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CARDIAC MAPPING USING A 3D GRID

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a Continuation of U.S. applica-
tion Ser. No. 15/230,233, filed Aug. 5, 2016, issued as U.S.
Pat. No. 10,285,611, on May 14, 2019, which claims priority
to Provisional Application No. 62/202,711, filed Aug. 7,
2015, both of which are herein incorporated by reference in
their entireties.

TECHNICAL FIELD

[0002] The present invention relates to medical systems
and methods for mapping an anatomical space of the body.
More specifically, the invention relates to systems and
methods for cardiac mapping.

BACKGROUND

[0003] Use of minimally invasive procedures, such as
catheter ablation, to treat a variety of heart conditions, such
as supraventricular and ventricular arrhythmias, is becoming
increasingly more prevalent. Such procedures involve the
mapping of electrical activity in the heart (e.g., based on
cardiac signals), such as at various locations on the endo-
cardium surface (“cardiac mapping”), to identify the site of
origin of the arrhythmia followed by a targeted ablation of
the site. To perform such cardiac mapping a catheter with
one or more electrodes can be inserted into the patient’s
heart chamber.

[0004] Conventional three-dimensional (3D) mapping
techniques include contact mapping and non-contact map-
ping, and may employ a combination of contact and non-
contact mapping. In both techniques, one or more catheters
are advanced into the heart. With some catheters, once in the
chamber, the catheter may be deployed to assume a 3D
shape. In contact mapping, physiological signals resulting
from the electrical activity of the heart are acquired with one
or more electrodes located at the catheter distal tip after
determining that the tip is in stable and steady contact with
the endocardium surface of a particular heart chamber. In
non-contact-based mapping systems, using the signals
detected by the non-contact electrodes and information on
chamber anatomy and relative electrode location, the system
provides physiological information regarding the endocar-
dium of the heart chamber. Location and electrical activity
is usually measured sequentially on a point-by-point basis at
about 50 to 200 points on the internal surface of the heart to
construct an electro-anatomical depiction of the heart. The
generated map may then serve as the basis for deciding on
a therapeutic course of action, for example, tissue ablation,
to alter the propagation of the heart’s electrical activity and
to restore normal heart rhythm.

[0005] Though some modern systems now are capable of
capturing thousands of data points during a mapping opera-
tion, many of the captured data points are not suitable for
mapping, and to map thousands of data points may result in
significant computational burdens. Thus, in some conven-
tional systems, all of the points except those that are to be
mapped are discarded, which results in waste and compu-
tation inefficiencies. For example, some conventional sys-
tems assume that the captured EGMs fall on the endocar-
dium surface and test each EGM against adjacent EGMs to
reject outliers, which may be computationally burdensome.
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SUMMARY

[0006] Embodiments of the present invention use statisti-
cal techniques to determine the mapping values (voltage,
time, etc.) that are used to build a map on a three-dimen-
sional (3D) anatomy mesh. By aggregating events and
applying statistical methods, embodiments of the invention
may mitigate the influence of outliers and bad beats on a
map, and allow the capture of a large number of data points,
while improving computational efficiencies. According to
embodiments, a Cartesian grid is formed in 3D space and
mapping statistics are determined at the discrete nodes of the
grid, based on nearby events measured in continuous space.
These statistics are then used to deduce mapping values and
project them onto the anatomy surface, which passes
through the mesh. Because embodiments involve determin-
ing probability distributions associated with points in space,
transformations (e.g., inverse transforms) need not neces-
sarily be used to project points in space onto a mesh, which
also may introduce computational efficiencies.

[0007] Although inferring statistics directly at mesh ver-
tices may be desirable, embodiments of the grid-based
system described herein may be implemented for computa-
tional efliciency. The anatomy mesh is constantly updated as
a map is made, meaning that maintaining vertex-based
statistics could be extremely computationally intensive,
requiring a full re-run of the mapping process every time a
new beat is added. By using a fixed grid, statistics can be
maintained at each node and propagated to the mesh only
when it comes close to any given node.

[0008] In an Example 1, a system for facilitating display
of cardiac mapping information comprises: a mapping cath-
eter comprising one or more electrodes that measure elec-
trical signals in the heart; and a processing unit configured
to: receive the plurality of electrical signals from the map-
ping catheter; receive an indication of a measurement loca-
tion corresponding to each of the plurality of electrical
signals; extract at least one feature from each of the plurality
of electrical signals, wherein the at least one feature com-
prises at least one value corresponding to at least one metric;
construct a three-dimensional grid having a plurality of
nodes, wherein each of the plurality of nodes corresponds to
a physical point in three-dimensional space; identify a set of
electrical signals in a neighborhood associated with a node,
wherein each of the set of electrical signals in the neigh-
borhood has a corresponding measurement location that is
located within a predetermined distance of the node; detet-
mine, based on the set of features extracted from the set of
electrical signals, a node value; associate the node value
with the node; and facilitate presentation of a map corre-
sponding to a cardiac surface based on the node value.
[0009] In an Example 2, the system of Example 1, the
measured electrical signals comprising a plurality of intrac-
ardiac electrograms (EGMs).

[0010] In an Example 3, the system of any of the preced-
ing Examples, the at least one feature comprising at least one
event, wherein the at least one event comprises the at least
one value corresponding to the at least one metric and at
least one corresponding time.

[0011] In an Example 4, the system of Example 3, the at
least one metric comprising at least one of an activation
time, an instantaneous potential, a voltage amplitude, a
dominant frequency, and a peak-to-peak voltage.

[0012] In an Example 5, the system of any of Examples
3-4, wherein the processing unit is configured to determine
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the node value by: aggregating a set of features extracted
from the set of electrical signals; computing a statistic
associated with the aggregated set of features; and selecting
the node value based on the computed statistic.

[0013] Inan Example 6, the system of Example 5, wherein
the statistic comprises at least one of a mode, a median, and
a mean.

[0014] In an Example 7, the system of any of Examples 5
and 6, wherein the processing unit is configured to aggregate
the set of features by including each of the features in a
histogram.

[0015] In an Example 8, the system of any of Examples
5-7, wherein the processing unit is further configured to
aggregate the set of features by: assigning a confidence level
to the at least one event; determining a weighted confidence
level; and including the weighted confidence level in a
histogram.

[0016] Inan Example 9, the system of Example 8, wherein
the processing unit is configured to facilitate presentation of
the map corresponding to the cardiac surface by performing
an interpolation based on the histogram and at least one
additional histogram corresponding to at least one additional
node.

[0017] In an Example 10, the system of any of the pre-
ceding Examples, further comprising a display device con-
figured to display the map corresponding to the cardiac
surface.

[0018] In an Example 11, the system of any of the pre-
ceding Examples, wherein the map comprises at least one of
a voltage map and an activation map.

[0019] Inan Example 12, a method for facilitating display
of cardiac mapping information comprises: receiving a
plurality of electrical signals from a mapping catheter;
receiving an indication of a measurement location corre-
sponding to each of the plurality of electrical signals;
extracting at least one feature from each of the plurality of
electrical signals, wherein the at least one feature comprises
at least one value corresponding to at least one metric;
constructing a three-dimensional grid having a plurality of
nodes, wherein each of the plurality of nodes corresponds to
a physical point in three-dimensional space; identifying a set
of electrical signals in a neighborhood associated with a
node, wherein each of the set of electrical signals in the
neighborhood has a corresponding measurement location
that is located within a predetermined distance of the node;
determining, based on the set of features extracted from the
set of electrical signals, a node value; associating the node
value with the node; and facilitating presentation of a map
corresponding to a cardiac surface based on the node value.
[0020] In an Example 13, the method of Example 12, the
measured electrical signals comprising a plurality of EGMs.

[0021] In an Example 14, the method of any of Examples
11-12, the at least one feature comprising at least one event,
wherein the at least one event comprises the at least one
value corresponding to the at least one metric and at least
one corresponding time.

[0022] In an Example 15, the method of Example 14,
wherein the at least one event comprises the at least one
value corresponding to the at least one metric and at least
one corresponding time, the step of determining the node
value comprising: assigning a confidence level to the at least
one event; determining a weighted confidence level; and
including the weighted confidence level in a histogram.
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[0023] 1Inan Example 16, a system for facilitating display
of cardiac mapping information comprises: a mapping cath-
eter comprising one or more electrodes that measure elec-
trical signals in the heart, the measured electrical signals
comprising a plurality of EGMs; and a processing unit
configured to: receive the plurality of EGMs from the
mapping catheter; receive an indication of a measurement
location corresponding to each of the EGMs; accept, based
on one or more acceptance criteria, the plurality of EGMs;
extract at least one feature from each of the plurality of
EGMs, wherein the at least one feature comprises at least
one value corresponding to at least one metric; construct a
three-dimensional grid having a plurality of nodes, wherein
each of the plurality of nodes corresponds to a physical point
in three-dimensional space; identify a set of EGMs in a
neighborhood associated with a node, wherein each of the
set of EGMs in the neighborhood has a corresponding
measurement location that is located within a predetermined
distance of the node; aggregate a set of features extracted
from the set of EGMs; compute a statistic associated with
the aggregated set of features; associate the computed sta-
tistic with the node; and facilitate presentation of a map of
a cardiac surface based on the statistic associated with the
node.

[0024] In an Example 17, the system of Example 16,
wherein the processing unit is configured to extract the at
least one feature by identifying at least one event, wherein
the at least one event comprises the at least one value
corresponding to the at least one metric and at least one
corresponding time.

[0025] In an Example 18, the system of Example 17, the
at least one metric comprising at least one of an activation
time, an instantaneous potential, a voltage amplitude, a
dominant frequency, and a peak-to-peak voltage.

[0026] In an Example 19, the system of Example 17,
wherein the processing unit is configured to determine the
node value by: aggregating a set of features extracted from
the set of electrical signals; computing a statistic associated
with the aggregated set of features; and selecting the node
value based on the computed statistic.

[0027] In an Example 20, the system of Example 19,
wherein the processing unit is further configured to aggre-
gate the set of features by: assigning a confidence level to the
at least one event; determining a weighted confidence level;
and including the weighted confidence level in a histogram.

[0028] In an Example 21, the system of Example 20,
wherein the processing unit is further configured to convolve
the histogram with a spreading function.

[0029] In an Example 22, the system of Example 16,
wherein the processing unit is configured to facilitate pre-
sentation of the map corresponding to the cardiac surface by
performing an interpolation based on the histogram and at
least one additional histogram corresponding to at least one
additional node to determine a mapping value corresponding
to a vertex of an anatomy mesh.

[0030] In an Example 23, the system of Example 22,
wherein the physical three-dimension location of the vertex
is located within a cube defined by eight nodes and edges
drawn between pairs of the eight nodes, wherein the pro-
cessing unit is further configured to determine the mapping
value by performing the interpolation based on the node
value of each of the eight nodes.
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[0031] In an Example 24, the system of Example 16,
further comprising a display device configured to display the
map corresponding to the cardiac surface.

[0032] In an Example 25, the system of any of the pre-
ceding Examples, wherein the map comprises at least one of
a voltage map and an activation map.

[0033] Inan Example 26, a method for facilitating display
of cardiac mapping information comprises: receiving a
plurality of electrical signals from a mapping catheter;
receiving an indication of a measurement location corre-
sponding to each of the plurality of electrical signals;
extracting at least one feature from each of the plurality of
electrical signals, wherein the at least one feature comprises
at least one value corresponding to at least one metric;
constructing a three-dimensional grid having a plurality of
nodes, wherein each of the plurality of nodes corresponds to
a physical point in three-dimensional space; identifying a set
of electrical signals in a neighborhood associated with a
node, wherein each of the set of electrical signals in the
neighborhood has a corresponding measurement location
that is located within a predetermined distance of the node;
aggregating the set of features extracted from the set of
electrical signals; determining, based on the aggregated set
of features extracted from the set of electrical signals, a node
value; associating the node value with the node; and facili-
tating presentation of a map corresponding to a cardiac
surface based on the node value.

[0034] In an Example 27, the method of Example 26,
wherein aggregating the set of features comprises: assigning
a confidence level to each feature of the set of features;
determining, for each feature of the set of features and based
on a distance between the node and the measurement
location corresponding to the electrical signal from which
the feature was extracted, a weighted confidence level; and
including each feature of the set of features in a bin of a
histogram, wherein the contribution to the bin of the histo-
gram is selected based on the weighted confidence level.
[0035] In an Example 28, the method of Example 27,
wherein facilitating presentation of the map corresponding
to the cardiac surface comprises performing an interpolation
based on the histogram and at least one additional histogram
corresponding to at least one additional node to determine a
mapping value.

[0036] In an Example 29, the method of Example 26,
wherein the map comprises at least one of a voltage map and
an activation map.

[0037] Inan Example 30, one or more computer-readable
media having computer-executable instructions embodied
thereon for facilitating display of cardiac mapping informa-
tion, the computer-executable instructions configured to
cause a processor, upon being executed by the processor, to
instantiate at least one component, the at least one compo-
nent comprises: a feature extractor configured to extract at
least one feature from each of the plurality of electrical
signals, wherein the at least one feature comprises at least
one value corresponding to at least one metric; a grid
generator configured to construct a three-dimensional grid
having a plurality of nodes, wherein each of the plurality of
nodes corresponds to a physical point in three-dimensional
space; an aggregator configured to: identify a set of electri-
cal signals in a neighborhood associated with a node,
wherein each of the set of electrical signals in the neigh-
borhood has a corresponding measurement location that is
located within a predetermined distance of the node; deter-
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mine, based on the set of features extracted from the set of
electrical signals, a node value; and associate the node value
with the node; and an interpolator configured to facilitate
presentation of a map corresponding to a cardiac surface by
performing an interpolation based on the node value to
determine a mapping value.

[0038] In an Example 31, the media of Example 30,
wherein the aggregator is further configured to aggregate the
set of features by: assigning a confidence level to the at least
one event; determining a weighted confidence level; and
including the weighted confidence level in a histogram.
[0039] In an Example 32, the media of Example 31,
wherein the aggregator is further configured to: convolve the
histogram with a spreading function to smooth the histo-
gram; and determine the node value by selecting, as the node
value, the mode of the smoothed histogram.

[0040] In an Example 33, the media of Example 31,
wherein the mapping value corresponds to a vertex of an
anatomy mesh, and wherein the interpolator is configured to
determine the mapping value by performing an interpolation
based on the histogram and at least one additional histogram
corresponding to at least one additional node.

[0041] In an Example 34, the media of Example 33,
wherein the physical three-dimension location of the vertex
is located within a cube defined by eight nodes and edges
drawn between pairs of the eight nodes, wherein the pro-
cessing unit is further configured to determine the mapping
value by performing the interpolation based on the node
value of each of the eight nodes.

[0042] In an Example 35, the media of Example 30,
wherein the map comprises at least one of a voltage map and
an activation map.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] FIG. 1 is a conceptual diagram depicting an illus-
trative cardiac mapping system, in accordance with embodi-
ments of the present invention.

[0044] FIG. 2 is a block diagram depicting an illustrative
processing unit for use with a cardiac mapping system, in
accordance with embodiments of the present invention.
[0045] FIG. 3 is a flow diagram depicting an illustrative
process for generating a cardiac map, in accordance with
embodiments of the invention.

[0046] FIG. 4 is a flow diagram depicting an illustrative
method of facilitating display of cardiac information, in
accordance with embodiments of the invention.

[0047] FIG. 5 is a flow diagram depicting another illus-
trative method of facilitating display of cardiac information,
in accordance with enmbodiments of the invention.

[0048] FIG. 6 is a graph showing an illustrative histogram
associated with a grid node, in accordance with embodi-
ments of the invention.

[0049] FIGS. 7A-7F are conceptual diagrams depicting an
illustrative process for using a 3D grid to facilitate display
of cardiac information, in accordance with embodiments of
the invention.

[0050] While the invention is amenable to various modi-
fications 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
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modifications, equivalents, and alternatives falling within
the scope of the invention as defined by the appended
claims.

[0051] Although the term “block” may be used herein to
connote different elements illustratively employed, the term
should not be interpreted as implying any requirement of, or
particular order among or between, various steps disclosed
herein unless and except when explicitly referring to the
order of individual steps.

DETAILED DESCRIPTION

[0052] FIG. 1 shows a schematic diagram of an exemplary
embodiment of a cardiac mapping system 100. The mapping
system 100 includes a moveable catheter 110 having mul-
tiple spatially distributed electrodes. During a signal-acqui-
sition stage of a cardiac mapping procedure, the catheter 110
is displaced to multiple locations within the heart chamber
into which the catheter 110 is inserted. In some embodi-
ments the distal end of the catheter 110 is fitted with multiple
electrodes spread somewhat uniformly over the catheter. For
example, the electrodes may be mounted on the catheter 110
following a 3D olive shape, a basket shape, and/or the like.
The electrodes are mounted on a device capable of deploy-
ing the electrodes into the desired shape while inside the
heart, and retracting the electrodes when the catheter is
removed from the heart. To allow deployment into a 3D
shape in the heart, electrodes may be mounted on a balloon,
shape memory material such as Nitinol, actuable hinged
structure, and/or the like.

[0053] At each of the locations to which the catheter 110
is moved, the catheter’s multiple electrodes acquire signals
resulting from the electrical activity in the heart. Conse-
quently, reconstructing and presenting to a user (such as a
doctor and/or technician) physiological data pertaining to
the heart’s electrical activity may be based on information
acquired at multiple locations, thereby providing a more
accurate and faithful reconstruction of physiological behav-
ior of the endocardium surface. The acquisition of signals at
multiple catheter locations in the heart chamber enables the
catheter to effectively act as a “mega-catheter” whose effec-
tive number of electrodes and electrode span is proportional
to the product of the number of locations in which signal
acquisition is performed and the number of electrodes the
catheter has.

[0054] To enhance the quality of the reconstructed physi-
ological information at the endocardium surface, in some
embodiments the catheter 110 is moved to more than three
locations (for example, more than 5, 10, or even 50 loca-
tions) within the heart chamber. Further, the spatial range
over which the catheter is moved may be larger than one
third (1) of the diameter of the heart cavity (for example,
larger than 35%, 40%, 50% or even 60% of the diameter of
the heart cavity). Additionally, in some embodiments the
reconstructed physiological information is computed based
on signals measured over several heart beats, either at a
single catheter location within the heart chamber or over
several locations. In circumstances where the reconstructed
physiological information is based on multiple measure-
ments over several heart beats, the measurements may be
synchronized with one another so that the measurement are
performed at approximately the same phase of the heart
cycle. The signal measurements over multiple beats may be
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synchronized based on features detected from physiological
data such as surface ECG and/or intracardiac electrograms
(EGMs).

[0055] The cardiac mapping system 100 further includes a
processing unit 120 which performs several of the opera-
tions pertaining to the mapping procedure, including the
reconstruction procedure to determine the physiological
information at the endocardium surface (e.g., as described
above) and/or within a heart chamber. The processing unit
120 also may perform a catheter registration procedure. The
processing unit 120 also may generate a 3D grid used to
aggregate the information captured by the catheter 110 and
to facilitate display of portions of that information.

[0056] The location of the catheter 110 inserted into the
heart chamber can be determined using a conventional
sensing and tracking system 180 that provides the 3D spatial
coordinates of the catheter and/or its multiple electrodes
with respect to the catheter’s coordinate system as estab-
lished by the sensing and tracking system. These 3D spatial
locations may be used in building the 3D grid. Embodiments
of the system 100 use a hybrid location technology that
combines impedance location with magnetic location tech-
nology. This combination may enable the system 100 to
accurately track catheters that are connected to the system
100. Magnetic location technology uses magnetic fields
generated by a localization generator positioned under the
patient table to track catheters with magnetic sensors.
Impedance location technology may be used to track cath-
eters that may not be equipped with a magnetic location
sensor, and may utilize surface ECG patches.

[0057] In embodiments, to perform a mapping procedure
and reconstruct physiological information on the endocar-
dium surface, the processing unit 120 may align the coor-
dinate system of the catheter 110 with the endocardium
surface’s coordinate system. The processing unit 110 (or
some other processing component of the system 100) may
determine a coordinate system transformation function that
transforms the 3D spatial coordinates of the catheter’s
locations into coordinates expressed in terms of the endo-
cardium surface’s coordinate system, and/or vice-versa. In
embodiments, such a transformation may not be necessary,
as embodiments of the 3D grid described herein may be used
to capture contact and non-contact EGMs, and select map-
ping values based on statistical distributions associated with
nodes of the 3D grid. The processing unit 120 also may
perform post-processing operations on the physiological
information to extract and display useful features of the
information to the operator of the system 100 and/or other
persons (e.g., a physician).

[0058] According to embodiments, the signals acquired by
the multiple electrodes of catheter 110 are passed to the
processing unit 120 via an electrical module 140, which may
include, for example, a signal conditioning component. The
electrical module 140 receives the signals communicated
from the catheter 110 and performs signal enhancement
operations on the signals before they are forwarded to the
processing unit 120. The electrical module 140 may include
signal conditioning hardware, software, and/or firmware that
may be used to amplify, filter and/or sample intracardiac
potential measured by one or more electrodes. The intrac-
ardiac signals typically have a maximum amplitude of 60
mV, with a mean of a few millivolts. In some embodiments
the signals are bandpass filtered in a frequency range (e.g,,
0.5-500 Hz) and sampled with analog to digital converters
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(e.g., with 15-bit resolution at 1 kHz). To avoid interference
with electrical equipment in the room, the signal may be
filtered to remove the frequency corresponding to the power
supply (e.g., 60 Hz). Other types of signal processing
operations such as spectral equalization, automatic gain
control, etc. may also take place. For example, in embodi-
ments, the intracardiac signals may be unipolar signals,
measured relative to a reference (which may be a virtual
reference) such as, for example, a coronary sinus catheter or
Wilson’s Central Terminal (WCT), from which the signal
processing operations may compute differences to generate
bipolar signals. The signals may be otherwise processed
(e.g., filtered, sampled, etc) before and/or after generating
the bipolar signals. The resultant processed signals are
forwarded by the module 140 to the processing unit 120 for
further processing.

[0059] As further shown in FIG. 1, the cardiac mapping
system 100 also may include peripheral devices such as a
printer 150 and/or display device 170, both of which may be
interconnected to the processing unit 120. Additionally, the
mapping system 100 includes storage device 160 that may
be used to store data acquired by the various interconnected
modules, including the volumetric images, raw data mea-
sured by electrodes and/or the resultant endocardium repre-
sentation computed therefrom, the partially computed trans-
formations used to expedite the mapping procedures, the
reconstructed physiological information corresponding to
the endocardium surface, and/or the like.

[0060] The illustrative cardiac mapping system 100 shown
in FIG. 1 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 cardiac mapping
system 100 be interpreted as having any dependency or
requirement related to any single component or combination
of components illustrated therein. Additionally, various
components depicted in FIG. 1 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. For example, the electrical module 140 may be
integrated with the processing unit 120.

[0061] FIG. 2 is a block diagram of an illustrative pro-
cessing unit 200, in accordance with embodiments of the
invention. The processing unit 200 may be, be similar to,
include, or be included in the processing unit 120 depicted
in FIG. 1. As shown in FIG. 2, the processing unit 200 may
be implemented on a computing device that includes a
processor 210 and a memory 220. Although the processing
unit 200 is referred to herein in the singular, the processing
unit 200 may be implemented in multiple instances (e.g., as
a server cluster), distributed across multiple computing
devices, instantiated within multiple virtual machines, and/
or the like. One or more components for facilitating cardiac
mapping may be stored in the memory 220. In embodiments,
the processor 210 may be configured to instantiate the one
or more components to generate a grid 230, which may be
used to construct a cardiac map 250, both of which may be
stored in the memory 220.

[0062] As is further depicted in FIG. 2, the processing unit
200 may include an acceptor 250 configured to receive
electrical signals from a mapping catheter (e.g., the mapping
catheter 110 depicted in FIG. 1). The measured electrical
signals may include a number of intracardiac electrograms
(EGMs) sensed within a patient’s heart. The acceptor 250

Nov. 7,2019

may also receive an indication of a measurement location
corresponding to each of the electrical signals. In embodi-
ments, the acceptor 250 may be configured to determine
whether to accept the electrical signals that have been
received. The acceptor 250 may utilize any number of
different components and/or techniques to determine which
electrical signals or beats to accept, such as filtering, beat
matching, morphology analysis, positional information
(e.g., catheter motion), respiration gating, and/or the like.
[0063] The accepted electrical signals are received by a
feature extractor 260 that is configured to extract at least one
feature from each of the electrical signals. In embodiments,
the at least one feature includes at least one value corre-
sponding to at least one metric. The at least one feature may
include at least one event, where the at least one event
includes the at least one value corresponding to the at least
one metric and at least one corresponding time. According
to embodiments, the at least one metric may include, for
example, an activation time, minimum voltage value, maxi-
mum voltage value, maximum negative time-derivative of
voltage, an instantaneous potential, a voltage amplitude, a
dominant frequency, a peak-to-peak voltage, and/or the like.
[0064] As shown in FIG. 2, the processing unit 200
includes a grid generator 270 that is configured to construct
a three-dimensional grid 230 having a number of nodes. The
acceptor 250 and/or feature extractor 260 may generate,
from the acquired electrical signals, a map dataset, which
includes a number of events, stored in the grid 230. In
embodiments, each node of the grid 230 corresponds to a
physical point in 3D space. An aggregator 280 may be
configured to identify a set of electrical signals in a neigh-
borhood associated with a node, where each signal of the set
of electrical signals in the neighborhood has a corresponding
measurement location that is located within a predetermined
distance of the node. In embodiments, a distance metric such
as, for example, a rectilinear (Manhattan) distance may be
calculated, and a weighting function (e.g., the weighting
function described below with respect to FIG. 5) may be
used to eliminate values outside of the desired Euclidean
radius.

[0065] The aggregator 280 may be further configured to
determine, based on the set of features extracted from the set
of electrical signals, a node value. For example, the aggre-
gator 280 may determine the node value by aggregating a set
of features extracted from the set of electrical signals;
computing a statistic associated with the aggregated set of
features; and selecting the node value based on the com-
puted statistic. In embodiments, the statistic may include a
mode, a median, a mean, and/or the like.

[0066] The processing unit 200, using the aggregator 280,
may be configured to aggregate the set of features by
including each of the features in a histogram. For example,
the aggregator 280 may be configured to aggregate the set of
features by assigning a confidence level to each event
corresponding to a feature; determining a weighted confi-
dence level associated with each event; and including the
weighted confidence levels in a histogram. The aggregator
280 may be further configured to associate the node value
with the node.

[0067] As shown in FIG. 2, the processing unit 200
includes an interpolator 290 that is configured to facilitate
presentation of a map 240 corresponding to a cardiac surface
based on the node values. For example, the interpolator 290
may be configured to facilitate presentation of the map 240
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corresponding to the cardiac surface by performing an
interpolation based on a node value and at least one addi-
tional node value, and/or a histogram and at least one
additional histogram corresponding to at least one additional
node. In embodiments, the map 240 may include a voltage
map, an activation map, a fractionation map, velocity map,
confidence map, and/or the like.

[0068] The illustrative processing unit 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 inven-
tion. Neither should the illustrative processing unit 200 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
invention. For example, the acceptor 250 may be integrated
with the feature extractor 260. Additionally, the processing
unit 200 may (alone and/or in combination with other
components of the system 100 depicted in FIG. 1, and/or
other components not illustrated) perform any number of
different functions and/or processes associated with cardiac
mapping (e.g., triggering, blanking, field mapping, etc.) such
as, for example, those described in U.S. Pat. No. 8,428,700,
entitled “ELECTROANATOMICAL MAPPING;” U.S. Pat.
No. 8,948,837, entitled “ELECTROANATOMICAL MAP-
PING;” U.S. Pat. No. 8,615,287, entitled “CATHETER
TRACKING AND ENDOCARDIUM REPRESENTATION
GENERATION;” U.S. Patent Publication 2015/0065836,
entitled “ESTIMATING THE PREVALENCE OF ACTIVA-
TION PATTERNS IN DATA SEGMENTS DURING
ELECTROPHYSIOLOGY MAPPING;” U.S. Pat. No.
6,070,094, entitled “SYSTEMS AND METHODS FOR
GUIDING MOVABLE ELECTRODE ELEMENTS
WITHIN MULTIPLE-ELECTRODE STRUCTURE;” U.S.
Pat. No. 6,233,491, entitled “CARDIAC MAPPING AND
ABLATION SYSTEMS;” and U.S. Pat. No. 6,735,465,
entitled “SYSTEMS AND PROCESSES FOR REFINING
A REGISTERED MAP OF A BODY CAVITY,” the disclo-
sures of which are hereby expressly incorporated herein by
reference.

[0069] According to embodiments, various components of
the mapping system 100, illustrated in FIG. 1, and/or the
processing unit 200, illustrated in FIG. 2, may be imple-
mented on one or more computing devices. A computing
device may include any type of computing device suitable
for implementing embodiments of the invention. Examples
of computing devices include specialized computing devices
or general-purpose computing devices such “workstations,”
“servers,” “laptops,” “desktops,” “tablet computers,” “hand-
held devices,” “general-purpose graphics processing units
(GPGPUs),” and the like, all of which are contemplated
within the scope of FIGS. 1 and 2 with reference to various
components of the system 100 and/or processing unit 200.

[0070] In embodiments, a computing device includes a
bus that, directly and/or indirectly, couples the following
devices: a processor, a memory, an input/output (I/O) port,
an I/O component, and a power supply. Any number of
additional components, different components, and/or com-
binations of components may also be included in the com-
puting device. The bus represents what may be one or more
busses (such as, for example, an address bus, data bus, or
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combination thereof). Similarly, in embodiments, the com-
puting device may include a number of processors, a number
of memory components, a number of I/O ports, a number of
1/O components, and/or a number of power supplies. Addi-
tionally any number of these components, or combinations
thereof, may be distributed and/or duplicated across a num-
ber of computing devices.

[0071] In embodiments, memory (e.g., the storage device
160 depicted in FIG. 1, and/or the memory 220 depicted in
FIG. 2) 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 (EEPROM); flash memory; optical or
holographic media; magnetic cassettes, magnetic tape, mag-
netic disk storage or other magnetic storage devices; data
transmissions; and/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/or
the like. In embodiments, the memory 160 and/or 220 stores
computer-executable instructions for causing a processor
(e.g., the processing unit 120 depicted in FIG. 1 and/or the
processor 210 depicted in FIG. 2) to implement aspects of
embodiments of system components discussed herein and/or
to perform aspects of embodiments of methods and proce-
dures discussed herein.

[0072] 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 the grid 230, the map 240, the acceptor 250, the
feature extractor 260, the grid generator 270, the aggregator
280, and the interpolator 290. 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 func-
tionality contemplated herein may also, or alternatively, be
implemented in hardware and/or firmware.

[0073] FIG. 3 is a flow diagram of an illustrative process
300 for automated electro-anatomical mapping, in accor-
dance with embodiments of the invention. Aspects of
embodiments of the method 400 may be performed, for
example, by a processing unit (e.g., the processing unit 120
depicted in FIG. 1, and/or the processing unit 200 depicted
in FIG. 2). A data stream 302 containing multiple signals is
first input into the system (e.g., the cardiac mapping system
100 depicted in FIG. 1). During the automated electro-
anatomical mapping process, a data stream 302 provides a
collection of physiological and non-physiological signals
that serve as inputs to the mapping process. The signals may
be collected directly by the mapping system, and/or obtained
from another system using an analog or digital interface. The
data stream 302 may include signals such as unipolar and/or
bipolar intracardiac electrograms (EGMs), surface electro-
cardiograms (ECGs), electrode location information origi-
nating from one or more of a variety of methodologies
(magnetic, impedance, ultrasound, real time MRI, etc.),
tissue proximity information, catheter force and/or contact
information obtained from one or more of a variety of
methodologies (force spring sensing, piezo-electric sensing,
optical sensing etc.), catheter tip and/or tissue temperature,
acoustic information, catheter electrical coupling informa-
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tion, catheter deployment shape information, electrode prop-
erties, respiration phase, blood pressure, other physiological
information, and/or the like.

[0074] For the generation of specific types of maps, one or
more signals may be used as one or more references, during
a triggering/alignment process 304, to trigger and align the
data stream 302 relative to the cardiac, other biological cycle
and/or an asynchronous system clock resulting in beat
datasets. Additionally, for each incoming beat dataset, a
number of beat metrics are computed during a beat metric
determination process 306. Beat metrics may be computed
using information from a single signal, spanning multiple
signals within the same beat and/or from signals spanning
multiple beats. The beat metrics provide multiple types of
information on the quality of the specific beat dataset and/or
likelihood that the beat data is good for inclusion in the map
dataset. A beat acceptance process 308 aggregates the cri-
teria and determines which beat datasets will make up the
map dataset 310. As explained herein, the map dataset 310
may be stored in association with a 3D grid that is dynami-
cally generated during data acquisition.

[0075] Surface geometry data may be generated concur-
rently during the same data acquisition process using iden-
tical and/or different triggering and/or beat acceptance met-
rics employing a surface geometry construction process 312.
This process constructs surface geometry using data such as
electrode locations and catheter shape contained in the data
stream. Additionally, or alternatively, previously collected
surface geometry 316 may be used as an input to surface
geometry data 318. Such geometry may have been collected
previously in the same procedure using a different map
dataset, and/or using a different modality such as CT, MRI,
ultrasound, rotational angiography, and/or the like, and
registered to the catheter locating system. The system per-
forms a source selection process 314, in which it selects the
source of the surface geometry data and provides surface
geometry data 318 to a surface map generation process 320.
The surface map generation process 320 is employed to
generate surface map data 322 from the map dataset 320 and
surface geometry data 318.

[0076] The surface geometry construction algorithm gen-
erates the anatomical surface on which the electroanatomical
map is displayed. Surface geometry can be constructed, for
example, using aspects of a system as described U.S. patent
application Ser. No. 12/437,794, entitled “Impedance Based
Anatomy Generation” and filed on May 8, 2008; and/or U.S.
Pat. No. 8,948,837, entitled “Flectroanatomical Mapping”
and issued on Feb. 3, 2015, the contents of each of which is
incorporated by reference herein in its entirety. Additionally,
or alternatively, an anatomical shell can be constructed by
the processing unit by fitting a surface on electrode locations
that are determined either by the user or automatically to be
on the surface of the chamber. In addition, a surface can be
fit on the outermost electrode and/or catheter locations
within the chamber.

[0077] As described, the map dataset 320 from which the
surface is constructed can employ identical or different beat
acceptance criteria from those used for electrical and other
types of maps. The map dataset 320 for surface geometry
construction can be collected concurrently with electrical
data or separately. Surface geometry can be represented as a
mesh containing a collection of vertices (points) and the
connectivity between them (e.g. triangles). Alternatively,
surface geometry can be represented by different functions
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such as higher order meshes, non-uniform rational basis
splines (NURBS), and/or curvilinear shapes.

[0078] The generation process 320 generates surface map
data 322. The surface map data 322 may provide informa-
tion on cardiac electrical excitation, cardiac motion, tissue
proximity information, tissue impedance information, force
information, and/or any other collected information desir-
able to the clinician. The combination of map dataset 320
and surface geometry data 318 allows for surface map
generation. The surface map is a collection of values or
waveforms (e.g., EGMs) on the surface of the chamber of
interest, whereas the map dataset can contain data that is not
on the cardiac surface. One approach for processing the map
dataset 320 and surface geometry data 318 to obtain a
surface map dataset 322 is described in U.S. Pat. No.
7,515,954, entitled “NON-CONTACT CARDIAC MAP-
PING, INCLUDING MOVING CATHETER AND MULTI-
BEAT INTEGRATION” and filed Jun. 13, 2006, the con-
tents of which is incorporated by reference herein in its
entirety. Additionally, or alternatively, embodiments of the
interpolation process may be used, as described herein, to
generate the surface map based on aggregated events asso-
ciated with nodes of the 3D grid.

[0079] Alternatively, or in combination with the method
above, an algorithm that applies acceptance criteria to indi-
vidual electrodes can be employed. For example, electrode
locations exceeding a set distance (e.g., 3 mm) from surface
geometry can be rejected. Another algorithm can incorporate
tissue proximity information using impedance for inclusion
in the surface map data. In this case only electrode location
whose proximity value is less than 3 mm might be included.
Additional metrics of the underlying data can also be used
for this purpose. For example, EGM properties similar to
beat metrics can be assessed on a per electrode basis. In this
case metrics such as far field overlap and/or EGM consis-
tency can be used. It should be understood that variations on
the method to project points from the map dataset 320 to the
surface and/or to select appropriate points can exist.
[0080] Once obtained, the surface map data 322 may be
further processed to annotate desired features from the
underlying data, a process defined as surface map annotation
324. Once data is collected into surface map data 322,
attributes relating to the collected data may be automatically
presented to the user. These attributes can be automatically
determined and applied to the data by the computer system
and are referred to herein as annotations. Exemplary anno-
tations include activation time, the presence of double
activation or fractionation, voltage amplitude, spectral con-
tent, and/or the like. Due to the abundance of data available
in automated mapping (e.g., mapping completed by the
computer system with minimal human input related to the
incoming data), it is not practical for the operator to review
and annotate data manually. However, human input can be
a valuable addition to the data, and so when user input is
provided it is necessary for the computer system to auto-
matically propagate and apply it to more than one data point
at a time.

[0081] It may be possible to use the computer system to
automatically annotate activation time, voltage, and other
characteristics of individual EGMs. Activation time detec-
tion may use methods similar to those previously described
to detect a trigger and can similarly benefit from the use of
blanking and powered triggering operator. Desired annota-
tions may include instantaneous potential, activation time,
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voltage amplitude, dominant frequency and/or other prop-
erties of the signal. Once computed, the annotations may be
displayed superimposed on chamber geometry. In embodi-
ments, a gap-filling surface map interpolation may be
employed 326. For example, in embodiments, a gap-filling
interpolation may be employed where a distance between a
point on the surface to a measured EGM exceeds a thresh-
old, as this may indicate, for example, that grid-based
interpolation, as described herein, may not be as effective in
that situation. Displayed maps 328 can be computed and
displayed separately, and/or overlaid on top of each other.

[0082] FIG. 4 is a flow diagram depicting an illustrative
method 400 of facilitating display of cardiac mapping infor-
mation, in accordance with embodiments of the invention.
Aspects of embodiments of the method 400 may be per-
formed, for example, by a processing unit (e.g., the process-
ing unit 120 depicted in FIG. 1, and/or the processing unit
200 depicted in FIG. 2). Embodiments of the method 400
include receiving a plurality of electrical signals from a
mapping catheter (block 402). The mapping catheter may be
any catheter having one or more electrodes configured to
obtain electrical signals (e.g., the mapping catheter 110
depicted in FIG. 1). The processing unit also receives an
indication of a measurement location corresponding to each
of the electrical signals (block 404). As explained above,
with respect to FIG. 3, the processing unit and/or other
components (e.g., the electrical module 140 depicted in FIG.
1) may be configured to determine whether to accept par-
ticular electrical signals (e.g., beats) based on one or more
beat acceptance criteria.

[0083] Embodiments of the method 400 also include
extracting at least one feature from each of the accepted
electrical signals, where the at least one feature comprises at
least one value corresponding to at least one metric (block
406). As described above, metrics may include any number
of characteristics such as, for example, an activation time, an
instantaneous potential, a voltage amplitude, a dominant
frequency, a peak-to-peak voltage, and/or the like.

[0084] Embodiments of the method 400 further include
constructing a three-dimensional (3D) grid having at least
one node (block 408). Each node corresponds to a physical
point in 3D space (block 408). In embodiments, the grid may
be initialized such that it has a node placed at the origin of
the coordinate system, which may, for example, correspond
to a location at which measurements begin to be obtained.
The grid may be expanded from the origin and, in embodi-
ments, may have a fixed Grid Edge Length (GEL), which
may be, for example, the length of grid cell edges (e.g., the
length of an edge between two adjacent nodes), the cornet-
to-corner distance inside a cell (e.g., a length of an edge
multiplied by the square root of three), and/or the like, and
which may be equal along each axis, each direction, and/or
the like. Setting the GEL too low may result in long
computation times and/or undesirable burdens on the pro-
cessing unit’s memory. Setting the GEL too high may reduce
the effective resolution of the map, as the stochastic radius
increases with GEL (see below), thereby combining infor-
mation from more widely-separated events.

[0085] For example, in embodiments, the GEL may be set
to be between 1 mm and 3 mm, inclusive. In embodiments,
the GEL may be set between 1.5 mm and 2 mm, and in some
embodiments, the GELL may be. for example, 1.7 mm, 1.8
mm, or 2 mm. Any other desirable GEL may be used, and
may be selected based on any number of various parameters
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associated with the mapping system. In embodiments, the
value of GEL may be predetermined, calculated by the
system, dynamic, user-adjustable, and/or the like. For
example, in embodiments, the GEL may be set to a first
value (e.g., 2 mm) for use in collecting most of the signals,
but may be dynamically adjusted to a second, smaller, value
(e.g., | mm) for areas of fine detail, or to a third, larger, value
(e.g., 3 mm), for areas of less detail and/or fewer available
measurements. In this manner, the GEL may be dynamically
set, by the processing unit, during data acquisition, based on
properties of the EGMs, the catheter, measurements, sam-
pling, and/or the like. In embodiments, to enhance compu-
tational efliciencies, actual nodes may only be initialized as
needed, in a sparse fashion, as information about the
anatomy is obtained, thereby avoiding unnecessary compu-
tation and storage of statistics at unused nodes.

[0086] As an illustrative example, FIGS. 7A-7E are sche-
matic depictions of generation of a three-dimensional grid
700 and use of that grid 700 to facilitate cardiac mapping. As
shown in FIG. 7A, the grid 700 is initialized by establishing
a first node 704 at the origin of a coordinate system 702.
Although, in embodiments, other types of coordinate sys-
tems capable of representing three-dimensional space may
be utilized, the illustrated coordinate system 702 is Cartesian
and includes an x-axis, a y-axis, and a z-axis. As shown in
FIG. 7A, events 706 may be within a predetermined distance
(e.g., a stochastic radius (SR)) of the first node 704, and,
when the node value corresponding to the first node 704 is
calculated, each of the events 706 may influence that value.
[0087] In embodiments, the SR may be predetermined
and/or fixed. In embodiments, the SR may be determined by
calculating a maximum distance between two adjacent
points on the grid, and/or may be configured to optimize the
relevance of the aggregate values from the grid that are
interpolated onto the anatomical mesh, thereby facilitating
accurate mapping. The SR may be any type of distance
between two points such as, for example, a rectilinear
distance, L1, a Euclidean distance, 1.2, and/or the like. The
SR may be adaptive and may be dynamically adjusted based
on changes in a surface projection distance (SPD) (the
maximum distance that an electrode can fall from the mesh
surface and still be projected into the map, which may be set
and/or adjusted to facilitate control over the accuracy of the
map).

[0088] For example, in embodiments, only electrodes/
events falling within the SPD are utilized in the mapping
process. Additionally, in embodiments, to avoid the case
where none of the grid nodes lying outside the anatomy have
any events within their SR, it may be the case that:
SR>GEL+SPD. In embodiments, for example, the relation-
ship-determining SR may be predetermined in the engine so
that SR=Y'(GEL+SPD) where Y' is a safety factor of greater
than 1.

[0089] As explained above, additional nodes may be
added to the grid 700 when needed for aggregating addi-
tional events. In embodiments, each event is associated with
multiple nodes since SR>GEL+SPD. That is, for example,
as shown in FIG. 7B, upon receiving an event 708 that is
within the SR of a second node location, a second node 710
may be added such that the event 708 is within the SR of the
second node 710. An edge 712 is also added between the first
node 704 and the second node 710. In embodiments, the
edge 712 may be only a conceptual construct, and not
actually represented in the stored information. The position
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of the second node 710 may be established, for example, by
requiring that it be one GEL 714 away from the first node
704, along one of the three axes. In embodiments, the second
node 710 may be a distance away from the first node such
that a corner-to-corner distance of a cubic cell including both
nodes 704 and 710 is one GEL. Similarly, as shown in FIGS.
7C and 7D, additional events 708 may be within the sto-
chastic radius of the second node 710, and only the first node
704 and second node 710 may be necessary until the system
receives the event 716, which is also within the stochastic
radius of a third node location. At that time, the system adds
a third node 718, with a corresponding edge 720 extending
between the second node 710 and the third node 718. In
embodiments, the system may be configured to add grid
nodes such that a node is created at every node location
having a stochastic radius within which one or more events
is located.

[0090] The process continues, according to embodiments
of the invention, until a grid 700 is completed, as shown, for
example, in FIG. 7E. As shown in FIG. 7E, as the grid 700
grows, cubic cells are defined by sets of eight nodes. For
example, as shown, a first cell 722 is defined by the nodes
724, 726, 728, 730, 732, 734, 736, and 738, as well as the
corresponding edges extending between adjacent ones of the
nodes 724, 726, 728, 730, 732, 734, 736, and 738. Similarly,
an adjacent cell 740 is defined by the nodes 724, 728, 732,
736, 742, 744, 746, and 748, as well as the corresponding
edges extending between adjacent ones of the nodes 724,
728, 732, 736, 742, 744, 746, and 748. Note that the cells
722 and 740 share a set of four nodes, 724, 728, 732, and
736. In embodiments, the grid 700 may continue to be
dynamic such that, at any time additional data is added to the
map dataset (e.g., the map dataset 320 depicted in FIG. 3),
additional nodes may be added to the grid 700.

[0091] Returning to FIG. 4, embodiments of the method
400 further include identifying a set of electrical signals in
a neighborhood associated with a node (block 410). Accord-
ing to embodiments, each of the set of electrical signals in
the neighborhood has a corresponding measurement loca-
tion that is located within a predetermined distance of the
node. As explained above, the predetermined distance may
be referred to as the stochastic radius (SR), and may be a
fixed Euclidean distance from the node in all directions.
[0092] As shown in FIG. 4, embodiments of the method
400 include determining, based on the set of features
extracted from the set of electrical signals, a node value
(block 412). The node value may be determined by aggre-
gating events in the neighborhood of the node (e.g., within
the SR of the node) and computing a statistic associated with
the set of aggregated features. According to embodiments,
the statistic may include, for example, a median, a mode, a
mean, and/or the like. Aspects of an illustrative method for
determining the node value, using a histogram, are presented
in FIG. 5 and described in further detail below.

[0093] As shown in FIG. 4, embodiments of the method
400 include associating the node value with the node (block
414), and facilitating presentation of a map corresponding to
a cardiac surface based on the node value (block 416). The
map may be a voltage map, an activation map, a fraction-
ation map, velocity map, confidence map, and/or the like.
According to embodiments, a node value may be used to
determine mapping values where the anatomy mesh is
within a certain distance of the node. For example, in
embodiments, the information used to assign a mapping
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value to any given vertex on the anatomy mesh may be
derived from the eight grid nodes that make up the cell
within which the vertex falls.

[0094] As shown, for example, in FIG. 7F, an anatomy
mesh 750 may intersect the grid 700. A first vertex 752 of the
mesh 750 is positioned within the first cell 722, and a second
vertex 754 of the mesh 750 is positioned within the second
cell 740. Because the physical three-dimension location of
the first vertex 752 is located within a cube (cell) 722 defined
by eight nodes 724, 726, 728, 730, 732, 734, 736, and 738
(as shown in FIG. 7E), and edges drawn between adjacent
pairs of the eight nodes, the processing unit may be config-
ured to determine the mapping value to be associated with
the first vertex 752 by performing an interpolation based on
the node value of each of the eight nodes 724, 726, 728, 730,
732, 734, 736, and 738. Similarly, because the physical
three-dimension location of the second vertex 754 is located
within a cube (cell) 740 defined by eight nodes 724, 728,
732,736,742, 744, 746, and 748 (as shown in FIG. 7E), and
edges drawn between adjacent pairs of the eight nodes, the
processing unit may be configured to determine the mapping
value to be associated with the second vertex 754 by
performing an interpolation based on the node value of each
of the eight nodes 724, 728, 732, 736, 742, 744, 746, and
748. Note, that, because the cells 722 and 740 share a set of
four nodes, 724, 728, 732, and 736, the node values asso-
ciated with those four nodes will be part of the calculation
of the mapping values for both the first vertex 752 and the
second vertex 754.

[0095] According to embodiments, for example, to deter-
mine the mapping value to be associated with a vertex 752,
the processing unit may first determine the node values of
each of the eight nodes 724, 726, 728, 730, 732, 734, 736,
and 738 of the cell 722 and determine the mapping value
based on the node values themselves. In embodiments, the
processing unit may determine the mapping value based on
the histograms associated with each of the eight nodes 724,
726, 728, 730, 732, 734, 736, and 738. For example, node
values may be determined at the eight individual nodes 724,
726,728, 730, 732, 734, 736, and 738 and interpolated onto
the mesh 750, or the histograms can be interpolated and a
value picked from the interpolated histogram. According to
embodiments, the interpolation, in either case, may include
a tri-linear interpolation. In embodiments, a vertex that lies
within a cell made up of one or more empty grid nodes (e.g.,
no event fell within the stochastic radius of the node) is not
assigned a value directly. Instead, an interpolation may be
run over the surface of the map so that the vertex value is
assigned based on the values at the surrounding vertices.

[0096] Inembodiments, a manual override may be utilized
to select, or adjust, a mapping value. That is, for example,
larger amplitude peaks may generally influence the mapping
value selection more significantly than smaller amplitude
peaks, but as a clinician reviews a displayed map, the
clinician may prefer to have a smaller peak reflected on the
map at a given mesh vertex. The clinician may, for example,
recognize that, although the probability distribution led to
selection of the larger peak, the smaller peak may be more
accurate, or otherwise interesting, in a particular circum-
stance. Thus, the clinician may select the mapping value and
replace it with the smaller peak. To account for this manual
override, the system may be configured to replace one or
more corresponding node values with the smaller peak,
interpolate new values across the one or more nodes based
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on the smaller peak, and/or otherwise adjust affected node
values (and/or adjacent node values) to reflect the manual
override. In embodiments, the system may be configured to
change the confidence value associated with the selected
peak, in response to manual overriding. That is, for example,
the system may assign a confidence value that is large
enough such that it has the largest confidence of all non-
manually overridden peaks within its neighborhood. In
embodiments, density normalization may also be used in
selecting a confidence value, as it may be desirable that the
chosen confidence be invariant to regional measurement
density. In embodiments, for example, the distribution asso-
ciated with aggregated values about a particular node may
be a bimodal distribution, in which case the user may be able
to cause the system to switch between using a first mode as
a node value to using the second mode as the node value.

[0097] FIG. 5 is a flow diagram depicting an illustrative
method 500 of facilitating display of cardiac information, by
determining a node value, in accordance with embodiments
of the invention. Aspects of embodiments of the method 400
may be performed, for example, by a processing unit (e.g.,
the processing unit 120 depicted in FIG. 1, and/or the
processing unit 200 depicted in FIG. 2). Embodiments of the
method 500 described herein may be utilized in any number
of different situations and to facilitate presenting any num-
ber of different types of maps. However, for clarity of
explanation, further illustrative details are provided below
with respect to the illustrative examples of creating activa-
tion maps and voltage maps. This discussion is not meant to
limit the scope of the invention to only activation maps and
voltage maps, and it is contemplated that aspects of the
techniques described herein may be utilized in the context of
fractionation maps, voltage maps, confidence maps, and/or
the like.

[0098] As shown in FIG. 5, embodiments of the method
500 include identifying a number of events (block 502). In
embodiments, an event includes at least one value corre-
sponding to a metric and at least one corresponding time
(e.g., the time at which the electrical signal from which the
metric is derived was obtained). The metric may include an
activation time, an instantaneous potential, a voltage ampli-
tude, a dominant frequency, and a peak-to-peak voltage,
and/or the like. In the examples discussed herein, for
example, each event may include a time and a voltage
activation value. In embodiments, events may be identified
using a sorted peak detection process with a blanking
window, which prevents a second event from being detected
within a fixed duration of a higher amplitude event. More
than one event may exist for any given electrode during any
given beat. The number of events, N, per electrode per beat
considered by the processing unit, N, is a parameter that
may be predetermined, user-adjusted, dynamically adjusted,
and/or the like. According to embodiments, events are
detected in order of descending value of the metric (e.g.,
confidence, voltage, etc.) used to compute the event, until N,
has been reached.

[0099] Embodiments of the method 500 further include
assigning a confidence level to each event (block 504). For
example, the confidence level, C,, of an event i may be equal
to the activation voltage in the case of activation mapping,
and it may be equal to 1 in the case of voltage mapping. The
confidence level, C,, and the distance, d,;, between the event
iand a node j may determine how much influence the event
has on the node.
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[0100] The processing unit determines weighted confi-
dence level for each node (block 506). In embodiments,
confidence levels may be weighted using any number of
different considerations such as, for example, electrode
properties, measurement error, distance considerations, and/
or the like. For example, a metric associated with a degree
of confidence about whether the catheter was contacting the
cardiac wall while a particular event was obtained may be
used to weight the event confidence levels. Such a metric
may be determined using, for example, an impedance-based
system and/or other systems and/or techniques. In embodi-
ments, the metric associated with whether the catheter was
contacting the cardiac wall may also, or alternatively, be
used as a filtering factor to determine whether to store the
particular event.

[0101] Inembodiments, for example, for a given node, the
confidence level of each event falling within the stochastic
radius may be weighted according to a distance weighting
fanction, w=w(d). In embodiments, this function may be
defined as:

d
wid) = l_ﬁ forO<d <SR,

0 otherwise

Error! Digit expected.

where d is the FEuclidean distance between the node and the
event in 3D space. So, in this example, for event i located
within the stochastic radius of node j, the assigned weight
would be:

1- [1P; = Pl

" =TSR

where P, and P; are the positions of the event and the node
respectively. That is, for example, if the grid is constructed
using Cartesian coordinates, the distance, d,, between the
event i and the node j would be:

Vo P iy, P s

where P=(x,, y,, z,) and P=(x,, y,, ). The weighted confi-
dence of event i with respect to node j may be:

1

Ci,j: WijCi

where C, is the un-weighted confidence level of event i. So
that the sum of the weights associated with a particular node
is equal to 1, a normalizing factor equal to the sum of the
weights of all of the events within the stochastic radius may
be used. However, for implementation purposes, this may
not be applied until a mapping value is requested from the
node, thereby enhancing computational efliciency. In this
manner, further events that may come in at a later time may
be added to the statistics without affecting the contribution
of every previous event.

[0102] As is further shown in FIG. 5, embodiments of the
method 500 include weighting the events using the weighted
confidence levels (block 508) and adding the weighted
events to a histogram (block 510). In embodiments, each
weighted event within the stochastic radius of a particular
node may be added to a histogram that is also associated
with that node. In embodiments, the weights may be pre-
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normalized before adding the events to the histogram. In
other embodiments, the weights are not pre-normalized. By
not pre-normalizing the weights, it may be possible to
simply accumulate bin values when new events fall within
the stochastic radius of the node, thereby facilitating effi-
ciently building a statistical representation of all the events
influencing the node over time. According to embodiments,
the histogram may, if graphed, include metric values along
the x-axis (e.g., activation times, peak-to-peak EGM ampli-
tude on a log scale, etc.) and the likelihood of the event on
the y-axis. In embodiments, other techniques for aggregating
information into a statistical distribution may be utilized
instead of, or in addition to, a histogram.

[0103] In the case of activation mapping, a histogram
associated with a node may include one bin for every time
frame in the mapping window, where each bin contains the
cumulative weighted confidence of all events occurring at
the relevant frame. That is, for example, for the histogram,
h,, associated with node j:

hjlk] = ZVi-r-fk wi,jCio
=

hilk] = Z w; ;G

Vittj=k

where k is the bin index and t; is the activation time frame
associated with event i. For voltage mapping, the histogram
may include a fixed number of bins that are equally spaced
in a logarithmic space. For example, the histogram may
include 100 bins with a range from 10 uV to 1.5V. Note that,
to enhance computational efficiencies, 101 bins within the
range may be generated and the last bin may be dropped to
leave 100 bins. In embodiments, values outside the bin range
may be added to the first or last bin as appropriate. Each bin
may contain the cumulative weighted confidence of all
events whose voltage falls within the bin range. Since, in the
example of voltage mapping discussed above, the confi-
dence of each event is set as 1, this devolves to the sum of
the distance weights of each event within the bin:

B[K]=Ew, Vi:bMin[K]s V,<bMax[£]

where bMin[k] and bMax[k] denote the lower and upper
limits of bin k respectively. Additionally, in some cases, a
mapping catheter may be held in some places longer than
others, moved more quickly in some regions than in others,
and/or the like, resulting in varying levels of data density
associated with different points on the grid. In embodiments,
a metric related to density may be computed for each event
before adding the event to the histogram so that the events
added to the histogram may be adjusted (e.g., normalized)
based on density, thereby minimizing undesirable skewing
effects that density may have on the map.

[0104] As shown in FIG. 5, embodiments of the method
500 include convolving each histogram with a spreading
function, g[k], which is used to allow the weighted events in
the histogram to influence other events that are nearby in
determining the node value (block 512). That is, the spread-
ing function may be used such that dense clusters of points
in nearby bins may be merged into a single strong group
whilst outliers will have little impact on the result:
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[0105] The node value is selected based on the convolved
histogram (block 514). For example, in embodiments, the
node value that is selected is a value corresponding to the bin
containing the resulting maximum:

B= arginaxH 1k

o = clf]

where { is a bin number, ¢ is a vector of bin centers and o
is the mapping value. In embodiments, the histogram may be
smoothed and a center point may be selected. The center
may actually refer to, for example, a median, a mode, a
mean, and/or the like. In embodiments, the information may
be aggregated into a continuous distribution and/or the
histogram may be smoothed based on a continuous distri-
bution, and any number of different statistical operators may
be used to determine a value that has a high, or the highest,
probability of occurring. That value may be selected as the
node value. According to embodiments, instead of convolv-
ing the histogram using the spreading functions described
above, other smoothing operations may be performed on the
histogram. The convolving and/or smoothing operations
may be adaptive.

[0106] The spreading function may be any convolution
function that is configured to allow the weighted events in
the histogram to influence other events that are nearby in
determining the node value. In the case of activation map-
ping, for example, the convolution function may be a
symmetrical “triangle” function:

Il
1-— O=<k=w,.
glk] = g

0 otherwise

where o, is the width of the convolution function in frames.
Similarly, in the case of voltage mapping, the convolution
function may be a symmetric function, as with activation
mapping. FIG. 6 shows an example of a confidence histo-
gram and convolution for a node in a human left atrial
macro-reentrant tachycardia map (H3e, Map 1). In FIG. 6,
following convolution, the mapping value gravitates
towards a dense cluster of lower confidence events over a
single, much higher confidence event (an outlier) occurting
at a different time.

[0107] In embodiments, when mapping a macro-reentrant
loop, the beginning and end of the mapping window may be
taken to be essentially the same time. To handle these cases,
circular convolution may be used when making activation
maps, resulting in the low time bins influencing the high
time bins and vice versa.

[0108] Inembodiments, in the case of activation mapping,
an event may include a measured value of an activation time
(or, more accurately, an estimated activation time), and one
or more error terms. That is, for example, the event may
include three potential activation times to account for tem-
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poral uncertainty. Positional uncertainty may be accounted
for by a dynamic SR. In embodiments, all three values may
be used to increment a single bin of a node histogram, as if
the system knew the actual activation time. The histogram
could be convolved as each set of event data is added and/or
during computation of node values and/or mapping values.
Additionally, a user may manually override the selection of
the activation time used for the node value and/or mapping
value. For example, the user may select an EGM on the map,
causing the system to display the selected activation time.
The user may override the selected activation time, which
may cause the system to update the 3D grid accordingly.
[0109] As indicated above, embodiments of aspects of the
systems and methods described herein may be used for
velocity mapping. A velocity map may provide information
about the direction and speed of activation propagation. In
embodiments, for example, the system may linearize a
propagation along the catheter for a given EGM to deter-
mine an activation propagation vector (a “velocity vector”).
A 3D grid, as described herein, may be used to aggregate the
velocity vectors at a set of nodes. In that instance, for
example, instead of the histogram at each node representing
features along a single axis such as time, the histogram may
represent the velocity vectors on a set of orthogonal axes,
where a first axis (corresponding to an x-axis) represents an
x-component of the velocity vector, a second axis (corre-
sponding to a y-axis) represents a y-component of the
velocity vector, and a third axis (corresponding to a z-axis)
represents a z-component of the velocity vector. The vector-
valued histogram may be smoothed across multiple dimen-
sions before a node value is selected by determining, for
example, the mode of the distribution. In other words, the
methods described above for scalar-valued features can be
applied similarly to vector-valued features. However, a
sparse representation of the histogram may sometimes be
more efficient. Instead of counting the occurrence of vector
values in each vector bin, for example, the observed vector
values may be stored, and smoothed results may be evalu-
ated only at the observed vector values.

[0110] 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 fea-
tures, the scope of this invention also includes embodiments
having different combinations of features and embodiments
that do not include all of the described features. For
example, confidence associated with selected node values
and/or mapping values may be determined and used to
provide feedback, smoothing, and/or other optimizing pro-
cesses. 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.

We claim:

1. A system for facilitating display of cardiac mapping

information, the system comprising:

a mapping catheter comprising one or more electrodes
that measure electrical signals in the heart, the mea-
sured electrical signals comprising a plurality of intrac-
ardiac electrograms (EGMs);

a processing unit configured to:

receive the plurality of EGMs from the mapping cath-
eter,
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receive an indication of a measurement location corre-
sponding to each of the EGMs;

accept, based on one or more acceptance criteria, the
plurality of EGMs;

extract at least one feature from each of the plurality of
EGMs, wherein the at least one feature comprises at
least one value corresponding to at least one metric;

construct a three-dimensional grid having a plurality of
nodes, wherein each of the plurality of nodes corre-
sponds to a physical point in three-dimensional
space;

identify a set of EGMs in a neighborhood associated
with a node, wherein each of the set of EGMs in the
neighborhood has a corresponding measurement
location that is located within a predetermined dis-
tance of the node;

aggregate a set of features extracted from the set of
EGMs;

compute a statistic associated with the aggregated set of
features;

associate the computed statistic with the node; and

facilitate presentation of a map of a cardiac surface and
based on the statistic associated with the node.

2. The system of claim 1, wherein the processing unit is
configured to extract the at least one feature by identifying
at least one event, wherein the at least one event comprises
the at least one value corresponding to the at least one metric
and at least one corresponding time.

3. The system of claim 2, the at least one metric com-
prising at least one of an activation time, an instantaneous
potential, a voltage amplitude, a dominant frequency, and a
peak-to-peak voltage.

4. The system of claim 2, wherein the processing unit is
configured to determine the node value by:

aggregating a set of features extracted from the set of

electrical signals;

computing a statistic associated with the aggregated set of

features; and

selecting the node value based on the computed statistic.

5. The system of claim 4, wherein the processing unit is
further configured to aggregate the set of features by:

assigning a confidence level to the at least one event;

determining a weighted confidence level; and

including the weighted confidence level in a histogram.

6. The system of claim 5, wherein the processing unit is
further configured to convolve the histogram with a spread-
ing function.

7. The system of claim 1, wherein the processing unit is
configured to facilitate presentation of the map correspond-
ing to the cardiac surface by performing an interpolation
based on the histogram and at least one additional histogram
corresponding to at least one additional node to determine a
mapping value corresponding to a vertex of an anatomy
mesh.

8. The system of claim 7. wherein the physical three-
dimension location of the vertex is located within a cube
defined by eight nodes and edges drawn between pairs of the
eight nodes, wherein the processing unit is further config-
ured to determine the mapping value by performing the
interpolation based on the node value of each of the eight
nodes.

9. The system of claim 1, further comprising a display
device configured to display the map corresponding to the
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cardiac surface, wherein the map comprises at least one of
a voltage map, an activation map, and a fractionation map.

10. The system of claim 1, wherein the predetermined
distance comprises a Euclidean distance or a rectilinear
distance.

11. A method for facilitating display of cardiac mapping
information, the method comprising:

receiving a plurality of electrical signals from a mapping

catheter;
receiving an indication of a measurement location corre-
sponding to each of the plurality of electrical signals;

extracting at least one feature from each of the plurality of
electrical signals, wherein the at least one feature
comprises at least one value corresponding to at least
one metric;
constructing a three-dimensional grid having a plurality of
nodes, wherein each of the plurality of nodes corre-
sponds to a physical point in three-dimensional space;

identifying a set of electrical signals in a neighborhood
associated with a node, wherein each of the set of
electrical signals in the neighborhood has a correspond-
ing measurement location that is located within a
predetermined distance of the node;

aggregating the set of features extracted from the set of

electrical signals;

determining, based on the aggregated set of features

extracted from the set of electrical signals, a node
value;

associating the node value with the node; and

facilitating presentation of a map corresponding to a

cardiac surface and based on the node value.

12. The method of claim 11, wherein aggregating the set
of features comprises:

assigning a confidence level to each feature of the set of

features;

determining, for each feature of the set of features and

based on a distance between the node and the measure-
ment location corresponding to the electrical signal
from which the feature was extracted, a weighted
confidence level; and

including each feature of the set of features in a bin of a

histogram, wherein the contribution to the bin of the
histogram is selected based on the weighted confidence
level.

13. The method of claim 12, wherein facilitating presen-
tation of the map corresponding to the cardiac surface
comprises performing an interpolation based on the histo-
gram and at least one additional histogram corresponding to
at least one additional node to determine a mapping value.

14. The method of claim 11, wherein the map comprises
at least one of a voltage map and an activation map.

15. One or more computer-readable media having com-
puter-executable instructions embodied thereon for facilitat-
ing display of cardiac mapping information, the computer-
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executable instructions configured to cause a processor,
upon being executed by the processor, to instantiate at least
one component, the at least one component comprising:

a feature extractor configured to extract at least one
feature from each of the plurality of electrical signals,
wherein the at least one feature comprises at least one
value corresponding to at least one metric

a grid generator configured to construct a three-dimen-
sional grid having a plurality of nodes, wherein each of
the plurality of nodes corresponds to a physical point in
three-dimensional space;

an aggregator configured to:
identify a set of electrical signals in a neighborhood

associated with a node, wherein each of the set of

electrical signals in the neighborhood has a corre-

sponding measurement location that is located

within a predetermined distance of the node;
determine, based on the set of features extracted from

the set of electrical signals, a node value; and
associate the node value with the node; and

an interpolator configured to facilitate presentation of a
map corresponding to a cardiac surface by performing
an interpolation based on the node value to determine
a mapping value.

16. The media of claim 15, wherein the aggregator is

further configured to aggregate the set of features by:
assigning a confidence level to the at least one event;
determining a weighted confidence level; and

including the weighted confidence level in a histogram.

17. The media of claim 16, wherein the aggregator is
farther configured to:

convolve the histogram with a spreading function to
smooth the histogram; and

determine the node value by selecting, as the node value,
the mode of the smoothed histogram.

18. The media of claim 16, wherein the mapping value
corresponds to a vertex of an anatomy mesh, and wherein
the interpolator is configured to determine the mapping
value by performing an interpolation based on the histogram
and at least one additional histogram corresponding to at
least one additional node.

19. The media of claim 18, wherein the physical three-
dimension location of the vertex is located within a cube
defined by eight nodes and edges drawn between pairs of the
eight nodes, wherein the processing unit is further config-
ured to determine the mapping value by performing the
interpolation based on the node value of each of the eight
nodes.

20. The media of claim 15, wherein the map comprises at
least one of a voltage map and an activation map.

I S T
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