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REAL-TIME MORPHOLOGY ANALYSIS FOR LESION ASSESSMENT
CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to Provisional Application No. 62/093,771,

filed December 18, 2014, which is herein incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to therapies for cardiac conditions. More
particularly, the present disclosure relates to methods and systems for ablation of

cardiac tissue for treating cardiac arrhythmias.

BACKGROUND

[0003] Aberrant conductive pathways disrupt the normal path of the heart's
electrical impulses. The aberrant conductive pathways can create abnormal, irregular,
and sometimes life-threatening heart rhythms called arrhythmias. Ablation is one way
of treating arrhythmias and restoring normal conduction. The aberrant pathways, and/or
their sources, may be located or mapped using mapping electrodes situated in a
desired location. After mapping, the physician may ablate the aberrant tissue. In radio
frequency (RF) ablation, RF energy may be directed from the ablation electrode through

tissue to another electrode to ablate the tissue and form a lesion.

SUMMARY

[0004] Embodiments of the present invention facilitate real-time electrogram
morphology analysis. Electrodes are used to measure an electrical signal (e.g., an
electrogram), which may be, for example, a unipolar signal, a bipolar signal, and/or the
like. In embodiments, an “electrical signal” may be, refer to, and/or include a signal
detected by a single electrode (e.g., a unipolar signal), a signal detected by two or more
electrodes (e.g., a bipolar signal), a plurality of signals detected by one or more
electrodes, and/or the like. One or more filters are applied to the electrical signal to
generate one or more filtered signals. Features of the filtered signals are evaluated to

assess a sharpness corresponding to the electrical signal. Based on the sharpness,
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various characteristics of a morphology of the electrogram may be evaluated over a
time period.

[0005] In Example 1, a system comprises a catheter that includes a flexible
catheter body having a distal portion and at least one electrode disposed on the distal
portion, the at least one electrode configured to measure an electrical signal based on a
cardiac activation signal. The system also includes a mapping processor configured to
acquire the electrical signal from the at least one electrode, generate an electrogram
based on the electrical signal, determine a sharpness associated with the electrogram,
and/or determine, based on the sharpness, a characteristic of a morphology of the
electrogram.

[0006] In Example 2, the system of Example 1, further comprising a display
device configured to display an indication associated with at least one of the sharpness
and the characteristic of the morphology of the electrogram, wherein the characteristic
of the morphology of the electrogram comprises a feature related to the sharpness; and
an output component configured to provide an output to the display device, wherein the
output comprises the sharpness and/or the determined feature.

[0007] In Example 3, the system of any of Examples 1 and 2, wherein the
catheter comprises an ablation catheter including a tissue ablation electrode configured
to apply ablation energy to tissue, the system further comprising a radiofrequency (RF)
generator operatively coupled to the tissue ablation electrode, wherein the RF generator
is configured to generate the ablation energy and convey the generated ablation energy
to the tissue ablation electrode.

[0008] In Example 4, the system of Example 3, wherein the mapping processor is
configured to determine the sharpness before an ablation, during an ablation, and/or
after an ablation.

[0009] In Example 5, the system of any of Examples 2-4, wherein the mapping
processor comprises: a filter configured to filter the electrical signal to generate a filtered
signal; and a feature detector configured to determine an amplitude of the filtered signal,
wherein the determined feature comprises the determined amplitude of the filtered
signal, wherein the display device is configured to indicate a relative change in the

amplitude of the filtered signal during a period of time.
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[0010] In Example 6, the system of Example 5, wherein the amplitude comprises
at least one of an absolute amplitude, a root-mean-squared (RMS) measurement, a
peak-to-peak measurement, a maximum of a peak-to-peak measurement over a
window, a percentile range measurement, a beat-gated measurement, and a free-
running measurement.

[0011] In Example 7, the system of any of Examples 5 and 6, wherein the filter is
more responsive to high-frequency and/or quickly-varying components of the electrical
signal than to low-frequency and/or slowly-varying components of the electrical signal.
[0012] In Example 8, the system of any of Examples 5-7, wherein the filtered
signal comprises an approximate derivative of the electrical signal.

[0013] In Example 9, the system of any of Examples 5-8, wherein the filter
includes a nonlinear processing element configured to attenuate one or more
components of the electrical signal based on a polarity of a deflection of the electrical
signal.

[0014] In Example 10, the system of Example 9, wherein the filter comprises a
half-wave rectifier.

[0015] In Example 11, the system of any of Examples 2-10, the mapping
processor comprising: a first filter configured to filter the electrical signal across a first
time scale to generate a first filtered signal, wherein the first filter comprises a first
frequency response; a second filter configured to filter the electrical signal across a
second time scale to generate a second filtered signal, wherein the second filter
comprises a second frequency response, wherein at least a portion of the frequency
response of the second filter is lower than a corresponding portion of the frequency
response of the first filter; and a feature detector configured to determine a feature
corresponding to sharpness by analyzing the first and second filtered signals, wherein
the display device is configured to depict a change in the determined feature over time.
[0016] In Example 12, the system of Example 11, wherein at least one of the first
and second filters is configured to determine at least one of a time difference of the
electrical signal, an approximate derivative of the electrical signal, a slope estimate
across a time window, and a wavelet decomposition of the electrical signal.
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[0017] In Example 13, the system of any of Examples 11 and 12, wherein at least
one of the first and second filters is more responsive to high-frequency and/or quickly-
varying components of the electrical signal than to low-frequency and/or slowly-varying
components of the electrical signal.

[0018] In Example 14, the system of any of Examples 1-13, wherein the mapping
processor is further configured to determine an overall morphology change of the
electrogram based on a pre-ablation deflection template.

[0019] In Example 15, the system of Example 14, wherein the change in
morphology is determined using at least one of a matched filter, a correlation, and a
convolution with the pre-ablation deflection template or a signal derived therefrom.
[0020] In Example 16, the system of any of Examples 2-15, wherein the display
device is configured to display a waveform.

[0021] In Example 17, the system of Example 16, the waveform representing at
least one of the filtered signal, an envelope of the filtered signal, an amplitude of the
filtered signal, and a power of the filtered signal.

[0022] In Example 18, the system of any of Examples 16 and 17, wherein the
output component is configured to determine a combined signal comprising a
combination of the filtered signal with an additional filtered signal, the waveform
representing at least one of the combined signal, an envelope of the combined signal,
an amplitude of the combined signal, and a power of the combined signal.

[0023] In Example 19, a method for evaluating a condition of myocardial tissue,
the method comprising: positioning a catheter adjacent to myocardial tissue within a
patient's body, the catheter comprising: a flexible catheter body having a distal portion;
and at least one electrode disposed on the distal portion, the at least one electrode
configured to measure an electrical signal based on a cardiac activation signal,
receiving the electrical signal; providing an electrogram based on the electrical signal;
determining at least one of a sharpness of the electrogram and a characteristic of a
morphology of the electrogram, the characteristic of the morphology of the electrogram
relating to the sharpness; and displaying at least one of an indication of the sharpness
and an indication of the characteristic of the morphology, wherein the indication

comprises at least one of a map, a light indicator, and a waveform.
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[0024] In Example 20, the method of Example 19, wherein the catheter
comprises an ablation catheter including a tissue ablation electrode configured to apply
ablation energy to tissue, the method further comprising performing an ablation of a
portion of the tissue.

[0025] In Example 21, method of Example 20, further comprising determining the
characteristic of the morphology of the electrogram before an ablation, during an
ablation, and/or after an ablation.

[0026] In Example 22, the method of any of Examples 19-21, further comprising
filtering, using a filter, the electrical signal to generate a filtered signal.

[0027] In Example 23, the method of Example 22, wherein the electrical signal is
unipolar, and wherein filtering the electrical signal comprises applying a nonlinear
processing technique to the electrogram to retain only negative deflections.

[0028] In Example 24, the method of any of Examples 22 and 23, wherein
filtering the electrical signal comprises approximating a derivative of the electrical signal,
the method further comprising determining a relative change in an amplitude of the
filtered signal during a period of time, wherein the indication of the characteristic of the
morphology indicates the relative change in the amplitude of the filtered signal during
the period of time.

[0029] In Example 25, the method of Example 24, wherein the amplitude
comprises at least one of an absolute amplitude, a root-mean-squared (RMS)
measurement, a peak-to-peak measurement, a maximum of a peak-to-peak
measurement over a window, a percentiie range measurement, a beat-gated
measurement, and a free-running measurement.

[0030] In Example 26, the method of any of Examples 22-25, wherein the filter is
more responsive to high-frequency and/or quickly-varying components of the electrical
signal than to low-frequency and/or slowly-varying components of the electrical signal.
[0031] In Example 27, the method of any of Examples 22-26, wherein the filter
includes a nonlinear processing element configured to attenuate one or more
components of the electrical signal based on a polarity of a deflection of the electrical
signal.
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[0032] In Example 28, the method of any of Examples 22-27, wherein the filter
comprises a half-wave rectifier.

[0033] In Example 29, the method of any of Examples 19-28, further comprising:
filtering the electrical signal across a first time scale to generate a first filtered signal,
wherein the first filter comprises a first frequency response; filtering the electrical signal
across a second time scale to generate a second filtered signal, wherein the second
filter comprises a second frequency response, wherein at least a portion of the
frequency response of the second filter is lower than a corresponding portion of the
frequency response of the first filter; determining a feature corresponding to sharpness
by analyzing the first and second filtered signals; and providing an output to a display
device, wherein the output comprises the determined feature, wherein the display
device is configured to depict a change in the determined feature over time.

[0034] In Example 30, the method of Example 29, wherein at least one of the first
and second filters is configured to determine at least one of a time difference of the
electrical signal, a derivative of the electrical signal, a slope estimate across a time
window, and a wavelet decomposition of the electrical signal.

[0035] In Example 31, the method of any of Examples 29 and 30, wherein at
least one of the first and second filters is more responsive to high-frequency and/or
quickly-varying components of the electrical signal than to low-frequency and/or slowly-
varying components of the electrical signal.

[0036] In Example 32, the method of any of Examples 19-31, further comprising
determining an overall morphology change of the electrogram based on a pre-ablation
deflection template.

[0037] In Example 33, the method of Example 32, wherein the change in
morphology is determined using at least one of a matched filter, a correlation, and a
convolution with the pre-ablation deflection template or a signal derived therefrom.
[0038] In Example 34, the method of any of Examples 19-33, the waveform
representing at least one of the filtered signal, an envelope of the filtered signal, an
amplitude of the filtered signal, and a power of the filtered signal.

[0039] In Example 35, the method of any of Examples 19-34, further comprising

determining a combined signal comprising a combination of the filtered signal with an
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additional filtered signal, the waveform representing at least one of the combined signal,
an envelope of the combined signal, an amplitude of the combined signal, and a power
of the combined signal.

[0040] In Example 36, a system includes a catheter including a flexible catheter
body having a distal portion; and at least one electrode disposed on the distal portion,
the at least one electrode configured to measure an electrical signal based on a cardiac
activation signal. The system also includes a mapping processor configured to acquire
the electrical signal from the at least one electrode, provide an electrogram based on
the electrical signal, determine at least one of a sharpness associated with the
electrogram and a characteristic of a morphology of the electrogram, wherein the
characteristic of the morphology of the electrogram is related to the sharpness.

[0041] In Example 37, the system of Example 36, wherein the catheter comprises
an ablation catheter including a tissue ablation electrode configured to apply ablation
energy to tissue, the system further comprising a radiofrequency (RF) generator
operatively coupled to the tissue ablation electrode, wherein the RF generator is
configured to generate the ablation energy and convey the generated ablation energy to
the tissue ablation electrode.

[0042] In Example 38, the system of Example 37, wherein the mapping processor
is configured to determine the sharpness before an ablation, during an ablation, and/or
after an ablation.

[0043] In Example 39, the system of Example 36, further comprising a display
device, wherein the mapping processor comprises:. a filter configured to filter the
electrical signal to generate a filtered signal; a feature detector configured to determine
an amplitude of the filtered signal, and an output component configured to provide an
output to the display device, wherein the output comprises the determined amplitude of
the filtered signal.

[0044] In Example 40, the system of Example 39, wherein the amplitude
comprises at least one of an absolute amplitude, a root-mean-squared (RMS)
measurement, a peak-to-peak measurement, a maximum of a peak-to-peak
measurement over a window, a percentiie range measurement, a beat-gated

measurement, and a free-running measurement.
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[0045] In Example 41, the system of Example 39, wherein the filter is more
responsive to high-frequency and/or quickly-varying components of the electrical signal
than to low-frequency and/or slowly-varying components of the electrical signal.

[0046] In Example 42, the system of Example 39, wherein the filtered signal
comprises an approximate derivative of the electrical signal.

[0047] In Example 43, the system of Example 39, wherein the filter includes a
nonlinear processing element configured to attenuate one or more components of the
electrical signal based on a polarity of a deflection of the electrical signal.

[0048] In Example 44, the system of Example 43, wherein the filter comprises a
half-wave rectifier.

[0049] In Example 45, the system of Example 39, wherein the display device is
configured to indicate a relative change in the amplitude of the filtered signal during a
period of time.

[0050] In Example 46, the system of Example 39, wherein the display device is
configured to display a waveform.

[0051] In Example 47, the system of Example 46, the waveform representing at
least one of the filtered signal, an envelope of the filtered signal, an amplitude of the
filtered signal, and a power of the filtered signal.

[0052] In Example 48, the system of Example 46, wherein the output component
is configured to determine a combined signal comprising a combination of the filtered
signal with an additional filtered signal, the waveform representing at least one of the
combined signal, an envelope of the combined signal, an amplitude of the combined
signal, and a power of the combined signal.

[0053] In Example 49, the system of Example 36, further comprising a display
device, the mapping processor comprising: a first filter configured to filter the electrical
signal across a first time scale to generate a first filtered signal, wherein the first filter
comprises a first frequency response; a second filter configured to filter the electrical
signal across a second time scale to generate a second filtered signal, wherein the
second filter comprises a second frequency response, wherein at least a portion of the
frequency response of the second filter is lower than a corresponding portion of the

frequency response of the first filter; a feature detector configured to determine a
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feature corresponding to sharpness by analyzing the first and second filtered signals;
and an output component configured to provide an output to the display device, wherein
the output comprises the determined feature, wherein the display device is configured to
depict a change in the determined feature over time.

[0054] In Example 50, the system of Example 49, wherein at least one of the first
and second filters is configured to determine at least one of a time difference of the
electrical signal, an approximate derivative of the electrical signal, a slope estimate
across a time window, and a wavelet decomposition of the electrical signal.

[0055] In Example 51, the system of Example 49, wherein at least one of the first
and second filters is more responsive to high-frequency and/or quickly-varying
components of the electrical signal than to low-frequency and/or slowly-varying
components of the electrical signal.

[0056] In Example 52, the system of Example 49, wherein the feature detector is
configured to assess the sharpness of the electrical signal by comparing one or more
levels of the first filtered signal with one or more levels of the second filtered signal to
determine an amplitude-invariant measure of sharpness.

[0057] In Example 53, the system of Example 36, wherein the mapping processor
is further configured to determine an overall morphology change of the electrogram
based on a pre-ablation deflection template.

[0058] In Example 54, the system of Example 53, wherein the change in
morphology is determined using at least one of a matched filter, a correlation, and a
convolution with the pre-ablation deflection template or a signal derived therefrom.
[0059] In Example 55, a method for evaluating a condition of myocardial tissue
includes positioning a catheter adjacent to myocardial tissue within a patient's body, the
catheter including a flexible catheter body having a distal portion, at least one electrode
disposed on the distal portion, wherein the at least one electrode is configured to
measure an electrical signal based on a cardiac activation signal; receiving the electrical
signal; providing an electrogram based on the electrical signal; determining at least one
of a sharpness of the electrogram and a characteristic of a morphology of the
electrogram, the characteristic of the morphology of the electrogram relating to the

sharpness of the electrogram; and displaying an indication of at least one of the
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sharpness and the characteristic of the morphology, wherein the indication comprises at
least one of a map, a light indicator, and a waveform.

[0060] In Example 56, the method of Example 55, wherein the catheter
comprises an ablation catheter including a tissue ablation electrode configured to apply
ablation energy to tissue, the method further comprising performing an ablation of a
portion of the tissue.

[0061] In Example 57, the method of Example 56, further comprising determining
the characteristic of the morphology of the electrogram before an ablation, during an
ablation, and/or after an ablation.

[0062] In Example 58, the method of Example 55, further comprising filtering,
using a filter, the electrical signal to generate a filtered signal.

[0063] In Example 59, the method of Example 58, wherein the electrical signal is
unipolar, and wherein filtering the electrical signal comprises applying a nonlinear
processing technique to the electrogram to retain only negative deflections.

[0064] In Example 60, the method of Example 59, wherein applying the nonlinear
processing technique comprises applying a half-wave rectifier to the electrogram.

[0065] In Example 61, the method of Example 58, wherein filtering the electrical
signal comprises approximating a derivative of the electrical signal, the method further
comprising determining a relative change in an amplitude of the filtered signal during a
period of time, wherein the indication of the characteristic of the morphology indicates
the relative change in the amplitude of the filtered signal during the period of time.
[0066] In Example 62, the method of Example 61, wherein the amplitude
comprises at least one of an absolute amplitude, a root-mean-squared (RMS)
measurement, a peak-to-peak measurement, a maximum of a peak-to-peak
measurement over a window, a percentiie range measurement, a beat-gated
measurement, and a free-running measurement.

[0067] In Example 63, the method of Example 58, wherein the filter is more
responsive to high-frequency and/or quickly-varying components of the electrical signal
than to low-frequency and/or slowly-varying components of the electrical signal.

[0068] In Example 64, the method of Example 55, further comprising: filtering the

electrical signal across a first time scale, using a first filter, to generate a first filtered
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signal, wherein the first filter comprises a first frequency response; filtering the electrical
signal across a second time scale, using a second filter, to generate a second filtered
signal, wherein the second filter comprises a second frequency response, wherein at
least a portion of the frequency response of the second filter is lower than a
corresponding portion of the frequency response of the first filter, determining a feature
corresponding to sharpness by analyzing the first and second filtered signals; and
providing an output to a display device, wherein the output comprises the determined
feature, wherein the display device is configured to depict a change in the determined
feature over time.

[0069] In Example 65, the method of Example 64, wherein at least one of the first
and second filters is configured to determine at least one of a time difference of the
electrical signal, a derivative of the electrical signal, a slope estimate across a time
window, and a wavelet decomposition of the electrical signal.

[0070] In Example 66, the method of Example 64, wherein at least one of the first
and second filters is more responsive to high-frequency and/or quickly-varying
components of the electrical signal than to low-frequency and/or slowly-varying

components of the electrical signal.

[0071] In Example 67, the method of Example 64, further comprising determining
an overall morphology change of the electrogram based on a pre-ablation deflection
template.

[0072] In Example 68, the method of Example 67, wherein the change in

morphology is determined using at least one of a matched filter, a correlation, and a
convolution with the pre-ablation deflection template or a signal derived therefrom.
[0073] In Example 69, the method of Example 64, the waveform representing at
least one of the filtered signal, an envelope of the filtered signal, an amplitude of the
filtered signal, and a power of the filtered signal.

[0074] In Example 70, the method of Example 65, further comprising determining
a combined signal comprising a combination of the filtered signal with an additional
filtered signal, the waveform representing at least one of the combined signal, an
envelope of the combined signal, an amplitude of the combined signal, and a power of

the combined signal.

11
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[0075] In Example 71, a system includes an ablation catheter including a flexible
catheter body having a distal portion, a tissue ablation electrode disposed on the distal
portion of the flexible catheter body, wherein the tissue ablation electrode is configured
to apply ablation energy to tissue. The system also includes at least one electrode
disposed on the distal portion, the at least one electrode configured to measure an
electrical signal based on a cardiac activation signal, and a radiofrequency (RF)
generator operatively coupled to the tissue ablation electrode and configured to
generate the ablation energy to be conveyed to the tissue ablation electrode. The
system further includes a mapping processor configured to: acquire the electrical signal
from the at least one electrode; provide an electrogram based on the electrical signal;
determine at least one of a sharpness associated with the electrogram and a
characteristic of a morphology of the electrogram, the characteristic relating to the
sharpness.

[0076] While multiple embodiments are disclosed, still other embodiments of the
present invention will become apparent to those skilled in the art from the following
detailed description, which shows and describes illustrative embodiments of the
invention. Accordingly, the drawings and detailed description are to be regarded as
illustrative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0077] FIG. 1 is a schematic illustration of a radio frequency (RF) ablation system
in accordance with embodiments of the present invention.

[0078] FIG. 2 is a block diagram depicting an illustrative mapping operating
environment in accordance with embodiments of the present invention.

[0079] FIG. 3 is a flow diagram depicting an illustrative method of analyzing
morphology of an electrogram in accordance with embodiments of the present
invention.

[0080] FIG. 4 is a schematic block diagram depicting an illustrative process flow
for analyzing morphology of an electrogram in accordance with embodiments of the
present invention.

12
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[0081] FIG. 5 depicts an illustrative electrogram and filtered electrogram in
accordance with embodiments of the present invention.

[0082] FIG. 6 is a schematic block diagram depicting another illustrative process
flow for analyzing morphology of an electrogram in accordance with embodiments of the
present invention.

[0083] While the invention is amenable to various modifications and alternative
forms, specific embodiments have been shown by way of example in the drawings and
are described in detail below. The intention, however, is not to limit the invention to the
particular embodiments described. On the contrary, the invention is intended to cover
all modifications, equivalents, and alternatives falling within the scope of the invention

as defined by the appended claims.

DETAILED DESCRIPTION

[0084] Electrophysiologists may utilize any number of metrics to assess the
formation and transmurality of lesions. These include, for example, bipolar electrogram
amplitude drop, ablation impedance drop, and pacing capture threshold. Electrogram
amplitude, measured from peak to peak of a given bipolar electrogram deflection,
provides a measure of myocardium viability. However, it does not quantify the
morphology of the electrogram, which may contain additional information about lesion
formation, especially in unhealthy tissue. In unhealthy tissue (e.g., tissue afflicted by
edema, scar tissue, etc.), amplitude reduction due to damage to the local surviving
tissue may be obscured by the much stronger far-field signal. However, damage to the
local tissue may make some components of the electrogram change less rapidly as
compared to when the local tissue was healthy. Quantifying electrogram morphology
before, during, and after an ablation, by analyzing sharpness of the electrogram, may
facilitate aiding electrophysiologists in evaluating the formation of lesions. Real-time
morphology analysis may facilitate enabling electrophysiologists to determine a
minimum amount of time required for each ablation, reducing the amount of
radiofrequency (RF) energy delivered during procedures.

[0085] According to various embodiments, measuring sharpness may include

assigning a time-varying value to an electrogram. For example, sharpness may be

13
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quantified using an approximate derivative calculated at various temporal scales. The
values may be used, in a relative manner, throughout an ablation in order to gauge the
progressive change of morphology. Embodiments of the invention may be implemented
using specialty catheters or catheters already commercially available. Embodiments
include a hardware/software graphical user interface (GUI) used for acquiring electrical
signals, performing sharpness analyses, and displaying the results during an ablation
procedure. This may be accomplished, for example, with a stand-alone system or may
be incorporated into existing systems such as the Bard LabSystem Pro or the Rhythmia
Mapping System., both available from Boston Scientific Corporation of Marlborough,
Massachusetts.

[0086] FIG. 1 is a schematic illustration of a radio frequency (RF) ablation system
100 in accordance with embodiments of the present invention. As shown in FIG. 1, the
system 100 includes an ablation catheter 102, an RF generator 104, and a mapping
processor 106. The ablation catheter 102 is operatively coupled to both the RF
generator 104 and the mapping processor 106, as will be described in greater detail
herein. As is further shown, the ablation catheter 102 includes a proximal handle 108
having an actuator 110 (e.g., a control knob, lever, or other actuator), a flexible body
112 having a distal portion 114 including a plurality of ring electrodes 116, a tissue
ablation electrode 118, and a plurality of mapping electrodes 120 (also referred to
herein as “pin” electrodes) disposed or otherwise positioned within and/or electrically
isolated from the tissue ablation electrode 118. In various embodiments, the catheter
system 100 may also include noise artifact isolators (not shown), wherein the electrodes
120 are electrically insulated from the exterior wall by the noise artifact isolators.

[0087] In some instances, the ablation system 100 may be utilized in ablation
procedures on a patient and/or in ablation procedures on other objects. In various
embodiments, the ablation catheter 102 may be configured to be introduced into or
through the vasculature of a patient and/or into or through any other lumen or cavity. In
an example, the ablation catheter 102 may be inserted through the vasculature of the
patient and into one or more chambers of the patient’s heart (e.g., a target area). When
in the patient’s vasculature or heart, the ablation catheter 102 may be used to map

and/or ablate myocardial tissue using the ring electrodes 116, the electrodes 120 and/or
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the tissue ablation electrode 118. In embodiments, the tissue ablation electrode 118
may be configured to apply ablation energy to myocardial tissue of the heart of a
patient.

[0088] The catheter 102 may be steerable to facilitate navigating the vasculature
of a patient or navigating other lumens. For example, the distal portion 114 of the
catheter 102 may be configured to be deflected (as indicated by the dashed outlines in
FIG. 1) by manipulation of the actuator 110 to effect steering the catheter 102. In some
instances, the distal portion 114 of the catheter 102 may be deflected to position the
tissue ablation electrode 118 and/or the electrodes 120 adjacent target tissue or to
position the distal portion 114 of the catheter 102 for any other purpose. Additionally, or
alternatively, the distal portion 114 of the catheter 102 may have a pre-formed shape
adapted to facilitate positioning the tissue ablation electrode 118 and/or the electrodes
120 adjacent a target tissue. For example, the preformed shape of the distal portion
114 of the catheter 102 may include a radial shape (e.g., a generally circular shape or a
generally semi-circular shape) and/or may be oriented in a plane transverse to a
general longitudinal direction of the catheter 102.

[0089] In various embodiments, the electrodes 120 are circumferentially
distributed about the tissue ablation electrode 118 and electrically isolated therefrom.
The electrodes 120 can be configured to operate in unipolar or bipolar sensing modes.
In some embodiments, the plurality of electrodes 120 may define and/or at least partially
form one or more bipolar electrode pairs, each bipolar electrode pair being configured to
measure an electrical signal corresponding to a sensed electrical activity (e.g., an
electrogram (EGM) reading) of the myocardial tissue proximate thereto. The measured
signals from the electrodes 120 can be provided to the mapping processor 106 for
processing as described herein. In embodiments, an EGM reading or signal from a
bipolar electrode pair may at least partially form the basis of a contact assessment,
ablation area assessment (e.g., tissue viability assessment), and/or an ablation
progress assessment (e.g., a lesion formation/maturation analysis), as discussed below.
[0090] Various embodiments may include, instead of, or in addition to, an
ablation catheter 102, a mapping catheter (not shown) that includes mapping electrodes

such as, for example, the electrodes 120, but does not necessarily include a tissue
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ablation electrode 118. In embodiments, for example, a mapping catheter may be
utilized for mapping while performing an ablation with a separate ablation catheter (e.g.,
the ablation catheter 102), or independently of performing tissue ablation. In other
embodiments, more than one mapping catheter may be used to enhance the mapping
data. Additionally or alternatively to the circumferentially spaced electrodes 120, the
catheter 102 may include one or more forward facing electrodes (not shown). The
forward facing electrodes may be generally centrally located within the tissue ablation
electrode 118 and/or at an end of a tip of the catheter 102.

[0091] The tissue ablation electrode 118 may be any length and may have any
number of the electrodes 120 positioned therein and spaced circumferentially and/or
longitudinally about the tissue ablation electrode 118. In some instances, the tissue
ablation electrode 118 may have a length of between one (1) mm and twenty (20) mm,
three (3) mm and seventeen (17) mm, or six (6) mm and fourteen (14) mm. In one
illustrative example, the tissue ablation electrode 118 may have an axial length of about
eight (8) mm.

[0092] In some cases, the plurality of electrodes 120 may be spaced at any
interval about the circumference of the tissue ablation electrode 118. In one example,
the tissue ablation electrode 118 may include at least three electrodes 120 equally or
otherwise spaced about the circumference of the tissue ablation electrode 118 and at
the same or different longitudinal positions along the longitudinal axis of the tissue
ablation electrode 118. In some illustrative instances, the tissue ablation electrode 118
may have an exterior wall that at least partially defines an open interior region (not
shown). The exterior wall may include one or more openings for accommodating one or
more electrodes 120. Additionally, or alternatively, the tissue ablation electrode 118
may include one or more irrigation ports (not shown). lllustratively, the irrigation ports,
when present, may be in fluid communication with an external irrigation fluid reservoir
and pump (not shown) which may be used to supply fluid (e.g., irrigation fluid) to
myocardial tissue to be or being mapped and/or ablated.

[0093] The RF generator 104 may be configured to deliver ablation energy to the
ablation catheter 102 in a controlled manner in order to ablate the target tissue sites

identified by the mapping processor 106. Ablation of tissue within the heart is well
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known in the art, and thus for purposes of brevity, the RF generator 104 will not be
described in further detail. Further details regarding RF generators are provided in U.S.
Patent 5,383,874, which is expressly incorporated herein by reference in its entirety for
all purposes. Although the mapping processor 106 and RF generator 104 are shown as
discrete components, they can alternatively be incorporated into a single integrated
device.

[0094] The RF ablation catheter 102 as described may be used to perform
various diagnostic functions to assist the physician in an ablation treatment. For
example, in some embodiments, the catheter 102 may be used to ablate cardiac
arrhythmias, and at the same time provide real-time assessment of a lesion formed
during RF ablation. Real-time assessment of the lesion may involve any of monitoring
surface and/or tissue temperature at or around the lesion, reduction in the
electrocardiogram signal, a drop in impedance, direct and/or surface visualization of the
lesion site, and imaging of the tissue site (e.g., using computed tomography, magnetic
resonance imaging, ultrasound, etc.). In addition, the presence of the electrodes within
the RF tip electrode can operate to assist the physician in locating and positioning the
tip electrode at the desired treatment site, and to determine the position and orientation
of the tip electrode relative to the tissue to be ablated.

[0095] lllustrative catheters that may be used as the catheter 102 may include,
among other ablation and/or mapping catheters, those described in U.S. Patent
Application Serial Number 12/056,210 filed on March 26, 2008, and entitled HIGH
RESOLUTION ELECTROPHYSIOLOGY CATHETER, and U.S. Patent 8,414,579 filed
on June 23, 2010, entitted MAP AND ABLATE OPEN IRRIGATED HYBRID
CATHETER, which are both hereby incorporated herein by reference in their entireties
for all purposes. Alternatively, or in addition, catheters that may be used as the catheter
102 may include, among other ablation and/or mapping catheters, those described in
U.S. Patent 5,647,870 filed on January 16, 1996, as a continuation of U.S. Serial No.
206,414, filed March 4, 1994 as a continuation-in-part of U.S. Serial Number 33,640,
fled March 16, 1993, entitted MULTIPLE ELECTRODE SUPPORT STRUCTURES,
U.S. Patent 6,647,281 filed on April 6, 2001, entitled EXPANDABLE DIAGNOSTIC OR
THERAPEUTIC APPARATUS AND SYSTEM FOR INTRODUCING THE SAME INTO
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THE BODY, and U.S. Patent No. 8,128,617 filed on May 27, 2008, entitled
ELECTRICAL MAPPING AND CRYO ABLATING WITH A BALLOON CATHETER,
which are all hereby incorporated herein by reference in their entireties for all purposes.

[0096] In operation and when the catheter 102 is within a patient and/or adjacent
a target area, the catheter 102 may sense electrical signals (e.g., EGM signals) from the
patient or target area and relay those electrical signals to a physician (e.g., through the
display of the RF ablation system 100). Electrophysiologists and/or others may utilize
an EGM amplitude and/or EGM morphology to verify a location of the ablation catheter
in a patient’s anatomy, to verify viability of tissue adjacent the ablation catheter, to verify
lesion formation in tissue adjacent the ablation catheter, and/or to verify or identify other
characteristics related to the catheter 102 and/or adjacent target tissue or areas.

[0097] Based, at least in part, on its sensing capabilities, the catheter 102 may be
utilized to perform various diagnostic functions to assist the physician in ablation and/or
mapping procedures, as referred to above and discussed further below. In one
example, the catheter 102 may be used to ablate cardiac arrhythmias, and at the same
time provide real-time positioning information, real-time tissue viability information, and
real-time assessment of a lesion formed during ablation (e.g., during RF ablation).
Real-time assessment of the lesion may involve monitoring surfaces and/or tissue
temperature at or around the lesion, reduction in the electrogram signal amplitude
and/or spectrum, a change in impedance (e.g., an increase or decrease), direct and/or
surface visualization of the lesion site, and/or imaging of a tissue site (e.g., using
computed tomography, magnetic resonance imaging, ultrasound, etc.). “Real-time”, as
used herein and understood in the art, means during an action or process. For
example, where one is monitoring frequency spectra in real time during an ablation at a
target area, the frequency spectra are being monitored during the process of ablating at
a target area (e.g., between applications of ablation energy). Additionally, or
alternatively, the presence of electrodes 120 at or about the tissue ablation electrode
118 and/or within the tip (e.g., at the distal tip) of the catheter 102 may facilitate allowing
a physician to locate and/or position the tissue ablation electrode 118 at a desired
treatment site, to determine the position and/or orientation of the tissue ablation

electrode relative to the tissue that is to be ablated or relative to any other feature.
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[0098] FIG. 2 depicts an illustrative mapping operating environment 200 in
accordance with embodiments of the present invention. In various embodiments, a
mapping processor 202 (which may be, or be similar to, mapping processor 106
depicted in FIG. 1) may be configured to detect, process, and record electrical signals
associated with myocardial tissue via a catheter such as the ablation catheter 102
depicted in FIG. 1, a mapping catheter, and/or the like. In embodiments, based on
these electrical signals, a physician can identify the specific target tissue sites within the
heart, and ensure that the arrhythmia causing substrates have been electrically isolated
by the ablative treatment. The mapping processor 202 is configured to process signals
from electrodes 204 (which may include, e.g., electrodes 120 and/or ring electrodes 116
depicted in FIG. 1), and to generate an output to a display device 206. The display
device 206 may be configured to present an indication of a tissue condition,
effectiveness of an ablation procedure, and/or the like (e.g., for use by a physician). In
some embodiments, the display device 206 may include electrocardiogram (ECG)
information, which may be analyzed by a user to determine the existence and/or
location of arrhythmia substrates within the heart and/or determine the location of an
ablation catheter within the heart. In various embodiments, the output from the mapping
processor 202 can be used to provide, via the display device 206, an indication to the
clinician about a characteristic of the ablation catheter and/or the myocardial tissue
being mapped.

[0099] In instances where an output is generated to a display device 206 and/or
other instances, the mapping processor 202 may be operatively coupled to or otherwise
in communication with the display device 206. In embodiments, the display device 206
may include various static and/or dynamic information related to the use of an RF
ablation system (e.g., the RF ablation system 100 depicted in FIG. 1). For example, the
display device 206 may present an image of the target area, an image of the catheter,
and/or information related to EGMs, which may be analyzed by the user and/or by a
processor of the RF ablation system to determine the existence and/or location of
arrhythmia substrates within the heart, to determine the location of the catheter within
the heart, and/or to make other determinations relating to use of the catheter and/or

other catheters.
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[00100] In embodiments, the display device 206 may be an indicator. The
indicator may be capable of providing an indication related to a feature of the output
signals received from one or more of the electrodes 204. For example, an indication to
the clinician about a characteristic of the catheter and/or the myocardial tissue
interacted with and/or being mapped may be provided on the display device 206. In
some cases, the indicator may provide a visual and/or audible indication to provide
information concerning the characteristic of the catheter and/or the myocardial tissue
interacted with and/or being mapped. In embodiments, the visual indication may take
one or more forms. In some instances, a visual color or light indication on a display 206
may be separate from or included on an imaged catheter on the display 206 if there is
an imaged catheter. Such a color or light indicator may include a progression of lights
or colors that may be associated with various levels of a characteristic proportional to
the amplitude and/or spectrum of an EGM. Alternatively, or in addition, an indicator
indicating a level of a characteristic proportional to an amplitude and/or spectrum of an
EGM may be provided in any other manner on a display and/or with any audible or
other sensory indication, as desired.

[00101] In some cases, a visual indication may be an indication on a display
device 206 (e.g., a computer monitor, touchscreen device, and/or the like) with one or
more lights or other visual indicators. In one example of an indicator, a color of at least
a portion of an electrode of a catheter imaged on a screen of the display 206 may
change from a first color (e.g., red or any other color) when there is poor contact
between the catheter and tissue to a second color (e.g., green or any other color
different than the first color) when there is good contact between the catheter and the
tissue and/or when ablation may be initiated after establishing good contact.
Additionally or alternatively in another example of an indicator, when the amplitude
and/or frequency spectrum of the EGM stops changing and/or reaches a lesion
maturation amplitude or frequency spectrum threshold, a depicted color of an electrode
on the imaged catheter may change colors to indicate a level of lesion maturation. In a
similar manner, an indicator may be utilized to indicate a viability of tissue to be ablated.
In the examples above, the changing color/light or changing other indicator (e.g., a

number, an image, a design, etc.) may be located at a position on the display other than
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on the imaged catheter, as desired. According to embodiments, indicators may provide
any type of information to a user. For example, the indicators discussed herein may be
pass or fail type indicators showing when a condition is present or is not present and/or
may be progressive indicators showing the progression from a first level to a next level
of a characteristic.

[00102] According to embodiments, various components (e.g., the mapping
processor 202) of the operating environment 200, illustrated in FIG. 2, may be
implemented on one or more computing devices. A computing device may include any
type of computing device suitable for implementing embodiments of the disclosure.
Examples of computing devices include specialized computing devices or general-
purpose computing devices such "workstations," "servers," "laptops," "desktops," "tablet
computers," "hand-held devices," and the like, all of which are contemplated within the
scope of FIG. 2 with reference to various components of the operating environment 200.
[00103] In embodiments, a computing device includes a bus that, directly and/or
indirectly, couples the following devices: a processing unit (e.g., the processing unit
208 depicted in FIG. 2), a memory (e.g., the memory 210 depicted in FIG. 2), an
input/output (1/0) port, an I/O component (e.g., the output component 212 depicted in
FIG. 2), and a power supply. Any number of additional components, different
components, and/or combinations of components may also be included in the
computing device. The bus represents what may be one or more busses (such as, for
example, an address bus, data bus, or combination thereof). Similarly, in embodiments,
the computing device may include a number of processing units (which may include, for
example, hardware, firmware, and/or software computer processors), a number of
memory components, a number of I/O ports, a number of I/O components, and/or a
number of power supplies. Additionally any number of these components, or
combinations thereof, may be distributed and/or duplicated across a number of
computing devices.

[00104] In embodiments, the memory 210 includes computer-readable media in
the form of volatile and/or nonvolatile memory and may be removable, nonremovable,
or a combination thereof. Media examples include Random Access Memory (RAM);

Read Only Memory (ROM); Electronically Erasable Programmable Read Only Memory
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(EEPROM); flash memory; optical or holographic media; magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices; data transmissions; or
any other medium that can be used to store information and can be accessed by a
computing device such as, for example, quantum state memory, and the like.

[00105] In embodiments, the memory 210 stores computer-executable instructions
for causing the processing unit 208 to implement aspects of embodiments of system
components and/or to perform aspects of embodiments of methods and procedures
discussed herein.  Computer-executable instructions may include, for example,
computer code, machine-useable instructions, and the like such as, for example,
program components capable of being executed by one or more processors associated
with a computing device. Examples of such program components include a filter
component 214 and a feature detector 216. Program components may be programmed
using any number of different programming environments, including various languages,
development kits, frameworks, and/or the like. Some or all of the functionality
contemplated herein may also be implemented in hardware and/or firmware.

[00106] The illustrative operating environment 200 shown in FIG. 2 is not intended
to suggest any limitation as to the scope of use or functionality of embodiments of the
present disclosure. Neither should it be interpreted as having any dependency or
requirement related to any single component or combination of components illustrated
therein. Additionally, any one or more of the components depicted in FIG. 2 may be, in
embodiments, integrated with various ones of the other components depicted therein
(and/or components not illustrated), all of which are considered to be within the ambit of
the present disclosure. For example, the filter component 214 may be integrated with
the feature detector 216. In embodiments, any number of components such as those
depicted in FIG. 2 may be utilized to analyze EGM data, as described herein.

[00107] For example, in embodiments, EGM amplitude may be determined
and/or measured in real-time by the mapping processor 202, e.g., from peak to peak of
an EGM deflection or from the ST segment of the P-QRS-T curve of an EGM reading or
signal in a time domain, and may quantify an intensity of an EGM signal and provide
information relating to one or more target area characteristics. In embodiments, some
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target area characteristics include, but are not limited to, contact force between the
catheter 102 and tissue, viability of tissue, and lesion maturation.

[00108] In some instances, EGM data may be further analyzed in a meaningful
manner in real-time (e.g., during a typical electrophysiology procedure) by determining a
sharpness feature associated with the EGM and determining, based on the sharpness
feature, a characteristic of morphology of the EGM. In embodiments, determining the
sharpness feature may include filtering an EGM signal with the mapping processor 202
and/or other processor and analyzing the resulting filtered signal or signals. Such an
analysis of filtered signals derived from an EGM signal may enhance EGM data
interpretation and may allow for real-time insights related to contact assessments,
viable versus non-viable tissue, and/or lesion maturation during an ablation procedure,
among other real-time insights.

[00109] lllustratively, any technique, as desired, may be utilized (e.g., by the filter
component 214) to filter an EGM signal. For example, the filter component 214 may be
configured to determine an approximate derivative of the EGM signal, apply frequency
filters to the EGM signal across various time scales, apply a half-wave rectifier or other
nonlinear processing to unipolar EGM signals, apply matched filters to the EGM signal,
and/or the like. In embodiments, for example, the filter component 214 may be
configured to filter the EGM to generate a filtered signal, and the feature detector 216
may be configured to determine a feature (e.g., an amplitude, an envelope, a power,
etc.) of the filtered signal. The filter component 214 may, in embodiments, include any
number of nonlinear processing elements configured to attenuate one or more
components of a signal, e.g., based on the polarity of the deflection of the signal. For
example, a matched filter may be used to quantify overall morphology of the EGM. For
example, the filter component 214 may select a pre-ablation deflection template (or
signal derived therefrom) and correlate it, and/or convolute it, with one or more
deflections received during and/or after ablation. In this manner, for example, the
feature detector 216 may be used to determine a maximum normalized correlation of
the template with each subsequent deflection, which may represent, for example, an
amplitude-independent change in morphology of the EGM over time.
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[00110] The output component 212 may be configured to provide an output to the
display device 206, where the output includes the determined feature (e.g., an
amplitude computed over a window such as a window that is related to one or more
beat events) of the filtered signal. For example, the display device 206 may be
configured to indicate a relative change in the amplitude of the filtered signal during a
period of time. According to embodiments, the amplitude may include a root-mean-
squared (RMS) amplitude calculation, a power calculation, a peak-to-peak calculation, a
percentile range calculation, a beat-gated amplitude, a free-running amplitude, and/or
the like. In embodiments, the display device 206 may be configured to display a
waveform. The waveform may, for example, represent the filtered signal, an envelope
of the filtered signal, an amplitude of the filtered signal, a power of the filtered signal, a
combined signal (e.g., a combination of the filtered signal with an additional filtered
signal), an envelope of a combined signal, an amplitude of a combined signal, a power
of a combined signal, and/or the like. A combined signal may, for example, be
generated by averaging the filtered signal and an additional filtered signal, computing a
root mean square (RMS) of the two signals, and/or the like.

[00111] As described above, in embodiments, a mapping processor (e.g., the
mapping processor 106 depicted in FIG. 1 and/or the mapping processor 202 depicted
in FIG. 2) may utilize sharpness features of an electrogram (EGM) to analyze
morphology of the EGM. FIG. 3 depicts an illustrative method 300 of analyzing
morphology of an electrogram in accordance with embodiments of the present
invention. In the illustrative method 300, a distal portion of a catheter (e.g., the catheter
102 depicted in FIG. 1, a mapping catheter, and/or the like) may be positioned at a
location proximate a target area or target tissue (block 302). A mapping processor
(e.g., the mapping processor 106 depicted in FIG. 1 and/or the mapping processor 202
depicted in FIG. 2) may receive electrical signal measurements from one or more
electrodes (e.g., the ablation electrode 118 depicted in FIG. 1, the electrodes 120
depicted in FIG. 1, the electrodes 204 depicted in FIG. 2, and/or other electrodes) of the
catheter (e.g., the catheter 102 depicted in FIG. 1) adjacent a target area or tissue
(block 304). lllustratively, the signals measured by the electrodes of the catheter may

be used to provide an EGM (block 306). Providing the EGM may include sampling,
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resampling, quantizing, band-pass filtering, noise removal, and/or other processing
steps to prepare the signal for use in the mapping processor. As is further shown in
FIG. 3, embodiments of the illustrative method 300 further include determining a
characteristic of morphology of the EGM (block 308) and displaying an indication of the
characteristic of morphology (block 310).

[00112] According to embodiments, the mapping processor determines a
characteristic of morphology of the EGM based on a sharpness feature of the EGM. In
embodiments, the mapping processor may filter the EGM (e.g., the electrical signal) to
generate a filtered signal and determine a relative change in an amplitude of the filtered
signal during a period of time. For example, the mapping processor may filter the EGM
by determining an approximate derivative of the measured electrical signal, in which
case the indication of the characteristic of the morphology may indicate the relative
change in the amplitude of the filtered signal during the period of time, a representation
of an envelope of the filtered signal, and/or the like. In embodiments, the mapping
processor may determine an approximate first derivative of the EGM, an approximate
second derivative of the EGM, and/or approximate derivatives of higher order. In
embodiments, by discretely differentiating an EGM over a sliding time window, the
mapping processor may emphasize high frequencies and evaluate the relative change
in the amplitude of that differentiated EGM at activation times. Approximating a
derivative may include applying a filter with a frequency response that increases roughly
in proportion to frequency over some frequency range, e.g. a first difference or a first-
order high-pass filter. Approximating a derivative may also include estimating the slope
of a signal over some time scale, e.g. using a filter that outputs the slope of a linear
regression over a sliding time window.

[00113] In some instances, an amplitude, relative amplitude, change in amplitude,
and/or rate of change in amplitude of the measured electrical signal (e.g., the EGM),
filtered signal, and/or the like, may also be identified and/or represented in an indication
via a display device (e.g., the display device 206 depicted in FIG. 2). In an illustrative
example, the amplitude of a measured electrical signal may be the amplitude of the ST-
segment of a P-QRS-T wave of an EGM. Additionally or alternatively, other amplitudes

of an electrical signal may be identified. According to embodiments, amplitudes,
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relative amplitudes, envelopes, and/or the like of an electrical signal (or a filtered signal)
may be compared to, combined with, or otherwise analyzed in conjunction with similar
measures associated with one or more filtered signals. For instance, providing an
indication of the characteristic of morphology may include displaying a waveform that is
generated by combining (e.g., via an averaging technique, determining a root mean
square (RMS), etc.) one or more filtered signals and/or an electrical signal (e.g., the
EGM).

[00114] According to embodiments, a level of one or more characteristics may be
represented and/or monitored via the determined characteristics of morphology of the
EGM. The one or more characteristics may include, for example, contact force between
the catheter and a target area (e.g., a target tissue or other target area), viability of a
target area, ablation progress (e.g., lesion maturation or other metric of ablation
progress), and conduction characteristics of a target area. In embodiments, one or
more of these or other characteristics can be represented and/or monitored, as
described herein, in real time, for example, while positioning the distal portion of the
catheter proximate the target area, while mapping a target area or other object, while
applying ablation energy to a target area, and/or while performing any other action with
the catheter. The level of the one or more of the characteristics may be displayed
visually on a display, may be indicated by an audible indicator, or may be indicated in
any other manner. In embodiments, the indication may include a map (e.g., a voltage
map, a frequency spectral map, etc.), a light indicator, a waveform, and/or the like.
[00115] For example, the EGM signals and/or filtered signals may be displayed on
a display or screen for viewing and/or analysis by a user (e.g., a physician, technician,
or other user) of the ablation system and/or mapping catheter. As an alternative, or in
addition, to displaying the EGM signals and/or filtered signals, an indication of the
orientation of the ablation catheter with respect to a target cardiac tissue may be
displayed on a display with indicators thereon or thereabout indicating characteristics
proportional to the EGM signals and/or filtered signals. Such an indication of the
orientation of the catheter may facilitate the user of the ablation system in determining
the orientation of the catheter with respect to the target cardiac tissue. A user of the

ablation system may manipulate the catheter to modify a position of the catheter with
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respect to a target cardiac tissue or to change a force applied to the target cardiac
tissue in order to obtain various EGM signal readings. Such manipulation of the
catheter may facilitate determining the viability of the target/sensed cardiac tissue, as
explained, for example, in U.S. Provisional Application No. 61/955,087,
“ELECTROPHYSIOLOGY SYSTEM,” filed March 18, 2014; and U.S. Application No.
13/738,562, “ELECTROPHYSIOLOGY SYSTEM AND METHODS,” filed January 10,
2013, each of which is hereby incorporated herein by reference in its entirety for all
purposes.

[00116] FIG. 4 depicts an illustrative process flow 400 for analyzing morphology of
an electrogram in accordance with embodiments of the present invention. As shown in
FIG. 4, a pair of electrodes 402, 404 provide a measured electrical signal 406 (e.g., an
electrogram) to a filter 408. As discussed above, the electrodes 402, 404 may be, for
example, the electrodes 120 depicted in FIG. 1, and may be configured to measure the
electrical signal 406 in response to electrical activity detected in myocardial tissue. The
filter 408 is configured to filter the measured electrical signal 406 to generate a filtered
signal 410. In embodiments, for example, the filter 408 may be, include, or be included
within the filter component 214 depicted in FIG. 2. In embodiments, the filtered signal
408 may include one or more derivatives of the electrical signal 406. FIG. 5 depicts an
example of an electrical signal 502 measured by electrodes, in this case, a bipolar
electrogram. In embodiments, the filter 408 may be configured to determine a first
derivative 504 of the electrical signal 502. Although the first derivative 504 is depicted
in FIG. 5, in implementations of embodiments of the present invention, the filtered signal
504 need not necessarily be displayed, but may be maintained in a memory as a set of
data.

[00117] Returning to FIG. 4, the filtered signal 410 is provided to a feature detector
412, which determines a feature 416 of the filtered signal 410. In embodiments, for
example, the feature 416 of the filtered signal 410 may include one or more amplitudes
(e.g., peak amplitudes 506 depicted in FIG. 5) of the filtered signal 410, an envelope of
the filtered signal 410, a frequency or aspect of frequency spectrum of the filtered signal
410, and/or the like. The feature 416 of the filtered signal is received by an output

component 418 (e.g., the output component 212 depicted in FIG. 2). In embodiments,
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the output component 418 is configured to provide an output 420 to a display device
422. The output may include, for example, the determined feature 416 of the filtered
signal 410 such as, for example, a set of determined amplitudes of a derivative of the
measured electrical signal 406, a measure of a relative change in the amplitude of the
filtered signal 410 during a period of time, a waveform corresponding to the envelope of
the filtered signal 410, a curve fitted to the amplitudes of the peaks of the filtered signal
410, a numerical representation of one or more of the foregoing, an executable
instruction, and/or any other signal configured to cause the display device 422 to display
an indication of a characteristic of the morphology of the measured electrical signal 406.
As discussed above, the indication may include, for example, a map, a light indicator,
and/or a waveform.

[00118] The illustrative process flow 400 shown in FIG. 4 is not intended to
suggest any limitation as to the scope of use or functionality of embodiments of the
present invention. Neither should the illustrative process flow 400 be interpreted as
having any dependency or requirement related to any single component or combination
of components illustrated therein. That is, for example, the process flow 400 may
include any number of filters 408. Additionally, any one or more of the components
depicted in FIG. 4 may be, in embodiments, integrated with various ones of the other
components depicted therein (and/or components not illustrated), all of which are
considered to be within the ambit of the present invention.

[00119] FIG. 6 depicts another illustrative process 600 for analyzing morphology of
an electrogram in accordance with embodiments of the present invention. As shown in
FIG. 6, a pair of electrodes 602, 604 provide a measured electrical signal 606 (e.g., an
electrogram) to a first filter 608 and a second filter 610. As discussed above, the
electrodes 602, 604 may be, for example, the electrodes 120 depicted in FIG. 1, and
may be configured to measure the electrical signal 606 in response to electrical activity
detected in myocardial tissue. As shown in FIG. 6, the first filter 608 filters the
measured electrical signal 606 to generate a first filtered signal 612, and the second
filter 610 filters the measured electrical signal 606 to generate a second filtered signal
614. The first and second filtered signals 612 and 614 are provided to a feature

detector 616 that is configured to determine a feature corresponding to sharpness of the
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electrical signal 606 by analyzing the first and second filtered signals 612 and 614. The
determined feature 618 is provided to an output component 620 that is configured to
provide an output 622 to a display device 624, which may, for example, be configured to
depict a change in the determined feature 618 over time.

[00120] According to embodiments, the first filter 608 may include a first filter,
having a first frequency response, configured to filter the electrical signal 606 across a
first time scale to generate the first filtered signal 612. The first filtered signal 612 may,
for example, include a first frequency spectrum. Additionally, the second filter 610 may
include a second filter, having a second frequency response, configured to filter the
electrical signal 606 across a second time scale to generate a second filtered signal
614, and where the second filtered signal 614 includes a second frequency spectrum.
In embodiments, at least a portion of the spectrum of the second filtered signal may be
lower than a corresponding portion of the frequency spectrum of the first filtered signal.
Additionally, in embodiments, the first filter and/or the second filter may be more
responsive to high-frequency, and/or quickly-varying components, of the measured
electrical signal than to low-frequency, and/or slowly-varying components of the
measured electrical signal. High-frequency, low-frequency, quickly-varying, and slowly-
varying components of the signal may be determined based on any number of different
thresholds or ranges. In embodiments, the filter or filters may be configured to be more
responsive to various components such that detection of characteristics of the
sharpness of the measured electrical signal, as described herein, is enhanced and/or
optimized.

[00121] According to various embodiments, at least one of the first and second
filters 608 and 610 is configured to determine at least one of a time difference of the
measured electrical signal 606, a derivative of the measured electrical signal 606, a
slope estimate across a time window, and a wavelet decomposition of the measured
electrical signal 606. In embodiments, the feature detector 616 may be configured to
combine information corresponding to the first and second filtered signals 612 and 614
across time scales to assess sharpness. For example, the feature detector 616 may be
configured to compare filtered signal levels at different scales (e.g., short-term vs. long-

term slope) to determine an amplitude-invariant measure of sharpness. In
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embodiments, the feature detector 616 may be configured to evaluate any number of
different characteristics associated with a comparison between the first and second
filtered signals such as, for example, frequency or phase shifts, frequency spectrum tilt
(e.g., an increase in the amount of high or low frequencies over time as amplitudes
decrease), and/or the like.

[00122] The illustrative process flow 600 shown in FIG. 6 is not intended to
suggest any limitation as to the scope of use or functionality of embodiments of the
present invention. Neither should the illustrative process flow 600 be interpreted as
having any dependency or requirement related to any single component or combination
of components illustrated therein. That is, for example, the process flow 600 may
include any number of filters 608, 610. Moreover, the filters 608 and 610 may be
configured to operate in series. That is, for example, the second filter 610 may be
configured to filter the first filtered signal 612 rather than the electrical signal 606.
Additionally, any one or more of the components depicted in FIG. 6 may be, in
embodiments, integrated with various ones of the other components depicted therein
(and/or components not illustrated), all of which are considered to be within the ambit of
the present invention.

[00123] Various modifications and additions can be made to the exemplary
embodiments discussed without departing from the scope of the present invention. For
example, while the embodiments described above refer to particular features, the scope
of this invention also includes embodiments having different combinations of features,
embodiments having additional features, and embodiments that do not include all of the
described features. Accordingly, the scope of the present invention is intended to
embrace all such alternatives, modifications, and variations as fall within the scope of
the claims, together with all equivalents thereof.

[00124] For example, while bipolar signals have an advantage of reducing far-field
signals, one disadvantage is that information in the polarity of deflection may be lost. In
a bipolar electrogram, local tissue depolarization may appear as a positive deflection, a
negative deflection, or both. In a unipolar electrogram (which can be processed to
reduce far-field signals), only negative deflections are indicative of local tissue

depolarization. Therefore, embodiments of the present invention, as described herein,
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may be configured to include a nonlinear processing step to retain only negative
deflections, e.g., by a half-wave rectifier after filtering the unipolar EGM, which may

result in reduced noise floor and better spatial selectivity.
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CLAIMS
We claim:

1. A system comprising:

a catheter including:
a flexible catheter body having a distal portion; and
at least one electrode disposed on the distal portion, the at least one
electrode configured to measure an electrical signal based on a
cardiac activation signal; and
a mapping processor configured to:
acquire the electrical signal from the at least one electrode;
provide an electrogram based on the electrical signal; and

determine a sharpness associated with the electrogram.

2. The system of claim 1, further comprising:

a display device configured to display an indication associated with at least one
of the sharpness and a characteristic of a morphology of the electrogram,
wherein the characteristic of the morphology of the electrogram comprises
a feature related to the sharpness; and

an output component configured to provide an output to the display device,
wherein the output comprises the sharpness and/or the determined

feature.

3. The system of any of claims 1 and 2, wherein the catheter comprises an ablation
catheter including a tissue ablation electrode configured to apply ablation energy to
tissue, the system further comprising a radiofrequency (RF) generator operatively
coupled to the tissue ablation electrode, wherein the RF generator is configured to
generate the ablation energy and convey the generated ablation energy to the tissue
ablation electrode, and wherein the mapping processor is configured to determine the

sharpness before an ablation, during an ablation, and/or after an ablation.

4, The system of any of claims 2-3, wherein the mapping processor comprises:
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a filter configured to filter the electrical signal to generate a filtered signal; and

a feature detector configured to determine an amplitude of the filtered signal,
wherein the determined feature comprises the determined amplitude of
the filtered signal, wherein the display device is configured to indicate a
relative change in the amplitude of the filtered signal during a period of

time.

5. The system of claim 4, wherein the amplitude comprises at least one of an
absolute amplitude, a root-mean-squared (RMS) measurement, a peak-to-peak
measurement, a maximum of a peak-to-peak measurement over a window, a percentile

range measurement, a beat-gated measurement, and a free-running measurement.

6. The system of any of claims 4 and 5, wherein the filter is more responsive to
high-frequency and/or quickly-varying components of the electrical signal than to low-

frequency and/or slowly-varying components of the electrical signal.

7. The system of any of claims 4-6, wherein the filtered signal comprises an

approximate derivative of the electrical signal.

8. The system of any of claims 4-7, wherein the filter includes a nonlinear
processing element configured to attenuate one or more components of the electrical
signal based on a polarity of a deflection of the electrical signal.

9. The system of claim 8, wherein the filter comprises a half-wave rectifier.

10.  The system of claim 1, the mapping processor comprising:

a first filter configured to filter the electrical signal across a first time scale to
generate a first filtered signal, wherein the first filter comprises a first
frequency response;

a second filter configured to filter the electrical signal across a second time scale
to generate a second filtered signal, wherein the second filter comprises a

second frequency response, wherein at least a portion of the frequency
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response of the second filter is lower than a corresponding portion of the
frequency response of the first filter; and

a feature detector configured to determine the feature corresponding to the
sharpness by analyzing the first and second filtered signals, wherein the
display device is configured to depict a change in the determined feature

over time.

11.  The system of claim 10, wherein at least one of the first and second filters is
configured to determine at least one of a time difference of the electrical signal, a
derivative of the electrical signal, a slope estimate across a time window, and a wavelet

decomposition of the electrical signal.

12.  The system of any of claims 1-12, wherein the mapping processor is further
configured to determine an overall morphology change of the electrogram based on a

pre-ablation deflection template.

13.  The system of claim 13, wherein the change in morphology is determined using
at least one of a matched filter, a correlation, and a convolution with the pre-ablation

deflection template or a signal derived therefrom.

14.  The system of any of claims 2-14, wherein the display device is configured to
display a waveform, the waveform representing at least one of the filtered signal, an
envelope of the filtered signal, an amplitude of the filtered signal, and a power of the

filtered signal.

15.  The system of any of claims 15 and 16, wherein the output component is
configured to determine a combined signal comprising a combination of the filtered
signal with an additional filtered signal, the waveform representing at least one of the
combined signal, an envelope of the combined signal, an amplitude of the combined

signal, and a power of the combined signal.
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