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Description
FIELD OF INVENTION

[0001] The invention relates generally to systems and
methods for ultrasound imaging, and, more particularly,
to systems and methods for producing three-dimensional
maps or models of body cavities or organs for minimally
invasive surgery.

BACKGROUND

[0002] Limited physical and visual access to internal
tissues and organs are typical challenges for performing
minimally invasive surgery (MIS), as opposed to conven-
tional surgical procedures wherein a patient’s body cavity
is opened to permit casier access. To advance the art of
minimally invasive surgery, there is a need to overcome
the limitations of access to internal tissues and organs;
in particular, the limitation of visual access to the tissues
and organs that are being diagnosed and treated.
[0003] Publication US-A-6027451 discloses a diag-
nostic apparatus Including a catheter carrying a first ul-
trasonic transducer adapted to be inserted into a patient
and a second ultrasonic transducer adapted to be placed
in spaced relation to the catheter and a processing device
connected to at least the first transducer.

SUMMARY OF THE INVENTION

[0004] Theinventionis provided as claimed in claim 1.

BRIEF DESCRIPTION OF THE DPAWINGS

[0005] The presentinvention will be readily understood
by the following detailed description, taken in conjunction
with accompanying drawings, illustrating by way of ex-
amples the principles of the invention. The drawings il-
lustrate the design and utility of preferred embodiments
of the present invention, in which like elements are re-
ferred to by like reference symbols or numerals. The ob-
jects and elements in the drawings are not necessarily
drawn to scale, proportion, or precise positional relation-
ship; instead emphasis is focused on illustrating the prin-
ciples of the invention.

Figure 1 illustrates one embodiment of a robotic sur-
gical system.

Figure 2 illustrates another embodiment of a robotic
surgical system.

Figure 3 illustrates one embodiment of a robotic sur-
gical system being used to perform diagnostic and/or
interventional operations.

Figures 4A-M illustrate that two catheters have been
advanced into the right atrium of the heart of a pa-
tient.

Figure 5A illustrates one embodiment of a robotic
catheter and an intracardiac echocardiographic
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catheter.

Figure 5B illustrates transmission of ultrasound sig-
nals in one plane of transmission.

Figure 5C illustrates transmission of ultrasound sig-
nals in multiple planes of transmission.

Figure 5D illustrates transmission of ultrasound sig-
nals from a transducer and the direct reception of an
ultrasound signal from a transponder.

Figure 5E illustrates one embodiment of an intrac-
ardiac echocardiographic catheter and robotic cath-
eter system.

Figure 5F illustrates a graph of the ultrasound sig-
nals.

Figure 5G illustrates another graph of the ultrasound
signals.

Figure 5H another embodiment of an intracardiac
echocardiographic catheter and robotic catheter
system.

Figure 6 illustrates another graph of ultrasound sig-
nals.

Figure 7 illustrates one embodiment of an intracar-
diac echocardiographic catheter.

Figure 8 illustrates another embodiment of an intrac-
ardiac echocardiographic catheter.

Figure 9 illustrates a further embodiment of an int-
racardiac echocardiographic catheter.

Figure 10 illustrates yet another embodiment of an
intracardiac echocardiographic catheter.

Figure 11 illustrates a cross sectional view of one
embodiment of an intracardiac echocardiographic
catheter.

Figure 12illustrates a cross sectional view of another
embodiment of an intracardiac echocardiographic
catheter.

Figure 13 illustrates an electrical circuit.

Figure 14 illustrates portion of the body structure of
an intracardiac echocardiographic catheter.

Figure 15 illustrates two-dimensional slices of intrac-
ardiac echocardiograms.

Figure 16 illustrates a heart cycle.

Figure 17A-17C illustrate one embodiment of pro-
ducing three-dimensional map of an organ in a pa-
tient.

Figure 18 illustrates a substantially continuous sur-
face after a filtering process.

Figure 19 illustrates a two-dimensional intracardiac
echocardiogram.

Figure 20 illustrates a process of using a segmenta-
tion algorithm to produce a mesh surface.

Figure 21 illustrates a block diagram of the process
of producing a three-dimensional map.

Figure 22 shows diagrams thatillustrate the data ac-
quisition process in a pictorial format.

Figure 23 illustrates a more detailed block diagram
for producing a three-dimensional map in accord-
ance with embodiments of the present invention.
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DETAILED DESCRIPTION OFTHE ILLUSTRATED EM-
BODIMENTS

[0006] U.S. Patent Application No. 10/923,660, filed
on August 20, 2004; U.S. Patent Application No.
11/185,432, filed on July 19, 2005; U.S. Patent Applica-
tion No. 11/202,925, filed on August 12, 2005; and U.S.
Patent Application No. 11/481,433, filed on July 3, 2006,
are cited for reference.

[0007] Reference willnow be made in detail to the pre-
ferred embodiments of the present invention, examples
of which are illustrated in the accompanying drawings.
While the invention will be described in conjunction with
the preferred embodiments, itwill be understood that they
are not intended to limit the invention to these embodi-
ments. On the contrary, the invention is intended to cover
modifications, alternatives, and equivalents that may be
included within the scope of the invention. Furthermore,
in the following detailed description of the embodiments,
numerous specific details are set forth in to order to pro-
vide a thorough understanding of the present invention.
However, it will be readily apparent to one skilled in the
art that the present invention may be practiced without
these specific details. In other instances, well-known
methods, procedures, and components have not been
described in detail so as not to unnecessarily obscure
aspects of the present invention.

[0008] Standard surgical procedures typically involve
using a scalpel to create an opening of sufficient size to
enable a surgical team to gain access to an area in the
body of a patient for the surgical team to diagnose and
treat one or more target sites. When possible, minimally
invasive surgical procedures may be used instead of
standard surgical procedures to minimize physical trau-
ma to the patient and reduce recovery time for the patient
to recuperate from the surgical procedures. Minimally in-
vasive surgical procedures typically require using exten-
sion tools (e.g., catheters, etc.) to approach and address
the target site. The extension tools may be manually op-
erated systems or robotic systems. In some minimally
invasive surgical procedures, as those enabled by the
Sensei™ Robotic Catheter System from Hansen Medi-
cal, Inc. in Mountain View, California, U.S.A., the target
site is approached through natural pathways (e.g., blood
vessels, gastrointestinal tract, etc.) from a remote loca-
tion either through a natural body orifice or a percutane-
ous incision. As can be appreciated, the surgeon may
have limited access to information or feedback (e.g., vis-
ual, tactile, etc.) to accurately navigate the extension
tools, such as one or more catheters, and place the work-
ing portions of the extension tools at precise locations to
perform the necessary diagnostic and/or interventional
procedures. Even with such potential limitations, mini-
mally invasive surgical procedures may be more effective
and beneficial for treating the patient, instead of standard
open surgery.

[0009] Minimally invasive diagnostic and intervention-
al operations may require the surgeon to remotely ap-
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proach and address the operation or target site by using
extension tools. The surgeon usually approaches the tar-
get site through either a natural body orifice or a small
incision in the body of the patient. In some situations, the
surgeon may use multiple extension tools and approach
the target site through both a natural body orifice as well
as a small incision in the body of the patient. Typically,
the natural body orifice or small incision is located at
some distance away from the target site. Extension tools
enter the body through the natural body orifice or small
incision, and the extension tools are guided, manipulat-
ed, maneuvered, and advanced toward the target site
typically by way of natural body pathways (e.g., blood
vessels, esophagus, trachea, small intestine, large intes-
tine, urethra, etc.). The extension tools might include one
or more catheters and other surgical instruments. The
catheters may be manually controlled catheters or robot-
ically operated catheters. In most situations, the surgeon
has limited visual and tactile information to discern the
location of the catheters and surgical instruments relative
to the target site and/or other organs in the patient.
[0010] For example, in the treatment of cardiac ar-
rhythmias such as atrial fibrillation (AF), cardiac ablation
therapy is applied to the left atrium of the heart to restore
normal heart function. For this operation, one or more
catheters (e.g., sheath catheter, guide catheter, ablation
catheter, etc.) may be inserted through an incision at the
femoral vein near the thigh or pelvic region of the patient,
which is located at some distance away from the opera-
tion or target site. In this example, the operation or target
site for performing cardiac ablation is in the left atrium of
the heart. Catheters may be guided (e.g., by a guide wire,
etc.), manipulated, maneuvered, and advanced toward
the target site by way of the femoral vein to the inferior
vena cava into the right atrium and through the interatrial
septum to the left atrium of the heart. Currently, the sur-
geon has limited visual and tactile information to assist
him or her with maneuvering and controlling the cathe-
ters. In particular, because of limited information, it is
especially difficult for the surgeon to maneuver and con-
trol one or more distal portions of the catheters to perform
cardiac ablation at precise locations or spots in the left
atrium of the heart. As will be explained below, embodi-
ments of the present invention provide improved visual
information to the surgeon to assist him or her with "see-
ing" the operation site, such that the surgeon may be
able to position the catheter more precisely to address
the operation or target sites in the patient. For example,
with improved visual information, the surgeon may be
able to apply cardiac ablation at the desired locations or
spots in the left atrium of the heart in a more precise
manner to address cardiac arrhythmias such as atrial
fibrillation.

[0011] Figure 1 illustrates one embodiment of a robotic
surgical system (32), e.g., the Sensei™ Robotic Catheter
System from Hansen Medical, Inc. in Mountain View, Cal-
ifornia, U.S.A., with an operator control station (2) located
remotely from an operating table (22) to which an instru-
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ment driver (16) and instrument (18), e.g., the Artisan™
Control Catheter also from Hansen Medical, Inc. in Moun-
tain View, California, U.S.A., are supported by an instru-
ment driver mounting brace (20). A wired connection (14)
transfers signals between an electronics rack (6) at the
operator control station (2) and the instrument driver (16).
The electronics rack (6) includes system hardware and
software that substantially operate and perform the many
functions of the robotic surgical system (32). The instru-
ment driver mounting brace (20) is a substantially arcu-
ate-shaped structural member configured to position the
instrument driver (16) above a patient (not shown) lying
on the operating table (22). The wired connection (14)
may transmit manipulation and control commands from
an operator or surgeon (24) who is working at the oper-
ator control station (2) to the instrument driver (16) to
operate the instrument (18) to perform minimally invasive
operations on the patientlying on the operating table (22).
The wired connection (14) may also transmit information
(e.g., visual views, tactile, force feedback, position, ori-
entation, shape, localization, electrocardiogram, etc.)
from the instrument (18), patient, and operation site mon-
itors (not shown in this figure) to the operator control sta-
tion (2) for providing the necessary information to the
operator or surgeon (24) to facilitate monitoring of the
instrument, patient and target site for performing precise
manipulation and control of the instrument (18) during
the minimally invasive surgical procedures. The wired
connection (14) may be a hard wire connection, such as
an electrical wire configured to transmit electrical signals
(e.g., digital signals, analog signals, etc.), an optical fiber
configured to transmit optical signals, a wireless link con-
figured to transmit various types of signals (e.g., RF sig-
nals, microwave signals, etc.), etc., or any combinations
of electrical wire, optical fiber, wireless link, etc. The in-
formation or feedback may be displayed on one or more
monitors (4) at the operator control station (2). Figure 2
illustrates another embodiment of a robotic surgical sys-
tem (32).

[0012] Figure 3illustrates one embodiment of a robotic
system (32) being used to perform diagnostic and/or in-
terventional operations. Referring to Figure 3, two instru-
ments (18) are being used on a patient (1100) for per-
forming minimal invasive surgical operations. Each of the
instruments (18) may include a robotic catheter, a com-
bination of robotic catheters, a robotic catheter having
one or more ultrasound transducers, a robotic catheter
having one or more surgical instruments, or any combi-
nations thereof. As will be discussed in further detail,
monitors (302) may be used to monitor the heart beat of
the patient as a three-dimensional ultrasound map or
model of the heart of a patient is produced during diag-
nostic and/or therapeutic procedures.

[0013] Figure 4A illustrates that two catheters have
been advanced into the right atrium of the heart of a pa-
tient. For example, one of the two catheters may be an
intracardiac echocardiographic (ICE) catheter assembly
(402) that may include one or more ultrasound transduc-
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ers (502) (e.g., linear array ultrasound transducers,
phased array ultrasound transducers, etc.) capable of
producing two dimensional intracardiac echocardio-
grams. The ICE catheter (402) may be capable of pro-
ducing two dimensional intracardiac echocardiograms of
the heart (1102). In some situations, instead of the com-
plete organ, the intracardiac echocardiograms may only
provide an image of a part of an organ. For example, if
a subject organ is the heart, the intracardiac echocardi-
ogram may provide an image the left atrium, instead of
all the chambers of the heart. The intracardiac echocar-
diograms may alsoinclude the image of a robotic catheter
(404) that is being advanced toward the left atrium of the
heart through the septum. The robotic catheter (404) may
include a sheath catheter, a guide catheter, an ablation
catheter, etc. For a detailed discussion of intracardiac
echocardiogram please refer to "Intracardiac Echocardi-
ography", which is edited by Frank E. Silvestry MD and
Susan E. Wiegers MD and published by Informa Health-
care on November 29, 2005, and the publication is incor-
porated by reference herein in its entirety.

[0014] All of the following technologies may be utilized
with manually or robotically steerable instruments, such
as those described in the aforementioned patent appli-
cation U.S. 11/481,433. Referring to Figure 4B, an as-
sembly (4000), which may be part the instrument (18),
is depicted as comprising a robotic sheath instrument
(410), robotic guide instrument (412), and ultrasound
catheter (414). The terms "robotic sheath instrument
(410)" and "robotic guide instrument (412)" shall have
the meanings prescribed in the abovementioned patent
application (No. 11/481,433). The depicted guide instru-
ment (412) is movably positioned within the working lu-
men of a sheath instrument (410) to enable relative in-
sertion of the two instruments (412, 410), relative rota-
tion, or "roll" of the two instruments (412, 410), and rel-
ative steering or bending of the two instruments (412,
410) relative to each other, particularly when a distal por-
tion of the guide instrument (412) is inserted beyond the
distal tip of the sheath instrument (410). The depicted
assembly (4000) comprises localization sensors (422) or
devices (422) coupled to both the sheath instrument
(410) and/or guide instrument (412). Suitable localization
sensors (422) or devices (422) are described in the afore-
mentioned patent application, U.S. 11/481,433. Prefer-
ably the localization sensors (422) are configured to pro-
vide three-dimensional location data (i.e., X, Y, Z coor-
dinates) in real time or near real time for the sensor lo-
cation as coupled to the pertinent instrument (e.g., 410,
412). One or more of the sensors (422) or devices (422)
may also be configured to provide orientational informa-
tion as well - for example, yaw, pitch, and roll information
for the position of the pertinent catheter or instrument to
which the device (422) or sensor (422) is coupled. The
depicted assembly (4000) also comprises an ultrasound
imaging catheter (414) comprising an ultrasound trans-
ducer (416). The ultrasound imaging catheter (414) is
positioned through the working lumen of the guide instru-
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ment (412) and may be configured to be either relatively
firmly coupled to prevent relative motion between the
guide instrument (412) and ultrasound catheter (414), or
movably coupled to allow relative insertion and/or roll be-
tween the guide instrument (412) and ultrasound catheter
(414). In the event the two are movably coupled, it is
desirable in one embodiment to also have a localization
device (422) coupled to the ultrasound catheter (414),
as depicted in Figure 4C. The ultrasound transducers
(416) depicted in Figures 4B and 4C preferably are linear
array or phased array type ultrasound transducers, and
ultrasound catheters comprising such transducers are
available from manufacturers such as the Acuson divi-
sion of Siemens under the trade name "AcuNav", for ex-
ample.

[0015] Figure 4D depicts another variation similar to
that of Figure 4b, with the exception that the ultrasound
catheter (414) comprises a set of circumferential ultra-
sound transducers (418) which may be selectively acti-
vated to enable perimetric image capture without as
much roll activity as would be required by a more con-
ventional linear or phased array transducer to capture an
image of tissue or structures surrounding the entire pe-
rimeter of the ultrasound catheter (i.e., a conventional
linear or phased array transducer would need to be rolled
by about approximately 360 degrees to capture images
about the entire perimeter, while a circumferential trans-
ducer set may be sequentially or simultaneously activat-
ed to capture a similar set ofimages about the perimeter).
Catheters comprising circumferential transducer sets
such as that depicted in Figure 4D are available from
suppliers such as Volcano Therapeutics, Inc.

[0016] Figure 4E depicts an embodiment similar to that
depicted in Figure 4B, with the exception that the ultra-
sound catheter (414) comprises a two-dimensional ultra-
sound transducer matrix (420) comprising a matrix of el-
ements or cells, each of which may be activated to cap-
ture image data which, in the aggregate, may be utilized
to produce a three-dimensional image of a nearby struc-
ture. Two-dimensional matrix transducers are manufac-
tured by suppliers such as Phillips and may be positioned
relative to the ultrasound catheter structure in a planar
configuration, semi-circumferential configuration, or oth-
er geometric configurations.

[0017] Figure 4F through Figure 4H depict more inte-
grated embodiments, wherein various types of ultra-
sound transducer configurations (linear or phased array
configuration in Figure 4F, circumferential configuration
in Figure 4G, and two-dimensional matrix configuration
in Figure 4H) are depicted coupled directly to a guide
instrument (412). Similarly, the various ultrasound trans-
ducer variations may be coupled to a sheath instrument
(410) structure, as depicted in Figures 41, 4J, and 4K. In
other embodiments (not shown), both a guide (412) and
sheath (410) instrument of a particular instrument (18)
assembly may be instrumented with various types of ul-
trasound transducers.

[0018] Referring to Figure 4L, an assembly (4000)
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such as that depicted in Figure 4L is depicted in use as
an imaging platform along with another robotic catheter
instrument assembly (4002) in use as an interventional
platform comprising a sheath instrument (410), a guide
instrument (412), and an electrophysiology catheter
(430) positioned through the working lumen of the such
guide instrument (412), the electrophysiology catheter
(430) comprising an electrode (432) configured for car-
diac mapping and/or ablation uses. Configurations sim-
ilar to those depicted in Figures 48 through 4K may be
utilized for the imaging platform instrumentation. As de-
picted in Figure 4L, as the ultrasound transducer (414)
of the imaging platform assembly (4000) is rotated or
rolled about the axis of roll rotation of the ultrasound cath-
eter relative to the guide (412) and sheath (410) instru-
ments, the field of view (435) of the depicted linear or
phased array transducer may be utilized to capture ul-
trasound images or "slices" oriented in space about the
imaging platform assembly (4000) and preferably cap-
turing in one or more of these images at least a portion
of the interventional assembly (4002), most preferably
the distal portion of the interventional assembly (4002)
and nearby tissue structures (4100), in the case of an
electrophysiological intervention with a distal electrode,
as depicted in Figure 4L. At the heart of the system of
instrumentation depicted in Figure 4L is localization of
two instrument platforms (4000, 4002), and ultrasound
imaging of one of the platforms by the other in a fashion
wherein the field of view (435) of imaging is movable to
accommodate relative movement between the two plat-
forms, capturing of various nearby other structures, etc,
through the use of movement (yaw, pitch, insertion, roll)
of the platform comprising the ultrasound transducer. Lo-
calization data from the two platforms (4000, 4002) en-
ables computation of the relative positioning of the two
assemblies. Depending upon the range of relative motion
between guide instrument (412) and sheath instrument
(410), it may be overly redundant to have localization
devices coupled to both, as depicted in Figure 4L. As
discussed above, it may be useful in other variations to
have localization devices coupled to the structure posi-
tioned within the guide instrument (412) working lumen,
whether such structure is an ultrasound catheter, elec-
trophysiology catheter, etc - depending upon the relative
motion anticipated between such structure and the per-
tinentguide instrument (412). Aninterventional assembly
(4002) comprising an electrophysiology catheter (430) is
utilized herein for illustrative purposes - and the tech-
niques and systems disclosed herein may be equally ap-
plied with other interventional instruments - or non-inter-
ventional instruments (i.e., simple mechanical probes,
needles, remotely actuated tools such as graspers, etc)
similarly configured (in which case the "interventional as-
sembly" is more aptly termed the "second assembly").

[0019] Determining roll orientation may be a challenge
with conventional localization sensing devices, and for
this reason, it is preferable in some embodiments to fa-
cilitate determination of the roll (or rotational) positioning
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of the imaging platform assembly (4000) relative to other
instrumentation, nearby tissue structures, or other near-
by structures such as the operating table. In one embod-
iment, roll orientation may be determined by relative po-
sitioning to previously registered anatomical or other
landmarks on nearby structures. Landmarks may be an-
atomical (i.e., a particularly dense or thick portion of tis-
sue), or may be mathematical (i.e., points with high ei-
genvalues may be used with data processing algorithms
such as optical flow algorithms to detect landmarks of
particular texture, etc).

[0020] Alternatively, an additional transducer may be
utilized. Given a system such as that depicted in Figure
4M, wherein the interventional assembly (4002) embod-
iment comprises an ultrasound catheter (414) coupled
to such assembly, in this case coupled to the guide in-
strument (412), several techniques may be utilized to de-
termine the roll orientation of the imaging platform as-
sembly (4000). In one embodiment, the ultrasound trans-
ducer (416) of the interventional assembly (4002) may
be utilized to transmit ultrasound energy detectable as a
"hot" or "bright" spot by the ultrasound transducer of the
imaging platform assembly (4000). The ultrasound trans-
ducer (416) of the interventional assembly (4002) may
comprise a single crystal ultrasound transmitter, which
in one embodiment is rolled by the robotic catheter as-
sembly (4002) to provide more detectability by the imag-
ing assembly (4000) from different directions, or may
comprise a circumferentially arranged set of single crys-
tals configured for relatively easy detection by the imag-
ing assembly (4000). With such embodiments, when the
imaging assembly (4000) ultrasound transducer (416)
detects a "ping" from the other instrument assembly (e.g.,
4002), a computing system may determine the roll posi-
tion of the imaging assembly (4000) when the "ping" was
detected given the localization data from both assem-
blies. In another variation, the transducer or transducers
on the second assembly (4002) may be configured to be
in receive mode, and to signal the computing system
when it is receiving ultrasound energy transmitted from
the ultrasound transducer (416) on the imaging platform
assembly (4000), thereby allowing the computing system
to calculate the roll orientation of the imaging platform
assembly (4000) ultrasound transducer (416) with use
of the localization data from both assemblies (4000,
4002). In another variation wherein one of the imaging
platform assembly (4000) or second assembly (4002)
does not comprise a localization sensor or device, one
or more ultrasound transducers coupled to the second
assembly (4002) may be utilized, along with acoustic line
data from the ultrasound mainframe associated with the
imaging platform assembly (4000) transducer to localize
the imaging platform assembly (4000), since a vector
may be calculated between the receiving ultrasound
transducer on the second assembly (4002) and the trans-
mitting ultrasound transducer on the imaging assembly
(4000) given the signal strength received by the receiving
transducer versus time and the actuation activation along
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the transducer array of the transmitting transducer. In
other words, one has localization information for one as-
sembly, and with the acoustic line data for the activation
timing of the array, the geometric positioning and field of
view of the transmitting array, and receiving intensity pro-
file versus time of the receiving transducer, one may cal-
culate a precise vector in space from one assembly to
the other, thus enabling the calculation of the spatial po-
sitioning of one assembly relative to the other. Given the
relative spatial positioning and localization data for one
assembly, the location of the other assembly may be cal-
culated and this information may be used for orientation
calculation, etc.

[0021] Referring back to the illustrative system of cath-
eter assemblies depicted in Figure 4L, ultrasound and
localization may be utilized to provide an image mapping
of a volume about which the field of view (435) of the
transducer of the imaging assembly (4000) has been
rolled, pitched, yawed, inserted, etc. Indeed, one of the
advantages of positioning an ultrasound transducer upon
a robotically steerable assembly, such as those depicted
in Figures 4B through 4K, is that the transducer may be
precisely positioned. In other variations, non-robotic
steerable catheters may be utilized. In one variation, a
transducer comprising an imaging assembly (4000) may-
be navigated all about through a subject volume, such
as a chamber of a heart, bladder, kidney, esophagus (as
in the case of trans-esophageal echocardiography) etc.,
to facilitate the capture of many slices of ultrasound data
which may be assembled, given relative location and ori-
entation data, into voxels, or volumetric pixels, which may
be utilized by an operator for navigational, diagnostic,
interventional, etc uses. Gating techniques may be uti-
lized to decrease or eliminate the impact of cyclic motion
such as that associated with heart cycles or breathing.
In another variation, data may be acquired throughout a
given sampling period of time for later analysis versus
time to produce two or three dimensional images versus
time, somewhat like a movie (sometimes referred to as
"4-D" ultrasound imaging - or 3-D ultrasound versus
time).

[0022] Figure 5A illustrates that a catheter (404) may
be equipped with one or more transponders (504) that
are capable of interfacing (e.g., transmit as well as re-
ceive ultrasound signals) with the one or more ultrasound
transducers (502) onimaging catheter (402), e.g., an ICE
catheter, such that a signal (e.g., peak signal, insonified
signal, etc.) may be generated when a transponder (504)
is within the line and/or plane of an ultrasound transmis-
sion signal of the ultrasound transducer (502) of the ICE
catheter (402). As illustrated in Figure 5B, the ultrasound
transducer (502) may be configured to transmit ultra-
sound signals (510-1, 510-2, 510-3 ..., 510-n) in a plane
to produce a planar sweep of ultrasound signals. The
ultrasound signal (510-1, 510-2, 510-3 ..., 510-n) may be
transmitted in any appropriate manner (e.g., sequential-
ly, etc.), such that each signal may be identified or dis-
tinguished by the system circuitry (not shown). As illus-
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trated in Figure 5C and will be discussed in further detail
below, the ICE catheter (402) may also be rotated so that
the transducer (502) not only transmit ultrasound signals
substantially on one plane, but also configured to transmit
ultrasound signals substantially in multiple planes
(520-1, 520-2, 520-3, ..., 520-n) as the catheter (402) is
rotated. The system circuitry may also be configured to
identify and distinguish the planes of transmission and
the lines of transmission on each plane.

[0023] Accordingly, transducer (502) may complete
three-dimensional sweeps of ultrasound transmissions
(e.g., lines oftransmissions on multiple planes), and the
transponder (504) may be in the direct path of transmis-
sion (line and plane of transmission) for one of the ultra-
sound signals as the transducer (502) completes the
three-dimensional ultrasound sweeps. For example, ul-
trasound transmission line 570-3 on transmission plane
520-7 may be a direct transmission to the ultrasound
transponder (504), as illustrated in Figure 5D.

[0024] In one embodiment, the transducer (502) may
be configured to transmit as well as receive ultrasound
signals as illustrated in Figure 5E. System circuitry (e.g.,
hardware, software, firmware, etc.) for operating the
transducer (502) for transmitting, receiving, and process-
ing ultrasound signals may be housed in a sub-electron-
ics rack (6A), which may be connected (e.g., by hard wire
or wirelessly) to the system electronics rack (6). Figure
5E illustrates that transducer (502) is transmitting an ul-
trasound signal (5002) which may be on a transmission
line and transmission plane that is substantially directed
toward the ultrasound transponder (504). The transpond-
er (504) may also be configured to transmit as well as
receive ultrasound signals as illustrated in Figure 5E.
System circuitry (e.g., hardware, software, firmware,
etc.) for operating the transponder (504) for transmitting,
receiving, processing, and amplifying ultrasound signals
may be housed in a sub-electronics rack (6B), which may
be connected to the system electronics rack (6). The sub-
stantially direct ultrasound signal (5002) from the trans-
ducer (502) may activate a substantially strong signal
(5004), amplified signal (5004), or peak signal (5004)
from the transponder (504) in response to such a sub-
stantially direct transmission. For instance, circuitry in
the sub-electronics rack (6B) may be configured to meas-
ure the intensity of the signal (5002) and identify or com-
pare a threshold magnitude, value, or transmission in-
tensity for identifying that the signal (5002) is indeed a
direct signal. In addition, circuitry in the sub-electronics
rack (6B) may be configured to produce graphs of all the
signals received from transducer (502) and from the
graphs an operator may be able to identify a threshold
magnitude, value, or transmission intensity for identifying
that the signal (5002) is indeed a direct signal. Figure 5F
illustrates one example of a graph in which the intensity
of the ultrasound signal (5002) from the transducer (502)
may be determined as a direct signal.

[0025] Referring back to the operation of the transduc-
er (502), the peak signal (5004) may be received by the
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ultrasound transducer (502), and the circuitry in the sub-
electronics rack (6A) would record and process the peak
signal (5004). Similar to the circuitry (6B) of the trans-
ponder (504), circuitry in the sub-electronics rack (6A)
may have the measurements of all the signals received
from transponder (504) and from the measurements the
transducer circuitry (6A) may be able to identify a thresh-
old magnitude, value, or transmission intensity for iden-
tifying that the peak signal (5004) is indeed a peak signal.
In addition, circuitry in the sub-electronics rack (6A) may
be configured to produce graphs of all the signals re-
ceived from transponder (504) and from the graphs an
operator may be able to identify a threshold magnitude,
value, or transmission intensity for identifying that the
peak signal (5004) is indeed a peak signal. Figure 5G
illustrates one example of a graph in which the intensity
of the ultrasound signal (5004) from the transponder
(504) may be determined as a peak signal. If the signal
(5004) is a peak signal, then the logic circuitry in the sub-
electronic rack (6A) would determine the time-of-flight
from the initiation of signal (5002) to the reception of sig-
nal (5004). The distance between the transducer (502)
or the ICE catheter (402) and the transponder (504) or
the robotic catheter (404) may be determined from the
time-of-flight. Since the sub-system electronic circuitry
(6A) has a record of the line and plane of transmission
of the transmitted signal (5002) related to the spatial po-
sition of the robotic catheter (404) relative to the ICE cath-
eter (402), the additional information of distance from the
ICE catheter (402) would enable the determination of
substantially precise location of the robotic catheter (404)
relative to the ICE catheter (402). As will be discussed
further, the position, orientation, or localization of the ICE
catheter (402) and the robotic catheter (404) in a spatial
volume may be determined from the three-dimension
map of the spatial volume. e.g., left atrium of the heart.

[0026] Referring back to Figure 5E, the response sig-
nal (5004) from the transponder (504) may include vari-
ous information or data about the robotic catheter (404);
for example, the response signal may include but not
limited to position, orientation, and shape information of
the robotic catheter (404). Such information may be used
to confirm the spatial position of the robotic catheter (404)
relative to the ICE catheter (402) as well as its position,
orientation, etc. a spatial volume such as left atrium of
the heart. The distance between the ICE catheter (402)
and the robotic catheter (404) may be determined or cal-
culated from the time-of-flight of the transmitted ultra-
sound signal initiated from the transducer (502) on ICE
catheter (402) and the reception of a substantially strong
or peak response signal transmitted from the transponder
(504) on the robotic catheter (404) by the transducer
(502). For example, the distance may be determined or
calculated by half of the time that would be required for
transmitting an ultrasound signal initiated from the trans-
ducer (502) and the reception of a substantially strong
or peak response signal from the transponder (504) by
the transducer (502). As may be apparent to one skilled
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in the art, the electronics racks (6, 6A, 6B) are configured
with all of the necessary hardware, software, and
firmware for performing all the operations as discussed.
[0027] Figure 5H illustrates another embodiment in
which the transponder (504) is connected to hardware
and software for determining the distance between the
ICE catheter (402) and the robotic catheter (404). Similar
to the discussion above, the transducer (502) transmits
an ultrasound signal substantially directly to the trans-
ponder (504). In other words, the transponder (504) on
a robotic catheter (404) is substantially in the direct path
(line and plane) of transmission of the ultrasound signal
(5002) transmitted from the ultrasound transducer (502)
on the ICE catheter (402). In this embodiment, similar to
the discussion above, the transducer (502) and the trans-
ponder (504) may be connected to hardware, software,
firmware that are configured to distinguish an ultrasound
signal that is transmitted directly to the transponder (504)
from transducer (502). For example, the hardware and
software may be configured to measure, record, and de-
termine the strength, magnitude, or intensity of the re-
ceived ultrasound signals from the transducer (502) and
identify a substantially direct transmission as oppose to
a substantially indirect transmission from the transducer
(502). Because the hardware and software are coupled
to both the transducer (502) and the transponder (504),
they are capable of identifying and determining the initial
time when a particular signal is transmitted substantially
directly to the transponder (504) from the transducer
(502). Based on the time-of-fire or time-of-transmission
of the transmitted signal from the transducer (502) and
the time-of-reception of the transmitted signal from the
transponder (504), the time-of-flight may be determined.
Accordingly, the distance between the transducer (502)
or the ICE catheter (402) and the transponder (504) or
the robotic catheter (404) may be determined from the
time-of-flight of the ultrasound signal (5002).

[0028] Figure6illustrates the signal orinsonified signal
spike (1104) that may be produced and transmitted to
the electronics rack (6) for processing to indicate that the
robotic catheter (404) is in the direct line and plane of
sweep of the ICE catheter (402).

[0029] As can be appreciated, the transducer on the
ICE catheter transmits lines of ultrasonic signals in a
plane of transmission as the ICE catheter is rotated or
swept by a rotational drive (704) as illustrated in Figure
7. The rotational drive (704) may be controlled and mon-
itored by the system hardware and software in the elec-
tronics rack (6). The system software may be pro-
grammed to identify the particular line or lines and plane
or planes of transmission that cause one or more signal
spikes as the ultrasonic signals are received by one or
more transponders (504) coupled to the robotic catheter
(404). By measuring the time-of-fire of the ultrasonic sig-
nal from the transducer (502) on the ICE catheter (402)
and the time of reception of the ultrasonic signal from the
transponder (504) on the robotic catheter (404) and cal-
culating the time-of-flight of the ultrasonic signal, the sys-
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tem software would be able to calculate the distance be-
tween the ICE catheter (402) and the robotic catheter
(404).

[0030] As can be further appreciated, the position, ori-
entation, and localization of the ICE catheter (402) and
robotic catheter (404) may be respectively determined
by various means (e.g., shape sensing fiber optics, po-
sitional sensing monitors, etc.). Accordingly, the system
hardware and software may compile and process all the
respective localization information (e.g., the ultrasonic
line and plane of transmission from the ICE catheter that
caused the insonified signals; the distance between the
ICE catheter and robotic catheter; and the position, ori-
entation, and shape of the ICE catheter and robotic cath-
eter) of the ICE catheter (402) and the robotic catheter
(404) to produce a spatial relationship between the ICE
catheter (402) and robotic catheter (404). In addition, as
will be discussed in more detail, the ICE catheter (402)
may be rotated (e.g., about 120 degrees or more) to pro-
duce two-dimensional intracardiac echocardiograms
that may be "stitched" and filtered to produce three-di-
mensional maps of the heart. The information on the ICE
catheter (402) and robotic catheter (404) may be com-
bined with the three-dimensional map of the heart such
that the spatial relationship of the ICE catheter and ro-
botic catheter in a particular volume of space such as the
left atrium of the heart may be determined and displayed.
[0031] Figure 7 illustrates that the ICE catheter (402)
is configured to be rotated by a rotational drive (704).
The rotational drive (704) may be located near the prox-
imal portion of the ICE catheter (402) and the sheath
catheter (702). The sheath catheter (702) may be con-
figured to provide certain amount of manipulation control,
e.g., yaw, pitch, etc. A rotational bearing (704) may be
operatively coupled to the sheath catheter (702) to facil-
itate separate or independent rotational movements of
the ICE catheter (402). The rotational bearing may be
located near the distal portion of the sheath catheter (702)
to facilitate the rotational movements of the ICE catheter
(402).

[0032] Asiillustrated in Figure 8, a collar (802) may be
coupled to the sheath catheter (702) near the distal por-
tion of the sheath catheter. The ICE catheter (402) may
be rotated within the collar (802). The collar (802) may
include transponders or an array of transponders that are
positioned along the circumstance of the collar (802). As
the ICE catheter (402) is rotated, the transducer on the
ICE catheter would interface with one of the transponders
on the collar (802) as the transponder falls within the line
or plane of transmission during the rotational sweep of
the ICE catheter. The transponders on the collar (802)
may be used as position indicators or angular indicators
for the line or plane of transmission of the ICE catheter.
In other words, the transponders on the collar (802) may
be used to determine the angle of rotation of the ICE
catheter (402) and the angular position of the line or plane
oftransmission. As will be discussed in more detail below,
these information will be useful for constructing a three-
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dimensional map from the two dimensional intracardiac
echocardiograms.

[0033] Figure 9 illustrates an ultrasound transparent
cover (902) coupled to the sheath catheter (702). Gen-
erally, the transparent cover (902) does not interference
with ultrasound transmission from the ICE catheter (402).
However, the transparent cover (902) may include ultra-
sound opaque markers (904) along it circumference,
such that the opaque markers (904) substantially inter-
fere with ultrasound transmission when the line or plane
of transmission crosses the markers. Accordingly, the
opaque markers (904) may be used as positional or an-
gular markers for identifying the angular position of the
line or plane of transmission as the ICE catheter (402) is
rotated.

[0034] Figure 10 illustrates a potentiometer system
(1002) coupled to the sheath catheter (702). Alternative-
ly, the interface between the ICE catheter (402) and the
sheath catheter (702) may comprise an encoder (not
shown) configured to detect rotation. The potentiometer
system (1002) operates electrically for determining the
angular position of the ICE catheter (402). Figure 11 pro-
vides a more detail view of the potentiometer system
(1002). The potentiometer system (1002) includes a ro-
tational bearing (1004) that may be fixedly coupled to the
ICE catheter (402) and rotatably coupled to the sheath
catheter (702), such that the rotational bearing (1004)
substantially rotates with the ICE catheter (402) within
the sheath catheter (702). Referring to Figure 11, the
potentiometer system (1002) includes an electrical con-
ductor (1008) coupled to the sheath catheter (702), and
an electrical contact (1006) may be fixedly coupled to the
rotational bearing (1004) which makes contact with the
electrical conductor (1008), such that the contact (1006)
and electrical conductor (1008) form an electrical circuit
that drives a voltage meter (1302) as illustrated in Figure
13. As apparent to one skilled in the art, based on the
measured voltage and the resistivity (e.g., the inherent
resistive property of the material, the length or amount
of the material, etc.) of the conductor (1008), the angular
rotation or position of the ICE catheter (402) may be de-
termined. In some embodiments, instead of the potenti-
ometer system, an electrostatic resolver or a magnetic
resolver may be used to determine the angular position
of the ICE catheter (402). For these embodiments, the
electrostatic resolver or magnetic resolver might be op-
eratively coupled to the sheath catheter (702) and the
ICE catheter (402).

[0035] Following a similar engineering principle as the
potentiometer system (1002), Figure 12illustrates anoth-
er embodiment that configures an electrical contact
(1006) directly on the body of the ICE catheter (402).
Similarly, the electrical contact (1006) completes an elec-
trical circuit with electrical conductor (1008) that drives
the voltage meter (1302) as illustrated in Figure 13.
[0036] Figure 14 illustrates a portion of the body struc-
ture (1105) of the ICE catheter (402). The segments of
the body structure show that the ICE catheter (402) is
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substantially flexible in either pitch or yaw; however, it
may be substantially rotationally stiff, such that the ICE
catheter (402) may be rotated by the rotational drive (704)
without any significant loss of angular movement or ro-
tation from the proximal portion (e.g., input portion) to the
distal portion (e.g., the output portion) of the ICE catheter
(402). In addition, any loss or impact due to friction may
be significantly minimized or eliminated by dithering ICE
catheter (402). For example, the ICE catheter (402) may
be dithered within the sheath catheter (702) or any lumen
to significantly minimize or eliminate the effects of friction
to the movements of the ICE catheter.

[0037] Figure 15 illustrates two-dimensional slices
(1106) of the intracardiac echocardiograms of an organ
in the patient that may be produced from the ICE catheter
(402) as the ICE catheter is rotated. The intracardiac
echocardiogram may show a complete organ, e.g., heart,
stomach, kidney, urinary bladder, uterus, etc. or a portion
of an organ, e.g., one or more chambers of the heart, a
portion of the stomach, kidney, urinary bladder, uterus,
etc. As will be explained in further detail, the two-dimen-
sional slices of the intracardiac echocardiogram may be
"stitched" or assembled together to produce a three-di-
mensional map of an organ, e.g., heart, or a portion of
an organ, e.g., left atrium. To minimize the distortion of
stitched three-dimensional map, the ultrasound image of
the two-dimensional intracardiac echocardiogram may
be taken during the rest period of relatively low heart
activity or the diastolic period of the heart cycle. That is,
the acquisition of an intracardiac echocardiogram may
be gated by the periods of the heart or breathing cycles
to substantially reduce or eliminate the impact of cyclic
motions of the heart associated with these cycles. Figure
16 illustrates a typical heart cycle of a healthy patient,
wherein 1602 and 1604 indicate the two systolic seg-
ments of a heart cycle, and 1606 indicates the diastolic
segment of a heart cycle.

[0038] Figures 17A-17C illustrate one embodiment of
stitching or assembling a series of slices of two-dimen-
sional intracardiac echocardiogram by stacking overlap-
ping images together to form a three-dimensional shape
or map of the organ, e.g., heart, or portion of the heart
such as the left atrium. Figures 17A-17C are cross sec-
tional views of the stacked two-dimensional intracardiac
echocardiograms. For example, as illustrated in Figure
17A, afirst portion of the surface (1704) of the heart may
be captured by a first slice of intracardiac echocardio-
gram taken at some time T1, a second portion of the
surface (1706) of the heart may be captured by a second
slice of intracardiac echocardiogram taken at some time
T2, and a third portion of the surface (1708) of the heart
may be captured by a third slice of intracardiac echocar-
diogram taken at some time T3. As can be seenin Figure
17A, the three surfaces (1704), (1706), and (1708) may
not form a substantially continuous or smooth surface.
Accordingly, a three-dimensional map produced by com-
bining many substantially discontinuous or non-smooth
surfaces, at the minimum, would appear distorted and
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may provide only limit utility to a surgeon who may be
attempting to use such a three-dimensional map to ac-
curately place an ablation catheter at precise locations
of the heart to perform ablation therapy.

[0039] Figure 17B illustrates the two-dimensional int-
racardiac echocardiograms are stacked together in a
slightly overlapping manner, such that the first surface
(1704") slightly overlaps with the second surface (1706),
and the second surface (1706’) slightly overlaps with the
third surface (1708’). Conventional filtering algorithms
may be applied to the overlapping surfaces to substan-
tially reduce, minimize, or eliminate the discontinuity to
produce a substantially non-discontinuous or smooth
surface for a three-dimensional map. Figure 17C illus-
trates a substantially non-discontinuous surface after
one or more filtering processes have been performed on
the initially somewhat discontinuous surface the proc-
essed or filtered surface (1107) comprises of processed
first surface (1704"), processed second surface (1706"),
and processed third surface (1708"). Figure 18 illustrates
thatfurther "smart" filtering may be performed to produce
a substantially continuous or smooth surface of a three-
dimensional map of an organ. The profile of the smart
filtered surface (1804) is show with the profile an actual
surface (1802) of an organ in Figure 18. As illustrated in
Figure 18, the smart filtered surface (1804) is substan-
tially continuous or smooth and substantially matching
the surface profile of the actual surface (1802) of the or-
gan.

[0040] Figure 19 illustrates a two-dimensional intrac-
ardiac echocardiogram or a cross sectional view of a
three-dimensional map produced by stacking two-dimen-
sional intracardiac echocardiogram. As illustrated in Fig-
ure 19, a surface (1902) of an organ as shown in a typical
intracardiac echocardiogram does not have clear and
distinct boundaries. Instead, the surface may be dis-
cerned by clusters of pixels. Another method of producing
a three-dimensional map of an organ, e.g., heart, or por-
tion of an organ such as the left atrium of the heart, is
grouping the pixels into voxels (1904) or volumetric pixels
(1904) and then filtering the voxels (1904) or volumetric
pixels (1904) by performing segmentation methodology
or algorithm on the voxels to produce a mesh surface for
the three-dimensional map of the organ. The threshold
for segmentation may be in the range about 3mm to about
S5mm.

[0041] Figure 20 illustrates a process of using a seg-
mentation algorithm to produce a mesh surface. As illus-
trated in Figure 20, voxels (1904) or volumetric pixels
(1904) may be filtering by using a segmentation algorithm
(2002) to produce a mesh surface (2004) as a portion
ofa three-dimensional map.

[0042] Pre-processing of voxel or pixel data before
segmentation:

(a) Conventional filtering techniques such as linear
filtration, nonlinear filtration, morphological filtration
(filtering based upon predetermined shapes) may be
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utilized to filter raw data comprising, for example,
voxel or volumetric pixel data, before processing with
segmentation algorithms; other filtering techniques
may also be applied to refine the raw data before
segmentation, such as Gaussian low pass filtration.
(b) To decrease ultrasound "speckle", conventional
"compounded scan" techniques may be utilized
wherein the capturing transducer is moved slightly
to acquire a similar field of view from a different po-
sition, in one embodiment accomplished via preci-
sion robotic movement of the imaging platform as-
sembly (e.g., 402) after a first round of raw data ac-
quisition.

(c) The same structures may be imaged and cap-
tured multiple times from the same or different trans-
ducer location, then combined to filter out imperfec-
tions, etc. using localization data, knowledge of fixed
structure reference points, etc. toimprove the quality
of the image before segmentation.

(d) Subsequent to capture and assembly of image
data for a subject volume of interest, discrete por-
tions may be imaged again at closer range, or in a
repeated fashion from the same or different position,
to increase the quality of the image data at such por-
tions. For example, in a left atrial electrophysiology
scenario, the four pulmonary vein ("PV") entrances
are of significant interest and would preferably be
selected for increased quality image capture using
such technique.

(e) Notwithstanding gating techniques to accommo-
date movement of the heart, diaphragm, etc, certain
portions of structures of interest may be imaged
throughout such movement cycles and the arrays of
images versus time associated with the otherwise
gated raw data for the surrounding structures. For
example, in the right atrium, gated acquisition of data
may be utilized to produce a volumetric raw data
representation of the right atrium, while more than
one image versus time may be captured of a partic-
ular structure of interest, such as the tricuspid valve,
to enable the operator to visualize the valve versus
time in the form of a short "movie" of processed im-
ages of that region which is associated with a sub-
sequently segmented model of the right atrium, or
collection of voxel data of the right atrium. In other
words, the operator would be able to visualize the
entire right atrium for one period of time given the
gating, but would be able to visualize the movement
of the discrete region versus time given the extra
data acquired versus time for such region.

(f) Enhanced threshold processing may be utilized
to highlight pertinent structures of interest in a given
voxel of pixel collection before segmentation. For ex-
ample, utilizing parameterized inputs from various
sources (such as preoperative CT or MR imaging,
preoperative or intraoperative ultrasound, fluorosco-
py with or without contrast agent injection, velocity/
Doppler information from ultrasound, etc.), the op-
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erator, or if automated the system, may determine
shapes, curves, or other descriptors that should be
sought out in the raw data before segmentation. For
example, given the knowledge of the approximate
maximum diameter, approximate centroid of flow ve-
locity, and roughly elliptical geometry of the four PVs
coming into a given left atrium, a collection of ultra-
sound data for the volume defined by a left atrium
may be thresholded with different thresholding val-
ues and different cutting planes through the raw data
to locate each of the four PVs, and preferably other
valuable information, such as the location and ori-
entation of the plane which best fits each of the four
semi-elliptical PV entrances into the left atrium; sim-
ilar technique may be used for analyzing other sur-
faces or structures other than the PVs before and/or
after the first round of segmentation to produce a
surface model.

Segmentation to form surface model:

(a) Conventional segmentation techniques may be
utilized on an entire set of raw data to produce a
solitary surface model, or several sub-portions of the
raw data set may be segmented to produce several
surface models, which may be combined with joining
or stitching techniques.

(b) Parameterized modeling may be utilized to im-
prove the results of segmentation. For example,
maximum geometries and general shapes of objects
within the raw data may be known and utilized to
improve the segmentation algorithm processing and
results.

(c) For raw data acquired versus time, ("4-D"), pa-
rameterized modeling and differential equations in
time may be utilized to represent moving segmented
surfaces. Alternatively, discrete point based tech-
niques, such as particle filtration techniques, such
as those described in the publication "Particle Filter
with Analytical Inference for Human Body Tracking",
IEEE Workshop on Motion and Video Computing,
November 2002, Florida, may be utilized to analyze
the motion of points relative to neighboring points,
to represent moving surfaces, and this publication is
herein incorporated by reference its entirety.

Subsequent to a first round of segmentation:

(a) Additional newly acquired data slices or images
may be utilized to fill out the first round segmented
model. Such new data may be integrated into the
pre-processing and the whole volume or region re-
processed, or the new data may be separately proc-
essed, segmented, and integrated into the first round
surface model using averaging, interpolation, pa-
rameterized smoothing, or other techniques.

(b) Indeed, parameters found from the first round
processing may be utilized to improve the results of
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[0045]

second round processing. For example, given a first
round understanding of the surfaces of the four PVs
of a given left atrium, the raw data may be re-proc-
essed before segmentation in a different manner (for
example, different thresholding values or cutting
plane orientations, different parameter variables as
inputs to thresholding, etc), different filtration, or oth-
er variations of the aforementioned pre-segmenta-
tion treatments of raw data, to produce an improved
second round segmentation product.

(c) Furthermore, the combination of localization and
ultrasound-based mapping of a volume, with varia-
tions in the quality of data coming from each modality
given variables such as time, nearby magnetic local-
ization interference from ferromagnetic materials,
etc., presents the opportunity for what has become
known as "SLAM" - or simultaneous localization and
mapping - a term used in reference to the utilization
of the strengths and weaknesses of the two modal-
ities to produce a net imaging understanding better
than the product achievable with either one by itself.
For example, if it is known that the subject electro-
magnetic localization modality is generally more ac-
curate in determining relative spatial positioning than
is ultrasound-based image or surface model
processing techniques for determining relative spa-
tial positioning, with the exception of the case where
a strong magnetic interference is present from a
nearby ferromagnetic structure, such as a fluoros-
copy C-arm support assembly, then the system may
be configured to weigh the localization-based spatial
positioning data more heavily except in regions of
high magnetic interference - the integration of the
two modalities producing a more accurate resultthan
either individually.

Alternative method:

(a) Use the imaging assembly (e.g., 402) and local-
ization data from the second assembly (e.g., 404) to
automatically have the imaging assembly and the
pertinent imaging assembly transducer field of view
follow the second assembly and some designated
slice of volume on each side, in addition to capture
of the second assembly (e.g., 404) distal portion.
(b) Optionally fly in a cartoon object on the display
to overlay an imaged catheter or instrument. For ex-
ample, if a system operator was looking at a lasso
catheter with known dimensions and electrode po-
sitions, once the operator has located the relatively
fuzzy image of the lasso using the ultrasound tech-
niques, overlay a clean cartoon of the lasso for better
operator interpretation.

(c) When iterating to improve the entire surface or
portions thereof, one may completely go back to vox-
el data and re-segment or segment only new data
and mesh the new datainto the previous surface, etc.
(d) There may not be any need to capture in raw data
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every bit of a subject volume. One may capture cer-
tain portions, perhaps certain planes, regions, etc.,
and have these data represented either as voxel
groups with gaps in between to be segmented as a
whole or left as voxel data with gaps (and perhaps
stitched or joined together using conventional tech-
niques), or as separate voxel sets to be segmented
individually, and perhaps combined using conven-
tional stitching or joining techniques. Generally it will
not be the case that one has the time or need to
acquire a completely spherical, etc dataset - it is
more desirable to image what is pertinent and spend
one’s processing power and time on that.

(e) One may start out with a simple parameterized
model. For example, an "atlas model" or generic
model of a piece of anatomy such as the left atrium,
and then build out the model by utilizing the data
captured from ultrasound. In other words, it is not
necessary to start with no model and generate the
very first model by segmenting the raw data. One
may use parameters, anthropometric data, etc. to
start with a starter model, and build out / integrate
the model from there using captured data from the
actual anatomy.

(f) SLAM: localization is not perfect; either is ultra-
sound; notion in robotics is "simultaneous localiza-
tion and mapping"; use both systems to help each
other; the measurements have random noise; over
time, one can hone in on things and improve by av-
eraging out the noise in both localization and map-
ping sensors; get a better result; works for robots
navigating hallways, undersea robotics where GPS
data is imperfect, etc. In one embodiment, SLAM
techniques may be utilized with a system such as
those depicted in Figure 5E or 5H for building a map,
and at the same time, utilizing this evolving map to
understand where the various instruments are posi-
tioned within the map. It is a sort of common filter
wherein one may utilize the data one has and con-
tinue to refine one’s database and utilize statistical
and/or information weighting techniques. In a pre-
ferred SLAM embodiment, the system may be used
to build a map and localize the instrument or instru-
ments in the heart without having a preexisting map
or localization sensor. It may be useful in scenarios
wherein the kinematics model utilized to operate the
instrument or instruments is not entirely accurate but
is adequate for safely navigating to build a map using
such techniques.

(g) One can also track other catheters that might not
have sensors on them - or sensors such as inertial
sensors - toimprove one’s knowledge of where those
instruments may be located.

(h) The ultrasound acquisition in the above examples
and embodiments may utilized fast sweep ultra-
sound techniques (as disclosed in the abovemen-
tioned patent application, 10/923,660), or conven-
tional slice-by-slice acquisition over a series of heart
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cycles, for example.
(i) One example of a sample protocol for electrophys-
iology intervention in the left atrium:

(1) Perform the first round of sweeping using roll
of the robotic catheter assembly (or roll of just
the ultrasound catheter) along with whatever
steering, bending, insertion, yaw, pitch, etc. are
valuable to create a large voxel map of the per-
tinent volume and structures of interest (such as
interventional tools, etc.); would likely using gat-
ing for heart motion, although it would be useful
for atleast certain structures to acquire data ver-
sus time for 4-D analysis.

(2) Pre-process the data, pixels, or voxel (using
various combinations or permutations of the
above options) and then perform segmentation
to build surface. It may be desirable to build one
big surface model, or build subsurfaces for dif-
ferent regions and potentially stitch or assemble
them together.

(3) Then it may be desirable to iterate or acquire
additional raw data to fill in details for pertinent
structures/issues - e.g., for PVs and left atrial
appendage; locate them with various tech-
niques; perhaps use Doppler analysis and/or
thresholding; one may obtain a large set of voxel
data - ideal plane for thresholding may not be
obvious - but one can do multiple planes and
search for shapes, etc.; this may be optimized,
parameterized, and automated. For example,
one may take a plane for each of the PVs (based
upon your knowledge of generally where they
are in the stack and their general shape), and
smart threshold each one; perhaps go back and
gather more raw data for some particular areas.
Since one knows approximately where the PV
of interest is, one can use the robot to get sub-
stantially good angle of approach, etc.

(4) Continue to iterate by collecting more data
and processing it into the surface model, or
keeping it as raw data in the voxel world for ex-
amination/analysis there.

(j) Embodiment of a scenario for heart chamber use
of a system such as those depicted in Figures 1011A
or 1011B, such as in the left atrium:

(1) Take a 3-D scan of the atrial space at the
start of the case using a configuration such as
that depicted in Figure 5E or Figure 5H. Scan or
shoot from the right atrium ("RA") over toward
the left atrium ("LA") with a 30 degree fast sweep
roll of the ultrasound field of view ("FOV") to as-
semble a stack of slices, or voxel data. Have
other localized catheter assembly (e.g., the sec-
ond assembly 404 of Figure 5E or Figure 5F)
with a point reflector[or alternatively one or more
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reflecting coatings or structures, such as micro-
spheres, positioned along, in one variation in a
detectable graduated measurement format, the
second assembly 404 for preferably clear ultra-
sound depiction of such assembly relative to oth-
er structures], etc. sitting right in the FOV of the
ultrasound scan from the other assembly (e.g.,
402) - which is designed and configured to be
capable of doing this; then one may have 3-D
dataset which includes the RA volume as well
as the tip of the second catheter assembly.
Regarding initially lining up the ultrasound FOV
to capture the desired volume - a basic tech-
nique may be to get the working catheter as-
sembly (404) into position utilizing fluoro, then
bring the FOV of the ultrasound catheter assem-
bly (402) into position where it can capture the
working catheter (404); or use combination of
fluoro (to get the ultrasound catheter assembly
(402) and working catheter assembly (404) gen-
erally into the right place - in one embodiment
waggle each assembly (402, 404) back and forth
in fluoro to get pitch and yaw lined up - then use
real-time ultrasound to get the ultrasound FOV
into position.

Alternatively one may register a segmented CT
model into the navigation interface, then drive,
steer, and/or advance the ultrasound catheter
assembly (402) into position in the CT model
(associated with localization, inverse kinemat-
ics, etc.).

Alternatively, one may just capture everything
around the ultrasound catheter assembly (402)
in a series of ultrasound images positioned 360
degrees, or a portion thereof, around such as-
sembly (402), the images including the working
catheter assembly (404), and register to the po-
sition of the localized (or kinematics-model-lo-
calized) working catheter assembly (404).

(2) Then one may segment and fly the segment-
ed ultrasound data, or simply unsegmented vox-
el data, onto the user interface cartoon view of
the second catheter assembly (without moving
this catheter) in multiple views [could do manu-
ally, or could have a localization sensor on the
ultrasound catheter platform and do automati-
cally]and one may register the ultrasound model
to the catheter cartoon. Subsequently, one may
drive the cartoon around relative to the ultra-
sound model in the user interface.

(3) In another variation, once one is able to nav-
igate the cartoon and/or other view (e.g., fluoro
view) of a catheter instrument around in the user
interface with the registered and scaled 3-D ul-
trasound model on the same display, one may
present data on the ultrasound model. For ex-
ample, in one embodiment, it is desirable to
monitor electrophysiological isolation and
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project data upon the ultrasound model (for in-
stance, when a second catheter assembly, such
as 404 depicted in Figure 5E or Figure 5H, is
utilized to touch points of the left atrium, the user
interface may be configured to leave points with
numerical and/or gradiently colored information
at such points on the ultrasound model to depict
an electrophysiological isolation scenario in an
information-rich display).

(k) When the calculated and/or displayed difference
between commanded catheter position and actual
catheter position (based upon localization, multi-pla-
nar analysis of fiducials, etc.) becomes too great,
this delta may be interpreted as collision between
the catheter and a structure such as a tissue wall.
Indeed, the kinematics of the catheter may be utilized
to estimate force of such collision based upon the
difference. In one embodiment, one may add haptics
to provide an indication of the contact and/or force
feedback to the user. One may also scale up the
haptic load to the user with an increased difference
between commanded catheter position and actual
catheter position to "drive" the operator’s navigation
of the catheter back to a point of very light or no
contact.

(I) An additional localization sensor positioned near
the subject localized instrument or instruments may
be utilized as a valuable tool for interpreting or ana-
lyzing localization data associated with an instru-
ment placed within the body. In one embodiment, a
reference sensor may be adhered with a patch or
suture to the skin of a patient to work as a common
mode filter - to decrease noise from things in the
operating room such as magnetic field variations
which may be associated with nearby ferromagnetic
structure (such as a fluoroscopy C-arm), detect
movements of organs, etc.

Indeed, the use of two localization sensors at differ-
entlocations on the same deformable member (such
as a catheter body), along with the known kinematics
of such deformable member, to detect contact and
force, can be highly accurate. Such differential
measurement is a preferred technique and can be
much more accurate than absolute measurement/
calculation of contact and/or force utilizing an abso-
lute measurement of, for example, instrument tip de-
flection relative to the operating table.

(m) Data processed and displayed by advanced CT
and/or MR systems may be voxel data which is sub-
sequently segmented into one or more surface mod-
els. That surface model conventionally lives on the
imaging system. In one embodiment, such model is
moved to the subject robotic catheter system where
it is scaled, oriented, and registered so the operator
may navigate the robotic catheter around in it in the
user interface, haptically feel the model through the
master input device, perform reachability analysis,
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utilize an interpreted motion logic layer, and/or con-
duct instrument path or trajectory planning and/or
automation analysis.

CT and MR imaging typically imply gating to deal
with motion artifacts. One significant advantage of
the ultrasound system and techniques described
herein is that one can acquire real-time and not be
tied to a specificwindow of gating. One can be driving
on a 3-d-versus-time (or "4-D") movie made from the
ultrasound data. If one really want to avoid certain
nerve bundles or other structures, this kind of data
is very desirable - or at least the ability to switch from
dead CT model mode to live ultrasound model mode
when navigating near critical structures.

Models created with MR or CT imaging modalities
may be registered into the navigation interface of the
subject robotic catheter system by having an expe-
rienced physician put the catheter at an anatomic
landmark using fluoro ("ok - | know | am at the X").
One may then fly the CT or MR model around and
scale it into registration. After a few points, the sys-
tem may be configured to "snap" the model into reg-
istration. One can use as much information as one
have, such as SLAM type analysis (simultaneously
improving one’s map and one’s knowledge of loca-
tion) - use everything one know - may be utilized.
(n) Regarding integration of magnetic localization
sensors such as those available from manufacturers
such as Ascension Technologies:

(1) Certain structures comprising variations of
robotically-steerable catheters of the subject
system, such as metallic braids or tubular me-
tallic structures may interfere with magnetic
fields and work as variations of a Faraday cage
for localization sensors placed within the work-
ing lumens of such robotically-steerable cathe-
ters - so it may be desirable to advance the sen-
sor portions past such catheter structures.

(2) The leads for electromagnetic localization
sensor structures may be floated in lumens for
stress relief, layered into the subject catheter,
braided or woven into the subject catheter, etc.
Suchleads (and/or sensors) may need shielding
or heat protection, which may be handled utiliz-
ing layers or material, such as heat shrink ma-
terial, to atleast partially encapsulate such leads
- and/or portions of the associated sensor or
junction between the sensor and leads. In one
embodiment, a 5-degrees-of-freedom sensor is
preferred for catheter structures such as those
depicted in Figure 5E and 5H;

(o) Thresholding values of voxel data can have a
significantimpact on models resulting from segmen-
tation of the voxel data. In one embodiment, the sub-
ject voxel data is thresholded at multiple different
values - e.g., three with a fairly broad range of ex-
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pected desirability. Subsequently, all of the thresh-
olded voxel data may be segmented, and whichever
depicts the subject tissue and other instrument struc-
tures most desirably may be utilized. This embodi-
ment requires more data processing, but can be very
valuable given the significant impact of thresholding
value on the ultimate model results.

(p) Injection of contrast agent may be utilized to de-
velop a volume or voxel data set for a volume of
interest; for example. In one embodiment, a quick
shot of contrast agent into the calices of a kidney
may be immediately followed by single or multiplanar
imaging to build a quality dataset representing the
pertinent volume of the kidney with contrast sufficient
for accurate thresholding at the voxel level and post
processing and/or segmentation to produce a sur-
face model associated with the volume.

(q) Electromagnetic localization and associated fer-
romagnetic field issues:

Ferromagnetic structures (such as metallic fluoros-
copy C-arm which may be instrumented with an in-
clinometer or other angle sensing device) may dis-
rupt or alter the accuracy of electromagnetic locali-
zation systems such as those available from suppli-
ers such as Biosense Webster or Ascension Tech-
nologies, Inc. Several techniques may be utilized to
preserve the accuracy of such systems when adja-
cent to ferromagnetic structures.

(1) Create an operating table environment
based lookup table for magnetic localization dis-
tortion versus position of the C-arm (or other fer-
romagnetic structure). For example, use the
edge lines of a cube-like structure, and take a
number of readings with localized catheter on
one line of testing cube with C-arm moving all
around. Following the same procedure, the next
line of the cube, and continue with all 8 lines of
the cube. Using the collected data, develop a
lookup table to transform raw localization data
into C-arm-compensated localization data
which may be more accurate. Then, the lookup
table may be utilized in subsequent operation of
the system with a patient to compensate for the
C-arm position.

(2) Similarly, one could have a vest (to be wore
by the patient) or other structure for positioning
a series of localization sensors (e.g., 4) adjacent
a patient’s chest (for a cardiac catheterization
procedure; other anatomic region may be more
pertinent for other procedures) and a separate
localized catheter (e.g., 5 total sensors in this
example). Then, in a similar fashion as dis-
cussed above, move the C-arm or other struc-
ture through various positions relative to the sen-
sors and create a lookup table. In one variation,
start by capturing a series of localization read-
ings without the C-arm near the sensors at all,
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and then bring over the C-arm to develop an
understanding of how the C-arm affects the lo-
calization data.

(3) Alternatively, one can utilize multiple planes
of fluoro shots, along with the associated incli-
nometer data, to calculate precise position of
sensors without the C-arm in the environment.
Then one can analyze localization data for the
same positions when moving the C-arm around
in various positions and create a compensation
lookup table.

(4) Alternatively, optical fiducials and multi-pla-
narimaging (with inclinometer data, etc) may be
utilized to precisely localize one or more sen-
sors, and this precise data may be compared
with readings as disrupted by a C-arm or other
structure in various positions to develop an un-
derstanding of how to compensate for the C-arm
position in the localization data.

(5) Pre-op calibration with sensor on catheter:

*  Without a vest or cube, the catheter by itself
with an electromagnetic ("EM") localization
sensor on its tip may be used to create a
lookup table. The catheter is inserted into
the patient then placed at an extreme point
of aworkspace and the C-arm takes a read-
ing now having the instant location of the
tip. The catheter is then moved to several
different points defining the extreme limits
of the workspace with a C-arm reading tak-
en at each position. This data is compiled
into a lookup table. * This pre-operative cal-
ibration doesn’t have to be with the subject
robotic catheter system.

(6) Calibration of the room or system:

* Another perspective is to not create a
lookup table for a workspace but create a
lookup table for a particular operating room.
The operating table itself can have fiducials
and readings with the C-arm can be taken
of the table as it is moved back and forth.

* The localization sensor is calibrated to an
alternative sensing means assumed to be
accurate and reliable. The reliable sensor
can be, for example, fluoroscopy or a me-
chanical setup jig.

* Averylarge lookup table may be created in
an operating room on the benchtop in an
automated fashion to slowly step the cath-
eter with an EM localization sensor on its
tip through hundreds of positions. The C-
arm may take a reading of each position.
Such process may take a relatively long pe-
riod of time but be completed only once to
the system for a given configuration. One
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may have a read position from the C-arm
matching the known kinematic position
based on the positioning of a given instru-
ment or instrument set, such as a robotic
catheter system. Thus a lookup table would
then be very detailed and could be used as
an accurate calibration or transformation
means during a procedure.

* In this case the relative location and orien-
tation of the table may be found using a var-
iation comprising fiducials associated with
the table. This gives a position of the C-arm
without influence of the distortion that the
metal in the table (or C-arm) may cause dur-
ing an electromagnetic reading.

(7) Calibrating fiducials:

* Insome embodimentsitis desirable to have
permanent fiducials to calibrate various
things.

e Using line fiducials (or patterns of lines,
dots, etc - which may comprise lead or other
radio opaque materials in the case of fluor-
oscopy) detectable with optical cameras,
fluoroscopy, etc can be utilized to garner a
lot of information. With different lengths,
thicknesses, patterns, and/or orientations,
one can measure the length and distances
between line fiducials to give scaling, posi-
tion, orientation of structures such as an op-
erating table utilizing an imaging device
such as a camera or fluoroscope.

(8) Magnetic Field Distortion

e one aspect of looking at EM localization
sensor data even in a distorted magnetic
field is that even if the field is distorted, the
relative distance between two sensors may
be configured to remain substantially con-
stant.

¢ Then with a sensor in a magnetic field, one
can make more exact calculations of the po-
sition of the sensor using knowledge of the
behavior of magnetic fields.

(9) Localization and kinematics:

"Adaptive Kinematics" - using localization-
based knowledge of where one’s instrument is
actually located to improve one’s kinematic
model’s ability to place the instrument where one
desires to place it:

*  When we command to a certain position the
localization sensor will give us our actual
position. In real time we can use a control
loop in our control algorithms to minimize
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the error between our commanded and our
actual position.

* Inone variation localization data may be uti-
lized to update the kinematic model (for-
ward and reverse kinematics) to minimize
the error between commanded and actual
position. The kinematic behavior is catheter
based so this may be done to tune the model
per the specific catheter sample, thermal is-
sues, fluid viscosity issues, friction issues,
mechanics related to other structures (i.e.,
what other instruments are placed down the
working lumen - their mechanics will vary),
etc. Such calibration may be handled on the
bench top.

(10) Safety logic and Localization:

* Ifthe systemis configured to continually use
a control loop to minimize the error between
commanded and actual position, once the
catheter hits tissue or some other structure,
the error increases as the catheter presses
more and more against such structure. In
an effort to minimize the error, the control
loop will command the catheter further and
further toward the structure.

* This challenge may be obviated by creating
an updated kinematic model of the pertinent
system setup in free space; then when the
catheter hits tissue or other structures, the
behavior of the catheter will represent the
stiffness in the catheter (as opposed to the
above scenario where the stiffness of the
control loop is represented). This embodi-
mentalso ensures thatthe catheteris driven
within @ model (within a certain safety
threshold).

(11) Preventing pull wire slack:

*  With a pull-pull type steerable catheter con-
figuration, it is desirable to keep the pull
wires in tension for better control. One prob-
lem that can occur is that if the physician
intentionally presses the catheter against
tissue, the controls may command the cath-
eter into a position that it does not hit (be-
cause its movement is stopped by the tis-
sue). In such a scenario, the controls may
be configured to command the pull wires on
one side to pull in tension but command the
pull wires on the other side to release slack
under the logic that the catheter is moving
to a given position, notwithstanding that in
such a stuck scenario, the catheter is not
moving to such position and does not need
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the slack to get there. Using localization
sensors, the controls will have the actual
position of the catheter tip and be configured
to not release more slack than needed, re-
taining the tension in all control wires.

* Localization sensors may be used to detect
the orientation of the catheter tip, and this
information may be used to pre-tension the
slack in the pull wires. In other words: look
atthe position of the catheter tip and tension
a pull wire until you see movement.

(12) Localization data pertinent to various imag-
es captured by an image capture device may
also be utilized to associate the various images
relative to each other in space in a mosaic form.
For example, the origin location and vector in-
formation of an image capture device may be
utilized to "stitch" a series of images together in
space.

(13) Analogous to the discussion above regard-
ing creating alookup table and/or transformation
matrix for compensating for the magnetic pres-
ence and positioning of a structure such as a
fluoroscopy C-arm or metal operating table
when utilizing electromagnetic localization inter-
operatively, a lookup table may be created for
other structures desirably near the EM field,
such as instrument support structures, or even
electronics structures, such as RF generators
andracks, or electrophysiology intervention sys-
tems, such as the Carto system from Biosense
Webster.

(14) Micro-transmitters:

e Tiny EM localization coils may be placed as
micro-transmitters within the heart so that
the transmitter is very close to the receiver.

e Transmitter can be embedded into a guide
or sheath instrument, or in a reference cath-
eter.

(15) Reference Measurement:

e Transmitters may be used to measure the
magnetic field in a metal free environment
as a base measurement. Then they may be
used to correcting for the introduction of
metal associated with structures such as a
fluoroscopy C-arm. Transmitter can be, for
example, mounted upon a robotic catheter
instrument driver.

e Canhave markersin space (e.g., above pa-
tient on a lightweight frame structure) which
one may measure during C-arm movement.
Then one may use this data to update one’s
transformations.
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(16) Transmitters in one plane:

If we had transmitters that also acted as re-
ceivers in the same plane, the transmitter
would transmit the signal (ultrasound or RF)
which would bounce off a surface and hit a
receiver in that plane. When metal is intro-
duced, the signal is distorted and this forms
a detecting means.

(17) Transmitters down the length of the sheath:

One may place small EM localization devic-
es down the length of an elongate instru-
ment - in a line, in a spiral configuration
about the instrument (to get more variation
in magnetic flux capture or signal transmis-
sion). In this way, not only are the transmit-
ters spaced fairly closely together but one
can also get information of the shape of the
sheath along with the absolute position of
the catheter tip. The transmitters can ping
each other acting as both transmitters and
receivers. Somewhat analogous to using
kinematics to position a rigid robot with an
encoder at each joint. One may go sequen-
tially down the line and put the location to-
gether, rather than a single subset of this
(which is similar to what one has with trans-
mitters on table and one EM localization coil
at instrument tip). With some EM localiza-
tion systems, one may have three transmit-
ters. In this example, one may use a trio of
three to transmit (e.g., all on the sheath dis-
tal tip, or all linearly shooting in sequence),
then detect with a detecting sensor nearby.
One can use the series of sensors and
knowledge of the shape to do metal com-
pensation ala the cage or vest:

* Becausethe positionis triangulated us-
ing some localization systems, there
would be three micro-transmitters po-
sitioned orthogonally.

e With this idea one can see the differ-
ence in error down the length of the
catheter and one can correct for the er-
ror in real time.

¢ Inrunning asetofthree orthogonal sen-
sors down the length, more information
can be gathered if the sets are rotated
from each other (so that the sets are
not identically positioned down the
length).

e Current use of these magnetic coils is
based upon measuring the magnitude
of the signal captured by a simple cir-
cuit. Each transmitter has a specific sig-
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nal with a different look. Then a lookup
table is created so that position can be
determined based on the look and mag-
nitude of the specific signal.

(18) Correcting field issues:

* To determine if there is a material that is
distorting the magnetic field, one can in-
crease the power of transmission from a
sensor. For example, one may transmit and
receive a signal and then transmit and re-
ceive a signal at a higher power. If the sig-
nals look the same, there is no distortion of
the magnetic field.

(19) data not being fully utilized in medical EM
localization systems:

¢ In one embodiment, phase information or
altering frequency is utilized to obtain more
data which is not used currently.

* Dynamic compensation is another aspect
thatis not currently being employed. Moving
a coil through a magnetic field induces a
current. In one embodiment, measuring this
current is integrated into the magnetic flux
capture analysis to produce a more accu-
rate localization output (i.e., magnetic flux
associated with dynamically moving a given
sensor circuitloop is compensated for in the
analysis of where the given loop is posi-
tioned or oriented in space).

(20) developing a transformation matrix to cor-
rect for magnetic effects of objects such as C-
arms:

Some systems are configured to gather
many localization points, then go back and
find out what the transformation should
have been, and apply that transformation to
all of the previously calculated points. In an-
other embodiment, a localized instrument
may be driven through a range of motion in
which the kinematics is known to be accu-
rate. Points gathered in such range of mo-
tion may be utilized to build out a transfor-
mation between localization data and actual
data based on precise zone of kinematic op-
eration. Having this transformation, the sys-
tem could then move forward and transform
to correct for ferromagnetic effects, etc.

[0046] In one embodiment, one can have a structure
to support four points in space (the desire being to local-
ize somewhere within that local reference frame defined
by the cage). One may know where they are relative to
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the transmitters underneath the table. For example, may-
be they are sensors and one may capture a clean shot
(or do biplane localization, etc). Then, bring in the C-arm
and everything else to set up a compensation model for
the C-arm metal presence and movement - and maybe
also the table metal presence and movement.

[0047] Configure the cage with points and sensors ei-
ther sort of around the patient, or under the table.

* Identify a local reference frame by placing transmit-
ters below the surgical table and a set of 4 points
above the patient in space. One may measure the 4
points and perform a least squares fit to create a
reference frame. One may know the position of the
4 points relative to each other and relative to the
transmitters to locate the reference frame. Then, any
point that falls within that frame, one may now ap-
proximate its position within that frame.

* Assuming that the kinematics are substantially ac-
curate near the origin (e.g., near the sheath tip), one
method is to simply drive the catheter collecting
points knowing that the data is substantially accu-
rate. With sensors down the length of the catheter,
this is feasible because one may know the orienta-
tion of the catheter (with a sensor at only the tip this
is a less feasible method). This has the capability of
being constantly updated.

* So a practical way of completing this is to use the
calibration cube described above and let the physi-
ciandrive around to different parts of the cube. Know-
ing mathematically how this should look one may be
able to infer from the errors what the local bias is.

* For even better accuracy, one may place an end
effector on the tip of the catheter which has a fixed
transformation from the tip of the end effector to the
sensor on the catheter then one could touch with the
tip of the end effector to obtain a closer approxima-
tion to a point.

e If one does not use a cage (which is very intrusive),
one may put patches on the patientinstead. Knowing
the location of the patches before the C-arm and
fluoro is introduced, then after the C-arm, fluoro are
introduced and other objects (e.g., catheters, surgi-
cal instruments, etc.) are introduced, one can com-
pare the initial positions of the patches and the sub-
sequent position of the patches, e.g., changed posi-
tions. In this case, this accounts for patient motion
due to respiration, coughing etc.

e If one uses a cage, one can see the cage in fluoro
and use this image as well.

(r) other aspects of mixed-modality integration
(MR, CT, ultrasound) and navigation:

Having a specialized ultrasound scanning
configuration as described above does not
inherently obviate the utility CT or MR im-
aging. For example, in one embodiment, a
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preoperative CT or MR scan may be ac-
quired as voxel data, segmented, and re-
constructed. This may be potentially faster
and higher in quality than what can be
achieved with ultrasound scans (and prob-
ably seed based). The CT or MR scanning
may be done by a technician before the cath
lab procedure with ample time for process-
ing before then - for example, the day before
the procedure.

[0048] Given such a preoperative model from CT or
MR, and given the software and hardware architecture
disclosed above in reference to ultrasound, the following
are embodiments of interest:

(1) Run robotic catheter platform based ultrasound
scans as described above. Use a voxel based rep-
resentation of the ultrasound data and a 3-plane user
interface for the operator to manipulate the 3-D da-
taset. Configure the user interface software to allow
the operator to select contours and or landmarks
which are then used to register to the super high-
quality pre-existent CT-based data, as opposed to
doing segmentation and reconstruction. This may be
faster and produce higher quality models in the end.
Also, it may accomplish better registration than the
3 point approach utilized with technologies such as
Biosense’s Carto. This represents an alternative to
conventional techniques for registering CT models,
such as those featured in variations of the Carto sys-
tem.

(2) Perform segmentation and reconstruction with
ultrasound as described above for left atrium appli-
cations. In one embodiment, one may start by using
a completely generic left atrium model. In an alter-
native embodiment, one may use the pre-operative
CT model. In other words, one may start with a pa-
tient-personalized left atrium model, as opposed to
a generic one. Landmarks could then be located us-
ing the shape of the pulmonary veins from the CT
scan, or other landmarks, which preferably are fairly
well-defined in such data.

(3) Additionally, in another embodiment, if one as-
sume that the position of the pulmonary vein inlets
into the left atrium are not going to change much,
one may not actually pick the landmarks by hand,
but keep them fixed with respect to the rest of the
anatomy, i.e. place them in the same location as in
the CT model. This would significantly cut down on
the overall time to create the model and give us high-
er quality pulmonary vein modeling.

(4) Build a deformable version of the CT model (i.e.,
use the nodes in the mesh model as masses, and
the lines connecting the nodes as spring+dampers).
Userealtime ultrasound data to (a) deform the model
and (b) register it so thatitis closer to whatit currently
is, i.e. it is a good real time image of reality.
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[0049] Each of these embodiments above may be
somewhat automatically. For each of the above, regis-
tration of the model to a working catheter such as that
depicted in Figure 5E or Figure 5H (404) may be accom-
plished utilizing localization or other techniques, as de-
scribed above.

[0050] Figure 21illustrates a block diagram of the proc-
ess for producing a three-dimensional map of an organ
while minimally invasive procedures are being per-
formed. The three-dimensional map would include the
instruments that are being used in the organ, e.g., cath-
eters that are being used to perform cardiac ablation in
left atrium of a beating heart. The surgeon who is per-
forming the minimally invasive procedures could use the
three-dimensional map to determine the relative posi-
tions of the catheters in relation to the left atrium that is
being operated upon. The process begins, in step 2102,
by positioning the ICE catheter in the appropriate loca-
tion, e.g., the right atrium of the heart, for producing the
necessary two-dimensional intracardiac echocardio-
grams. The ICE catheter may be configured with position,
orientation, and shape sensing means (e.g., shape sens-
ing optical fibers, etc.). The acquisition of the two-dimen-
sional intracardiac echocardiogram may be gated by the
heart and/or breathing cycles to substantially minimize
or eliminate the impact of movement of the heart due to
these cycles, wherein the acquisition of intracardiac
echocardiogram is taken during the diastolic segment of
the heart cycle, in step 2104. The two-dimensional int-
racardiac echocardiograms are processed by using var-
ious filtering methods and algorithms to process a three-
dimensional map of the organ that is being operated up-
on, e.g., the left atrium of the heart, in step 2106. In ad-
dition, a registration process is executed to determine
the relative position of a robotic catheter that is being
used to perform diagnostic and/or interventional proce-
dures in the left atrium, in step 2108. Furthermore, the
registration process includes determining the distance of
therobotic catheter, e.g., the distal portion of the catheter,
to the target site where the diagnostic and/or interven-
tional procedures are being performed. The process of
data acquisition, data processing, and registration may
be characterized as localization, in step 2110. In other
words, the relative positions, locations, distances, etc.,
forallrelevant objects, e.g., tissue walls, robotic catheter,
target site, etc., are all determined in this localization
phase. As previously described, the spatial relationship
of the ICE catheter and robotic catheter within a spatial
volume, such as the left atrium, may be determined in
the localization phase. An image of a three-dimensional
map of the left atrium including the robotic catheter with
the localization information is displayed to the surgeon
to assist him or her with accurate and precise navigation
and placement of robotic catheter for addressing the tar-
get site, in step 2112.

[0051] Figure 22 shows diagrams that illustrate the da-
ta acquisition process in a pictorial format for ease of
understanding.
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[0052] Figure 23 illustrates a more detailed block dia-
gram for producing a three-dimensional map in accord-
ance with embodiments of the present invention. In step
2302, an imaging catheter, e.g., ICE catheter, is ad-
vanced into a target volume, e.g., right atrium of the heart
of a patient. In step 2304, localization devices identify
and verify and the position of the imaging catheter. In
step 2306, the imaging catheter transmits image acqui-
sition signals, e.g., ultrasound signals, and acquires in-
formation and/or feedback for image data. In the image
acquisition phase, the imaging catheter may be rotated
to acquire three-dimensional data, in step 2308, to ac-
quire localization data of a working catheter and the guide
catheter of the working catheter. Roll localization data
for the imaging catheter may be acquired, in step 2310.
A pre-filtering process may be performed to the acquired
data, i.e., grouping acquired data into pixel volumes or
voxels, in step 2312. In step 2314, a segmentation algo-
rithm is performed on the pixel volumes or voxels to pro-
duce mesh surfaces of the target volume. The pre-filter-
ing process and/or the segmentation process may be
repeated, in step 2316. Localization data from localiza-
tion sensor or devices coupled to the imaging catheter
are processed, in step 2318. Relative position of the im-
aging catheter and the working catheter (which may in-
clude the guide catheter of the working catheter) is de-
termined, in step 2320. A three-dimensional model of the
target volume and/or working catheter is display on a
user interface, e.g., computer monitor, in step 2322.

[0053] While multiple embodiments and variations of
the many aspects of the invention have been disclosed
and described herein, such disclosure is provided for pur-
poses of illustration only. Many combinations and per-
mutations of the disclosed system, apparatus, and meth-
ods are useful in minimally invasive medical diagnosis
and intervention, and the invention is configured to be
flexible and adaptable. The foregoing illustrated and de-
scribed embodiments of the invention are suitable for var-
ious modifications and alternative forms, and it should
be understood that the invention generally, as well as the
specific embodiments described herein, are not limited
to the particular forms or methods disclosed, but also
cover all modifications, alternatives, and equivalents as
defined by the scope of the appended claims. Further,
the various features and aspects of the illustrated em-
bodiments may be incorporated into other embodiments,
even if not so described herein, as will be apparent to
those skilled in the art. In addition, although the descrip-
tion describes data being mapped to a three dimensional
model, data may be mapped to any mapping or coordi-
nate system, including two dimensional, static ordynamic
time-varying map, coordinate system, model, image, etc.
All directional references (e.g., upper, lower, upward,
downward, left, right, leftward, rightward, top, bottom,
above, below, vertical, horizontal, clockwise, counter-
clockwise, etc.) are only used for identification purposes
to aid the reader’s understanding of the invention without
introducing limitations as to the position, orientation, or
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applications of the invention. Joining references (e.g.,
attached, coupled, connected, and the like) are to be con-
strued broadly and may include intermediate members
between a connection of elements (e.g., physically, elec-
trically, optically as by an optically fiber, and/or wirelessly
connected) and relative physical movements, electrical
signals, optical signals, and/or wireless signals transmit-
ted between elements. Accordingly, joining references
do not necessarily infer that two elements are directly
connected in fixed relation to each other. It is intended
that all matters contained in the description or shown in
the accompanying drawings shall be interpreted as illus-
trative only and not limiting. Modifications, alternatives,
and equivalents in the details, structures, or methodolo-
gies may be made without departing from the scope of
the invention as defined by the appended claims.

Claims
1. An automated medical system (32), comprising:

a first instrument assembly (4000), including

a first flexible guide instrument (412), and

an ultrasound instrument (414)and a first trans-
ducer (416, 502) coupled to the ultrasound in-
strument (414) and having afirst transducer field
of view (435), wherein the first transducer (416,
502) can transmit and receive ultrasound sig-
nals in imaging planes (520-1, 520-2, 520-3, ...,
520-n) disposed circumferentially about the
guide instrument;

a second instrument assembly (4002), including
a second flexible guide instrument (412),

a second transducer (416) having a second
transducer field of view; and

a computing system operatively coupled to the
respective first and second transducers (416),
wherein the computing system is configured to
control and process ultrasound signals transmit-
ted and received by the respective first and sec-
ond transducers (416),

and wherein the computing system s configured
to determine a relative spatial orientation of the
respective first and second transducers (416)
based at least in part on detecting a signal trans-
mitted by one of the first and second transducers
(416) and

received by the other of the first and second
transducers (416), the received signal having an
amplitude indicating the receiving one of the
transducers is in the field of view of the trans-
mitting one of the transducers;

and wherein the computing system determines
the relative spatial orientation of the respective
first and second transducers (416) based addi-
tionally on a known position of the transmitting
one of the transducers;
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characterized in that

the first flexible guide instrument (412) has an
interior lumen and a distal end opening;

the ultrasound instrument (414) is positioned in
and axially movable relative to the first guide in-
strument lumen, wherein the ultrasound instru-
ment (414) may be extended through the distal
end opening of the first guide instrument (412),
the ultrasound instrument (414) being rotatable
relative to the first guide instrument (412); the
second flexible guide instrument (412) has an
interior lumen and a distal end opening; a work-
ing instrument (430) is positioned in the second
guide instrument lumen, wherein the second
transducer (416) is coupled to one of the second
flexible guide instrument (412) and working in-
strument (430); and the medical system further
comprises a first localization sensor (422) cou-
pled to one of the first guide instrument (412) and
ultrasound instrument (414), or to one of the sec-
ond guide instrument (412) and working instru-
ment (430)..

The system of claim 1, the first instrument assembly
(4000) further comprising a first flexible sheath (410)
having alumen and distal end opening, the first guide
instrument guide being disposed in and axially mov-
able relative to the first sheath, wherein the first guide
instrument (412) may be extended through the distal
end opening of the first sheath, and the second in-
strument assembly (4002) further comprising a sec-
ond flexible sheath (410) having a lumen and distal
end opening, the second guide instrument guide be-
ing disposed in and axially movable relative to the
second sheath (410), wherein the second guide in-
strument (412) may be extended through the distal
end opening of the second sheath (410).

The system of claim 2, wherein the first localization
sensor (422) is coupled to one of the first guide in-
strument (412) and ultrasound instrument (414), and
further comprising a second localization sensor
(422) coupled to one of the second sheath (410),
second guide instrument (412) and working instru-
ment.

The system of claim 2, wherein the first localization
sensor (422) is coupled to the first guide instrument
(412) and further comprising a second localization
sensor (422) coupled to the first sheath (410) and a
third localization sensor (422) coupled to the ultra-
sound instrument (414).

The system of claim 2, wherein the first localization
sensor (422) is coupled to the second guide instru-
ment (412) and further comprising a second locali-
zation sensor (422) coupled to the second sheath
(410) and a third localization sensor (422) coupled
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to the working instrument (414).

The system of claim 2, wherein the relative spatial
orientation of the respective first and second trans-
ducers (416) comprises relative positions of the
transducers in a coordinate system.

The system of claim 1, wherein the first instrument
assembly (4000) is operatively coupled to aremotely
controlled instrument driver (16), such that mecha-
nisms of the instrument driver operate or control
movement, operation, or both, of the respective first
guide instrument (412) and ultrasound instrument
(414).

The system of claim 1, wherein the second instru-
ment assembly (4002) is operatively coupled to a
remotely controlled instrument driver (16), such that
mechanisms of the instrument driver operate or con-
trol movement, operation, or both, of the respective
second guide instrument (412) and working instru-
ment (430).

The system of claim 2, wherein the first instrument
assembly (4000) is operatively coupled to a first re-
motely controlled instrument driver (16), such that
mechanisms of the first instrument driver operate or
control movement, operation, or both, of the respec-
tive first guide instrument (412) and ultrasound in-
strument(414), and the second instrument assembly
(4002) is operatively coupled to a first remotely con-
trolled instrument driver (16), such that mechanisms
of the second instrument driver operate or control
movement, operation, or both, of the respective sec-
ond guide instrument (412) and working instrument
(430).

Patentanspriiche

Ein automatisiertes medizinisches System (32), wel-
ches Folgendes umfasst:

eine erste Instrumentenanordnung (4000), be-
inhaltend

ein erstes flexibles Fuhrungsinstrument (412)
und

ein Ultraschallinstrument (414) und einen ersten
Ubertrager (416, 502), welcher mit dem Ultra-
schallinstrument (414) verbunden ist und ein er-
stes Ubertragersichtfeld aufweist (435), wobei
der erste Ubertrager (416, 502) Ultraschallsi-
gnale Ubertragen und in Bildebenen (520-1,
520-2, 520-3, ..., 520-n) empfangen kann, wel-
chein Umfangsrichtung um das Flihrungsinstru-
ment angeordnet sind;

eine zweite Instrumentenanordnung (4002), bein-
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haltend

ein zweites flexibles Flihrungsinstrument (412),
einen zweiten Ubertrager (416), welcher ein zweites
Ubertragersichtfeld aufweist; und

ein Berechnungssystem, welches funktionsgemaf
mit dem entsprechenden ersten und zweiten Uber-
trager (416) verbunden ist und dazu ausgebildet ist,
Ultraschallsignale zu steuern und zu verarbeiten,
welche durch den entsprechenden ersten und zwei-
ten Ubertrager (416) lbertragen und empfangen
werden, und dazu ausgebildet ist, die relative rdum-
lich Orientierung des entsprechenden ersten und
zweiten Ubertrégers (416), zumindest teilweise ba-
sierend auf der Detektion eines Signals, das durch
einen der ersten und zweien Ubertréger (416) liber-
tragen wird und von dem anderen des ersten und
des zweiten Ubertragers (416) empfangen wird, zu
bestimmen, wobei das empfangene Signal eine Am-
plitude aufweist, die darauf hinweist, dass der emp-
fangende Ubertrager in dem Sichtfeld des iibertra-
genden Ubertragers ist;

und wobei das Berechnungssystem die relative 6rt-
liche Orientierung des entsprechenden ersten und
zweiten Ubertragers (416) zusétzlich basierend auf
einer bekannten Position des (ibertragenden Uber-
tragers bestimmt;

dadurch gekennzeichnet, dass

das erste flexible Fiihrungsinstrument (412) ein in-
neres Lumen und eine distale Endéffnung aufweist;
das Ultraschallinstrument (414) in und axial beweg-
lich relativ zu dem ersten Fuhrungsinstrumentenlu-
men angeordnetist, wobei das Ultraschallinstrument
(414) durch die distale Endéffnung des ersten Fih-
rungsinstrument (412) ausgefahren werden kann
und relativ zu dem ersten Fuhrungsinstrument (412)
rotierbar ist; das zweite flexible Fihrungsinstrument
(412) eininneres Lumen und eine distale Enddffnung
aufweist; ein Arbeitsinstrument (430) in dem zweiten
Fuhrungsinstrumentenlumen angeordnet ist, wobei
der zweite Ubertrager (416) mit dem zweiten flexi-
blen Fiihrungsinstrument (412) oder dem Arbeitsin-
strument (430) verbunden ist; und dass das medizi-
nische System weiterhin einen ersten Lokalisie-
rungssensor (422) umfasst, welcher entweder mit
dem ersten Fihrungsinstrument (412) oder dem Ul-
traschallinstrument (414) verbunden ist, oder entwe-
der mit dem zweiten Fiihrungsinstrument (412) oder
dem Arbeitsinstrument (430) verbunden ist.

Das System gemafR Anspruch 1, wobei die erste In-
strumentenanordnung (4000) weiterhin eine erste
flexible Hulse (410) umfasst, welche ein Lumen und
eine distale Endoffnung aufweist und wobei die erste
FUhrungsinstrumentenfiihrung in und axial beweg-
lich relativ zu der ersten Hiilse angeordnet ist, wobei
das erste Fihrungsinstrument (412) durch die dista-
le Endéffnung der ersten Hiilse ausgefahren werden
kann, und die zweite Instrumentenanordnung (4002)
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weiterhin eine zweite flexible Hiilse (410) umfasst,
welche ein Lumen und eine distale Endéffnung auf-
weist, wobei die zweite Fihrungsinstrumentenfiih-
rung in und axial beweglich relativ zu der zweiten
Hilse (410) angeordnet ist und wobei das zweite
Fihrungsinstrument (412) durch die distale Endoff-
nung der zweiten Hilse (410) ausgefahren werden
kann.

Das System gemaf Anspruch 2, wobei der erste Lo-
kalisierungsensor (422) entweder mit dem ersten
Fihrungsinstrument (412) oder mit dem Ultraschal-
linstrument (414) verbunden ist und weiterhin einen
zweiten Lokalisierungssensor (422) umfasst, wel-
cher entweder mit der zweiten Hilse (410) oder dem
zweiten Flhrungsinstrument (412) oder dem Ar-
beitsinstrument verbunden ist.

Das System gemaf Anspruch 2, wobei der erste Lo-
kalisierungsensor (422) mit dem ersten Fiihrungsin-
strument (412) verbunden ist und weiterhin einen
zweiten Lokalisierungssensor (422) umfasst, wel-
cher mit der ersten Hilse (410) verbunden ist und
einen dritten Lokalisierungssensor (422) umfasst,
welcher mitdem Ultraschallinstrument (414) verbun-
den ist.

Das System gemal Anspruch 2, wobei der erste Lo-
kalisierungsensor (422) mit dem zweiten Flhrungs-
instrument (412) verbunden ist und weiterhin einen
zweiten Lokalisierungssensor (422) umfasst, wel-
cher mit der zweiten Hilse (410) verbunden ist und
einen dritten Lokalisierungssensor (422) umfasst,
welcher mit dem Arbeitsinstrument (414) verbunden
ist.

Das System gemafR Anspruch 2, wobei die relative
raumliche Orientierung des entsprechenden ersten
und zweiten Ubertragers (416) relative Positionen
der Ubertrager in einem Koordinatensystem um-
fasst.

Das System gemalR Anspruch 1, wobei die erste In-
strumentenanordnung (4000) funktionsgemal mit
einem ferngesteuerten Instrumentenantrieb (16)
verbunden ist, sodass die Mechanismen des Instru-
mentenantriebs (16) die Bewegung des entspre-
chenden ersten Flhrungsinstruments (412) und Ul-
traschallinstruments (414) betreiben oder steuern
oder den Betrieb des entsprechenden ersten Fih-
rungsinstruments (412) und Ultraschallinstruments
(414) steuern oder betreiben, oder beides.

Das System gemal Anspruch 1, wobei die zweite
Instrumentenanordnung (4002) funktionsgemaf mit
einem ferngesteuerten Instrumentenantrieb (16)
verbunden ist, sodass die Mechanismen des Instru-
mentenantriebs (16) die Bewegung des entspre-
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chenden zweiten Flhrungsinstruments (412) und
Arbeitsinstruments (430) betreiben oder steuern
oder den Betrieb des entsprechenden zweiten Flh-
rungsinstruments (412) und Arbeitsinstruments
(430) steuern oder betreiben, oder beides.

Das System gemafR Anspruch 2, wobei die erste In-
strumentenanordnung (4000) funktionsgemal mit
einem ersten ferngesteuerten Instrumentenantrieb
(16) verbunden ist, so dass die Mechanismen des
ersten Instrumentenantriebs (16) die Bewegung des
entsprechenden ersten Fihrungsinstruments (412)
und Ultraschallinstruments (414) betreiben oder
steuern oder den Betrieb des entsprechenden er-
sten FUhrungsinstruments (412) und Ultraschallin-
struments (414) steuern oder betreiben, oder bei-
des; und die zweite Instrumentenanordnung (4002)
funktionsgemaR mit einem ersten ferngesteuerten
Instrumentenantrieb (16) verbunden ist, so dass die
Mechanismen des zweiten Instrumentenantriebs die
Bewegung des entsprechenden zweiten Fihrungs-
instruments (412) und Arbeitsinstruments (430) be-
treiben oder steuern oder den Betrieb des entspre-
chenden zweiten Fuhrungsinstruments (412) und
Arbeitsinstruments (430) steuern oder betreiben,
oder beides.

Revendications

Systéme médical automatisé (32), comprenant :

un premier assemblage d’instruments (4000),
englobant :

un premier instrument de guidage flexible
(412) ; et

un instrument ultrasonore (414) et un pre-
mier transducteur (416, 502) couplé a I'ins-
trument ultrasonore (414) et possédant un
premier champ de vision de transducteur
(435),

le premier transducteur (416, 502) étant a
méme de transmettre et de recevoir des si-
gnaux ultrasonores dans des plans de trai-
tement de l'image (520-1, 520-2, 520-3, ...
520-n) disposés en position circonférentiel-
le autour de l'instrument de guidage ;

un deuxieme assemblage d’instruments (4002),
englobant :

un deuxieme instrument de guidage flexible
412) ;

un deuxiéme transducteur (416) possédant
un deuxieme champ de Vvision de
transducteur ; et
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un systéme informatique couplé de maniére
opérationnelle aux premier et deuxieme trans-
ducteurs respectifs (416), dans lequel le syste-
me informatique est configuré pour commander
et pourtraiter des signaux ultrasonores transmis
et regus par les premier et

deuxiéme transducteurs respectifs (416), et
dans lequel le systéme informatique est confi-
guré pour déterminer une orientation spatiale re-
lative des premier et deuxiéme transducteurs
respectifs (416) en se basant au moins en partie
sur la détection d’un signal émis par un desdits
premier etdeuxieme transducteurs (416) etrecu
par l'autre desdits premier et deuxiéme trans-
ducteurs (416), le signal regu possédant une
amplitude indiquant que la réception d’'un des
transducteurs se trouve dans le champ de vision
du transducteur émetteur ;

et dans lequel le systéme informatique détermi-
ne l'orientation spatiale relative desdits premier
et deuxieme transducteurs respectifs (416) en
se basant en outre sur une position connue du
transducteur émetteur ;

caractérisé en ce que

le premier instrument de guidage flexible (412)
posséde une lumiére et une ouverture a son ex-
trémite distale ;

l'instrument ultrasonore (414) est monté dans la
lumiére du premier instrument de guidage et est
mobile en direction axiale par rapport a ladite
lumiere, I'élément ultrasonore (414) pouvant
s’étendre atravers I'ouverture de I'extrémité dis-
tale du premier instrument de guidage (412),
l'instrument ultrasonore (414) étant rotatif par
rapport au premier instrument de guidage
(412) ; le deuxiéme instrument de guidage flexi-
ble (412) posséde une lumiére et une ouverture
a son extrémité distale ; un instrument de travail
(430) vient se disposer dans la lumiére du
deuxiéme instrument de guidage, le deuxiéme
transducteur (416) étant couplé, soit au deuxie-
me instrument de guidage flexible (412), soit a
linstrument de travail (430) ; et le systéme mé-
dical comprend en outre un premier capteur de
localisation (422) couplé, soit au premier instru-
ment de guidage (412) soit a l'instrument ultra-
sonore (414), ou bien soit au deuxieme instru-
ment de guidage (412), soit a l'instrument de
travail (430).

Systéme selon larevendication 1, dans lequel le pre-
mier assemblage d’instruments (4000) comprend en
outre une premiéere gaine flexible (410) possédant
une lumiére et une ouverture a son extrémité distale,
le premier instrument de guidage étant disposé dans
la premiére gaine et en mobilité axiale par rapport a
cette derniére, dans lequel le premier instrument de
guidage (412) est a méme de s’étendre a travers
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I'ouverture de I'extrémité distale de la premiére gai-
ne, et le deuxiéme assemblage d’instruments (4002)
comprenant en outre une deuxiéme gaine flexible
(410) possédant une lumiere et une ouverture a son
extrémité distale, le deuxiéme instrument de guida-
ge étant disposé dans une deuxiéme gaine (410) et
en mobilité axiale par rapport a cette derniere, dans
lequel le deuxiéme instrument de guidage (412) est
a méme de s’étendre a travers I'ouverture de I'ex-
trémité distale de la deuxiéme gaine (410).

Systéme selon larevendication 2, dans lequel le pre-
mier capteur de localisation (422) est couplé, soit au
premier instrument de guidage (412), soit a l'instru-
ment ultrasonore (414), et comprenant en outre un
deuxiéme capteur de localisation (422) couplé, soit
a la deuxieme gaine (410), soit au deuxiéme instru-
ment de guidage (412), soit a l'instrument de travail.

Systéme selon la revendication 2, dans lequel le pre-
mier capteur de localisation (422) est couplé au pre-
mier instrument de guidage (412), et comprenant en
outre un deuxiéme capteur de localisation (422) cou-
plé ala premiére gaine (410), et un troisieme capteur
de localisation (422) couplé a l'instrument ultraso-
nore (414).

Systéme selon larevendication 2, dans lequel le pre-
mier capteur de localisation (422) est couplé au
deuxiéme instrument de guidage (412), et compre-
nant en outre un deuxieme capteur de localisation
(422) couplé a la deuxieme gaine (410), et un troi-
siéme capteur de localisation (422) couplé a l'instru-
ment de travail (414).

Systéeme selon la revendication 2, dans lequel
I'orientation spatiale relative des premier et deuxiée-
me transducteurs respectifs (416) comprend des po-
sitions relatives des transducteurs dans un systéme
de coordonnées.

Systéme selon larevendication 1, dans lequel le pre-
mier assemblage d’instruments (4000) est couplé de
maniére opérationnelle a un dispositif d’entraine-
ment d’instruments (16) commandé a distance, de
telle sorte que des mécanismes du dispositif d’en-
trainement d’instruments actionnent ou comman-
dent, soitle mouvement, soit'activation, ou les deux,
du premier instrument de guidage (412) et de l'ins-
trument ultrasonore (414) respectivement.

Systéme selon la revendication 1, dans lequel le
deuxiéme assemblage d’instruments (4002) est cou-
plé de maniere opérationnelle a un dispositif d’en-
trainement d’instruments (16) commandé a distan-
ce, de telle sorte que des mécanismes du dispositif
d’entrainement d’instruments actionnent ou com-
mandent, soit le mouvement, soit I'activation, ou les
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deux, du deuxieme instrument de guidage (412) et
de l'instrument de travail (430) respectivement.

Systéme selon larevendication 2, dans lequel le pre-
mier assemblage d’instruments (4000) est couplé de
maniére opérationnelle a un premier dispositif d’en-
trainement d’instruments (16) commandé a distan-
ce, de telle sorte que des mécanismes du dispositif
d’entrainement du premier instrument actionnent ou
commandent, soitle mouvement, soitl’activation, ou
les deux, du premier instrument de guidage (412) et
de l'instrument ultrasonore (414) respectivement, et
le deuxiéme assemblage d’instruments (4002) est
couplé de maniére opérationnelle a un dispositif
d’entrainement d’instruments (16) commandé a dis-
tance, de telle sorte que des mécanismes du dispo-
sitif d’entrainement du deuxiéme instrument action-
nent ou commandent, soit le mouvement, soit I'acti-
vation, ou les deux, du deuxieme instrument de gui-
dage (412) et de l'instrument de travail (430) respec-
tivement.
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