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(57) Abstract: The present disclosure relates to ablation instruments and methods of use thereof, in particular to ablation catheters
o and methods for an automated sweeping ablation element. The automated sweeping ablation element is configured to provide ablat

ive energy to an initial ablation site and move a predetermined number of degrees to one or both sides of the site in an arcuate path
using a sweeping motion while still providing the ablative energy. The sweeping movement of the ablation element can be auto -
mated via input parameters entered by a user via a graphical user interface or other device (controller).



ABLATION SYSTEM WITH AUTOMATED SWEEPING ABLATION ENERGY

ELEMENT

Cross Reference to Related Application

The present application claims priority to US patent application serial No.

62/275,017, filed January 5, 2016, which is hereby incorporated by reference in its

entirety.

Technical Field

The present disclosure relates to ablation instruments and methods of use thereof,

in particular to ablation catheters and methods for performing ablation procedures

utilizing an ablation element that can be automated and moves in a sweeping motion and

in overlapping increments to provide a customizable scope of coverage of the ablation

energy.

Background

Cardiac arrhythmias (e.g., fibrillation) are irregularities in the normal beating

pattern of the heart and can manifest themselves in either the atria or the ventricles of the

heart. For example, atrial fibrillation is a form of arrhythmia characterized by rapid

randomized contractions of atrial myocardium, causing an irregular, often rapid

ventricular response. The regular pumping function of the atria is replaced by a

disorganized, ineffective quivering as a result of chaotic conduction of electrical signals

through the upper chambers of the heart. Atrial fibrillation is often associated with other

forms of cardiovascular disease, including congestive heart failure, rheumatic heart

disease, coronary artery disease, left ventricular hypertrophy, cardiomyopathy, or

hypertension.

It is now understood that recurrent atrial fibrillation (paroxysmal and persistent) is

triggered by rapidly firing tissue, (called "ectopic foci"), that are principally located in

one or more of the four pulmonary veins, which attach to the rear of the left atrium. It has

been found that atrial fibrillation may be prevented by electrically isolating the pulmonary

veins from the rest of the left atrium.



Various techniques have been employed for pulmonary vein isolation. A common

purpose of each of these techniques is to replace cardiac muscle cells with scar tissue,

which scar tissue cannot conduct normal electrical activity within the heart.

In one known approach, circumferential ablation of tissue surrounding the

junction of the pulmonary veins and the left atrium has been practiced to treat atrial

fibrillation. By ablating the heart tissue at this location transmurally and

circumferentially, electrical conductivity between the pulmonary veins and the remainder

of the left atrium can be blocked as a result of creating this scar or durable barrier,

preventing the initiation of the fibrillatory process.

Several types of ablation devices have recently been proposed for creating lesions

to treat cardiac arrhythmias. Many of the recently proposed ablation instruments are

percutaneous devices that are designed to create individual lesions from within the heart.

Such devices are positioned in the heart by catheterization of the patient, e.g., by passing

the ablation instrument into the heart via a blood vessel, such as the femoral vein and then

gaining transseptal access to the left atrium.

Typically, percutaneous devices are positioned with the assistance of a guide

catheter, which is first advanced into the left side of the heart through a hole made in the

intraatrial septum. In one increasingly common approach, a guide catheter or similar

guide device is advanced through the vasculature and into the left atrium of the heart. . A

catheter instrument with an expandable element is then advanced through the guide

catheter and into each one of the ostia of pulmonary veins where the expandable element

(e.g., a balloon) is inflated. The balloon includes a moveable ablation element, e.g., an

energy emitting device, such as a laser, disposed in the inner surface of the balloon, which

allows the physician to sequentially position and control the application of energy in the

area of the junction between the vein ostium and the left atrium to create a durable barrier

which is the objective of the ablation procedure.

A number of ablation systems operate by emitting ablation energy, such as a laser

beam, that has a circumferential shape or has a shape that is less than a complete

circumference (i.e., arc shaped). While these systems are effective, in the case of devices

which emit arc-shaped ablation energy, the user may have to incrementally move the

ablation element using a significant number of steps to complete the lesion. This process

can be time consuming since the ablation element may be configured to only emit a small



arc of energy (e.g., subtending at an angle from about 5 to 30 degrees relative to the

energy emitter in one embodiment).

Thus, there remains a need in the art for systems and methods configured to

accurately and immediately confirm whether the pulmonary vein isolation procedure was

successful, thereby allowing the user (electrophysiologist, more specifically an

electrophysiologist or interventional cardiologist) to take corrective action in real time to

ensure a complete circumferential barrier has been durably formed. There also remains a

need in the art for systems and methods configured to more efficiently complete the

lesion.

Summary

The present invention relates to ablation equipment, such as an ablation catheter,

configured to have an ablation element that can undergo a programmed (user inputted),

controlled sweeping action. The ablation element is configured to provide ablative

energy to an initial ablation site and then move a predetermined number of degrees to one

or both sides of the initial ablation site in an arcuate path using a sweeping motion while

still providing the ablative energy. The sweeping motion of the ablation element results

in a larger arcuate shaped ablation segment being formed even though the actual ablation

element is configured to emit a smaller sized arcuate shaped ablation segment. The

sweeping action thus allows the ablation element to complete a continuous

circumferential lesion by making only a few number of arcuate shaped lesion segments

compared to the previous technique of performing one arcuate ablation segment at one

time. The movement of the ablation element can be programmed by an operator via a

graphical user interface, wherein the operator inputs the desired controlled parameters

which are then executed. The input parameters provided by the operator configure the

ablation element to make automated lesion segments at the target site to complete a

continuous lesion. Using the graphical user interface, the ablation element can be

configured to move both rotationally (sweeping action) and axially within the catheter

body to position the ablation element at the target site. The input parameters can

configure the ablation element to move in a controlled sweeping action over a

predetermined number of degrees of travel. The input parameters can also control the

power of the ablative energy provided by the ablation element to the target site and also



the time. In addition, the elapsed time period for a discrete sweeping action can also be

controlled and inputted by the user. The discrete sweeping action during energy delivery

could be executed as a single sweep or as multiple sweeps over the targeted tissue.

The ablation equipment of the present application can further include a console

having a display, the console being operatively connected to the ablation instrument.

Using the console, the operator can input parameters via the graphical user interface for

the automated movement of the ablation element. In one aspect, software can be used to

automatically calculate the pathway of the ablation element using only select input

parameters that have been entered by the operator.

The ablation instrument of the present application can include a motor, such as a

servomotor, which is configured to rotate the ablation element in a sweeping motion

based on the input parameters. In another aspect, the ablation instrument can include a

second motor configured to move the ablation element axially within the catheter. The

one or more motors can be coupled with an encoder to provide position and speed

feedback to assist in controlling the motion and final position of the ablation element.

The one or more motors can be located in a handle of the ablation instrument or in the

console of the instrument or located at another location.

These and other aspects, features and benefits of the invention can be further

appreciated from the accompanying drawings, which illustrate certain embodiments of

the invention together with the detailed description thereof.

Brief Description of the Drawings

The objects and features of the invention may be understood with reference to the

following detailed description of an illustrative embodiment of the present invention

taken together in conjunction with the accompanying drawings in which:

FIG. 1 is a block diagram depicting the components of an endoscope-guided

cardiac ablation system according to the invention;

FIG. 2 is a schematic view of the of the cardiac ablation instrument of the cardiac

ablation system of Fig. 1;

FIG 3 is a block diagram of the processor modules used in the cardiac ablation

instrument.

FIG. 4 illustrates a user interface in the form of a split-screen arrangement for



displaying information;

FIG. 5 is a schematic view of the cardiac ablation instrument of FIG. 2 shown in a

treatment position within the ostium for treatment of the pulmonary vein;

FIG. 6 is a schematic view of the cardiac ablation instrument of FIG. 2 with its

compliant balloon inflated and its ablation element deployed at one of a plurality of

locations;

FIG. 7 is a flow diagram illustrating the steps performed by the ablation system of

FIG. 1 for determining the quality of lesions formed during treatment that entails an

intracardiac ablation procedure;

FIG. 8 is a screen shot of the display of FIG. 1 depicting visual warning signals

indicative of insufficient lesions;

FIG. 9 is a block diagram of a computer system configured to employ one ablation

method of the present invention;

FIG. 10 is a representative view of a treatment site, prior to beginning the ablation

procedure, from along a longitudinal axis of a catheter;

FIG. 11 is a representative view of a treatment site, after completion of the

ablation procedure, from along a longitudinal axis of a catheter;

FIG. 12 illustrates the path of ablation at a treatment site using the sweeping

action of the automated ablation element;

FIG. 13 is a block diagram of a computer system configured to control the motor

of the automated ablation element;

FIG. 14 is a schematic view of the cardiac ablation instrument comprising the

automated ablation element, the ablation instrument further including a handle having one

or more motors for controlling the movement of the automated ablation element; and

FIG. 15 is a cross-sectional view of one exemplary ablation element.

Detailed Description of Certain Embodiments of the Invention

The present invention will now be described more fully with reference to the

accompanying drawings, in which illustrated embodiments of the present invention are

shown. The present invention is not limited in any way to any of the illustrated

embodiments.

As described in detail below, the present invention relates to ablation



equipment/ablation system, such as an ablation catheter, that is configured to have a

visualization feature (functionality) that allows the user to determine, in real-time,

whether a complete lesion has been formed by monitoring the state of the electrical

activity at the target site and more specifically, by monitoring a visual change in a pool of

blood that is located distal to the target site. In one embodiment, the visual change in the

pool of blood (e.g., blood in the pulmonary vein) is represented by a change in the visible

pattern of perturbation of the blood pool since at an initial pre-procedure point (i.e., a

baseline), vigorous activation is visible in the blood pool (i.e., a high degree of

perturbation of the blood pool) and as the ablation procedure progresses, incremental

lessening in the vigorous nature of blood pool movement becomes visible (due to the

progressive formation of a circumferential lesion and a concomitant reduction in

electrical activity distal to the target site).

A display, such as a computer monitor, presents images in real time that allow the

user to determine whether the formed lesion has had the desired effect on the electrical

activity at the target site (i.e., electrical isolation). In other words, the system of the

present invention is configured to provide the user with real-time visualization

information that allows the user to determine whether a complete lesion has been formed

at the target site. In addition, a visualization module can be provided along with software

that allows a comparison between two or more images of the target site.

Since the sufficiency of the lesion is immediately and readily determinable, the

user (electrophysiologist) can detect whether a complete lesion has been formed and in

the event that there are any deficiencies in the lesion, such as gaps or breaks in the lesion,

the user can take immediate corrective measures.

FIG. 1 is a schematic block diagram illustrating an ablation/endoscopic system in

accordance with the invention, designated generally by reference numeral 10. Ablation

system 10 preferably includes a treatment ablation instrument 100 preferably including an

endoscope and ablation device (energy emitter) as discussed below. The treatment

ablation instrument 100 can be any number of different ablation instruments that are

commercially available including those disclosed by Applicant in previous U.S. patents

and patent applications (e.g., U.S. patent application publication Nos. 2009/0326320 and

201 1/0082451, each of which is hereby incorporated by reference in its entirety). In

general, the ablation instrument 100 is of a type that emits ablation energy sufficient to



cause formation of an ablation at a tissue target site.

The ablator system 10 further preferably includes an aiming light source 20 and an

illumination light source 24. A processor 12 designed to accept input and output data

from the connected instruments, a display 14, and a controller 16 and process that data

into visual information.

As will also be appreciated from the below discussion, an endoscope is preferably

provided in ablation instrument 100 and has the capability of capturing both live images

and recording still images. An illumination light 24 is used to provide operating light to

the treatment site. The illumination light is of a frequency that allows the user to

differentiate between different tissues present at the operating site. An aiming light

source 20 is used to visualize the location where energy will be delivered by the ablation

instrument 100 to tissue. It is envisioned that the aiming light 20 will be of a wavelength

that can be recorded by an image capture device and visible on a display.

Composite Imaging System

The processor 12 is preferably designed to process live visual data as well as data

from the ablation instrument controllers and display. The processor 12 is configured

execute a series of software and/or hardware modules configured to interpret, manipulate

and record visual information received from the treatment site. The processor 12 is

further configured to manipulate and provide illustrative and graphical overlays and

composite or hybrid visual data to the display device.

As seen in FIG 1, the system 10 further includes the controller 16, an energy

source 18, the aiming light source 20 and a user interface 22. Controller 16 is preferably

configured to control the output of the energy source 18 and the illumination and

excitation sources 24 and 25 of an energy transmitter, as well as being configured to

determine the distance and movement of an energy transmitter relative to tissue at an

ablation treatment site (as discussed further below). As will also be appreciated from the

below discussion, an endoscope is preferably supported by the ablation instrument 100

and captures images that can be processed by the processor 12 to determine whether

sufficient ablative energy deliveries have been directed to a specific area of a treatment

site. Data obtained from the endoscope includes real-time video or still images of the

treatment site as seen from the ablation instrument. As discussed herein, these

images/videos can be stored in memory for later use.



The aiming light source 20 is used to visualize the treatment site location 120

where energy will be delivered by the ablation instrument 100 to tissue 130. Preferably,

the aiming light source 20 outputs light in a visible region of the electromagnetic

spectrum. If a suitable ablation path is seen by the user, the controller 16 transmits

radiant energy, via energy source 18, from the ablation instrument 100 to a target tissue

site 152 (FIG. 8) to effect ablation by lesions. It is to be appreciated that the term "radiant

energy" as used herein is intended to encompass energy sources that do not rely primarily

on conductive or convective heat transfer. Such sources include, but are not limited to,

acoustic, laser and electromagnetic radiation sources and, more specifically, include

microwave, x-ray, gamma-ray, ultrasonic and radiant light sources. Additionally, the

term "light" as used herein is intended to encompass electromagnetic radiation including,

but not limited to, visible light, infrared and ultraviolet radiation.

The illumination light source 24 is a light source used to provide proper

illumination to the treatment site. The illuminate is configured so that natural biological

tones and hues can be easily identifiable by an operator.

The controller 16 can provide the user with the ability to control the function of

the aiming light source, the user input devices, and the ablation instrument. The controller

16 serves as the primary control interface for the ablation system. Through the controller

16, the user can turn on and off both the aiming and illumination lights 20, 24.

Furthermore the controller 16 possesses the ability to change the illumination and aiming

light intensity. The ability to switch user interfaces or display devices is also envisioned.

Additionally, the controller 16 gives access to the ablation instrument 100, including

control over the intensity of the discharge, duration and location of ablative energy

discharges. The controller 16 can further provide a safety shutoff to the system in the

event that a clear transmission pathway between the radiant energy source and the target

tissue is lost during energy delivery (e.g., see commonly owned U.S. patent application

serial No. 12/896,010, filed October 1, 2010, which is hereby incorporated by reference in

its entirety).

The controller can be a separate microprocessor based control interface hardware

or it can be a portion of a configured as a module operating through a processor based

computer system configured to accept and control inputs from various physical devices.

As shown in Fig. 3, a set of modules cooperate with one another to provide the



information presented through the interface 22 of the system of Fig. 1. Thus, for

example, there can be an analysis module 218, a multiple view module 220, a composite

module 222, a mapping module 224, an illustrating module 226, and a control interface

module 228. Each of these modules can comprise hardware, code executing in a

processor, or both, that configures a machine, such as a workstation, to implement the

functionality described herein.

With further reference to Fig. 3, the analysis module 218 includes instructions for

analyzing a lesion and determining if it is sufficient for the desired treatment. The

analysis module 218 can be configured to inspect the image data captured by the image

capture device (e.g., an endoscope) and determine whether a lesion of sufficient

dimensions and quality has been formed based in part on an analysis of pre-procedure

motion (electrical activity) at the target site and post-procedure motion (electrical

activity). The analysis module 218 can be implemented as discrete sub-modules to

provide functions such as receiving data on the duration and intensity of an ablative

emission. An additional submodule is capable of evaluating the duration of the energy

emission and comparing it to a look up table of sufficient duration and intensity values

suitable to form a proper lesion.

The multiple view module 220 includes instructions for configuring the processor

12 to provide multiple images to the display. The multiple view module configures the

display to depict at least two image depiction areas. In a first image depiction area, the

live video stream of the treatment site is displayed to the user. In a second image

depiction area, a still image, highlighting the last target of ablative energy is depicted or

depicting other information such as a baseline image as described below.

The composite module 222 includes instructions for combining a series of still

images and producing a composite image that depicts the target location of the ablative

emission in each still image. The compositing module 222 can be implemented as discrete

sub-modules to provide functions such as altering the transparency of each still image

layer of the composite image so that a time based map of ablation locations can be

produced. Another function implemented by the submodules is construction of a video or

slideshow from a sequence of still images. It will be understood that the composite

module 222 is optional.

The mapping module 224 includes instructions for overlaying proposed treatment



paths on the live image. The mapping module can be configured to show colored markers

indicating acceptable levels of ablative energy depositing. For example the mapping

module is capable of generating a colored visual marker and superposing it over the live

image to indicate areas that have yet to receive levels of ablative energy necessary for

treatment. Conversely, the mapping module 224 is also capable of simultaneously

generating a red colored (or other color) visual marker and superimposing it over the live

image to indicate areas that have received sufficient quantities of ablative energy suitable

lesions. The mapping module 224 can be implemented as discrete sub-modules to

provide functions such as receiving data on the duration and intensity of an ablative

emission and correlating that specific instance to a specific stored image.

In accordance with one aspect of the present invention, the mapping module 224

can be configured to superimpose a live image of the distal blood pool over the pre-

procedure image of the distal blood pool to allow a visual comparison therebetween

(which is indicative of the sufficiency (degree of completion) of the ablation.

It will also be understood that the mapping module 224 is optional.

The illustrating module 226 includes instructions for providing an image to the

display, wherein the image is an illustration or graphical representation of the treatment

site. The illustrating module 226 is configured to allow annotation of the illustrated image

as well as comparison between the live image and the illustrated image. For example,

and as shown in Fig. 8, display 14 provides a first screen portion 610 depicting the actual

treatment site 152 as viewed from endoscope 176 (FIG. 2). Display 14 can also illustrate

a second screen portion 620 illustrating a graphical depiction of the treatment site 152

indicating the actual path of the energy transmitter 140 on the tissue at the treatment site

wherein the path consists of a trace indicating the sufficiency of the formed lesions in

which a solid trace 630 indicates sufficient lesions and a hashed trace 640 indicates

insufficient lesions. The illustrating module 226 is also optional.

In one embodiment, the system can be configured so as to at least contain the

analysis module 2 18, the multiple view module 220, the illustrating module 226, and the

control interface module 228.

The control module 220 includes instruction for orientating and accessing the

functions of each of the other modules, as well as communicating with the controller and

inputting information or manipulating the parameters of the data being displayed during



operation. The manipulation and controlling functions can be implemented as discrete

sub-modules with instructions for selecting operation modes, control interfaces, display

orientation, recording modes, storage device location and data entry.

The user refers to the live video feed from the image capture device to determine

where to direct a radiant energy transmission. Upon first use of the device, a live video

image and a still image of the treatment site are depicted on the display. As seen in FIG

4, the processor 12 outputs to the display 14 at least two separately defined image

depiction areas 204, 206. One image depiction area 204 is reserved for displaying live

video transmitted from the treatment site 152. At least one other image depiction area

206 is used to depict an image or a composite image comprised of several still images

representing specific moments in time during the treatment (an intracardiac procedure).

The live video shown to the user will allow the user to see the reflection of the

aiming light 218 and hence direct ablative energy. It is envisioned that the first still image

210 depicted will be a still image captured at a point in time prior to the initiation of the

first radiant energy emission. For instance, at a point in time prior to the emission of

radiant energy, the image capture device records an image 210 of the treatment site 152

that depicts the treatment site 152 without the aiming light. By taking a still image 210 of

the site, the user can record a baseline image of the treatment site before any treatment

has been commenced. Furthermore, through the functions of the illustrative module, an

illustration of the untouched 152 can be generated. During emission of radiant energy a

still image 210 is taken of the treatment site 152. The characteristics of the ablative event

(e.g. information regarding the duration and intensity of the radiance of the energy

emission) are stored and associated with the image depicting that specific emission. In

addition, the reflection of the aiming light will be visible in the still image, providing a

location indicator as to where the energy was directed. A series of these still images can

be combined by using the composite module. By modifying the opacity of each image,

the reflected light of the aiming light for each ablative event will be visible in the

composite image. In this way, a complete record 220 of where energy was directed will

become available. Furthermore, because the composite image is composed a series of

individual images representing a specific period of time during the procedure, a time

based map of the entire operation can also be produced in real time or for subsequent

review.



Also visible in FIG. 4 are control interfaces 216 for accessing the control

module 228. The control interfaces allow the user to select image style and opacity as

well and initiating the functions of the other modules. Furthermore the functions of the

controller 16 are also controllable from the control interface 228.

It is to be appreciated the invention is not to be understood to be limited to the two

image depiction areas discussed above with reference to FIGs. 3 or 4, but rather may

encompass any number of image depiction areas in which the images and representations

of the treatment site 152 can be reviewed. With reference to FIG. 8 the images shown by

the display 14 can be manipulated by the modules to illustrate the presence of sufficient

or insufficient lesion formation. For instance, the display 14 may illustrate the image of

the treatment site 152 viewed from the endoscope 176 FIG. 2) wherein varying shades of

grey and white depict tissue and lesions and in the event insufficient lesions are

determined to be formed, or a red marker can be superimposed on the image of the

treatment site 152 at the location where the insufficient lesion was determined.

Coincidently, an audio signal may also be emitted from ablation system 10 causing

further warning to the user.

Therefore, if the user is not satisfied with the quality of the lesion produced, or the

modules indicate that a sufficient lesion was not produced, the user can promptly redo the

treatment of a specific tissue location (spot treatment). Conversely, if the modules

indicate that a sufficient lesion was formed, the user can confidently move on to a new

tissue location to continue the treatment thus saving time and effort by avoiding the need

to more closely examine the tissue location that was just treated. Hence, once the entire

treatment is performed, the modules of the system permit the electrophysiologist to view

all treatment segments forming the entire ablation arc to see if a continuous, uninterrupted

ablation has been formed (or see if the ablation has the intended, desired shape). If there

are visible gaps or other imperfections with the formed ablation, the electrophysiologist

can move the energy transmitter (ablation element) 140 to the proper location for

retreatment of these areas until the desired ablation is formed. The process can then be

repeated to determine and confirm that the gap was eliminated.

As a result, the mapping, analyzing and illustrating functions performed by the

ablation system of the present invention overcome the disadvantages associated with prior

ablation procedures and results in increased ablation success rates due to a more optimal



and more accurate viewing and quality determination of the spot lesions created to form

the continuous ablation at the tissue location for the treatment site 152.

With reference now to FIGs. 2 and 5, a description of ablation instrument 100 is

provided. FIG. 5 provides a schematic, cross-sectional view of an ablation instrument

100, including an elongated body 114, a central lumen tubing 116 and a compliant

balloon 126 inflatable via one or more ports 122 in the central tubing 116. The central

tubing 116 can also house an energy emitter 140 that is capable of both axial movement

and rotation within a lumen formed in the elongate body 114. Additionally formed in the

elongated body 114 (also referred to herein as the catheter body) there can be a plurality

of additional lumens, through which certain devices or instruments can be passed. For

example, the catheter body 114 also provides lumens 118A and 118B for extraction (or

circulation) of an inflation fluid, an endoscope 176 and illumination and excitation fibers

128A and 128B.

It should be understood that the embodiments illustrated in the drawings are only

a few of the cardiac ablation instruments that can be utilized in accordance with the

present invention. Further descriptions of other embodiments can be found, for example,

in commonly owned, U.S. Patent Application Serial No. 10/357,156, filed February 3,

2003, U.S. Patent Application Serial No. 09/924,393, filed August 7, 2001 - each of

which is expressly incorporated by reference.

With reference now to FIGs. 5-6, the ablation instrument 100 is preferably

designed such that upon disposition within the heart (e.g., proximal to a pulmonary vein),

the balloon 126 can be inflated such that a shoulder portion 150 of the balloon 126 will be

urged into close proximity with a target region 152 of cardiac tissue. As shown in FIG. 4,

the energy emitter (or "lesion generator') 140 can be positioned to deliver ablative energy

to the target region 152 to form a continuous lesion. The term "continuous" in the context

of a lesion is intended to mean a lesion that substantially blocks electrical conduction

between tissue segments on opposite sides of the lesion.

The radiant energy emitter 140 is shown in FIG. 2 disposed within the balloon 126

located remotely from the target tissue (e.g., within a central lumen 116 of the catheter

body 114 or otherwise disposed within the balloon). In one illustrated embodiment, the

radiant energy transmitter (ablation element) 140 includes at least one optical fiber

coupled to a distal light projecting, optical element, which cooperate to project a spot of



ablative light energy through the instrument 100 to the target site 152 (in Figure 6). The

catheter body 114, projection balloon 126 and inflation/ablation fluids are all preferably

substantially transparent to the radiant energy at the selected wavelength of the energy

source to provide a low-loss transmission pathway from the radiant energy transmitter

140 to the target site 152. It should be understood that the term "balloon" encompasses

deformable hollow shapes which can be inflated into various configurations including

spherical, obloid, tear drop, etc., shapes dependent upon the requirements of the body

cavity. Such balloon elements can be elastic or simply capable of unfolding or

unwrapping into an expanded state. The balloon can further encompass multiple chamber

configurations.

Also disposed within the instrument 100 is a visualization device, such as a

reflectance sensor, preferably an endoscope 176 capable of capturing an image of the

target site 152 and/or the instrument position. The endoscope 176 is typically an optical

fiber bundle with a lens or other optical coupler at its distal end to receive light. The

reflectance sensor/endoscope can also include an illumination source, such one or more

optical fibers coupled to a light source or sources. Alternatively illumination and

excitation light may be delivered though separate optical fibers as indicated by 128A in

FIG. 2. Endoscopes are available commercially from various sources. The endoscope

can further include an optical head assembly, as detailed in more detail below, to increase

the field of view. In one illustrated embodiment, ablation element 140 and endoscope

176 are adapted for independent axial movement within the catheter body 14.

The term "endoscope" as used herein is intended to encompass optical imaging

devices, generally, including but not limited to endoscopes, fiberscopes, cardioscopes,

angioscopes and other optical fiber-based imaging devices. More generally, "endoscope"

encompasses any light-guiding (or waveguide) structure capable of transmitting an

"image" of an object to a location for viewing, such as display 14.

Preferably, spot lesions are formed at the target site 152 by applying radiant

energy from the energy transmitter 140 to target tissue. The applied radiant energy may
2 2be applied in an energy range from about 50 Joules/cm to about 1000 Joules/cm , or

2 2preferably from about 75 Joules/cm to about 750 Joules/cm . The power levels applied

by the energy emitter can range from about 10 Watts/cm 2 to about 150 Watts/cm 2 and the

duration of energy delivery can range from about 1 second to about 1 minute, preferably



from about 5 seconds to about 45 seconds, or more preferably from about 10 to about 30

seconds. For example, for power levels between 10 and 75 Watts/cm it can be

advantageous to apply the radiant energy for about 30 seconds. Lesser durations, e.g., of

10 to 20 seconds, can be used for power levels of 75 to 150 Watts/cm . In other words,

the greater the power level, the lesser the residence time of the emitter at a specific

location to achieve the desired ablation. It is to be understood the above figures are

provided as examples and the energy, power and time duration figures set forth above are

provided merely as examples and are not to be understood to be limited thereto.

In the illustrated embodiment of the ablation instrument 100 shown in FIGS. 5-6,

the energy emitter 140 is a radiant energy emitter including at least one optical fiber

coupled to a distal light projecting optical element, which cooperate to project a spot of

ablative light energy through the instrument 100 to the target site 152. The optical

element can further comprise one or more lens elements and/or refractive elements

capable of projecting a spot or arc-shaped beam of radiation. Alternatively, the lesion

generator may generate an annulus or partial ring of ablative radiation, as described in

more detail in commonly owned U.S. Patent 6,423,055 issued July 22, 2002, herein

incorporated by reference for its disclosure related thereto.

Automated Sweeping Motion for the Ablation Element

As described herein, the ablation element 140 not only moves axially within the

balloon but also is configured to move in a rotational manner to allow a series of arc

shaped energy emissions (which form arc shaped ablation segments) to be pieced together

to form the completed lesion. The user may incrementally move, in a manual process, the

ablation element 140 using a significant number of steps to complete the lesion when the

ablation energy is emitted in an arc shaped pattern (so as to form an arc shaped ablation

segment). In order to ensure a full complete lesion, the user typically at least partially

overlaps a new arcuate lesion segment with a previously and immediately adjacent

formed arcuate lesion segment to ensure completeness in the ablation process (i.e., no

gaps in the lesion). However, as mentioned herein, this process can thus be time

consuming since the user must carefully rotate the ablation element a selected number of

degrees resulting in some overlap between the footprint (area) of the new ablation energy

arc and the footprint of the previously formed lesion and then the ablation energy is

applied.



The ablation energy is emitted for a predetermined period of time for each arcuate

ablation segment that is formed. The amount of time can vary depending on a number of

parameters including the size of the arcuate shaped segment being formed (e.g., the

number of degrees for the arcuate shaped segment) and the degree of overlap with a

previously formed arcuate shaped ablation segment and also can be based on anatomical

considerations, such as the target location and the nature of the tissue landscape at the

target location. For example, if the formed arcuate shaped segment has a footprint of 30

degrees, then the ablation energy may be emitted for a predetermined time period, such as

30 seconds to ensure proper ablation of the tissue. Typically, the larger the footprint of

the ablated segment (i.e., the greater the number of degrees covered by the arcuate shaped

ablation segment), the greater the amount of time needed to complete the tissue ablation.

In accordance with the present invention, the system includes optional

functionality that allows for the ablation energy to undergo a programmed, controlled

sweeping action resulting in an ablation being formed that occupies a greater surface area

(larger footprint) than possible using a fixed, static energy emission. As described herein,

the user can use a graphical user interface or the like to input the desired controlled

parameters which are then executed and the ablation element 140 is moved in a controlled

sweeping action over a predetermined number of degrees of travel. As described herein,

the overall system has a number of safeguards to ensure proper ablation formation. For

example, safety features, such as an emergency shut off, can be provided to allow the user

to stop the ablation sweeping action at any time.

The sweeping action described herein that is provided by the automated ablation

element of the present invention results in a larger arcuate shaped ablation segment being

formed even though the actual ablation element is configured to emit a smaller sized

arcuate shaped ablation segment as when the ablation element is held stationary.

For example, FIG. 12 illustrates the path of ablation at a treatment site using the

sweeping action of the automated ablation element 140. Like the embodiments discussed

above, the automated ablation element 140 can be configured to emit an arcuate shaped

ablation segment (X) of about 30 degrees (or another predetermined number of degrees)

at any single location (as described herein, the angular measurement of the emitted energy

is measured relative to the energy emitter and more specifically, the emitted energy has a

prescribed subtended angle relative to the energy emitter. However, unlike the above



embodiments, the sweeping action (caused by the controlled rotation of the ablation

(energy) emitter) provided by the automated ablation element 140 allows it to move a

predetermined number of degrees to one or both sides of the initial location of ablation in

an arcuate path (sweeping motion) consistent with the initial ablation segment, thereby

creating an arcuate shaped ablation segment greater than 30 degrees. In other words, the

automated ablation element can be configured to sweep from the initial location of

ablation (a first endpoint) to a second endpoint which is at the opposite end of the arcuate

shaped ablation. In FIG. 12, while the initial arcuate shaped ablation segment X is at a

first endpoint A, the sweeping action allows the automated ablation element to ablate

from endpoint A to endpoint B in a sweeping motion, thereby creating a larger formed

lesion segment. As described herein, one or more of the endpoints can be inputted by the

user using a user interface, such as a touchscreen or other type of interface that allows the

user to view the target ablation site and then mark the locations of the one or more

endpoints. The coordinates of the one or more endpoints are then stored and in the case

of the starting point, the ablation element is moved to the first stored coordinates (that

identify and relate to the starting point) and the ablation process begins and in particular,

the ablation element moves in a sweeping manner. In the case that the end point is also

inputted by the user, the sweeping motion is designed so that the ablation element does

not extend beyond the stored coordinates for the end point. This ensures that the formed

arcuate shaped lesion is formed between the start point and the end point.

In at least one embodiment, the initial location of the automated ablation process

can be the midpoint of the sweeping action for a given arcuate-shaped ablation segment.

In other words, the automated ablation element can be configured to sweep left and right

of the initial location of ablation (midpoint). For example, with reference to FIG. 12, the

initial arcuate shaped ablation segment could begin at a midpoint C, and the automated

ablation element could create a larger lesion segment by sweeping between endpoints A

and B (as by rotating in a first direction toward point A and by rotating in a second

direction toward point B). As such, with the automated ablation element, fewer lesion

segments are needed to complete the continuous lesion and moreover, the process is more

automated and requires less direct surgeon input and control over the energy emitter.

In one or more implementations, the automated ablation element 140 can be

configured to sweep multiple times between endpoints of the ablation segment to



complete the lesion segment. In at least one implementation, one "sweep" from one

endpoint to the other endpoint of the segment is sufficient to complete the lesion segment.

Further, in the embodiments discussed above, ablative energy is directed to a

single location to create a lesion segment, and once the lesion segment is created, the

ablation element 140 is moved to a different (but overlapping) location, to create a second

lesion segment. The movement of the ablation element to another location can be

performed manually by the user or it can be part of an automated process in which based

on the user's observation of the tissue at the target location and the quality and nature of

the just ablated tissue (e.g., visual observations of the display of the user interface), the

user can enter input commands to controllably move the ablation element to initiate the

ablation process, such as a new sweeping action over a defined number of degrees. Once

again, this new sweeping action can and typically does include some degree of overlap

with the just previously formed lesion segment. The degree of overlap can be controlled

and entered by the user as part of input control commands that control the operation

(sweeping action) of the ablation element. Thus, if the ends of the arcuate shaped formed

lesion include overlap from two discrete sweeping actions, the controller (related

software) uses this information to calculate the degree of motion (including the residence

time) of the ablation element in an intermediate region between the ends of the ablation

segment.

As described herein and according to one implementation, the user begins by

inputting a start point A and an endpoint B and then, the processor calculates the full path

of the sweep to achieve a lesion extending between points A and B before energy delivery

is initiated. The user then initiates energy delivery (via the energy emitter) and the

sweeping of the energy emitter begins.

As described herein and according to another implementation, the user inputs a

power level. The present system calculates an appropriate angular rate of sweep speed

based on the power level. Then user then sets a start point of the sweep. Thus user

initiates energy delivery (via the energy emitter) and the sweeping of the energy emitter.

The user then terminates energy delivery and sweep once the desired end point is reached

based on visual observation of the endoscopic image. This embodiment is thus thought of

as being one in which the end point of the sweep is determined by the user "on the fly".

In other words, the user set the start point but can stop the path of the sweep at any time



based on information received from the visualization device or other obtained

information.

This process of creating overlapping lesion segments is repeated until a

continuous lesion is completed (formed). In the present embodiment for the automated

ablation element, overlapping lesion segments are still formed; however, each formed

lesion segment has a greater arc length due to the rotation (sweeping action) of the

ablation element during ablation of the tissue. Thus, the continuous lesion can be created

using fewer overlapping lesion segments as compared with the previous embodiment in

which each arcuate shaped ablation segment is formed by emission of energy when the

ablation element is fixed at one position. However, if the automated ablation element 140

uses the same amount of ablative energy (power) as the previous embodiment, the longer

arcuate length lesion segments of the present embodiment would take longer to complete

as the ablative energy is not directed to each location along the arc for as long a period of

time (residence time) as compared with the stationary ablative element of the previous

embodiment. As such, in one or more implementations, the power (energy) of the

automated ablation element can be increased relative to the previous embodiment, such

that a longer arcuate length lesion segment can be completed in a reduced amount of time.

One of skill in the art will readily understand that the completeness and quality of the

ablation depends largely on the level of power (energy) of the ablation element and the

residence time of the ablation element over the target tissue (i.e., how long the ablation

energy is emitted).

In further aspects of the automated ablation element embodiment, the overlap of

the lesion segments can be minimal relative to the previous embodiment since the

automated nature of the sweeping action of the ablation element allows for very precise

control over the movement of the ablation element. As such, fewer lesion segments are

needed to complete the continuous lesion. Further, in at least one embodiment, the

automated ablation element can be configured to perform a real-time electrical

assessment to confirm that a continuous lesion has been achieved. For example, the

catheter can include electrodes that that are configured to provide an electrical assessment

of the sufficiency and quality of the formed lesion. As is known in the art, if the formed

lesion includes any defect, such as a gap or break along its circumference, an electrical

transmission will pass through such gap or break and can be detected.



The components of one exemplary automated ablation element 140, in accordance

with at least one embodiment, are shown at FIG. 13. The automated ablation element

1300 can include a first motor 1305 configured to rotate the ablation element in a

sweeping motion. In a preferred embodiment, the first motor 1305 is a servomotor,

which allows for precise positioning, acceleration, and movement of the ablation element

so as to achieve the desired sweeping motion thereof. The first motor 1305 can be

coupled with a first encoder 1310, such as a rotary encoder. The first encoder 1310 is

configured to provide position feedback and/or speed feedback to help control the motion

and final position of the ablation element 1300. In one or more embodiments, the first

motor 1305 can have a 1:1 gear ratio such that there is 1 motor rotation for every 1

rotation of the knob that is connected to a drive shaft for rotating the ablation element

1300.

It will be appreciated that the present ablation instrument can have other

mechanical linkages for operatively connecting the first motor 1305 to the ablation

element resulting in the controlled rotation of the ablation element in a sweeping manner

(e.g., arcuate movement in a back and forth manner).

In at least one embodiment, the automated ablation element 1300 can include a

second motor 1315 configured to move the ablation element axially within the catheter

body and thus axially within the balloon. Accordingly, both the axial movement and

rotation of the ablation element 1300 can be controlled in an automated manner as by

mechanically linking the ablation element to one or more motors which control the

movements of the ablation element. In certain embodiments, the second motor can also

be coupled with a second encoder 1320 to control the axial movement of the ablation

element.

It will be appreciated that the first and second motors 1305, 1315 can be operated

successively or concurrently. When operated successively, the user first moves, in an

automated manner, the energy emitter 140 either in the axial direction (which causes a

change in the circumferential length of the formed lesion segment) or in a rotational

direction, as described herein, and then performs the other operation. When used

concurrently, the energy emitter moves axially and has a rotational movement

component.

The one or more motors 1305, 1315can be located in any number of different



locations. A schematic view of the cardiac ablation instrument 1400 comprising the

automated ablation element 1300 including one or more motors is shown at FIG. 14. In

FIG. 14, the one or more motors (1305/1315) can be located in a handle 1405 of the

ablation instrument 1400. In particular, the handle 1405 can comprise an actuator 1410

for use by the operator to control the axial and/or rotational movement of the ablation

element 1300 via motors 1305 and 1315. Further, the handle 1405 can be operably

connected to a console at its proximal end 1415 and operably connected to the catheter

(comprising the ablation element 1300) at its distal end 1420.

The console can comprise a display (display 14) and can be used to control the

catheter and automated ablation element as discussed in further detail below. In

implementations in which the one or more motors are located in the handle, the handle is

re-sterilized following each procedure to ensure proper sanitary conditions.

Alternatively, the one or more motors (e.g., 1305/1315) can be located in the

console of the instrument, or a separate unit that the handle is operatively connected to.

In embodiments in which the motor(s) is located in the console or a separate unit, the

motor can be connected to the ablation element via a drive shaft, which can be housed in

a flexible cable. As such, in this embodiment, the motor does not need to be sterilized

between uses as it will not be in contact with the patient. In this configuration, the drive

shaft can be in the form of an elongated structure that is housed in the flexible cable and

is operatively connected to the ablation element to cause rotation and/or axial movement

thereof. The motor thus can be located remote from the catheter itself.

Referring again the FIG. 13, in one or more implementations, the ablation element

1300 can further include a first clutch 1325 and/or second clutch 1330. The one or more

clutches (1325/1330) can be configured to disengage to avoid damage to the motor if the

rotational or axial movement of the ablation element becomes jammed. Alternatively, the

clutch (1325/1330) can be a slip-clutch, designed to slip when greater-than-normal

resistance is encountered by the ablation element during rotational or axial movement.

This mechanism thus protects the mechanical components of the device and prevents over

internal damage due if unexpected resistance is encountered during controlled movement

of the ablation element. In one or more embodiments, the pathway of the ablation for the

automated ablation element can be predetermined by the operated using a graphical user

interface (GUI) 305. In particular, using the GUI 305, the operator can input various



parameters in order to program the pathway of the automated ablation element. The input

parameters can include but are not limited to: the degree of the arc of ablation, the initial

ablation location and end point(s) of the sweeping action, the power of the ablation

energy for the particular ablation run, and the length of time for each sweeping motion.

These parameters can be set and adjusted by the operator using the GUI 305. In at least

one embodiment, software can be used to determine the pathway of the automated

ablation element using certain parameters inputted by the operator, such as the initial

ablation location and intermediate point, and the end point of the ablation. In this

embodiment, the software (e.g. based on an algorithm), rather than the operator, can

calculate the pathway of the ablation, including the degree of the arc and the power of the

ablation energy, based on a few input parameters. In one or more embodiments, the input

parameters can be modified by the operator before and during the process of creating a

continuous lesion via ablation.

The operator can input parameters using the GUI 305 via various methods such as

an input joystick or a touchscreen operatively connected to the console of the instrument.

The operator can view the input parameters for the ablation element on the display of the

console. Once the pathway is determined (either by the operator or by the software), the

ablation instrument can be configured to perform a test run in which the ablation element

is axially moved within the catheter to the desired location and rotated at the desired

location, but no ablative energy is used. More specifically, the motor (via input using the

GUI) can configure the automated ablation element to rotate the ablation element back

and forth in a sweeping motion at the location of ablation, but without ablating the tissue.

Instead, only an aiming light (beam) attached to the ablation instrument (as described in

further detail below) is activated. As such, this test run can be used to confirm the

pathway of the ablation using the aiming beam prior to ablating the tissue. Once the test

run has confirmed the pathway, the ablation instrument can be configured to perform the

ablation.

The ablation instrument can optionally feature a manual override device (e.g.,

knob) allowing the operator to manually control the rotational and/or axial movement of

the automated ablation element. In one or more embodiments, the manual override

device (knob) can be located on the console. In certain embodiments, the operator can

manually override the input parameters to alter the positioning and/or pathway of ablation



element. In at least one embodiment, the motor can also have an override feature to

maintain the ablation power and pathway if the manual knob (that controls manual

movement of the ablation element) is moved accidently during ablation.

In one or more implementations, as illustrated in FIG. 15, an automated ablation

element can comprise an optical fiber, such as a chiseled-end optical fiber, a graduated

refractive index (GRIN) lens and a reflector. More particularly, FIG. 15 is a schematic

cross-sectional illustration of one embodiment of a radiant energy emitter 400 according

to the invention. In one embodiment, the radiant energy is electromagnetic radiation, e.g.,

coherent or laser light, and the energy emitter 400 projects a beam of radiation that forms

a spot or arc-shaped exposure pattern upon impingement with a target surface. For

example, radiant energy emitter 400 can include an optical fiber 402, the distal end of

which can be beveled into an energy-emitting face of reduced cross-section. The fiber 402

passes a beam of light to a gradient index (GRIN) lens 404, which serves to collimate the

beam, keeping the beam width substantially the same, over the projected distance. The

beam that exits the GRIN lens 404 is reflected by reflector 406 in an angular direction

from about 5 degrees to about 110 degrees relative to from the light's path along the

longitudinal axis of the catheter. Generally, the angle of reflection from the central axis of

the optical fiber 402 can range from about 30 to nearly 90 degrees. In other words, the

angle of projection, from the optical axis of the fiber 402 (or lens 404) will be between

about 5 to 60 degrees forward of perpendicular. The reflector 406 can be in the form of a

total internal reflecting (TIR) mirror element; however, other types of suitable reflectors

can be equally used. Suitable automated ablation elements are disclosed in US patent

No. 8,696,653, which is hereby incorporated by reference in its entirety.

In one or more implementations, the automated ablation element can further

comprise a foot pedal to allow for control over one or more operations of the catheter.

For example, a foot pedal can be used to apply power to the ablation element and also can

be used to control the operation of one or more of the motors described above.

Aiming Light

Since the radiant energy (e.g., a laser) emitted from the energy emitter 140 is

typically outside the visual light spectrum that can be detected by the human eye, the

ablation instrument 100 includes an aiming light preferably having a pulsed operating

mode in which visible light from the aiming light unit is delivered in pulses to cause



intermittent illumination of the tissue at the target site 152. This gives the aiming light an

appearance of being a blinking light. By delivering the visible aiming light in pulses, the

electrophysiologist is able to directly observe the tissue while itis being treated at the

target site 152, using an endoscope, between the aiming light pulses.

During an ablation procedure, the endoscope 176 is used to determine the extent

of tissue ablation by sensing the change in appearance of the tissue as it is ablated and at a

time when the aiming beam is in an off cycle via the display 14. In other words, between

the blinking (pulses) of the aiming light, the electrophysiologist can observe the treated

tissue to determine how the treatment is progressing since the endoscope 176 is used to

determine the extent of tissue ablation by sensing the change in appearance of the tissue

as it is ablated and at a time when the aiming beam is in an off cycle. However, many

conditions may cause the actual detection of change in appearance o thef tissue being

ablated to be difficult and/or unreliable in regards to whether proper spot lesions are

formed by the energy transmitter 140 on the tissue at the ablation treatment site 152. For

instance, insufficient illumination at the treatment site 152 can make it difficult, if not

impossible, to ascertain whether proper spot lesions were formed at the treatment site as

viewed on display 14.

As also described herein, the endoscope 176 is also used to sense a change in the

degree of movement or perturbation in the distal pulmonary vein blood pool).

The processor 12 of ablator system 10 obviates this problem by determining the

quality of the lesion formed on the tissue at the target site 152 which may be viewed on

monitor 14 and/or indicated to an electrophysiologist via visual overlay or audio cues.

With reference now to the flow diagram of Fig. 7, the method of operation for

determining the quality of spot lesions at an ablation treatment site 152 will now be

discussed.

Starting at step 300, the processor 12 captures the image from endoscope 176 of

the tissue being ablated at the treatment site. At step 310, the processor 12 also captures

information relating to the energy transmitter 140 from controller 16. The captured

energy transmitter 140 information includes: the amount of radiant energy (power)

applied by energy transmitter 140 on the tissue at the treatment site 152 to form spot

lesions; the distance the energy transmitter 140 is from tissue to be ablated via spot

lesions; and the rate of movement of energy transmitter 140 relative to the tissue at the



treatment site 152. It is to be appreciated that aforesaid information captured regarding

energy transmitter 140 is not to be understood to be limited thereto as more or less

information may be captured that is necessary to determine the quality of the spot lesions

formed on the tissue at the treatment site and/or visually determine the completion of the

procedure by observation of a change in the characteristics of the blood pool in the

pulmonary vein.

The processor 12 then preferably uses algorithmic techniques to determine

whether a sufficient spot lesion has just recently been formed on the tissue at the

treatment site (step 320). In other words, given the distance the energy transmitter 140 is

located from the tissue at the treatment site 152, the rate of movement of the energy

transmitter 140 relative to the tissue at the treatment site 152 (e.g., the amount of time that

energy is applied to the tissue at a given location), and the amount of energy being

applied, a determination is made as to whether a sufficient spot lesion has been formed on

the tissue at a location which the energy transmitter is applying ablation energy thereto.

A lookup table or other similar means may also be used by processor 12 for determining

the aforesaid lesion quality. A spot lesion is to be understood as being sufficient when it

comprises enough scar tissue effective to block the transmission of electrical signals

therethrough.

The processor 12 is preferably further operative and configured to provide a signal

to the electrophysiologist indicative of whether a sufficient spot lesion has been formed

(step 330). This indicative signal may be provided in the event an insufficient or no spot

lesion was formed on the tissue at the treatment site 152 that was subject to the energy

transmitter 140 dispersing energy thereto. This indicative signal may be an audio and/or

visual signal. The audio signal may consist of a warning tone and the visual signal may

consist of a marker (e.g., color red) superimposed on the display 14 illustrating the

treatment site 152 (provided via endoscope 176) at the location at which the insufficient

spot lesion was determined. Thus, when image processor 12 determines an insufficient

spot lesion has been formed, the aforesaid warning signal is promptly provided to the

electrophysiologist enabling the electrophysiologist to revisit the tissue having the

insufficient lesion and make proper adjustments with the energy transmitter 140 (e.g.,

apply more energy, close the distance between energy transmitter 140 and the treatment

site and/or slow the movement of energy transmitter 140 relative to the treatment site) so



as to now form sufficient lesions.

FIG. 9 is a block diagram of one computer system 300 configured for employment

of method 100. System 300 includes a user interface 305, a processor 310, and a memory

315. System 300 may be implemented on a general purpose microcomputer, such as one

of the members of the Sun® Microsystems family of computer systems, one of the

members of the IBM® Personal Computer family, one of the members of the Apple®

Computer family, or a myriad other conventional workstations. Although system 300 is

represented herein as a standalone system, it is not limited to such, but instead can be

coupled to other computer systems via a network (not shown).

Memory 315 is a memory for storing data and instructions suitable for controlling

the operation of processor 310. An implementation of memory 315 would include a

random access memory (RAM), a hard drive and a read only memory (ROM). One of the

components stored in memory 315 is a program 320.

Program 320 includes instructions for controlling processor 310 to execute

method 100. Program 320 may be implemented as a single module or as a plurality of

modules that operate in cooperation with one another. Program 320 is contemplated as

representing a software embodiment of the method described hereinabove.

User interface 305 includes an input device, such as a keyboard, touch screen,

tablet, or speech recognition subsystem, for enabling a user to communicate information

and command selections to processor 310. User interface 305 also includes an output

device such as a display or a printer. In the case of a touch screen, the input and output

functions are provided by the same structure. A cursor control such as a mouse, track

ball, or joy stick, allows the user to manipulate a cursor on the display for communicating

additional information and command selections to processor 310.

While program 320 is indicated as already loaded into memory 315, it may be

configured on a storage media 325 for subsequent loading into memory 315. Storage

media 325 can be any conventional storage media such as a magnetic tape, an optical

storage media, a compact disc, or a floppy disc. Alternatively, storage media 325 can be

a random access memory, or other type of electronic storage, located on a remote storage

system.

The methods described herein have been indicated in connection with flow

diagrams that facilitate a description of the principal processes; however, certain blocks



can be invoked in an arbitrary order, such as when the events drive the program flow such

as in an object-oriented program. Accordingly, the flow diagram is to be understood as

an example flow and that the blocks can be invoked in a different order than as illustrated.

It should be understood that various combination, alternatives and modifications

of the present invention could be devised by those skilled in the art. The present invention

is intended to embrace all such alternatives, modifications and variances that fall within

the scope of the appended claims.

Although described in connection with cardiac ablation procedures, it should be

clear that the instruments and systems of the present invention can be used for a variety of

other procedures where treatment with radiant energy is desirable, including laparoscopic,

endoluminal, perivisceral, endoscopic, thoracoscopic, intra-articular and hybrid

approaches.

Thus, the instrument 100 is merely exemplary of one type of ablation device that

can be used in combination with the endoscope/imaging device of the present invention.

Visual Confirmation of Target Tissue (e.g., a pulmonary vein) Isolation by

Monitoring Blood Pool Characteristics

Fig. 10 is a representative endoscopic view of a treatment site from along a

longitudinal axis of the catheter. This view is preferably displayed on a display, such as a

monitor and the ablated tissue can be displayed in a visually distinguished manner

relative to the de-novo (untreated) tissue.

In Figs. 10 and 11, the areas of blood/tissue are visually differentiated from the

locations of the energy delivery (the formation of the lesions) by the use of cross-

hatching. The catheter shaft and balloon are also visually distinguished from the

blood/tissue and the lesions (by cross-hatching). As discussed herein, in Figs. 10 and 11,

the cross-hatched areas denote blood/tissue.

The principles of the present invention are readily appreciated in view of Fig. 10

and Fig. 11 in which Fig. 10 shows the treatment site prior to beginning the ablation

procedure, while Fig. 11 shows the treatment site after completion of the ablation

procedure and after a complete ablation is formed. As will be apparent from viewing

Figs. 10 and 11, the blood pool in Fig. 10 is shown as having increased perturbation as a

result of contraction of the muscles at the target site. For example, the target site can be

the pulmonary vein and thus, the contraction of muscles around the pulmonary vein



causes such perturbation in the distal blood pool. Visually, the blood pool will have the

appearance similar to a rough ocean in that there is high degree of waves and other local

disturbances particularly evident at the borders between blood and tissue. Conversely and

after the pulmonary vein has been effectively isolated as a result of a complete continuous

lesion (ablation) being formed around the pulmonary vein, the distal blood pool (i.e., the

blood in the pulmonary vein) has a much reduced visible pattern of perturbation (due to a

reduction in electrical activity/electrical isolation at the target site). Visually, the blood

pool will have a more placid appearance compared to the initial appearance (which is

more vigorous and choppy, etc.). Thus, as described herein, a comparison between the

initial image (which serves as a baseline) and a real-time image is indicative and can be

used to determine, in real-time, if the ablation is complete (i.e., if the lesion was formed

successively so as to isolate the target tissue, which in this case is around pulmonary

vein).

The Imaging System

The imaging system in accordance with the present invention includes an

appropriate imaging device that is configured to monitor, in real time, the condition of the

tissue at the treatment site and in particular, allow the physician to readily distinguish

between ablated tissue and de novo tissue that has not been ablated. The imaging system

also further allows the physician to monitor, in real-time, the conditions of the distal

blood pool (e.g., blood within the pulmonary vein) prior to beginning the procedure,

during the procedure and after the procedure is complete. The imaging system allows the

observed image to be displayed in real-time on a display and/or recorded and stored in

memory.

An endoscope (as discussed previously) can be used to obtain an image of the

ablated tissue as described herein. The endoscope is inserted into the body of the catheter

and positioned adjacent the area of interest to allow viewing in real-time of the area.

It will be appreciated that the imaging system of the present invention is not

limited to the use of an endoscope but instead, any number of different types of imaging

systems can be used so long as they provide a real-time image of the treatment site that

can be observed on the display.

Image Analysis (Software)

The software of the present invention can be configured such that the visual



patterns of the distal blood pool can be analyzed. As discussed herein, contraction of the

muscles at the target site is caused by electrical conduction across the tissue and this

normal muscle traction will cause the distal blood pool (e.g., the blood in the pulmonary

vein) to have increased perturbation. Increased perturbation can be observed visually in

that the blood will have certain characteristics that are indicative of blood motion or

perturbation. For example, highly perturbed blood will have a set of visual

characteristics/patterns such as an increased appearance of waves and other local

distortions/disturbances that are visible especially at the blood/tissue border. The blood

will not have a smooth, flat uniform appearance when the muscles are contracting at the

target site. Thus, the baseline image that is preferably stored in memory before the

procedure begins will show the visual condition of the blood pool when it is subjected to

muscle contraction.

As the ablation procedure begins and the lesion series (ablation) is formed at the

target site, decreased electrical activity occurs due to the lesion formation causing

progressive electrical isolation of the target (e.g., the objective can be to electrically

isolate the pulmonary vein). The decreased electrical activity is a result of less muscle

contraction at the target site and therefore, the characteristics of the distal blood pool will

likewise change. For example, there will be a progressive lessening in the degree of

perturbation (degree of local disturbances) of the distal blood pool. In other words, as the

ablation procedure continues, the distal blood pool increasingly has more of a placid

visual appearance due to a lessening in the perturbation characteristics (local

disturbances) that are present in the baseline image.

The software can also be configured such that a degree of turbulence in the distal

blood pool or the actual displacement of the blood/tissue border can be classified using a

scoring system which includes analyzing the degree of correlation between the visual

image of the distal blood pool prior to beginning the ablation procedure (i.e., the baseline

image) and the real-time image of the distal blood pool. More specifically, the software

has a processor that compares the real-time image to the baseline image and determines

the degree of correlation. An algorithm can be used to calculate the degree of correlation

between the real-time image and the baseline image and it is desirable in such comparison

that the degree of correlation is low. In other words, it is desirable that the real-time

image not have the visual characteristics of the baseline image since it is desirable that the



distal blood pool have a placid appearance or close thereto after a complete lesion is

formed.

Alternatively, the processor can be configured to compare the real-time image

with an optimal image that represents a placid blood pool (i.e., an ideal condition

indicative of complete electrical isolation of the target tissue (e.g., pulmonary vein)). In

this embodiment, it is desirable to have a high degree of correlation between the real-time

image and the optimal image since the optimal image represents perfect electrical

isolation of the target. In yet another embodiment, the processor can use both the initial

pre -procedure image and the optimal image to calculate the quality of the ablation and

more particularly, calculate the level of isolation of the target tissue. The software and

method of the present invention thus provides for visual confirmation of pulmonary vein

isolation during the ablation procedure.

It will also be appreciated that the processor can be used to compare or contrast

more characteristics that are indicative of blood perturbation in order to assess the degree

of electrical isolation of the target tissue. By comparing the one or more characteristics,

the processor can be configured to calculate the degree of completeness of the ablation by

analyzing the real-time image relative to the baseline image.

It will also be appreciated that the baseline image can be visually distinguished

from the real-time image by use of different colors for each of the images. For example,

the baseline image can be displayed with a first color of the display (e.g., monitor) and

the real-time image can be displayed with a second color that is visually distinguishable

relative to the first color. Thus, when the two images are superimposed (e.g., the real

time image overlies the baseline), the differences in the level of perturbation of the distal

blood pool can be visually detected. For example, the baseline image, in the first color, is

represented by visual indicia (such as wave lines), while the real-time image is

represented by much less visual indicia (such as wave lines) in the second color or

alternatively, a smooth placid blood pool will be represented by a lack of indicia that

represents perturbation (i.e., a lack of wave lines). Thus, the lack of indicia, in the second

color, is indicative that the ablation is complete and the target site (e.g., the pulmonary

vein) has been electrically isolated. Image registration software can then be used to

combine the two images in proper alignment.

The type of visualization is especially important in intraoperational use where it is



desirable for the physician to understand the quality of the formed ablation and whether

the main objective of electrically isolating the target tissue has been achieved.

In accordance with the present invention, one technique for detecting a significant

change in the movement of the distal blood pool border comprises measuring the

excursion of the border of the blood pool and involves the following steps: (a) provide a

signal gated to either a high voltage recurring component of the ECG or at the point of

photographic evidence of the maximum excursion of the blood pool border throughout

the cardiac cycle; (b) measure the length of two or more orthogonal diagonals at the time

of activation gated to either of these signals; (c) compute a first maximum, minimum,

and average length measurement; (d) measure the length of two or more orthogonal

diagonals at a recurring isoelectric ECG phase in between gated activation or at the point

of photographic evidence of the minimum excursion of the blood pool border throughout

the cardiac cycle; (e) compute a second maximum, minimum and average length

measurement; (f) calculate a difference between the first and second measurements; (g)

provide a means to program an indicator representing an achievement of a predetermined

percentage reduction in the excursion of the border of the blood pool measurements or at

a point potentially referencing a representative point at which electrical activity has been

shown to have been eliminated.

Review of Ablation Quality

The present invention thus allows the electrophysiologist to view the formed

ablation(s) (lesion) in real-time and to evaluate the quality of the formed ablation(s) to

allow the electrophysiologist to decide whether additional ablation treatment is needed.

For example, if the electrophysiologist views the display and receives feedback that the

target tissue (pulmonary vein) has not been electrically isolated as a result of the formed

ablation(s) including a defect, such as a void (gap or break) along its length, or is

otherwise not acceptable, then the electrophysiologist can continue the procedure and

correct the deficiencies in the ablation.

A gap formed along the length of the lesion will prevent the distal blood pool

from assuming the desired, lessened perturbation condition and thus, once the

electrophysiologist reevaluates and locates the gap or other deficiency, the

electrophysiologist can correct such deficiency. After such correction, the

electrophysiologist can compare the real-time image which will allow visual confirmation



of the desired isolation of the target tissue (pulmonary vein) as represented by the reduced

perturbation (placid) condition of the distal blood pool.

The feedback presented to the electrophysiologist can also include other

qualitative information such as a calculated degree of change in the perturbation of the

distal blood pool and other information that can be displayed at the same time that the

real-time image of the target site is displayed. It will be appreciated that the

electrophysiologist uses all of the information provided to him/her, including the

information concerning the degree of perturbation of the distal blood pool and other

visual information concerning the quality/sufficiency of the ablation (i.e., visual

information that indicated a gap or break in the ablation (lesion)). The user can then use

other means for assessing the location of the gap(s) in the lesion to allow for corrective

action to be taken.

U.S. patent application publication No. 2009/0326320 discloses other details of

exemplary imaging systems that can be implemented, at least in part, and is hereby

incorporated by reference in its entirety. It will be understood that one or more of the

features disclosed in that document can be implemented in the imaging system of the

present invention in that the imaging system can include more than one means for

visualizing the treatment site and providing the user (electrophysiologist) with helpful

feedback and information concerning the quality of the lesion (i.e., whether the lesion is a

continuous, uninterrupted structure, etc.).

One skilled in the art will appreciate further features and advantages of the

invention based on the above-described embodiments. Accordingly, the invention is not

to be limited by what has been particularly shown and described, except as indicated by

the appended claims. All publications and references cited herein are expressly

incorporated herein by reference in their entirety.



What is claimed is:

1. A cardiac tissue ablation system comprising:

an elongate catheter that is formed of a material that is substantially transparent to

radiant ablative energy and is configured to deliver a distal end thereof to a patient's heart;

an expandable member that is attached to the catheter, the expandable member

being substantially transparent to radiant ablative energy and having an elastic portion

configured to conform to the shape of a target tissue region upon expansion;

an energy emitter assembly movably disposed within a lumen of the catheter, the

energy emitter assembly including an energy emitter that is axially movable within a

hollow interior of the expandable member, the energy emitter being configured to deliver

an arc-shaped segment of radiant ablative energy through the expandable member to the

target tissue region; and

a first motor that is operatively coupled to the energy emitter and configured to

controllably rotate the energy emitter along a defined arcuate path to form an arcuate

shaped lesion in the target tissue.

2. The system of claim 1, wherein the first motor rotates the energy emitter in a

sweeping action along the arcuate path.

3. The system of claim 1, wherein the arcuate path is defined by a starting point and

an end point with an arcuate length being defined between the first and second

points.

4. The system of claim 3, wherein an arcuate length of the arc-shaped segment is less

than the arcuate length of the arcuate path over which the energy emitter is swept,

by action of the first motor, to form the arcuate shaped lesion.

5. The system of claim 1, wherein the arc-shaped segment subtends at an angle

ranging from about 5 degrees to about 30 degrees relative to the energy emitter

and wherein the arc-shaped lesion subtends at an angle of greater than 45 degrees

relative to the energy emitter.

6. The system of claim 5, wherein the arc-shaped lesion subtends at an angle of

greater than 90 degrees relative to the energy emitter.

7. The system of claim 5, wherein the arc-shaped lesion subtends at an angle of

between 45 degrees and 120 degrees.

8. The system of claim 5, wherein the arc-shaped lesion subtends at an angle of



between 90 degrees and 180 degrees.

9. The system of claim 1, wherein the first motor is disposed within a handle of the

catheter or within a console to which the catheter is operatively and electrically

coupled.

10. The system of claim 9, wherein the console includes a display and a user interface

configured to allow a user to input commands for controlling the rotation of the

energy emitter along the arcuate path in a sweeping action.

11. The system of claim 10, wherein the arc-shaped lesion subtends at a prescribed

angle relative to the energy emitter and the user interface is configured to allow

the user to input the prescribed angle.

12. The system of claim 11, wherein the user interface is configured to allow the user

to input a power level of the energy emitter and a residence time of the energy

emitter that is defined as a total time in which the energy emitter moves along the

arcuate path while the radiant ablative energy is delivered by the energy emitter to

the target tissue.

13. The system of claim 1, wherein the arcuate path is defined by a starting point and

an end point and the first motor drives the energy emitter such that the energy

emitter only makes one pass along the arcuate path.

14. The system of claim 1, wherein the arcuate path is defined by a starting point and

an end point and the first motor drives the energy emitter such that the energy

emitter makes plural passes along the arcuate path.

15. The system of claim 1, further comprising a second motor operatively coupled to

the energy emitter to cause controlled axial movement of the energy emitter.

16. The system of claim 15, wherein the second motor is disposed in one of a housing

of the catheter and a console to which the catheter is operatively and electrically

connected.

17. The system of claim 15, wherein the first and second motors can be operated

successively or concurrently.

18. A cardiac tissue ablation system comprising:

an elongate catheter that is formed of a material that is substantially transparent to

radiant energy and is configured to deliver a distal end thereof to a patient's heart;

an expandable member having a distal end that is attached to the distal portion of



the catheter and a proximal end that is attached to a proximal portion of the catheter, the

expandable member being substantially transparent to radiant energy and having an

elastic portion configured to conform to the shape of a target tissue region upon

expansion;

an energy emitter assembly movably disposed within a lumen of the catheter, the

energy emitter assembly including an energy emitter that is configured to deliver a series

of arc-shaped segments of radiant ablative energy through the expandable member to the

target tissue region, wherein a distal end of the energy emitter is configured to provide an

arc-shaped exposure pattern upon impingement with the target tissue region resulting in

formation of an initial arc-shaped lesion portion, which has a first arcuate length, being

formed in the target tissue; and

a first motor that is operatively coupled to the energy emitter for controlled

movement of the energy emitter in a sweeping manner along an arcuate path to form a

first arc-shaped lesion having a second arcuate length which is greater than the first

arcuate length; and

a controller that is operatively coupled to the first motor and configured to allow a

user to input parameters for defining the sweeping movement of the energy emitter

including the second arcuate length of the arc-shaped lesion.

19. The system of claim 18, wherein the energy emitter assembly is configured such that

the series of arc-shaped segments of energy result in a series of lesions formed in the

target tissue region when the energy emitter is activated.

20. The system of claim 19, wherein the lesions have an average area ranging from about

5 mm2 to about 400 mm2.

21. The system of claim 19, wherein the energy emitter is configured to form arc-shaped

lesions in the target tissue region subtending an angle ranging from about 5 degrees to

about 120 degrees relative to the energy emitter.

22. The system of claim 19, wherein the energy emitter is configured to form a first

incremental arc-shaped lesion having a first arcuate length when the energy emitter is

maintained at a fixed location when the energy emitter is activated and the first motor is

configured to controllably rotate the energy emitter when the energy emitter is activated

to form an arc-shaped lesion having a second arcuate length that is greater than the first

arcuate length.



23. The system of claim 22, wherein the input parameters including a power level of the

energy emitter and a residence time of the energy emitter over the arcuate path that

defines the arc-shaped lesion.

24. The system of claim 18, wherein the energy emitter assembly is slidably and rotatably

disposed within an inner lumen of the catheter thereby allowing the energy emitter to

effectively ablate any of a plurality of regions within the target tissue area.

25. The system of claim 18, wherein the energy emitter comprises an optic fiber with a

lens coupled to a distal end of the fiber.

26. The system of claim 18, further including an endoscope configured to allow direct

visualization of the tissue treatment area.

27. The system of claim 18, wherein the expandable member includes a plurality of

markers defining a number of power-level segments, each power-level segment

corresponding to an amount of ablation energy to be delivered to the segment by the

energy emitter.

28. The system of claim 18, wherein the expandable member is a blunt-nosed balloon

configured to impede passage of the balloon into a pulmonary vein when the balloon is

deployed in proximity to the vein.

29. A method for forming an arcuate shaped lesion at a target tissue location using an

ablation instrument that has an energy emitter that is configured to move in a sweeping

motion along a defined arcuate path to form the arcuate shaped lesion in target tissue at

the target tissue location comprising the steps of:

inputting a preselected power level of the energy emitter;

calculating an angular rate of sweep speed of the energy emitter based on the

inputted power level and in order to form the arcuate shaped lesion;

inputting a start point of the sweep of the energy emitter;

initiating energy delivery and commencing the sweeping motion of the energy

emitter beginning at the start point; and

terminating the energy delivery and sweep once a desired end point is reached

based on visual observation of an image of the arcuate shaped lesion formed in the target

tissue that is obtained in real time with a visualization device.

30. The method of claim 29, wherein the step of commencing the sweeping motion

comprises operating a first motor that is operatively coupled to the energy emitter and is



configured to rotate the energy emitter in a sweeping motion.

31. The method of claim 29, further including operating a second motor to cause axial

movement of the energy emitter.

32. A method for forming an arcuate shaped lesion at a target tissue location using an

ablation instrument that is configured to move in a sweeping motion along a defined

arcuate path to form the arcuate shaped lesion in target tissue at the target tissue location

comprising the steps of:

inputting a preselected power level of the ablation instrument;

inputting a start point of the sweep of the ablation instrument;

inputting an end point of the sweep of the ablation instrument;

calculating an angular rate of sweep speed of the ablation instrument based on the

inputted power level, the start point and the end point;

initiating energy delivery and commencing the sweeping motion of the ablation

instrument beginning at the start point and ending at the end point.

33. The method of claim 32, wherein the step of commencing the sweeping motion

comprises operating a first motor that is operatively coupled to the energy emitter and is

configured to rotate the energy emitter in a sweeping motion.

34. The method of claim 32, further including operating a second motor to cause axial

movement of the energy emitter.
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configured to deliver a series of arc-shaped segments of radiant ablative energy through the expandable member to the target tissue
region (via curved lens 62, FIG. 19; para[0098]), wherein a distal end of the energy emitter is configured to provide an arc-shaped
exposure pattern upon impingement with the target tissue region resulting in formation of an initial arc-shaped lesion portion, which has
a first arcuate length, being formed in the target tissue (via curved lens 62, FIG. 19; para[0098]); and but fails to describe a first motor
that is operatively coupled to the energy emitter for controlled movement of the energy emitter in a sweeping manner along an arcuate
path to form a first arc-shaped lesion having a second arcuate length which is greater than the first arcuate length; and a controller that
is operatively coupled to the first motor and configured to allow a user to input parameters for defining the sweeping movement of the
energy emitter including the second arcuate length of the arc-shaped lesion. Arnold describes a series of arcuate ultrasonic emitters to
provide a circumferential ablation (para[0027],[0098], FIG. 19), as well as partial segments (FIGS. 16; para[0090]). However, Tsoref
describes a similar HIFU cardiac ablation system (Abstract) and discloses such arc shaped transmissions emitters (para[0106], FIGS. 2)
and discloses creating said same circumferential ablation, but doing so by rotating a single transducer with a motor (para[0109], FIG.
2F), i.e. a first motor that is operatively coupled to the energy emitter for controlled movement of the energy emitter in a sweeping
manner along an arcuate path to form a first arc-shaped lesion having a second arcuate length which is greater than the first arcuate
length (motor, para[01 10]); and a controller that is operatively coupled to the first motor and configured to allow a user to input
parameters for defining the sweeping movement of the energy emitter (control unit: para[01 10]). Mechanical scanning instead of full
array transducer scanning is a well known concept, and it would have been obvious to one skilled in the art to utilize a motor for
controlled rotation of a single transducer to perform said ablation as disclosed by Tsoref, so as to reduce the cost, complexity and size of
the system.

Thus, Groups l-ll lack unity of invention because they do not share a same or corresponding special technical feature providing a
contribution over the prior art.
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