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(57) ABSTRACT

A system and method for assessing a degree of coupling
between an electrode and tissue in a body is provided. Values
for first and second components of a complex impedance
(e.g., resistance and reactance or impedance magnitude and
phase angle) between the electrode and the tissue are
obtained. These values are used together with a standardiza-
tion value indicative of a deviation from a reference standard
by a parameter associated with at least one of the body, the
electrode and another component of the system to calculate a
coupling index that is indicative of a degree of coupling
between the electrode and the tissue. The coupling index may
be displayed to a clinician in a variety of ways to indicate the
degree of coupling to the clinician. The system and method
find particular application in ablation of tissue by permitting
a clinician to create lesions in the tissue more effectively and
safely.
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SYSTEM AND METHOD FOR ASSESSING
COUPLING BETWEEN AN ELECTRODE AND
TISSUE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 12/650,060, filed 30 Dec. 2009 (the *060 appli-
cation), now pending, which is a continuation-in-part of U.S.
patent application Ser. No. 12/253,637 filed Oct. 17, 2008
(the *637 application), which is a continuation-in-part of U.S.
patent application Ser. No. 12/095,688 filed May 30, 2008
(the *688 application), which is a national stage application of
International application no. PCT/US2006/061714 filed Dec.
6, 2006 (the *714 application) which claims the benefit of
U.S. Provisional patent application No. 60/748,234 filed Dec.
6, 2005 (the *234 application). The *060 application, the 637
application, the *688 application, the 714 application and the
’234 application are all hereby incorporated by reference as
though fully set forth herein.

BACKGROUND OF THE INVENTION

[0002] a. Field of the Invention

[0003] This invention relates to a system and method for
assessing the degree of coupling between an electrode and
tissue in a body. In particular, the instant invention relates to
a system and method for assessing the degree of electrical
coupling between electrodes on an diagnostic and/or thera-
peutic medical device such as a mapping or ablation catheter
and tissue, such as cardiac tissue.

[0004] b. Background Art

[0005] Electrodes are used on a variety of diagnostic and/or
therapeutic medical devices. For example, electrodes may be
used on cardiac mapping catheters to generate an image of the
internal geometry of a heart and electrical potentials within
the tissue. Electrodes are also used on ablation catheters to
create tissue necrosis in cardiac tissue to correct conditions
such as atrial arthythmia (including, but not limited to,
ectopic atrial tachycardia, atrial fibrillation, and atrial flutter).
Arrhythmia 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., radiofrequency energy,
cryoablation, lasers, chemicals, high-intensity focused ultra-
sound, etc.) to cardiac tissue to create a lesion in the cardiac
tissue. This lesion disrupts undesirable electrical pathways
and thereby limits or prevents stray electrical signals that lead
to arrhythmias.

[0006] The safety and effectiveness of many of diagnostic
and/or therapeutic devices is often determined in part by the
proximity of the device and the electrodes to the target tissue.
In mapping catheters, the distance between the electrodes and
the target tissue affects the strength of the electrical signal and
the identity of the mapping location. The safety and effective-
ness of ablation lesions is determined in part by the proximity
of the ablation electrode to target tissue and the effective
application of energy to that tissue. If the electrode is too far
from the tissue or has insufficient contact with the tissue, the
lesions created may not be effective. On the other hand, if the
catheter tip containing the electrode contacts the tissue with
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excessive force, the catheter tip may perforate or otherwise
damage the tissue (e.g., by overheating). It is therefore ben-
eficial to assess the quality of contact between the electrode
and the tissue.

[0007] Contact between a catheter electrode and tissue has
typically been determined using one or more of the following
methods: clinician sense, fluoroscopic imaging, intracardiac
echo (ICE), atrial electrograms (typically bipolar D-2), pac-
ing thresholds, evaluation of lesion size at necropsy and mea-
surement of temperature change at the energy delivery site.
Bach of these methods has disadvantages, however.

[0008] Although a clinician can evaluate contact based on
tactile feedback from the catheter and prior experience, the
determination depends largely on the experience of the clini-
cian and is also subject to change based on variations in the
mechanical properties of catheters used by the clinician. The
determination is particularly difficult when using catheters
that are relatively long (such as those used to enter the left
atria of the heart).

[0009] Because fluoroscopic images are two-dimensional
projections and blood and myocardium attenuate X-rays simi-
larly, it is difficult to quantify the degree of contact and to
detect when the catheter tip is not in contact with the tissue.
Fluoroscopic imaging also exposes the patient and clinician
to radiation.

[0010] Intracardiac echo is time consuming and it is also
difficult to align the echo beam with the ablation catheter.
Further, intracardiac echo does not always permit the clini-
cian to confidently assess the degree of contact and can gen-
erate unacceptable levels of false positives and false negatives
in assessing whether the electrode is in contact with tissue.
[0011] Atrial electrograms do not always correlate well to
tissue contact and are also prone to false negatives and posi-
tives. Pacing thresholds also do not always correlate well with
tissue contact and pacing thresholds are time-consuming and
also prone to false positives and false negatives because tissue
excitability may vary in hearts with arrhythmia. Evaluating
lesion size at necropsy is seldom available in human subjects,
provides limited information (few data points) and, further, it
is often difficult to evaluate the depth and volume of lesions in
the left and right atria. Finally, temperature measurements
provide limited information (few data points) and are difficult
to evaluate in the case of irrigated catheters.

[0012] A more recent method of assessing contact between
the catheter electrode and tissue is the use of force sensors
incorporated into the catheter to measure contact force
between the catheter tip and tissue. Contact force, however,
does not directly measure how well electrical energy is
coupled between the catheter electrode and tissue. Particu-
larly for radio-frequency (RF) ablation catheters, a measure
of electrical coupling may be more relevant to ablation safety
and efficacy in different types of tissue and in different types
of catheter tip to tissue surface alignment (e.g., perpendicular
versus parallel orientation). The use of force sensors also
requires significant structural adjustments and technological
advances for use in conventional ablation catheters.

[0013] Contact between the catheter electrode and tissue
has also been evaluated by measuring impedance between the
catheter electrode and an electrode disposed on the a patient’s
skin. During radio frequency (RF) ablation, the generation of
RF energy is controlled by an ablation generator. The ablation
generator displays a measure of the magnitude of impedance
(7). This measurement, however, does not correlate well with
the more localized contact between the catheter electrode and
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tissue because it measures the impedance provided not just by
the local target tissue, but the entire impedance from the
electrode to a cutaneous return electrode through various
body tissues and fluids. Furthermore, generator reported
impedance is usually infrequently obtained and at low reso-
lution (about 1Q). It is also not readily available to the clini-
cianin a format that allows easy interpretation and correlation
to tissue contact.

[0014] In priority U.S. patent application Ser. No. 12/253,
637, a system and method are provided for determining a
degree of coupling between a catheter electrode and tissue in
which an electrical coupling index (ECI) is generated as an
indicator of impedance at the interface of the electrode and
the target tissue. Because the coupling index is indicative of
impedance at the interface of the electrode and target tissue,
the inventive system and method provide a better assessment
of coupling between the electrode and the tissue and the index
permits a better assessment of the degree of coupling between
an electrode and tissue as compared to prior art systems. The
index, however, is subject to variability based on changes to
properties associated with patient bodies (e.g. differences in
body temperature among patients) and components of the
system (e.g., differences resulting from the use of different
ablation catheters).

[0015] The inventors herein have recognized a need for a
system and method for determining a degree of coupling
between a catheter electrode and tissue that will minimize
and/or eliminate one or more of the above-identified deficien-
cies.

BRIEF SUMMARY OF THE INVENTION

[0016] It is desirable to provide a system and method for
determining the degree of coupling between an electrode and
a tissue in a body. In particular, it is desirable to be able to
determine a degree of electrical coupling between electrodes
on an diagnostic and/or therapeutic medical device such as a
mapping or ablation catheter and tissue, such as cardiac tis-
sue.

[0017] A system for assessing a degree of coupling
between an electrode and a tissue in a body in accordance
with one embodiment of the present invention includes an
electronic control unit configured to acquire values for first
and second components of a complex impedance between the
electrode and the tissue. The first and second components
may comprise, for example, a resistance between the elec-
trode and the tissue and a reactance between the electrode and
the tissue. Alternatively, the first and second components may
comprise an impedance magnitude between the electrode and
the tissue and an impedance phase angle. The electronic con-
trol unit is further configured to calculate a coupling index
responsive to the values and a standardization value indica-
tive of a deviation from a reference standard by a parameter
associated with at least one of the body, the electrode and
another component of the system. The standardization value
may, for example, be indicative of a difference in body tem-
perature in a patient relative to a reference or standard tem-
perature or a difference in the size of the electrode relative to
a reference or standard electrode size. The coupling index is
indicative of a degree of coupling between the electrode and
the tissue. In accordance with one aspect of the invention, the
coupling index may be displayed to a clinician on a display
device in a variety of ways to provide to permit easy interpre-
tation and correlation of the measured impedance to coupling
between the electrode and tissue.
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[0018] Similarly, an article of manufacture for assessing a
degree of coupling between an electrode and a tissue in a body
in accordance with another embodiment of the present inven-
tion includes a computer storage medium having a computer
program encoded thereon for determining a degree of cou-
pling between an electrode and tissue in a body. The computer
program includes code for calculating a coupling index
responsive to values for first and second components of a
complex impedance between the electrode and the tissue and
a standardization value indicative of a deviation from a ref-
erence standard by a parameter associated with at least one of
the body, the electrode and another component of a system
controlling the electrode. The coupling index is indicative of
a degree of coupling between the electrode and the tissue.
[0019] A method for assessing a degree of coupling
between an electrode and a tissue in a body in accordance
with another embodiment of the present invention includes
the step of acquiring values for first and second components
of a complex impedance between the electrode and the tissue.
Again, the first and second components may comprise, for
example, a resistance between the electrode and the tissue and
a reactance between the electrode and the tissue. Alterna-
tively, the first and second components may comprise an
impedance magnitude between the electrode and the tissue
and an impedance phase angle. The method further includes
the step of calculating a coupling index responsive to the
values and a standardization value indicative of a deviation
from a reference standard by a parameter associated with at
least one of the body, the electrode and another compornent of
a system controlling the electrode. The coupling index is
indicative of a degree of coupling between the electrode and
the tissue.

[0020] Theabove-described system, article of manufacture
and method are advantageous because they provide a true
measure of impedance at the interface of the electrode and the
target tissue and, therefore, provide a better assessment of
coupling between the electrode and the tissue. Moreover, the
measurement is standardized such that it will provide a simi-
lar measure despite variation in parameters associated with
the body, the electrode, and the system as a whole. Further, the
system, article of manufacture and method provide an indi-
cator of coupling (i.e., the coupling index) in a format that
allows easy interpretation and correlation to tissue contact by
the clinician.

[0021] The coupling index can be used in a wide variety of
diagnostic and therapeutic devices. In ablation catheters, for
example, procedures can be conducted more efficiently and
with higher success rates and fewer complications because
the coupling index provides an indication of the energy deliv-
ered to the target tissue and the proximity of the catheter and
electrode to the target tissue and may also enable a clinician to
identify the orientation or angle of the ablation electrode
relative to the tissue. The index also can act as a proximity
sensor indicating the distance between a diagnostic or thera-
peutic device and a target tissue. For example, in a transseptal
access sheath, the coupling index provides an indication that
the sheath is approaching (and potentially slipping away
from) the septum. In a mapping catheter, the coupling index
may improve geometric modeling of the tissue surface by, for
example, identifying the most relevant electrode readings
and/or allowing multiple electrodes to simultaneously obtain
relevant measurements.

[0022] The foregoing and other aspects, features, details,
utilities and advantages of the present invention will be appar-
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ent from reading the following description and claims, and
from reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 is diagrammatic view of a system in accor-
dance with the present teachings.

[0024] FIG.2is asimplified schematic diagram illustrating
how impedance is determined in accordance with the present
teachings.

[0025] FIG. 3 is a diagrammatic and block diagram illus-
trating the approach in FIG. 2 in greater detail.

[0026] FIG. 4 is a series of diagrams illustrating complex
impedance variations during atrial tissue ablation and cardiac
tissue contact over thirty (30) seconds.

[0027] FIG. 51is s series of diagrams illustrating variations
in a coupling index during atrial tissue ablation and cardiac
tissue contact over one hundred and sixty (160) seconds.
[0028] FIG. 6 is a screen display illustrating possible for-
mats for presenting a coupling index to a clinician.

[0029] FIG. 7 is a diagrammatic view of a multi-electrode,
array catheter illustrating one embodiment of a system in
accordance with present teachings.

[0030] FIG.8isaflow chart illustrating one embodiment of
a method in accordance with the present teachings.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0031] Referring now to the drawings wherein like refer-
ence numerals are used to identify identical components in
the various views, FIG. 1 illustrates one embodiment of a
system 10 for one or more diagnostic and therapeutic func-
tions including components providing an improved assess-
ment of a degree of coupling between an electrode 12 on a
catheter 14 and a tissue 16 in a body 17. In the illustrated
embodiment, tissue 16 comprises heart or cardiac tissue. It
should be understood, however, that the present invention
may be used to evaluate coupling between electrodes and a
variety of body tissues. Further, although electrode 12 is
illustrated as part of a catheter 14, it should be understood that
the present invention may be used to assess a degree of cou-
pling between any type of electrode and tissue including, for
example, intracardiac electrodes, needle electrodes, patch
electrodes, wet brush electrodes (such as the electrodes dis-
closed in commonly assigned U.S. patent application Ser. No.
11/190,724 filed Jul. 27, 2005, the entire disclosure of which
is incorporated herein by reference) and virtual electrodes
(e.g., those formed from a conductive fluid medium such as
saline including those disclosed in commonly assigned U.S.
Pat. No. 7,326,208 issued Feb. 5, 2008, the entire disclosure
of which is incorporated herein by reference). In addition to
catheter 14, system 10 may include patch electrodes 18, 20,
22, an ablation generator 24, a tissue sensing circuit 26, an
electrophysiology (EP) monitor 28 and a system 30 for visu-
alization, mapping and navigation of internal body structures
which may include an electronic control unit 32 in accor-
dance with the present invention and a display device 34
among other components.

[0032] Catheter 14 is provided for examination, diagnosis
and treatment of internal body tissues such as tissue 16. In
accordance with one embodiment of the invention, catheter
14 comprises an ablation catheter and, more particularly, an
irrigated radio-frequency (RF) ablation catheter. It should be
understood, however, that the present invention can be imple-
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mented and practiced regardless of the type of ablation energy
provided (e.g., cryoablation, ultrasound, etc.) Catheter 14 is
connected to a fluid source 36 having a biocompatible fluid
such as saline through a pump 38 (which may comprise, for
example, a fixed rate roller pump or variable volume syringe
pump with a gravity feed supply from fluid source 36 as
shown) for irrigation. Catheter 14 is also electrically con-
nected to ablation generator 24 for delivery of RF energy.
Catheter 14 may include a cable connector or interface 40, a
handle 42, a shaft 44 having a proximal end 46 and a distal 48
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
body of a patient) and one or more electrodes 12, 50, 52.
Catheter 14 may also include other conventional components
not illustrated herein such as a temperature sensor, additional
electrodes, and corresponding conductors or leads.

[0033] Connector 40 provides mechanical, fluid and elec-
trical connection(s) for cables 54, 56 extending from pump 38
and ablation generator 24. Connector 40 is conventional in the
art and is disposed at a proximal end of catheter 14.

[0034] Handle 42 provides a location for the clinician to
hold catheter 14 and may further provides means for steering
or guiding shaft 44 within body 17. For example, handle 42
may include means to change the length of a guidewire
extending through catheter 14 to distal end 48 of shaft 44 to
steer shaft 44. Handle 42 is also conventional in the art and it
will be understood that the construction of handle 42 may
vary.

[0035] Shaft 44 is an elongated, tubular, flexible member
configured for movement within body 17. Shaft 44 support
electrodes 12, 50, 52 associated conductors, and possibly
additional electronics used for signal processing or condition-
ing. Shaft 44 may also permit transport, delivery and/or
removal of fluids (including irrigation fluids and bodily flu-
ids), medicines, and/or surgical tools or instruments. Shaft 44
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.
Shaft 44 may be introduced into a blood vessel or other
structure within body 17 through a conventional introducer.
Shaft 44 may then be steered or guided through body 17 to a
desired location such as tissue 16 with guide wires or other
means known in the art.

[0036] Electrodes 12, 50, 52 are provided for a variety of
diagnostic and therapeutic purposes including, for example,
electrophysiological studies, catheter identification and loca-
tion, pacing, cardiac mapping and ablation. In the illustrated
embodiment, catheter includes an ablation tip electrode 12 at
distal end 48 of shaft 44 and a pair of ring electrodes 50, 52.
It should be understood, however, that the number, orienta-
tion and purpose of electrodes 12, 50, 52 may vary.

[0037] Patch electrodes 18, 20, 22 provide RF or naviga-
tional signal injection paths and/or are used to sense electrical
potentials. Electrodes 18, 20, 22 may also have additional
purposes such as the generation of an electromechanical map.
Electrodes 18, 20, 22 are made from flexible, electrically
conductive material and are configured for affixation to body
17 such that electrodes 18, 20, 22 are in electrical contact with
the patient’s skin. Electrode 18 may function as an RF indif-
ferent/dispersive return for the RF ablation signal. Electrodes
20, 22 may function as returns for the RF ablation signal
source and/or an excitation signal generated by tissue sensing
circuit 26 as described in greater detail hereinbelow. In accor-



US 2014/0107430 Al

dance with one aspect of the present invention discussed
hereinbelow, electrodes 20, 22 are preferably spaced rela-
tively far apart. In the illustrated embodiment, electrodes 20,
22, are located on the medial aspect of the left leg and the
dorsal aspect of the neck. Electrodes 20, 22, may alternatively
be located on the front and back of the torso or in other
conventional orientations.

[0038] Ablation generator 24 generates, delivers and con-
trols RF energy used by ablation catheter 14. Generator 24 is
conventional in the art and may comprise the commercially
available unit sold under the model number IBI-1500T RF
Cardiac Ablation Generator, available from Irvine Biomedi-
cal, Inc. Generator 24 includes an RF ablation signal source
54 configured to generate an ablation signal that is output
across a pair of source connectors: a positive polarity connec-
tor SOURCE (+) which may connect to tip electrode 12; and
a negative polarity connector SOURCE (-) which may be
electrically connected by conductors or lead wires to one of
patch electrodes 18, 20, 22 (see FIG. 2). It should 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. Source 54 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 i1s know in the art. Source 54 may generate a signal, for
example, with a frequency of about 450 kHz or greater. Gen-
erator 24 may also monitor various parameters associated
with the ablation procedure including impedance, the tem-
perature 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 generator 24, however, reflects the magnitude of
impedance not only at tissue 16, but the entire impedance
between tip electrode 12 and the corresponding patch elec-
trode 18 on the body surface. The impedance output by gen-
erator 24 is also not easy to interpret and correlate to tissue
contact by the clinician.

[0039] Tissue sensing circuit 26 provides a means, such as
tissue sensing signal source 56, for generating an excitation
signal used in impedance measurements and means, such as
complex impedance sensor 58, for resolving the detected
impedance into its component parts. Signal source 56 is con-
figured to generate an excitation signal across source connec-
tors SOURCE (+) and SOURCE (-) (See FIG. 2). Source 56
may output a signal having a frequency within a range from
about 1 kHz to over 500 kHz, more preferably within a range
ofabout 2 kHz to 200kHz, and even more preferably about 20
kHz. In one embodiment, the excitation signal is a constant
current signal, preferably in the range of between 20-200 pA,
and more preferably about 100 pA. As discussed below, the
constant current AC excitation signal generated by source 56
is configured to develop a corresponding AC response voltage
signal that is dependent on the complex impedance of tissue
16 and is sensed by complex impedance sensor 58. Sensor 58
resolves the complex impedance into its coniponent parts
(i.e., the resistance (R) and reactance (X) or the impedance
magnitude (IZ1) and phase angle (£Z or ¢)). Sensor 58 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.
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[0040] It should be understood that variations are contem-
plated by the present invention. For example, the excitation
signal may be an AC voltage signal where the response signal
comprises an AC current signal. Nonetheless, a constant cur-
rent excitation signal is preferred as being more practical. Tt
should be appreciated that the excitation signal frequency is
preferably outside of the frequency range of the RF ablation
signal, which allows the complex impedance sensor 58 to
more readily distinguish the two signals, and facilitates fil-
tering and subsequent processing of the AC response voltage
signal. The excitation signal frequency is also preferably
outside the frequency range of conventionally expected elec-
trogram (EGM) signals in the frequency range of 0.05-1 kHz.
Thus, in summary, the excitation signal preferably has a fre-
quency that is preferably above the typical EGM signal fre-
quencies and below the typical RF ablation signal frequen-
cies.

[0041] Circuit 26 is also connected, for a purpose described
hereinbelow, across a pair of sense connectors: a positive
polarity connector SENSE (+) which may connect to tip
electrode 12; and a negative polarity connector SENSE (-)
which may be electrically connected to one of patch elec-
trodes 18, 20, 22 (see FIG. 2; note, however, that the connec-
tor SENSE (-) should be connected to a different electrode of
electrodes 18, 20, 22 relative to the connector SOURCE (-) as
discussed below). It should again be understood that the term
connectors as used herein does not imply a particular type of
physical interface mechanism, but is rather broadly contem-
plated to represent one or more electrical nodes.

[0042] Referring now to FIG. 2, connectors SOURCE (+),
SOURCE (-), SENSE (+) and SENSE (-) from a three ter-
minal arrangement permitting measurement of the complex
impedance at the interface of tip electrode 12 and tissue 16.
Complex impedance can be expressed in rectangular coordi-
nates as set forth in equation (1):

Z=R+jX (1)

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

Z=re®=|7¢% (3]

where |Z] is the magnitude of the complex impedance (ex-
pressed in ohms) and Z 7=6 is the phase angle expressed in
radians. Alternatively, the phase angle may be expressed in
terms of degrees where

o=(2)

s

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 12; (2) a second terminal
designated “B-Patch 1” such as source return patch electrode
22; and (3) a third terminal designated “C-Patch 2” such as the
sense return patch electrode 20. In addition to the ablation
(power) signal generated by source 54 of ablation generator
24, the excitation signal generated by source 56 in tissue
sensing circuit 26 is also be applied across the source con-
nectors (SOURCE (+), SOURCE (-)) for the purpose of
inducing a response signal with respect to the load that can be
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measured and which depends on the complex impedance. As
described above, in one embodiment, a 20 kHz, 100 pA AC
constant current signal is sourced along the path 60, as illus-
trated, from one connector (SOURCE (+), starting at node A)
through the common node (node D) to a return patch elec-
trode (, SOURCE (-), node B). The complex impedance
sensor 58 is coupled to the sense connectors (SENSE (+),
SENSE (-)), and is configured to determine the impedance
across the path 62. 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 60 only,
so the current through path 62 (node D to node C) due to the
excitation signal is effectively zero. Accordingly, when mea-
suring the voltage along path 62, 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 ever-in-
creasing focus will be placed on the tissue volume nearest the
tip electrode 12. If the patch electrodes are physically close to
each other, the circuit pathways between the catheter tip
electrode 12 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 12 and tissue 16, but also other impedances
between tissue 16 and the surface of body 17. As the patch
electrodes are moved further part, the amount of overlap in
the circuit paths decreases and impedance measured at the
common node is only at or near the tip electrode 12 of catheter
14.

[0043] 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
catheter connector 40 or handle 42 (as in solid line) or may
remain separate all the way to the tip electrode (the SENSE
(+) line being shown in phantom line from the handle 42 to the
tip electrode 12). FIG. 3 shows in particular several sources of
complex impedance variations, shown generally as blocks 64,
that are considered “noise” because such variations do not
reflect the physiologic changes in the tissue 16 or electrical
coupling whose complex impedance is being measured. For
reference, the tissue 16 whose complex impedance is being
measured is that near and around the tip electrode 12 and is
enclosed generally by a phantom-line box 66 (and the tissue
16 is shown schematically, in simplified form, as a resistor/
capacitor combination). One object of the invention is to
provide a measurement arrangement that is robust or immune
to variations that are not due to changes in or around box 66.
For example, the variable complex impedance boxes 64 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
variations due to cable length changes, cable coiling and the
like. The variable complex impedance boxes 64 that are near
the patch electrodes 20, 22, 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
arrangements of the invention are relatively immune to the
variations in blocks 64, exhibiting a high signal-to-noise
(S/N) ratio as to the complex impedance measurement for
block 66.
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[0044] Although the SOURCE (=) and SENSE (=) returns
are illustrated in FIG. 3 as patch electrodes 20, 22, it should be
understood that other configurations are possible. In particu-
lar, indifferent/dispersive return electrode 18 can be used as a
return as well as another electrode 50, 52 on catheter 14, such
as ring electrode 50 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 CATHETER SUCH
AS AN ABLATION CATHETER,” the entire disclosure of
which is incorporated herein by reference.

[0045] EP monitor 28 is provided display electrophysiol-
ogy data including, for example, an electrogram. Monitor 28
is conventional in the art and may comprise an LCD or CRT
monitor or another conventional monitor. Monitor 28 may
receive inputs from ablation generator 24 as well as other
conventional EP lab components not shown in the illustrated
embodiment.

[0046] System 30 is provided for visualization, mapping
and navigation of internal body structures. System 30 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 titled “Method and Apparatus for
Catheter Navigation and Location and Mapping in the Heart,”
the entire disclosure of which is incorporated herein by ref-
erence. System 30 may include an electronic control umt
(ECU) 32 and a display device 34 among other components.
[0047] ECU 32 is provided to acquire values for first and
second components of a complex impedance between the
catheter tip electrode 12 and tissue 16 and to calculate a
coupling index responsive to the values with the coupling
index indicative of a degree of coupling between electrode 12
and tissue 16. ECU 32 may further calculate the coupling
index responsive to a standardization value indicative of a
deviation from a reference standard by a parameter associated
with at least one of the body 17, the electrode 12 and another
component of system 10. ECU 32 preferably comprises a
programmable microprocessor or microcontroller, but may
alternatively comprise an application specific integrated cir-
cuit (ASIC). ECU 32 may include a central processing unit
(CPU) and an input/output (I/O) interface through which
ECU 32 may receive a plurality of input signals including
signals from sensor 58 of tissue sensing circuit 26 and gen-
erate a plurality of output signals including those used to
control display device 34. In accordance with one aspect of
the present invention, ECU 32 may be programmed with a
computer program (i.e., software) encoded on a computer
storage medium for determining a degree of coupling
between an electrode on a catheter and tissue in a body. The
program includes code for calculating a coupling index
responsive to values for first and second components of the
complex impedance between the catheter electrode 12 and
tissue 16 with the coupling index indicative of a degree of
coupling between the catheter electrode 12 and the tissue 16.
The program may further include code for calculating the
coupling index responsive to a standardization value indica-
tive of a deviation from a reference standard by a parameter
associated with at least one of body 17, electrode 12 and
another component of system 10.

[0048] ECU 32 acquires one or more values for two com-
ponent parts of the complex impedance from signals gener-
ated by sensor 58 of tissue sensing circuit 26 (i.e., the resis-
tance (R) and reactance (X) or the impedance magnitude (1Z1)
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and phase angle (¢) or any combination of the foregoing or
derivatives or functional equivalents thereof). In accordance
with one aspect of the present invention, ECU 32 combines
values for the two components into a single coupling index
that provides an improved measure of the degree of coupling
between electrode 12 and tissue 16 and, in particular, the
degree of electrical coupling between electrode 12 and tissue
16.

[0049] Validation testing relating to the coupling index was
performed in a pre-clinical animal study. The calculated cou-
pling index was compared to pacing threshold as an approxi-
mation of the degree of coupling. Pacing threshold was used
for comparison because it is objective and particularly sensi-
tive to the degree of physical contact between the tip electrode
and tissue when the contact forces are low and the current
density paced into the myocardium varies. In a study of seven
swine (n=7, 59+/-3 kg), a 4 mm tip irrigated RF ablation
catheter was controlled by an experienced clinician who
scored left and right atrial contact at four levels (none, light,
moderate and firm) based on clinician sense, electrogram
signals, three-dimensional mapping, and fluoroscopic
images. Several hundred pacing threshold data points were
obtained along with complex impedance data, electrogram
amplitudes and data relating to clinician sense regarding con-
tact. A regression analysis was performed using software sold
under the registered trademark “MINITAB” by Minitab, Inc.
using the Log 10 of the pacing threshold as the response and
various impedance parameters as the predictor. The following
table summarizes the results of the analysis:
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pass filtered value of a squared high pass filtered continuous
x(t) or discrete x(t;) time signal. The “peak to peak magni-
tude” for the resistance or reactance may refer to the range of
the values over the previous N samples of the discrete time
signal x, or the k” root of a continuous time signal [abs(x(1))]*
thathas been low pass filtered for sufficiently large k>2. It was
further determined that, while clinician sense also accounted
for significant variation in pacing threshold (48.7%)—and
thus provided a good measure for assessing coupling—the
combination of the coupling index with clinician sense fur-
ther improved assessment of coupling (accounting for 56.8%
of pacing threshold variation).

[0051] Because of the processing and resource require-
ments for more complex parameters such as standard devia-
tion and peak to peak magnitude and because of the limited
statistical improvement these parameters provided, it was
determined that the most computationally efficient coupling
index would be based on mean values of the resistance (R)
and reactance (X). From the regression equation, the best
prediction of pacing threshold—and therefore coupling—
was determined to be the following equation (3):

ECI=Rmean-5.1 *¥mean 3

where Rmean is the mean value of a plurality of resistance
values and Xmean is the mean value ofa plurality of reactance
values. It should be understood, however, that other values
associated with the impedance components such as a standard
deviation of a component or peak to peak magnitude of a
component which reflect variation of impedance with cardiac

Regression
R2

Model Regression Factors in Model R2 RN27adj

1 R1_mean 43.60% 43.50%
(p <0.001)

2 X1_mean 35.70% 35.50%
(p <0.001)

3 X1_mean R1_mean 47.20% 46.90%
(p<0.001) (p<0.001)

4 X1_stdev R1_stdev X1_mean R1_mean 48.70% 48.00%
(p=0300) (p=0.155) (p<0.001) (p<0.001)

5 R1_P-P X1_stdev R1_stdev X1_mean  Rl_mean 49.00% 48.10%
(p=0.253) (p=0280) (p=0503) (p<0.001) (p<0.001)

[0050] Asshown in the table, it was determined that a mean motion or ventilation can also serve as useful factors in the

value for resistance accounted for 43.5% of the variation in
pacing threshold while a mean value for reactance accounted
for 35.5% of the variation in pacing threshold. Combining the
mean resistance and mean reactance values increased the
predictive power to 46.90% demonstrating that a coupling
index based on both components of the complex impedance
will yield improved assessment of coupling between the cath-
eter electrode 12 and tissue 16. As used herein, the “mean
value” for the resistance or reactance may refer to the average
of N samples of a discrete time signal X; or a low-pass filtered
value of a continuous x(t) or discrete x(t,) time signal. As
shown in the table, adding more complex impedance param-
eters such as standard deviation and peak to peak magnitudes
can increase the predictive power of the coupling index. As
used herein, the “standard deviation” for the resistance or
reactance may refer to the standard deviation, or equivalently
root mean square (rms) about the mean or average of N
samples ofa discrete time signal x; or the square rootofa low

coupling index. Further, although the above equation and
following discussion focus on the rectangular coordinates of
resistance (R) and reactance (X), it should be understood that
the coupling index could also be based on values associated
with the polar coordinates impedance magnitude (IZI) and
phase angle (¢) or indeed any combination of the foregoing
components of the complex impedance and derivatives or
functional equivalents thereof. Finally, it should be under-
stood that coefficients, offsets and values within the equation
for the coupling index may vary depending on among other
things, the desired level or predictability, the species being
treated and disease states. In accordance with the present
invention, however, the coupling index will always be respon-
sive to both components of the complex impedance in order to
arrive at an optimal assessment of coupling between the cath-
eter electrode 12 and tissue 16.

[0052] The above-described analysis was performed using
a linear regression model wherein the mean value, standard
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deviation and/or peak to peak magnitude of components of
the complex impedance were regressed against pacing
threshold values to enable determination of an optimal cou-
pling index. It should be understood, however, that other
models and factors could be used. For example, a nonlinear
regression model may be used in addition to, or as an alter-
native to, the linear regression model. Further, other indepen-
dent measures of tissue coupling such as atrial electrograms
could be used in addition to, or as an alternative to, pacing
thresholds.

[0053] Validation testing was also performed in a human
trial featuring twelve patients undergoing catheter ablation
for atrial fibrillation. The patients were treated using an irri-
gated, 7 French radio frequency (RF) ablation catheter with a
4 mm tip electrode operating at a standard setting of a 50° C.
tip temperature, 40 W power and 30 ml/min. flow rate (ad-
justed accordingly proximate the esophagus). An experi-
enced clinician placed the catheter in the left atrium in posi-
tions of unambiguous non-contact and unambiguous contact
(with varying levels of contact including “light,” “moderate,”
and “firm”) determined through fluoroscopic imaging, tactile
feedback electrograms, clinician experience and other infor-
mation. In addition to impedance, measurements of electro-
gram amplitudes and pacing thresholds were obtained for
comparison. Each measure yielded corresponding changes in
value as the catheter electrode moved from a no-contact posi-
tion to a contact position. In particular, electrogram ampli-
tudes increased from 0.14+/-0.16 to 2.0+/-1.9 mV, pacing
thresholds decreased from 13.9+/-3.1 to 3.1+/-20 mA and
the coupling index increased from 118+/-15 to 145+/-24
(with resistance increasing from 94.7+/-11.0 to 109.3+/-15.
1€ and reactance decreasing from —4.6+/-0.9 t0 —6.9+/-2€2).
Further, the coupling index increased (and resistance
increased and reactance decreased) as the catheter electrode
was moved from a “no-contact” (115+/-12) position to
“light,” (135+/-15) “moderate,” (144+4/-17) and “firm”
(159+/-34) positions. These measurements further validate
the use of the coupling index to assess coupling between the
catheter electrode 12 and tissue 16. The calculated coupling
index and clinician sense of coupling were again compared to
pacing threshold as an approximation of the degree of cou-
pling. A regression analysis was performed using a logarithm
of the pacing threshold as the response and various imped-
ance parameters and clinician sense as predictors. From this
analysis, it was determined that clinician sense accounted for
approximately 47% ofthe variability in pacing threshold. The
addition of the coupling index, however, with clinician sense
resulted in accounting for approximately 51% of the variabil-
ity in pacing threshold—further demonstrating that the cou-
pling index can assist clinicians in assessing coupling
between the catheter electrode 12 and tissue 16.

[0054] Referring now to FIGS. 4-5, a series of timing dia-
grams (in registration with each other) illustrate a comparison
of atrial electrograms relative to changes in resistance and
reactance (FIG. 4) and the composite coupling index (FIG. 5).
As noted hereinabove, atrial electrograms are one traditional
measurement for assessing coupling between the catheter
electrode 12 and tissue 16. As shown in FIG. 4, the signal
amplitude of the atrial electrogram increases when the cath-
eter electrode 12 moves from a position of “no contact” to
“contact” with tissue 16. Similarly, measured resistance (R)
increases and reactance (X) decreases and become more vari-
able (FIG. 4) and the calculated coupling index increases
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(FIG. 5), further demonstrating the utility of the coupling
index in assessing coupling between electrode 12 and tissue
16.

[0055] The human validation testing also revealed that the
coupling index varied depending on tissue types. For
example, the coupling index tended to be higher when the
catheter electrode was located inside a pulmonary vein than in
the left atrium. As a result, in accordance with another aspect
of the present invention, the coupling index may be used in
identifying among tissue types (e.g., to identify vascular tis-
sue as opposed to trabeculated and myocardial tissue). Fur-
ther, because force sensors may not adequately estimate the
amount of energy delivered into tissue in constrained regions
such as the pulmonary vein or trabeculae, the inventive cou-
pling index may provide a more meaningful measure of abla-
tion efficacy than force sensors. In addition, in certain situa-
tions, it may be advantageous to utilize both a force sensor
and the coupling index.

[0056] Impedance measurements are also influenced by the
design of catheter 14 connection cables 56 or other factors.
Therefore, the coupling index may preferably comprise a
flexible equation in which coefficients and offsets are variable
in response to design parameters associated with catheter 14.
Catheter 14 may include a memory such as an EEPROM that
stores numerical values for the coefficients and offsets or
stores amemory address for accessing the numerical values in
another memory location (either in the catheter EEPROM or
in another memory). ECU 32 may retrieve these values or
addresses directly or indirectly from the memory and modify
the coupling index accordingly.

[0057] The physical structure of the patient is another fac-
tor that may influence impedance measurements and the cou-
pling index. Therefore, ECU 32 may also be configured to
offset or normalize the coupling index (e.g., by adjusting
coeflicients or offsets within the index) responsive to an ini-
tial measurement of impedance or another parameter in a
particular patient. In addition, it may be beneficial to obtain
and average values for the coupling index responsive to exci-
tation signals generated by source 56 at multiple different
frequencies.

[0058] In addition to the design of catheter 14 and the
physical structure of the patient, variation in other compo-
nents and/or characteristics of system 10 can impact imped-
ance measurements and the coupling index. In accordance
with one aspect of the present teachings, therefore, ECU 32 is
configured to calculate the coupling index responsive to val-
ues for the components of a complex impedance between
electrode 12 and tissue 16 and a standardization value indica-
tive of a deviation from a reference standard by a parameter
associated with at least one of body 17, electrode 12 and
another component of system 10. Exemplary parameters may
include the temperature, size, shape, surface area, body mass
index, and electrolyte concentrations of body 17, the size of
electrode 14, and the size and location of electrodes 18, 20,
22.

[0059] Thecoupling index may be generally represented by
the following equation (4):

ECI=a*Rmean+b *Xmean+c (4)

where Rmean is the mean value of a plurality of resistance
values and Xmean is the mean value of a plurality of reactance
values and a, b, and c are coefficients acting as standardization
values permitting standardization of the coupling index by
scaling or offset. The coefficients a, b, and ¢ can be varied to
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address deviations from reference standards by a wide variety
of parameters. For parameters associated with certain com-
ponents of system 10, these deviations can be addressed by
establishing initial or default values for the coefficients in the
memory or code in ECU 32. In particular, impedance mea-
surements may be impacted by circuit design (e.g., by
employing amplifiers with different gains or power supplies
with different voltage limits) and by the chosen format of
values resulting from analog to digital conversion (e.g., the
number of bits, signed vs. unsigned. integer vs. floating point,
etc.). Changes in impedance measurements resulting from
changes in parameters associated with such components in
system 10 can be quantified and used to adjust the coefficients
in equation (4). The equation (3) ECI=Rmean-5.1*Xmean
recited hereinabove is one variation of equation (4) in which
the coefficient aequals 1, the coefficient b equals -5.1 and the
coefficient ¢ equals 0 as determined based on testing one
exemplary system 10.
[0060] For parameters relating to other components of sys-
tem 10, deviations from reference standards can be addressed
by retrieving information relating to the component and
adjusting the coefficients in equation (4) accordingly. As ref-
erenced hereinabove, changes in catheter 14 impacting
impedance measurements can be compensated for by adjust-
ing the coefficients using information retrieved from an
EEPROM in catheter 14. It has been determined, for example,
that that the size of electrode 12 on catheter 14 impacts
impedance measurements. In particular, smaller electrodes
(e.g. 2.5 mm) result in larger impedance measurements and in
larger changes in impendence when moving between contact
and non-contact positions relative to larger electrodes (e.g., 4
mm or 8 mm). An EEPROM in catheter 14 may include
numerical values for the coefficients in equation (4) based on
the size of the electrode (and/or other parameters associated
with catheter 14) or store a memory address for accessing the
numerical values in another memory location (either in the
catheter EEPROM or in another memory). ECU 32 may
retrieve these values or addresses directly or indirectly from
the memory and modify the coupling index accordingly.
[0061] Variations in certain parameters from a reference
standard may be addressed dynamically during operation of
system 10. Body temperature and fluid conductivity in body
17 are two exemplary parameters. As body temperature
increases, the conductivity of saline in catheter 14 increases
and the resistive component of impedance decreases. Body
temperature may be measured using a conventional tempera-
ture sensor on catheter 14. In response to the measured tem-
perature, a standardization value (e.g., one of coefficients a, b,
and ¢ in equation (4)) can be adjusted to compensate for a
deviation in the measured temperature from a reference stan-
dard. The standardization value may be applied as an offset
(e.g., coefficient ¢ in equation (4)) to the values of complex
impedance (e.g., Rmean and Xmean in equation (4)) or as a
scaling of one or both values (e.g., coefficient a or b in equa-
tion (4)). For example, if the reference standard body tem-
perature is 37° C. and the conductivity of saline increases by
2% as temperature increases by each degree Celsius (and the
resistive impedance decreases by 2% as temperature
increases by each degree Celsius), ECU 32 may calculate the
coupling index ECI by adjusting the offset in equation (4)
(assuming that coefficients a, b, and ¢ are previously opti-
mized for a body temperature of 37° C.) as set forth in equa-
tion (5):

ECI=a*Rmean+b *Xmean+(c+0.02%a(T-37)) 3)

where T is the measured body temperature. Alternatively,
ECU 32 may calculate the coupling index ECI by adjusting
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the scaling of the resistive component of the complex imped-
ance (because the temperature dependence of impedance in
saline is almost entirely resistive) in equation (4) as set forth
in equation (6):

ECI=a(1+0.02(7-37))* Rmean+b *Xmean+c (6)

where T again represents the measured body temperature.

[0062] For certain parameters that impact impedance—
particularly those associated with body 17, but also cabling
and placement of electrodes 18, 20, 22—variations relative to
reference standards are not easily measured or controlled.
Referring to FIG. 8, in accordance with one aspect of the
present teachings, a method for generating a standardization
value is provided that accounts for variations in these types of
parameters. The method may begin with the step 84 of mov-
ing catheter 14 relative to tissue 16 (e.g., within a cardiac
chamber) until catheter 14 is in a non-contact position with
tissue 16. The non-contact position of catheter 14 relative to
tissue 16 may be identified, for example, based on a low value
for the coupling index, electrogram amplitude or contact
force or visually using fluoroscopy. The method may con-
tinue with the step 86 of recording a baseline or “non-contact”
value ECI,, for the coupling index while the catheter is in the
“non-contact” position and the step 88 of retrieving a refer-
ence standard value of the coupling index ECI*. The refer-
ence coupling index ECI* may be obtained from a memory in
ECU 32 and may represent an average or mean value for the
coupling index in a non-contact position across a predeter-
mined population. Alternatively, the reference coupling index
ECI* may be obtained by inserting catheter 14 into a calibra-
tion apparatus to simulate a non-contact position. The method
may continue with the step 90 of generating a standardization
value responsive to the baseline coupling index EC], and the
reference coupling index ECT*—for example, based on the
difference between the baseline coupling index ECI; and the
reference coupling index ECT* (i.e. ECI*-ECI,). The stan-
dardization value may again be applied as an offset to the
values for the components of complex impedance or as a
scaling of one or both values.

[0063] Referring now to FIG. 6, display device 32 is pro-
vided to present the coupling index in a format useful to the
clinician. Device 32 may also provide a variety of information
relating to visualization, mapping and navigation as is known
in the art including measures of electrical signals, two and
three dimensional images of the tissue 16 and three-dimen-
sional reconstructions of the tissue 16. Device 32 may com-
prise an LCD monitor or other conventional display device. In
accordance with another aspect of the present invention, the
coupling index may be displayed in one or more ways designs
to provide easy interpretation and correlation to tissue contact
for the clinician. Referring to FIG. 6, the coupling index may
be displayed as a scrolling waveform 68. The coupling index
may also be displayed as a meter 70 which displays the one
second average value of the coupling index. For either the
scrolling waveform 68 or meter 70, upper and lower thresh-
olds 72, 74 may be set (either pre-programmed in ECU 32 or
input by the user using a conventional I/O device). Charac-
teristics of the waveform 68 and/or meter 70 may change
depending upon whether the value of the coupling index is
within the range set by the thresholds (e.g., the waveform 68
or meter 70 may change colors such as from green to red if the
value of the coupling index moves outside of the range
defined by the thresholds). Changes to the coupling index
may also be reflected in changes to the image of the catheter



US 2014/0107430 Al

14 and/or catheter electrode 12 on display device 34. For
example, the catheter electrode 12 may be displayed on the
screen (including within a two or three dimensional image or
reconstruction of the tissue) as a beacon 76. Depending on the
value of the coupling index, the appearance of the beacon 76
may change. For example, the color of the beacon 76 may
change (e.g., from green to red) and/or lines may radiate
outwardly from the beacon 76 as the index falls above, below
or within a range of values.

[0064] Insummary, the degree of coupling between a cath-
eter electrode 12 and tissue 16 may be assessed through
several method steps in accordance with one embodiment of
the invention. First, an excitation signal is applied between
electrode 12 and a reference electrode such as patch electrode
22 between connectors SOURCE (+) and SOURCE (=) along
a first path 60 (see FIG. 2). As discussed above, signal source
56 of tissue sensing circuit 26 may generate the excitation
signal at a predetermined frequency or frequencies. This
action induces a voltage along path 62 between electrode 12
and another reference electrode such as patch electrode 20.
The voltage may be measured by sensor 58 which resolves the
sensed voltage into component parts of the complex imped-
ance at tissue 16. As a result, ECU 32 acquires values for the
components of the complex impedance. ECU 32 then calcu-
lates a coupling index responsive to the values that is indica-
tive of a degree of coupling between the electrode 12 and
tissue 16. The index may then be presented to a clinician in a
variety of forms including by display on display device 34 as,
for example, a waveform 68, meter 70 or beacon 76.

[0065] A coupling index formed in accordance with the
teaching of the present invention may be useful in a variety of
applications. As shown in the embodiment illustrated in FIG.
1, the coupling index can be used as part of a system 10 for
ablation of tissue 16. The coupling index provides an indica-
tion of the degree of electrical coupling between tip electrode
12 and tissue 16 thereby assisting in the safe and effective
delivery of ablation energy to tissue 16.

[0066] The coupling index may further provide an indica-
tion of the proximity or orientation of the tip electrode 12 to
adjacent tissue 16. Referring to FIGS. 1 and 2, signal source
56 of sensing circuit 26 may generate excitation signals
across source connectors SOURCE (+) and SOURCE (-)
defined between tip electrode 12 and patch electrode 22 and
also between ring electrode 50 and patch electrode 22. Imped-
ance sensor 58 may then measure the resulting voltages
across sense connectors SENSE (+) and SENSE (-)) defined
between tip electrode 12 and patch electrode 20 and also
between ring electrode 50 and patch electrode 22. ECU 32
may compare the measured values directly or, more prefer-
ably, determine a coupling index for each of electrodes 12, 50
responsive to the measured values and compare the two indi-
ces. The comparison provides an indication of orientation of
tip electrode 12. For example, a rise in the measured imped-
ance or coupling index for both electrodes 12, 50 may indi-
cate that electrode 12 is parallel to tissue 16. A rise in the
measured impedance or coupling index for electrode 12, but
not for electrode 50, may indicate that electrode 12 is perpen-
dicular to tissue 16. Differences between the measured
impedance or coupling index for electrodes 12, 50 may indi-
cate that electrode 12 is disposed at an angle (as well as the
degree of that angle) relative to tissue 16. It should be under-
stood that electrode 50 is used for exemplary purposes only.
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Similar results could be obtained with other electrodes dis-
posed proximate tip electrode 12 or from using a split tip
electrode.

[0067] The present invention may also be used as a prox-
imity sensor. As an electrode such as electrode 12 approaches
tissue 16 the impedance changes as does the coupling index.
Further, for some electrode configurations, this change is
independent of the angle at which the electrode is 12 is dis-
posed relative to tissue 16. The coupling index is therefore
indicative of the proximity of the electrode 12 to tissue 16. In
some applications, the general position (with a frame of ref-
erence) and speed of the tip of catheter 14 and electrode 12 is
known (although the proximity of electrode 12 to tissue 16 is
unknown). This information can be combined to define a
value (the “coupling index rate”) that is indicative of the rate
of change in the coupling index as electrode 12 approaches
tissue 16 and which may provide an improved measure of the
proximity of the electrode 12 to tissue 16. This information
can be used, for example, in robotic catheter applications to
slow the rate of approach prior to contact and also in connec-
tion with a transseptal access sheath having a distal electrode
to provide anindication that the sheath is approaching (and/or
slipping away from) the septum. The coupling index rate can
also be used to filter or smooth variation in signals resulting
from cardiac cycle mechanical events.

[0068] The present invention may also find application in
systems having multiple electrodes used for mapping the
heart or other tissues, obtaining electrophysiological (EP)
information about the heart or other tissues or ablating tissue.
Referring to FIG. 7, one example of an EP catheter 78 is
shown. EP catheter 78 may be a non-contact mapping cath-
eter such as the catheter sold by St. Jude Medical, Atrial
Fibrillation Division, Inc. under the registered trademark
“ENSITE ARRAY.” Alternatively, catheter 78 may comprise
a contact mapping catheter in which measurements are taken
through contact of the electrodes with the tissue surface.
Catheter 78 includes a plurality of EP mapping electrodes 80.
The electrodes 80 are placed within electrical fields created in
body 17 (e.g., within the heart). The electrodes 80 experience
voltages that are dependent on the position of the electrodes
80 relative to tissue 16. Voltage measurement comparisons
made between electrodes 80 can be used to determine the
position of the electrodes 80 relative to tissue 16. The elec-
trodes 80 gather information regarding the geometry of the
tissue 16 as well as EP data. For example, voltage levels on the
tissue surface over time may be projected on an image or
geometry of the tissue as an activation map. The voltagelevels
may be represented in various colors and the EP data may be
animated to show the passage of electromagnetic waves over
the tissue surface. Information received from the electrodes
80 can also be used to display the location and orientation of
the electrodes 80 and/or the tip of EP catheter 78 relative to
tissue 16. Electrodes 80 may be formed by removing insula-
tion from the distal end of a plurality of braided, insulated
wires 82 that are deformed by expansion (e.g. through use of
a balloon) into a stable and reproducible geometric shape to
fill a space (e.g., a portion of a heart chamber) after introduc-
tion into the space.

[0069] In the case of contact mapping catheters, the cou-
pling index can be used to determine which electrodes 80 are
in contact with or in close proximity to tissue 16 so that only
the most relevant information is used in mapping the tissue 16
or in deriving EP measurements or so that different data sets
are more properly weighted in computations. As with the
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systems described hereinabove, signal source 56 of sensing
circuit 26 may generate excitation signals across source con-
nectors SOURCE (+) and SOURCE (=) defined between one
or more electrodes 80 and patch electrode 22. Impedance
sensor 58 may then measure the resulting voltages across
sense connectors SENSE (+) and SENSE (-)) defined
between each electrode 80 and patch electrode 20. ECU 32
may then determine which electrodes 80 have the highest
impedance and/or coupling index to determine the most rel-
evant electrodes 80 for purposes of mapping or EP measure-
ments. Similarly, in the case of a multiple electrode ablation
catheter (not shown), the coupling index can be used to detet-
mine which electrodes are in contact with tissue 16 so that
ablation energy is generated through only those electrodes, or
can be used to adjust the power delivered to different elec-
trodes to provide sufficient power to fully ablate the relevant
tissue.

[0070] The present invention also permits simultaneous
measurements by multiple electrodes 80 on catheter 78. Sig-
nals having distinct frequencies or multiplexed in time can be
generated for each electrode 80. In one constructed embodi-
ment, for example, signals with frequencies varying by 200
Hz around a 20 kHz frequency were used to obtain simulta-
neous distinct measurements from multiple electrodes 80.
Because the distinct frequencies permit differentiation of the
signals from each electrode 80, measurements can be taken
for multiple electrodes 80 simultaneously thereby signifi-
cantly reducing the time required for mapping and/or EP
measurement procedures. Microelectronics permits precise
synthesis of a number of frequencies and at precise quadra-
ture phase offsets necessary for a compact implementation of
current sources and sense signal processors. The extraction of
information in this manner from a plurality of transmitted
frequencies is well known in the field of communications as
quadrature demodulation. Alternatively, multiple measure-
ments can be accomplished essentially simultaneously by
multiplexing across a number of electrodes with a single
frequency for intervals of time less than necessary for a sig-
nificant change to occur.

[0071] A system, article of manufacture, and method in
accordance with the present teachings offers one or more of a
number of advantages. First, they provide a true measure of
impedance at the interface of the electrode and the target
tissue and, therefore, provide a more qualitative assessment
of coupling between the electrode and the tissue. Inparticular,
the system, article, and method exclude accumulated imped-
ance between the target tissue and the body surface as well as
impedance resulting from external factors unrelated to the
patient such as cable length, coiling, and the like. The mea-
surement is also standardized such that it will provide a simi-
lar measure despite variation in parameters associated with
the body, the electrode, and the system as a whole. Further, the
system, article of manufacture and method provide an indi-
cator of coupling (i.e., the coupling index) in a format that
allows easy interpretation and correlation to tissue contact by
the clinician. As a result, ablation procedures can be con-
ducted more efficiently and with higher success rates and
fewer complications.

[0072] Although several embodiments of this invention
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 invention. All directional references (e.g., upper,
lower, upward, downward, left, right, leftward, rightward,
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top, bottom, above, below, vertical, horizontal, clockwise and
counterclockwise) are only used foridentification purposes to
aid the reader’s understanding of the present invention, and
do not create limitations, particularly as to the position, ori-
entation, or use of the invention. 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 ele-
ments. 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 accompanying drawings
shall be interpreted as illustrative only and not as limiting.
Changes in detail or structure may be made without departing
from the invention as defined in the appended claims.

1-21. (canceled)

22. A system for assessing a degree of coupling between a
first electrode and a tissue in a body, comprising:

a complex impedance sensor; and,

an electronic control unit configured to acquire values for

first and second components of a complex impedance
between said first electrode and said tissue responsive to
one or more signals output by said complex impedance
sensor and to calculate a first coupling index responsive
to said values and a first variable parameter associated
with said system, said first coupling index indicative of
adegree of coupling between said first electrode and said
tissue.

23. The system of claim 22 wherein said electronic control
unit is further configured, in calculating said first coupling
index, to apply an offset to said values of said first and second
components of said complex impedance responsive to said
first variable parameter.

24. The system of claim 22 wherein said electronic control
unit is further configured, in calculating said first coupling
index, to scale at least one of said values of said first and
second components of said complex impedance responsive to
said first variable parameter.

25. The system of claim 22 wherein said electronic control
unit is further configured, in calculating said first coupling
index to scale one of said values of said first and second
components of said complex impedance responsive to said
first variable parameter and scale another of said values of
said first and second components of said complex impedance
responsive to one of said first variable parameter and a second
variable parameter associated with said system.

26. The system of claim 22 wherein said electronic control
unit is configured to calculate said first coupling index in
accordance with the equation aR+bX+c wherein R and X
correspond to said values for said first and second compo-
nents of said complex impedance between said first electrode
and said tissue and a, b, and ¢ correspond to a first standard-
ization value indicative of a deviation from a reference stan-
dard by said first variable parameter, a second standardization
value indicative of a deviation from a reference standard by
one of said first variable parameter and a second variable
parameter associated with said system, and a third standard-
ization value indicative of a deviation from a reference stan-
dard by one of said first variable parameter, said second
variable parameter and a third variable parameter associated
with said system.

27. The system of claim 26 wherein R comprises a mean
value of a plurality of values for said first component of said
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complex impedance and X comprises a mean value for a
plurality of values for said second component of said complex
impedance.

28. The system of claim 22 wherein said first variable
parameter comprises one or more of a temperature of said
body, an electrolyte concentration in said body, and a size of
said first electrode.

29. The system of claim 22 wherein said electronic control
unit is further configured to identify a type of said tissue
responsive to said first coupling index.

30. The system of claim 22 wherein said electronic control
unit is further configured to determine at least one of a prox-
imity of said first electrode to said tissue and an orientation of
said first electrode relative to said tissue responsive to said
first coupling index.

31. The system of claim 22 wherein said electronic control
unit is further configured to:

acquire values for first and second components of a com-

plex impedance between a second electrode and said
tissue responsive to one or more signals output by said
complex impedance sensor and to calculate a second
coupling index responsive to said values for said first and
second components of said complex impedance
between said second electrode and said tissue and one of
said first variable parameter and a second variable
parameter associated with said system, said second cou-
pling index indicative of a degree of coupling between
said second electrode and said tissue; and,

determine which of said first and second electrodes has a

higher impedance responsive to said first and second
coupling indeces.

32. The system of claim 22, further comprising a display
configured to display a representation of said first coupling
index.

33. The system of claim 32 wherein a characteristic of said
representation assumes one of a first state and a second state
depending on a value of said first coupling index relative to a
threshold value.

34. The system of claim 22, further comprising a display
configured to display a representation of said first electrode
wherein a characteristic of said representation assumes one of
a first state and a second state depending on a value of said
first coupling index relative to a threshold value.

35. A method for assessing a degree of coupling between a
first electrode and a tissue in a body, comprising:

acquiring values for first and second components of a com-

plex impedance between said first electrode and said
tissue response to one or more signals output by a com-
plex impedance sensor; and,

calculating a first coupling index responsive to said values

and a first variable parameter associated with a system
controlling said first electrode, said first coupling index
indicative of a degree of coupling between said first
electrode and said tissue.

36. The method of claim 35, wherein calculating said first
coupling index includes applying an offset to said values of
said first and second components of said complex impedance
responsive to said first variable parameter.

37. The method of claim 35, wherein calculating said first
coupling index includes scaling at least one of said values of
said first and second components of said complex impedance
responsive to said first variable parameter.

38. The method of claim 35, wherein calculating said first
coupling index includes:
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scaling of one of said values of said first and second com-
porents of said complex impedance responsive to said
first variable parameter; and

scaling another of said values of said first and second

components of said complex impedance responsive to
one of said first variable parameter and a second variable
parameter associated with said system.

39. The method of claim 35 wherein said first coupling
index in calculated in accordance with the equation aR+bX+c
wherein R and X correspond to said values for said first and
second components of said complex impedance between said
first electrode and said tissue and a, b, and ¢ correspond to a
first standardization value indicative of a deviation from a
reference standard by said first variable parameter, a second
standardization value indicative of a deviation from a refer-
ence standard by one of said first variable parameter and a
second variable parameter associated with said system, and a
third standardization value indicative of a deviation from a
reference standard by one of said first variable parameter, said
second variable parameter and a third variable parameter
associated with said system.

40. The method of claim 39 wherein R comprises a mean
value of a plurality of values for said first component of said
complex impedance and X comprises a mean value for a
plurality of values for said second component of said complex
impedance.

41. The method of claim 35 wherein said first variable
parameter comprises one or more of a temperature of said
body, an electrolyte concentration in said body, and a size of
said first electrode.

42. The method of claim 35, further comprising one or
more of identifying a type of said tissue, determining a prox-
imity of said first electrode to said tissue, and determining an
orientation of said first electrode relative to said tissue respon-
sive to said first coupling index.

43. The method of claim 35, further comprising:

acquiring values for first and second components of a com-

plex impedance between a second electrode and said
tissue responsive to one or more signals output by said
complex impedance sensor;

calculating a second coupling index responsive to said

values for said first and second components of said com-
plex impedance between said second electrode and said
tissue and one of said first variable parameter and a
second variable parameter associated with said system,
said second coupling index indicative of a degree of
coupling between said second electrode and said tissue;
and,

determining which of said first and second electrodes has a

higher impedance responsive to said first and second
coupling indeces.

44. The method of claim 35, further comprising displaying
a representation of said first coupling index wherein a char-
acteristic of said representation assumes one of a first state
and a second state depending on a value of said first coupling
index relative to a threshold value.

45. The method of claim 35, further comprising displaying
arepresentation of said first electrode wherein a characteristic
of said representation of said first electrode assumes one of a
first state and a second state depending on a value of said first
coupling index relative to a threshold value.
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