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7) ABSTRACT

A method and system for assessing lesion formation in tissue
is provided. The system includes an electronic control unit
(ECU) configured to acquire magnitudes for a component of
a complex impedance between an electrode and tissue, and
the power applied to the tissue during lesion formation. The
BCU is configured to calculate a value responsive to the
complex impedance component and the power. The value is
indicative of a predicted lesion depth, a likelihood the lesion
has reached a predetermined depth, or a predicted tissue
temperature. The method includes acquiring magnitudes for a
component of a complex impedance between an electrode
and tissue and the power applied during lesion formation. The
method includes calculating a value responsive to the com-
plex impedance component and the power, the value being
indicative of a predicted lesion depth, a likelihood the lesion
has reached a predetermined depth, and/or a predicted tissue
temperature.
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SYSTEM AND METHOD FOR ASSESSING
THE FORMATION OF A LESION IN TISSUE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 12/946,941, filed 16 Nov. 2010 (the 941 appli-
cation), now U.S. Pat. No. 8,603,084, which is a continuation-
in-part of U.S. application Ser. No. 12/622,488, filed Nov. 20,
2009 (the *488 application), now U.S. Pat. No. 8,403,925,
which claims the benefit of U.S. provisional application No.
61/177,876, filed May 13, 2009 (the *876 application) now
expired, and is a continuation-in-part of U.S. application Ser.
No. 12/253,637, filed Oct. 17, 2008 (the *637 application),
now U.S. Pat. No. 8,449,535, which is a continuation-in-part
of U.S. application Ser. No. 12/095,688, filed 30 May 2008
(the >688 application), now pending, and which is a national
stage application of international application no. PCT/
US2006/061714, filed 6 Dec. 2005 (the *714 application),
which in turn claims the benefit of U.S. application no.
60/748,234, filed 6 Dec. 2005 (the *234 application), now
expired. The 941 application, *488 application, ‘876 appli-
cation, 637 application, *688 application, *714 application
and 234 application are each hereby incorporated by refer-
ence as though fully set forth herein.

BACKGROUND OF THE INVENTION

[0002] a. Field of the Invention

[0003] This disclosure relates to a system and method for
assessing the formation of a lesion in tissue. More particu-
larly, this disclosure relates to a system and method for
assessing the depth of a lesion formed in the tissue, the like-
lihood a lesion has reached a predetermined depth, and/or the
temperature of the tissue during an ablation procedure being
performed on the tissue.

[0004] b. Background Art

[0005] Itisknown that ablation therapy may be used to treat
various conditions afflicting the human anatomy. One such
condition that ablation therapy finds particular applicability is
in the treatment of atrial arrhythmias, for example. When
tissue is ablated, or at least subjected to ablative energy gen-
erated by an ablation generator and delivered by an ablation
catheter, lesions form in the tissue. More particulatly, elec-
trode mounted on or in the ablation catheter are used to create
tissue necrosis in cardiac tissue to correct conditions such as
atrial arrhythmia (including, but not limited to, ectopic atrial
tachycardia, atrial fibrillation, and atrial flutter). Atrial
arrhythmias can create a variety of dangerous conditions
including irregular heart rates, loss of synchronous atrioven-
tricular contractions and stasis of blood flow which can lead
to avariety of ailments and even death. It is believed that the
primary cause of atrial arrhythmia is stray electrical signals
within the left or right atrium of the heart. The ablation cath-
eter imparts ablative energy (e.g., radio frequency energy,
cryoablation, lasers, chemicals, high-intensity focused ultra-
sound, etc.) to cardiac tissue to create a lesion in the cardiac
tissue. The lesion disrupts undesirable electrical pathways
and thereby limits or prevents stray electrical signals that lead
to arrhythmias.

[0006] One challenge with ablation procedures is in the
assessment of the lesion formation as a result of the applica-
tion of ablative energy to the tissue. For example, it is difficult
to evaluate, assess, and/or determine the depth of a lesion in
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the tissue. As such, it is difficult to determine whether the
tissue has been sufficiently or acceptably ablated, or at least
whether a lesion has reached a desired depth. Lesion forma-
tion has typically been fairly crudely assessed.

[0007] For example, conventional techniques to assess
lesion formation, and particularly, lesion depth, have
included monitoring the impedance on the ablation generator
and monitoring electrogram reduction as the ablation proce-
dure is performed and progresses. However, conventional
techniques have proved to be less than optimal as none of the
conventional techniques provide an accurate means by which
the depth of a lesion, for example, can be predicted with any
real certainty.

[0008] Accordingly, the inventors herein have recognized a
need for a system and method for assessing lesion formation
in tissue as a result of an ablation procedure being performed
thereon that will minimize and/or eliminate one or more of the
deficiencies in conventional ablation systems.

BRIEF SUMMARY OF THE INVENTION

[0009] The present invention is directed to a method and
system for assessing the formation of a lesion in a tissue as a
result of an ablation procedure being performed thereon. The
system according to the present teachings includes an elec-
tronic control unit. The electronic control unitis configured to
acquire a magnitude for at least one component of a complex
impedance between an electrode and the tissue. The elec-
tronic control unit is further configured to acquire a magni-
tude for the power applied to the tissue during the formation
of thelesion therein. The electronic control unit is still further
configured to calculate a value responsive to the magnitudes
of the at least one complex impedance component and the
power. The value is indicative of one of a predicted depth of
the lesion formed in the tissue, a likelihood the lesion has
reached a predetermined depth, and a predicted temperature
of the tissue.

[0010] Inexemplary embodiment, the system further com-
prises a radio-frequency ablation catheter, and the electrode
comprises an ablation electrode disposed at or near the distal
end of the catheter. Additionally, in an exemplary embodi-
ment, the electronic control unit is configured to output the
calculated value to a display device.

[0011] In an embodiment wherein the calculated value is
indicative of a predicted lesion depth, the electronic control
unit is further configured to compare the calculated value to at
least one predetermined lesion depth target to determine
whether, based on the predicted lesion depth, the lesion has
reached a predetermined depth. The electronic control unit
may be further configured to output an indicator correspond-
ing to the determination.

[0012] In an embodiment wherein the calculated value is
indicative of a likelihood the lesion has reached a predeter-
mined depth, in an exemplary embodiment, the calculated
value is a first value corresponding to a likelihood that the
lesion has reached a first predetermined depth in the tissue. In
such an embodiment, the electronic control unit is further
configured to simultaneously calculate a second value
responsive to the magnitudes of the at least one complex
impedance component and the power. The second calculated
value is indicative of a likelihood that the lesion has reached
a second predetermined depth in the tissue.

[0013] In another exemplary embodiment, the electronic
control unit is configured to acquire magnitudes for a plural-
ity of components of the complex impedance between the
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electrode and the tissue, and to calculate a first value respon-
sive to the magnitude of at least one of the plurality of com-
plex impedance components and the magnitude of the power,
and wherein the value is indicative of a likelihood that the
lesion has reached a first predetermined depth. In such an
embodiment, the electronic control unit is further configured
to simultaneously calculate a second value responsive to the
magnitude of at least one of the complex impedance compo-
nents and the magnitude of the power, wherein the second
value is indicative of a likelihood that the lesion has reached
a second predetermined depth in the tissue.

[0014] Inaccordance with still another aspect of the inven-
tion, a method for assessing the formation of a lesion in a
tissue as a result of an ablation procedure being performed
thereon is provided. In accordance with the present teachings,
the method includes a first step of acquiring a magnitude for
at least one component of a complex impedance between an
electrode and the tissue, and a magnitude for the power
applied to the tissue during the formation of the lesion therein.
The method still further includes another step of calculating a
value responsive to the magnitudes of the at least one complex
impedance component and the power, wherein the value is
indicative of one of a predicted depth of the lesion formed in
the tissue, a likelihood the lesion has reached a predetermined
depth, and a predicted temperature of the tissue.

[0015] In an exemplary embodiment, the method further
includes the steps of generating a signal representative of an
indicator of the calculated value, and communicating the
signalto a display device. The method may further include the
step of controlling the display device to display the indicator
of the value represented by the signal.

[0016] In another exemplary embodiment wherein the cal-
culated value is indicative of a predicted lesion depth, the
method further includes the steps of comparing the calculated
value to at least one predetermined lesion depth target to
determine, based on the predicted lesion depth, whether the
lesion has reached a predetermined depth, and generating a
signal representative of an indicator corresponding to the
determination.

[0017] In another exemplary embodiment wherein the cal-
culated value is indicative of a likelihood that the lesion has
reached a predetermined depth, the calculated value is a first
value corresponding to a likelihood that the lesion has
reached a first predetermined depth. In such an embodiment,
the calculating step further comprises simultaneously calcu-
lating a second value responsive to the magnitudes of the at
least one complex impedance component and the power,
wherein the second value is indicative of a likelihood that the
lesion has reached a second predetermined depth in the tissue.
[0018] In yet another exemplary embodiment, the acquit-
ing step comprises acquiring magnitudes for a plurality of
components of the complex impedance between the electrode
and the tissue, and the calculating step comprises calculating
a first value responsive to the magnitude of at least one of the
components of the complex impedance wherein the first value
is indicative of a likelihood that the lesion has reached a first
predetermined depth. The calculating step further comprises
simultaneously calculating a second value responsive to the
magnitude ofat leastone of the plurality of components of the
complex impedance and the magnitude of the power, wherein
the second value is indicative of a likelihood that the lesion
has reached a second predetermined depth in the tissue.
[0019] In accordance with yet still another aspect of the
invention, an automated guidance system is provided. The
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system, in accordance with present teachings, includes a cath-
eter manipulator assembly and a catheter associated there-
with that is configured to deliver RF power to a tissue in a
body through an electrode. The system further includes a
controller configured to control at least one of the movement
of the catheter and the delivery of RF power to the tissue by
the electrode in response to a value indicative of one of a
predicted lesion depth in the tissue, a likelihood the lesion has
reached a predetermined depth, and a predicted temperature
of the tissue, wherein the value is from magnitudes of at least
one component of a complex impedance between the elec-
trode and the tissue, and a value of RF power applied to the
tissue during the formation of a lesion in the tissue.

[0020] In an exemplary embodiment, the catheter manipu-
lator assembly is a robotic catheter manipulator assembly
including a robotic catheter device cartridge. In another
exemplary embodiment, the catheter further comprises a
magnetic element, and the automated catheter manipulator
assembly comprises a magnetic field generator configured to
generate a magnetic field to control the movement of the
magnetic element.

[0021] The foregoing and other aspects, features, details,
utilities, and advantages of the present invention will be
apparent from reading the following description and claims,
and from reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1isa diagrammatic view of a system in accor-
dance with the present teachings.

[0023] FIG.2is asimplified schematic diagram illustrating
how impedance is determined in accordance with the present
teachings.

[0024] FIG. 3 is a diagrammatic and block diagram illus-
trating the approach in FIG. 2 in greater detail.

[0025] FIG. 4 is flow chart illustrative of an exemplary
embodiment of a method for assessing the formation of a
lesionintissue during an ablation procedure performed on the
tissue in accordance with the present teachings.

[0026] FIG. 5 is a chart illustrating results of validation
testing of an exemplary lesion depth prediction algorithm.
[0027] FIG. 6 is a flow chart illustrative of an exemplary
embodiment of the methodology illustrated in FIG. 4 shown
in greater detail.

[0028] FIG. 7 is a table showing an exemplary embodiment
of how data acquired by the system of FIG. 1 is organized
and/or stored.

[0029] FIGS. 8a-8¢ are exemplary embodiments of screen
displays illustrating possible formats for presenting predicted
lesion depths calculated using the methodology of FIG. 6.
[0030] FIGS. 9¢-9b are flow charts illustrative of exem-
plary embodiments of methodologies for using predicted
lesion depths calculated using the methodology of FIG. 6.
[0031] FIG. 10 is a flow chart illustrative of another exem-
plary embodiment of the methodology illustrated in FIG. 4
shown in greater detail.

[0032] FIG. 11 is a table showing another exemplary
embodiment of how data acquired by the system of FIG. 1 is
organized and/or stored.

[0033] FIGS. 12 and 13 are exemplary embodiments of
screen displays illustrating possible formats for presenting a
prediction or likelihood of whether a lesion has attained a
predetermined depth calculated using the methodology of
FIG. 10.
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[0034] FIG. 14 is a flow chart illustrative of another exem-
plary embodiment of the methodology illustrated in FIG. 4
shown in greater detail.

[0035] FIG. 15 is a table showing another exemplary
embodiment of how data acquired by the system of FIG. 1 is
organized and/or stored.

[0036] FIG. 16 is an isometric diagrammatic view of a
robotic catheter system illustrating an exemplary layout of
various system components in accordance with the present
teachings.

[0037] FIG. 17 is an isometric diagrammatic view of an
exemplary embodiment of a robotic catheter manipulator
support structure in accordance with the present teachings.
[0038] FIG. 18 is a schematic diagram of a magnetic-based
catheter manipulation system in accordance with the present
teachings.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0039] Referring now to the drawings wherein like refer-
ence numerals are used to identify identical components in
the various views, FI1G. 1 illustrates one exemplary embodi-
ment of a system 10 configured, at least in part, for assessing
the formation of a lesion in a tissue 12 of a body 14 as a result
of an ablation procedure being performed on the tissue 12. In
an exemplary embodiment wherein the tissue 12 is cardiac
tissue, the system 10 is configured to assess the formation of
alesion in the tissue 12 being ablated by radio frequency (RF)
energy or power delivered from an electrode 16 disposed on a
catheter 18. For the sake of clarity and brevity alone, the
description set forth below will be with respect to cardiac
tissue only. It should be understood, however, that the present
disclosure may find application in connection with assessing
lesion depth in other types of tissue during ablation proce-
dures. Accordingly, the present disclosure is not meant to be
limited solely to cardiac tissue.

[0040] In addition to the electrode 16 and the catheter 18,
the system 10 may include patch electrodes 20, 22, 24, an
ablation generator 26, a tissue sensing circuit 28, an electro-
physiology (EP) monitor 30, and a system 32 for visualiza-
tion, mapping, and navigation of internal body structures,
which may include an electronic control unit 34 and a display
device 36, among other components.

[0041] The catheter 18 is provided for examination, diag-
nosis and treatment of internal body tissues such as the tissue
12. In accordance with one embodiment, the catheter 18
comprises an ablation catheter and, more particularly, an
irrigated radio-frequency (RF) ablation catheter. In an exem-
plary embodiment, the catheter 18 is connected to a fluid
source 38 having a biocompatible fluid, such as saline
through a pump 40 (which may comprise, for example, a fixed
rate roller pump or variable volume syringe pump with a
gravity feed supply from the fluid source 38 as shown), for
irrigation. It should be noted, however, that the present dis-
closure is not meant to be limited to irrigated catheters, but
rather it may find applicability with any number of electrode
and ablation device combinations. In an exemplary embodi-
ment, the catheter 18 is also electrically connected to the
ablation generator 26 for delivery of RF energy or power. The
catheter 18 may include a cable connector or interface 42, a
handle 44, a shaft 46 having a proximal end 48 and a distal 50
end (as used herein, “proximal” refers to a direction toward
the end of the catheter near the clinician, and “distal” refers to
a direction away from the clinician and (generally) inside the
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body of a patient) and one or more electrodes 16, 52, 54. The
catheter 18 may also include other conventional components,
such as, for example, a temperature sensor 55 (e.g., a thermo-
couple, for example) for sensing the temperature of the tip of
the catheter 18, otheradditional electrodes and corresponding
conductors or leads not illustrated herein, or additional abla-
tion elements, e.g., a high intensity focused ultrasound abla-
tion element.

[0042] The connector 42 provides mechanical, fluid and
electrical connection(s) for cables 56, 58 extending, for
example, from the pump 40 and the ablation generator 26.
The connector 42 is conventional in the art and is disposed at
the proximal end 48 of the catheter 18.

[0043] Thehandle 44 provides a location for the clinician to
hold the catheter 18 and may further provide a means for
steering or the guiding of the shaft 46 within the body 14. For
example, the handle 44 may include means to change the
length of a guidewire extending through the catheter 18 to the
distal end 50 of the shaft 46 to steer the shaft 46. The handle
44 is also conventional in the art and it will be understood that
the construction of the handle 44 may vary. In an alternate
exemplary embodiment to be described in greater detail
below, the catheter 18 may be robotically or magnetically
driven or controlled. Accordingly, rather than a clinician
manipulating a handle to steer or guide the catheter 18, and
the shaft 46 thereof, in particular, a robot or a magnetic-based
system is used to manipulate the catheter 18.

[0044] The shaft 46 is an elongated, tubular, flexible mem-
ber configured for movement within the body 14. The shaft 46
supports the electrodes 16, 52, 54, 55, associated conductors,
and possibly additional electronics used, for example, for
signal processing or conditioning. The shaft 46 may also
permit transport, delivery and/or removal of fluids (including
irrigation fluids, cryogenic ablation fluids, and bodily fluids),
medicines, and/or surgical tools or instruments. The shaft 46
may be made from conventional materials such as polyure-
thane and defines one or more lumens configured to house
and/or transport electrical conductors, fluids or surgical tools.
The shaft 46 may be introduced directly into a blood vessel or
other structure within the body 14, or may be introduced
through a conventional introducer. The shaft 46 may then be
steered or guided through the body 14 to a desired location
such as the tissue 12 with guidewires or other means known in
the art.

[0045] The electrodes 16, 52, 54, 55 are provided for a
variety of diagnostic and therapeutic purposes including, for
example, electrophysiological studies, catheter identification
and location, pacing, cardiac mapping, temperature sensing,
and ablation. In the illustrated embodiment, the catheter 18
includes an ablation tip electrode 16 at the distal end 50 of the
shaft 46, a pair of ring electrodes 52, 54, and a temperature
sensor 55. It should be understood, however, that the number,
shape, orientation, and purpose of the electrodes 16, 52, 54,
55 may vary. Accordingly, the illustrated embodiment is pro-
vided for exemplary purposes only.

[0046] The patch electrodes 20, 22, 24 provide RF or navi-
gational signal injection paths and/or are used to sense elec-
trical potentials. The electrodes 20, 22, 24 may also have
additional purposes, such as, for example, the generation of
an electromechanical map. The electrodes 20, 22, 24 are
made from flexible, electrically conductive material and are
configured for affixation to the body 14 such that the elec-
trodes 20, 22, 24 are in electrical contact with the patient’s
skin. The electrode 20 may function as an RF indifferent/
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dispersive return for the RF ablation signal. The electrodes
22, 24 may function as returns for the RF ablation signal
source and/or an excitation signal generated by the tissue
sensing circuit 28 as described in greater detail hereinbelow.
In accordance with one aspect of the present disclosure dis-
cussed hereinbelow, the electrodes 22, 24 are preferably
spaced relatively far apart. In the illustrated embodiment, the
electrodes 22, 24, are located on the medial aspect of the left
leg and the dorsal aspect of the neck. The electrodes 22, 24,
may alternatively be located on the front and back of the torso
or in other conventional orientations.

[0047] The ablation generator 26 generates, delivers, and
controls RF energy output by the ablation catheter 18, and the
electrode 16, in particular. The generator 26 is conventional in
the artand may comprise the commercially available unit sold
under the model number IBI-1500T-11 RF Cardiac Ablation
Generator, available from Irvine Biomedical, Inc. The gen-
erator 26 includes an RF ablation signal source 60 configured
to generate an ablation signal that is output across a pair of
source connectors: a positive polarity connector SOURCE
(+) which may connect to the tip electrode 16; and a negative
polarity connector SOURCE (-) which may be electrically
connected by conductors or lead wires to one of the patch
electrodes 20,22, 24 (see F1G. 2). It should be understood that
the term connectors as used herein does not imply a particular
type of physical interface mechanism, but is rather broadly
contemplated to represent one or more electrical nodes. The
source 60 is configured to generate a signal at a predetermined
frequency in accordance with one or more user specified
parameters (e.g., power, time, etc.) and under the control of
various feedback sensing and control circuitry as is know in
the art. The source 60 may generate a signal, for example,
with a frequency of about 200 kHz or greater. The generator
26 may also monitor various parameters associated with the
ablation procedure including impedance, the temperature at
the tip of the catheter, ablation energy, and the position of the
catheter and provide feedback to the clinician regarding these
parameters. The impedance measurement output by a typical
currently available generator reflects the magnitude of imped-
ance not only at the tissue 12, but the entire impedance
between the tip electrode 16 and the corresponding patch
electrode 20 on the body surface. In an exemplary embodi-
ment, the ablation generator 26 may generate a higher fre-
quency current for the purposes of RF ablation, and a second
lower frequency current for the purpose of measuring imped-
ance.

[0048] Thetissue sensing circuit 28 provides a means, such
as a tissue sensing signal source 62, for generating an excita-
tion signal used in impedance measurements and means, such
as a complex impedance sensor 64, for resolving the detected
impedance into its component parts. In another exemplary
embodiment, the complex impedance may be measured using
components other than the tissue sensing circuit 28, such as,
for example, the ablation generator 26. However, in an
embodiment wherein the tissue sensing circuit 28 is used, the
signal source 62 is configured to generate an excitation signal
across source connectors SOURCE (+) and SOURCE (-)
(See FIG. 2). The source 62 may output a signal having a
frequency within a range from about 1 kHz to over 500 kHz.
In an exemplary embodiment, the frequency is about 20 kHz.
In one exemplary embodiment, the excitation signal is a con-
stant current signal that, in an exemplary embodiment, is in
the range of between 20-200 pA. In another exemplary
embodiment, the current is about 100 pA. As discussed
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below, the constant current AC excitation signal generated by
the source 62 is configured to develop a corresponding AC
response voltage signal that is dependent on the complex
impedance of the tissue 12 and is sensed by the complex
impedance sensor 64. The sensor 64 resolves the complex
impedance into its component parts (i.e., the resistance (R)
and reactance (X), or the impedance magnitude (IZl) and
phase angle (£7Z or ¢)). Sensor 64 may include conventional
filters (e.g., bandpass filters) to block frequencies that are not
of interest, but permit appropriate frequencies, such as the
excitation frequency, to pass, as well as conventional signal
processing software used to obtain the component parts of the
measured complex impedance.

[0049] It should be understood that variations are contem-
plated by the present disclosure. For example, the excitation
signal may be an AC voltage signal where the response signal
comprises an AC current signal. Nonetheless, in an exem-
plary embodiment, a constant current excitation signal is
employed. It should be appreciated that in an exemplary
embodiment the excitation signal frequency is outside of the
frequency range of the RF ablation signal, which allows the
complex impedance sensor 64 to more readily distinguish the
two signals, and facilitates filtering and subsequent process-
ing of the AC response voltage signal. In an exemplary
embodiment, the excitation signal frequency is also outside
the frequency range of conventionally expected electrogram
(EGM) signals in the frequency range of 0.05 Hz-1 kHz.
Thus, in summary, in an exemplary embodiment the excita-
tion signal has a frequency that is above the typical EGM
signal frequencies and below the typical RF ablation signal
frequencies. Additionally, in certain embodiments multiple
excitation signals of different frequencies may be used to
determine multiple complex impedances. Forexample, in one
exemplary embodiment, a 20kHz signaland a 200kHz signal
may be generated and a complex impedance corresponding to
each may be determined and used as will be described below.
Accordingly, the present invention is not limited to an
embodiment wherein a single excitation signal is employed,
but rather includes embodiments wherein multiple excitation
signals are used. For the sake of clarity and brevity, however,
the following description will be limited to the embodiment
wherein a single excitation signal is use.

[0050] The circuit 28 is also connected, for a purpose
described hereinbelow, across a pair of sense connectors: a
positive polarity connector SENSE (+) which may connect to
the tip electrode 16; and a negative polarity connector SENSE
(=) which may be electrically connected to one of the patch
electrodes 20, 22, 24 (see FIG. 2; note, however, that the
connector SENSE (=) should be connected to a different
electrode of the electrodes 20, 22, 24 relative to the connector
SOURCE (=) as discussed below). It should again be under-
stood that the term connectors as used herein does not imply
a particular type of physical interface mechanism, but is
rather broadly contemplated to represent one or more electri-
cal nodes.

[0051] Referring now to FIG. 2, connectors SOURCE (+),
SOURCE (-), SENSE (+) and SENSE (-) form a three ter-
minal arrangement permitting measurement of the complex
impedance at the interface of the tip electrode 16 and the
tissue 12. Complex impedance can be expressed in rectangu-
lar coordinates as set forth in equation (1):

Z=R+iX a)
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where R is the resistance component (expressed in ohms); and
X is a reactance coniponent (also expressed in ohms). Com-
plex impedance can also be expressed polar coordinates as set
forth in equation (2):

Z=re®=17140 @

where |71 is the magnitude of the impedance (expressed in
ohms) and £7=0 is the phase angle expressed in radians.
Alternatively, the phase angle may be expressed in terms of
degrees where

(2

Throughout the remainder of this specification, phase angle
will be preferably referenced in terms of degrees. The three
terminals comprise: (1) a first terminal designated “A-Cath-
eter Tip” which is the tip electrode 16; (2) a second terminal
designated “B-Patch 1 such as the source return patch elec-
trode 24; and (3) a third terminal designated “C-Patch 2" such
as the sense return patch electrode 22. In addition to the
ablation (power) signal generated by the source 60 of the
ablation generator 26, the excitation signal generated by the
source 62 in the tissue sensing circuit 28 is also be applied
across the source connectors (SOURCE (+). SOURCE (-))
for the purpose of inducing a response signal with respect to
the load that can be measured and which depends on the
complex impedance.

[0052] As described above, in one embodiment, a 20 kHz,
100 uA AC constant current signal is sourced along a path 66,
as illustrated, from one connector (SOURCE (+), starting at
node A) through the common node (node D) to a return patch
electrode (SOURCE (-), node B). The complex impedance
sensor 64 is coupled to the sense connectors (SENSE (+),
SENSE (-)), and is configured to determine the impedance
across a path 68. For the constant current excitation signal of
a linear circuit, the impedance will be proportional to the
observed voltage developed across SENSE (+)/SENSE (=), in
accordance with Ohm’s Law: Z=V/I. Because voltage sens-
ing is nearly ideal, the current flows through the path 66 only,
so the current through the path 68 (node D to node C) due to
the excitation signal is effectively zero. Accordingly, when
measuring the voltage along the path 68, the only voltage
observed will be where the two paths intersect (i.e., from node
A to node D). Depending on the degree of separation of the
two patch electrodes (i.e., those forming nodes B and C), an
increasing focus will be placed on the tissue volume nearest
the tip electrode 16. If the patch electrodes are physically
close to each other, the circuit pathways between the catheter
tip electrode 16 and the patch electrodes will overlap signifi-
cantly and impedance measured at the common node (i.e.,
node D) will reflect impedances not only at the interface of the
catheter electrode 16 and the tissue 12, but also other imped-
ances between the tissue 12 and the surface of body 14. Asthe
patch electrodes are moved further apart, the amount of over-
lap in the circuit paths decreases and impedance measured at
the common node is only at or near the tip electrode 16 of the
catheter 18.

[0053] Referring now to FIG. 3, the concept illustrated in
FIG. 2 is extended. FIG. 3 is a simplified schematic and block
diagram of the three-terminal measurement arrangement of
the invention. For clarity, it should be pointed out that the
SOURCE (+) and SENSE (+) lines may be joined in the
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catheter connector or the handle (as in solid line) or may
remain separate all the way to the tip electrode 16 (the SENSE
(+) line being shown in phantom line from the handle to the tip
electrode 16). FIG. 3 shows, in particular, several sources of
complex impedance variations, shown generally as blocks 70,
that are considered “noise” because such variations do not
reflect the physiologic changes in the tissue whose complex
impedance is being measured. For reference, the tissue 12
whose complex impedance is being measured is that near and
around the tip electrode 16 and is enclosed generally by a
phantom-line box 72 (and the tissue 12 is shown schemati-
cally, in simplified form, as aresistor/capacitor combination).
One object of the present disclosure is to provide a measure-
ment arrangement that is robust or immune to variations that
are not due to changes in or around the box 72. For example,
the variable complex impedance boxes 70 that are shown in
series with the various cable connections (e.g.. in the
SOURCE (+) connection, in the SOURCE (-) and SENSE
(-) connections, etc.) may involve resistive/inductive varia-
tions due to cable length changes, cable coiling and the like.
The variable complex impedance boxes 70 that are near the
patch electrodes 22, 24, may be more resistive/capacitive in
nature, and may be due to body perspiration and the like over
the course of a study. As will be seen, the various arrange-
ments of the system 10 are relatively immune to the variations
in the blocks 70, exhibiting a high signal-to-noise (S/N) ratio
as to the complex impedance measurement for the block 72.

[0054] Although the SOURCE (-) and SENSE (-) returns
are illustrated in FIG. 3 as patch electrodes 22, 24, it should be
understood that other configurations are possible. In particu-
lar, the indifferent/dispersive return electrode 20 can be used
as areturn, as well as another electrode 52, 54 on the catheter
18, such as the ring electrode 52 as described in commonly
assigned U.S. patent application Ser. No. 11/966,232 filed on
Dec. 28, 2007 and titled “System and Method for Measure-
ment of an Impedance using a Cather such as an Ablation
Catheter,” the entire disclosure of which is incorporated
herein by reference.

[0055] The EP monitor 30 is provided to display electro-
physiology data including, for example, an electrogram. The
monitor 30 is conventional in the art and may comprise an
LCD or CRT mouitor or another conventional monitor. The
monitor 30 may receive inputs from the ablation generator 26
as well as other conventional EP lab components not shown in
the illustrated embodiment.

[0056] The system 32 is provided for visualization, map-
ping, and navigation of internal body structures. The system
32 may comprise the system having the model name EnSite
NavX™ and commercially available from St. Jude Medical,
Inc., and as generally shown with reference to commonly
assigned U.S. Pat. No. 7,263,397 entitled “Method and Appa-
ratus for Catheter Navigation and Location and Mapping in
the Heart,” the entire disclosure of which is incorporated
herein by reference. Alternative systems may include, for
example and without limitation, the Carto™ System available
from Biosense Webster, and as generally shown with refer-
ence to U.S. Pat. No. 6,498,944 entitled “Intrabody Measure-
ment” and U.S. Pat. No. 6,788,967 entitled “Medical Diag-
nosis, Treatment and Imaging Systems,” both of which are
incorporated herein by reference in their entireties; com-
monly available fluoroscopy systems; or a magnetic location
system, such as, for example, the gMPS system from
MediGuide Ltd., and as generally shown with reference to
U.S. Pat. No. 7,386,339 entitled “Medical Imaging and Navi-
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gation System,” the disclosure of which is incorporated
herein by reference in its entirety. The system 32 may include
the electronic control unit (ECU) 34 and the display device 36
among other components. In another exemplary embodi-
ment, the ECU 34 and/or the display device 36 are separate
and distinct components that are electrically connected to,
and configured for communication with, the system 32.
[0057] With reference to FIG. 4, the ECU 34 is configured
to acquire a magnitude for one or more components of a
complex impedance between the electrode 16 and the tissue
12 (i.e., the resistance (R) and reactance (X), or the imped-
ance magnitude (1Z1) and phase angle (¢), or any combination
of the foregoing or derivatives or functional equivalents
thereof) (Step 100 in FIG. 4), as well as one or more magni-
tudes for the power or energy applied to the tissue 12 by the
ablation generator 26 during the formation of a lesion in the
tissue 12 (Step 102 in FIG. 4). The ECU 34 is further config-
ured to calculate a value responsive to the magnitude(s) of the
one or more components of the complex impedance and the
magnitude of the applied power (Step 104 in FIG. 4), with the
value being indicative of one of a predicted depth of the lesion
formed in the tissue 12, a likelihood of the lesion in the tissue
12 reaching a predetermined depth, and a predicted tempera-
ture of the tissue 12. As will be described in greater detail
below, in an embodiment wherein the value is indicative of
the temperature of the tissue, the temperature is the tempera-
ture of the tissue a predetermined depth below the endocardial
surface of the tissue 12. In one embodiment provided for
exemplary purposes only, this predetermined depth is three
millimeters (3 mm) below the endocardial surface.

[0058] In an embodiment of the system 10 such as that
briefly described above wherein multiple excitation signals
are utilized to determine multiple complex impedances, the
ECU 34 may be configured to acquire one or more compo-
nents of one or both of the complex impedances for calculat-
ing the value. For the sake of clarity and brevity, the following
description will be limited to the calculation of the value
using a single complex impedance. It should be understood,
however, that the present disclosure is not meant to be limited
to such an embodiment, but rather includes embodiments
wherein components of multiple complex impedances are
used in the calculation of the value.

[0059] In an exemplary embodiment, the ECU 34 com-
prises a programmable microprocessor or microcontroller,
but may alternatively comprise an application specific inte-
grated circuit (ASIC). The ECU 34 may include a central
processing unit (CPU) and an input/output (I/O) interface
through which the ECU 34 may receive a plurality of input
signals including, for example and without limitation, signals
from the complex impedance sensor 64 of the tissue sensing
circuit 28 (for the magnitude(s) of the complex impedance
component(s)), the ablation generator 26 or another record-
ing system in communication with the ablation generator 26
(for the power level and/or the magnitude of the average
power), and the temperature sensor 55 disposed at or near the
distal end 50 of the catheter 18 either directly or through the
ablation generator 26. The ECU 34 may further generate a
plurality of output signals including those used to control the
display device 36.

[0060] Inaccordance with one aspect of the present disclo-
sure, the ECU 34 may be programmed with a computer pro-
gram (i.e., software) encoded on a computer-readable storage
medium for assessing the formation of a lesion in the tissue
12. More particularly, the computer program may be config-
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ured to assess the depth of a lesion being formed in the tissue
12 (e.g., predicting the depth of the lesion or determining the
likelihood the lesion has reached a predetermined depth)
and/or the temperature of the tissue 12 as a result of an
ablation procedure being performed thereon. As illustrated in
FIG. 4, and generally speaking, the program includes code for
calculating a value responsive to magnitudes of one or more
components of the complex impedance between the electrode
16 and the tissue 12, and the magnitude of the power or energy
applied to the tissue 12 through the electrode 16, with the
value being indicative of one of, for example, a predicted
depth of a lesion formed in the tissue, a likelihood that the
lesion has reached a predetermined depth, and a temperature
of the tissue 12 in which the lesion is being formed. The
program further includes code for performing or carrying out
some or all of the functionality of the ECU 34 described in
greater detail below.

[0061] Experimentation and analysis were performed to
determine one or more equations based, at least in part, on
complex impedance that could be used by the ECU 34 to
assess the formation of a lesion being formed in the tissue 12
during an ablation procedure being performed thereon (i.e.,
an equation used to calculate a value that is indicative of a
predicted depth of a lesion being formed in the tissue 12, a
likelihood of the lesion having reached a predetermined
depth, or a predicted temperature of the tissue 12 a predeter-
mined depth below the surface of the tissue). Using controlled
experimentation and one or both of multiple linear regression
and binary logistic regression models performed using soft-
ware sold under the registered trademark “MINITAB” by
Minitab, Inc., algorithms for predicting lesion depth, deter-
mining the likelihood that the lesion has reached a predeter-
mined depth (predicting whether a lesion has reached a pre-
determined depth), and predicting the temperature of the
tissue at a given depth below the tissue surface were derived
corresponding to the particular equipment and arrangement
of the system 10 used in the experimentation and analysis,
each of which will be described separately below. Factors that
were evaluated in the testing and analysis for one or all of the
algorithms included, but were not necessarily limited to: the
magnitude of the instantaneous RF power applied to the tissue
during lesion formation; the natural log of the applied power;
the average power applied during the lesion formation pro-
cess; the natural log of the average power applied during
lesion formation; the duration of the lesion formation pro-
cess; the natural log of the duration of the lesion formation
process; the magnitude of the phase angle (¢) prior to the
onset of lesion formation in the tissue; the pre-ablation mag-
nitude of the phase angle (¢) both prior to and following
contact between the catheter 18 and the tissue 12; the mag-
nitude of the resistance (R), reactance (X), and impedance (7)
following lesion formation; the changes in R, X, and 0 from
the onset of lesion formation (i.e., just after the application of
RF power) to the end of lesion formation, or to a point in time
subsequent to the start of lesion formation and prior to the end
of lesion formation; the magnitude of an electrical coupling
index (ECI) of the tissue; the magnitude of the change in ECI
from the onset of lesion formation to the end of lesion forma-
tion; the electrical current (I); and the catheter temperature
(T). Regression models including some or all of the factors
were created first, and then certain factors were eliminated.
After the elimination of a factor, the models were re-run, and
the process was repeated.



US 2014/0194867 Al

[0062] With respect to the lesion depth prediction algo-
rithm, once this process was completed, it was generally
determined that for predicting the depth of a lesion formed in
the tissue 12 using the particular equipment and arrangement
of the system 10 used in the experimentation and analysis (as
opposed to, for example, predicting the temperature of the
tissue, which will be described in greater detail below), the
resistance (R) and phase angle (¢p) components of the com-
plex impedance between the electrode 16 and the tissue 12;
the average power applied to the tissue 12; and the duration of
the lesion formation process, or change in time from the start
of the lesion formation process to the point in time the lesion
depth is assessed, were preferred factors to be considered in
the algorithm. More specifically, it was determined that the
natural log of the average power applied to the tissue during
the lesion formation process; the change in time between the
start of the lesion formation process and the point in time
during or after the lesion formation process at which the
predicted depth is calculated (dt); the phase angle prior to the
onset of the lesion formation process (pre-ablation ¢); the
change in resistance (dR) and phase angle (d¢) from the start
of the formation of a lesion (i.e., just after the application of
RF power to the tissue 12) to the end of the lesion formation
process, or atleast a subsequent point in time in the formation
process of the same lesion at which the predicted lesion depth
is calculated, were the most significant factors to be consid-
ered in the context of the equipment used for testing.

[0063] It was further determined that various other factors
would possibly have an impact on the accuracy of the predic-
tion algorithm. These factors include, for example and with-
out limitation, certain parameters and/or characteristics of the
equipment and/or arrangement of the system 10 (such as, for
example, the type of catheter and ablation generator being
used, the irrigation flow rate, etc.).

[0064] Accordingly, it was determined that the most com-
putationally efficient algorithm would be based on the “elec-
trical” factors above (i.e., resistance, phase angle, power mag-
nitudes, etc.), as well as certain predetermined coefficients
and constants to account for design parameters or character-
istics of the devices/equipment used in the ablation proce-
dure. More specifically, it was determined that the best equa-
tion or algorithm was the equation (3):

Predicted Depth=a+, (In Avg.P)+b,(dt)+b4(pre-abla-

tion §)+b,4(dR)+bs(dP) (3)
[0065] In this equation, the constant a and the coefficients
b,-bs are predetermined values that are intended to account
for the various factors associated with, for example, the
equipment used in the ablation procedure (i.e., type of cath-
eter and/or ablation generator, irrigation flow rate, etc.). The
constant and coefficients, which may be positive or negative
values depending on the circumstances, can be determined in
a number of ways, such as, for example, controlled experi-
mentation or using analyses, such as, for example, a regres-
sion analysis. Once the constant and coefficients are deter-
mined, they may be stored or programmed into the ECU 34,
or a memory/storage device 73 (best shown in FIG. 1) asso-
ciated therewith or accessible thereby. Alternatively, the cath-
eter 18 may itself include a memory such as an EEPROM that
stores numerical values for the coefficients/constant corre-
sponding to that particular type of catheter and/or other
equipment of the system 10, or stores a memory address for
accessing the numerical values in another memory location.
The ECU 34 may retrieve these values or addresses directly or
indirectly and factor them into the calculation accordingly.
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[0066] It should be understood that while the coefficients
and constant of the particular equation above may vary
depending on, among other things, the specific catheter used,
the ablation generator employed, the irrigation flow rate,
potentially the patient, other equipment in the system, the
species being treated, and the like, the value calculated using
the particular equation above will always be responsive to
components of the complex impedance and the RF power
applied to thetissue in order to arrive at an optimal assessment
of the predicted lesion depth in the tissue 12 during an abla-
tion procedure performed thereon.

[0067] By way of example and illustration, employing the
experimental testing and regression analysis described above,
and using a RF ablation catheter available from St. Jude
Medical, Inc. under the name “GEN3” and a 485 kHz RF
ablation generator, the best prediction of lesion depth for a
system employing those particular components was deter-
mined to be the following equation (4):

Predicted Depth=—12.1+1.92(1n Avg.P)+1.94(d1)-0.
454(pre-ablation §)+0.0450(dR)+0.384(d¢) 4)

[0068] This was determined by bench and/or animal testing
that included testing on bovine myocardium, in-vivo testing
in swine thighs, and in-vivo testing in the cardiac surfaces of
swine. Data was collected and a regression model was per-
formed to come to equation (4), and the values of the constant
and coefficients thereof. With reference to FIG. 5, it was
determined through testing that the algorithm represented by
equation (4) accounted for 80% of the variability observed in
lesion depth (i.e., R>=0.80).

[0069] Asbriefly described above, the particular equipment
being used impacts the form and composition of the lesion
depth prediction algorithm. For example, using equipment
different than that which was used to derive equations (3) and
(4) above, it was determined that for the particular equipment
used, the most computationally efficient algorithm would be
based on the duration of the lesion formation process and the
“electrical” factors of resistance (R), electrical current (I),
and reactance (X), as well as certain predetermined coeffi-
cients and constants to account for design parameters or char-
acteristics of the devices/equipment used in the ablation pro-
cedure. More specifically, it was determined that the natural
log of the change in time between the start of the lesion
formation process and the point in time during or after the
lesion formation process at which the predicted depth is cal-
culated (dt); the change in resistance (dR) and reactance (dX)
from the start of the formation of a lesion (i.e., just after the
application of RF power to the tissue 12) to the end of the
lesion formation process, or at least a subsequent point in time
in the formation process of the same lesion at which the
predicted lesion depth is calculated, and an electrical current
value calculated by taking the square root of the quotient of
the division of the average power applied to the tissue 12
during the lesion formation process by the value of the resis-
tance (R) between the electrode 16 and the tissue 12 just after
the start of the lesion formation process (i.e.,

Avg.P

were the most significant factors to be considered in the
algorithm.
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[0070] As with equation (3) above, it was further deter-
mined that various other factors would possibly have an
impact on the accuracy of the prediction algorithm. These
factors include, for example and without limitation, certain
parameters and/or characteristics of the equipment and/or
arrangement of the system 10 (such as, for example, the type
of catheter and ablation generator being used, the irrigation
flow rate, etc.).

[0071] Accordingly, it was determined that the most com-
putationally efficient algorithm would be based on the “elec-
trical” factors above (i.e., resistance, reactance, electrical cur-
rent, etc.), as well as certain predetermined coefficients and
constants to account for design parameters or characteristics
of the devices/equipment used in the ablation procedure.
More specifically, it was determined that the best equation or
algorithm was the equation (5):

Predicted Depth=a+b, (In dt)+b,(dR)+b3[+54(dX) 3

[0072] As with equation (3) above, in this equation, the
constant a and the coefficients b, -b, are predetermined values
that are intended to account for the various factors associated
with, for example, the equipment used in the ablation proce-
dure (i.e., type of catheter and/or ablation generator, irrigation
flow rate, etc.). The constant and coefficients, which may be
positive or negative values depending on the circumstances,
can be determined in a number of ways, such as, for example,
controlled experimentation or using analyses, such as, for
example, a regression analysis. Once the constant and coef-
ficients are determined, they may be stored or programmed
into the ECU 34, or a memory/storage device 73 (best shown
in FIG. 1) associated therewith or accessible thereby. Alter-
natively, the catheter 18 may itself include a memory such as
an EEPROM that stores numerical values for the coefficients/
constant corresponding to that particular type of catheter
and/or other equipment of the system 10, or stores a memory
address for accessing the numerical values in another
memory location. The ECU 34 may retrieve these values or
addresses directly or indirectly and factor them into the cal-
culation accordingly.

[0073] It should be understood that while the coefficients
and constant of the particular equation above may vary
depending on, among other things, the specific catheter used,
the ablation generator employed, the irrigation flow rate,
potentially the patient, other equipment in the system, the
species being treated, and the like, the value calculated using
the particular equation above will always be responsive to
components of the complex impedance and the RF power
applied to thetissue in order to arrive at an optimal assessment
of the lesion depth in the tissue 12 during an ablation proce-
dure performed thereon. It should be further noted that the
constant and coefficients are determined and programmed as
part of the manufacturing and/or setup process of the system
10, and thus, are not determined during the use of the system
10 in accordance with its intended purpose.

[0074] By way of example and illustration, employing the
experimental testing and regression analysis described above,
and using a RF ablation catheter available from St. Jude
Medical, Inc. under the name “Cool Path” and a 485 kHz RF
ablation generator, the best prediction of lesion depth for a
system employing those particular components was deter-
mined to be the following equation (6):

Predicted Depth=-5.03+1.07(ln d0)+0.0721(dR)+7.
061+0.205(dX) (6)
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[0075] Regardless of the particular equation or algorithm
employed, once calculated, the predicted lesion depth may be
used or displayed in a number of ways, as will be described in
greater detail below. In view of the foregoing, it will be
appreciated that while the specific composition or constituent
components of the lesion depth prediction algorithm may
change, the components of the complex impedance and the
magnitude of the power applied during lesion formation are
still determinative factors in predicting lesion depth.

[0076] Itshould be noted that although the equations above
and the corresponding description above and below focus on
the resistance (R), reactance (X), and phase angle (¢) com-
plex impedance components, it should be understood that the
magnitude of impedance (1Z1) may be considered, or indeed
any combination of the foregoing components of the complex
impedance and derivatives or functional equivalents thereof,
may be used in assessing lesion depth. For example, in addi-
tion to the values of the constant and coefficients of the
predicted lesion depth equation above changing due to factors
such as the type of catheter, the type ofablation generator, and
other characteristics or parameters, these factors may also
determine or impact which component or components of the
complex impedance and/or aspects of the power are the most
significant, and therefore, best for use in the equation for
calculating the predicted lesion depth for lesion formation
processes using certain equipment.

[0077] Further, while the equations set forth above are
based on two components of the complex impedance (i.e., R
and ¢ or R and X), in other exemplary embodiments the
equation may be based on a single component, or more than
two components of the complex impedance, and may include
more or less terms than equations (3)-(6) above. Therefore,
the present disclosure is not meant to be limited to the use of
any particular complex impedance components, particular
aspects of the RF power, or number of components. Rather,
any equation used to calculate the predicted depth that is
based on one or more components of one or more complex
impedances, and one or more aspects of the power applied to
the tissue 12 (e.g., average power, instantaneous power, etc.),
remain within the spirit and scope of the present invention.
[0078] Once the particular complex impedance compo-
nents to be used in the algorithm for a particular catheter or
arrangement of the system 10 are determined and the form of
the algorithm/equation is resolved, the components of the
complex impedance (or an indication corresponding thereto),
the equation to be used, and/or the specific terms of the
equation (including, if appropriate, the constant(s) and/or
coefficients for the equation terms) may be stored or pro-
grammed into the ECU 34, or a memory/storage device 73
(best shown in FIG. 1) associated therewith or accessible
thereby. Alternatively, as described above, the catheter 18 or
another component in the system 10 may include a memory,
such as an EEPROM, that is configured to store the above
identified information or a memory address for accessing the
information stored in another memory location correspond-
ing to that particular type of catheter and/or other equipment
of the system 10. The ECU 34 may retrieve this information
or addresses directly or indirectly and use it in the afore-
described calculation.

[0079] With reference to FIG. 6, an exemplary lesion depth
prediction calculation will be described. For purposes of clar-
ity, brevity, and illustration, the description below has been
limited to an embodiment wherein the lesion depth is calcu-
lated based using the equation (3) above. It will be appreci-
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ated in view of the above, however, that the present disclosure
i$ not meant to be limited to such an embodiment.

[0080] As an initial matter, in addition to being configured
to calculate the predicted lesion depth described above, in an
exemplary embodiment the ECU 34 is also configured to
acquire and/or calculate the terms used in the equation for
making the calculation (i.e., average power, pre-ablation ¢, dt,
dR, d¢, etc.). As described above, and as illustrated in FIG. 4,
in this embodiment, the ECU 34 is configured to acquire
magnitudes for the first and second components of the com-
plex impedance (i.e., R and ¢), the magnitude of power being
applied to the tissue 12 during the lesion formation process
(and, in this example, the magnitude of the average power
applied, in particular), and the elapsed time of the lesion
formation process. More particularly, with reference to FIG.
6, the ECU 34 is configured to acquire a magnitude for the
pre-ablation phase angle 8, between the electrode and tissue
12 at a point in time t=t,, prior to the commencement of the
lesion formation process. The ECU 34 is further configured to
acquire magnitudes for the resistance R, and phase angle ¢,
between the electrode 16 and the tissue 12 at a point in time
t=t, at which the lesion formation process commences (i.e.,
just after initiation of RF power/energy delivery to the tissue
12). These values may be received from the complex imped-
ance sensor 64, and may be correlated and/or stored along
with the corresponding time (i.e., time t=t, ) in a temporary or
permanent memory or storage medium that is either part of, or
accessible by, the ECU 34, such as, for example, the memory
73.

[0081] The ECU 34 is further configured to acquire mag-
nitudes for R and ¢ at a point in time t=t, at which the depth
of a lesion formed or being formed is assessed (R,, ¢,), and
the average RF power (Avg.P) applied to the tissue 12 from
the start of the lesion formation process (i.e., time t=t;) to
when the lesion depth is assessed (i.e., time t=t,). The R and
¢ magnitudes may be received from the complex impedance
sensor 64, and the average power magnitude may be received
from the ablation generator 26, a reporting system associated
therewith, or may be calculated by the ECU 34. Each magni-
tude may then be correlated and/or stored along with the
corresponding time (i.e., time t=t,) in a memory or storage
device such as that described above in the manner, for
example, illustrated in FIG. 7.

[0082] Because the depth of a lesion may be assessed as it
is being formed such that the lesion depth may be monitored
in real-time, the ECU 34 is further configured to sample the
magnitudes for R, ¢, and Avg.P throughout the formation of
the lesion at one or more respective predetermined sampling
rates in order to constantly and continuously monitor the
predicted depth of the lesion. In an exemplary embodiment, a
sampling rate on the order of 100 to 800 times per second may
be used, however, the present disclosure is not meant to be
limited to such a range of rates but rather a sampling rate that
is greater than or less than 100 to 800 Hz may be used in
different embodiments. Accordingly, the ECU 34 is config-
ured to sample the signal received from the complex imped-
ance sensor 64 at a predetermined rate and to store the corre-
sponding R and ¢ values (R, R,, ..., R and ¢, ¢5,...,¢,)
derived therefrom in the memory or storage medium
described above along with the corresponding times (i.e., t;,
t, . .., t,) at which the samples were taken (See FIG. 7).
Similarly, the ECU 34 is configured to sample the signal
received from the ablation generator 26, or an associated
reporting system, at a predetermined rate and to store the
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corresponding power magnitudes and/or the magnitude ofthe
average power (Avg.P,, Avg.P,, . .., Avg.P ) in a memory
such as that described above along with the corresponding
times (i.e.,t;,1,....,t,) at which the samples were taken (See
FIG. 7). As briefly described above, in an exemplary embodi-
ment, rather than the ablation generator 26 providing the
magnitude of the average power applied, the ECU 34 may be
configured to receive signals from the ablation generator 26
corresponding to the magnitude of the instantaneous power
(P), and the ECU 34 may be configured to make the calcula-
tion to determine the average power (Avg.P) based on current
and past power magnitudes.

[0083] Inanexemplary embodiment, after a set of samples
of R, ¢, and Avg P is taken or acquired, the system 10 is
configured to calculate the predicted lesion depth described
above. Alternatively, rather than calculating the predicted
depth after each set of samples, the ECU 34 may be config-
ured to calculate the predicted depth at some other rate, such
as after a certain number of sets of samples have been col-
lected, after a certain amount of time has elapsed, upon
receiving instructions from the user to do so, or after the
lesion formation process has been completed. For the pur-
poses of clarity and brevity alone, the description below will
be directed to an embodiment wherein the predicted depth is
calculated after a set of samples of each of the R, ¢, and Avg P
is collected at a particular point in time (1.e., time t=t,). [t will
be appreciated, however that the present invention is not
meant to be limited to such an embodiment.

[0084] Accordingly, after a set of samples of each of R, ¢,
and Avg P are collected, the ECU 34 is configured to perform
a number of calculations. For example, and as illustrated in
FIG. 6, the ECU 34 is configured to calculate a change in the
resistance (dR) (Step 110), a change in the time (i.e., the
elapsed time) represented by the time interval from the point
in time that the lesion formation process commenced to the
point in time that the current sample was taken (dt) (Step 112),
a change in the phase angle (d¢) (Step 114), and the natural
log of the magnitude of the average power (Avg.P) applied to
the tissue during the lesion formation process (Step 116).
[0085] Withrespect to the change inresistance, the ECU 34
is configured to calculate the change in resistance over the
time interval beginning at the point in time at which the lesion
formation process commences (i.e., just after initiation of RF
power/energy delivery to the tissue 12) (time t=t,), to the
point in the time corresponding to the current resistance value
(time t=t,). Therefore, with reference to FIG. 6, if the pre-
dicted depth is being calculated using the values sampled at
time t=t,, the change in resistance is calculated by subtracting
the resistance R, from the resistance R;. Accordingly, the
ECU 34 is configured to acquire resistance values R, and R,
and to perform the calculation to determine the change in
resistance. Similarly, if the index is being calculated at time
t=t, the change in resistance is calculated by subtracting the
resistance R; from the resistance R,, and so on and so forth.
Accordingly, regardless of the point in time of the lesion
formation process at which the predicted depth is being cal-
culated, the current resistance value is processed with resis-
tance value R, to determine the change in resistance (dR).
[0086] With respect to the change in time, the ECU 34 is
configured to calculate the change in time or the elapsed time
represented by the time interval from the point in time that the
lesion formation process commenced (time t=t,) to the point
in time that the current samples were taken, and therefore, the
point in time that the predicted depth is being calculated.
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Accordingly, if the predicted depth is being calculated using
the values sampled at time t=t,, the change in time is calcu-
lated by subtracting the time t, from the time t, to determine
the elapsed time of the procedure thus far. Accordingly, the
ECU 34 is configured to acquire the times corresponding to t,
and t, and to perform the calculation to determine the change
in time or the amount of elapsed time. Similarly, if the pre-
dicted depth is being calculated at time t5, the change in time
is calculated by subtracting the timet, from the timet,, and so
on and so forth. Accordingly, regardless of the point in time of
the lesion formation process at which the predicted depth is
being calculated, the current time value is always processed
with the time value t, to determine the change in time (dr).
[0087] With respect to the change in phase angle, the ECU
34 is configured to calculate the change in phase angle over
the time interval beginning at the point in time at which the
lesion formation process commences (i.e., just after RF
power isapplied to the tissue 12) (time t=t, ), to the point in the
time corresponding to the current phase angle magnitude.
Therefore, if the predicted depth is being calculated using the
magnitudes sampled at time t=t,,, the change in phase angle is
calculated by subtracting the phase angle 6, from the phase
angle 0,. Accordingly, the ECU 34 is configured to acquire
phase angle magnitudes ¢, and ¢, and to perform the calcu-
lation to determine the change in phase angle. Similarly, if the
predicted depth is being calculated at time t=t,, the change in
phase angle is calculated by subtracting the phase angle 0,
from the phase angle 0,, and so on and so forth. Accordingly,
regardless of the point in time of the lesion formation process
at which the predicted lesion depth is being calculated, the
current phase angle magnitude is processed with phase angle
magnitude ¢, to determine the change in phase angle (d¢).
[0088] Once all of the terms above are calculated, the ECU
34 is configured and able to calculate the predicted depth of
the lesion at that point in time (Step 117). Accordingly, using
equation (3) above as an example, the ECU 34 is configured
to acquire the correct or appropriate values for the constant a
and the coefficients b, -b., and to process these values with the
terms described above to come to a predicted lesion depth.
Accordingly, the computer program stored or accessible by
the ECU 34 includes code for carrying out the execution of the
predicted depth equation. Once the predicted lesion depth is
calculated, it may be used in a number of ways.

[0089] In an exemplary embodiment, once the predicted
lesion depth is calculated, it may be displayed (Step 118) in
visual form for the user of the system 10 to see. In one
exemplary embodiment illustrated, for example, in FIG. 8a,
the predicted lesion depth may be displayed in numerical
form (e.g., a digital readout) on the display 36 of the visual-
ization, mapping, and navigation system 32. This embodi-
ment provides the user (i.e., physician or clinician using the
system 10) with a real-time indication of lesion depth.
Accordingly, if the ECU calculates the predicted lesion depth
to be 4 mm, a reading of “4 mm” will be displayed on the
display 36. Additionally, as illustrated in FIG. 85, in an exem-
plary embodiment, the current calculated predicted lesion
depth may be displayed along with a log of previously calcu-
lated predicted depths so as to provide the user of the system
10 with a history of calculated depths.

[0090] In another exemplary embodiment illustrated, for
example, in FIG. 8¢, the numeric representation of the calcu-
lated predicted lesion depth may be displayed on a display,
such as, for example, the display 36, along with a graph 74 of
sorts that is configured to provide a visual indication as to

Jul. 10,2014

where the predicted depth falls within a spectrum of one or
more predetermined targets or thresholds. For example, in
one exemplary embodiment, the system 10 may be prepro-
grammed with one or more predetermined depth targets or
thresholds to which the predicted depth is compared. Alter-
natively, the user of the system 10 may set or adjust these
targets. For each target/threshold, a color or some other indi-
cator may be assigned. For example, if there are three targets,
a first may be deemed to be an insufficient depth and be
assigned the color green. a second may be deemed to be a
sufficient or desired depth and be assigned the color yellow,
and a third may be deemed to be an excessive depth and be
assigned the color red. As a predicted depth is calculated, it
may be compared to the predetermined thresholds/targets and
then the graph 74 may present the appropriate color. Accord-
ingly, as the lesion formation process progresses, the graph
changes to illustrate where the current lesion is on the spec-
trum. In another exemplary embodiment, an indicator needle
displayed on the display device 36 may be used to indicate the
current status of the lesion relative to the spectrum.

[0091] As illustrated in FIGS. 8a-8e, the predicted lesion
depth calculation(s) may be displayed in concert with a model
or image 75 (e.g., 2D or 3D image/model) of the anatomical
structure that is being ablated (e.g., the heart or a portion
thereof), as well as a real-time representation of the ablation
catheter 18 on the model or image 75. In an exemplary
embodiment, both the representation of the catheter 18 and
the image/model 75 may be generated by, for example, the
visualization, mapping, and navigation system 32. In another
exemplary embodiment, each may be generated by separate
and distinct systems that are configured for use in conjunction
with each other.

[0092] Accordingly, in yet another exemplary embodiment
illustrated, for example, in FIG. 84, in addition to, or instead
of, displaying the calculated predicted lesion depth on the
display 36, the ECU 34, or another component of the system
10, may be configured to superimpose one or more markers
76 on the image/model 75 that are indicative of the predicted
lesion depth calculated for the corresponding location on the
anatomical structure. In one exemplary embodiment these
markers 76 may be color coded such that a first color repre-
sents a lesion depth of a first magnitude or within a predeter-
mined range, a second color represents a lesion depth of a
second magnitude or within a second predetermined range,
and so on. In another exemplary embodiment, rather than
color coding the markers 76, different markers (e.g., different
shapes, sizes, etc.) are used to differentiate between different
predicted depths or depth ranges.

[0093] By placing markers 76 on the image/model 75, a
lesion depth map may be created and presented to the user of
the system 10 on the display 36 to evaluate the depth of the
lesion(s) formed in the tissue 12. [n order to place the markers
76 in the correct location(s), the system 10 must correlate
each calculated predicted lesion depth with the location on
the anatomical structure at which the measurements corre-
sponding to the calculated predicted depth were taken.
[0094] One exemplary method by which this may be done
1s as described in U.S. Pat. No. 7,263,397 entitled “Method
and Apparatus for Catheter Navigation and Location and
Mapping in the Heart,” which was incorporated by reference
above. In general terms, however, an electric field is gener-
ated in the area in which the tissue being ablated is disposed.
As the electrode 16 of the catheter 18 is moved along the
tissue 12 within the electric field, the location of electrode 16
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is monitored by the system 32 and using various known
algorithms, the position of electrode 16 is determined and
recorded by system 32 as a location point 78. A location point
may be determined for each location at which a predicted
depth calculation is made, and the location point 78 and the
corresponding depth calculation may be correlated together
and stored in a memory, such as, for example, the memory 73.
The ECU 34 may then use the location point(s) 78 to supet-
impose a marker(s) 76 onto the image/model 75 in the correct
position(s) wherein each marker corresponds to, and is rep-
resentative of, the calculated predicted depth (e.g., the marker
may be of apredetermined color or take a predetermined form
corresponding to the calculated predicted depth, for
example). It will be appreciated that while the description
above is limited to an electric-field based location system,
those of ordinary skill in the art will appreciate that other
systems, such as, for example, magnetic field-based location
systems, may be used, and therefore, remain within the spirit
and scope of the present disclosure.

[0095] In another exemplary embodiment illustrated, for
example, in FIGS. 8¢-95, in addition to or instead of display-
ing the calculated predicted depth on the display 36 in
numeric form, the calculated predicted depth may be com-
pared to a predetermined target and then an indication may be
provided based on whether the calculated predicted depth
meets, exceeds, or falls short of the target. More particularly,
with reference to FIG. 94, in one exemplary embodiment, the
system 10 may be programmed with a target that corresponds
to a maximum lesion depth. This target may be prepro-
grammed into the system 10 during the manufacturing pro-
cess, or may be setby the user. Additionally, the target may be
fixed or, alternatively, may be adjustable by the user of the
system 10. In an instance wherein the user can either program
the target into the system 10 and/or adjust the target, the
system 10 may include a user interface 80 (shown in FIG. 1),
such as, for example, a touch screen, a keyboard, a keypad, a
slider control, or some other user-controllable input device
that is electrically connected to the ECU 34 to allow the user
to adjust the target.

[0096] Once the target is set (Step 120), as each predicted
depth calculation is made, it is compared to the target (Step
122). Depending on whether the calculated predicted depth is
above, at, or below the target, an indication may be provided
to the user (Step 118). For example, if the calculated depth is
at or above the target, an indication in the form of a visual
indicator such as alight or a message may be displayed on, for
example, the display 36, and/or an audio alert in the form of
a buzzer, alarm, audible message, or other similar indicator
may be activated. If the calculated depth is below the target,
no indication may be provided, or an indication in the form of
a visual indicator different from that indicating the target has
been met or exceeded, such as a light or a message, may be
displayed on, for example, the display 36, and/or an audio
alert in the form of a buzzer or other similar indicator may be
activated.

[0097] In another exemplary embodiment illustrated, for
example, in FIGS. 8¢ and 95, the system 10 may be config-
ured to have more than one target. For example, the system 10
may have a first target that, as described above, corresponds to
amaximum lesion depth, and a second target that corresponds
to aminimum lesion depth. As described above, these targets
may be preprogrammed into the system during manufactur-
ing, or may be set by the user. Similarly, the targets may be
adjustable or fixed. In the instance where the user may set or
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adjust the targets, the description above relating to a user
interface applies here with equal force. Additionally, the
respective targets may be displayed on the display 36, or
alternatively, may be stored in the system 10 and not dis-
played.

[0098] As described above, as each predicted depth calcu-
lation is made, it is compared to both targets (Step 122).
Depending on whether the calculated predicted depth is
above, at, or below the two targets, one or more an indications
may be provided to the user (e.g., lights, visual or audio
messages, audio alerts, etc.) (Step 118). For example, in one
exemplary embodiment, the system 10 includes two indica-
tors corresponding to each target—*less than maximum,”
“greater than maximum,” “less than minimum,” and “greater
than minimum.” Accordingly, as a predicted depth calcula-
tion is made, it is compared to each target. In one embodi-
ment, if the calculation falls below both the minimum and
maximum targets, the display will provide the indicators “less
than minimum” and “less than maximum.” If the calculation
falls between the two targets, the display will provide the
indicators “greater than minimum” and “less than maxi-
mum.” Further, if the calculation is greater than the maxi-
mum, the display will provide the indicators “greater than
minimum” and “greater than maximum.” It will be appreci-
ated that rather than the specific indicators described here,
other indicators, such as those described above with respect to
the embodiment having a single target, may be used, and
therefore, remain within the spirit and scope of the present
disclosure.

[0099] Regardless of how the calculated predicted depth is
processed and/or displayed, once the predicted depth has
been calculated and evaluated for a set of samples taken at a
predetermined point in time, in an exemplary embodiment,
the system 10 is configured to repeat the above-described
process for a set of subsequent samples taken at a subsequent
point in time in accordance with a predetermined rate of
calculating the predicted depth (i.e., for each set of samples
taken for R, ¢, and Avg.P; after a predetermined number of
sets of samples are taken; after predetermined amount of time
has elapsed, etc.). The process may be continuously repeated
at a given rate until, for example, the lesion has been accept-
ably formed (i.e., the lesion has reached a certain depth), or
the formation process has been otherwise stopped.

[0100] As described above, rather than predicting the depth
of a lesion, the formation of a lesion may be assessed by
determining the likelihood that the lesion has reached a pre-
determined depth, or in other words, predicting whether a
lesion has reached or attained a predetermined depth. Based
on the experimentation and analysis described above, and a
binary logistic regression analysis, in particular, it was gen-
erally determined that for the particular equipment and
arrangement of the system used in the experimentation, and
for a particular target depth (which, in this example, is 2 mm),
the resistance (R) and reactance (X) components of the com-
plex impedance between the electrode 16 and the tissue 12,
the duration of the lesion formation process, or change in time
from the start of the lesion formation process to the point in
time the depth is assessed, and the power applied to the tissue
12 during the lesion formation process were significant fac-
tors to be considered in the algorithm. More specifically, it
was determined that the ECI of the tissue 12 derived, for
example, from the resistance and reactance components of
the complex impedance (R and X), the duration of the lesion
formation process (dt), and the average power (Avg.P)
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applied to the tissue during the lesion formation process were
the most significant factors to be considered.

[0101] The ECI of the tissue 12 may be calculated or
derived as described in U.S. patent application Ser. No.
12/253,637 filed Oct. 17, 2008 and entitled “System and
Method for Assessing Coupling Between an Electrode and
Tissue,” which is incorporated herein by reference in its
entirety. Generally speaking, however, in an exemplary
embodiment provided for illustrative purposes only, the ECI
may be based on mean values of the resistance (R) and reac-
tance (X), and more specifically, the equation:
ECI=a*Rmean+b*Xmean+c. In one exemplary embodiment,
this equation was further resolved into the following equa-
tion: ECI=Rmean-5.1Xmean. Accordingly, using this equa-
tion, for example, the ECU 34 may calculate the ECI of the
tissue 12.

[0102] It was further determined that various other factors
would possibly have an impact on the accuracy of the algo-
rithm. These factors include, for example and without limi-
tation, parameters or characteristics of the equipment and/or
arrangement of the system 10 (such as, for example, the type
of catheter and ablation generator being used, the irrigation
flow rate, etc.), the target depth being assessed and to which
the algorithm corresponds, and the like. Accordingly, it was
determined that the most computationally efficient index
would be based on the “electrical” factors above (i.e., Avg.P,
dt, ECI), as well as certain predetermined constants and coef-
ficients to account for design parameters or characteristics of
the devices/equipment used in the procedure and for the target
depth. More specifically, it was determined that the best equa-
tion or algorithm was the equation (7):

Index(2 mm)=a+b, Avg.P+b,(In df)+b3(dECI) @]

[0103] In this equation, the constant a and the coefficients
b,-b; are predetermined values that are intended to account
for the various factors described above. The constant and
coefficients can be determined in a number of ways, such as,
for example, controlled experimentation or using analyses,
such as, for example, a regression analysis. Once the constant
and coefficients are determined, they may be stored or pro-
grammed into the ECU 34, or a memory storage device 73
(best shown in FIG. 1) associated therewith or accessible
thereby. Alternatively, the catheter 18 may itself include a
memory such asan EEPROM that stores numerical values for
the coefficients and constant corresponding to that particular
type of catheter and/or other equipment of the system 10, or
stores amemory address foraccessing the numerical values in
another memory location. The ECU 34 may retrieve these
values or addresses directly or indirectly and factor them into
the calculation accordingly. It should be noted that in any of
the aforementioned arrangements or configurations, the coef-
ficient/constant values may also be correlated or associated in
the memory with the particular target depth to which they
correspond. For example, if the coefficients/constant have
been determined for a depth of 2 mm, then they may be stored
such that the coefficient/constant values are associated with a
depth of 2 mm. Accordingly, as will be described in greater
detail below, algorithms and/or coefficient and constant val-
ues for different depths may be stored and accessed by the
ECU 34.

[0104] It should be understood that while the coefficients
and constant of the particular equation above may vary
depending on, among other things, the specific catheter used,
the ablation generator employed, the target depth, the irriga-
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tion flow rate, potentially the patient, other equipment in the
system, the species being treated, and the like, the value
calculated using the particular equation above will always be
responsive to components of the complex impedance and the
RF power applied to the tissue in order to arrive at an optimal
assessment of the predicted lesion depth in the tissue 12
during an ablation procedure performed thereon. It should be
further noted that the constant and coefficients are determined
and programmed as part of the manufacturing and/or setup
process of the system 10, and thus, are not determined during
the use of the system 10 in accordance with its intended
purpose.

[0105] By way of example and illustration, employing the
experimental testing and regression analysis described above,
and using a RF ablation catheter available from St. Jude
Medical, Inc. under the name “CoolPath” and a 485 kHz RF
ablation generator, the best algorithm for determining the
likelihood of a lesion reaching a target depth of 2 mm for a
system employing those particular components was deter-
mined to be the following equation (8):

Index(2 mm)=-12.2+0.23Avg.P+1.94(In dt)+0.11

(dECI) ®
This was determined by data collected for lesions created in
vitro in non-perfused bovine cardiac tissue. Data was col-
lected and a regression model was performed to come to
equation (8), and the values of the constant and coefficients
thereof. The solution to the equation represents the natural log
ofthe odds that a lesion attained or reached a target depth (i.e.,
2 mm for this particular equation). As will be described in
greater detail below, in an exemplary embodiment, once the
value or index is calculated, it is compared to a predetermined
threshold. The user of the system 10 may then be provided
with an indication as to the likelihood that the lesion has
attained the target depth depending on whether the calculated
value or “index” exceeds or is below the predetermined
threshold. The threshold may be determined by testing or
other analyses.
[0106] It should be noted that although equations (7) and
(8) and the corresponding description above and below focus
on the use of ECI, it should be understood that the value or
index could also be based (in addition or alternatively) on
values associated with the rectangular coordinates of the
complex impedance, the polar coordinates of impedance
magnitude (1Z1) and phase angle (¢), or indeed any combina-
tion of the foregoing components of the complex impedance,
power, and derivatives or functional equivalents thereof. For
example, in addition to the values of the constant and coeffi-
cients of the index equation above changing due to factors
such as the type of catheter, the type of ablation generator, the
target depth, and other characteristics or parameters, these
factors may also determine or impact which component or
components of the complex impedance and/or aspects of the
power are the most significant, and therefore, best for use in
the equation for calculating the value or index for certain
equipment and/or target depths.
[0107] Further, while the equations set forth above are
based on two components of the complex impedance
(ECI=Rmean-5.1Xmean), in other exemplary embodiments
the equation may be based on a single component, or more
than two components of the complex impedance, and may
include more or less terms than equations (7) and (8). Addi-
tionally, while the equations (7) and (8) include a term based
on the magnitude of the average power applied to the tissue
12, in other embodiments one or more other aspects of the RF
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power, such as, for example, the natural log of the RF power,
the instantaneous power, and the like may be used in addition
to or instead of the average power magnitude. Therefore, it
will be appreciated that the form of the equation to be used for
calculating the value or index may be highly dependent on the
type or types of the equipment used in the ablation procedure
and the target depth. Therefore, the present invention is not
meant to be limited to the use of any particular complex
impedance components, particular aspects of the RF power,
ornumber of components. Rather, equations used to calculate
the value or index that are based on one or more values or one
or more components of one or more complex impedances,
and one or more values of aspects of the power applied to the
tissue 12 remain within the spirit and scope of the present
invention.

[0108] Once the particular complex impedance compo-
nents to be used in calculating the value for a particular
catheter or arrangement of the system 10 and for a particular
depth are determined and the form of the equation is resolved,
the components of the complex impedance (or an indication
corresponding thereto), the equation to be used, and/or the
specific terms of the equation (including, if appropriate, the
constant(s) and/or coefficients for the equation terms) may be
stored or programmed into the ECU 34, or a memory/storage
device 73 (best shown in FIG. 1) associated therewith or
accessible thereby. Alternatively, the catheter 18 or another
component in the system 10 may include a memory, such as
an EEPROM, that is configured to store the above identified
information or a memory address for accessing the informa-
tion stored in another memory location corresponding to that
particular type of catheter and/or other equipment of the
system 10. The ECU 34 may retrieve this information or
addresses directly or indirectly and use it to calculate the
value or index. As will be described below, in an exemplary
embodiment, the memory in which the equations are stored
may have a number of equations stored therein. For example,
different equations for different catheters/equipment may be
stored in the memory, as well as multiple equations for the
same equipment but corresponding to different depths.
Accordingly, depending on the equipment used and/or the
target depth being assessed, the ECU 34 may obtain or
acquire the correct equation/algorithm.

[0109] With reference to FIG. 10, an exemplary calculation
will be described for determining the likelihood that a lesion
has reached a predetermined depth will be described. For
purposes of clarity, brevity, and illustration, the description
below of an exemplary calculation has been limited to an
embodiment wherein the value or index is calculated based, in
part, on the ECI of the tissue 12, the magnitude of the average
power applied to the tissue 12, and the magnitude of duration
of the lesion formation process (i.e., using the equation (7)
above). It has further been limited to an equation correspond-
ing to a depth of 2 mm. It will be appreciated in view of the
above, however, that the present disclosure is not meant to be
limited to such an embodiment.

[0110] As an initial matter, in addition to being configured
to calculate the value or index described above, in an exem-
plary embodiment, the ECU 34 is also configured to acquire
and/or calculate the terms used in the equation for calculating
the value (i.e., Avg.P. dt, dECI, etc.). As described above, and
as illustrated in FIG. 4, in this embodiment, the ECU 34 is
configured to acquire magnitudes for first and second com-
ponents of the complex impedance (i.e., R and X), the mag-
nitude of power being applied to the tissue 12 during the
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ablation procedure (and more particularly, the magnitude of
the average power applied), and the elapsed time of the lesion
formation process. More particularly, with reference to FIG.
10, the ECU 34 is configured to acquire magnitudes for the
resistance R and reactance X, between the electrode 16 and
the tissue 12 at a point in time t=t; at which the lesion forma-
tion process commenced (i.e., just after initiation of RF
powet/energy delivery to the tissue 12), and to calculate an
ECI(ECI, ) based on the magnitudes of R, and X, (Step 124).
The magnitudes of R, and X, may be received from the
complex impedance sensor 64, and may stored along with the
corresponding time (i.e., t=t;) in a temporary or permanent
memory or storage medium that is either part of, oraccessible
by, the ECU 34, such as, for example, the memory 73.

[0111] The ECU 34 is further configured to acquire mag-
nitudes for R and X at a point in time t=t, at which the depth
of a lesion formed or being formed is assessed (R, and X,),
and to calculate an ECI (ECI,) based on the magnitudes of R,
and X, (Step 126). The ECU 34 is still further configured to
acquire the magnitude of the average RF power (Avg.P)
applied to the tissue 12 from the start of the lesion formation
process (i.e., time t=t, ) to when the lesion depth is assessed
(i.e., time t=t,) (Step 128). The R and X magnitudes may be
received from the complex impedance sensor 64, and the
average power magnitude may be received from the ablation
generator 26, a reporting system associated therewith, or may
be calculated by the ECU 34. Each magnitude may be corre-
lated and/or stored along with the corresponding time (i.e.,
t=t,) in a memory or storage device, such as that described
above, in the manner illustrated, for example, in FIG. 11.

[0112] Because the depth of a lesion may be assessed as it
is being formed such that the lesion depth may be monitored
in real-time, the ECU is further configured to sample the
magnitudes of R, X, and Avg.P throughout the formation of
the lesion at one or more respective predetermined sampling
rates in order to constantly and continuously monitor the
formation of the lesion. In an exemplary embodiment, a sam-
pling rate on the order of 100 to 800 times per second may be
used, however, the present disclosure is not meant to be lim-
ited to such a range of rates but rather sampling rates that are
greater or less than 100 to 800 Hz may be used in different
embodiments. Accordingly, the ECU 34 is configured to
sample the signal received from the complex impedance sen-
sor 64 at a predetermined rate and to store the corresponding
Rand X values (R;,R,, ..., R, and X, X,, ..., X, ) derived
therefrom in the memory or storage medium described above
along with the corresponding times (i.e., t, t,, ..., 1) at
which the samples were taken (See FIG. 11). The ECU 34 is
further configured to calculate an ECI for each corresponding
R and X values, and to store each ECI in the memory or
storage medium as well, Similarly, the ECU 34 is configured
to sample the signal received from the ablation generator 26,
or an associated reporting system, at a predetermined rate and
to store the corresponding average power magnitudes (Avg.
P,,Avg.P,....,P,)inamemory suchas that described above
along with the corresponding times (i.e., t;, t,, ..., 1t ) at
which the samples were taken (See FIG. 11). As briefly
described above, in an exemplary embodiment, rather than
the ablation generator 26 providing the magnitude of the
average power applied, the ECU 34 may be configured to
receive signals from the ablation generator 26 corresponding
to the magnitude of the instantaneous power (P), and the ECU
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34 may be configured to make the calculation to determine the
average power (Avg.P) based on current and past power mag-
nitudes.

[0113] In an exemplary embodiment, after each sample of
R, X, and Avg.P is taken, and an ECI based on the R and X
samples is calculated, the system 10 is configured to calculate
the value or index described above. Alternatively, rather than
calculating the value or index after each sample, the ECU 34
may be configured to perform the calculation at some other
rate, such as after a certain number of samples have been
collected or after a certain amount of time has elapsed. For the
purposes of clarity and brevity alone, the description below
will be directed to an embodiment wherein the calculation is
made after a sample of each of the R, X, and Avg P is collected
at a particular point in time (i.e., time t=t,). It will be appre-
ciated, however that the present disclosure is not meant to be
limited to such an embodiment.

[0114] Accordingly, after a set of samples of each of R, X,
and Avg P are collected, and an ECI based on the values of R
and X is calculated (Steps 124-128), the ECU 34 is configured
to perform a number of calculations. For example, and as
illustrated in FIG. 10, the ECU 34 is configured to calculate a
change in the time, or the elapsed time, represented by the
time interval from the point in time that the lesion formation
process commenced to the point in time that the current
sample was taken (dt) (Step 130), and to calculate the natural
log of the magnitude of the change in time (Step 132). The
ECU 34 is further configured to calculate a change in ECI
(dECI) of the tissue 12 between the ECI of the tissue 12 at the
onset of the lesion formation process and the ECI at the point
in time at which the lesion depth is being assessed (Step 134).
[0115] With respect to the change in time, the ECU 34 is
configured to calculate the change in time or the elapsed time
represented by the time interval from the point in time that the
lesion formation process commenced (i.e., time t=t,) to the
point in time that the current samples were taken, and there-
fore, the point in time that the lesion depth is being assessed.
Accordingly, if the value or index is being calculated using
the values sampled at time t=t,, the change in time is calcu-
lated by subtracting the time t, from the time t, to determine
the elapsed time of the procedure thus far. Accordingly, the
ECU 34 is configured to acquire the times corresponding to t,
and t, and to perform the calculation to determine the mag-
nitude of the change in time or the amount of elapsed time.
Similarly, if the value or index is being calculated at time t;,
the changein time is calculated by subtracting the time t, from
the time t5, and so on and so forth. Accordingly, regardless of
the point in time of the lesion formation process at which the
index is being calculated, the current time value is always
processed with the time value t; to determine the change in
time. Once the change in time magnitude is determined, the
ECU 34 is configured to calculate the natural log of the
change in time magnitude (In dt).

[0116] With respect to the change in ECI (dECI), the ECU
34 is configured to calculate the change in the ECI over the
time interval beginning at the point in time the lesion forma-
tion process commences (i.e., just after initiation of RF
power/energy delivery to the tissue 12) (i.e., time t=t,), to the
point in time at which the lesion depth is assessed. Accord-
ingly, if the calculation is being made for the samples of R, X,
and Avg.P taken at time t=t,, dECI is calculated by subtract-
ing ECL, from ECI,. Accordingly, the ECU 34 is configured
to calculate or acquire ECI magnitudes ECI, and ECI, and to
perform the calculation to determine the change in ECI. Simi-
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larly, if the value or index is being calculated at time t;, the
change in ECI is calculated by subtracting the ECI; from the
ECI,, and so on and so forth. Accordingly, regardless of the
point in time of the lesion formation process at which the
value or index is being calculated, the current ECI magnitude
is always processed with the ECI, to determine the change in
ECL

[0117] Once all ofthe terms above are calculated, the ECU
34 is configured and able to calculate the value or index in
order to determine the likelihood that the lesion has reached
or achieved a predetermined depth (i.e., 2 mm in this exem-
plary embodiment) or to predict whether the lesion has
reached the predetermined depth (Step 136). Accordingly, the
ECU 34 is configured to acquire the correct or appropriate
values for the constant a and the coefficients b, -b;, and, using
the appropriate equation, to process these values with the
terms described above to come to a value or index. Accord-
ingly, the computer program stored or accessible by the ECU
34 includes code for carrying out the execution of the equa-
tion. Once the value or index is calculated, it may be used in
a number of ways.

[0118] In an exemplary embodiment, such as that illus-
trated in FIG. 10, the system 10, and the ECU 34, in particular,
is programmed with, or configured to access, a threshold
value to which the index or value calculated by the equation is
compared to determine or predict whether the lesion has
achieved a certain depth. The threshold is determined by
experimentation and/or analysis performed prior to use of the
system 10 (i.e., as part of the manufacturing or set up process,
for example), and may be impacted by the factors described
above, such as, for example, the type of catheter, the type of
ablation generator, and other characteristics relating, for
example, the equipment of the system 10. In such an embodi-
ment, the calculated index or value is compared to the thresh-
old value (Step 138) and, based on that comparison, the ECU
34 is configured to generate a signal representative of a pre-
diction that the lesion depth has exceeded or is greater than a
predetermined depth (e.g., the index or value meets or
exceeds the threshold), or that is predicted that the lesion
depth is less than the predetermined depth (e.g., the index or
value does not meet and is below the threshold). The ECU 34
may be further configured 1o then control a display device,
such as, for example, the display 36, to display the prediction
represented by the signal generated by the ECU 34 (Step
140).

[0119] In an exemplary embodiment, the threshold is set
prior to the system 10 being used and is not adjustable. Alter-
natively, in another exemplary embodiment, the threshold
may be adjustable by the user to change, for example, the
sensitivity ofthe system. In the latter embodiment, the system
10 may include a user interface, such as for example, user
input device 80, which may comprise a touch screen, a key-
board, a keypad, a slider control, or some other user-control-
lable input device that is electrically connected to the ECU 34,
to allow the user to adjust the threshold value (Step 137).
[0120] More particularly, the system 10 may be pro-
grammed with multiple threshold values corresponding to the
same target depth, but that represent varying levels of sensi-
tivity. These threshold values may be stored in a memory
associated with, or accessible by, the ECU 34 (e.g., the sen-
sitivity levels and corresponding threshold values may be
stored in a look-up table, for example). In an exemplary
embodiment provided for illustrative purposes only, the sys-
tem 10 may have three threshold values that correspond to the
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target depth—one for high sensitivity, one for medium sen-
sitivity, and one for low sensitivity. In one exemplary embodi-
ment, the threshold for the medium sensitivity may be the
default threshold that is used unless the user adjusts the sen-
sitivity of the system. In another exemplary embodiment, the
user may have to set the desired sensitivity when the system
10 is initialized. In another embodiment, rather than adjusting
the sensitivity level of the system, and therefore, the thresh-
old, the value of the threshold may be adjustable by the user
inputting a value for the threshold, or otherwise adjusting the
threshold value (as opposed to indirectly adjusting the thresh-
old by adjusting the sensitivity). In any case, the user has a
measure of control over the sensitivity of the system 10.

[0121] In an exemplary embodiment, in addition to, or
instead of, the threshold being adjustable, the target depth
may be adjusted. For example, while the description above
has generally been with respect to a target depth of 2 mm, in
an exemplary embodiment of the system 10, the user is able to
adjust the target depth using, for example, the user input
device 80. In such an embodiment, the system 10, and the
ECU 34, in particular, is configured to have a plurality of
equations or algorithms stored therein or in a memory acces-
sible thereby, that correspond to different depths (e.g., in an
exemplary embodiment, the depths and corresponding algo-
rithms may be stored in a look-up table that may be accessed
by the ECU 34). Alternatively, the catheter 18 may be con-
figured to store the various equations or algorithms in the
same manner described above. Accordingly, the user may
input the desired target depth into the system 10, and the ECU
34 is configured to obtain the corresponding algorithm and to
perform the calculations and comparisons accordingly. FIG.
12 illustrates and exemplary embodiment of a display 36 that
includes a means by which the target depth may be adjusted.
Accordingly, the system 10 is not limited to assessing the
odds of a lesion reaching any particular depth, but rather may
have the flexibility to assess more than one depth.

[0122] In an exemplary embodiment, once the value or
index is calculated and it is compared to the threshold value,
the system 10 may be configured to cause an appropriate
indicator to be given to the user of the system 10 relating to the
prediction of whether the target depth has been met. The
indicator generated by the ECU 34 may take many forms. For
example, with reference to FIG. 12, the indicator may be
displayed on the display monitor 36. Such a displayed indi-
cator may include, for exemplary purposes only, displaying
an alert or warning message on the monitor 36. In the illus-
trated embodiment, an indicator may be provided as to
whether the lesion depth is “less than” the target depth, or
“greater than” the target depth. The indicator may also be in
the form of a lesion marker on a map of the target tissue. The
lesion marker may vary in color and/or size depending on the
nature of the lesion predicted, for example a deep lesion may
be red, a shallow lesion may be green, and an intermediate
lesion may be yellow. The system may allow the user to set the
ranges for particular colors. In another embodiment, the sys-
tem may consider the tissue depth at a particular target loca-
tion and use a particular marker color to indicate when the
lesion is at a depth that is considered transmural for that target
location. In other exemplary embodiments, the indicator may
take the form of an audible alert, a visible indication on the
catheter handle or another device of the system 10, haptic
feedback, a binary type output (e.g., “light on”/“light off”), a
gas gauge type of output, or any other indicators described
above with respect to FIGS. 8a-8e¢, or as known in the art.
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Based on the indicator provided to the user, the user may take
corrective measures, such as, for example and without limi-
tation, moving the electrode 16 away from the tissue or
toward a new tissue section, reducing the RF power being
applied to tissue, and/or other the like measures.

[0123] In an exemplary embodiment, rather than assessing
the depth of the lesion with respect to a single target depth, the
system 10, and the ECU 34, in particular, is configured to
assess the depth of the lesion with respect to multiple target
depths. For example, a user may want to form a lesion in the
tissue 12 that exceeds a minimum depth, but that is less than
amaximum depth. A minimum depth may be set to maximize
the efficacy of the ablation procedure, while the maximum
depth may be set to maximize the safety of the ablation
procedure. Accordingly, in such an embodiment, the system
10 is configured to access or obtain the algorithms (which are
created or determined in the manner described above) corre-
sponding to the minimum and maximum depths. In the same
manner described above wherein a single target depth is
assessed, the ECU 34 is further configured to calculate a value
or index for each algorithm simultaneously. The resulting
values or indices are then compared to the respective thresh-
olds, and, as illustrated in FIG. 13, corresponding indicators
are provided to the user for each target depth in the same
manner described above. It will be appreciated that the algo-
rithms may include the same or different terms (i.e., the
algorithms may be derived from the same or different elec-
trical characteristics or factors and/or have the same or dif-
ferent number of terms), and may have the same or different
values for the constants and coefficients (i.e., the same or
different values and/or number of constants and coefficients).
[0124] As with the single-target embodiment, in an exem-
plary embodiment, the sensitivity of the system may be
adjusted in the same manner described above for each target
depth. Additionally, each target depth may be adjusted in the
same manner described above. Accordingly, the system 10 is
not limited to assessing the depth of a lesion with respect to a
single target depth, but rather may be used to assess multiple
depths or ranges of depths.

[0125] Whether one or more target depths are being
assessed, once the corresponding value(s) have been calcu-
lated and processed for a set of samples taken at a predeter-
mined point in time, the process repeats itself for a set of
subsequent samples taken at a subsequent point in time in
accordance with a predetermined rate of performing the cal-
culation (i.e., for each set of samples taken for R, X, and
Avg.P; after a predetermined number of samples are taken;
after predetermined amount of time has elapsed, etc.). The
process may be continuously repeated at a given rate until, for
example, the lesion has been acceptably formed, or the for-
mation process has been otherwise stopped.

[0126] As described above, rather than assessing the for-
mation of a lesion by calculating a predicted lesion depth in
the tissue 12 resulting from an ablation procedure being per-
formed thereon, or by predicting whether the lesion has
attained a predetermined depth, in another exemplary
embodiment, the temperature of the tissue as a result of an
ablation procedure may be predicted and then used, for
example, to assess the depth of the lesion.

[0127] Using the experimentation and analysis described
above, it was generally determined that for predicting the
temperature of the tissue 12 a predetermined depth below the
surface (which, in this example, was 3 mm) using the particu-
lar equipment and arrangement of the system 10 used in the
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experimentation and analysis, the reactance (X), the resis-
tance (R), the impedance (7), and the phase angle (¢) com-
ponents of the complex impedance between the electrode 16
and the tissue 12, the instantaneous power applied to the
tissue 12 (P) at the point in time for which the calculation is
made, the duration of the lesion formation process (dt), and
the temperature of the tip of the catheter (T) were significant
factors to be considered in the algorithm. More specifically, it
was determined that the reactance (X), resistance (R), power
(P), catheter temperature (1), and impedance (7) at the time
of the calculation, the product of the power (P) and the dura-
tion (dt) of the lesion formation process, the pre-ablation
change in the phase angle ¢ between when the electrode 16
contacts the tissue 12 and prior to the electrode 16 contacting
the tissue (d¢) (i.e., when the electrode 16 is in the chamber
but not in contact with the tissue, for example), the naturallog
of the duration (dt), and the natural log of the instantaneous
power (P) were the most significant factors to be considered.
[0128] As with the depth prediction algorithm described
above, it was further determined that various other factors
would possibly have an impact on the accuracy of the tem-
perature prediction algorithm. These factors include, for
example and without limitation, certain parameters and/or
characteristics of the equipment and/or arrangement of the
system 10 (such as, for example, the type of catheter and
ablation generator being used, the irrigation flow rate, etc.), as
well as the depth below the surface (e.g., endocardial surface)
of the tissue 12 for which the temperature is being predicted.
Accordingly, it was determined that for the equipment used in
the testing and for a depth of three millimeters (3 mm) below
the tissue surface (which is provided for exemplary purposes
only) the most computationally efficient algorithm would be
based on the factors above (e.g., X, R, P, T, Z, d¢, dt, etc.), as
well as certain predetermined coefficients and constants to
account for design parameters or characteristics of the
devices/equipment used in the ablation procedure, for
example. More specifically, it was determined that the best
equation or algorithm was the equation (9):

Predicted Temperature=a+8&, X+0,R+b3P+b,T+bsZ+bg

(P*(d1)1+b(dp)bg(ln di)+by(In P) (©)
[0129] In this equation, the constant a and the coefficients
b,-b, are predetermined values that are intended to account
for the various factors associated with, for example, the
equipment used in the ablation procedure (i.e., type of cath-
eter and/or ablation generator, irrigation flow rate, etc.). The
constant and coefficients, which may be positive or negative
values depending on the circumstances, can be determined in
a number of ways, such as, for example, controlled experi-
mentation or using analyses, such as, for example, a regres-
sion analysis. Once the constant and coefficients are deter-
mined, they may be stored or programmed into the ECU 34,
or a memory/storage device 73 (best shown in FIG. 1) asso-
ciated therewith or accessible thereby. Alternatively, the cath-
eter 18 may itself include a memory such as an EEPROM that
stores numerical values for the coefficients/constant corre-
sponding to that particular type of catheter and/or other
equipment of the system 10, or stores a memory address for
accessing the numerical values in another memory location.
The ECU 34 may retrieve these values or addresses directly or
indirectly and factor them into the calculation accordingly.
[0130] It should be understood that while the coefficients
and constant of the particular equation above may vary
depending on, among other things, the specific catheter used,
the ablation generator employed, the irrigation flow rate,
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potentially the patient, other equipment in the system, the
species being treated, the depth for which the temperature is
being predicted, and the like, the value calculated using the
particular equation above will always be responsive to com-
ponents of the complex impedance and the RF power applied
to the tissue (e.g., instantaneous power) in order to arrive at an
optimal assessment of the predicted temperature of the tissue
12 a predetermined depth below the surface thereof. It should
be further noted that the constant and coefficients are deter-
mined and programmed as part of the manufacturing and/or
setup process of the system 10, and thus, are not determined
during the use of the system 10 in accordance with its
intended purpose.
[0131] By way of example and illustration, employing the
experimental testing and regression analysis described above,
and using a RF ablation catheter available from St. Jude
Medical, Inc. under the name “CoolPath” and a 485 kHz RF
ablation generator, the best prediction of the temperature of
the tissue three millimeters (3 mm) below the surface of the
endocardial surface of the tissue 12 for a system employing
those particular components was determined to be the follow-
ing equation (10):
Predicted Temperature=—557-2.44X-1.37R-6.88P+3.

057+3.29Z+0.0377(P*(de))+21.1(dp)-14.1(In

di)+167(In P) (10)
[0132] As with the lesion depth prediction algorithm
described above, this was determined by bench and/or animal
testing that included testing on bovine myocardium. Data was
collected and a regression model was performed to come to
equation (10), and the values of the constant and coefficients
thereof.
[0133] As set forth in equations (9) and (10), the tempera-
ture of the tip of the catheter 18 (T) and the pre-ablation phase
angle both prior to and following the electrode 16 contacting
the tissue 12 are evaluated in predicting the temperature of the
tissue. Accordingly, the system 10 must include components
to both sense the temperature of the tip of the catheter 18, and
sense contact, or lack thereof, between the catheter 18 and the
tissue 12.
[0134] With respect to the temperature of the tip of the
catheter 18 (1), in an exemplary embodiment the system 10
includes a temperature sensor 55 disposed at the tip of the
catheter 18. In one exemplary embodiment, the temperature
sensor 55 comprises a thermocouple disposed at the distal end
50 of the catheter and configured to generate an electrical
signal representative of the temperature sensed at the tip of
the catheter 18. The temperature sensor 55 is further config-
ured to communicate the generated signal to the ECU 34
and/or the ablation generator 26. In the latter instance, the
ablation generator 26 would be configured to report the tem-
perature to the ECU 34. Accordingly, the ECU 34 and/or
ablation generator 26 is electrically connected to the sensor
55 (i.e., either by wire(s) or wirelessly) and is configured to
receive the electrical signal therefrom.
[0135] With respect to the sensing of contact between the
catheter 18 and the tissue 12, any number of different contact
sensing techniques may be used. For example, using a real-
time image, such as a fluoroscopic image, for example, a
physician may be able to visualize when the catheter 18
contacts the tissue 12. In another example, a real-time image
may be used in conjunction with a physician’s tactile sensing
to determine contact has been made. In either instance, when
the physician believes contact has been made, he may trigger
the measurement of the phase angle between the electrode 16



US 2014/0194867 Al

and the tissue 12 by inputting acommand into a user interface,
such as, for example, the user interface 80 described above.
Accordingly, the user input device 80 is configured to gener-
ate signal in response to an input by the user.

[0136] In another exemplary embodiment, the catheter 18
may have a sensing element (not shown) disposed at or near
the tip thereof (i.e., at or near the distal end 50 of the catheter
18) and electrically connected to, for example, the ECU 34.
The sensing element, which may comprise an electrode or a
sensor, for example, is configured and operative to generate a
signal indicative of contact between the sensing element and
the tissue 12. Exemplary methods of contact sensing are
described in U.S. patent application Ser. No. 12/347,216,
filed Dec. 31, 2008 and entitled “Multiple Shell Construction
to Emulate Chamber Contraction with a Mapping System,”
incorporated herein by reference above. In one exemplary
embodiment, the sensing element may take the form of any
one or more of a variety of electrical-based, electro-mechani-
cal-based, force-based, optically-based, as well as other tech-
nology-based approaches known in the art for determining
when the sensing element is in contact with the surface of the
tissue 12.

[0137] An alternate approach for sensing contact is to
assess the degree of electrical coupling as expressed, for
example, in an electrical coupling index (ECI) between such
a sensing element and the surface, as seen by reference to, for
example, U.S. patent application Ser. No. 12/253,637, filed
May 30, 2008 and entitled “System and Method for Assessing
Coupling Between an Electrode and Tissue,” which is incor-
porated herein by reference in its entirety.

[0138] In yet another alternate approach, an electrically-
measured parameter indicative of contact, such as, for exem-
plary purposes only, the phase angle of a measured complex
impedance, may be used to determine when the sensing ele-
ment is in contact with tissue 12. One phase angle measure-
ment technique may be as described in U.S. Patent Publica-
tion No. 2009/0171345 entitled “System and Method for
Measurement of an Impedance Using a Catheter such as an
Ablation Catheter,” which is incorporated herein by reference
in its entirety.

[0139] Accordingly, the system 10 may employ one or
more of the above-described techniques to sense when the
catheter 18 has contacted the tissue 12 in order to make the
necessary measurements needed for the temperature predic-
tion algorithm.

[0140] Itshould be noted that although the equations above
relating to predicting tissue temperature and the correspond-
ing description above and below focus on the combination of
the R, X, Z, and ¢ components of the complex impedance, it
should be understood that, in addition or alternatively, com-
binations comprising less than all of the complex impedance
components, and derivatives or functional equivalents
thereof, may be used in predicting tissue temperature. For
example, in addition to the values of the constant and coeffi-
cients of the index equation above changing due to factors
such as the type of catheter, the type of ablation generator, and
other characteristics or parameters, these factors may also
determine or impact which component or components of the
complex impedance and/or aspects of the power are the most
significant, and therefore, best for use in the equation for
calculating the predicted tissue temperature at a certain depth
below the surface of the tissue and using certain equipment.
Therefore, the present invention is not meant to be limited to
the use of any particular complex impedance components,
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particular aspects of the RF power, or number of components.
Rather, equations used to calculate the predicted tissue tem-
perature that are based on one or more components of one or
more complex impedances, and one or more aspects of the
power applied to the tissue 12 remain within the spirit and
scope of the present invention.

[0141] Once the particular complex impedance compo-
nents to be used in the algorithm for a particular catheter or
arrangement of the system 10 are determined and the form of
the algorithm/equation is resolved, the components of the
complex impedance (or an indication corresponding thereto),
the equation to be used, and/or the specific terms of the
equation (including, if appropriate, the constant(s) and/or
coefficients for the equation terms) may be stored or pro-
grammed into the ECU 34, or a memory/storage device 73
(best shown in FIG. 1) associated therewith or accessible
thereby. Alternatively, as described above, the catheter 18 or
another component in the system 10 may include a memory,
such as an EEPROM, that is configured to store the above
identified information or a memory address for accessing the
information stored in another memory location correspond-
ing to that particular type of catheter and/or other equipment
of the system 10. The ECU 34 may retrieve this information
or addresses directly or indirectly and use it to calculate the
predicted tissue temperature.

[0142] With reference to FIG. 14, an exemplary tissue tem-
perature prediction calculation will be described. For pur-
poses of clarity, brevity, and illustration, the description
below has been limited to an embodiment wherein the tem-
perature is calculated based using the equation (9) above. It
will be appreciated in view of the above, however, that the
present disclose is not meant to be limited to such an embodi-
ment.

[0143] As an initial matter, in addition to being configured
to calculate the predicted tissue temperature described above,
in an exemplary embodiment, the ECU 34 is also configured
to acquire and/or calculate the terms used in the equation for
making the calculation (i.e., P(dt), ¢, dt, (Indt), (InP), etc.). In
this embodiment, the ECU 34 is configured to acquire mag-
nitudes for the components of the complex impedance (i.e.,
X, R, Z, and ¢), the magnitudes of the instantaneous power (P)
applied to the tissue 12, the elapsed time of the lesion forma-
tion process, and the temperature of the catheter tip.

[0144] More particularly, with reference to FIG. 14, the
ECU 34 is configured to acquire magnitudes for the pre-
ablation phase angle ¢, between the electrode 16 and the
tissue 12 prior to the electrode 16 contacting the tissue 12, and
the pre-ablation phase angle 8, once the electrode 16 contacts
the tissue 12 (Step 142). These magnitudes may be received
from the complex impedance sensor 64, and may be stored
along in a temporary or permanent memory or storage
medium that is either part of, or accessible by, the ECU 34,
such as, for example, the memory 73.

[0145] The ECU 34 is further configured to acquire mag-
nitudes for X, R, Z, P, and the temperature (T) of the catheter
tip at a point in time t=t, at which the depth of the lesion is
assessed (the lesion formation process commencing at time
t=t,) (Step 144). The X, R, and Z magnitudes may be received
from the complex impedance sensor 64, the P magnitude may
be received from the ablation generator 26, or a reporting
system associated therewith, and the T magnitude may be
received from the temperature sensor 55 or the ablation gen-
erator 26. Each magnitude may be correlated and/or stored
along with the corresponding time (i.e., t=t,) in a memory or
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storage device such as that described above in the manner, for
example, illustrated in FIG. 15. The ECU is still further con-
figured to calculate the duration of the lesion formation pro-
cess by calculating the change in time from when the lesion
formation process commenced (i.e., time t=t,), to when the
temperature calculation is being made (i.e., time t=t,, for
example). The duration (dt) may then be stored in a memory
or storage device as described above.

[0146] Because the temperature of the tissue may be
assessed as the lesion is being formed such that the tissue
temperature may be predicted/monitored in real-time, the
ECU 34 is further configured to sample the magnitudes for X,
R, Z, P, and T throughout the formation of the lesion at one or
more respective predetermined sampling rates in order to
constantly and continuously monitor the predicted tempera-
ture of the tissue. In an exemplary embodiment, a sampling
rate on the order of 100 to 800 times per second may be used,
however, the present disclosure is not meant to be limited to
such a range of rates but rather a sampling rate that is greater
than or less than 100 to 800 Hz may be used in different
embodiments. Accordingly, the ECU 34 is configured to
sample the signal received from the complex impedance sen-
sor 64 at a predetermined rate and to store the corresponding
X, R,and Z, magnitudes (X;, X, ..., X ;R,R,,...,R,;and
Z,,7,,...,7Z,) derived therefrom in the memory or storage
medium described above along with the corresponding times
(ie,t,t,, ..., t,)at which the samples were taken (See FIG.
15). Similarly, the ECU 34 is configured to sample the signals
received from the ablation generator 26, or an associated
reporting system, and the temperature sensor 55 (in an
embodiment wherein the temperature sensor 55 communi-
cates with the ECU 34 directly) at a predetermined rate, and
to store the corresponding power and temperature values (P,
Py ...,P,and T{, T,, ..., T,) in a memory such as that
described above along with the corresponding times (i.e., t;,
ty, . . ., t,) at which the samples were taken (See FIG. 15).

[0147] In an exemplary embodiment, after each set of
samples of X, R, Z, P, and T is taken, the system 10 is
configured to calculate the predicted tissue temperature
described above. Alternatively, rather than calculating the
predicted temperature after each set of samples, the ECU 34
may be configured to calculate the predicted temperature at
some other rate such as after a certain number of sets of
samples have been collected, after a certain amount of time
has elapsed, upon receiving instructions from the user to do
so, or after the lesion formation process has been completed.
For the purposes of clarity and brevity alone, the description
below will be directed to an embodiment wherein the pre-
dicted depth is calculated after a set of samples of each of the
X, R, Z, P, and T is collected at a particular point in time,
which, for this example, is time t=t,. It will be appreciated,
however that the present invention is not meant to be limited
to such an embodiment.

[0148] Accordingly, after a set of samples of each of X, R,
7, P, and T are collected, the ECU 34 is configured to perform
a number of calculations. For example, and as illustrated in
FIG. 14, the ECU 34 is configured to calculate a change in the
time (dt), or the elapsed time, represented by the time interval
from the point in time that the lesion formation process com-
menced (i.e., time t=t, in this embodiment) to the point in
time that the current sample was taken (i.e., time t=t,) (Step
146). The ECU 34 is further configured to multiply the mag-
nitude of the power (P,) with the change in time (dt) (Step
148), to calculate the change in phase angle (d¢) between ¢,

Jul. 10,2014

and ¢, by subtracting ¢, from ¢, (Step 150), to calculate the
natural log of the magnitude of the duration or change in time
(dt) (Step 152), and to calculate the natural log of the power
(P,) applied to the tissue (Step 154).

[0149] Once all of the terms above are calculated, the ECU
34 is configured and able to calculate the predicted tissue
temperature at that point in time (Step 156). Accordingly,
using equation (9) above as an example, the ECU 34 is con-
figured to acquire the correct or appropriate values for the
constant a and the coefficients b,-by, and to process these
values with the terms described above to come to a predicted
temperature of the tissue a predetermined depth below the
surface of the tissue 12 (i.e., in this embodiment, 3 mm below
the endocardial surface). Accordingly, the computer program
stored or accessible by the ECU 34 includes code for carrying
out the execution of the predicted temperature equation. Once
the predicted temperature is calculated, it may be used in a
number of ways, such as, for example, in the same manner as
was described above in great detail for the calculated pre-
dicted lesion depth (i.e., the calculated temperature may be
used and displayed in same manner as the calculated pre-
dictedlesion depth). Accordingly, the description above relat-
ing to the use and display of the predicted lesion depth applies
here with equal force, and therefore, will not be repeated in its
entirety.

[0150] However, for illustrative purposes only, in one
exemplary embodiment, the ECU 34 is configured to generate
a signal representative of an indicator or indication of the
predicted temperature, and may be further configured to con-
trol a display, such as, for example, the display 36, to display
the indicator represented by the signal generated by the ECU
34. In other words, the calculated temperature may be dis-
played for the user of the system 10 to see (Step 158). In one
exemplary embodiment, the predicted tissue temperature
may be displayed in numerical form (e.g., a digital readout)
on the display 36 of the visualization, mapping, and naviga-
tion system 32. The temperature magnitude may also be dis-
played with the duration of time that the temperature has
remained at that temperature, and/or along with a log of prior
temperature calculations. This embodiment provides the phy-
sician or clinician using the system 10 with a real-time indi-
cation of tissue temperature. Accordingly, if the ECU 34
calculates the predicted tissue temperature at 3 mm below the
surface of the tissue 12 is 50° C., areading of “50° C.” will be
displayed on the display 36. Based on the displayed predicted
temperature, and using his’her experience, the user of the
system 10 may be able to interpret the displayed temperature
to determine the depth of the lesion being formed at that
particular location. More particularly, if the temperature
reaches a predetermined magnitude, the user may be able to
tell that the lesion has reached the depth to which the tem-
perature corresponds. For example, if the calculated tempera-
ture corresponds to the predicted temperature of the tissue 3
mm below the surface of the tissue, based on the displayed
calculated temperature, the user may be able to determine
whether or not the lesion has reached a depth of 3 mm.
Accordingly, rather than the system 10 predicting the lesion
depth, in this embodiment, the system 10 predicts the tem-
perature of the tissue a predetermined depth below the sur-
face, and then the user of the system interprets the predicted
temperature to assess the lesion depth for himself/herself.
Thus, the system 10 in this embodiment provides a tool that
the user of the system 10 may use to assess lesion depth, as
opposed to assessing lesion depth itself.
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[0151] Tt will be appreciated that while the description
above has been limited to an embodiment wherein the pre-
dicted temperature corresponds to the temperature of the
tissue at a depth of 3 mm below the surface of the tissue, the
present disclosure is not meant to be limited to such an
embodiment. Rather, it is contemplated that the tissue tem-
perature at depths greater than or less than 3 mm below the
surface of the tissue may be predicted in a similar manner to
that described above, and therefore, embodiments of the sys-
tem 10 for predicting temperatures at depths other than 3 mm
remain within the spirit and scope of the present disclosure.

[0152] Regardless of how the calculated predicted tem-
perature is processed and/or displayed, once the predicted
temperature has been calculated and evaluated for a set of
samples taken at a predetermined point in time, in an exem-
plary embodiment, the system 10 may be configured to repeat
the above-described process for a set of subsequent samples
taken at a subsequent point in time in accordance with a
predetermined rate of calculating the predicted temperature
(i.e., for each set of samples taken for X, R, P, T, Z, and dt, for
example; after a predetermined number of sets of samples are
taken; after predetermined amount of time has elapsed, etc.).
The process may be continuously repeated at a given rate
until, for example, the physician or clinician terminates the
process, or the lesion formation process has been otherwise
stopped.

[0153] Inaccordance with another aspect of the disclosure,
the system 10 may take the form of an automated catheter
system 82, such as, for example and without limitation, a
robotic catheter system or a magnetic-based catheter system.
As will be described below, the automated catheter system 82
may be fully or partially automated, and so may allow for at
least a measure of user control through a user input.

[0154] In the embodiment wherein the automated catheter
system 82 is a robotic catheter system (i.e., robotic catheter
system 82), a robot is used, for example, to control the move-
ment of the catheter 18 and/or to carry out therapeutic, diag-
nostic, or other activities. In an exemplary embodiment, the
robotic catheter system 82 may be configured such that infor-
mation relating to the calculated predicted lesion depth and/or
tissue temperature may be communicated from the ECU 34 to
a controller or control system 84 of the robotic catheter sys-
tem 82. In an exemplary embodiment, the ECU 34 and the
controller 84 are one in the same. However, in another exem-
plary embodiment, the two are separate and distinct compo-
nents. For ease of description purposes only, the following
description will be directed to the latter, separate and distinct
arrangement. It should be noted, however, that the embodi-
ment wherein the controller 84 and the ECU 34 are the same
remains within the spirit and scope of the present invention.

[0155] The information communicated to the controller 84
may be in the form of signal(s) generated by the ECU 34 that
are representative of the predicted lesion depth or tempera-
ture. As will be described in greater detail below, the control-
ler/control system 84 may use this information in the control
and operation of the robotic catheter system 82. With refer-
ence to FIGS. 16 and 17, the robotic catheter system 82 will
be briefly described. A full description of the robotic catheter
system 82 1s set forth in commonly-assigned and co-pending
U.S. patent application Ser. No. 12/347,811 entitled “Robotic
Catheter System,” the disclosure of which is hereby incorpo-
rated by reference herein in its entirety.

[0156] Accordingly, FIGS. 16 and 17 illustrate the robotic
catheter system 82. The robotic catheter system 82 provides
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the ability for precise and dynamic automated control in, for
example, diagnostic, therapeutic, mapping, and ablative pro-
cedures. In an exemplary embodiment, the robotic catheter
system 82 includes one or more robotic catheter manipulator
assemblies 86 supported on a manipulator support structure
88. The robotic catheter manipulator assembly 86 may
include one or more removably mounted robotic catheter
device cartridges 90, for example, that are generally linearly
movable relative to the robotic catheter manipulator assembly
86 to cause the catheter associated therewith (i.e., catheter 18)
to be moved (e.g., advanced, retracted, etc.). The catheter
manipulator assembly 86 serves as the mechanical contro] for
the movements or actions of the cartridge 90. The robotic
catheter system 82 may further include a human input device
and control system (“input control system™) 92, which may
include a joystick and related controls with which a physi-
cian/clinician may interact to control the manipulation of the
cartridge 90, and therefore, the catheter 18 of the system 82.
The robotic catheter system 82 may still further include an
electronic control system 94, which, in an exemplary embodi-
ment, consists of or includes the controller 84, which trans-
lates motions of the physician/clinician at the input device
into a resulting movement of the catheter. As with the system
10 described above, the robotic catheter system 82 may fur-
ther include the visualization, mapping, and navigation sys-
tem 32, to provide the clinician/physician with real-time or
near-real-time positioning information concerning the cath-
eter and various types of anatomical maps, models, and/or
geometries of the cardiac structure of interest, for example.

[0157] In addition to, or instead of, the manual control
provided by the input control system 92, the robotic catheter
system 82 may involve automated catheter movement. For
example, in one exemplary embodiment, a physician/clini-
cian may identify locations (potentially forming a path) on a
rendered computer model ofthe cardiac structure. The system
82 can be configured to relate those digitally selected points to
positions within the patient’s actual/physical anatomy, and
may command and control the movement of the catheter 18 to
defined positions. Once in a defined position, either the phy-
sician/clinician or the system 82 could perform desired treat-
ment or therapy, or perform diagnostic evaluations. The sys-
tem 82 could enable full robotic control by using optimized
path planning routines together with the visualization, map-
ping, and navigation system 32.

[0158] As briefly described above, in an exemplary
embodiment, information relating to the predicted lesion
depth, the likelihood that a lesion has reached a predeter-
mined depth, or predicted tissue temperature is input into
controller 84 and may be used in the control and operation of
the robotic catheter system 82. In an exemplary embodiment,
the information is generated by, for example, the ECU 34 as
described in great detail above. This information is then com-
municated by the ECU 34 to the controller 84. In one exem-
plary embodiment the information is simply stored within the
robotic catheter system 82. Accordingly, no affirmative action
is taken by the controller 84, or any other component of the
robotic catheter system 82, in response to the information. In
another exemplary embodiment, however, the information
may be used by the robotic catheter system 82 to control one
or more aspects of the operation of the system 82.

[0159] More particularly, in an exemplary embodiment,
when it is determined, based on, for example, the calculated
predicted lesion depth, that a lesion of a particular depth has
been formed in the tissue 12, the controller 84 may be con-
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figured to retract or move the catheter 18 away from the tissue
12. The controller 84 may also be configured to cause the RF
power being applied to the tissue 12 to be reduced or turned
off completely. In such aninstance, the controller 84 would be
connected to the ablation generator 26 either directly or indi-
rectly through, for example, the ECU 34 to allow communi-
cation between the controller 84 and the ablation generator 26
to reduce or turn-off the power applied to the tissue 12.
[0160] In another exemplary embodiment, instead of the
controller 84 taking the affirmative steps to move away from
the tissue or causing the power applied to the tissue 12 to be
reduced or turned off, the controller 84 is configured to
inquire as to whether the ablation procedure should go on,
whether the controller 84 should move the catheter 18,
whether the power should be reduced, etc. This inquiry may
be directed to a physician/clinician, the ECU 34, or another
component within the system 82. Depending on the feedback
the controller 84 receives, it may take the necessary actions to
carry out the instructions embodied by the feedback.

[0161] Itwill be appreciated that while the description thus
far has been primarily with respect to an RF-based ablation
system, the disclosure herein is not meant to be so limited.
Rather, one of ordinary skill in the art will appreciate that the
disclosure herein may find application with ablation systems
other than RF-based ablation systems, such as, for example
and without limitation, high intensity ultrasound (HIFU)
ablation systems, cryogenic ablation systems, chemical abla-
tion systems, and laser-based ablation systems. Accordingly,
ablation systems other than RF-based ablation systems
remain within the spirit and scope of this disclosure.

[0162] With reference to FIG. 18, an exemplary embodi-
ment of the automated catheter guidance system 82 compris-
ing a magnetic-based catheter system (i.e., magnetic-based
catheter system 82') is illustrated. In one exemplary embodi-
ment, one or more externally generated magnetic fields pro-
duced by one or more electromagnets are used to move,
guide, and/or steer a magnetically-tipped catheter through a
patient’s body. The externally generated magnetic fields exert
a desired torque on the catheter to cause the position of the
catheter to be manipulated in a desired way (e.g., advance,
retract, bend, rotate, speed up, slow down, etc.). Accordingly,
as with the robotic catheter system described above, the mag-
netic fields may be used to control the movement of the
catheter 18 and/or to allow the system 10 to carry out thera-
peutic, diagnostic, or other activities at given locations within
the patient’s body. A full description of a magnetic-based
catheter system is set forth in U.S. Pat. No. 6,507,751 entitled
“Method and Apparatus Using Shaped Field of Reposition-
able Magnet to Guide Implant,” and U.S. Published Patent
Application No. 2007/0016006 A1 entitled “Apparatus and
Method for Shaped Magnetic Field Control for Catheter,
Guidance, Control, and Imaging,” the disclosures of which
are hereby incorporated by reference herein in their entireties.
[0163] In an exemplary embodiment, the magnetic-based
catheter system 82' may be configured such that information
relating to the calculated predicted lesion depth or tissue
temperature, or the determination as to the likelihood that the
lesion has reached a predetermined depth may be communi-
cated from the ECU 34 to a controller or control system 84' of
the magnetic-based catheter system 82'. In an exemplary
embodiment, the ECU 34 and the controller 84' are one inthe
same. However, in another exemplary embodiment, the two
are separate and distinct components. For ease of description
purposes only, the following description will be directed to
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the latter, separate and distinct arrangement. It should be
noted, however, that the embodiment wherein the controller
84' and the ECU 34 are the same remains within the spirit and
scope of the present invention.

[0164] The information communicated to the controller 84'
may be in the form of the signal(s) described above represen-
tative of the calculated lesion depth, tissue temperature, and/
or likelihood that the lesion has reached a predetermined
depth. As will be described in greater detail below, the con-
troller/control system 84' may use this information in the
control and operation of the magnetic-based catheter system
82"

[0165] As with the robotic catheter system described
above, the magnetic-based catheter system 82' provides the
ability for precise and dynamic automated control in, for
example, diagnostic, therapeutic, mapping, and ablative pro-
cedures. In an exemplary embodiment, the magnetic-based
catheter system 82' includes somewhat similar structure to
that of the robotic catheter system described above to effect
the movement of the catheter 18. For example, system 82'
may comprise a catheter manipulator assembly 86' that
includes, in part, one or more external magnetic field genera-
tors configured to create the magnetic field(s) required to
induce the movement of the catheter 18, and a magnetic
element 96 mounted thereon or therein. The system 82' may
further comprise support structures and the like to support
catheter 18. As also with the robotic catheter system, the
magnetic-based catheter system 82' may further include a
human input device and control system (“input control sys-
tem”), which may include a joystick and related controls with
which a physician/clinician may interact to control the
manipulation the catheter 18. In one exemplary embodiment,
the system 82' is configured such that the physician or clini-
cian may input a command for the catheter to move in a
particular way. The system 82' processes that input and
adjusts the strength and/or orientation of the external mag-
netic fields to cause the catheter 18 to move as commanded.
The magnetic-based catheter system 82' may also still further
include an electronic control system, which, as with the elec-
tronic control system of the robotic catheter system described
above, may consist of or include the controller 84', that trans-
lates motions of the physician/clinician at the input device
into a resulting movement ofthe catheter. Finally, in an exem-
plary embodiment, the magnetic-based catheter system 82'
may further include the visualization, mapping and naviga-
tion system 32, to provide the clinician/physician with real-
time or near-real-time positioning information concerning
the catheter and various types of anatomical maps, models,
and/or geometries of the cardiac structure of interest, for
example.

[0166] As briefly described above, in an exemplary
embodiment, information relating to the calculated lesion
depth or tissue temperature, or the likelihood that the lesion
has reached a predetermined depth, is input into controller 84'
and may be used in the control and operation of the magnetic-
based catheter system 82'. In an exemplary embodiment, the
information is generated by, for example, the ECU 34 as
described in great detail above. This information is then com-
municated by the ECU 34 to the controller 84'. In one exem-
plary embodiment the information is simply stored within the
magnetic-based catheter system 82'. Accordingly, no affirma-
tive action is taken by the controller 84', or any other compo-
nent of the magnetic-based catheter system 82', in response to
the information. In another exemplary embodiment, however,
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the information may be used by the magnetic-based catheter
system 82' to control one or more aspects of the operation of
the system 82'.

[0167] More particularly, in an exemplary embodiment,
when it is determined, based on, for example, the calculated
lesion depth, that a lesion of a particular depth has been
formed, the controller 84' may be configured to retract or
move the catheter 18 away from the tissue 12 by adjusting the
strength and/or orientation of the external magnetic field. The
controller 84' may also be configured to cause the RF power
being applied to the tissue 12 to be reduced or turned off
completely. In such an instance, the controller 84' would be
connected to the ablation generator 26 either directly or indi-
rectly through, for example, the ECU 34 to allow communi-
cation between the controller 84' and the ablation generator
26 to reduce or turn-off the power applied to the tissue 12.
[0168] In another exemplary embodiment, instead of the
controller 84' taking the affirmative steps to move away from
the tissue or causing the power applied to the tissue 12 to be
reduced or turned off, the controller 84' is configured to
inquire as to whether the ablation procedure should go on,
whether the controller 84' should move the catheter 18,
whether the power should be reduced, etc. This inquiry may
be directed to a physician/clinician, the ECU 34, or another
component within the system 82'. Depending on the feedback
the controller 84' receives, it may take the necessary actions to
carry out the instructions embodied by the feedback.

[0169] Itwill be appreciated that in addition to the structure
of the system 10 and the article of manufacture described
above, another aspect of the present disclosure is a method for
assessing the formation of a lesion in tissue on which an
ablation procedure is being performed is provided. With
respect to FIG. 4, and in its most general form, the method
includes a first step 100 of acquiring, by the ECU 34, one or
more values for one or more components of a complex imped-
ance between the electrode 16 and the tissue 12. A second step
102 includes acquiring, by the ECU 34, a value for the power
applied to the tissue 12 during the formation of the lesion
therein. A third step 104 includes calculating, by the ECU 34,
a value responsive to the magnitudes for the one or more
complex impedance components and the applied power,
wherein the value is indicative of one of a predicted lesion
depth, a likelihood that the lesion has reached a predetet-
mined depth, and a predicted tissue temperature.

[0170] With reference to FI1G. 6, a more detailed descrip-
tion of one exemplary embodiment of the method will be
described. In this embodiment, the calculated value is indica-
tive of a predicted lesion depth. In the interest of clarity and
brevity, the methodology will be described solely with
respect to equation (3) above. It will be appreciated, however,
that the present disclosure is not meant to be limited solely to
this prediction algorithm or methodology.

[0171] In such an embodiment, magnitudes for first and
second components of the complex impedance are acquired.
These components comprise resistance (R) and phase angle
($). Accordingly, in step 106, a magnitude of the pre-ablation
phase angle between the electrode 16 and the tissue 12 is
acquired by the ECU 34 corresponding to a point in time prior
to the commencement of the lesion formation process (i.e.,
time t=t,). Additionally, magnitudes for the resistance and the
phase angle between the electrode 16 and the tissue 12 are
acquired by the ECU 34 corresponding to a point in time at
which the lesion formation process commences (i.e., just after
initiation of RF power/energy delivery to the tissue 12) (i.e.,
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time t=t,). In step 108, magnitudes for the resistance and
phase angle between the electrode 16 and the tissue 12 cor-
responding to the time at which the lesion depth is being
predicted, as well as a magnitude of the average power
applied to the tissue to that point in the lesion formation
process, are acquired by the ECU 34.

[0172] 1In step 110, the ECU 34 calculates a change in
resistance (dR) between the resistance magnitude corre-
sponding to the point in time at which the lesion formation
process commences (i.e., time t=t,) and the resistance mag-
nitude corresponding to the point in time at which the lesion
depth is being predicted. In step 112, the ECU 34 calculates or
determines a change in time (dt), or the amount of elapsed
time between the start of the lesion formation process and the
time at which the predicted depth is being calculated.

[0173] Instep 114, the ECU 34 calculates achange in phase
angle (d¢) between the phase angle magnitude corresponding
to the point in time at which the lesion formation process
commences (i.e., time t=t,) and the phase angle magnitude
corresponding to the point in time at which the lesion depth is
being predicted.

[0174] In step 116, the natural log of the magnitude of the
average power is calculated by the ECU 34.

[0175] Once each of the above described calculations are
made, the ECU 34 is configured to acquire the appropriate
values for the constant and coefficients of the predicted depth
equation, and to then process these values with the calcula-
tions described above to calculate the predicted depth (Step
117). More particularly, step 117 includes summing a prede-
termined constant with: the product of a first coefficient and
the natural log of the average power; the product of a second
coeflicient and the term (dt); the product of a third coefficient
and the magnitude of the pre-ablation phase angle; the prod-
uct of a fourth coefficient and the term dR; and the product of
a fifth coefficient and the term d¢.

[0176] With continued reference to FIG. 6, in an exemplary
embodiment, the method further includes a step 118 that
includes generating, by the ECU 34, a signal or indicator
representative of the calculated predicted lesion depth, and
controlling, by the ECU 34, a display device, such as, for
example, the display 36, to display the predicted lesion depth,
or an indicator thereof, represented by the signal generated by
the ECU 34. This display may be in the form of a numeric
display, or some other form, such as, for example, markers on
an image/model. The ECU 34 is further configured to repeat
the above described methodology using R, ¢, and Avg.P
samples corresponding to a subsequent point in time in the
lesion formation process.

[0177] Withreferenceto FIGS. 9a and 95, in another exem-
plary embodiment described in great detail above, rather than
displaying the predicted lesion depth as described above, the
method further includes a step 120 of setting at least one
targetlesion depth, and a step 122 of comparing the calculated
predicted depth to the target. In this embodiment, the display
step 118 of the method comprises displaying an indication to
user as to whether the predicted depth meets, exceeds, or falls
below the target. Accordingly, the ECU 34 is configured to
compare the predicted depth to one or more targets, to gen-
erate one or more signals representative of one or more indi-
cators corresponding to the result of the comparison(s), and to
control the display 36 to display the indicator(s) represented
by the generated signal(s). As with the embodiment above,
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once the indicator is displayed, the ECU 34 is configured to
repeat the above described process for a subsequent set of
samples.

[0178] With respect to FIG. 10, a more detailed description
of another exemplary embodiment of the method of assessing
the formation of alesion in a tissue 12 will be provided. In this
embodiment, the calculated value is indicative of a likelihood
that the lesion has reached a predetermined depth. In the
interest of clarity and brevity, the methodology will be
described solely with respect to equation (7) above. It will be
appreciated, however, that the present disclosure is not meant
to be limited solely to this particular algorithm or methodol-
ogy of assessing the likelihood that a lesion has reached a
predetermined depth.

[0179] Insuchanembodiment, in step 124, magnitudes for
the resistance (R,) and reactance (X,) between the tissue 12
and the electrode 16 at the point in time at which the lesion
formation process commences (i.e., time t=t, ) are acquired,
and an ECI (ECI)) is calculated based on R, and X,.

[0180] In step 126, magnitudes of the resistance (R,) and
reactance (X,) between the tissue 12 and the electrode 16 at
the point in time at which the lesion depth is assessed (i.e.,
time t=t,) are acquired, and an ECI (ECI,) is calculated based
on R, and X,,.

[0181] In step 128, a magnitude for the average power
(Avg.P) applied to the tissue 12 during the lesion formation
process is acquired.

[0182] In step 130, a magnitude for the change in time
between the onset of the lesion formation process and the time
at which the lesion depth is assessed, or the duration of the
lesion formation process, is calculated (dt); and in step 132,
the natural log of the magnitude of the change in time (dt) is
calculated.

[0183] Instep134,the change in the ECI between the onset
of the lesion formation process and the time at which the
lesion depth is assessed is calculated (dECI).

[0184] Once each of the above described calculations are
made, the ECU 34 is configured to acquire the appropriate
values for the constant and coefficients of the equation, and to
then process these values with the calculations described
above to calculate the value or index (Step 136). More par-
ticularly, step 136 includes summing a predetermined con-
stant with: the product of a first coefficient and magnitude of
the average power (Avg.P); the product of a second coeffi-
cient and the natural log of the magnitude of the change in
time (dt); and the product of a third coefficient and the mag-
nitude of the change in ECI (dECI).

[0185] With continued reference to FIG. 10, the method
further includes a step 138 of comparing, by the ECU 34, the
calculated value or index to a threshold, and generating a
signal representative of an indicator that the depth is above or
below the target depth based on the comparison of the value/
index with the threshold. In an exemplary embodiment, the
method further includes a step 140 of controlling, by the ECU
34, the display device to display the indicator represented by
the generated signal. Additionally, in an exemplary embodi-
ment, the method may further include a step 137 performed
prior to the comparison step 138 that comprises adjusting the
threshold value. More particularly, step 137 may include
receiving, by the ECU 34, an input from a user input device,
such as, for example, user input device 80, and then adjusting
the threshold value in response to the user input.

[0186] Inanexemplary embodiment, thesystem10,and the
ECU 34, in particular, is further configured to repeat the
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above described methodology using samples corresponding
to a subsequent point in time in the lesion formation process.

[0187] In alternate exemplary embodiments, the method
further includes, as described in greater detail above, one or
more of the steps of: receiving, from a user input device, an
input corresponding to the desired target depth (i.e., adjusting
the target depth); receiving, from a user input device, an input
corresponding to the desired sensitivity of the system (i.e.,
adjusting the threshold); and calculating a value or index for
asecond target depth simultaneous with the calculation of the
value or index for a first target depth.

[0188] With reference to FIG. 14, a more detailed descrip-
tion of another exemplary embodiment of the method of
assessing the formation of a lesion in a tissue 12 will be
provided. In this embodiment, the calculated value is indica-
tive of a predicted temperature of the tissue a predetermined
depth below the surface of the tissue. In the interest of clarity
and brevity, the methodology will be described solely with
respect to equation (9) above. It will be appreciated, however,
that the present disclosure is not meant to be limited solely to
this prediction algorithm or methodology.

[0189] Insuchanembodiment, in step 142, magnitudes for
the pre-ablation phase angle between the electrode 16 and the
tissue 12 both prior to (¢,) and following (¢, ) the catheter 18
contacting the tissue 12 are acquired. In step 144, magnitudes
for the resistance, reactance, and impedance between the
electrode 16 and the tissue 12, the magnitude of the instanta-
neous power applied to the tissue 12, and the magnitude of the
temperature of the tip of the catheter 18, all corresponding to
the time at which the temperature of the tissue is being pre-
dicted, are acquired by the ECU 34.

[0190] In step 146, the ECU 34 calculates or determines a
change in time (dt), or the amount of elapsed time between the
start of the lesion formation and the time at which the pre-
dicted temperature is being calculated. In step 148, the ECU
34 multiplies the magnitude of the instantaneous power with
the change in time (dt).

[0191] In step 150, the ECU 34 calculates the change in
pre-ablation phase angle (d¢) based on phase angle magni-
tudes ¢, and ¢,.

[0192] In step 152, the natural log of the magnitude of
change in time (dt) is calculated by the ECU 34; and in step
154, the natural log of the magnitude of the instantaneous
power applied to the tissue 12 is calculated by the ECU 34.

[0193] Once each of the above described calculations are
made, the ECU 34 is configured to acquire the appropriate
values for the constant and coefficients of the predicted tem-
perature equation, and to then process these values with the
calculations described above to calculate the predicted tem-
perature (Step 156). More particularly, step 156 includes
summing a predetermined constant with: the product of a first
coefficient and magnitude of the reactance (X); the product of
a second coefficient and magnitude of the resistance (R); the
product of a third coefficient and the magnitude of the power
(P) applied to the tissue 12; the product of a fourth coefficient
and the magnitude of the temperature of the catheter tip (T);
the product of a fifth coefficient and the magnitude of the
impedance (Z); the product of a sixth coefficient and the
product of the power (P) applied to the tissue and the term
(dt); the product of seventh coefficient and the term d 0; the
product of an eighth coefficient and the natural log ofthe term
(dt); and the product of a ninth coefficient and the natural log
of the power applied to the tissue 12.
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[0194] With continued reference to FIG. 14, in an exem-
plary embodiment, the method further includes a step 158 that
includes generating, by the ECU 34, a signal or indicator
representative of the calculated predicted temperature, and
controlling, by the ECU 34, a display device, such as, for
example, the display 36, to display the predicted temperature,
or an indicator thereof, represented by the signal generated by
the ECU 34. This display may be in the form of a numeric
display, or some other form, such as, for example, markers on
an image/model. The ECU 34 is further configured to repeat
the above described methodology using samples correspond-
ing to a subsequent point in time in the lesion formation
process.

[0195] It should be noted that the processes described
above are lesion-by-lesion processes. As such, for each new
lesion that is performed during an ablation process (multiple
lesions may be performed during a single ablation process),
the values for the factors used in the equation(s) for calculat-
ing the value must be reevaluated and reset in order for the
calculated values to be accurate. In order for the system 10,
and the ECU 34, in particular, to know when a new lesion is
being performed, and therefore, when to reset and/or reevalu-
ate the appropriate values or factors, the system 10 may
further include a means or mechanism for informing the ECU
34 that a new lesion formation process is commencing. In an
exemplary embodiment, the system 10 includes a user input
device, such as, for example and without limitation, a trigger
mechanism on the handle 44 of the catheter 18, a button
associated with the visualization, mapping, and navigation
system 32, or a device such as that described above with
respect to user input device 80, that is electrically connected
to, and configured for communication with, the ECU 34 to
allow the user to indicate when a new lesion formation pro-
cess 1s commencing. Alternatively, this may be carried out
algorithmically by having the system 32, for example, deter-
mine the start of a lesion based on detection of catheter
stability or some other factor/attribute. In yet another embodi-
ment, the system 10 is configured, based on the input to ECU
34 from the ablation generator 26, to determine when one
lesion formation process is concluded, and when another
lesion formation process is commencing. Accordingly, it is
contemplated that any number of means or mechanisms could
be used to inform the ECU 34 that a lesion formation process
is about to commence, or has commenced, and each of these
means/mechanisms remain within the spirit and scope of the
present invention.

[0196] It should be understood that the system 10, particu-
larly ECU 34, as described above may include conventional
processing apparatus known in the art, capable of executing
preprogrammed instructions stored in an associated memory,
all performing in accordance with the functionality described
herein. It is contemplated that the methods described herein,
including without limitation the method steps of embodi-
ments of the disclosure, will be programmed in a preferred
embodiment, with the resulting software being stored in an
associated memory and where so described, may also consti-
tute the means for performing such methods. Implementation
of the invention, in software, in view of the foregoing
enabling description, would require no more than routine
application of programming skills by one of ordinary skill in
the art. Such a system may further be of the type having both
ROM, RAM, a combination of non-volatile and volatile
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(modifiable) memory so that the software can be stored and
yet allow storage and processing of dynamically produced
data and/or signals.

[0197] Although several embodiments of this disclosure
have been described above with a certain degree of particu-
larity, those skilled in the art could make numerous alterations
to the disclosed embodiments without departing from the
scope of this disclosure. All directional references (e.g.,
upper, lower, upward, downward, left, right, leftward, right-
ward, top, bottom, above, below, vertical, horizontal, clock-
wise and counterclockwise) are only used for identification
purposes to aid the reader’s understanding of the present
disclosure, and do not create limitations, particularly as to the
position, orientation, or use of the system, article of manu-
facture and methodology of the present disclosure. Joinder
references (e.g., attached, coupled, connected, and the like)
are to be construed broadly and may include intermediate
members between a connection of elements and relative
movement between elements. As such, joinder references do
not necessarily infer that two elements are directly connected
and in fixed relation to each other. It is intended that all matter
contained in the above description or shown in the accompa-
nying drawings shall be interpreted as illustrative only and not
as limiting. Changes in detail or structure may be made with-
out departing from the disclosure as defined in the appended
claims.

1.-27. (canceled)
28. A system for assessing tissue of an anatomical structure
during an ablation procedure, the system comprising:
an elongate medical device comprising:
atleast one optical-based sensing element configured for
sensing contact of the elongate medical device with
the tissue, and
at least one electrode configured for sensing at least one
component of a complex impedance between the
electrode and the tissue; and
an electronic control unit (ECU) configured to:
acquire a signal from the optical-based sensing element
to confirm that the elongate medical device is in con-
tact with the tissue;
acquire a magnitude for at least one component of the
complex impedance from the electrode; and
calculate a value responsive to the signal from the opti-
cal-based sensing element and the at least one com-
ponent of the complex impedance.
29. The system of claim 28, wherein the value is indicative
of at least one of a predicted temperature of the tissue at a
prescribed tissue depth or a lesion size.
30. The system of claim 28, wherein the ECU is configured
to:
acquire a magnitude associated with each of first and sec-
ond components of the complex impedance, wherein the
first and second components comprise two of a resis-
tance between the electrode and the tissue, a phase angle
between the electrode and the tissue, an impedance mag-
nitude between the electrode and the tissue, and a reac-
tance between the electrode and the tissue; and

calculate the value based on the magnitudes of the first and
second components of the complex impedance.

31. The system of claim 28, wherein the ECU is further
configured to:

acquire a magnitude of a power applied to the tissue during

the formation of the lesion in the tissue; and
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wherein the value is further calculated in response to the

magnitude of the power.

32. The system of claim 31, wherein the ECU is configured
to:

acquire a magnitude of a change in time corresponding to

a time interval extending from a point in time at which
application of an ablative energy to the tissue com-
mences to a subsequent point in time for which the value
is calculated, wherein the magnitude of power is a mag-
nitude of the average power applied to the tissue during
the time interval; and

calculate the value based on the average power magnitude.

33. The system of claim 28, wherein the elongate medical
device comprises a catheter including a proximal end, a distal
end, and a temperature sensor disposed at or near the distal
end, and wherein the ECU is further configured to:

acquire a temperature of the distal section of the catheter at

apoint in time for which the value is to be calculated; and
calculate the value based on the temperature magnitude.

34. The system of claim 28, wherein the ECU is configured
to generate a lesion formation assessment map based on the
value.

35. The system of claim 28, wherein the value is indicative
of a likelihood of the lesion having a predetermined depth in
the tissue, and wherein the ECU is configured to compare the
value with a predetermined threshold to determine whether
the lesion has reached a determined depth within the tissue.

36. The system of claim 28, wherein the value is indicative
of alikelihood of a lesion having a predetermined depth in the
tissue, and wherein the ECU is configured to:

compare the value with a first lesion depth threshold to

determine whether the lesion depth is greater than a
maximum desired lesion depth within the tissue; and
compare the value with a second lesion depth threshold to

determine whether the lesion depth is less than a mini-
mum desired lesion depth within the tissue.

37. The system of claim 28, wherein the signal from the
optical-based sensing element is a force signal indicating a
force of the elongate medical device against the tissue, and
further comprising calculating the value responsive to the
force signal and the at least one component of the complex
impedance.

38. The system of claim 37, wherein the ECU is further
configured to:

acquire a magnitude of a change in time corresponding to

a time interval extending from a point in time at which
application of an ablative energy to the tissue com-
mences 1o a subsequent point in time for which the value
is calculated;

calculate a change in said at least one component of the

complex impedance and the force over the time interval;
and

compare the value with a threshold value to determine

whether the lesion has reached a determined depth
within the tissue.

39. The system of claim 28, wherein the value comprises an
electrical coupling index (ECI) associated with the formation
of a lesion in the tissue.

40. The system of claim 39, wherein the ECU is configured
to:

acquire a magnitude of a change in time corresponding to

a time interval extending from a point in time at which
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application of an ablative energy to the tissue com-
mences to a subsequent point in time for which the value
is calculated;

calculate a change in the ECI over the time interval; and

compare the value with a threshold value to determine

whether the lesion has reached a determined depth
within the tissue.

41. The system of claim 28, wherein the ECU is further
configured to at least one of generate and acquire one of an
image and a model of the tissue, and to generate an indicator
indicative of the value and to place the indicator on said one
of said image and model of the tissue.

42. The system of claim 28, wherein the ECU is configured
to contro] at least one of a movement of the elongate medical
device and the delivery of ablation energy to the tissue in
response to the value.

43. An apparatus for assessing tissue during an ablation
procedure using an ablation catheter, the apparatus compris-
ing:

an electronic control unit (ECU) configured to:

acquire a power magnitude associated with a power
applied to the tissue;

acquire at least one component of a complex impedance
between an electrode of the catheter and the tissue;

acquire a signal indicating whether the catheter is in
contact with the tissue;

calculate a value responsive to the power magnitude, the
at least one component of the complex impedance,
and the signal indicating whether the catheter is in
contact with the tissue; and

output the value to a display device.

44. A method for assessing tissue of an anatomical struc-
ture during an ablation procedure using an ablation catheter,
the method comprising:

acquiring a signal from an optical-based sensing element

of the catheter to confirm that the catheter is in contact
with the tissue;

acquiring a magnitude of at least one component of a

complex impedance between an electrode of the catheter
and the tissue;

calculating a value responsive to the signal from the opti-

cal-based sensing element and the at least one compo-
nent of the complex impedance; and

outputting the value to a display device.

45. The method of claim 44, further comprising:

acquiring a magnitude associated with each of first and

second components of the complex impedance, wherein
the first and second components comprise two of a resis-
tance between the electrode and the tissue, a phase angle
between the electrode and the tissue, an impedance mag-
nitude between the electrode and the tissue, and a reac-
tance between the electrode and the tissue; and
calculating the value based on the magnitudes of the first
and second components of the complex impedance.

46. The method of claim 44, further comprising:

acquiring a magnitude of a power applied by the catheter to

the tissue; and

calculating the value based on the power.

47. The method of claim 46, further comprising:

acquiring a magnitude of a change in time corresponding to

a time interval extending from a point in time at which
application of an ablative energy to the tissue com-
mences to a subsequent point in time for which the value
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is calculated, wherein the magnitude of power is a mag-
nitude of the average power applied to the tissue during
the time interval; and

calculating the value based on the average power magni-

tude.

48. The method of claim 44, wherein the signal from the
optical-based sensing element is a force signal indicating a
force ofthe catheter against the tissue, and further comprising
calculating the value responsive to the force signal and the at
least one component of the complex impedance.

49. The method of claim 48, further comprising:

acquiring a magnitude of a change in time corresponding to

a time interval extending from a point in time at which
application of an ablative energy to the tissue com-
mences to a subsequent point in time for which the value
is calculated;

calculating a change in said at least one component of the

complex impedance and said force over the time inter-
val; and

compare the value with a threshold value to determine

whether the lesion has reached a determined depth
within the tissue.
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50. The method of claim 44, wherein the value comprises
an electrical coupling index (ECI) associated with the forma-
tion of a lesion in the tissue, and further comprising:

acquiring a magnitude of a change in time corresponding to

a time interval extending from a point in time at which
application of an ablative energy to the tissue com-
mences to a subsequent point in time for which the value
1s calculated; and

calculating a change in the ECI over the time interval; and

comparing the value with a threshold value to determine

whether the lesion has reached a determined depth
within the tissue.

51. The method of claim 44, wherein the ablation catheter
comprises a temperature sensor, and further comprising:

acquire a temperature of the catheter at a point in time for

which the value is to be calculated; and

calculate the value based on the temperature magnitude.

52. The method of claim 44, further comprising:

calculating the value based on a location of the anatomical

structure.
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