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(57) Abrege(suite)/Abstract(continued):
respect to the sensor are ascertained, based on (a) a calibration image, acquired by an imaging system, that shows an indication of

the distal end of the catheter body, and (b) a signhal from the sensor, but not based on any indication of the sensor shown In the
calibration image. Using the ascertained position and orientation of the distal end of the catheter body with respect to the sensor, a

visual output Is generated. Other embodiments are also described.
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ABSTRACT

While a catheter that includes (1) a catheter body, and

(11) a catheter shaft, which includes a sensor and which 1s
disposed 1inside a lumen of the catheter body, 1s 1nside a
body of a subject, a position and an orientation of a distal
end of the catheter body with respect to the sensor are
ascertained, based on (a) a calibration image, acquired by

an 1maging system, that shows an 1ndication of the distal

end of the catheter body, and (b) a signal from the sensor,
but not based on any indication of the sensor shown 1n the
calibration image. Using the ascertained position and

— y—

orientation of the distal end of the catheter body with

respect to the sensor, a visual output 1s generated. Other

embodiments are also described.
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ASCERTAINING A POSITION AND ORIENTATION FOR VISUALIZING A

TOOL

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application 1s related to a US patent
application entitled "Reglstration between coordilnate

systems for visualizing a tool," attorney docket no. 1002-

1383, filed on even date herewith.

FIELD OF THE INVENTION

Embodiments of the present 1nvention relate to medical

procedures, for example, those that involve mapping and/or

P

ablation of cardiac tissue.

BACKGROUND

US Patent Publication 2014/0148688, whose disclosure 1is
incorporated herein by reference, describes an 1nvasive
medical probe that 1includes an 1nsertion tube, having a
proximal end and a distal end configured for 1insertion 1nto

a body of a patient. Multiple arms extend distally from the

distal end of the insertion tube. Each arm has a distal tip
and 1ncludes a magnetic transducer and an adhesive element,
which is configured to removably attach the distal tip to a

tissue surface within the body.

US Patent 6,368,285, whose disclosure 1s 1ncorporated

herein by reference, describes a method for intracardially
mapping a condition such as an electrical or mechanical

property of a chamber of a heart. The method uses a
catheter having a distal tip and at least one condition
sensor contained therein or proximate thereto. The at least
one sensor 1s capable of sensing condition information 1n
the chamber and provides the three-dimensional position of
the catheter tip 1n a positional ftrame of reference. The

1
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method includes the steps of acquiring first and second

images of the chamber. The images are acqulred from

different projections and contain topological information of

the chamber. The chamber images are registered wilith the

positional frame of reference. The catheter distal tip 1is
advanced into the catheter and is navigated to acquisition
points under the guidance of topological 1nformation
contained in or derived from the 1images. Condition and
position information are acquired at each of the acquisition

points, the points being sufficient in number and spacing to

permit the generation of a map of the condition 1in the
chamber. The topological information used to guilide the
navigation of the catheter is preferably a three-dimensional
reconstruction of the chamber derived from the topological

information contained in the 1mages.

US Patent 7,937,132, whose disclosure 1s 1ncorporated
herein by reference, discloses a method and apparatus O

deliver medical devices to targeted locations within human

tissues using imaging data. The method enables the target

location to be obtained from one imaging system, followed by
the use of a second imaging system to verify the final
position of the device. 1In particular, the 1invention

discloses a method based on the initial identification of

tissue targets using MR imaging, followed by the use ot

ultrasound imaging to verify and monitor accurate needle
positioning. The invention can be used for acquiring bilopsy
samples to determine the grade and stage of cancer in
various tissues including the brain, breast, abdomen, spine,
liver, and kidney. The method is also useful for delivery of
markers to a specific site to facilitate surgical removal of

diseased tissue, or for the targeted delivery of applicators

that destroy diseased tissues 1n-situ.
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US Patent 7,653,426, whose disclosure 1is 1incorporated
herein by reference, describes an endoscope-like 1mage

taking method that includes providing at least one peculiar

index, which can be discriminated from other portions on an
MR image, at the tip of a catheter, previously 1inserting a
metal guide wire for guiding the catheter into a body cavity
of a patient inserting the catheter into the body cavity
along the guide wire, executing an MR imaging sequence of a
plurality of sliced images intersecting the guide wire,
reconstructing three-dimensional image data based upon the

nuclear magnetic resonance signals, which are received Dby

the guide wire, and determining the tip position and the
inserting direction of the catheter by detecting the
peculiar index provided at the tip of the catheter based
upon the three-dimensional image data, and reconstructing
the center projected image using the three-dimenslonal 1mage
data and setting the tip position and the 1inserting
direction of the catheter as a view point and a line-of-
sight direction and displaying the center projected image on

a display means.

US Patent 8,974,460, whose disclosure 1s 1incorporated

herein by reference, concerns a device for adjusting the

position of a screw that 1is able to move a part of a
surgical 1nstrument, said device comprising: --a stem
comprising a tip suited to the head of the screw, --an
actuated system for driving said stem in rotation, --
communication means to communicate with a control unit, such
that the control unit transmits to the actuated system the
number of turns to apply to the stem to reach the target

position of the screw. The 1invention also concerns a

surgical system for alignment of surgical gulide means,

comprising: --a positioning unit comprising a fixed part and

a mobile part supporting the surgical guide means, the
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position of said mobile part being adjustable with respect
to the fixed part by screws, --a referencing unit for
detecting the position of the positioning unit with respect
to a target position of the surgical guide means, --a

control unit for computing the target position of screws, --

said device for adjusting the positions of the screws.

US Patent Publication 2013/0083988, whose disclosure 1s

incorporated herein by reference, describes a method for
device +visualization that includes receiving a set of

physical characteristics including a description of spatial

relationships of a plurality of markers within a device.
Radiographic data of the device within a subJect 1s
acquired. An approximate location of each of the plurality

P

of markers is identified within the radiographic data. A

trajectory function is constructed for the device within the
subject based on the identified approximate locations of

each of the markers and the received set of physical

characteristics. A section function 1is constructed for the

device based on the set of physical characteristics and a 3D

model is generated for the device based on the constructed

trajectory function and the section function. A rendering of

the 3D model is displayed on a display device.

US Patent Publication 2011/0230758, whose disclosure 1s

incorporated herein by reference, describes a method and

system for determining the current position of a selected

portion of a medical catheter inserted into a tubular organ
of the Dbody of a patient, the method comprising the
procedures of inserting a medical positioning system (MPS)
catheter into the tubular organ, acquiring a plurality ot
mapping positions within the tubular organ, displaying a
mapping position representation of the mapping posltions,

constructing a mapping path according to the mapping

positions, inserting the medical catheter into the tubular
4
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organ until the selected portion reaches the 1nitial
position, displaying an operational 1mage of the tubular

organ, a path representation of the mappling path, and an

initial position representation of the 1nitial position
superimposed on the operational 1image, regilstering the
selected portion with the 1nitial position, measuring a
traveled length of the medical catheter within the tubular

organ from the initial position, and estimating the current

position.

SUMMARY OF THE INVENTION

There 1s provided, in accordance with some embodiments
of the present invention, a method for coordinate-system
registration. While a catheter that includes (1) a catheter

body, and (ii) a catheter shaft, which includes a sensor and

which 1is disposed inside a lumen of the catheter body, 1s

inside a body of a subject, the coordinate system of the
sensor 1s registered with the coordinate system of an
imagilng system. The registration uses (a) a calibration

image, acquired by the 1imaging system, that shows an

indication of a distal end of the catheter body, and (b) a

signal from the sensor, but does not use any indication of

the sensor shown 1in the calibration 1image. Using the

registering, a visual output 1s generated.

In some embodiments, generating the visual output
includes superimposing a visual representation of the distal
end of the catheter body on an image of a portion of the

body of the subject.

In some embodiments, the wvisual representation of the
distal end of the catheter body 1includes a computer-

generated model of the distal end of the catheter body.

In some embodiments, the distal end of the catheter

body includes one or more electrodes, and the visual
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representation of the distal end of the catheter body
includes a visual representation of the one or more

electrodes.

In some embodiments, superimposing the visual
representation of the distal end of the catheter body on the
image of the portion of the body of the subject includes
superimposing the visual representation of the distal end of

y—

the catheter body on the image of the portion of the body of

the subject during an ablation of the portion of the body of

the subject.

In some embodiments, generating the visual output
includes displaying a map of a portion of the body of the

subject.

In some embodiments, the map includes an
electroanatomical map of at least a portion of a heart ot

the subject.

In some embodiments, the sensor 1s an electromagnetic

sSensor.
In some embodiments, the calibration 1mage 1s a
magnetic resonance imaging (MRI) 1mage.

In some embodiments, the 1ndication of the distal end
of the catheter body includes a void 1in the MRI 1mage that

corresponds to the distal end of the catheter body.

In some embodiments, registering the coordinate system

yurur

of the sensor with the coordinate system of the 1maging

system 1ncludes:

ascertaining a position and an orientation of the
distal end of the catheter body with respect to the
coordinate system of the imaging system, by i1dentifying the
indication of the distal end of the catheter body 1n the
calibration 1image,

based on the signal from the sensor, ascertaining a

6
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position and an orientation of the sensor with respect toO
the coordinate system of the sensor, and

using (i) the ascertained position and orilentation of
the distal end of the catheter body with respect to the
coordinate system  of the imaging system, (11) the
ascertained position and orientation of the sensor with
respect to the coordinate system of the sensor, and (111) &
known position and orientation of the distal end of the
catheter body with respect to the sensor, registering the

coordinate system of the sensor with the coordinate system

of the i1maging system.

There 1s further provided, in accordance with some

embodiments of the present invention, apparatus that
includes an electrical 1interface and a processor. While a
catheter that includes (i) a catheter body, and (11) a

catheter shaft, which 1ncludes a sensor and which 1s

disposed inside a lumen of the catheter body, 1s 1nside a

body of a subject, the processor registers a coordinate

—

system of the sensor with a coordinate system of an 1maging

system, using (a) a calibration 1image, acqulred by the
imaging system, that shows an indication of a distal end of
the catheter body, and (b) a signal from the sensor received
via the electrical interface, but not using any 1indication
of the sensor shown in the calibration 1mage. Using the

registering, the processor drives a display to generate a

visual output.

There 1s further provided, 1in accordance wilth some
embodiments of the present invention, a computer software
product including a tangible non-transitory computer-
readable medium in which program instructions are stored.
The instructions, when read by a processor, cause the
processor to, while a catheter that includes (1) a catheter

body, and (ii) a catheter shaft, which includes a sensor and

7
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which i1is disposed inside a lumen of the catheter body, 1is
inside a body of a subject, register a coordinate system of

the sensor with a coordinate system of an 1imaging system,

using (a) a calibration 1mage, acgquired by the 1maging

yuren

system, that shows an 1indication of a distal end of the

catheter body, and (b) a signal from the sensor, but not

using any indication of the sensor shown in the calibration

image. The i1instructions further cause the processor to,
using the registering, drive a display to generate a visual

output.

There 1s further provided, 1n accordance wilth some
embodiments of the present 1nvention, a method for
ascertaining a position and an orientation of a distal end
of a catheter body with respect to a sensor. While a
catheter that includes (i) a catheter body, and (11) a
catheter shaft, which 1includes the sensor and which 1s
disposed 1inside a lumen of the catheter body, 1s 1inside a
body of a subject, the position and orientation are
ascertained, based on (a) a calibration 1mage, acquired Dby
an imaging system, that shows an 1ndication of the distal
end of the catheter body, and (b) a signal from the sensor,
but not based on any 1indication of the sensor shown in the
calibration i1mage. Using the ascertalined position and

orientation of the distal end of the catheter body with

respect to the sensor, a visual output 1s generated.

In some embodiments, generating the wvisual output

includes superimposing a visual representation of the distal

end of the catheter body on an image of a portion of the

' and

body of the subject.

In some embodiments, the wvisual representation of the

distal end of the catheter body 1includes a computer-

generated model of the distal end of the catheter body.

In some embodiments, the distal end of the catheter

8
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body includes one or more electrodes, and the visual

representation of the distal end of the catheter Dbody
includes a visual representation of the one or more

electrodes.

In some embodiments, superimposing the visual
representation of the distal end of the catheter body on the
image of the portion of the body of the subject 1ncludes
superimposing the visual representation of the distal end of
the catheter body on the image of the portion of the body of

gy

the subject during an ablation of the portion of the body of

the subject.

In some embodiments, generating the visual output

prrm.

includes displaying a map of a portion of the body of the

subject.

In some embodiments, the map includes an
electroanatomical map of at least a portion of a heart of

the subject.

In some embodiments, the sensor is an electromagnetic

SCIISOYX .,

In some embodiments, the calibration 1mage 1s a

magnetic resonance imaging (MRI) image.

In some embodiments, the indication of the distal end
of the catheter body includes a void in the MRI 1mage that

corresponds to the distal end of the catheter body.

In some embodiments, ascertaining the position and
orientation of the distal end of the catheter body with
respect to the sensor includes:

ascertaining a position and an orientation of the
distal end of the catheter body with respect to a coordinate
system of the imaging system, by identifying the indication
of the distal end of the catheter body in the calibration

lmage,
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based on the signal from the sensor, ascertalning a
position and an orientation of the sensor with respect to
the coordinate system of the sensor, and

based on (i) the ascertained position and orientation
of the distal end of the catheter body with respect to the

P
p—

coordinate system  of the 1maging system, (11) the

ascertained position and orientation of the sensor with
respect to the coordinate system of the sensor, and (111) a

prior registration between the coordinate system of the

sensor and the coordinate system of the 1maging system,

ascertaining the position and orientation of the distal end

of the catheter body with respect to the sensor.

There 1s further provided, 1in accordance with some
embodiments of the present 1nvention, a catheter. The
catheter includes a catheter body, shaped to define a lumen
thereof, a distal end of the catheter body comprising one Or
more electrodes. The catheter further includes a catheter
shaft that 1ncludes an electromagnetic sensor and 18

configured to be placed inside the lumen of the catheter

body.

There 1s further provided, 1n accordance wlth some
embodiments of the present invention, apparatus that
includes an electrical 1interface and a processor. While a
catheter that includes (i) a catheter body, and (11) a
catheter shaft, which includes a sensor and which 1is

disposed inside a lumen of the catheter body, 1s 1nside a

body of a subject, the processor ascertains a position and
an orientation of a distal end of the catheter body with
respect to the sensor, based on (a) a calibration 1image,
acquired by an imaging system, that shows an indication of
the distal end of the catheter body, and (b) a signal from
the sensor, but not based on any 1indication of the sensor

shown 1in the calibration 1image. Using the ascertained

10
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gy

position and orientation of the distal end of the catheter

body with respect to the sensor, the processor drives a

display to generate a visual output.

There 1is further provided, 1n accordance with some

gy

embodiments of the present 1nvention, a computer software

product including a tangible non-transitory computer-
readable medium 1n which program 1instructions are stored.
The instructions, when read by a processor, cause the
processor to, while a catheter that 1i1ncludes (1) a catheter
body, and (ii) a catheter shaft, which includes a sensor and
which 1is disposed 1inside a lumen of the catheter body, 1s
inside a body of a subject, ascertaln a position and an
orientation of a distal end of the catheter body with
respect to the sensor, based on (a) a callbration 1image,

#
—

acquired by an imaging system, that shows an 1ndication of

the distal end of the catheter body, and (b) a signal from
the sensor, but not based on any 1indication of the sensor
shown 1n the calibration 1mage. The 1nstructions further
cause the processor to, using the ascertalned position and
orientation of the distal end of the catheter body with
respect to the sensor, drive a display to generate a visual

output.

The present invention will Dbe more fully understood

from the following detailed description of embodiments

thereof, taken together with the drawings, 1n which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 1s a schematic 1llustration of a system for
mapping and/or ablation of cardiac tissue, 1n accordance

with some embodiments of the present 1nvention;

Fig. 2 1s a schematic illustration of a distal portion
of a catheter, 1n accordance with some embodiments of the

present 1nvention;
11
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Figs. 3A-B are respective flow diagrams for calibration

methods, practiced in accordance with some embodiments of

the present invention;

Fig. 3C is a flow diagram for a method for updating a

5 display during a procedure, in accordance with some

embodiments of the present 1nvention;

Fig. 4A 1is a schematic illustration of a calibration

image, acquired in accordance with some embodiments of the

present inventilion; and

10 Fig. 4B 1s an example of visual output displayed on a

display, in accordance with some embodiments of the present

invention.
DETAILED DESCRIPTION OF EMBODIMENTS
OVERVIEW
15 Embodiments of the present invention provide a catheter

for use for anatomical or electroanatomical mapping, and/or
for ablation. In addition to electrodes for mapping and/or
ablation, the catheter includes an electromagnetic sensor,
which is used for navigating the catheter within the body of

20 a subject. Typically, an external magnetic system induces a

voltage and/or current in the sensor. The induced voltage

and/or current in the sensor is measured, and 1s then used

to derive the position and orientation of the sensor.
Alternatively, the sensor may induce a voltage and/or
25 current 1in the external magnetic system. The 1nduced
voltage and/or current in the external magnetic system 1s

measured, and 1s then used to derive the position and

orientation of the sensor.

References in the present application, including 1in the
30 claims, to a "signal," or ‘"tracking signal," from the

sensor, refer to the above-described voltage and/or current

12
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induced in the sensor or in the external magnetic system.
The external magnetic system, the sensor, and any other
associated components (e.g., hardware and/or software
components, such as the processor described below) are

collectively referred to herein as a "tracking system."

In embodiments of the present invention, the catheter
comprises two separate components; one component, an inner
shaft of the catheter, comprises the electromagnetic sensor
and 1ts associated circuitry, while the other component, a
hollow outer body of the catheter, comprises the mapping
and/or ablation electrodes, which are coupled to the distal
end of the catheter body. The catheter shaft 1s 1nserted
into the lumen of the catheter body, and both components are

then inserted into the subject.

Typically, since the catheter shaft 1s covered by the
catheter body, only the catheter body needs to be discarded
after the procedure, while the catheter shaft - which

includes relatively expensive components - may be reused.

Hence, the "two-piece catheter" embodiments of the present

invention provide significant cost savings, relative to
conventional "one-piece catheters" that include similar
Sensors. (The electrodes, as opposed to the sensor, need to

touch the tissue, and therefore, the electrodes need to be
positioned on the catheter body. In any case, since the
electrodes are typically relatively inexpensive, there 1s
typically no significant 1loss 1in discarding the catheter

body after the procedure.)

Embodiments of the present invention also provide
methods and apparatus for navigating the catheter during the
mapping or ablation procedure, using the signal from the
sensor. For example, during an electroanatomical mapplng of
the heart, a computer-generated model of the distal end of

the catheter body, which includes the mapping electrodes,

13
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may be superimposed on an image of the subject's heart, at
the 1location, and with the orientation, 1ndicated by the

signal from the sensor.

In order to properly display the model of the distal

end of the catheter body in the image, the following two

challenges need to be overcome:

(a) The coordinate system of the imaglng system used to
acquire the image needs to be registered with the coordinate

system of the sensor.

_
e

(b) The position and orientation of the distal end of

the catheter body relative to the sensor needs to be
ascertailned. (This challenge is amplified by the fact that,
as described above, the sensor 1s not disposed on the
catheter body, and hence, there 1is greater variance 1n the
positional and orientational offset between the catheter

body and the sensor.)

p—

Embodiments of the present invention address both of

the above challenges, thus allowing the model of the distal

end of the catheter body to be properly displayed. In some
embodiments, a pre-procedural registration between the
coordinate systems 1s performed, e.g., wusing fiducials.
(This addresses the first challenge.) Subsequently, a

calibration image that shows an indication of the distal end

of the catheter body is acquired, and the calibration 1mage
igs used to ascertain the position and orientation of the
distal end of the catheter body with respect to the
coordinate system of the 1maging system. Using this
information, the sensor signal, and the pre-procedural
registration between the coordinate systems (but not using
any indication of the sensor in the calibration 1mage -

which, in any case, typically does not show the sensor at

all), the position and orientation of the distal end of the

catheter body relative to the sensor 1s ascertailned. (This

14
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addresses the second challenge.)

In other embodiments, a pre-procedural calibration
procedure 1is performed, to ascertain the position and
orientation of the distal end of the catheter body relative
to the sensor. (This addresses the second challenge.)
Subsequently, a calibration image that shows an 1ndication
of the distal end of the catheter body is acquired, and the
calibration image 1s used to ascertain the position and
orientation of the distal end of the catheter body with
respect to the coordinate system of the 1maging system.
Using this information, the sensor signal, and the known
position and orientation of the distal end of the catheter

body relative to the sensor (but not using any indication of

the sensor in the calibration image - which, 1in any case,
typically does not show the sensor at all), the two
coordinate systems are registered wilth one another. (This

addresses the first challenge.)

Typically, magnetic resonance imaging (MRI) 1s used to

acquire the calibration image, along with any subsequent

images of the subject's anatomy. The MRI system
communicates bi-directionally with the tracking system, such

that, for example, the tracking system may 1instruct the MRI

system to acquire an MRI "slice" at a particular position
and orientation related to the current position and

orientation of the sensor.

In the MRI images, the distal end of the catheter body
typically appears as a void. Hence, the position and

orientation of the distal end of the catheter body with
respect to the coordinate system of the MRI 1maging system

may be ascertained, by identifying the void in the 1image.

SYSTEM DESCRIPTION

Reference is initially made to Fig. 1, which 1s a

15



10

15

20

25

30

CA 02950941 2016-12-08

schematic illustration of a system 20 for mapping and/or

ablation of cardiac tissue, in accordance with some
embodiments of the present invention. Reference 1s
additionally made to Fig. 2, which 1s a schematic

illustration of a distal portion of a catheter 24, 1n

accordance with some embodiments of the present invention.

System 20 comprises (i) an 1maging system, such as an
MRI scanner 22, (ii) a catheter 24, and (111) a control
console 26. Catheter 24 comprises a catheter body 27, which
comprises a distal end 34 that typically comprises one Or
more electrodes. For example, in some embodiments, distal
end 34 comprises at least one ablation electrode 29, and one
or more mapplng electrodes 31. Catheter 24 further
comprises a catheter shaft 25, which comprises a sensor,
such as an electromagnetic sensor 23. Catheter body 27 1s
shaped to define a lumen, into which catheter shaft 25 1s
inserted prior to the catheter being inserted 1into the
subject. (In Fig. 2, for clarity, catheter shaft 25 1s
shown alongside catheter body 27, rather than 1inside the
catheter body, as would be the case during a procedure.) As

g
p—

described above, the placement of sensor 23 and 1ts

associated circuitry on the unexposed catheter shaft, rather

than on the exposed outer portion of the catheter, typically

provides significant cost savings.

As depicted in Fig. 1, a physician 42 1inserts catheter
24 through the wvascular system of a subject 30 so that
distal end 34 of the catheter body enters a body cavity,

herein assumed to be a chamber of the subject's heart 28.
As described above, sensor 23 provides a tracking signal
that facilitates the navigation of the catheter. In some

embodiments, the sensor 1is an electromagnetic sensor, and

electromagnetic tracking techniques are used, for example,

as described 1n U.S. Patents 5,391,199, 5,443,489,
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6,788,967, 6,690,963, 5,558,091, 6,172,499, and 6,177,792,
whose disclosures are incorporated herein by reference. In
other embodiments, other tracking techniques are used, such
as the impedance-based tracking techniques described 1in U.S.
Patents 5,983,126, 6,456,864 and 5,944,022, whose

disclosures are also incorporated herein by reference.

Upon the distal end of the catheter entering the
cardiac chamber, mapping electrodes 31 may be used for
acquiring intracardiac electrocardiogram (ECG) signals that
allow the chamber of the heart to be electroanatomically
mapped. The 1intracardiac ECG signals acquired Dby the
mapping electrodes are transferred, typically by conductors
and/or optical fibers in catheter 24, to a control console
26, where the signals are analyzed. Alternatively or
additionally, ablation electrocde 29 may Dbe used for

performing cardiac ablation.

Alternatively or additionally to acquiring intracardiac

ECG signals using catheter 24, system 20 may acquilre body-

surface ECG signals from the skin of subject 30, typically

P
p—

via a number of conductive patches 36, which act as

electrodes, on the skin of the subject. The body-surface
ECG signals are conveyed via a cable 38 to control console

26 .

Control console 26 comprlises a processor 58. Processor

58 receives, via an electrical interface 35, the tracking

signals from the sensor. The processor further receives the
data acquired by MRI scanner 22, and/or any acquired
intracardiac or body-surface ECG signals. As described 1n

detail hereinbelow, processor 58 processes the recelved
data, and, in response thereto, drives a display 40 to
display relevant visual output, and/or generates other

appropriate output.

In general, processor 58 may be embodied as a single
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processor, oOr a cooperatively networked or clustered set of
pProcessors. Processor 58 1s typilcally a programmed digital
computing device comprising a central processing unit (CPU),
random access memory (RAM), non-volatile secondary storage,

such as a hard drive or CD ROM drive, network 1interfaces,

and/or peripheral devices. Program code, including software

programs, and/or data are loaded into the RAM for execution
and processing by the CPU and results are generated for
display, output, transmittal, or storage, as 1s known in the
art. The program code and/or data may be downloaded to the
computer in electronic form, over a network, for example, or
it may, alternatively or additionally, be provided and/or
stored on non-transitory tangible media, such as magnetic,
optical, or electronic memory. Such program code and/or
data, when provided to the processor, produce a machine or
special-purpose computer, configured to perform the tasks

described herein.

Reference 1s now made to Figs. 3A-B, which are
respective flow diagrams for calibration methods, practiced
in accordance with some embodiments of the present

invention.

By way of introduction, the calibration method of Fig.
3A differs from that of Fig. 3B in that the wvariable that 1s

ascertained at the beginning of the method of Fig. 3A 1is

ascertained at the end of the method of Fig. 3B, and vice

versa. In particular:

(1) The calibration method of Fig. 3A begins with a
registration step 74, at which a (typically 1sometric)
registration between the coordinate gystem of the 1maging
system, CIS, and the coordinate system of the sensor, CS, 1s

performed, e.g., using fiducials. The resulting

registration, CS CIS, 1s then used to ascertain DE S, which

is the position and orientation of the distal end of the
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catheter body with respect to the sensor that 1s located

inside the lumen of the catheter body.

.

(1i) The calibration method of Fig. 3B begins with a

first calibration step 75, at which the position and

orientation of the distal end of the catheter body with

respect to the sensor, DE S, 1s ascertained, e.g., using

specialized calibration equilipment. DE S 1s then used to

ascertain CS CIS, which 1s the registration Dbetween the

coordinate system of the imaging system and the coordinate

system of the sensor.

In summary, in Fig. 3A, CS CIS 1is used to ascertaln

1]

DE S, while in Fig. 3B, the opposite 1is the case: DE_S 1is

used to ascertain CS CIS.

The description below will now continue to describe the

calibration methods of Figs. 3A-B, with reference being
additionally made to Fig. 4A, which 1is a schematic
illustration of a «calibration 1image 60, acquired 1n
accordance with some embodiments of the present invention.
(Although, for ease of illustration, calibration 1mage 60 1s

depicted in Fig. 4A as a two-dimensional image, 1t 1s noted

that the calibration image is typically three-dimensional.)

Subsequently to the insertion of catheter 24 1into the
body of the subject, calibration image 60 1s acquired, at a
calibration-image-acquiring step 76. For example, Fig. 4A
depicts a scenario in which the <calibration 1image 1s
acquired upon catheter 24 reaching heart 28 of the subject.
In Fig. 4A, blood within the chambers 33 of the heart 1is
shown in white, indicating that the blood 1s visible to the
MRI scanner. Conversely, surrounding tissue 1s shown 1n a
darker shade, indicating that this tissue 1s less visible to
the MRI scanner, due to having a lower concentration of
water than does the Dblood. (It is noted that Fig. 4A 1s

based on data from a phantom, and hence, the anatomical
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detalls therein do not correspond exactly to actual human

anatomy. )

In calibration-image-acquliring step 76, the position
and orientation of the sensor in the calibration image 1is
also ascertained, based on the signal from the sensor. The
Sensor signal naturally provides the position and
orientation of the sensor with respect to the coordinate
system of the sensor (which may also be referred to as the
coordinate system of the tracking system) , S CS.
(Typically, the sensor 1s not shown 1n the calibration
image, such that the position and orientation of the sensor

relative to the coordinate system of the 1maging system 1is

not ascertainable solely from the calibration image.)

Subsequently, at a DE CIS-ascertaining step 78, the
calibration 1mage 1s used to ascertain the position and
orientation of the distal end of the catheter body with

respect to the coordinate system of the 1maging system

(DE CIS) . For example, 1f MRI scanner 22 1s the imaging

system 1n use, distal end 34 of the catheter body will

typically be 1ndicated 1n the calibration 1mage by a void

62, slnce the catheter 1s typically made of MRI-invisible
material. Hence, by 1identifying wvoid 62, the position and

orientation of the distal end of the catheter body with

respect to the coordinate system of the MRI scanner may be
ascertailined. In some embodiments, Processor 58
automatically 1i1dentifies the wvoid using image-processing

techniques.

In the calibration method of Fig. 3A, processor 58 then
ascertalns the position and orientation of the distal end of

the catheter body with respect to the sensor, DE S. As

indicated by the dotted arrows i1n the flow diagram, DE S may

be ascertalined i1n either one of the following ways:

(1) In some embodiments, the processor, at a S CIS-
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ascertalning step 82, ascertains the position and
orientation of the sensor with respect to the coordinate
system of the 1maging system, S CIS, wusing the known

registration between the two coordinate systems (S CS +

4]

CS CIS -» S CIS). Then, at a DE S-ascertaining step 84, the
processor ascertalins the position and orientation of the

distal end of the catheter body with respect to the sensor,

DE S, using the known position and orientation of both the

sensor and the distal end of the catheter body with respect

gr—

to the coordinate system of the 1maging system (S CIS +

DE CIS -» DE S).

(11) In other embodiments, the processor, at a DE CS-
ascertalning step 86, ascertains the position and
orientation of the distal end of the catheter body with
respect to the coordinate system of the sensor, DE CS, using

the known registration between the two coordinate systems

(DE CIS + CS _CIS ->» DE CS). Then, at an alternate DE S-

ascertalning step 88, the processor ascertains the position

—

and orientation of the distal end of the catheter body with

respect to the sensor, DE S, using the known coordinates of

both the sensor and the distal end of the catheter body with

respect to the coordinate system of the sensor (S CS + DE CS

—> D]

{+]

S) .

In the calibration method of Fig. 3B, on the other

hand, DE S, which 1s known from first calibration step 75,

1s used to ascertain CS CIS. As 1ndicated by the dotted
arrows 1n the flow diagram, CS CIS may be ascertalned 1n

either one of the following ways:

(1) In some embodiments, the processor, at an alternate
S CIS-ascertaining step 90, ascertains the position and
orientation of the sensor with respect to the coordinate

ph—
p—

system of the 1maging system, S CIS, wusing the known

positional and orientational offset between the sensor and
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S =2

B

the distal end of the catheter Dbody (DE CIS + D

S CIS). Then, at a CS CIS-ascertaining step 92, the

processor ascertalins the registration between the two

coordinate systems, CS CIS, wusing the known position and

orientation of the sensor with respect to both of the

coordinate systems (S CIS + S CS > CS CIS).

(11) In other embodiments, the processor, at an

alternate DE CS-ascertalning step 94, ascertains the
position and orientation of the distal end of the catheter
body with respect to the coordinate system of the sensor,
DE CS, using the known positional and orientational offset
between the sensor and the distal end of the catheter body
(S CS + DE S = DE CS). Then, at an alternate CS CIS-
ascertaining step 96, the pProcessor ascertalins the
registration between the two coordinate systems, CS CIS,
using the known position and orientation of the distal end

of the catheter body with respect to both of the coordinate

L+

systems (DE CIS + DE CS -2 CS CIS).

As further described below with reference to Figs. 3C
and 4B, the processor uses the information acquired during

calibration to facilitate an anatomical or electroanatomical

mapping of the subject's heart, and/or the performance of

another procedure, such as a cardiac ablation.

Reference 1s now made to Fig. 3C, which 1s a flow
diagram for an electroanatomical mappling procedure, 1n
accordance with some embodiments of the present 1invention.
Reference 1s additicnally made to Fig. 4B, which 1s an
example of a visual output 63, i1ncluding a three-dimensional
electroanatomical map 68, displayed on display 40 (Fig. 1),
in accordance with some embodiments o©f the present

invention.

U

First, at an image-acquiring step 98, an 1mage 72 O:

the relevant portion of the subject's body 1s acquired. For
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example, when performing an electroanatomical mappling of a

P

surface of the subject's heart, an 1mage of the surface may

|

be acquired at image-acquiring step 98. (In some cases, 1f
calibration image 60 already shows the relevant portion of
the subject's body, image-acquiring step 98 may be omitted.
Stated differently, 1in some cases, calibration 1mage 60 1s

not used solely for calibration, but rather, 1s also used 1n

real-time, while the actual mapping or ablation takes
place.) The acquired 1image 1s then displayed 1in visual
output 63.

Subsequently, as the physician moves the catheter along
the surface of the subject's heart, electrodes 31 record
intracardiac ECG signals, and the processor repeatedly

performs the following sequence of steps:

(1) At a data-acquiring step 100, the ©processor

receives and analyzes the ECG signals, and also ascertains
the position and orientation of the sensor, S CS, at the
time that the ECG signals were recorded, based on the sensor

signal.

(11) At a real-time-DE CS-ascertaining step 102, the

processor uses DE S, obtained during <calibration, to

ascertain from S CS the position and orientation of the

distal end of the catheter, DE CS.

(1i11) At a map-updating step 104, the processor updates

electroanatomical map 68. For example, the processor may

derive various local activation times from the ECG signals,
and update the electroanatomical map to reflect these local
activation times. In performing this updating, the
processor uses DE CS to derive the positions of the
electrodes on the tissue. Typically, 1n updating the map,
the processor also places a visual representation of the

distal end of the catheter body on the electroanatomical

]

CS.

map, at the position and orilientation indicated by D:
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(iv) At a displaying step 105, the processor displays

the updated electroanatomical map 1in registration with image

72, using CS CIS, which was obtained during calibration.
For example, as shown in Flg. 4B, the electroanatomical map

may be overlaid on 1mage 72 1n visual output 63.

Effectively, by displaying the map 1n registration with the
image, the processor superimposes the visual representation
of the distal end of the catheter body over the 1mage.
Hence, the physician 1s able to readily see the current
position and orientation of the distal end of the catheter

body with respect to the subject's anatomy.

Fig. 4B shows visual output 63 as 1t may appear
following displayiling step 105. The white portions of the
heart shown in wvisual output 63 correspond to portions of
the heart that have not yet been electroanatomically mapped.

Conversely, the colored portions of the map - 1indicated 1in

Fig. 4B by various patterns of shading - correspond to those

p—

portions of the heart have been electroanatomically mapped.

The various colors correspond, for example, to the wvarious

po—

local activation times at different portions of the heart,

these times being derived from the ECG signals, as described

above.

At any point, the physician may decide, at a first
decision step 106, to end the procedure. The physician may

also decide, at a second decision step 108, to acqulire a new

image.

Typically, the wvisual representation of the distal end
of the catheter body 1s a computer-generated model 64.
Typically, model 64 includes a visual representation of the
electrodes that are coupled to the distal end of the
catheter body, including, for example, a visual

representation 70 of mapping electrodes 31, and/or a visual

representation 66 of ablation electrode 29.
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In some embodiments, image 72 is not acquired, and the

electroanatomical map 1is therefore displayed at displaying

step 105 without being overlaid on, or otherwise combined

with, any other image.

The above-described technigques may also be applied to
other types of procedures, mutatis mutandis. For example,

during an ablation procedure, at data-acquiring step 100,

the ©processor may receive and/or analyze information
relating to the passing of an ablating current, and also
ascertain the position and orientation of the sensor, S_CS5,

at the time of the passing of the ablating current. The

]

processor may then ascertain DE _CS, as described above. At

map-updating step 104, the processor may then update
electroanatomical map 68 by adding markers to the map to

mark the areas of tissue that were ablated, these areas

L

being determined by using DE CS to derive the position of
the ablating electrode on the tissue. Alternatively or
additionally, the pProcessor may place a visual
representation of the distal end of the catheter body on the
electroanatomical map, as described above, to help guide the

ablation procedure.

It is noted that, notwithstanding the specific MRI-
based embodiments described herein, embodiments described

herein may be practiced with any type of 1imaging system

using any relevant imaging modality, regardless of whether
the distal end of the catheter body appears "positively" or
"negatively" in images that are acquired by the imaging
system. Moreover, although the present description and
figures relate mainly to cardiac procedures, 1t 1s noted
that apparatus and methods described herein may be applied

to other types of procedures, such as Ear, Nose & Throat

(ENT) or pulmonary procedures.

It will be appreciated by persons skilled 1in the art
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that the present 1nvention 1s not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present 1nvention 1includes both combinations
and subcombinations of the wvarious features described
hereinabove, as well as wvariatilions and modifications thereof
that are not in the prior art, which would occur to persons
skilled in the art upon reading the foregoing description.
Documents incorporated by reference 1n the present patent
application are to be considered an 1integral part of the
application except that to the extent any terms are defined
in these incorporated documents 1n a manner that conflicts

with the definitions made explicitly or 1mplicitly 1in the

present specification, only the definitions 1in the present

specification should be considered.
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CLAIMS

What is claimed 1is:

> 1. A method, comprising:
while a catheter that includes (i) a catheter body, and
(ii) a catheter shaft, which includes a sensor and which 1S
disposed inside a lumen of the catheter body, 1s 1inside a

body of a subject, ascertaining a position and an

10 orientation of a distal end of the catheter body with
respect to the sensor, based on (a) a calibration 1image,
acquired by an imaging system, that shows an indication of
the distal end of the catheter body, and (b) a signal from
the sensor, but not based on any 1indication of the sensor

15 shown in the calibration 1mage; and

F

using the ascertained position and orientation of the

distal end of the catheter body with respect to the sensor,

generating a visual output.

2. The method according to claim 1, wherein generating the

20  wvisual output comprises superimposing a visual

representation of the distal end of the catheter body on an

image of a portion of the body of the subject.

3. The method according to claim 2, wherein the distal end
of the catheter body 1ncludes one or more electrodes, and

25 wherein the visual representation of the distal end of the

catheter body includes a visual representation of the one or

more electrodes.

4 . The method according to claim 2, wherein superimposing

the visual representation of the distal end of the catheter

30 body on the image of the portion of the body of the subject

gr—

comprises superimposing the visual representation of the

distal end of the catheter body on the image of the portion

of the body of the subject during an ablation of the portion
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of the body of the subject.

5. The method according to claim 1, wherein generating the

visual output comprises displaying a map of a portion of the

body of the subject.

6 . The method according to c¢laim 5, wherein the map
includes an electroanatomical map of at least a portion of a

heart of the subject.

7 . The method according to claim 1, wherein the sensor 1is

an electromagnetlC sensor.

8 . The method according Lo claim 1, wherein the
calibration image 1s a magnetic resonance 1maging (MRI)

image.

9. The method according to claim 8, wherein the indication

of the distal end of the catheter body includes a voild 1n

the MRI image that corresponds to the distal end of the

catheter body.

10. The method according to claim 1, wherein ascertalning
the position and orientation of the distal end of the
catheter body with respect to the sensor comprises:
ascertaining a position and an orientation of the
distal end of the catheter body with respect to a coordinate

p—

system of the imaging system, by identifying the indication

of the distal end of the catheter body in the calibration
1mage,

based on the signal from the sensor, ascertainling a
position and an orientation of the sensor with respect tO
the coordinate system of the sensor, and

based on (i) the ascertained position and orientation
of the distal end of the catheter body with respect to the
coordinate system ot the imaging system, (11) the
ascertained position and orientation of the sensor with

respect to the coordinate system of the sensor, and (111) a
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prior registration between the coordinate system of the

sensor and the coordinate system of the 1maging system,
ascertaining the position and orientation of the distal end

of the catheter body with respect to the sensor.

11. A catheter, comprising:

a catheter body, shaped to define a lumen thereof, a

gh—

distal end of the catheter body comprising one or more

electrodes; and
a catheter shaft that comprises an electromagnetic

sensor and 1is configured to be placed 1inside the lumen of

the catheter body.

12. Apparatus, comprising:

an electrical interface; and

a processor, configured to:

while a catheter that 1includes (1) a catheter
body, and (ii) a catheter shaft, which 1includes a
sensor and which 1s disposed 1inside a lumen of the
catheter body, i1s inside a body of a subject, ascertailn
a position and an orientation of a distal end of the
catheter body with respect to the sensor, based on (a)
a calibration 1image, acquired by an 1maging system,
that shows an 1indication of the distal end of the
catheter body, and (b) a signal from the sensor, but
not based on any indication of the sensor shown 1n the
calibration i1mage; and

using the ascertained position and orientation of
the distal end of the catheter body with respect to the

sensor, drive a display to generate a visual output.

13. The apparatus according to «claim 12, wherein the

processor 1is configured to drive the display to generate the

visual output by driving the display to superimpose a visual
representation of the distal end of the catheter body on an

image of a portion of the body of the subject.
29
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14. The apparatus according to claim 13, whereiln the dilstal
end of the catheter body 1includes one or more electrodes,

and wherein the visual representation of the distal end of
the catheter body includes a visual representation of the

one or more electrodes.

15. The apparatus according to c¢laim 12, wherein the
processor is configured to drive the display to generate the

visual output by driving the display to display a map of a

portion of the body of the subject.

16. The apparatus according to claim 15, wherein the map
includes an electroanatomical map of at least a portion of a

heart of the subject.

17. The apparatus according to claim 12, wherein the sensor

is an electromagnetic sensor.

18. The apparatus according to claim 12, wherein the

calibration image 1s a magnetic resonance 1imaging (MRI)

image.

19. The apparatus according to claim 18, wherein the
indication of the distal end of the catheter body includes a
void in the MRI image that corresponds to the distal end of

the catheter body.

20. The apparatus according to «claim 12, wherein the

processor 1is configured to ascertain the position and
orientation of the distal end of the catheter body with
respect to the sensor by:

ascertaining a position and an orientation of the
distal end of the catheter body with respect to a coordinate
system of the imaging system, by identifying the indication
of the distal end of the catheter body 1in the calibration
image,

based on the signal from the sensor, ascertaining a

position and an orientation of the sensor with respect to
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the coordinate system of the sensor, and

based on (1) the ascertained position and orientation
of the distal end of the catheter body with respect to the
coordinate system  of the imagling system, (11) the
ascertained position and orilientation of the sensor with
respect to the coordinate system of the sensor, and (iii) a

prior regilistration between the coordinate system of the

sensor and the coordinate system of the 1imaging system,

ascertaining the position and orientation of the distal end

of the catheter body with respect to the sensor.

21. A computer software product comprising a tangible non-
transitory  computer-readable medium 1in which  program
instructions are stored, which 1nstructions, when read by a
processor, cause the processor to:

while a catheter that includes (1) a catheter body, and
(11) a catheter shaft, which includes a sensor and which 1is
disposed 1nside a lumen of the catheter body, 1s 1inside a

body of a subject, ascertain a position and an orientation

of a distal end of the catheter body with respect to the
sensor, based on (a) a calibration 1image, acquired by an
imaging system, that shows an indication of the distal end

of the catheter body, and (b) a signal from the sensor, but

not based on any 1indication of the sensor shown 1in the
calibration image, and

using the ascertalned position and orientation of the
distal end of the catheter body with respect to the sensor,

drive a display to generate a visual output.

31



00000000000000000000

FIG. 1



CA 02950941 2016-12-08

2/5
25\
23
(——
24 2/
\ 29 31 317 31
34

FIG. 2



CA 02950941 2016-12-08

(SISO « (S1D7SD ¢«

SO 30+ SID 3A) SWILSAS| | SO7S +SID S) SWALSAS
JLVYNIGY00D NIIML3S J1YNIAY00D NI3IML3E
NOILYHLSIOTFHE NIVLIHIDOSY| [NOILYHISIOFY NIVLYIOSY

(S0730 « (SIS« S 3a+
S 30+ SO S) YOSN3S S12 3a) W3LSAS ONIOVI
40 W3LSAS JLVNIQYO0D | | 40 WALSAS ILYNIAHO0D
01 193dS3y HLIM AN3 Ol 1034539 HLIM
V1SIA 40 NOILVINTIMO | [ HOSNIS 40 NOILVLININEO
2 NOILISOd NIVLY30SY 2 NOILISOd NIVLYIOSY
= 16 " 06
(S1273Q) WALSAS ONIOVNI 40 WILSAS
JLYNIGH00D OL 1034S3H HLIM AN3 TV1SId
. 40 NOILVLNIIHMO ANV NOILISOd NIVLH3IOSY

(S978) YOSN3S 40 WILSAS FLVYNIAH00D 0L 103dS3d
HLIM HOSN3S 40 NOILYLNIIHO ANV NOILISOd
NIVLE3IOSY ANV ‘FOVINI NOILYHEINVD IHINDIY

(S730) HOSN3S 01 103dS3Y

G/
3 NOILISOd NIVL1a305Vv

HLIM N3 TVL1SId 40 NOILVINS[HO mm, mU\H\

(T30 & SO 3a+SD°S) (T30 ¢« SID 3q +SI0°S)

HOSN3S Ol 103dS3d HLIM | | ¥OSNAS OL 193d53d HLIM
AN3 TV1SId 40 NOILVLNIHO| (AN TVLSIA 40 NOILVLNIIHO
8 NOILISOd NIV14306V ? NOILISOd NIVL430SV

(8073« SIDSH +

S0 30) YOSN3S

(SIS € SID SO+
SO~ S) WALSAS ONIOVNIL

40 W3LSAS 31VNI4000 40 W3LSAS d1VNIQH000
Ol 1334534 HLIM AN Ol 10ddSdd HLIM
1V1SId 40 NOILVLINSIHO dOSNHS 40 NOILVLINGIHO
? NOILISOd NIV1430SV 8 NOILISOd NIVLa405V
m 7
98 [ 8

(S10730) WILSAS ONIDOVAI 40 WILSAS
J1VYNIGH400D OL LO03dS3d HLIM ANF TV1SId
40 NOILV.LIN3IHO ANV NOILISOd NIVLH405V

(SD7S) HOSN3S 40 WILSAS JLYNIAH00D OL1 193dS3ay
HL1IM YOSN3S 40 NOILVYLNIIHO ANV NOILISOd
NIVLYIDOSY ANV ‘TOVINI NOILYHEITVYD IHINDIY

9/

(S1978D) SINILSAS JLYNIAHO0D

7L N3IMLIE NOILYYLSIOTY NivLy3osy | VE "D



CA 02950941 2016-12-08

4/5

98 ACQUIRE IMAGE

ASCERTAIN POSITION AND ORIENTATION OF SENSOR

WITH RESPECT TO COORDINATE SYSTEM OF SENSOR  (~100
(S_CS) AND ANALYZE ECG SIGNALS
ASCERTAIN POSITION AND ORIENTATION OF DISTAL
END WITH RESPECT TO COORDINATE SYSTEM OF (102
SENSOR (S_CS + DE_S - DE_CS)
UPDATE o
ELECTROANATOMICAL MAP
DISPLAY ELECTROANATOMICAL
MAP IN REGISTRATION WITH 105
IMAGE, USING CS_CIS
106
CONTINUE NO -

PROCEDURE ?

108 YES

NO YES

ACQUIRE NEW
IMAGE?

FIG. 3C



CA 02950941 2016-12-08

/

»
—imbmman,
clAd AL AL A hh -
dmsmsmshsdudbdadan shea.
- - - B e BAAA NA B s A s A s s s
wheshsmsnswn bdbdbdbdbdanbdbidbaBinn
s dAAbbddwsbshnbos b diRbddban
b s ashemabbdbdbbbdbchohobbaban
csmdAdudbicshshsdobosbbdanns LR
Asge b
- -
B
dsbdoswsbosbobygnumnnviale be PAchebppoages
A e b A AL AL Ah ey - A RS
swhubdvdsbobunsbubudusasany be AN AANN (A A s ATALRARRALARRsRyQodomps
IS AM e AL AL pA LA b b e mehbngpns sa e cnnn. AL AR AR AN PR AR BB LR S PEEAAd
cmpammbshobvibobsbbunnndrnshedd hAD b= 3 A AA s R didodosRdRdRddbhobdphrbdapey
[ T T - AL ALBARANABSER R AR R pARA b
whvdsnbdbdushonth,
v
. -
YL
C B e PP AR PAAA A ARAA S —Aa AL P I U .
sdubAtnrusbhe PASAASARAA s b~ CA I G uRAAAGALAANchshshohbghbbphvrs
P A AR RARARRAN Al R A a fRAAAmImIAI A ANET Y TE AR AL R e A
mAébaksdsmshuiaasasenagr W NN NN -
---- .-.-.o.s-
(N DY DU BN BN BN B BN
-
-- --—-ame dAkdd A b
LT ESP ST IO . . .edshsdrhppabadpin cemARISvddiddIDadaan Redshobean
LTS SUP I LY PAPINI PR Ay, spsph bbb bbbncbodrbaia PALMLL IPAAGA IR At idcds b ddbbdbbbbur
PISIPI PY SO PR rUSYY NrhbdS bbb myp -, Yhdmbdsnshsbsbpubbunnntded veoos SRR PR IAAPALARNISIAAAAAddbcd bbb doivirs
wdesmypsymm phup, cehbAARAAd AR s mL . BAPARCAPAPAI AN IAIAIAiANAdanaAd b dg
whmbdshododbbdosdN ARt u. S RRRRPALPALI P AiAASAadSbbibcdibcdviva,

ALA LA ARAA RS RALA I A A A AP PR AR AL na .
SstbPubiban

sdesbobida
AAAAARARALALALALAAER AE S ASALA . masamanasan.n
LA B RN BN LR LN LN L RN NN NN RE RELELET RENEREERTE] SAAARs ATAISAS iy
AAAAAAALALELALAR AN NS . B ALASALALMARA AR AL SAJAJAL N AR AL AN ARAA .~
BAELARLRARAAAAAARLE LR LE LA SRR EAARALRLRLARRIAAAdAAdAaddcdsdrhipan
BARAAAR LA LA LARLAERAEAES BINLAFPARARAAARARSG+Asadans

msAaERERaDN LEL AR L Z 4

Vhspsdodgbdommmemshobohyg Cehbddmmbsbdsdadobdodbbdbbbdobobodidcdannn
RAS burbr bty ehehhphaga f A e m e AAARAA AL SA AL A AAAA AR AR AR AL E
sypshsmsbsdumpumasmnhomen ‘Cmbbdsas@e et hbondbbicbcdodidinaans
Sdhbunbuygs s Aambas N e A A st Ik sdr i ¢RI R BAAdABaaqaisINID

PRPEPIVYIPIPIPPRPPRRPIP PRI muhh
crewevrrrrrrrrere -ttt bdnc —aa

PO TR
I A LR L LR L AR AL L L L N
B e I T T
 E A LA L EL R LA R R L L LR LN
P RN IR EYINCUTYRNTYRNRNIAIT b ph A
LA L REL L L L LN A

yembdyhmiopunvdand
TR R IR Y IR A
b ym phdgr prup hni-
Grheoeih ey my A,

-k AR e
PN TN
+sRRAARRAR AR LS,

e AR RALRAA AL R Ay A

whbdpudptumshonbdy Am AR AP s RAARSERRRupbo b
. AN AN ASALAR AR R AL s R R A AR

IEERINTELI I L IR EE R R L LR L E LR DR RN L L ] -4 adangrn
CIPPI ARV PV P Sr by npsngnsnqud smubundbodogem, SIANAASANNARLELR D XL

PrPIPE ORI EpPIasrdapspnhdiy AN AT ATALATRARRS BhRehebododa
liAsanmanmEEiLSIt Aot Gt S8 6ddd-a
AN CA IS IAIA AR ARRARR s bR bhododa

swwnrerrred rwbsreanc-aiy
rren rresvdreqddwy

SINRERFPSURPIPFPIPIPIPPFIPYPPPPPY
ISmINEPIRP PP PP PP RPPYSPIP P’
SIERPFFPRSPIFFIRIFFPFIFPY PO T
ERYTRIvVIRFPRPPPRPPT

LA R LB 1 J Tmrme”

tArA
.. 1B+ ATSLT 0 h b b

BABFSRLE A AAPSSSRAA bbb

+mEAR ARSI RA ARG ¢S e hibRAReA ddd s

dann

-
PhvdosbdvbosddAbhddasadadiaun PhAddadada.
PR T TR B A A A AL AL R R A R AARR RA RS A e T4 AAE R R LR LR LR LAE R AR AR LS LR LR LR AR AN AR LR LALS LAY TS AN AL AA A AL A .-

HMAIZT AT ETITEL T RY P EREL AT E LN L EINE AN TN RN LI AL PANI TN RN BT NI ET AL R L AN R NE N TN TN PRI EETREENENEELELEL RS RL TN RN NREYETEY YY1

Al puwppldosnn $r bbb ndbbbunsdrsnvnsdy sl AP ddAs bbb dARARR LA Rahosdbdbbbdban”
i ey memhen B e h e hedoehoemdh AR R ad A b R . RS TS GALE AR LRA LA NARME AL A Aha
Thesgprbew dddbbans

"e
“chhdtudapsdobhshen
chaaa

6

FIG. 4A

63

/2

FIG. 4B



ASCERTAIN REGISTRATION BETWEEN

AI:_—

COORDINATE SYSTEMS (CS_CIS)

76
¢

74

ACQUIRE CALIBRATION IMAGE, AND ASCER
POSITICN AND ORIENTATION OF SENSOR WITH

RESPECT TC COORDINATE SYSTEM OF SENSOR (S_CS)

TAN ]

l

ORIENTATION OF SENSOR
WITH RESPECT TO
COORDINATE SYSTEM OF
IMAGING SYSTEM (S_CS
I +CS_CIS > S_CIS)

ASCERTAIN POSITION AND ORIENTATION OF
DISTAL END WITH RESPECT TO COORDINATE
SYSTEM OF IMAGING SYSTEM

ASCERTAIN POSITION & I

(DE_CIS)

ASCERTAIN POSITION & 1

ORIENTATION OF DISTAL

END WITH RESPECT TQ
COORDINATE SYSTEM OF

SENSOR (DE_CIS
+CS_CIS > DE_CS)

L

| ASCERTAIN POSITION &
ORIENTATION OF DISTAL END
WITH RESPECT TO SENSOR

| (S_CIS + DE_CIS - DE_S)

®_ |
ASCERTAIN POSITION &

ORIENTATION OF DISTAL END
WITH RESPECT TO SENSOR
(S_CS + DE_CS - DE_S)




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - abstract drawing

