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WAVEFRONT ANALYSIS BASED ON
ABLATION PARAMETERS

FIELD OF THE INVENTION

[0001] The present invention relates generally to measure-
ments of physical parameters associated with a body organ
such as the heart, and specifically to analysis of an electrical
wavefront progressing through the heart.

BACKGROUND OF THE INVENTION

[0002] Radiofrequency ablation is a well-known procedure
in which part of the electrical conduction system of the heart
is ablated using the heat generated from high frequency alter-
nating current. The ablation is normally applied to correct
atypical behavior of the heart, such as atrial fibrillation. The
atypical behavior may be identified by acquiring electro-
physiological signals from the heart, generating an electrical
wavefront progressing through the heart from the signals, and
comparing the wavefront generated with the electrical wave-
front of a normal beating heart—one which is in sinus
rhythm.

SUMMARY OF THE INVENTION

[0003] An embodiment of the present invention provides a
method, including:

[0004] recording parameters indicative of a quality of abla-
tion performed at one or more sites in a region of a human
heart;

[0005] receiving a set of electrophysiological signals
indicative of a wave of electrical activation flowing through
the region;

[0006] identifying locations within the region at which the
wave is blocked from flowing;

[0007] estimating confidence levels withrespect to a block-
age of the wave at the locations in response to the signals and
the parameters; and

[0008] displaying a map of the human heart including an
indication of the confidence levels.

[0009] In a disclosed embodiment the parameters include
one or more of a power applied during the ablation, a length
of time of the ablation, a force magnitude on a probe applying
the ablation, and a temperature of tissue undergoing the abla-
tion. Typically, the method includes increasing the confidence
levels as at least one of the power, the length of time, the force
magnitude, and the temperature increases.

[0010] In a further disclosed embodiment the method
includes increasing a given confidence level at a given loca-
tion if an amplitude of a given electrophysiological signal at
the given location is lower than the amplitude of the signal at
the given location prior to the ablation.

[0011] In a yet further disclosed embodiment identifying
the locations includes inspecting an electrophysiological sur-
face map generated in response to the set of electrophysi-
ological signals. Typically, the map is configured to provide
an indication of a re-entrant arrhythmia.

[0012] In an alternative embodiment the parameters
include an assessment of the quality of the ablation based on
at least one of a magnetic resonance imaging (MRI) image
and an ultrasound image of the one or more sites.

[0013] In a further disclosed embodiment displaying the
map includes displaying a line illustrating a path wherein the
wave is blocked from flowing, wherein the path is weighted
by the confidence levels.
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[0014] There is further provided, according to an embodi-
ment of the present invention embodiment of the present
invention, apparatus, including:

[0015] ascreen; and
[0016] a processor configured to:
[0017] record parameters indicative of a quality of ablation

performed at one or more sites in a region of a human heart,
[0018] receive a set of electrophysiological signals indica-
tive of a wave of electrical activation flowing through the
region,

[0019] receive identified locations within the region at
which the wave is blocked from flowing,

[0020] estimate confidence levels with respect to a block-
age of the wave at the locations in response to the signals and
the parameters, and

[0021] display a map of the human heart including an indi-
cation of the confidence levels on the screen.

[0022] In an embodiment, the apparatus includes a probe
configured to acquire the set of electrophysiological signals
and to convey the signals to the processor.

[0023] The present disclosure will be more fully under-
stood from the following detailed description of the embodi-
ments thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is a schematic illustration of a wavefront
blockage identification system, according to an embodiment
of the present invention;

[0025] FIG. 2 is a flowchart of steps performed by the
system in identifying wavefront blockage locations, accord-
ing to an embodiment of the present invention; and

[0026] FIGS. 3A-3F are schematic diagrams illustrating
steps of the flowchart, according to an embodiment of the
present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview

[0027] An embodiment of the present invention provides a
method and a system for displaying the results of an ablation
procedure on a region of a human heart, in order to evaluate
the efficacy of the procedure. Typically, a map of the region
incorporating cardiac electrophysiological data is initially
presented to a user of the system. The data may be presented
in the form of a three-dimensional (3D) map of local activa-
tion times (ILATs) in the region, and is indicative of a wave of
electrical activation flowing through the region. From the
map, the user may identify areas within the region at which
the wave appears to be blocked from flowing. Within or in
proximity to the identified areas, the user typically selects
sites that are to be ablated, and then ablates the selected sites.
For each ablated site, a processor of the system records
parameters indicative of a quality of the ablation performed.
The parameters typically include variables such as a power
applied during the ablation, a length of time of the ablation,
and a force applied, to tissue being ablated, by a probe pet-
forming the ablation.

[0028] After the sites have been ablated, a further set of
electrophysiological signals may be acquired in order to
evaluate the ablations performed. From the further set a map
may be prepared displaying the updated electrophysiological
data, e.g., as updated LATs. The map may display locations of
the sites ablated. Optionally, the map may display a confi-



US 2016/0038047 A1l

dence level for each of the sites, the confidence level being
estimated according to the recorded ablation parameters for
the ablated sites, as well as according to the further set of
electrophysiological signals in the region of the sites. Further
optionally, the map may display a line indicating where the
electrical activation wave is blocked, the path followed by the
line being based on the confidence levels.

[0029] Displaying confidence levels and/or entities based
on the confidence levels, such as the line referred to above,
acts as an aid to the user of the system in evaluating the
effectiveness of the ablation procedure performed.

System Description

[0030] Reference is now made to FIG. 1, which is a sche-
matic illustration of a wavefront blockage identification sys-
tem 20, according to an embodiment of the present invention.
In one embodiment system 20 is used to identify blockages in
the progression of an electrical wavefront in a human organ,
and in order to identify the blockages, the system, inter alia,
maps electropotentials that are associated with the wavefront.
For simplicity and clarity, the following description, except
where otherwise stated, assumes an investigative procedure
wherein system 20 senses electropotentials from electrical
signals generated by a body organ 34, herein assumed to
comprise a heart, using a probe 24.

[0031] Insome embodiments, the sensed electropotentials
may be used to derive local activation times (LATs) of the
tissue generating the electropotentials, and system 20 may be
configured to map the LATs. The measurement of LATs from
their associated potentials is well known in the electrophysi-
ological arts. However, system 20 may be configured to
derive and map substantially any electropotential parameter
or combinations of such parameters for any human organ, and
the system is not limited to LATs.

[0032] A distal end 32 of probe 24 is assumed to have an
electrode 22 attached to the distal end for acquiring the elec-
trical signals processed by system 20. Those having ordinary
skill in the art will be able to adapt the description for multiple
probes that may have one or more electrodes, or for a single
probe with multiple electrodes, as well as for signals pro-
duced by organs other than a heart.

[0033] Typically, probe 24 comprises a catheter which is
inserted into the body of ahuman subject 26 during a mapping
procedure performed by a user 28 of system 20. In the
description herein user 28 is assumed, by way of example, to
be a medical professional.

[0034] System 20 may be controlled by a system processor
40, comprising a processing unit 42 communicating with a
memory 44. Processor 40 is typically mounted in a console
46, which comprises operating controls 38 that professional
28 uses to interact with the processor. Results of the opera-
tions performed by processor 40 are provided to the profes-
sional on a screen 48 which displays a three-dimensional
(3D) electrophysiological map 50 of heart 34. Map 50 is
herein also termed resultant map 50, to distinguish it from
intermediate maps or meshes, described in more detail below,
that processor 40 may use in generating map 50. Resultant
map 50 illustrates values of the electropotential parameters,
e.g., LATs in the example described herein, of heart 34 drawn
with respect to a frame of reference 58. In addition, as is also
described below, resultant map 50 displays locations of wave-
front blockages, and indications of a confidence level
assigned to each of the blockages.

Feb. 11,2016

[0035] The screen typically displays other items of auxil-
iary information related to the heart and superimposed on the
map, while the heart is being investigated, such as the posi-
tions of catheters used by professional 28.

[0036] Using controls 38, professional 28 is able to vary
parameters of the frame of reference, so as to display the
resultant map in a selected orientation and/or at a selected
magnification on screen 48. Screen 48 typically also presents
a graphic user interface to the user, and/or a visual represen-
tation of the ECG signals sensed by electrode 22.

[0037] Processor 40 uses software, including an ECG mod-
ule 36, a probe tracker module 30, an ablation module 60 and
a map display module 56, stored in memory 44, to operate
system 20. The functions of the modules are described below.
The software may be downloaded to processor 40 in elec-
tronic form, over a network, for example, or it may, alterna-
tively or additionally, be provided and/or stored on non-tran-
sitory tangible media, such as magnetic, optical, or electronic
memory.

[0038] ECG module 36 is coupled to receive electropoten-
tial signals from electrode 22. The module is configured to
analyze the signals and may present the results of the analysis
in a standard ECG format, typically a graphical representa-
tion moving with time, on screen 48. Module 36 typically also
estimates other features of the electropotential signals, such
as deriving the LATs of regions contacted by electrode 22.
[0039] Probe tracker module 30 tracks sections of probe 24
while the probe is within subject 26. The tracker module
typically tracks both the location and orientation of distal end
32 of probe 24, within the heart of subject 26. In some
embodiments module 30 tracks other sections of the probe.
The tracker module may use any method for tracking probes
known in the art. For example, module 30 may operate mag-
netic field transmitters in the vicinity of the subject, so that
magnetic fields from the transmitters interact with tracking
coils located in sections of the probe, such as distal end 32,
being tracked. The coils interacting with the magnetic fields
generate signals which are transmitted to the module, and the
module analyzes the signals to determine a location and ori-
entation of the coils. (For simplicity such coils and transmit-
ters are not shown in FIG. 1.) The Carto® system produced by
Biosense Webster, of Diamond Bar, Calif., uses such a track-
ing method. Alternatively or additionally, tracker module 30
may track probe 24 by measuring impedances between elec-
trode 22 and electrodes on the skin of subject 26. (In this case
electrode 22 may provide both ECG and tracking signals.)
The Carto3® system produced by Biosense Webster uses
both magnetic field transmitters and impedance measure-
ments for tracking.

[0040] Using tracker module 30 processor 40 is able to
measure locations of distal end 32, and form location coordi-
nates of the locations in frame of reference 58 for construction
of map 50. The location coordinates are assumed to be stored
in map display module 56. In addition, map display module
56 is assumed to store location coordinates of items associ-
ated with the procedure being performed on heart 34, such as
the coordinates of other catheters used in the procedure, and/
or the coordinates of sites within the heart that have been
ablated.

[0041] User 28 is assumed to perform an ablation proce-
dure on tissue ofheart 34, and ablation module 60 controls the
ablation energy input to the heart. Inaddition, the module also
monitors the progress of the ablation, and acquires and stores
values of parameters of the ablation. For example, assuming
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that the ablation energy is supplied in the form of electromag-
netic radio-frequency (RF) energy, the module records the
frequency and the intensity of the RF energy, as well as the
duration of time over which the energy is applied to the heart
tissue. Other ablation parameters tracked by the ablation
module typically include a “goodness of contact” of electrode
22 with the tissue being ablated, an angle made by distal tip 34
with the tissue, a force between the distal tip and the tissue, a
rate of irrigation of the tissue, and an indicator of the tissue
type.

[0042] Other modules in processor 40 measure auxiliary
information associated with the ablation procedure. For clar-
ity and simplicity, other modules measuring the auxiliary
information, such as the force on the distal tip performing the
ablation, the temperature of the tissue being ablated, and the
irrigation rate applied to the distal tip, are not shown in FIG.
1.

[0043] FIG. 2 is a flowchart 200 of steps performed by
system 20 in identifying wavefront blockage locations, and
FIGS. 3A-3F are schematic diagrams illustrating steps of the
flowchart, according to an embodiment of the present inven-
tion. While for simplicity and clarity initial steps of the flow-
chart are assumed to be performed sequentially, it will be
understood that the initial steps may be performed concur-
rently or even in other orders from that given here.

[0044] Inamapping step 202, amap of a desired region 300
of heart 34, such as the interior surface of the left atrium, is
generated. The mapping may typically be performed by mov-
ing distal end 32 of probe 24 within the region, and recording
locations of the distal end as it contacts the surface of the
region using tracker module 30. The movement of the distal
end generates a multiplicity of point locations of the surface,
the coordinates of which are stored by the tracker module.
FIG. 3A schematically illustrates locations 302 that have
been acquired by the tracker module.

[0045] Processing unit 42 uses locations 302 to generate a
surface map of the desired region of the heart, typically by
initially forming a mesh of line segments 306 connecting
locations 302. The mesh may be formed using any convenient
mesh generation method known in the art, such as the Ball-
Pivoting Algorithm. Once the mesh has been formed, the
processing unit may generate the surface map by interpolat-
ing between locations 300 and line segments 306, and map
display module 56 may be used to display a representation of
the surface map of the desired region on screen 48.

[0046] In an initial electrophysiological signal step 204,
electrode 22 together with ECG module 36 is used to record
electric potentials at positions 310, (illustrated in FIG. 3B)
within region 300. While positions 310 are generally situated
over the whole of region 300, for simplicity only positions
310 within a dashed rectangle 312 are shown in FIG. 3B.
Typically, at least some positions 310 coincide spatially and/
or temporally with locations 302, since the mapping of step
202 and the signal recording of step 204 may be performed
simultaneously. However, there is no requirement of such a
coincidence, as the mapping and the recording may be pet-
formed separately.

[0047] At each position 310 the potential is recorded over a
period of time, typically a number of heart beats, so that the
signal for a specific position comprises a set of voltage-time
pairs. Processing unit 42 and module 36 may use the recorded
signals to generate electrocardiograph (ECG) graphs of the
signals for each position 310, and the graphs may be dis-
played on screen 48. In addition, the processing unit and the
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module may analyze the signals to derive parameters related
to the operation of heart 34, such as a local activation time
(LAT) at the location.

[0048] The processing unit may overlay the derived param-
eters onto the map of step 202, and present the result in the
form of an intermediate 3D electrophysiological surface map
320 on screen 48. FIG. 3C illustrates surface map 320, includ-
ing underlying elements of the mesh formed in step 202.
Typically the intermediate 3D map illustrates values of the
derived parameters according to a color scale, so that the map
is presented as a surface, with colors applied to regions of the
surface corresponding to the value of the derived parameters
of the regions. FIG. 3C schematically shows the colors of
surface map as different gray scales.

[0049] Inspection of intermediate surface map 320 enables
user 28 to make a preliminary identification of regions of the
surface where there appears to be atypical behavior of the
derived parameters. For example, for a subject with atrial
fibrillation, the map may indicate the presence of one or more
re-entrant arrhythmias in a heart chamber that is being
inspected. This is an example where the wavefront of the
electrical signal in the heart progresses in an abnormal fash-
ion, and other examples of abnormal wavefront progression
will be apparent to those having ordinary skill in the art.
[0050] Inanablationstep 206, typically performed after the
inspection of the intermediate map described above, user 28
selects sites within heart 34 which are to be ablated. The
ablation of the sites is to correct the atypical behavior
observed in the intermediate map inspection, by blocking any
abnormal progression of the wavefront at the ablated sites.
FIG. 3D schematically illustrates a line 313, plotted on inter-
mediate map 320, corresponding to an abnormal wavefront.
[0051] User 28 performs the ablation at each of the selected
sites, and as the ablation is performed, the processing unit
uses the ablation module to record parameters characterizing
a quality of the ablation. FIG. 3D schematically illustrates
locations 314 of ablation sites, plotted on intermediate map
320.

[0052] The characterizing parameters recorded by the pro-
cessing unit typically include at least some of:

[0053] A power applied during the ablation
[0054] A length of time of the ablation
[0055] A force magnitude of the distal end on the tissue

being ablated
[0056] Anangleofcontact between the distal end and the
tissue while ablation is performed
[0057] An estimate of a “goodness of contact” between
the distal end and the tissue during the ablation
[0058] A temperature and/or a temperature distribution
of the tissue being ablated
[0059] A rate of irrigation of the tissue
[0060] In some embodiments the characterizing param-
eters of the quality of the ablation include an assessment of
the quality using images of the sites from a modality other
than the RF ablation modality of system 20, such as magnetic
resonance imaging (MRI) images and/or ultrasound images.
The assessment may be made by user 28, and provided to the
processing unit using images which are typically generated
after the ablation (described above) has been performed.
[0061] In a subsequent electrophysiological signal step
208, user 28 repeats the recording of electropotentials within
region 300, substantially as described above for step 204, by
measuring electrical signals within the region. The repeat of
the recording may be made at some or all of locations 310, or
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alternatively or additionally at different locations 316. Typi-
cally, at least some of locations 310 or 316 are selected to be
in proximity to the ablation site locations 314. FIG. 3E sche-
matically illustrates locations 316 and locations 310 wherein
electropotentials are recorded in step 208.

[0062] In a wave blocking location step 210, processing
unit 42 identifies locations within the region where the acti-
vation wave of electropotentials is expected to be blocked.
Typically, the identified locations correspond to ablation site
locations 314 of step 206, and/or locations in the vicinity of
line 313 of step 206.

[0063] In a mapping preparation step 212, the processing
unit prepares a map showing locations identified in step 210
as expected blocking sites, herein assumed to correspond to
ablation site locations 314. In addition, the processing unit
calculates a confidence level for each identified site, where
the confidence level is a measure of a quality of wavefront
blocking.

[0064] The confidence level is calculated according to the
ablation characterizing parameters recorded in ablation step
206. For example, the confidence level increases as the abla-
tion power increases, and also increases as the length of
ablation time increases. Furthermore, the confidence level
typically also increases as any of the force magnitude, the
“goodness of contact,” or the tissue temperature increase. A
numerical value of the confidence level may be estimated for
each of these ablation parameters, as well as for others such as
the angle of contact and the rate of irrigation, from previously
acquired ablation data, and/or by calibration experiments that
may be performed before operation of system 20. Such cali-
bration experiments do not require undue experimentation by
user 28.

[0065] The electrophysiological signals recorded in step
208 and/or in step 204 may also be used to assess the confi-
dence level. For example, if, in proximity to a given ablation
location 314, an amplitude of the signal recorded in step 208
is lower than that recorded in step 204, then the confidence
level of the given site as blocking the wavefront formed may
be considered to be higher than if the amplitudes are approxi-
mately the same.

[0066] Inanembodiment ofthe present invention, process-
ing unit 42 combines the two confidence levels referred to
above, i.e., the level derived from the ablation characterizing
parameters and the level derived from the electrophysiologi-
cal signals, so as to estimate an overall confidence level. Thus,
for each wave blocking location identified in step 210, the
processing unit assigns an overall confidence level that is an
overall measure of the quality of the wavefront blocking of
the site, and that is an estimate of the quality of the ablation
performed at the site.

[0067] In some embodiments the processing unit displays
the prepared map on screen 48 (FIG. 1) as resultant map 50,
including in the resultant map locations of wavefront block-
ages, together with an indication 340 in the resultant map of
the overall confidence level of each location, as is illustrated
in FIG. 3F. The indication may be by any convenient method
known in the art, such as changing a color and/or a size and/or
a shape of a symbol of a given location according to its
confidence level. Alternatively or additionally, the indication
may be incorporated into software generating the map, and
user 48 may view the confidence level, typically by moving a
cursor over the symbol of the location, using operating con-
trols 38. Further alternatively or additionally, the overall con-
fidence level indication may be included in the map as a
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colored and/or shaded region in proximity to the wavefront
blockage location. FIG. 3F illustrates the different confidence
levels by different shadings within a region surrounding the
blocking location.

[0068] Insome embodiments, a line 342 may be displayed
on map 50, the line illustrating blockage of the wavefront in
the vicinity of locations 314. Line 342 is based on line 313
(FIG. 3D), but the path of line 342 has been weighted by the
confidence levels.

[0069] It will be appreciated that the embodiments
described above are cited by way of example, and that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcombi-
nations of the various features described hereinabove, as well
as variations and modifications thereof which would occur to
persons skilled in the art upon reading the foregoing descrip-
tion and which are not disclosed in the prior art.

We claim:

1. A method, comprising;

recording parameters indicative of a quality of ablation

performed at one or more sites in a region of a human
heart;

receiving a set of electrophysiological signals indicative of

a wave of electrical activation flowing through the
region;

identifying locations within the region at which the wave is

blocked from flowing;

estimating confidence levels with respect to a blockage of

the wave at the locations in response to the signals and
the parameters; and

displaying a map of the human heart including an indica-

tion of the confidence levels.

2. The method according to claim 1, wherein the param-
eters comprise one or more of a power applied during the
ablation, a length of time of the ablation, a force magnitude on
a probe applying the ablation, and a temperature of tissue
undergoing the ablation.

3. The method according to claim 2, and comprising
increasing the confidence levels as at least one of the power,
the length of time, the force magnitude, and the temperature
increases.

4. The method according to claim 1, and comprising
increasing a given confidence level at a given location if an
amplitude of a given electrophysiological signal at the given
location is lower than the amplitude of the signal at the given
location prior to the ablation.

5. The method according to claim 1, wherein identifying
the locations comprises inspecting an electrophysiological
surface map generated in response to the set of electrophysi-
ological signals.

6. The method according to claim 5, wherein the map is
configured to provide an indication of a re-entrant arrhyth-
mia.

7. The method according to claim 1, wherein the param-
eters comprise an assessment of the quality of the ablation
based on at least one of a magnetic resonance imaging (MRI)
image and an ultrasound image of the one or more sites.

8. The method according to claim 1, wherein displaying the
map comprises displaying a line illustrating a path wherein
the wave is blocked from flowing, and wherein the path is
weighted by the confidence levels.
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9. Apparatus, comprising;

a screen; and

a processor configured to:

record parameters indicative of a quality of ablation
performed at one or more sites in a region of a human
heart,

receive a set of electrophysiological signals indicative of
a wave of electrical activation flowing through the
region,

receive identified locations within the region at which
the wave is blocked from flowing,

estimate confidence levels with respect to a blockage of
the wave at the locations in response to the signals and
the parameters, and

display a map of'the human heart including an indication
of the confidence levels on the screen.

10. The apparatus according to claim 9, wherein the param-
eters comprise one or more of a power applied during the
ablation, a length oftime of the ablation, a force magnitude on
a probe applying the ablation, and a temperature of tissue
undergoing the ablation.

11. The apparatus according to claim 10, and comprising
increasing the confidence levels as at least one of the power,
the length of time, the force magnitude, and the temperature
increases.
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12. The apparatus according to claim 9, and comprising
increasing a given confidence level at a given location if an
amplitude of a given electrophysiological signal at the given
location is lower than the amplitude of the signal at the given
location prior to the ablation.

13. The apparatus according to claim 9, wherein receiving
the identified locations comprises inspecting an electrophysi-
ological surface map generated in response to the set of elec-
trophysiological signals.

14. The apparatus according to claim 13, wherein the map
is configured to provide an indication of a re-entrant arrhyth-
mia.

15. The apparatus according to claim 9, and comprising a
probe configured to acquire the set of electrophysiological
signals and to convey the signals to the processor.

16. The apparatus according to claim 9, wherein the param-
eters comprise an assessment of the quality of the ablation
based on at least one of a magnetic resonance imaging (MRI)
image and an ultrasound image of the one or more sites.

17. The apparatus according to claim 9, wherein displaying
the map comprises displaying a line illustrating a path
wherein the wave is blocked from flowing, and wherein the
path is weighted by the confidence levels.
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