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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of United States Patent Application Publication no. US 2011/0125150.

BACKGROUND OF THE INVENTION

a. Field of the Invention

[0002] This invention relates to a system for assessing the effective delivery of ablation therapy to tissue in a body.
In particular, the instant invention relates to a system for generating and displaying an anatomical map of the tissue and
altering a visual characteristic of a portion of the map responsive to an index indicative of the state of ablation therapy.

b. Background Art

[0003] Ablation catheters are commonly 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). Arrhythmia
can create a variety of dangerous conditions including irregular heart rates, loss of synchronous atrioventricular con-
tractions and stasis of blood flow which can lead to a variety 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 catheter imparts
ablative energy (e.g., radiofrequency energy, cryoablation, lasers, chemicals, high-intensity focused ultrasound, 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.
[0004] Electroanatomical mapping systems are frequently used during cardiac ablation procedures to generate a
visual representation, or anatomical map, of the endocardial surface. This visual representation permits a clinician to
track the locations at which ablation therapy is provided and to view the cardiac structure and ablative lesions from a
variety of angles. Tracking ablation delivery sites is important because it is often necessary to achieve a contiguous line
of necrosis to disrupt undesirable electrical pathways in the tissue-despite the fact that ablation therapy often involves
multiple applications of energy at discrete locations.
[0005] Conventional anatomical mapping systems used during ablation procedures require the clinician to manually
mark treatment regions on the anatomical map. In particular, the clinician provides an input through a conventional input
device (e.g., a mouse, keyboard, etc.) to indicate the location or locations on the map at which ablation lesions have
been created. This subjective marking occurs despite numerous variabilities including movement of the ablation catheter
and heart due to cardiac contractions, ventilation and movements of the clinician and variation in the application of
ablative energy resulting, for example, from changing temperature or impedance levels. As a result, there may not be
a strong correlation between lesions marked on the anatomical map by the clinician and the effective delivery of ablation
therapy. Clinicians therefore frequently engage in repeated and relatively time consuming electrophysiologic mapping
procedures to identify locations where additional ablation therapy is required and then provide additional ablative energy
to those locations-often in a repeated cycle. These problems are exacerbated for those clinicians who engage in pro-
cedures whereby the ablation catheter is intentionally moved (or "dragged") while generating ablative energy. This type
of procedure can help reduce collateral tissue damage and is more time efficient, but increases the odds that manual
marking of lesion sites will be inaccurate.
[0006] US 7,001,383 B2 relates to real-time monitoring and mapping of ablation lesion formation in a heart, wherein
the state of ablation is displayed to a user by appropriately weighted display values, so that the user can determine that
a particular region has not been sufficiently ablated for immediately returning to the region and repeating the ablation
procedure.
[0007] US 2009/163904 A1 relates to a system and method for assessing coupling between an electrode and tissue.
[0008] US 2006/184163 A1 relates to a system and method for image-guided thermal treatment of tissue using a cell-
death model which indicates an accumulated destruction of voxels of tissue cells over time.
[0009] The inventors herein have recognized a need for a system and method for assessing the effective delivery of
ablation therapy to tissue in a body that will minimize and/or eliminate one or more of the above-identified deficiencies.

BRIEF SUMMARY OF THE INVENTION

[0010] It is desirable to provide a system for assessing the effective delivery of ablation therapy to tissue in a body.
In particular, it is desirable to be able to alter an anatomical map in an objective fashion to indicate the effective delivery
of ablation therapy to tissue. The object of the invention is achieved with a system according to the independent claim.
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[0011] A system for assessing the effective delivery of ablation therapy to tissue in a body in accordance with one
embodiment of the present teachings includes an electronic control unit configured to generate a three-dimensional
anatomical map of the tissue. The map defines a corresponding volume. The system further includes a display configured
to display the anatomical map. The electronic control unit is further configured to generate an index corresponding to a
location within the volume. The index is indicative of a state of ablation therapy at the location. In accordance with various
embodiments of the present teachings, the index may be determined responsive to various factors including, for example,
the duration of time during which ablation energy is provided at the location, the amount of ablation energy delivered by
the ablation catheter at the location, the temperature at or near the location and the degree of contact or electrical
coupling between an ablation electrode and the tissue. The electronic control unit is further configured to alter, responsive
to the index, a visual characteristic of a portion of the anatomical map corresponding to the location. In one embodiment
according to the present teachings, the volume is divided into a plurality of voxels (volume elements) and the altered
portion of the anatomical map comprises one of the voxels containing the location. In another embodiment according
to the present teachings, the anatomical map defines a surface and the altered portion of the map comprises a part of
the surface that is altered responsive to the index and a distance between the location and the part of the surface.
[0012] A method for assessing the effective delivery of ablation therapy to tissue in a body includes the step of
generating a three-dimensional anatomical map of the tissue. The map defines a corresponding volume. The method
further includes the step of displaying the anatomical map. The method further includes the step of generating an index
corresponding to a location within the volume, the index indicative of a state of ablation therapy at the location. The
method further includes the step of altering, responsive to the index, a visual characteristic of a portion of the anatomical
map corresponding to the location.
[0013] The above-described system and method are advantageous because they provide a less subjective and more
accurate map of ablation lesions than conventional systems. The use of an index based on one or more factors or
predictors indicative of the state of ablative therapy provides a more objective assessment of the effective delivery of
ablation therapy while reducing the impact of variabilities such as catheter or tissue movement or changes in operating
conditions. As a result, clinicians can assess the effectiveness of ablation therapy with greater confidence and reduce
or eliminate the need for electrophysiologic mapping procedures and repeated ablation.
[0014] 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

[0015]

Fig. 1 is diagrammatic view of a system in accordance with the present teachings.
Fig. 2 is a simplified schematic diagram illustrating how a degree of electrical coupling between an electrode and
tissue may be determined.
Fig. 3 is a screen display illustrating one embodiment of an anatomical map altered in accordance with the present
teachings.
Fig. 4 is a screen display illustrating another embodiment of an anatomical map altered in accordance with the
present teachings.
Fig. 5 is a series of timing diagrams illustrating variations over time in several factors that may be used in an index
to indicate effective delivery of ablation therapy.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0016] Referring now to the drawings wherein like reference 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 functions
including components providing an assessment of the effective delivery of ablation therapy to tissue 12 in a body 14. In
the illustrated embodiment, tissue 12 comprises heart or cardiac tissue. It should be understood, however, that the
present invention may be used to assess effective delivery of ablation therapy to a variety of body tissues. System 10
may include an ablation catheter 16, patch electrodes 18, 20, 22, an ablation generator 24, a tissue sensing circuit 26,
an electrophysiology (EP) monitor 28 and a system 30 for visualization, mapping and navigation of internal body structures
which may include an electronic control unit 32 in accordance with the present invention, a display device 34 and an
input/output (I/0) device 36 among other components.
[0017] Catheter 16 is provided for examination, diagnosis and treatment of internal body tissues such as tissue 12. In
accordance with one embodiment of the present teachings, catheter 16 comprises an ablation catheter. Catheter 16
may comprise, for example, an ablation catheter of the type sold commercially by St. Jude Medical, Inc. under the
"SAFIRE" or "COOL PATH" trademarks and having a four millimeter tip that may be deflected in one direction (uni-
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directional) or multiple directions (bi-directional). In accordance with one embodiment of the present teachings, catheter
16 comprises an irrigated radio-frequency (RF) ablation catheter. It should be understood, however, that the present
invention can be implemented and practiced regardless of the type of ablation energy provided (e.g., cryoablation,
ultrasound, etc.). Catheter 16 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 fluid source 38 as shown) for irrigation. Catheter 16 is also electrically connected to ablation generator
24 for delivery of RF energy. Catheter 16 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 body of a patient)
and one or more electrodes 52, 54, 56. Catheter 16 may also include other conventional components not illustrated
herein such as a temperature sensor, additional electrodes, and corresponding conductors or leads.
[0018] Connector 42 provides mechanical, fluid and electrical connection(s) for cables 58, 60 extending from pump
40 and ablation generator 24. Connector 42 is conventional in the art and is disposed at a proximal end of catheter 16.
[0019] Handle 44 provides a location for the clinician to hold catheter 16 and may further provide means for steering
or guiding shaft 46 within body 14. For example, handle 44 may include means to change the length of a guidewire
extending through catheter 14 to distal end 50 of shaft 46 to steer shaft 46. Handle 44 is also conventional in the art and
it will be understood that the construction of handle 44 may vary.
[0020] Shaft 46 is an elongated, tubular, flexible member configured for movement within body 14. Shaft 46 support
electrodes 52, 54, 56 associated conductors, and possibly additional electronics used for signal processing or condi-
tioning. Shaft 46 may also permit transport, delivery and/or removal of fluids (including irrigation fluids and bodily fluids),
medicines, and/or surgical tools or instruments. Shaft 46 may be made from conventional materials such as polyurethane
and define one or more lumens configured to house and/or transport electrical conductors, fluids or surgical tools. Shaft
46 may be introduced into a blood vessel or other structure within body 14 through a conventional introducer. Shaft 46
may then be steered or guided through body 14 to a desired location such as tissue 12 with guide wires or other means
known in the art.
[0021] Electrodes 52, 54, 46 are provided for a variety of diagnostic and therapeutic purposes including, for example,
electrophysiological studies, catheter identification and location, pacing, cardiac mapping and ablation. In the illustrated
embodiment, catheter 16 includes an ablation tip electrode 52 at distal end 50 of shaft 46 and a pair of ring electrodes
54, 56. It should be understood, however, that the number, orientation and purpose of electrodes 52, 54, 56 may vary.
[0022] Patch electrodes 18, 20, 22 provide RF or navigational 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 can be made from flexible, electrically conductive material and be configured for affixation
to body 14 such that electrodes 18, 20, 22 are in electrical contact with the patient’s skin. Alternatively, electrodes 18,
20, 22 can be part of a pad or support placed under the patient. Electrode 18 may function as an RF indifferent/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. Electrodes 20, 22
are preferably spaced relatively far apart for a purpose described hereinbelow. 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.
[0023] Ablation generator 24 generates, delivers and controls RF energy used by ablation catheter 16. 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 Biomedical, Inc. Generator 24 includes an RF ablation signal source
62 configured to generate an ablation signal that is output across a pair of source connectors: a positive polarity connector
SOURCE (+) which may connect to tip electrode 52; 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
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. Source 62 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. Source 62 may generate
a signal, for example, with a frequency of about 450 kHz or greater. Generator 24 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 EP monitor 28 and system 30.
[0024] Tissue sensing circuit 26 provides a means, such as tissue sensing signal source 64, for generating an excitation
signal used in impedance measurements and means, such as complex impedance sensor 66, for resolving the detected
impedance into its component parts. Signal source 64 is configured to generate an excitation signal across source
connectors SOURCE (+) and SOURCE (-) (See Fig. 2). Source 64 may output a signal having a frequency within a
range from about 1 kHz to over 500 kHz, more preferably within a range of about 2 kHz to 200 kHz, and even more
preferably about 20 kHz. In one embodiment, the excitation signal is a constant current signal, preferably in the range
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of between 20-200 mA, and more preferably about 100 mA. As discussed below, the constant current AC excitation
signal generated by source 64 is configured to develop a corresponding AC response voltage signal that is dependent
on the complex impedance of tissue 12 and is sensed by complex impedance sensor 66. Sensor 66 resolves the complex
impedance into its component parts (i.e., the resistance (R) and reactance (X) or the impedance magnitude (|Z|) and
phase angle (∠Z or φ)). Sensor 66 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.
[0025] It should be understood that the excitation signal from source 64 may alternatively be an AC voltage signal
where the response signal comprises an AC current signal. It should also 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 66 to more readily distinguish the two signals, and facilitates filtering and subsequent processing of the AC
response voltage signal. The excitation signal frequency is also preferably outside the frequency range of conventionally
expected electrogram (EGM) St. Jude Medical, Atrial Fibrillation Division, Inc. signals in the frequency range of 0.05 -
1 kHz. Thus, in summary, the excitation signal preferably has a frequency that is preferably above the typical EGM signal
frequencies and below the typical RF ablation signal frequencies.
[0026] 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 52; and a negative polarity connector SENSE (-) which
may be electrically connected to one of patch electrodes 18, 20, 22 (see Fig. 2; note, however, that the connector SENSE
(-) should be connected to a different electrode of electrodes 18, 20, 22 relative to the connector SOURCE (-) as discussed
below) or another electrode 54, 56 on catheter 16, such as ring electrode 54 as described in commonly assigned U.S.
Patent Application Publication No. US 2009/0171345 filed on December 28, 2007 and titled "System and Method for
Measurement of an Impedance Using a Catheter Such as an Ablation Catheter". 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
contemplated to represent one or more electrical nodes.
[0027] Referring now to Figure 2, connectors SOURCE (+), SOURCE (-), SENSE (+) and SENSE (-) form a three
terminal arrangement permitting measurement of the complex impedance at the interface of tip electrode 52 and tissue
12. Complex impedance can be expressed in rectangular coordinates as set forth in equation (1): 

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

where |Z| is the magnitude of the complex impedance (expressed in ohms) and ∠Z = θ is the phase angle expressed

in radians. Alternatively, the phase angle may be expressed in terms of degrees where  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-Catheter Tip" which is the tip electrode 52; (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 62 of ablation generator 24,
the excitation signal generated by source 64 in tissue sensing circuit 26 is also 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. As described above, in one embodiment, a 20 kHz, 100 mA AC constant
current signal is sourced along the path 68, 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 66 is
coupled to the sense connectors (SENSE (+), SENSE (-)), and is configured to determine the impedance across the
path 70. 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 sensing is
nearly ideal, the current flows through the path 68 only, so the current through path 70 (node D to node C) due to the
excitation signal is effectively zero. Accordingly, when measuring the voltage along path 70, 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
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patch electrodes (i.e., those forming nodes B and C), an ever-increasing focus will be placed on the tissue volume
nearest the tip electrode 52. If the patch electrodes are physically close to each other, the circuit pathways between the
catheter tip electrode 52 and the patch electrodes will overlap significantly and impedance measured at the common
node (i.e., node D) will reflect impedances not only at the interface of the catheter electrode 52 and tissue 12, but also
other impedances between tissue 12 and the surface of body 14. As the patch electrodes are moved further apart, the
amount of overlap in the circuit paths decreases and impedance measured at the common node is only at or near the
tip electrode 52 of catheter 16.
[0028] Referring again to Figure 1, EP monitor 28 is provided to display electrophysiology 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.
[0029] 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. Patent No. 7,263,397 titled "Method and Apparatus
for Catheter Navigation and Location and Mapping in the Heart". Alternatively, system 30 may comprise the system sold
under the name Carto™ and commercially available from Biosense Webster, Inc. or a magnetic location system such
as the system sold under the name gMPS and commercially available from Mediguide Ltd. and as generally shown with
reference to U.S. Patent No., 7,386,339 entitled "Medical Imaging and Navigation System". System 30 may include
electronic control unit (ECU) 32, display device 34 and I/O device 36 among other components.
[0030] ECU 32 is provided to generate anatomical maps of tissue 12, to generate an index indicative of a state of
ablation therapy at a location within a volume defined by an anatomical map and to alter a visual characteristics of at
least a portion of an anatomical map corresponding to the location. ECU 32 preferably comprises a programmable
microprocessor or microcontroller, but may alternatively comprise an application specific integrated circuit (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 66 of tissue sensing circuit 26, from ablation generator 24 and
from I/O device 36 and generate 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 performing one or more of the above functions.
[0031] Referring to Figure 3, ECU 32 generates a three-dimensional anatomical map 72 for illustration on display
device 34 in a conventional manner. A plurality of electrodes at one end of catheter 16 or a conventional mapping catheter
may be moved within the heart chambers by the clinician while the heart is beating. The locations of the catheter
electrodes are measured, for example, using patch electrodes 18, 20, 22 or another sensor (e.g., a magnetic sensor
(not shown)) and stored by ECU 32 as a "cloud" of points. A conventional algorithm such as a convex hull algorithm is
used to construct a surface around the cloud. The most exterior points are used to create a "shell" representing the
shape of the heart. Additional sampling and smoothing operations are then performed to generate the anatomical map
72 shown in Figure 3. A more detailed explanation of the mapping process is described in the above-referenced U.S.
Patent No. 7,263,397 titled "Method and Apparatus for Catheter Navigation and Location and Mapping in the Hearth".
It should also be understood that ECU 32 could generate map 72 based on a real-time image such as an ultrasound
image or fluoroscopic image or a pre-acquired image (e.g., an image generated by an MRI, CT, ultrasound or fluoroscopic
system).
[0032] Three-dimensional map 72 defines a volume 74 comprising the space within its surface boundaries. ECU 32
is further configured generate an index (CAI) indicative of a state of ablation therapy at a location, such as location 76,
within the volume 74. The index is derived from one or more of a plurality of factors indicative of delivery of ablative
therapy to tissue 12. These factors may include a duration of time during which ablation tip electrode 52 is present at
the location or ablation therapy is provided at the location. As noted above, the location of electrode 52 can be tracked
by ECU 32 by reading voltage levels on electrodes 18, 20, 22. Another factor may be the amount of ablation energy
provided at the location. This information can be obtained from ablation generator 24 as a measurement of RF power
in the case of radio-frequency ablation and will vary based on programmed instructions for delivery of energy and
feedback control such as temperature measurements (to avoid charring or steam pops) and impedance measurements
(to minimize coagulum formation). Another factor is the temperature proximate the distal end 50 of catheter 16 where
tip electrode 52 is located. The temperature can be measured using a conventional temperature sensor (not shown) on
the distal end of shaft 46 of catheter 16. Other exemplary factors include an impedance measurement or a change in
amplitude in an electrogram both as measured by generator 24. Additional factors may include the flow of irrigation fluid
in catheter 16 as measured by a conventional flow sensor or meter (not shown) or the orientation of electrode 52 relative
to tissue 12 which could be measured by a force vector sensor (not shown) on catheter 16 or through impedance
measurements. Another factor indicative of the state of ablative therapy is contact pressure between electrode 52 and
tissue 12 which can be measured through a conventional pressure sensor (not shown).
[0033] Another factor that is indicative of effective delivery of ablation therapy and that may be used in the index CAI
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is the degree of coupling, and particularly electrical coupling, between electrode 52 and tissue 12 . As discussed in
greater detail hereinabove, ECU 32 can acquire one or more values for two component parts of the complex impedance
from signals generated by sensor 66 of tissue sensing circuit 26 (i.e., the resistance (R) and reactance (X) or the
impedance magnitude (|Z|) and phase angle (φ) or any combination of the foregoing or derivatives or functional equivalents
thereof). ECU 32 may combine values for the two components into a single coupling index (ECI) that provides a measure
of the degree of coupling between electrode 52 and tissue 12 and, in particular, the degree of electrical coupling between
electrode 52 and tissue 12. This process and index are described more fully in commonly assigned U.S. Patent Application
Publication No. US 2009/0163904 titled "System and Method for Assessing Coupling Between an Electrode and Tissue"
filed October 17, 2008. As discussed in that application it should be understood 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. Because impedance measurements are also influenced by the design of
catheter 16 connection cables 58, 60 or other factors, the coupling index ECI may preferably comprise a flexible equation
in which coefficients and offsets are variable in response to design parameters associated with catheter 16. Catheter
16 may include a memory such as an EEPROM that stores numerical values for the coefficients and offsets or stores
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 ECI accordingly. The physical structure of the patient is another factor that may influence impedance
measurements and the coupling index. Therefore, ECU 32 may also be configured to offset or normalize the coupling
index (e.g., by adjusting coefficients or offsets within the index ECI) responsive to an initial 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 ECI responsive to excitation signals generated by source 64 at multiple different frequencies. It should be under-
stood that while the coupling index ECI provides a measure of the degree of electrical coupling between electrode 52
and tissue 12, measures of the degree of physical coupling can also be used as a factor in the index CAI including, for
example, contact force or contact pressure as noted above.
[0034] ECU 32 may maintain, read from and update a data structure containing values for the index CAI and the
factors (e.g., RF power, temperature, ECI, etc.) used to determine the index CAI with each index value (and the associated
factor values) corresponding to either a discrete location, such as location 76, within volume 74 or a plurality of locations
as discussed hereinbelow. ECU 32 continuously calculates and maintains the value of the index CAI for any particular
location or group of locations over time such that the index CAI represents an assessment of the instantaneous and
cumulative values for the various factors that make up the index. The index CAI may therefore be represented by the
following equation: 

where x, y, and z represent coordinates for a location 76, t represents time and f(x,y,z,t) is a function g of one or more
of the above-described factors. For example, in one embodiment of the invention, the index CAI may be derived from
the following function: 

where ablation_energy represents the amount of ablative energy provided at the location through generator 24 and ECI
is an index representative of the degree of electrical coupling between electrode 52 and tissue 12. In another embodiment
of the invention, the index CAI may be derived from the following function: 

where α and β are constants and temperature represents the temperature proximate the distal end 50 of catheter 16.
Each factor in the index CAI may be compared to a threshold value associated with the factor to ensure that any factor
forming part of the index CAI is indicative of a predetermined level of ablation therapy at the location (e.g., therapy that
will result in irreversible lesions as opposed to brief and reversible exposure of the tissue to ablation). For example, the
degree of coupling between electrode 52 and tissue 12 input to the index CAI may be computed as follows: 



EP 2 501 280 B1

8

5

10

15

20

25

30

35

40

45

50

55

where ECInon-contact represents a threshold value for ECI (typically 100 +/- 5, whereas ECI is typically between 140 and
180 when in electrode 52 is in moderate contact with tissue 12). Similarly, ablation_energy may be calculated relative
to a threshold value intended to compensate for the fact that a very low power level (e.g., 1 watt) will not result in
detectable changes to tissue 12: 

Because measured temperatures above the internal body temperature are indicative of effective ablation therapy, a
function for determining a temperature value in the index CAI may use body temperature as a threshold value: 

It should be understood that temperature values may also be impacted by irrigation, the flow rate of irrigation fluid and
other design parameters for catheter 16 and that the above function could be varied to account for such parameters.
[0035] As noted hereinabove, ECU 32 may determine the index (CAI) relative to a discrete location, such as location
76, within the volume 74. In one embodiment of the invention, ECU 32 may further be configured to determine the
location not as a discrete value, but rather in response to a plurality of measured positions of catheter 16 over a prede-
termined period of time. ECU 32 may determine a location by taking, for example, a mean or median value from among
a plurality of positions of catheter 16 measured over a time period (e.g., between 0.2 to 2 seconds). ECU 32 may
associate the cumulative CAI value over that time period with the determined location. This approach reflects the fact
that ablative therapy may be applied to a number of distinct locations that are very close to one another-particularly in
short interval.
[0036] It should be understood that ECU 32 may calculate values for CAI at location 76 responsive to measurements
made at multiple electrodes (e.g., at electrodes 52, 54, 56). For example, the degree of coupling (e.g., electrical coupling
or force of contact) between each electrode 52, 54, 56 and tissue 12 can be assessed. Mathematical algorithms (e.g.,
weighting and interpolation) may be used in connection with the measurements made at the electrodes 52, 54, 56 to
derive a more precise assessment of the degree of coupling at location 76 and, consequently, a more precise value of
index CAI.
[0037] Referring again to Figure 3, in one embodiment of the invention, ECU 32 is configured to divide the volume 74
into a plurality of volume elements or voxels 78. A data structure is maintained by ECU 32 which correlates instantaneous
and cumulative values for the index CAI and the factors used to compute the index with each voxel 78 such that the
index CAI and the factors reflect cumulative values taken at a plurality of discrete locations within each voxel 78. In this
embodiment, one factor that may be used to compute the index comprises the time in which the ablation catheter 16 is
within the voxel as opposed to time spent at a single discrete location. This embodiment of the invention is advantageous
given the limitations on providing precise representations of the surface of tissue 12 during mapping and the ability to
deliver ablation therapy to discrete locations.
[0038] ECU 32 is configured to alter a visual characteristic of voxel 78 responsive to the index CAI. In one embodiment
of the invention, the visual characteristic comprises color and, in particular, the intensity of the color. Voxels 78 containing
locations 76 where effective ablation therapy is delivered may assume a certain color that becomes more intense or
more opaque (illustrated in the drawings by an increase in cross-hatching) as the effectiveness of the therapy increases
(as indicated by index CAI). Voxels 78 containing locations where therapy has not been provided or therapy has been
relatively ineffective may be transparent or translucent to facilitate the visualization of underlying geometric structures
in tissue 12. It should be noted that the visual characteristic does not need to be altered in a linear fashion relative to
changes in the index CAI. Various functions may be applied to the index CAI to emphasize specific indices or range of
indices likely to represent ineffective ablative therapy. It should also be understood that the visual characteristics of voxel
78 could be altered in response to other factors or measurements in addition to the index CAI. For example, the visual
characteristics of voxel 78 may be altered responsive to a measured temperature exceeding a predetermined threshold
during ablation such that the appearance of the voxel is altered in multiple ways (e.g, by adjusting the intensity of the
color based on index CAI and by alternating between multiple states (i.e., flashing) in the presence of excessive tem-
peratures).
[0039] Referring to Figure 4, in another embodiment of the invention, ECU 32 generates an anatomical map 80 that
defines a surface 82. ECU 32 is configured to alter a visual characteristic of a portion of the surface 82 responsive to



EP 2 501 280 B1

9

5

10

15

20

25

30

35

40

45

50

55

the index CAI and a distance d between a location 84 at which CAI is computed and one or more locations on surface
82 (the relative locations being known by detecting the position of the catheter tip as discussed above and registering
the coordinate system with that of map 80 in a conventional manner). ECU 32 may alter surface 82 by again adjusting
the color, and particularly the intensity of the color (again illustrated by increased cross-hatching), at the
surface 82 or by superimposing a marker (e.g., a disc) thereon. As discussed above, it should be understood that the
visual characteristics of surface 82 may also be altered responsive to other factors or measurements in addition to the
index CAI.
[0040] Referring again to Figure 1, display device 34 is provided to display map 72 or 80 and present information
permitting the clinician to assess effective delivery of ablation therapy to tissue 12. Device 34 may also provide a variety
of information relating to visualization, mapping and navigation as is known in the art including measures of electrical
signals, various two and three dimensional images of the tissue 12 and three- dimensional reconstructions of the tissue
12. Device 34 may, for example, display, or combine with map 72 or 80, detailed computed tomography or magnetic
resonance images using conventional registration and fusion processes. Device 34 may comprise an LCD monitor or
other conventional display device.
[0041] I/O device 36 is provided to allow the clinician to control operation of system 30. Device 36 may comprise a
keyboard, mouse or other conventional input/output device. In accordance with one aspect of the present invention,
device 36 permits the clinician to exercise a measure of control over the computation of index CAI to permit clinicians
to provide appropriate weight to those factors the clinician believes are better indicators of effective ablation therapy.
ECU 32 is therefore configured to receive a user input through device 36 controlling a weight accorded to at least one
of the factors used by ECU to derive index CAI. In this manner, the clinician can, for example, more easily control lesion
formation in sensitive areas (e.g., in cardiac tissue near the esophagus).
[0042] The above description contemplates review of the altered electroanatomical map 72 or 80 and appropriate
adjustment of components of system 10 (e.g., by movement of catheter 16) in response thereto. In an alternative
embodiment of the invention, catheter 16 may be controlled automatically (e.g., robotically or magnetically) responsive,
in part, to the measured values of CAL System 30 may obtain measurements and calculate the index CAI The location
of the catheter 16 may be adjusted automatically responsive to the values of CAI using, for example, the robotic or
magnetic systems described in commonly assigned U.S. Patent Application Publication No. US 2010/0069921. As part
of this process, system 30 may identify locations within volume 74 (by altering the visual characteristics of map 72 or
80) that require review, and possibly further treatment, by a clinician.
[0043] Referring now to Figure 5, a series of timing diagrams (in registration with each other) taken during an animal
study illustrate changing values over time for several individual factors indicative of the delivery of ablation therapy by
a tip electrode 52 at two locations (x1, y1, z1) and (x2, y2, z2) within cardiac tissue. The first location (x1, y1, z1) was in
the left atrium while the second location (x2, y2, z2) was in the right atrium. The catheter tip was maintained out of contact
with the tissue when electrode 52 was at the first location (x1, y1, z1) and in moderate contact with the tissue when
electrode 52 was at the second location (x2, y2, z2). The power level was varied at each location between 1 watt, 20
watts and 40 watts as illustrated in the timing diagram marked "ABL POWER". Although the amount of ablative energy
delivered in each location was the same, the catheter tip temperature, the electrical coupling index (ECI) (as well as its
individual component parts R1 and X1) and other values remained relatively constant over the time period in which the
electrode 52 was at the first location (x1, y1, z1) and varied considerably during the timer period in which the electrode
52 was the second location (x2, y2, z2). Similarly, the index CAI remained relatively constant during the time period the
electrode 52 was at the first location (x1, y1, z1) and varied during the time period in which the electrode 52 was at the
second location (x2, y2, z2) to indicate more effective delivery of ablation therapy. In the illustrated embodiment, CAI
was calculated from the following equation: 

With ECI, ablation_energy, and temperature all compared to threshold values such that each factor impacts CAI only if
it is indicative of a predetermined level of ablation therapy at the location (e.g., therapy that will result in irreversible
lesions as opposed to brief and reversible exposure of the tissue to ablation).
[0044] In summary, the effective delivery of ablation therapy to tissue 12 is assessed through several method steps
in accordance with one embodiment of the present invention. First, a three-dimensional anatomical map 72 or 80 of the
tissue 12 is generated. The map may be generated by ECU 32 in a conventional manner using values measured from
the movement of a conventional mapping catheter or may be based on a real-time image such as an ultrasound image
or fluoroscopic image or a pre-acquired image (e.g., an image generated by an MRI, CT, ultrasound or fluoroscopic
system). The map 72 or 80 is then displayed on, for example, a conventional display device 34. ECU 32 then generates an
index CAI corresponding to a location 76 or 84 within a volume 74 or 82 defined by the map 72 or 80, respectively. The
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index CAI is indicative of a state of ablation therapy at the location. Finally, a visual characteristic of a portion of the map
72 or 80 corresponding to the location 76 or 84 is altered responsive to the index.
[0045] A system and method in accordance with the present teachings offers one or more of a number of advantages.
The system and method provide a less subjective and more accurate map of ablation lesions than conventional systems
and methods. The use of an index based on one or more factors or predictors indicative of the state of ablative therapy
provides a more objective assessment of the effective delivery of ablation therapy while reducing the impact of variabilities
such as catheter or tissue movement or changes in operating conditions. As a result, clinicians can assess the effec-
tiveness of ablation therapy with greater confidence and reduce or eliminate the need for electrophysiologic mapping
procedures and repeated ablation.
[0046] Although several embodiments of this invention have been described above with a certain degree of particularity,
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, top,
bottom, above, below, vertical, horizontal, clockwise and counterclockwise) are only used for identification purposes to
aid the reader’s understanding of the present invention, and do not create limitations, particularly as to the position,
orientation, 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 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 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.

Claims

1. A system for assessing effective delivery of ablation therapy to a tissue (12) in a body (14), comprising:

an electronic control unit (32) configured to generate a three-dimensional anatomical map (72, 80) of said tissue
(12), said map defining a corresponding volume (74); and
a display (34) configured to display said anatomical map (72);
wherein said electronic control unit (32) is further configured to:

receive a user input;
adjust at least one weight responsive to the user input;
apply each adjusted weight to a plurality of associated factors indicative of delivery of ablation therapy at
a first location (76, 84) within said volume to create a plurality of weighted factors, wherein an adjusted
weight applied to one associated factor is different than an adjusted weight applied to another associated
factor,
update a cumulative index indicating a state of the ablation therapy at the first location (76, 84) based upon
said at least one weighted factor; and
alter, responsive to said updated cumulative index, a visual characteristic of a portion of said anatomical
map corresponding to said first location (76, 84).

2. The system of claim 1 wherein said volume is divided into a plurality of voxels and said portion of said anatomical
map comprises a first voxel of said plurality of voxels, said first location within said first voxel.

3. The system of any one of the preceding claims, wherein said electronic control unit (32) is further configured to
determine a position of an ablation catheter (16) and to determine said first location responsive to a plurality of
positions of said ablation catheter (16) over a predetermined period of time.

4. The system of any one of the preceding claims, wherein said visual characteristic comprises a color.

5. The system of any one of the preceding claims, wherein said visual characteristic comprises an intensity of said color.

6. The system of any one of the preceding claims, wherein said index is generated responsive to one or more of a
duration of time during which ablation energy is provided at said first location, an amount of ablation energy provided
at said first location, a degree of contact between an ablation electrode (16) and said tissue (12), a degree of electrical
coupling between an ablation electrode and said tissue, a temperature proximate said first location, a duration of
time of tip at a discrete tissue location, a temperature of tip electrode, an impedance, a flow of irrigant, an orientation
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of electrode relative to tissue, and a contact pressure.

7. The system of claim 6 wherein said index is generated responsive to an electrical coupling index (ECI).

8. The system of any one of the preceding claims, wherein the electronic control unit (32) is further configured to:

compare each weighted factor against an associated threshold value; and
update a cumulative index indicating a state of the ablation therapy at the first location (76, 84) only if at least
one said weighted factors exceeds an associated threshold value.

9. The system of any one of the preceding claims, wherein said anatomical map defines a surface and said portion
comprises a part of said surface, and wherein said electronic control unit (32) is configured to alter the visual
characteristics of said portion responsive to said cumulative index and a distance (d) between said first location (84)
and said part of said surface (82).

Patentansprüche

1. System zur Beurteilung der Effektivität der Durchführung einer Ablationstherapie für ein Gewebe (12) in einem
Körper (14) mit:

einer elektronischen Steuerungseinheit (32), die konfiguriert ist zum Erzeugen einer dreidimensionalen anato-
mischen Karte (72, 80) des Gewebes (12), wobei die Karte ein entsprechendes Volumen (74) definiert; und
einer Anzeige (34), die konfiguriert ist zum Anzeigen der anatomischen Karte (72); wobei
die elektronische Steuerungseinheit (32) ferner konfiguriert ist zum:

Empfangen einer Benutzereingabe;
Einstellen von mindestens einer Gewichtung in Antwort auf die Benutzereingabe;
Anwenden jeder eingestellten Gewichtung auf eine Mehrzahl von zugehörigen Faktoren, die kennzeichnend
sind für die Durchführung der Ablationstherapie an einen ersten Ort (76, 84) innerhalb des Volumens, um
eine Mehrzahl von gewichteten Faktoren zu erzeugen, wobei eine eingestellte Gewichtung, die für einen
zugehörigen Faktor angewendet wird, anders ist, als eine eingestellte Gewichtung, die für einen anderen
zugehörigen Faktor angewendet wird,
Aktualisieren eines kumulativen Index, der einen Zustand der Ablationstherapie an dem ersten Ort (76, 84)
angibt, basierend auf mindestens einem gewichteten Faktor; und
Ändern einer visuellen Charakteristik eines Bereichs der anatomischen Karte, der dem ersten Ort (76, 84)
entspricht, in Antwort auf den aktualisierten kumulativen Index.

2. System nach Anspruch 1, bei dem das Volumen in eine Mehrzahl von Voxeln unterteilt wird, und der Bereich der
anatomischen Karte ein erstes Voxel der Mehrzahl von Voxeln aufweist, wobei der erste Ort innerhalb des ersten
Voxels ist.

3. System nach einem der vorangegangenen Ansprüche, bei dem die elektronische Steuerungseinheit (32) ferner
konfiguriert ist zum Bestimmen einer Position eines Ablationskatheters (16) und zum Bestimmen des ersten Orts
in Antwort auf eine Mehrzahl von Positionen des Ablationskatheters (16) über einer vorbestimmten Zeitperiode.

4. System nach einem der vorangegangenen Ansprüche, bei dem die visuelle Charakteristik Farbe aufweist.

5. System nach einem der vorangegangenen Ansprüche, bei dem die visuelle Charakteristik eine Intensität der Farbe
aufweist.

6. System nach einem der vorangegangenen Ansprüche, bei dem der Index erzeugt wird in Antwort auf eine Zeitdauer
während der die Ablationsenergie an dem ersten Ort bereitgestellt wird, eine Menge der Ablationsenergie, die an
dem ersten Ort bereitgestellt wird, einen Grad eines Kontakts zwischen einer Ablationselektrode (16) und dem
Gewebe (12), einen Grad der elektrischen Kopplung zwischen einer Ablationselektrode und dem Gewebe, eine
Temperatur in der Nähe des ersten Orts, eine Zeitdauer während der sich die Spitze an einem diskreten Gewebeort
befindet, eine Temperatur der Spitzenelektrode, eine Impedanz, einen Fluss eines Spülmittels, eine Orientierung
der Elektrode relativ zu der Gewebe und/oder einen Kontaktdruck.
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7. System nach Anspruch 6, bei dem der Index erzeugt wird in Antwort auf einen elektrischen Kopplungsindex (ECI).

8. System nach einem der vorangegangenen Ansprüche, bei dem die elektronische Steuerungseinheit (32) ferner
konfiguriert ist zum:

Vergleichen jedes gewichteten Faktors mit einem zugehörigen Schwellenwert;
Aktualisieren eines kumulativen Index, der einen Zustand der Ablationstherapie an dem ersten Ort (76, 84)
angibt, nur wenn mindestens einer der gewichteten Faktoren einen zugehörigen Schwellenwert überschreitet.

9. System nach einem der vorangegangenen Ansprüche, bei dem die anatomische Karte eine Fläche definiert, und
der Bereich einen Teil der Fläche aufweist, und bei dem die elektronische Steuerungseinheit (32) konfiguriert ist
zum Wechseln der visuellen Charakteristiken des Bereichs in Antwort auf den kumulativen Index und einen Abstand
(d) zwischen dem ersten Ort (84) und dem Teil der Fläche (82).

Revendications

1. Système pour évaluer l’administration efficace d’une thérapie ablative à un tissu (12) dans un corps (14), comprenant :

une unité de contrôle électronique (32) configurée pour générer une carte anatomique tridimensionnelle (72,
80) dudit tissu (12), ladite carte définissant un volume correspondant (74) ; et
un affichage (34) configuré pour afficher ladite carte anatomique (72) ;
dans lequel ladite unité de contrôle électronique (32) est en outre configurée pour :

recevoir une donnée d’utilisateur;
ajuster au moins un poids en réponse à la donnée d’utilisateur ;
appliquer chaque poids ajusté à une pluralité de facteurs associés indiquant une administration d’une
thérapie ablative à un premier emplacement (76, 84) à l’intérieur dudit volume pour créer une pluralité de
facteurs pondérés, où un poids ajusté appliqué à un facteur associé est différent d’un poids ajusté appliqué
à un autre facteur associé,
mettre à jour un index cumulatif indiquant un état de la thérapie ablative au premier emplacement (76, 84)
basé sur ledit au moins un facteur pondéré ; et
modifier, en réponse audit index cumulatif mis à jour, une caractéristique visuelle d’une portion de ladite
carte anatomique correspondante audit premier emplacement (76, 84).

2. Système selon la revendication 1 dans lequel ledit volume est divisé en une pluralité de voxels et ladite portion de
ladite carte anatomique comprend un premier voxel de ladite pluralité de voxels, ledit premier emplacement à
l’intérieur dudit premier voxel.

3. Système selon l’une quelconque des revendications précédentes, dans lequel ladite unité de contrôle électronique
(32) est en outre configurée pour déterminer une position d’un cathéter d’ablation (16) et pour déterminer ledit
premier emplacement en réponse à une pluralité de positions dudit cathéter d’ablation (16) sur une période de
temps prédéterminée.

4. Système selon l’une quelconque des revendications précédentes, dans lequel ladite caractéristique visuelle com-
prend une couleur.

5. Système selon l’une quelconque des revendications précédentes, dans lequel ladite caractéristique visuelle com-
prend une intensité de ladite couleur.

6. Système selon l’une quelconque des revendications précédentes, dans lequel ledit index est généré en réponse à
une ou plusieurs durées de temps pendant laquelle de l’énergie ablative est fournie audit premier emplacement,
une quantité d’énergie ablative fournie audit premier emplacement, un degré de contact entre une électrode ablative
(16) et ledit tissu (12), un degré de couplage électrique entre une électrode ablative et ledit tissu, une température
proximale dudit premier emplacement, une durée de temps de pointe à un emplacement tissulaire discret, une
température d’électrode de pointe, une impédance, un flux d’irrigant, une orientation d’électrode par rapport au
tissu, et une pression de contact.
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7. Système selon la revendication 6 dans lequel ledit index est généré en réponse à un index de couplage électrique
(ECI).

8. Système selon l’une quelconque des revendications précédentes, dans lequel ladite unité de contrôle électronique
(32) est en outre configurée pour :

comparer chaque facteur pondéré avec une valeur de seuil associée ; et
mettre à jour un index cumulatif indiquant un état de la thérapie ablative au premier emplacement (76, 84)
seulement si au moins un desdits facteurs pondérés est supérieur à une valeur de seuil associée.

9. Système selon l’une quelconque des revendications précédentes, dans lequel ladite carte anatomique définit une
surface et ladite portion comprend une partie de ladite surface, et dans lequel ladite unité de contrôle électronique
(32) est configurée pour modifier les caractéristiques visuelles de ladite portion en réponse audit index cumulatif et
une distance (d) entre le premier emplacement (84) et ladite partie de ladite surface (82).
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