utilized and that logical, mechanical, electrical
and other changes may be made without departing from the
scope of the embodiments. The following detailed descrip-
tion is, therefore, not to be taken as limiting the scope of the
invention.

Referring to FIG. 1, a system 10 is shown in accordance
with one embodiment. The system 10 will hereinafter be
described as an imaging and navigation system adapted for
treating atrial fibrillation using an ablation procedure. The
system 10 will also hereinafter be described as implementing
intra-cardiac echocardiography (ICE) to facilitate the perfor-
mance of the ablation procedure. It should, however, be
appreciated that the system 10 may also be implemented to
treat other medical conditions and to perform other proce-
dures, and that the system 10 may implement alternate ultra-
sonic technologies in place of ICE.
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The navigation portion of the imaging and navigation sys-
tem 10 includes a tracking system 26 that is operatively
connected to a plurality of tracking elements 12, 14 and 20.
The tracking element 12 is adapted for attachment to an
ablation catheter 16, and the tracking element 14 is adapted
for attachment to an ICE catheter 18. For purposes of this
disclosure, a catheter is defined to include any flexible medi-
cal delivery system such as, for example, an endoscope. The
tracking element 20 can be rigidly attached to an internal
organ (e.g., the heart 24) or to the external body of the patient
22 ina conventional manner. A tracking element 20 secured to
the patient’s heart 24 may be referred to as a “dynamic ref-
erence” because it is adapted to move along with the heart 24.
An exemplary method of attaching the tracking element 20 to
the patient’s heart 24 is through a minimally invasive proce-
dure using a dynamic reference catheter (not shown).

The present invention will hereinafter be described in
accordance with an embodiment wherein the tracking ele-
ment 20 comprises a field generator 21, the tracking element
12 comprises a field sensor 13, and the tracking element 14
comprises a field sensor 15. It should, however, be appreci-
ated that according to alternate embodiments the tracking
element 20 may include a field sensor and the tracking ele-
ments 12, 14 may include field generators. The field generator
21 generates a magnetic field 25 in an area that includes the
target site (e.g., the patient’s heart 24). The field sensors 13,
15 are adapted to measure the magnetic field 25, and to
transmit the magnetic field measurements to the tracking
system 26. The tracking system 26 and/or the computer 28
implement the magnetic field measurements to calculate the
position and orientation of the tracking elements 12, 14.

After calculating the position and orientation of the track-
ing elements 12, 14, the position and orientation of the abla-
tion catheter 16 and the ICE catheter 18 respectively attached
thereto can also be calculated in a known manner. According
to one embodiment, the physical distance between the track-
ing elements 12, 14 and the distal end portions of the respec-
tive catheters 16, 18 are calculated and a translation/rotation
matrix is applied as a conversion factor to the raw data from
the tracking system 26. In this manner, an operator can track
with a high degree of precision both the position and orien-
tation of the distal end portions of the catheters 16, 18.

The computer 28 registers the position and orientation data
to an image obtained from a preoperative/intraoperative
imaging device 30 and/or to an image obtained from an ICE
imaging device 32. The preoperative/intraoperative imaging
system 30 may, for example, include a CT imaging device, a
MR imaging device, a PET imaging device, an ultrasound
imaging device, an X-ray imaging device, or any other known
imaging device, as well as any combinations thereof. The
preoperative/intraoperative imaging device 30 may provide
2D, 3D or 4D images. For purposes of this disclosure, 4D
refers to the three primary dimensions (i.e., as measured
along X, Y and Z axes) and the fourth dimension which is
time. Therefore, for purposes of this disclosure, 4D is syn-
onymous with generally real time 3D. Also for purposes of
this disclosure, a generally real time image includes a maxi-
mum image delay of approximately one second. The ICE
imaging device 32 is configured to obtain imaging data from
the ICE catheter 18 and produce 2D, 3D or 4D images as will
be described in detail hereinafter.

The catheter position and orientation data can be visualized
on the display 34. According to one embodiment, graphic
representations corresponding to the ablation catheter 16 and
the ICE catheter 18 may be virtually superimposed on a
patient image 35. In the embodiment of FIG. 1, the graphic
representations corresponding to the catheters 16, 18 include
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the cross-hairs 46, 48 respectively representing the distal end
portions of the ablation catheter 16 and the ICE catheter 18,
however other embodiments may include a more complete
rendering showing the catheters 16, 18 in detail. In a non-
limiting manner, the patient image 35 may include a CT
image, a MR image, a PET image, an ultrasound image or an
X-ray image from the preoperative/intraoperative imaging
device 30. The patient image 35 may also include a real time
3D image from the ICE imaging device 32, or a fused image
comprising a plurality of images from the preoperative/intra-
operative imaging device 30 and/or the ICE imaging device
32 that have been combined in a known manner.

The input device 49 may include any known apparatus or
system such as a keyboard, mouse, touch screen, joystick,
etc., andis generally adapted to allow a user to manually input
data into the system 10. Although shown in FIG. 1 as a
separate component, the input device 49 may alternatively be
incorporated into one of the other system 10 components such
as the computer 28 or the display 34. As an example, the input
device 49 may include a touch screen device integrated into
the design of the display 34 and adapted to facilitate surgical
planning. According to one embodiment, the exemplary
touch screen input device 49 could be implemented to high-
light or otherwise identify specific regions of interest on a
patient image obtained from one of the imaging devices 30,
32. According to another embodiment, the exemplary touch
screen input device 49 could be implemented to assign a
priority sequence to a plurality of regions of interest.

A catheter control system 36 is operatively connected to
both the ablation catheter 16 and the ICE catheter 18. The
catheter control system 36 is adapted to translate and steer the
catheters 16, 18 through the patient 22 to a predefined desti-
nation at or near the patient’s heart 24. The catheter control
system 36 may be configured to translate and steer the cath-
eters 16, 18 in response to manual operator inputs, or may be
configured to automatically direct the catheters 16, 18 to a
selectable target site. The catheter control system 36 may also
be operatively connected to and configured to control a
dynamic reference catheter (not shown) adapted to facilitate
the attachment of the tracking element 20 to the patient’s
heart 24.

An ablation control system 38 controls the energy transfer
to the ablation catheter 16. Accordingly, when an operator
determines that the distal end of the ablation catheter 16 is in
sufficiently close proximity to a targeted cardiac region, the
ablation control system 38 can be implemented to transmit a
selectable amount of energy. The transmission of energy in
this manner kills or otherwise renders inactive the targeted
region in order to break electrical pathways causing atrial
fibrillation. In a non-limiting manner, the ablation control
system 38 may implement radio frequency (RF), cryogenic,
ultrasound, or laser technologies.

One or more respiratory sensors 40 can be positioned near
the patient’s mouth and/or nose in order to monitor respira-
tion, and one or more cardiac sensors 44 can be positioned
near the patient’s heart 24 to monitor cardiac activity. The
respiratory sensors 40 and the cardiac sensors 44 are opera-
tively associated with and adapted to transmit sensor datato a
monitoring system 42. Any sensor data collected by the moni-
toring system 42 is transferable to the computer 28 such that
the computer 28 may be implemented to synchronize the
operation of the tracking system 26, the imaging device 30,
and/or the imaging device 32 with the patient’s cardiac and
respiratory activity. According to one example, the computer
28 may implement data from the monitoring system 42 to
acquire images during predefined portions of a patient’s car-
diac or respiratory cycle. According to another example, the
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computer 28 may implement data from the monitoring sys-
tem 42 to sequence a series of 2D images or slices in a manner
that corresponds with a patient’s cardiac or respiratory cycle
in order to provide a generally real time rendering of a
dynamic object such as the patient’s heart 24.

Referring to FIG. 2, a more detailed illustration of the ICE
catheter 18 is shown in accordance with one embodiment. It
should be appreciated that the ICE catheter 18 is described for
illustrative purposes, and that any catheter system adapted to
retain an ultrasonic imaging device may alternatively be
implemented in place of the ICE catheter 18.

The ICE catheter 18 comprises a transducer array 50, a
motor 52, which may be internal or external to the space-
critical environment, a drive shaft 54 or other mechanical
connections between motor 52 and the transducer array 50,
and an interconnect 56. The ICE catheter 18 further includes
a catheter housing 58 enclosing the transducer array 50,
motor 52, interconnect 56 and drive shaft 54. In the depicted
embodiment, the transducer array 50 is mounted on drive
shaft 54 and the transducer array 50 is rotatable with the drive
shaft 54. The rotational motion of the transducer array 50 is
controlled by motor controller 60 and motor 52. Interconnect
56 refers to, for example, cables and other connections cou-
pling the transducer array 50 with the ICE imaging device 32
(shown in FIG. 1) for use in receiving and/or transmitting
signals. In an embodiment, interconnect 56 is configured to
reduce its respective torque load on the transducer array 50
and motor 52. The catheter housing 58 is of a material, size
and shape adaptable for internal imaging applications and
insertion into regions of interest. According to the embodi-
ment depicted in FIG. 2, the catheter housing 58 is generally
cylindrical defining a longitudinal axis 62.

The catheter housing 58, or at least the portion that inter-
sects the ultrasound imaging volume, is acoustically trans-
parent, e.g. low attenuation and scattering, acoustic imped-
ance near that of blood and tissue (Z~1.5 M Rayl). The space
between the transducer and the housing can be filled with an
acoustic coupling fluid (not shown), e.g., water, with acoustic
impedance and sound velocity near those of blood and tissue
(Z~1.5 M Rayl, V~1540 m/sec).

According to one embodiment, the transducer array 50 is a
64-element one-dimensional array having 0.110 mm azimuth
pitch, 2.5 mm elevation and 6.5 MHz center frequency. The
elements of the transducer array 50 are electronically phased
in order to acquire a sector image parallel to the longitudinal
axis 62 of the catheter housing 58. The transducer array 50 is
mechanically rotated about the longitudinal axis 62 to image
a three-dimensional volume. The transducer array 50 cap-
tures a plurality of two-dimensional images as it is being
rotated. The plurality of two-dimensional images are trans-
mitted to the ICE imaging device 32 (shown in FIG. 1) which
is configured to sequentially assemble the two-dimensional
images in order to produce a three-dimensional image.

The rate at which the transducer array 50 is rotated about
the longitudinal axis 62 can be regulated by the motor con-
troller 60. The transducer array 50 can be rotated relatively
slowly to produce a 3D image, or relatively quickly to pro-
duce a generally real time 3D image (i.e., a 4D image). The
motor controller 60 is also operable to vary the direction of
rotation to produce an oscillatory transducer array motion. In
this manner, the range of motion and imaged volume are
restricted such that the transducer array 50 can focus on
imaging a specific region and can update the 3D image of that
region more frequently, thereby providing a real-time 3D, or
4D, image.

Referring to FIGS. 1and 2, the ICE catheter 18 includes an
integrally attached tracking element 14 disposed within the
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catheter housing 58. The integrally attached tracking element
14 is adapted to work in combination with the tracking ele-
ment 20 and the tracking system 26 to estimate the position
and/or orientation of the ICE catheter 18. While the tracking
element 14 is depicted as comprising the field sensor 15 in
accordance with one embodiment, it should be appreciated
that the tracking element 14 may alternatively comprise a
field generator (not shown) similar to the field generator 21.

The field sensor 15 may comprise two or more coils
adapted to track the ICE catheter 18 with six degrees of
freedom. For purposes of this disclosure, the six degrees of
freedom refer to the position along each of the three primary
X,Y and 7 axes as well as orientation or degree of rotation
about each of the three primary axes (i.e., yaw, pitch and roll).
The filed sensor 15 may define a variety of different coil
configurations. According to one embodiment, the field sen-
sor 15 comprises two generally co-located micro-coils.
According to another embodiment, the field sensor 15 com-
prises three generally orthogonal coils defining an industry-
standard-coil-architecture (ISCA) type configuration.

The tracking element 14 is positioned immediately adja-
cent to the distal end 70 of the catheter housing 58. For
purposes of this disclosure, the term “immediately adjacent”
refers to the depicted arrangement wherein there are no other
components disposed between the tracking element 14 and
the distal end 70.

As previously indicated, the system 10 may estimate the
physical distance between the tracking element 14 and the
distal end 70 of the catheter housing 58, and implement this
estimate as a conversion factor to the raw data from the
tracking system 26 in order to track the position and orienta-
tion of the distal end 70. The process of estimating the physi-
cal distance between the tracking element 14 and the distal
end 70 of the catheter housing 58 is complicated by the fact
that the catheter housing 58 is flexible thereby potentially
causing the estimated distance to vary. By positioning the
tracking element 14 near the distal end 70 of the catheter
housing 58, the distance between the tracking element 14 and
the distal end 70 remains generally constant regardless of
catheter housing 58 flex. Accordingly, the precision with
which the tracking system 26 estimates the position and ori-
entationof the distal end 70 of the ICE catheter 18 is improved

Referring to FIG. 3, an ICE catheter 68 is shown in accor-
dance with an embodiment. Common reference numbers are
implemented to identify ICE catheter 68 elements that are
generally identical to those of the ICE catheter 18 (shown in
FIG. 2). It should be appreciated that the ICE catheter 68 is
described for illustrative purposes, and that any catheter sys-
tem adapted to retain an ultrasonic imaging device may alter-
natively be implemented in place of the ICE catheter 68.

The ICE catheter 68 includes all the components and fea-
tures previously described with respect to the ICE catheter 18
(shown in FIG. 2), and additionally includes a tracking ele-
ment 72. The tracking element 72 will hereinafter be
described as comprising a field sensor 74 in accordance with
one embodiment, however it should be appreciated that the
tracking element 72 may alternatively comprise a field gen-
erator (not shown) similar to the field generator 21 (shown in
FIG. 1). The field sensor 74 may comprise one or more coils
defining a variety of different coil configurations. According
to one embodiment, the field sensor 74 comprises three gen-
erally orthogonal coils defining an ISCA type configuration.

According to the depicted embodiment, the tracking ele-
ment 72 is disposed within the catheter housing 58, and is
positioned behind and in close proximity to the motor 52.
According to another embodiment that is not shown, the
tracking element 72 may be positioned in front of and in close
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proximity to the motor 52. By positioning the tracking ele-
ment 72 in close proximity to the motor 52, the tracking
element 72 can be implemented to track and record the noise
signal attributable to motor 52 interference. By tracking and
recording the noise signal attributable to motor 52 interfer-
ence, the noise signal can be removed or otherwise accounted
for in a known manner such that tracking system precision is
improved. According to one embodiment, the tracking sys-
tem 26 is configured to receive the recorded noise signal from
the tracking element 72, and to compensate for the noise
signal in a manner adapted to provide position and/or orien-
tation estimates that are not predicated on noise signal data.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not differ from the literal language
of the claims, or if they include equivalent structural elements
with insubstantial differences from the literal language of the
claims.

We claim:

1. An ultrasound catheter comprising;

a flexible catheter housing defining a proximal end and a
distal tip;

a transducer array disposed at least partially within the
flexible catheter housing;

a motor positioned in the flexible catheter housing and
coupled with the transducer array, said motor being con-
figured to rotate the transducer array in order to image a
three-dimensional volume;

a first tracking element adapted to provide an estimate of a
position and/or orientation of the distal tip of the flexible
catheter housing, said first tracking element confined to
the distal tip of the flexible catheter housing and imme-
diately adjacent to the distal tip such that there are no
other components disposed between the first tracking
element and the distal tip so as to track the position
and/or orientation of the distal tip with a high degree of
precision despite catheter flex; and

a second tracking element disposed within the flexible
catheter housing in close proximity to the motor, said
second tracking element configured to record a noise
signal produced by the motor such that the recorded
noise signal can be used to improve the position and/or
orientation estimate of the digital tip.

2. The ultrasound catheter of claim 1, wherein the first
tracking element is disposed between the motor and the distal
tip.

3. The ultrasound catheter of claim 1, wherein the first
and/or second tracking elements comprise three generally
orthogonal coils.

4. The ultrasound catheter of claim 1, wherein the first
and/or second tracking elements comprise a magnetic field
Sensor.
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5. The ultrasound catheter of claim 1, wherein the first
tracking element comprises a magnetic field generator.

6. The ultrasound catheter of claim 1, wherein the first
tracking element is configured to track the distal tip of the
flexible catheter housing with six degrees of freedom.

7. The ultrasound catheter of claim 1, wherein the second
tracking element is disposed within the flexible catheter hous-
ing between the transducer array and the motor.

8. The surgical navigation system of claim 1, wherein the
ultrasound catheter comprises an ICE catheter.

9. A surgical navigation system comprising;

an ultrasound catheter comprising:

a flexible catheter housing defining a proximal end and a
distal tip;

a transducer array disposed at least partially within the
flexible catheter housing; and

a motor positioned in the flexible catheter housing and
coupled with the transducer array, said motor being
configured to rotate the transducer array in order to
image a three-dimensional volume;

a first tracking element adapted to provide an estimate of
a position and/or orientation of the distal tip of the
flexible catheter housing, said first tracking element
disposed immediately adjacent to the distal tip of the
flexible catheter housing such that there are no other
components disposed between the tracking element
and the distal tip so as to track the position and/or
orientation of the distal tip within a high degree of
precision despite catheter flex;

a second tracking element disposed within the flexible
catheter housing near the motor, said second tracking
element being configured to record a noise signal
produced by the motor; and

a tracking system connected to the first tracking element

and the second tracking element, said tracking system
configured to compensate for the recorded noise signal
from the second tracking element in a manner adapted to
improve the precision of the position and/or orientation
estimate from the first tracking element.

10. The surgical navigation system of claim 9, wherein the
first tracking element comprises a magnetic field sensor.

11. The surgical navigation system of claim 9, wherein the
first tracking element comprises a magnetic field generator.

12. The surgical navigation system of claim 9, wherein the
first tracking element is configured to track the distal tip ofthe
flexible catheter housing with six degrees of freedom.

13. The surgical navigation system of claim 9, wherein, the
second tracking element is disposed within the flexible cath-
eter housing between the transducer array and the motor.

14. The surgical navigation system of claim 9, wherein the
ultrasound catheter comprises an ICE catheter.

15. The surgical navigation system of claim 9, wherein the
first tracking element comprises three generally orthogonal
coils.

16. The surgical navigation system of claim 9, further
comprising a display adapted to visually convey the estimated
position and/or orientation of the distal tip of the flexible
catheter housing.
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