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1
MEDICAL DEVICES FOR MAPPING
CARDIAC TISSUE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119 to
U.S. Provisional Application Ser. No. 61/991,288, filed May
9, 2014, the entirety of which is incorporated herein by ref-
erence.

TECHNICAL FIELD

The present disclosure pertains to medical devices, and
methods for manufacturing medical devices. More particu-
larly, the present disclosure pertains to medical devices and
methods for mapping and/or ablating cardiac tissue.

BACKGROUND

A wide variety of intracorporeal medical devices have been
developed for medical use, for example, intravascular use.
Some of these devices include guidewires, catheters, and the
like. These devices are manufactured by any one of a variety
of different manufacturing methods and may be used accord-
ing to any one of a variety of methods. Of the known medical
devices and methods, each has certain advantages and disad-
vantages. There is an ongoing need to provide alternative
medical devices as well as alternative methods for manufac-
turing and using medical devices.

BRIEF SUMMARY

This disclosure provides design, material, manufacturing
method, and use alternatives for medical devices.

In a first example a system for mapping the electrical
activity of the heart is disclosed. The system includes a pro-
cessor. The processor can sense a plurality of signals with a
plurality of electrodes positioned within the heart and gener-
ate, based at least in part on the sensed plurality of signals, an
alternate signal for each one of the plurality of signals. Each
alternate signal can correspond to one of the plurality of
signals and the alternate signal for each one of the plurality of
signals includes determining a dominant frequency for the
plurality of signals. The processer can also determine a fidu-
cial point on each alternate signal and determine, based at
least in part on each determined fiducial point, an activation
time in each corresponding one of the plurality of signals.

In addition or alternatively, and in another example deter-
mining, based at least in part on each determined fiducial
point, an activation time in each corresponding one of the
plurality of signals includes determining a timing associated
with each fiducial point as the activation time for each corre-
sponding one of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example determining, based at least in part on
each determined fiducial point, an activation time in each
corresponding one of the plurality of signals includes identi-
fying, based at least in part on a timing associated with each
fiducial point, a window in each corresponding one of the
plurality of signals and for each of the plurality of signals,
determining an activation time within the identified window.

In addition or alternatively to any one or more of the above,
and in another example determining an activation time within
the identified window includes determining the timing of the
maximum negative derivative in the identified window as the
activation time for each of the plurality of signals.
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2

In addition or alternatively to any one or more of the above,
and in another example determining an activation time within
the identified window includes determining the timing of a
zero-crossing in the identified window as the activation time
for each of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example the system includes if no zero-cross-
ing occurs within an identified window, determining the tim-
ing associated with the fiducial point as the activation time for
the corresponding one of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example the system includes that a width of the
window is user defined.

In addition or alternatively to any one or more of the above,
and in another example generating, based at least in part on
the sensed plurality of signals, an alternate signal for each one
of the plurality of signals includes determining a dominant
frequency for the plurality of signals, determining a phase for
each of the plurality of signals at the dominant frequency and
generating an alternate signal corresponding to one of the
plurality of signals for each of the plurality of signals Further,
each generated alternate signal has the same phase as the
corresponding one of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example determining a dominant frequency for
the plurality of signals includes processing each of the plu-
rality of signals using a Fourier Transform, generating a com-
posite signal based on the processed plurality of signals and
determining the frequency with the greatest power in the
composite signal.

In addition or alternatively to any one or more of the above,
and in another example generating a composite signal based
on the processed plurality of signals includes determining the
median value of all of the plurality of signals at each fre-
quency, determining the mean value of all of the plurality of
signals at each frequency, or determining the mode value of
all of the plurality of signals at each frequency.

In addition or alternatively to any one or more of the above,
and in another example each alternate signal is a sinusoid.

In addition or alternatively to any one or more of the above,
and in another example the activation time is displayed on a
display.

In addition or alternatively to any one or more of the above,
and in another example an activation time is displayed on a
static activation map, a dynamic map, or both.

In addition or alternatively to any one or more of the above,
and in another example displaying an activation map includes
displaying one or more phase values of one or more alternate
signals.

In addition or alternatively to any one or more of the above,
and in another example determining, based at least in part on
each determined fiducial point, an activation time in each
corresponding one of the plurality of signals includes utiliz-
ing a probability function to determine the activation time.

In addition or alternatively to any one or more of the above,
and in another example a method of identifying an activation
time in a cardiac electrical signal is disclosed. The method
includes sensing a cardiac electrical signal, generating an
approximation signal based at least in part on one or more
parameters of the cardiac electrical signal, identifying a fidu-
cial point on the approximation signal and determining, based
at least in part on a timing of the fiducial point in the approxi-
mation signal, an activation time in the cardiac electrical
signal.

In addition or alternatively to any one or more of the above,
and in another example one or more parameters of the cardiac
signal include a dominant frequency.
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In addition or alternatively to any one or more of the above,
and in another example the method includes determining a
phase of the cardiac electrical signal.

In addition or alternatively to any one or more of the above,
and in another example, the approximation signal has the
same phase as the cardiac electrical signal.

In addition or alternatively to any one or more of the above,
and in another example a determining the phase of the cardiac
electrical signal includes processing the cardiac electrical
signal using a Fourier Transform and determining a phase of
the cardiac electrical signal based on the processed cardiac
electrical signal.

In addition or alternatively to any one or more of the above,
and in another example, the approximation signal is a sinu-
soid.

In addition or alternatively to any one or more of the above,
and in another example, the activation time is displayed on a
display.

In addition or alternatively to any one or more of the above,
and in another example a the method includes sensing a
plurality of signals with a plurality of electrodes positioned
within the heart and generating, based at least in part on the
sensed plurality of signals, an alternate signal for each one of
the plurality of signals. Each alternate signal corresponds to
one of the plurality of signals. The method also includes
determining a fiducial point on each alternate signal deter-
mining, based at least in part on each determined fiducial
point, an activation time in each corresponding one of the
plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example determining, based at least in part on
each determined fiducial point, an activation time in each
corresponding one of the plurality of signals includes deter-
mining a timing associated with each fiducial point as the
activation time for each corresponding one of the plurality of
signals.

In addition or alternatively to any one or more of the above,
and in another example a determining, based at least in part on
each determined fiducial point, an activation time in each
corresponding one of the plurality of signals includes identi-
fying, based at least in part on a timing associated with each
fiducial point, a window in each corresponding one of the
plurality of signals and for each of the plurality of signals,
determining an activation time within the identified window.

In addition or alternatively to any one or more of the above,
and in another example, determining an activation time
within the identified window includes determining the timing
of the maximum negative derivative in the identified window
as the activation time for each of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example a determining an activation time
within the identified window includes determining the timing
of a zero-crossing in the identified window as the activation
time for each of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example if no zero-crossing occurs within an
identified window, the method includes determining the tim-
ing associated with the fiducial point as the activation time for
the corresponding one of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example a width of the window is user defined.

In addition or alternatively to any one or more of the above,
and in another example a generating, based at least in part on
the sensed plurality of signals, an alternate signal for each one
of the plurality of signals includes determining a dominant
frequency for the plurality of signals, determining a phase for
each of the plurality of signals at the dominant frequency,
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generating an alternate signal corresponding to one of the
plurality of signals for each of the plurality of signals. Each
generated alternate signal has the same phase as the corre-
sponding one of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example a determining a dominant frequency
for the plurality of signals includes processing each of the
plurality of signals using a Fourier Transform, generating a
composite signal based on the processed plurality of signals
and determining the frequency with the greatest power in the
composite signal.

In addition or alternatively to any one or more of the above,
and in another example a generating a composite signal based
on the processed plurality of signals includes determining the
median value of all of the plurality of signals at each fre-
quency, determining the mean value of all of the plurality of
signals at each frequency or determining the mode value of all
of the plurality of signals at each frequency.

In addition or alternatively to any one or more of the above,
and in another example each alternate signal is a sinusoid.

In addition or alternatively to any one or more of the above,
and in another example the activation time is displayed on a
display.

In addition or alternatively to any one or more of the above,
and in another example the activation time is displayed on a
static activation map, a dynamic map, or both.

In addition or alternatively to any one or more of the above,
and in another example a system for mapping the electrical
activity of the heart is disclosed. The system includes a pro-
cessor. The processor can sense a cardiac electrical signal,
generate an approximation signal based at least in part on one
or more parameters of the cardiac electrical signal, identify a
fiducial point on the approximation signal and determine,
based at least in part on a timing of the fiducial point in the
approximation signal, an activation time in the cardiac elec-
trical signal.

In addition or alternatively to any one or more of the above,
and in another example a system for mapping the electrical
activity of the heart is disclosed. The system includes a pro-
cessor. The processor can sense a plurality of signals with a
plurality of electrodes positioned within the heart and gener-
ate, based at least in part on the sensed plurality of signals, an
alternate signal for each one of the plurality of signals. Fur-
ther, each alternate signal corresponds to one of the plurality
of signals. The processor can also determine a fiducial point
on each alternate signal and determine, based at least in part
on each determined fiducial point, an activation time in each
corresponding one of the plurality of signals.

In addition or alternatively to any one or more of the above,
and in another example a system for mapping the electrical
activity of the heart is disclosed. The system can perform any
of the above examples stated above.

In addition or alternatively to any one or more of the above,
and in another example, a system for mapping the electrical
activity of the heart during a cardiac cycle is disclosed. The
system includes a processor. The processor can sense a plu-
rality of signals with a plurality of electrodes positioned
within the heart. The plurality of signals includes a first signal
corresponding to a first electrode location. The processor can
also convert the first signal to an activation signal. Converting
first signal to an activation signal includes one or more of
filtering, rejecting, isolating, setting positive values to zero,
smoothing and inverting. The processor can also determine a
cycle length of the first signal from the activation signal and
estimate a first activation time for the first signal. The first
activation time is determined by using an iterative statistical
algorithm and the iterative statistical method utilizes the acti-
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vation signal and cycle length. The processor can also esti-
mate a second activation time for the first signal. Estimating
the second activation time utilizes the estimated first activa-
tion time and the cycle length.

In addition or alternatively to any one or more of the above,
and in another example, estimating a first activation time for
the first signal includes selecting a first initialization prob-
ability distribution for a first beat in the cardiac cycle and
generating a first modified probability distribution. Generat-
ing a first modified probability distribution includes modify-
ing the first initialization probability distribution with a first
low-pass filter. Estimating a first activation time for the first
signal also includes generating a first modified signal by
multiplying the first modified probability distribution with
the activation signal and selecting a first activation time from
the first modified signal.

In addition or alternatively to any one or more of the above,
and in another example estimating a second activation time
for the first signal includes time-shifting the first modified
signal by the cycle length and selecting a second initialization
probability distribution for the second beat in the cardiac
cycle. The second initialization probability distribution cor-
responds to the first modified signal. Estimating a second
activation time for the first signal also includes generating a
second modified probability distribution. Generating a sec-
ond modified probability distribution includes modifying the
second initialization probability distribution with a second
low-pass filter. Estimating a second activation time for the
first signal also includes generating a second modified signal
by multiplying the second modified probability distribution
with the activation signal and selecting a second activation
time from the second modified signal.

In addition or alternatively to any one or more of the above,
and in another example, a regularization is performed. The
regularization includes multiplying the first or the second
modified signal by a fixed-window distribution.

In addition or alternatively to any one or more of the above,
and in another example the first activation time is determined
by selecting a first peak value from the first modified signal
and the second activation time is determined by selecting a
second peak value from the second modified signal.

In addition or alternatively to any one or more of the above,
and in another example, selecting a first peak value from the
first modified signal and selecting a second peak value from
the second modified signal includes selecting a first maxi-
mum peak value from the first modified signal and selecting a
second maximum peak value from the second modified sig-
nal.

In addition or alternatively to any one or more of the above,
and in another example, converting the first signal to the
activation signal includes reducing far-field signals and
power line noise.

In addition or alternatively to any one or more of the above,
and in a twenty-third example reducing far-field signals and
power line noise includes utilizing a spatial filter to reduce the
far-field signals and utilizing an adaptive filter to reduce
power line noise.

In addition or alternatively to any one or more of the above,
and in another example, determining a cycle length of the first
signal from the activation signal includes computing a power
spectrum of the activation signal, adding a noise floor for each
activation signal, determining a cepstrum for each activation
signal, calculating an average value for the cepstrum for the
activation signal and performing peak-picking on the activa-
tion signal.

In addition or alternatively to any one or more of the above,
and in another example, determining a cepstrum for the acti-
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vation signal includes calculating the inverse Fast Fourier
transform of the log power spectrum.

In addition or alternatively to any one or more of the above,
and in another example computing a power spectrum of the
activation signal for each of the plurality of signals includes
using Welch’s method.

In addition or alternatively to any one or more of the above,
and in another example activation times are displayed on a
display.

In addition or alternatively to any one or more of the above,
and in another example activation times are displayed on a
static map, a dynamic map, or both.

In addition or alternatively to any one or more of the above,
and in another example, activation times are utilized to per-
form a diagnostic procedure.

In addition or alternatively to any one or more of the above,
and in another example, a static activation map, a dynamic
map, or both are utilized to perform a diagnostic procedure.

In addition or alternatively to any one or more of the above,
and in another example, a method for mapping the electrical
activity of the heart during a cardiac cycle is disclosed. The
method can sense a plurality of signals with a plurality of
electrodes positioned within the heart. The plurality of signals
includes a first signal corresponding to a first electrode loca-
tion. The method can also convert the first signal to an acti-
vation signal. Converting first signal to an activation signal
includes one or more of filtering, rejecting, isolating, setting
positive values to zero, smoothing and inverting. The method
can also determine a cycle length of the first signal from the
activation signal and estimate a first activation time for the
first signal. The first activation time is determined by using an
iterative statistical algorithm and the iterative statistical
method utilizes the activation signal and cycle length. The
method can also estimate a second activation time for the first
signal. Estimating the second activation time utilizes the esti-
mated first activation time and the cycle length.

In addition or alternatively to any one or more of the above,
and in another example, estimating a first activation time for
the first signal includes selecting a first initialization prob-
ability distribution for a first beat in the cardiac cycle and
generating a first modified probability distribution. Generat-
ing a first modified probability distribution includes modify-
ing the first initialization probability distribution with a first
low-pass filter. Estimating a first activation time for the first
signal also includes generating a first modified signal by
multiplying the first modified probability distribution with
the activation signal and selecting a first activation time from
the first modified signal.

In addition or alternatively to any one or more of the above,
and in another example estimating a second activation time
for the first signal includes time-shifting the first modified
signal by the cycle length and selecting a second initialization
probability distribution for the second beat in the cardiac
cycle. The second initialization probability distribution cor-
responds to the first modified signal. Estimating a second
activation time for the first signal also includes generating a
second modified probability distribution. Generating a sec-
ond modified probability distribution includes modifying the
second initialization probability distribution with a second
low-pass filter. Estimating a second activation time for the
first signal also includes generating a second modified signal
by multiplying the second modified probability distribution
with the activation signal and selecting a second activation
time from the second modified signal.

In addition or alternatively to any one or more of the above,
and in another example, a regularization is performed. The
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regularization includes multiplying the first or the second
modified signal by a fixed-window distribution.

In addition or alternatively to any one or more of the above,
and in another example, a system for mapping the electrical
activity of the heart during a cardiac cycle is disclosed. The
system includes a processor. The processor can sense a plu-
rality of signals with a plurality of electrodes positioned
within the heart. The processor can convert each of the plu-
rality of signals to a unique activation signal. Converting each
of the plurality of signals to a unique activation signal may
include one or more of filtering, rejecting, isolating, setting
positive values to zero, smoothing and inverting. The proces-
sor can also determine a cycle length of each of the plurality
of signals from the corresponding unique activation signal
and estimate a first activation time for each of the plurality of
signals. The first activation time can be determined by using
an iterative statistical algorithm. The iterative statistical
method can utilize the corresponding activation signal and
cycle length for each of the plurality of signals. The processor
can also estimate a second activation time for each of the
plurality of signals. Estimating the second activation time can
utilize the estimated first activation time and the cycle length
for each of the plurality of signals. The processor can also
display the activation times on a display, display the activa-
tion times on a static map, a dynamic map, or both and utilize
the activation times to perform a diagnostic procedure.

In addition or alternatively to any one or more of the above,
and in another example, a system for mapping the electrical
activity of the heart is disclosed. The system comprises a
processor. The processor is configured sense a plurality of
signals with a plurality of electrodes positioned within the
heart, process the signals to emphasize deflections due to
tissue activation, determine relationships between one or
more of the processed signals across time, determine at least
one activation time as a fiducial point, and determine another
activation time based in part on the fiducial point and the one
or more time relationships.

In addition or alternatively to any one or more of the above,
and in another example, determining relationships between
one or more of the processed signals across time comprises
computing correlations.

In addition or alternatively to any one or more of the above,
and in another example, determining relationships between
one or more of the processed signals across time comprises
determining a cycle length.

In addition or alternatively to any one or more of the above,
and in another example, determining a cycle length includes
computing a power spectrum of the processed signal.

In addition or alternatively to any one or more of the above,
and in another example, determining a cycle length includes
determining a cepstrum for the processed signal.

In addition or alternatively to any one or more of the above,
and in another example, determining a cycle length includes
calculating an average value for the cepstrum for the pro-
cessed signal.

In addition or alternatively to any one or more of the above,
and in another example, determining a cycle length includes
performing peak-picking on the processed signal.

The above summary of some embodiments is not intended
to describe each disclosed embodiment or every implemen-
tation of the present disclosure. The Figures, and Detailed
Description, which follow, more particularly exemplify these
embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be more completely understood in
consideration of the following detailed description in connec-
tion with the accompanying drawings, in which:
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FIG. 1 is a schematic view of an example catheter system
for accessing a targeted tissue region in the body for diagnos-
tic and therapeutic purposes;

FIG. 2 is a schematic view of an example mapping catheter
having a basket functional element carrying structure for use
in association with the system of FIG. 1;

FIG. 3 is a schematic view of an example functional ele-
ment including a plurality of mapping electrodes;

FIG. 4 isanillustration of an example electrogram signal in
the time domain and a corresponding frequency representa-
tion in the frequency domain;

FIGS. 5A-5C are illustrations of example frequency spec-
trums and a corresponding composite frequency spectrum;

FIG. 6 is an illustration of an example composite frequency
spectrum and its maximum power value;

FIGS. 7TA-7B are illustrations of example electrograms
overlaid by sinusoid signals;

FIGS. 8A-8B are illustrations of example phase-shifted
alternative signal sinusoids and corresponding dynamic dis-
plays;

FIG. 9 is an illustration of an example alternate sinusoid
signal overlaid an original signal,

FIG. 10 is an illustration of an example activation map
displaying activation times.

FIGS. 11A-11C are illustrations of example activation sig-
nals overlaid by probability distributions.

While the disclosure is amenable to various modifications
and alternative forms, specifics thereof have been shown by
way of example in the drawings and will be described in
detail. It should be understood, however, that the intention is
not to limit the invention to the particular embodiments
described. On the contrary, the intention is to cover all modi-
fications, equivalents, and alternatives falling within the spirit
and scope of the disclosure.

DETAILED DESCRIPTION

For the following defined terms, these definitions shall be
applied, unless a different definition is given in the claims or
elsewhere in this specification.

All numeric values are herein assumed to be modified by
the term “about,” whether or not explicitly indicated. The
term “about” generally refers to a range of numbers that one
of skill in the art would consider equivalent to the recited
value (e.g., having the same function or result). In many
instances, the terms “about” may include numbers that are
rounded to the nearest significant figure.

The recitation of numerical ranges by endpoints includes
all numbers within that range (e.g. 1 to 5 includes 1, 1.5, 2,
2.75,3,3.80, 4, and 5).

As used in this specification and the appended claims, the
singular forms “a”, “an”, and “the” include plural referents
unless the content clearly dictates otherwise. As used in this
specification and the appended claims, the term “or” is gen-
erally employed in its sense including “and/or” unless the
content clearly dictates otherwise.

It is noted that references in the specification to “an
example”, “some examples”, “other examples”, etc., indicate
that the example described may include one or more particu-
lar features, structures, and/or characteristics. However, such
recitations do not necessarily mean that all examples include
the particular features, structures, and/or characteristics.
Additionally, when particular features, structures, and/or
characteristics are described in connection with one example,
it should be understood that such features, structures, and/or
characteristics may also be used connection with other
examples whether or not explicitly described unless clearly
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stated to the contrary. Also, when particular features, struc-
tures, and/or characteristics are described in connection with
one example, it is implicit that other examples may include
less than all of the disclosed features, structures, and/or chat-
acteristics in all combinations.

The following detailed description should be read with
reference to the drawings in which similar elements in differ-
ent drawings are numbered the same. The drawings, which
are not necessarily to scale, depict illustrative embodiments
and are not intended to limit the scope of the invention.

Mapping the electrophysiology of heart rhythm disorders
often involves the introduction of a basket catheter (e.g. Con-
stellation) or other mapping/sensing device having a plurality
of sensors into a cardiac chamber. The sensors, for example
electrodes, detect physiological signals, such as cardiac elec-
trical activity, at sensor locations. It may be desirable to have
detected cardiac electrical activity processed into electro-
gram signals that accurately represent cellular excitation
through cardiac tissue relative to the sensor locations. A pro-
cessing system may then analyze and output the signal to a
display device. Further, the processing system may output the
signal as processed output, such as a static or dynamic acti-
vation map. A user, such as a physician, may use the pro-
cessed output to perform a diagnostic procedure.

FIG. 1 is a schematic view of a system 10 for accessing a
targeted tissue region in the body for diagnostic and/or thera-
peutic purposes. FIG. 1 generally shows the system 10
deployed in the left atrium of the heart. Alternatively, system
10 can be deployed in other regions of the heart, such as the
left ventricle, right atrium, or right ventricle. While the illus-
trated embodiment shows system 10 being used for ablating
myocardial tissue, system 10 (and the methods described
herein) may alternatively be configured for use in other tissue
ablationapplications, such as procedures for ablating tissue in
the prostrate, brain, gall bladder, uterus, nerves, blood vessels
and other regions of the body, including in systems that are
not necessarily catheter-based.

System 10 includes a mapping catheter or probe 14 and an
ablation catheter or probe 16. Each probe 14/16 may be
separately introduced into the selected heart region 12
through a vein or artery (e.g., the femoral vein or artery) using
asuitable percutaneous access technique. Alternatively, map-
ping probe 14 and ablation probe 16 can be assembled in an
integrated structure for simultaneous introduction and
deployment in the heart region 12.

Mapping probe 14 may include flexible catheter body 18.
The distal end of catheter body 18 carries three-dimensional
multiple electrode structure 20. In the illustrated embodi-
ment, structure 20 takes the form of a basket defining an open
interior space 22 (see FIG. 2), although other multiple elec-
trode structures could be used. Structure 20 carries a plurality
of mapping electrodes 24 (not explicitly shown on FIG. 1, but
shown on FIG. 2) each having an electrode location on struc-
ture 20 and a conductive member. Each electrode 24 may be
configured to sense or detect intrinsic physiological activity,
for example represented as electrical signals, in an anatomical
region adjacent to each electrode 24.

In addition, electrodes 24 may be configured to detect
activation signals of the intrinsic physiological activity within
the anatomical structure. For example, intrinsic cardiac elec-
trical activity may comprise repeating or semi-repeating
waves of electrical activity with relatively large spikes in
activity at the beginning of activation events. Electrodes 24
may sense such activation events and the times at which such
activation events occur. Generally, electrodes 24 may sense
activation events at different times as an electrical activity
wave propagates through the heart. For instance, an electrical

10

15

20

25

30

35

40

45

50

55

60

65

10

wave may begin neara first group of electrodes 24, which may
sense an activation event at relatively the same time or within
a relatively small window of time. As the electrical wave
propagates through the heart, a second group of electrodes 24
may sense the activation event of the electrical wave at times
later than the first group of electrodes 24.

Electrodes 24 are electrically coupled to processing system
32. A signal wire (not shown) may be electrically coupled to
each electrode 24 on structure 20. The signal wires may
extend through body 18 of probe 14 and electrically couple
each electrode 24 to an input of processing system 32. Elec-
trodes 24 sense cardiac electrical activity in the anatomical
region, e.g., myocardial tissue, adjacent to their physical loca-
tion within the heart. The sensed cardiac electrical activity
(e.g., electrical signals generated by the heart which may
include activation signals) may be processed by processing
system 32 to assist a user, for example a physician, by gen-
erating processed output—e.g. an anatomical map (e.g., a
vector field map, an activation time map) or a Hilbert trans-
form diagram—to identify one or more sites within the heart
appropriate for a diagnostic and/or treatment procedure, such
as an ablation procedure. For example, processing system 32
may identify a near-field signal component (e.g., activation
signals originating from cellular tissue adjacent to mapping
electrodes 24) or an obstructive far-field signal component
(e.g., activation signals originating from non-adjacent tissue).
In such examples where structure 20 is disposed in an atrium
of the heart, as in FIG. 1, the near-field signal component may
include activation signals originating from atrial myocardial
tissue whereas the far-field signal component may include
activation signals originating from ventricular myocardial
tissue. The near-field activation signal component may be
further analyzed to find the presence of a pathology and to
determine a location suitable for ablation for treatment of the
pathology (e.g., ablation therapy).

Processing system 32 may include dedicated circuitry
(e.g., discrete logic elements and one or more microcontrol-
lers; application-specific integrated circuits (ASICs); or spe-
cially configured programmable devices, such as, for
example, programmable logic devices (PLDs) or field pro-
grammable gate arrays (FPGAs)) for receiving and/or pro-
cessing the acquired physiological activity. In some
examples, processing system 32 includes a general purpose
microprocessor and/or a specialized microprocessor (e.g., a
digital signal processor, or DSP, which may be optimized for
processing activation signals) that executes instructions to
receive, analyze and display information associated with the
received physiological activity. In such examples, processing
system 32 can include program instructions, which when
executed, perform part of the signal processing. Program
instructions can include, for example, firmware, microcode or
application code that is executed by microprocessors or
microcontrollers. The above-mentioned implementations are
merely exemplary, and the reader will appreciate that pro-
cessing system 32 can take any suitable form for receiving
electrical signals and processing the received electrical sig-
nals.

In addition, processing system 32 may be configured to
measure the sensed cardiac electrical activity in the myocar-
dial tissue adjacent to electrodes 24. For example, processing
system 32 may be configured to detect cardiac electrical
activity associated with a dominant rotor or divergent activa-
tion pattern in the anatomical feature being mapped. Domi-
nant rotors and/or divergent activation patterns may have a
role in the initiation and maintenance of atrial fibrillation, and
ablation of the rotor path, rotor core, and/or divergent foci
may be effective in terminating the atrial fibrillation. Process-



US 9,408,544 B2

11

ing system 32 processes the sensed cardiac electrical activity
to generate a display of relevant characteristics. Such pro-
cessed output may include isochronal maps, activation time
maps, action potential duration (APD) maps, Hilbert trans-
form diagrams, vector field maps, contour maps, reliability
maps, electrograms, cardiac action potentials and the like.
The relevant characteristics may assist a user to identify a site
suitable for ablation therapy.

Ablation probe 16 includes flexible catheter body 34 that
carries one or more ablation electrodes 36. The one or more
ablation electrodes 36 are electrically connected to radio fre-
quency (RF) generator 37 that is configured to deliver abla-
tion energy to the one or more ablation electrodes 36. Abla-
tion probe 16 may be movable with respect to the anatomical
feature to be treated, as well as structure 20. Ablation probe 16
may be positionable between or adjacent to electrodes 24 of
structure 20 as the one or more ablation electrodes 36 are
positioned with respect to the tissue to be treated.

Processing system 32 may output data to a suitable device,
for example display device 40, which may display relevant
information for a user. In some examples, device 40 is a CRT,
LED, or other type of display, or a printer. Device 40 presents
the relevant characteristics in a format useful to the user. In
addition, processing system 32 may generate position-iden-
tifying output for display on device 40 that aids the user in
guiding ablation electrode(s) 36 into contact with tissue at the
site identified for ablation.

FIG. 2 illustrates mapping catheter 14 and shows elec-
trodes 24 at the distal end suitable for use in system 10 shown
in FIG. 1. Mapping catheter 14 may include flexible catheter
body 18, the distal end of which may carry three-dimensional
multiple electrode structure 20 with mapping electrodes or
sensors 24. Mapping electrodes 24 may sense cardiac elec-
trical activity, including activation signals, in the myocardial
tissue. The sensed cardiac electrical activity may be pro-
cessed by the processing system 32 to assist a user in identi-
fying the site or sites having a heart rhythm disorder or other
myocardial pathology via generated and displayed relevant
characteristics. This information can then be used to deter-
mine an appropriate location for applying appropriate
therapy, such as ablation, to the identified sites, and to navi-
gate the one or more ablation electrodes 36 to the identified
sites.

The illustrated three-dimensional multiple electrode struc-
ture 20 comprises base member 41 and end cap 42 between
which flexible splines 44 generally extend in a circumferen-
tially spaced relationship. As discussed herein, structure 20
may take the form of a basket defining an open interior space
22. In some examples, the splines 44 are made of a resilient
inert material, such as Nitinol, other metals, silicone rubber,
suitable polymers, or the like and are connected between base
member 41 and end cap 42 in a resilient, pretensioned con-
dition, to bend and conform to the tissue surface they contact.
In the example illustrated in FIG. 2, eight splines 44 form
three dimensional multiple electrode structure 20. Additional
or fewer splines 44 could be used in other examples. As
illustrated, each spline 44 carries eight mapping electrodes
24. Additional or fewer mapping electrodes 24 could be dis-
posed on each spline 44 in other examples of three dimen-
sional multiple electrode structure 20. In the example illus-
trated in FIG. 2, structure 20 is relatively small (e.g., 40 mm
or less in diameter). In alternative examples, structure 20 is
even smaller or larger (e.g., less than or greater than 40 mm in
diameter).

Slidable sheath 50 may be movable along the major axis of
catheter body 18. Moving sheath 50 distally relative to cath-
eter body 18 may cause sheath 50 to move over structure 20,
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thereby collapsing structure 20 into a compact, low profile
condition suitable for introduction into and/or removal from
an interior space of an anatomical structure, such as, for
example, the heart. In contrast, moving sheath 50 proximally
relative to the catheter body may expose structure 20, allow-
ing structure 20 to elastically expand and assume the preten-
sioned position illustrated in FIG. 2.

A signal wire (not shown) may be electrically coupled to
each mapping electrode 24. The signal wires may extend
through body 18 of mapping catheter 20 (or otherwise
through and/or along body 18) into handle 54, in which they
are coupled to external connector 56, which may be a multiple
pin connector. Connector 56 electrically couples mapping
electrodes 24 to processing system 32. It should be under-
stood that these descriptions are just examples. Some addition
details regarding these and other example mapping systems
and methods for processing signals generated by a mapping
catheter can be found in U.S. Pat. Nos. 6,070,094, 6,233,491,
and 6,735,465, the disclosures of which are hereby expressly
incorporated herein by reference.

To illustrate the operation of system 10, FIG. 3 is a sche-
matic side view of an example of basket structure 20 includ-
ing a plurality of mapping electrodes 24. In the illustrated
example, the basket structure includes 64 mapping electrodes
24. Mapping electrodes 24 are disposed in groups of eight
electrodes (labeled 1, 2, 3, 4, 5, 6, 7, and &) on each of eight
splines (labeled A, B, C, D, E, F, G, and H). While an arrange-
ment of sixty-four mapping electrodes 24 is shown disposed
on basket structure 20, mapping electrodes 24 may alterna-
tively be arranged in different numbers (more or fewer splines
and/or electrodes), on different structures, and/or in different
positions. In addition, multiple basket structures can be
deployed in the same or different anatomical structures to
simultaneously obtain signals from different anatomical
structures.

After basket structure 20 is positioned adjacent to the ana-
tomical structure to be treated (e.g. left atrium, left ventricle,
right atrium, or right ventricle of the heart), processing system
32 is configured to record the cardiac electrical activity from
each electrode 24 channel, and the cardiac electrical activity
is related to physiological activity of the adjacent anatomical
structure. For instance, cardiac electrical activity may include
activation signals which may indicate an onset of physiologi-
cal activity, such as a contraction of the heart. Electrodes 24
sense such cardiac electrical activity which includes activa-
tion signals. The cardiac electrical activity of physiological
activity may be sensed in response to intrinsic physiological
activity (e.g. intrinsically generated electrical signals) or
based on a predetermined pacing protocol instituted by at
least one of the plurality of electrodes 24 (e.g. delivered
electrical signals delivered by a pacing device).

The arrangement, size, spacing and location of electrodes
along a constellation catheter or other mapping/sensing
device, in combination with the specific geometry of the
targeted anatomical structure, may contribute to the ability
(or inability) of electrodes 24 to sense, measure, collect and
transmit electrical activity of cellular tissue. As stated,
because splines 44 of a mapping catheter, constellation cath-
eter or other similar sensing device are bendable, they may
conform to a specific anatomical region in a variety of shapes
and/or configurations. Further, at any given position in the
anatomical region, structure 20 may be manipulated such that
one or more splines 44 may not contact adjacent cellular
tissue. For example, splines 44 may twist, bend, or lie atop
one another, thereby separating splines 44 from nearby cel-
lular tissue. Additionally, because electrodes 24 are disposed
on one or more of splines 44, they also may not maintain
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contact with adjacent cellular tissue. Electrodes 24 that do not
maintain contact with cellular tissue may be incapable of
sensing, detecting, measuring, collecting and/or transmitting
electrical activity information. Further, because electrodes 24
may be incapable of sensing, detecting, measuring, collecting
and/or transmitting electrical activity information, process-
ing system 32 may be incapable of accurately displaying
diagnostic information and/or processed output. For
example, some necessary information may be missing and/or
displayed inaccurately.

In addition to that stated above, electrodes 24 may notbe in
contact with adjacent cellular tissue for other reasons. For
example, manipulation of mapping catheter 14 may result in
movement of electrodes 24, thereby creating poor electrode-
to-tissue contact. Further, electrodes 24 may be positioned
adjacent fibrous, dead or functionally refractory tissue. Elec-
trodes 24 positioned adjacent fibrous, dead or functionally
refractory tissue may not be able to sense changes in electrical
potential because fibrous, dead or functionally refractory tis-
sue may be incapable of depolarizing and/or responding to
changes in electrical potential. Finally, far-field ventricular
events and electrical line noise may distort measurement of
tissue activity.

However, electrodes 24 that contact healthy, responsive
cellular tissue may sense a change in the voltage potential of
a propagating cellular activation wavefront. The change in
voltage potential of cellular tissue may be sensed, collected
and displayed as an electrogram. An electrogram may be a
visual representation of the change in voltage potential of the
cellular tissue over time. Additionally, it may be desirable to
define a specific characteristic of an electrogram as a “fidu-
cial” point of the electrical signal. For purposes of this dis-
closure, a fiducial point may be understood as a characteristic
of an electrogram that can be utilized as an identifying char-
acteristic of cellular activation. Fiducial points may corre-
spond to the peak amplitude, change in slope, and/or deflec-
tion of the electrical signal. It is contemplated that fiducial
points may include other characteristics of an electrogram or
other signal used to generate diagnostic and/or processed
output. Further, fiducial points may be identified manually by
a clinician and/or automatically by processing system 32.

An electrogram representing a change in voltage potential
over time may be defined as visually displaying the electrical
signal in the “time domain.” However, it is generally under-
stood that any electrical signal has a corollary representation
in the “frequency domain.” Transforms (e.g. Fourier, Fast
Fourier, Wavelet, Wigner-Ville) may be utilized to transform
signals between the time (spatial) domain and frequency
domain, as desired. Electrical signals also have a corollary
representation in the analytic domain which can be obtained
through transforms (e.g. Hilbert transform).

Further, in a normal functioning heart, electrical discharge
of the myocardial cells may occur in a systematic, linear
fashion. Therefore, detection of non-linear propagation of the
cellular excitation wavefront may be indicative of cellular
firing in an abnormal fashion. For example, cellular firing in
a rotating pattern may indicate the presence of dominant
rotors and/or divergent activation patterns. Further, because
the presence of the abnormal cellular firing may occur over
localized target tissue regions, it is possible that electrical
activity may change form, strength or direction when propa-
gating around, within, among or adjacent to diseased or
abnormal cellular tissue. Identification of these localized
areas of diseased or abnormal tissue may provide a user with
alocation for which to perform a therapeutic and/or diagnos-
tic procedure. For example, identification of an area including
reentrant or rotor currents may be indicative of an area of
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diseased or abnormal cellular tissue. The diseased or abnor-
mal cellular tissue may be targeted for an ablative procedure.
Various processed outputs, such as those described above,
may be used to identify areas of circular, adherent, rotor or
other abnormal cellular excitation wavefront propagation.

In at least some embodiments, the process of generating
processed output may begin by collecting signals from one or
more of sixty-four electrodes 24 on structure 20. As stated
above, the sensed signals may be collected and displayed in
the time domain. However, in at least one embodiment, sig-
nals displayed in the time domain may be transformed into the
frequency domain to further generate processed output. As
stated above, transforms such as the Fourier Transform, Fast
Fourier Transform, or any other transform that produces fre-
quency and power information for a signal may be utilized to
transform signals between the time and frequency domains.
FIG. 4 illustrates an example electrogram signal in the time
domain 60 along with its corresponding frequency represen-
tation in the frequency domain 62.

After transforming the signal into the frequency domain,
processing system 32 may construct, determine or calculate a
composite signal or characteristic (e.g. frequency) common
to one or more of the signals collected from the sixty-four
electrodes 24 on structure 20. The composite signal may be
constructed, determined or calculated by performing one or
more mathematical, statistical or computational operations
involving one or more of the signals collected from the sixty-
four electrodes 24 on structure 20. For example, the compos-
ite signal may be determined by calculating the median
amplitude and/or power value at each frequency for one or
more of the signals collected from the sixty-four electrodes
24 on structure 20. FIG. 5¢ illustrates a composite signal 66
derived from contributing signals 68 and 70, shown in FIGS.
5a and 5b, respectively. FIG. 5¢ may illustrate a composite
signal created by calculating the median power value for each
frequency across signals 68 and 70. It should be understood
that processing system 32 may incorporate sensed data values
from one or more of the collected signals from one or more of
the sixty-four electrodes 24 on structure 20. Further, calcu-
lating the statistical median for all frequencies across one or
more signals is one of numerous possible methodologies
processing system 32 may utilize to construct, determine or
calculate a composite signal. For example, processing system
32 may utilize the mean, median, mode or any other math-
ematical, statistical or computational operation to construct,
determine or calculate a composite signal.

Additionally, processing system 32 may determine a “char-
acteristic frequency” from a generated composite signal. For
example, after calculating the median power value for each
frequency across collected signals, processing system 32 may
determine the frequency at which the maximum power value
occurs. The frequency at which the maximum power value
occurs may represent the “median dominant frequency” of
one or more collected signals contributing to the composite
signal. This median dominant frequency may be considered
the “characteristic frequency” of the collected signals. FIG. 6,
for example, illustrates an example composite signal 72 and
the frequency corresponding to its maximum power value 74.

As stated above, processing system 32 may utilize the
mean, median, mode or any other mathematical, statistical or
computational operation to construct, determine or calculate
acomposite signal. Additionally, the characteristic frequency
may represent the median dominant, mean dominant fre-
quency, mode dominant frequency or any other dominant or
characteristic frequency derived from a variety of computa-
tional operations. Further, it should be understood that pro-
cessing system 32 may not have to calculate a composite
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signal in order to generate, determine, select or derive a char-
acteristic frequency. Rather, it may be possible for processing
system 32 to determine a unique composite characteristic by
analyzing the data collected from one or more of the signals
collected from the sixty-four electrodes 24 on structure 20
independently of determining a composite signal.

Additionally, processing system 32 may select a range of
frequencies for which data is utilized from one or more of the
signals collected from the sixty-four electrodes 24 on struc-
ture 20. For example, a frequency range of 3-7 Hz has been
shown (empirically) to be a frequency range in which abnor-
mal cardiac electrical activity occurs. For example, atrial
fibrillation may occur predominantly in the frequency range
of 3-7 Hz. It is contemplated that other abnormal atrial events
may also occur within this frequency range.

To that end, it may be desirable to filter and exclude col-
lected electrical signal data outside of the 3-7 Hz frequency
range. This may be accomplished by utilizing a bandpass
filter having a passing region between 3-7 Hz. In other
embodiments, processing system 32 may determine a com-
posite signal or characteristic frequency by determining a
median, mean, mode or other signal characteristic for fre-
quencies between 3-7 Hz for each collected signal, thereby
eliminating the need for a filtering step. Additionally, it
should be understood that the selected and/or filtered fre-
quency range may be greater or less than 3-7 Hz (e.g. each
limit could be modified by +2-10 Hz). Selecting or ignoring
data within a particular frequency range may improve the
techniques and/or processed output of the embodiments dis-
closed herein.

Additionally, processing system 32 may determine a phase
value associated with a characteristic of the collected electri-
cal signals. For example, processing system 32 may deter-
mine a phase value correlated to a determined characteristic
frequency for one or more of the signals collected from elec-
trodes 24 on structure 20. Further, a phase value may be
determined at the median dominant frequency for one or more
of the signals collected from electrodes 24 on structure 20.
Additionally, the Fourier transform may be used to determine
the phase value for a particular collected signal at a given
frequency. Therefore, the Fourier transform may be used to
determine the phase value for one or more of the signals
collected from electrodes 24 on structure 20 at a characteristic
frequency (e.g. the median dominant frequency).

In addition, processing system 32 may generate an alter-
nate signal associated and/or correlated to each of the signals
collected from electrodes 24 on structure 20. An alternate
signal corresponding to each collected signal may include
related and important features of the collected signal

In the examples that follow, alternate signals may be
described as sinusoids. However, it is contemplated that any
of examples and/or embodiments that describe an alternate
signal as a sinusoid may also be described by its analytic
representation. For example, the analytic representation of a
signal may be understood as a complex representation of the
signal with no negative frequency components. The phase of
the signal at each time point can be readily obtained from this
analytic representation by comparing its real component with
this imaginary component at each time point. The analytic
signal may take the shape of a “sawtooth” wave pattern. The
analytic signal representation may be obtained through the
Hilbert transform. Further, it is contemplated that an alternate
signal may be a signal other than a sinusoid and/or its analytic
representation.

Additionally, it should be understood that an alternate sig-
nal correlated to a signal collected from electrodes 24 may
contain characteristics related to the composite signal, com-
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posite characteristic and/or a dominant frequency of one or
more of the collected signals. For example, the alternate
signal may have a dominant frequency that is equal to the
dominant frequency of the composite signal, composite char-
acteristic and/or a dominant frequency of one or more of the
collected signals from electrodes 24. In embodiments where
the alternate signal is a sinusoid, the sinusoid may have a
frequency equal to the dominant frequency of the composite
signal, composite characteristic and/or a dominant frequency
of one or more of the collected signals from electrodes 24.
Further, alternate signals may contain additional information,
such as amplitude, that reflect voltage values of one or more
signals collected by electrodes 24. In addition, an alternate
signal may display a consistent or repeated pattern that aligns
with a collected signal (that may not display a uniform or
consistent pattern over time). For example, an alternate sinu-
soid signal (displaying a uniform oscillation over a time
period) may be correlated to an original (e.g. unipolar) signal
whose amplitude and frequency varies significantly over the
same time period. It should be understood that a time period
described in the examples above may include and/or span N
beats of an arrhythmic cardiac event (e.g. atrial fibrillation).

Additionally, to better utilize information derived from
alternate signals, it may be desirable to align one or more
alternate signals with one or more corresponding original,
collected signals. The phase value derived from the frequency
spectrum of a collected signal may be utilized to adjust, shift
and/or correlate an alternate signal to its original (e.g. unipo-
lar) signal. For example, alternate signals that are sinusoids
may be assigned a phase value derived from their correspond-
ing collected (e.g. unipolar) signal. The phase value may be
used to modify or better align the alternate signal with the
collected signal. Adjustment and/or modification of an alter-
nate signal using the phase value may provide a more accurate
estimation of important diagnostic information associated
with the collected signals. For example, FIG. 7a illustrates
original signal 78 overlaid by its unshifted alternate sinusoid
signal 76. In FIG. 7a, the maximum negative derivative 82 of
original signal 78 does not align with downstroke 80 of sinu-
soid 76. However, as shown in FIG. 75, shifting sinusoid 76
by a phase value may better align the downstroke 80 of
sinusoid 76 with the maximum negative derivative of col-
lected signal 78.

Additionally, after one or more alternate signals have been
phase-shifted to better align with the collected signals, it may
be desirable to compare the amplitudes of one or more of the
alternate (e.g., sinusoid, Hilbert representation, etc.) signals
over time. For example, as stated above, depending on the
characteristics of its corresponding original signal, the ampli-
tude value of a given alternate signal may differ as compared
to a second alternate signal derived from a second original
signal. Further, the amplitude values (at a given time) may
differ for one or more of the alternate signals derived from one
or more of the signals collected from electrodes 24. For
example, FIG. 85 shows an example “amplitude vs. time” plot
of phase-shifted, alternate sinusoid signals 71, 73, 75 and 77.
FIG. 854 illustrates that at time point 79, phase-shifted, alter-
nate sinusoid signals 71, 73, 75 and 77 may have different
amplitude values 81, 83, 85 and 87, respectively. Further, it is
understood that the amplitude value of any one of signals 71,
73,75 and 77 will change over a given time period.

To that end, it may be desirable to compare the amplitude
values of one or more alternate signals over a given time
period. Further, it may be desirable to display the numerical
values of the amplitudes in a dynamic display. For example, it
may be desirable to generate a “movie” or “dynamic display”
comparing the amplitudes sensed by electrodes 24. FIG. 8a
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shows example dynamic display 67 displaying amplitude
values (e.g., corresponding to amplitude values 81, 83, 85 and
87 of signals 71, 73, 75 and 77) in spaces 89, 91,93 and 95. 1t
can be appreciated that different numeric amplitude values
may be represented by a color spectrum. For example, a given
color (e.g. red) may represent amplitude values of 0-0.1,
while a different color (e.g. orange) may represent amplitude
values 0f 0.11-0.2, for example. FIG. 8a shows spaces 89,91,
93 and 95 which correspond to amplitude values 81, 83, 85
and 87 of signals 71,73, 75 and 77. Further, spaces 89, 91, 93
and 95 display different cross-hatch patterns as compared to
one another. The different cross-hatch patterns may represent
different colors as they relate to the specific amplitude values
81, 83, 85 and 87 of signals 71, 73, 75 and 77.

It is understood that over a given time period, the colors of
spaces 89, 91, 93 and 95 will change as the amplitude values
81,83, 85 and 87 of signals 71, 73, 75 and 77 change. Further,
it should be understood that alternate signals 81, 83, 85 and 87
may correspond to four of sixty-four electrodes 24 on struc-
ture 20. It should be further understood that FIGS. 84 and 85
are only illustrative, and therefore, may represent any number
of the sixty-four electrodes 24 on structure 20. Over time, the
continual changing of colors may be displayed, or “played” as
a dynamic display or movie representing the sixty-four elec-
trodes 24 on structure 20. This movie or dynamic display may
provide a medium that allows better visualization of the cel-
lular wavefront propagation and/or the focal impulse of cel-
lular activity over N beats of an arrhythmic cardiac event (e.g.
atrial fibrillation).

Utilizing the amplitude values derived from alternate sinu-
soid signals (or analytic representation) may provide a
“smoothing effect” to the dynamic display as compared to
utilizing amplitude values derived directly from original, col-
lected signals. Further, application of the Hilbert transform to
the alternate sinusoid signals may result in a dynamic display
that is clearer than displays generated by other alternative
signals.

In addition to generating a dynamic display, it may be
desirable to generate a static display from fiducial points (e.g.
activation times) derived from alternate signals. A fiducial
point may be understood as a characteristic of an electrogram
that can be utilized to identify cellular activation (e.g. cellular
depolarization). For example, it is contemplated that fiducial
points may include any characteristic of a sinusoid signal
during its phase length. For example, activation times may be
correlated to peak amplitude, phase, maximum negative
derivative or zero-crossing. These are just examples.

Further, it may be desirable to display an activation map
related to fiducial points derived from alternative sinusoid
signals. The activation map may represent the relative activa-
tion times of electrodes 24 for one cycle in a multi-cycle
cardiac event. In contrast to the dynamic display, an activation
map may need to be “refreshed” for each cycle in a multi-
cycle cardiac event.

For the purposes of this disclosure, the time at which a
fiducial point occurs relative to a reference time (the reference
time may be the time a reference electrode senses a cellular
activation and, for convenience, is set to 0) corresponds to the
activation time for a given electrode. The various times that
are determined as the activation times for each of the alternate
signals may be compared, categorized and/or displayed. The
activation times may be displayed in an activation map 99 as
illustrated in FIG. 10.

Alternatively, it may be desirable to determine the “true”
activation times of the original, collected signals. However,
selecting activation times from the original signal character-
istics may prove challenging. For example, automated acti-

10

15

20

25

30

35

40

45

50

55

60

65

18

vation time selection on original (e.g. unipolar) signals may
result in the mislabeling of fiducial points, thereby leading to
faulty interpolation of multi-electrode array data. Further,
increased processing power may be required to implement
methodologies and algorithms associated with automated
selection. Therefore, it may be desirable to utilize a method-
ology which more efficiently and/or accurately determines
the “true” activation times of original, sensed signals.

In some embodiments, sensing the “true” activation time
may be accomplished by aligning an “estimated” fiducial
point on an alternate signal with that of the “true” activation
time of the original signal. For example, it may desirable to
determine true activation times by comparing and/or relating
signal characteristics of the original and alternate signals. For
example, processing system 32 may determine the time at
which the zero-crossing on the alternate signal occurs. Hav-
ing determined the time at which zero-crossing on the alter-
nate signal occurs, processing system 32 may compare that
time with the time at which the maximum negative derivative
on the original signal occurs. If the time at which the original
signal characteristic occurs is sufficiently close to the time at
which the alternate signal characteristic occurs, processing
system 32 may assign the time at which the original signal
characteristic (e.g. maximum negative derivative) occurs as
the activation time of the original signal. In other words, in
order to provide increased confidence that a given signal
characteristic (e.g. maximum negative derivative) accurately
represents the true activation time of cellular tissue, process-
ing system may create a “window” or “tolerance window” of
time around the time at which the alternate signal character-
istic occurs and determine whether a given signal charactet-
istic on the original signal falls within that “window” of time.

FIG. 9 illustrates an example schematic of the “window-
ing” methodology described above. FIG. 9 displays electro-
gram 84 overlaid with a plot of its negative derivative 86 and
alternate sinusoid signal 88. As illustrated in FIG. 9, electro-
gram 84 has a maximum negative derivative value 92 that
correlates with the maximum negative slope 94 of electro-
gram 84 at time point 96. While not illustrated in FIG. 9,
processing system 32 may detect other time values at which
electrogram 84 displays a downward slope and correspond-
ing negative derivative. In some embodiments, processing
system may select the time point of the maximum negative
derivative of the electrogram as the activation time of the
sensed electrogram signal.

Additionally, processing system 32 may select the time
point of the maximum negative derivative of the electrogram
as the activation time of the electrogram signal 84 only if the
time point lies within a predetermined “window” of time as
compared to a zero-crossing point of an alternate signal. For
example, FIG. 9 illustrates zero-crossing point 90 of alternate
sinusoid signal 88 occurring at example time point 98. Pro-
cessing system 32 may compare time point 96 (corresponding
to the maximum negative derivative value 92) with time point
98 (corresponding to the zero-crossing point of alternate sig-
nal 88). If time point 96 is within the predetermined “win-
dow” of time, processing system 32 may select time point 96
as the activation time of electrogram signal 84. It is contem-
plated that the “window” of time value may be user deter-
mined and/or pre-programmed into a selection algorithm of
processing system 32, such as “% of cycle length” or a “mul-
tiplier of cycle length.”

Additionally, it is contemplated that processing system 32
may, over time, adjust the frequency and phase of the alternate
signal by comparing the selected activation times on the origi-
nal (e.g. electrogram) signal with the corresponding zero-
crossing points (or other fiducial point) on the alternate sig-
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nal. For example, processing system may compare the
original signal and alternate signal time points over the neat-
term historical data (e.g. last N beats of a cardiac cycle).
Further, a constant offset or difference between the selected
activation times and corresponding zero-crossing on the alter-
nate signal over the last N beats indicates that the phase of the
alternate signal is off and may be adjusted to mitigate the
constant offset. Additionally, an offset or difference that sys-
tematically increases (or decreases) over the last N beats, for
example, may indicate that the frequency of the alternate
signal is higher (or lower) than optimal and may be adjusted
to mitigate the slope of the difference over the last N beats. A
regression may be performed over the difference between the
selected activation times and corresponding zero-crossing on
the alternate signal over the last N beats as a function of beat
number. Further, the resultant slope and intercept could be
used to update/adjust the frequency and phase of the alternate
signal. The process can be repeated periodically.

In addition, processing system 32 may utilize “threshold”
values for which signal characteristics must meet in order for
processing system 32 to include them in an algorithm, process
or calculation of processed output (e.g. activation times). For
example, processing system 32 may use a “maximum deriva-
tive magnitude” as a threshold value for the maximum nega-
tive derivative calculation. Additionally, if processing system
32 fails to identify signal characteristics that meet predeter-
mined threshold values, processing system 32 may use fidu-
cial time points as the default assignment of processed output
(e.g. activation times). For example, if the a signal character-
istic on an original signal (e.g. maximum negative derivative)
does not fall within a chosen “window of time” as described
above or does not meet a maximum derivative threshold, the
signal characteristic on the alternate signal (e.g. zero-cross-
ing) may be selected as the processed output (e.g. activation
time).

While the above examples identify the original and the
alternate signal characteristics as the maximum negative
derivative and the zero-crossing, respectively, it should be
understood that signal characteristics may be any character-
istic other than, or in addition, to those identified above.

While the “windowing” methodology described above
may be useful in selecting and/or determining true activation
times, other methods are contemplated. For example, pro-
cessing system 32 may incorporate a statistical-based meth-
odology and/or algorithm to predict, refine and select true
activation times from original, sensed signals. In one example
methodology, processing system 32 may incorporate known
or sensed data (e.g., activation times and/or electrograms) to
generate the probability of the occurrence of future activation
times. As data is collected, processing system 32 may adjust
the statistical algorithm based on previously collected data.
Selection of true activation points of future activation wave-
fronts may then be based on a probability distribution calcu-
lated by the past activation events. Furthermore, the statisti-
cal-based algorithm may attempt to introduce and/or model
sources of uncertainty within the statistical model. In some
embodiments, utilizing a statistical algorithm may require
processing system 32 to first generate an “activation” signal
for each of the original signals from one or more of electrodes
24 on structure 20 and, second, use the activation signals to
estimate an overall cycle length of the arrhythmic cardiac
event.

Generating an activation signal for each electrode location
on a sensing device may include sensing and converting the
original signals to modified signal. An activation signal for
each electrode location may incorporate the data sensed by
the individual electrode location over a period of time. For
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example, an activation signal may include data sensed over N
beats of an arrhythmic cardiac event (e.g. atrial fibrillation).
Further, modifying the original signals may include selecting
important signal information while eliminating and/or filter-
ing less-desirable information. For example, original, sensed
signals may include three primary components: far-field acti-
vation, local activation and power line noise. In contrast,
activation signals may eliminate a portion or all of these three
primary components.

To that end, power line noise may be reduced and/or
removed by utilizing an adaptive filter. Additionally, a spatial
filter may be utilized to remove far-field signals. Far field
signals may be present in electrodes 24 which are not in
contact with cardiac tissue. Therefore, a spatial filter may use
a first-order polynomial model based on the approximate
shape of the sensing device (e.g. Constellation catheter).
Alternatively, many of the same benefits to using an adaptive
filter to remove power line noise and a spatial filter to remove
far-field signals may be achieved by subtracting the mean (or
a weighted mean) of the measured signals.

The next steps in generating activation signals may
include: calculating the first-difference of each measurement,
setting the positive values to zero (thereby discarding positive
deflections), applying a low-pass filter to smooth out multiple
deflections and inverting the activation signal such that it is
positive-valued.

As stated above, after generating an activation signal for
each electrode location, the next step in a statistical-based
methodology is utilizing the activation signals to estimate the
overall cycle length of the arrhythmic cardiac event. For
example, the steps may include computing the power spec-
trum (e.g. by utilizing Welch’s method) of each activation
signal, adding a noise floor, taking the FFT of the log power
spectrum to get the cepstrum, averaging the cepstra of the
electrodes, and selectively choosing peak values to derive the
cycle length.

After determining both the activation signal and estimating
the cycle length, the next step in utilizing a statistical-based
methodology to select activation times for each electrode may
include utilizing an “iterative™ statistical algorithm. For
example, the methodology may include using Bayes method
to iteratively refine future activation time data based on prob-
ability distributions of past activation times.

FIGS. 11a-11c¢ illustrate an example statistical algorithm
using the activation signal and cycle length (described above)
along with Bayes method to determine true activation times
of example cardiac wavefronts. FIGS. 11a, 115 and 11¢ rep-
resent the steps performed by the statistical algorithm span-
ning three beats of a cardiac cycle. The first step in the statis-
tical algorithm may include utilizing a pre-selected,
initialization probability function as a first predication of the
probability of cellular activation times. In FIG. 11a, initial-
ization probability function 49 is illustrated under the column
titled “Beat 1.” The next step in the statistical algorithm may
include smoothing initialization probability function 49 with
a low pass filter. This step may result in a Gaussian-shaped
smoothed probability function 51, which is illustrated under
the column titled “Beat 17 of FIG. 115. It should be under-
stood that this “smoothing” step may not be necessary for the
first initialization step. However, the “smoothing™ step mod-
els the uncertainty in predicting subsequent activation times.
In some embodiments the smoothed probability function 51
may be referred to as the a priori probability function. Further,
while examples herein disclose initialization probability
function 49 and smoothed probability function 51 as a box
and Gaussian shape, respectively, it is contemplated that a
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wide variety of probability of distribution curve shapes may
be utilized in any of the steps disclosed herein.

After generating smoothed probability function 51, pro-
cessing system 32 may multiply the activation signal 53 by
the initialization probability function 49 to generate a poste-
riori probability distribution 55. A posterior probability dis-
tribution 55 is illustrated under the “Beat 1 column of FIG.
11c. After generating a posterior probability distribution 55,
the greatest peak 43 of'a posterior probability distribution 55
is selected as the true activation time for beat 1 of the cardiac
cycle.

After selecting peak 43, processing system 32 may perform
a regularization step. The regularization step may include
multiplying fixed window 45 by a posterior probability dis-
tribution 55. In some embodiments, the regularization step
may reduce the effects of adjacent beats, which may other-
wise accumulate over subsequent steps of the statistical algo-
rithm.

Lastly, a posterior probability 55 is time shifted one cardiac
cycle (the steps of generation having been disclosed above)
and is used as the initialization probability distribution 55 of
the subsequent beat in the cardiac cycle. The subsequent beat
is illustrated in FIGS. 11a-11¢ under the “Beat 2” column. At
this point, the statistical algorithm repeats itself, starting with
smoothing the initialization probability distribution 55. As
the process repeats itself, it selects true activation times for
each beat. However, as stated above, the activation times
chosen for a given beat are influenced by prior data and
probability distributions derived from previous beats. In FIG.
11¢, for example, activation time 47 has been influenced by
prior data corresponding to beat 1. Similarly, activation time
59 has been influenced by prior data corresponding to both
beat 1 and beat 2 (as beat 2 has been influenced by beat 1). In
both cases, activation times 47 and 59 have been chosen as the
greatest peak on the posterior distributions for beats 2 & 3,
respectively.

After activation times (and/or corresponding fiducial
points) have been identified, it may be desirable to display one
or more processed outputs. For example, in some embodi-
ments in may be desirable to compare and categorize the
derived activation times of the collected signals. As described
above, it may be desirable to display relative activation times
in an activation map. An example activation map 99 is shown
in FIG. 10. FIG. 10 displays activation times corresponding to
the sixty-four electrodes 24 on structure 20. However, while
the numerical values may be useful, in practice the data may
utilize a color scheme, patterns, or the like to convey the
information.

It should be understood that processing system 32 may
selectively eliminate some of the collected signals before
performing the techniques and/or embodiments disclosed
herein. For example, it may be beneficial to eliminate signals
collected by electrodes that are not in electrical contact, or in
poor electrical contact, with excitable cellular tissue of the
heart. Such signals may not provide useful information and
can skew results of the above described techniques. Further,
processing system 32 may eliminate collected signals that do
not cross a threshold power level and/or may eliminate col-
lected signals that display a threshold amount of noise.

Alternatively, instead of eliminating collected signals that
are not providing useful information. processing system 32
may instead interpolate the value of any signal which is not
otherwise providing desirable information. Processing sys-
tem 32 may utilize the interpolated data (e.g. signal data) to
better calculate, determine or generate useful processed data
and/or smooth, refine, or present processed data in a more
desirable manner.
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In at least some of the embodiments described above the
disclosed methods assume analysis of sensed, collected, mea-
sured and transmitted electrical cellular data occurring during
a single heartbeat and/or cardiac pulse. However, it is con-
templated that any of the disclosed methods may be imple-
mented across multiple beats or cardiac pacing time intervals.
Further, data collected over multiple heart beats may be ana-
lyzed using statistical methodologies and applied to the dis-
closed methods. For example, activation times may be col-
lected over a series of heart beats and/or pulses. A statistical
distribution of the collected activation times may be calcu-
lated, analyzed and incorporated into disclosed methods.

Tt should be understood that this disclosure is, in many
respects, only illustrative. Changes may be made in details,
particularly in matters of shape, size, and arrangement of
steps without exceeding the scope of the invention. This may
include, to the extent that it is appropriate, the use of any of the
features of one example embodiment being used in other
embodiments. The invention’s scope is, of course, defined in
the language in which the appended claims are expressed.

What is claimed is:

1. A system for mapping the electrical activity of the heart,
the system comprising;

a processor, the processor configured to:

sense a plurality of signals with a plurality of electrodes

positioned within the heart;

generate, based at least in part on the sensed plurality of

signals, an alternate signal for each one of the plurality
of signals, wherein each alternate signal corresponds to
one of the plurality of signals, and wherein generating
the alternate signal for each one of the plurality of sig-
nals includes determining a dominant frequency for the
plurality of signals;

determine a fiducial point on each alternate signal; and

determine, based at least in part on each determined fidu-

cial point, an activation time in each corresponding one
of the plurality of signals.

2. The system of claim 1, wherein determining, based at
least in part on each determined fiducial point, an activation
time in each corresponding one of the plurality of signals
comprises determining a timing associated with each fiducial
point as the activation time for each corresponding one of the
plurality of signals.

3. The system of claim 2, wherein determining, based at
least in part on each determined fiducial point, an activation
time in each corresponding one of the plurality of signals
comprises:

identifying, based at least in part on a timing associated

with each fiducial point, a window in each correspond-
ing one of the plurality of signals; and

for each of the plurality of signals, determining an activa-

tion time within the identified window.

4. The system of claim 3, wherein determining an activa-
tion time within the identified window comprises determin-
ing the timing of the maximum negative derivative in the
identified window as the activation time for each of the plu-
rality of signals.

5. The system of claim 4, wherein determining an activa-
tion time within the identified window comprises determin-
ing the timing of a zero-crossing in the identified window as
the activation time for each of the plurality of signals.

6. The system of claim 5, wherein if no zero-crossing
occurs within an identified window, determining the timing
associated with the fiducial point as the activation time for the
corresponding one of the plurality of signals.

7. The system of claim 6, wherein a width of the window is
user defined.



US 9,408,544 B2

23

8. The system of claim 1, wherein generating, based at least
in part on the sensed plurality of signals, an alternate signal
for each one of the plurality of signals comprises:

determining a phase for each of the plurality of signals at

the dominant frequency; and

generating an alternate signal corresponding to one of the

plurality of signals for each of the plurality of signals,
wherein each generated alternate signal has the same
phase as the corresponding one of the plurality of sig-
nals.

9. The system of claim 1, wherein determining a dominant
frequency for the plurality of signals comprises:

processing each of the plurality of signals using a Fourier

Transform; generating a composite signal based on the
processed plurality of signals; and

determining the frequency with the greatest power in the

composite signal.
10. The system of claim 9, wherein generating a composite
signal based on the processed plurality of signals comprises:
determining the median value of all of the plurality of
signals at each frequency; determining the mean value of
all of the plurality of signals at each frequency; or

determining the mode value of all of the plurality of signals
at each frequency.

11. The system of claim 10, wherein each alternate signal is
a sinusoid.

12. The system of claim 11, wherein the activation time is
displayed on a display.

13. The system of claim 12, wherein an activation time is
displayed on a static activation map, a dynamic map, or both.

14. The system of claim 13, wherein displaying an activa-
tion map further includes displaying one or more phase values
of one or more alternate signals.

15. The system of claim 1, wherein determining, based at
least in part on each determined fiducial point, an activation
time in each corresponding one of the plurality of signals
further comprises utilizing a probability function to deter-
mine the activation time.

16. A method of mapping electrical activity of a heart, the
method comprising:

sensing a plurality of signals with a plurality of electrodes

positioned within the heart;

generating, based at least in part on the sensed plurality of

signals, an alternate signal for each one of the plurality
of signals, wherein each alternate signal corresponds to
one of the plurality of signals and generating the alter-
nate signal for each one of the plurality of signals by
determining a dominant frequency for the plurality of
signals;

determining a fiducial point on each alternate signal; and

determining, based at least in part on each determined

fiducial point, an activation time in each corresponding
one of the plurality of signals.

17. A method for mapping the electrical activity ofthe heart
during a cardiac cycle, the method comprising:
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sensing a plurality of signals with a plurality of electrodes
positioned within the heart, wherein the plurality of
signals includes a first signal corresponding to a first
electrode location;

converting the first signal to an activation signal, wherein

converting includes one or more of filtering, rejecting,
isolating, setting positive values to zero, smoothing and
inverting;

determining a cycle length of the first signal from the

activation signal;

estimating a first activation time for the first signal, wherein

the first activation time is determined by using an itera-
tive statistical algorithm, and wherein the iterative sta-
tistical method utilizes the activation signal and cycle
length; and

estimating a second activation time for the first signal,

wherein estimating the second activation time utilizes
the estimated first activation time and the cycle length.

18. The method of claim 17, wherein estimating a first
activation time for the first signal, wherein the first activation
time is determined by using an iterative statistical algorithm,
and wherein the iterative statistical method utilizes the acti-
vation signal and cycle length further comprises:

selecting a first initialization probability distribution for a

first beat in the cardiac cycle; generating a first modified
probability distribution, wherein generating includes
modifying the first initialization probability distribution
with a first low-pass filter;

generating a first modified signal by multiplying the first

modified probability distribution with the activation sig-
nal; and

selecting a first activation time from the first modified

signal.

19. The method of claim 18, wherein estimating a second
activation time for the first signal, wherein estimating the
second activation time utilizes the estimated first activation
time and the cycle length further comprises:

time-shifting the first modified signal by the cycle length;

selecting a second initialization probability distribution for

the second beat in the cardiac cycle, wherein the second
initialization probability distribution corresponds to the
first modified signal,

generating a second modified probability distribution,

wherein generating includes modifying the second ini-
tialization probability distribution with a second low-
pass filter;

generating a second modified signal by multiplying the

second modified probability distribution with the acti-
vation signal; and

selecting a second activation time from the second modi-

fied signal.

20. The method of claim 19, further comprising perform-
ing a regularization, wherein the regularization includes mul-
tiplying the first or the second modified signal by a fixed-
window distribution.
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