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SYSTEMS AND METHODS FOR
ANATOMICAL SHELL EDITING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to Provisional
Application No. 62/233,347, filed Sep. 26, 2015, which is
herein incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure generally relates to cardiac
mapping systems and methods. More specifically, the pres-
ent disclosure relates to editing anatomical shells that are
based on cardiac structures.

BACKGROUND

[0003] Diagnosing and treating cardiac disorders often
involve the introduction of a catheter into a cardiac chamber
through the surrounding vasculature. The catheter has a
plurality of sensors, located on the catheter’s distal end.
Information received from the plurality of sensors, including
the position of the plurality of sensors and electrical signals
associated with each position, can be used to generate and
display an approximate anatomical shell of the cardiac
chamber. In some instances, the anatomical shell can include
representations of features of the electrical signals associ-
ated with each position. The anatomical shell can be used by
a physician or other medical professional for treating cardiac
disorders.

[0004] One consideration of anatomical shell construction
is how close the shape of the anatomical shell is to the actual
shape of the cardiac tissue. While anatomical shell construc-
tion using a catheter having a plurality of sensors may
provide a fair approximation of the cardiac tissue, there
often may be various issues associated with it. One issue is
“under-contact,” in which some points of the constructed
anatomical shell are a significant distance from the actual
tissue. Another issue is “over-contact,” in which the catheter
operator has exerted too much force during a portion of the
reconstruction phase and pushes the cardiac tissue outwards
resulting in shapes that constitute an exaggerate represen-
tation of the cardiac chamber. Even another issue is “web-
bing,” in which small, sharp features of the cardiac chamber
do not appear on the anatomical shell. This problem may be
exacerbated by the catheter’s rigidity.

SUMMARY

[0005] Embodiments of the subject matter disclosed
herein include cardiac mapping systems that facilitate edit-
ing a constructed anatomical shell. In embodiments, a user-
editing toolbox may include tools for selecting and remov-
ing specific sub-volumes, surface regions, and/or the like. In
embodiments, a processing device may be configured to
implement one or more algorithms to automatically edit the
anatomical shell. In this manner, embodiments of the dis-
closure may facilitate enhancing the accuracy of cardiac
mapping technologies. Exemplary embodiments include the
following.

[0006] Inan Example 1, a processor-implemented method
for voltage-guided anatomical shell editing, the processor-
based method comprising: outputting, to a display device, an
anatomical shell of a cardiac structure, wherein the anatomi-
cal shell is based on a plurality of signals sensed by a
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mapping probe and wherein each of the plurality of signals
includes a respective sensed voltage; receiving, from the
user input device, a user input specifving a first target depth
for editing; receiving, from a user input device, a selection
of a first region of the anatomical shell; generating a first
modified anatomical shell by: removing a first portion of the
anatomical shell, the first portion of the anatomical shell
comprising the selected first region of the surface and
extending inward to a first editing depth based on the first
target depth, the first editing depth comprising at least one
finite depth, and generating a first new surface region on the
first modified anatomical shell, corresponding to the selected
region, wherein the first new surface is disposed at the first
editing depth and includes at least one representation of a
sensed voltage at the first editing depth; outputting, to the
display device, the first modified anatomical shell.

[0007] Inan Example 2, the method according to Example
1, further comprising: receiving, from the user input device,
a command to undo the generation of the first modified
anatomical shell; regenerating the anatomical shell; and
outputting the regenerated anatomical shell to the display
device.

[0008] In an Example 3, the method according to any of
Examples 1 and 2, further comprising: receiving, from the
user input device, a user input specifying a second target
depth for editing; receiving, from a user input device, a
selection of a second region of the anatomical shell, the
second region comprising at least a portion of the first
region; generating a second modified anatomical shell by:
removing a second portion of the anatomical shell, the
second portion of the anatomical shell comprising the
selected second region of the surface and extending inward
to a second editing depth based on the second target depth,
the second editing depth comprising at least one finite depth,
and generating a second new surface region on the second
modified anatomical shell, corresponding to the selected
second region, wherein the second new surface is disposed
at the second editing depth and includes at least one repre-
sentation of a sensed voltage at the second editing depth; and
outputting, to the display device, the second modified ana-
tomical shell.

[0009] Inan Example 4, the method according to Example
3, wherein the second target depth is at least 1 millimeter and
at most 5 millimeters.

[0010] In an Example 5, the method according to any of
Examples 3-4, wherein the at least one representation of a
sensed voltage at the first editing depth indicates a voltage
magnitude corresponding to a blood pool.

[0011] In an Example 6, the method according to any of
Examples 3-5, wherein the at least one representation of a
sensed voltage at the second editing depth indicates a
voltage magnitude corresponding to cardiac tissue.

[0012] In an Example 7, a processor-based method for
anatomical shell editing comprises generating a first ana-
tomical shell, wherein the first anatomical shell comprises a
first surface that intersects a first plurality of mesh points, the
first plurality of mesh points corresponding to a plurality of
signals, wherein each of the plurality of signals includes at
least one respective sensed electrical signal; selecting a test
point, wherein the first surface does not intersect the test
point, the test point having a position within a test neigh-
borhood of a position of a first mesh point; performing a test
associated with the test point, comprising: determining a
first value of a metric corresponding to the first mesh point;
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determining a second value of the metric corresponding to
the test point; computing a gradient feature of the metric
based on the first and second values; determining whether
the gradient feature satisfies a condition; and generating a
second anatomical shell, wherein the second anatomical
shell comprises a second surface that intersects a second
plurality of mesh points, wherein: if the gradient feature
satisfies the condition, the second plurality of mesh points
includes the test point; and if the gradient feature does not
satisfy the condition, the second plurality of mesh points
does not include the test point.

[0013] In an Example 8, the method according to Example
7, wherein, if the gradient feature does not satisfy the
condition, the method further comprises: selecting an addi-
tional test point, the additional test point having a position
within the test neighborhood of the position of the first mesh
points; and performing the test associated with the additional
test point.

[0014] In an Example 9, the method according to any of
Examples 7 and 8, wherein the position of the test point is
located opposite the direction of a normal to the first surface
at the first mesh point.

[0015] In an Example 10, the method according to any of
Examples 7-9, wherein the test neighborhood comprises a
sphere with a radius of 2 millimeters.

[0016] In an Example 11, the method according to any of
Examples 7-10, wherein the metric comprises at least one of
an out-of-cardiac-band impedance measurement, a unipolar
electrode activation voltage measurement, a contact force
measurement of the mapping probe, and a position-based
cardiac motion measurement.

[0017] Inan Example 12, the method according to any of
Examples 7 - 11, wherein performing the test further com-
prises: determining a sensed voltage value corresponding to
the test point; and determining whether the sensed voltage
value exceeds a voltage threshold.

[0018] In an Example 13, the method according to
Example 12, wherein: if the gradient feature satisfies the
condition and the sensed voltage value exceeds the voltage
threshold, the second plurality of mesh points includes the
test point; and if the gradient feature does not satisfy the
condition or the sensed voltage value does not exceed the
voltage threshold, the second plurality of mesh points does
not include the test point.

[0019] In an Example 14, the method according to any of
Examples 7-13, wherein determining whether the gradient
feature satisfies a condition comprises determining whether
an absolute value of the gradient feature exceeds a gradient
threshold.

[0020] Inan Example 15, a system comprises: a mapping
probe configured to sense a plurality of signals associated
with a cardiac structure; a processing device configured to:
generate a first anatomical shell, wherein the first anatomical
shell comprises a first surface that intersects a first plurality
of mesh points, the first plurality of mesh points correspond-
ing to a plurality of signals, wherein each of the plurality of
signals includes at least one respective sensed electrical
signal; select a test point, wherein the first surface does not
intersect the test point, the test point having a position within
a test neighborhood of a position of a first mesh point;
determine a first value of a metric corresponding to the first
mesh point; determine a second value of the metric corre-
sponding to the test point; compute a gradient feature of the
metric based on the first and second values; determine
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whether the gradient feature satisfies a condition; and gen-
erate a second anatomical shell, wherein the second ana-
tomical shell comprises a second surface that intersects a
second plurality of mesh points; wherein if the gradient
feature satisfies the condition, the second plurality of mesh
points includes the test point, and if the gradient feature does
not satisfy the condition, the second plurality of mesh points
does not include the test point; and a display device con-
figured to display the second anatomical shell.

[0021] In an Example 16, a processor-implemented
method for voltage-guided anatomical shell editing com-
prises: outputting, to a display device, an anatomical shell of
a cardiac structure, wherein the anatomical shell is based on
a plurality of signals sensed by a mapping probe and wherein
each of the plurality of signals includes a respective sensed
voltage; receiving, from the user input device, a user input
specifying a first target depth for editing; receiving, from a
user input device, a selection of a first region of the
anatomical shell; generating a first modified anatomical shell
by: removing a first portion of the anatomical shell, the first
portion of the anatomical shell comprising the selected first
region of the surface and extending inward to a first editing
depth based on the first target depth, the first editing depth
comprising at least one finite depth, and generating a first
new surface region on the second modified anatomical shell,
corresponding to the selected region, wherein the first new
surface is disposed at the first editing depth and includes at
least one representation of a sensed voltage at the first
editing depth; outputting, to the display device, the modified
anatomical shell; receiving, from the user input device, a
command to undo the generation of the modified anatomical
shell; regenerating the anatomical shell; outputting the
regenerated anatomical shell to the display device; receiv-
ing, from the user input device, a user input specifying a
second target depth for editing; receiving, from a user input
device, a selection of a second region of the anatomical
shell, the second region comprising at least a portion of the
first region; generating a second modified anatomical shell
by: removing a second portion of the anatomical shell, the
second portion of the anatomical shell comprising the
selected second region of the surface and extending inward
to a second editing depth based on the second target depth,
the second editing depth comprising at least one finite depth,
and generating a second new surface region on the second
modified anatomical shell, corresponding to the selected
second region, wherein the second new surface is disposed
at the second editing depth and includes at least one repre-
sentation of a sensed voltage at the second editing depth; and
outputting, to the display device, the second modified ana-
tomical shell.

[0022] In an Example 17, the method of Example 16,
wherein the at least one representation of a sensed voltage at
the first editing depth indicates a voltage magnitude corre-
sponding to a blood pool.

[0023] In an Example 18, the method of Example 16,
wherein the at least one representation of a sensed voltage at
the second editing depth indicates a voltage magnitude
corresponding to cardiac tissue.

[0024] In an Example 19, the method of Example 16,
wherein the first target depth is at least 1 millimeter and at
most 5 millimeters.

[0025] In an Example 20, the method of Example 19,
wherein the second target depth is less than the first target
depth.
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[0026] In an Example 21, a system, comprising: a map-
ping probe configured to sense a plurality of signals asso-
ciated with a cardiac structure; a processing device config-
ured to: generate a first anatomical shell, wherein the first
anatomical shell comprises a first surface that intersects a
first plurality of mesh points, the first plurality of mesh
points corresponding to a plurality of signals, wherein each
of the plurality of signals includes at least one respective
sensed electrical signal; select a test point, wherein the first
surface does not intersect the test point, the test point having
a position within a test neighborhood of a position of a first
mesh point; determine a first value of a metric corresponding
to the first mesh point; determine a second value of the
metric corresponding to the test point; compute a gradient
feature of the metric based on the first and second values;
determine whether the gradient feature satisfies a condition;
and generate a second anatomical shell, wherein the second
anatomical shell comprises a second surface that intersects
a second plurality of mesh points; wherein if the gradient
feature satisfies the condition, the second plurality of mesh
points includes the test point, and if the gradient feature does
not satisfy the condition, the second plurality of mesh points
does not include the test point; and a display device con-
figured to display the second anatomical shell.

[0027] In an Example 22, the system of Example 21,
wherein the metric comprises at least one of an out-of-
cardiac-band impedance measurement, a unipolar electrode
activation voltage measurement, a contact force measure-
ment of the mapping probe, and a position-based cardiac
motion measurement.

[0028] In an Example 23, a processor-based method for
anatomical shell editing, the method comprising: generating
a first anatomical shell, wherein the first anatomical shell
comprises a first surface that intersects a first plurality of
mesh points, the first plurality of points corresponding to a
plurality of signals, wherein each of the plurality of signals
includes at least one respective sensed electrical signal,
selecting a test point, wherein the first surface does not
intersect the test point, the test point having a position within
a test neighborhood of a position of a first mesh point;
performing a test associated with the test point, comprising:
determining a first value of a metric corresponding to the
first mesh point; determining a second value of the metric
corresponding to the test point; computing a gradient feature
of the metric based on the first and second values; deter-
mining whether the gradient feature satisfies a condition;
and generating a second anatomical shell, wherein the
second anatomical shell comprises a second surface that
intersects a second plurality of mesh points, wherein: if the
gradient feature satisfies the condition, the second plurality
of mesh points includes the test point; and if the gradient
feature does not satisfy the condition, the second plurality of
mesh points does not include the test point.

[0029] In an Example 24, the method of Example 23,
wherein, if the gradient feature does not satisfy the condi-
tion, the method further comprising: selecting an additional
test point, the additional test point having a position within
the test neighborhood of the position of the first mesh points;
and performing the test associated with the additional test
point.

[0030] In an Example 25, the method of Example 23,
wherein the position of the test point is located opposite the
direction of a normal to the first surface at the first mesh
point.
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[0031] In an Example 26, the method of Example 23,
wherein the test neighborhood is a sphere with a radius of 2
millimeters.

[0032] In an Example 27, the method of Example 23,
wherein the metric comprises at least one of an out-of-
cardiac-band impedance measurement, a unipolar electrode
activation voltage measurement, a contact force measure-
ment of the mapping probe, and a position-based cardiac
motion measurement.

[0033] In an Example 28, the method of Example 23,
wherein performing the test further comprises: determining
a sensed voltage value corresponding to the test point; and
determining whether the sensed voltage value exceeds a
voltage threshold.

[0034] In an Example 29, The method according to
Example 28, wherein: if the gradient feature satisfies the
condition and the sensed voltage value exceeds the voltage
threshold, the second plurality of mesh points includes the
test point; and if the gradient feature does not satisfy the
condition or the sensed voltage value does not exceed the
voltage threshold, the second plurality of mesh points does
not include the test point.

[0035] In an Example 30, the method of Example 23,
wherein determining whether the gradient feature satisfies a
condition comprises determining whether an absolute value
of the gradient feature exceeds a gradient threshold.

[0036] In an Example 31, a computer program product
comprising a non-transitory computer readable storage
medium containing program code, the computer program
code when executed by a processor causes the processor to:
generate a first anatomical shell, wherein the first anatomical
shell comprises a first surface that intersects a first plurality
of mesh points, the first plurality of points corresponding to
a plurality of signals, wherein each of the plurality of signals
includes at least one respective sensed electrical signal;
select a test point, wherein the first surface does not intersect
the test point, the test point having a position within a test
neighborhood of a position of a first mesh point; perform a
test associated with the test point, comprising: determining
a first value of a metric corresponding to the first mesh point;
determining a second value of the metric corresponding to
the test point; computing a gradient feature of the metric
based on the first and second values; determining whether
the gradient feature satisfies a condition; and generate a
second anatomical shell, wherein the second anatomical
shell comprises a second surface that intersects a second
plurality of mesh points, wherein: if the gradient feature
satisfies the condition, the second plurality of mesh points
includes the test point; and if the gradient feature does not
satisfy the condition, the second plurality of mesh points
does not include the test point.

[0037] In an Example 32, the computer program product
of Example 31, wherein, if the gradient feature does not
satisfy the condition, the computer program code when
executed by a processor causes the processor to: select an
additional test point, the additional test point having a
position within the test neighborhood of the position of the
first mesh points; and perform the test associated with the
additional test point.

[0038] In an Example 33, the computer program product
of Example 31, wherein the position of the test point is
located opposite the direction of a normal to the first surface
at the first mesh point.
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[0039] In an Example 34, the computer program product
of Example 31, wherein the metric comprises at least one of
an out-of-cardiac-band impedance measurement, a unipolar
electrode activation voltage measurement, a contact force
measurement of the mapping probe, and a position-based
cardiac motion measurement.

[0040] In an Example 35, the computer program product
of Example 31, wherein performing the test further com-
prises: determining a sensed voltage value corresponding to
the test point; and determining whether the sensed voltage
value exceeds a voltage threshold, wherein if the gradient
feature satisfies the condition and the sensed voltage value
exceeds the voltage threshold, the second plurality of mesh
points includes the test point; and if the gradient feature does
not satisfy the condition or the sensed voltage value does not
exceed the voltage threshold, the second plurality of mesh
points does not include the test point.

[0041] While multiple embodiments are disclosed, still
other embodiments of the present disclosure will become
apparent to those skilled in the art from the following
detailed description, which shows and describes illustrative
embodiments of the disclosure. Accordingly, the drawings
and detailed description are to be regarded as illustrative in
nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG.11is a schematic view of a system for mapping
and viewing internal cardiac structures, in accordance with
embodiments of the present disclosure.

[0043] FIG. 2 is a schematic view of a mapping probe for
use in association with the system of FIG. 1, in accordance
with embodiments of the disclosure.

[0044] FIG. 3 is a flow diagram depicting an illustrative
processor-implemented method for anatomical shell editing,
in accordance with embodiments of the disclosure.

[0045] FIGS. 4A-4D are images of an anatomical shell
shown from different perspectives, in accordance with
embodiments of the disclosure.

[0046] FIG. 5 is a graph of a metric, in accordance with
embodiments of the disclosure.

[0047] FIGS. 6A-6C illustrate different types of contact
between an electrode and a cardiac structure, in accordance
with embodiments of the disclosure.

[0048] FIG. 7 is a flow diagram depicting another illus-
trative processor-implemented method for anatomical shell
editing, in accordance with embodiments of the disclosure.

[0049] FIG. 8 is a flow diagram depicting an illustrative
processor-implemented method for performing a test asso-
ciated with a test point, in accordance with embodiments of
the disclosure.

[0050] While the disclosed subject matter is amenable to
various modifications and alternative forms, specific
embodiments have been shown by way of example in the
drawings and are described in detail below. The intention,
however, is not to limit the disclosure to the particular
embodiments described. On the contrary, the disclosure is
intended to cover all modifications, equivalents, and alter-
natives falling within the scope of the disclosure 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
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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 is a schematic view of a mapping system
100 for mapping cardiac structures 102, in accordance with
embodiments of the disclosure. Throughout this disclosure,
the term “cardiac structure” can mean any portion of a
subject’s heart and/or adjacent features such as, for example,
an endocardium, an epicardium, an entire heart, a heart
chamber, a portion of a heart chamber, a valve, a coronary
sinus and/or its tributaries, a portion of a coronary sinus
and/or a portion of its tributaries, a pulmonary artery, other
surrounding vasculature and/or the like. While this disclo-
sure discusses using the mapping system 100 to map cardiac
structures 102, embodiments of the mapping system 100
may also, or alternatively, be used to map other organs and
biological tissue including, but not limited to, kidneys,
lungs, brains, gall bladders, livers, spleens, intestines and/or
the like.

[0053] The system 100 includes a mapping probe 14. The
mapping probe 14 includes a flexible catheter body 18.
When mapping cardiac structures 102, a physician or medi-
cal professional inserts the distal end of the catheter body 18
into a cardiac chamber (e.g., the left ventricle of the heart)
of a patient. While the left ventricle of the heart is shown,
alternatively, the distal end of the catheter body 18 can be
deployed in other parts of the heart and/or surrounding
vasculature, such as, e.g., the left atrium, the right atrium, or
the right ventricle, the coronary sinus and its tributaries and
the pulmonary artery. The distal end of the catheter body 18
has a multiple electrode structure 20. In the illustrated
embodiments, the electrode structure 20 takes the form of a
basket defining an open interior space 22. While the elec-
trode structure 20 takes the form of a basket in the illustrated
embodiments, this is only an example and other electrode
structures can be utilized. For example, the electrode struc-
ture may include one or more electrodes (e.g., ablation
electrodes, microelectrodes, ring electrodes, etc.) disposed
on an ablation catheter, a diagnostic catheter, and/or the like.
[0054] As shown in FIG. 1, the electrode structure 20
includes a number of electrodes 24. The electrodes 24 are
configured to sense electrical signals traversing the cardiac
structure 102. The electrical signals can be sensed on the
endocardium surface of the heart and/or in the heart chamber
below the endocardium surface. As used herein, a mapped
representation of a signal that is sensed at a point inside a
heart chamber is referred to as being below the endocardium
surface. That is, for example, because the map includes an
anatomical shell that represents an endocardium surface and,
from the perspective of the viewer, a point that is located
inside the chamber, and not on the endocardium surface,
would appear to be below the mapped surface.

[0055] Each signal may be associated with a set of respec-
tive position coordinates that correspond to the location at
which the signal was sensed. The respective electrical sig-
nals can include, but are not limited to, voltage magnitudes,
activation signals and changes in activation signals over a
period of time. Each of the respective position coordinates
may include three-dimensional Cartesian coordinates, polar
coordinates, and/or the like. In embodiments, other coordi-
nate systems can be used. In embodiments, an arbitrary
originis used and the respective position coordinates refer to
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positions in space relative to the arbitrary origin. Since, in
embodiments, the signals may be sensed on the endocat-
dium surface as well as in the chamber enclosed by the
endocardium surface, the respective position coordinates
may be on the endocardium surface of the patient’s heart
and/or below the endocardium surface.

[0056] The electrodes 24 are electrically coupled to a
processing device 32. That 1s, each electrode 24 on the
basket structure 20 may be communicatively coupled to the
processing device 32, via a wired and/or wireless connec-
tion. In embodiments where there is a wired connection, the
wires (not shown) from each electrode may extend through
the catheter body 18 of the mapping probe 14 and electri-
cally couple each electrode 24 to the processing device 32.
In embodiments where there is a wireless connection, a
transmitter (not shown) may be included in the mapping
probe 14 which may transmit sensed signals from each
electrode 24 on the basket structure 20 to a receiver (not
shown) that is coupled to the processing device 32.

[0057] Once the sensed points are received by the pro-
cessing device 32 from the electrodes 24, the processing
device 32 processes the sensed signals. The processing
device 32 processes the sensed points according to anatomi-
cal shell editing instructions 36, which are stored on memory
34. The processing device 32 may be, include, or be included
in, an electrical processor, a software processor, a general
purpose microprocessor and/or a special purpose micropro-
cessor, and may include a sole processor or one of multiple
processors or cores. The processed signals are displayed on
a display device 40. The display device 40 can include, but
is not limited to, one of the following display devices: a
cathode ray tube (CRT) display, a light emitting diode (LED)
display, or a liquid crystal display (LCD) display.

[0058] The memory 34 can be in the form of volatile
and/or nonvolatile memory and may be removable, nonre-
movable, 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, magnetic disk
storage or other maguetic storage devices; data transmis-
sions; and/or any other medium that can be used to store
information and can be accessed by a processing device 32
such as, for example, quantum state memory, and/or the like.
Mapping instructions 36 may be programmed on the
memory 34 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.

[0059] The processing device 32, the memory 34 and the
display device 40 can be coupled together, directly and/or
indirectly, by a bus 42. Any number of additional compo-
nents, different components, and/or combinations of com-
ponents may also be coupled to the processing device 32,
memory 34 and display device 40, via the bus 42. The bus
represents what may be one or more busses (such as, for
example, an address bus, data bus, or combination thereof).
[0060] The illustrative 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 disclo-
sure. Neither should the illustrative mapping system 100 be
interpreted as having any dependency or requirement related
to any single component or combination of components
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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 con-
sidered to be within the ambit of the present disclosure. For
example, the memory 34 may be integrated with the pro-
cessing device 32.

[0061] FIG. 2 is a schematic view of a mapping probe 14
for use in association with the system 100 of FIG. 1, in
accordance with embodiments of the disclosure. The map-
ping probe 14 has a flexible catheter body 18, the distal end
of which carries the three-dimensional basket structure 20
that includes the mapping electrodes 24. As stated above, the
mapping electrodes 24 sense signals in a cardiac structure;
and the sensed signals are sent to a processing device 32, via
a wired and/or wireless connection. The processing device
32 processes the sensed signals and a map is created, as
described, for example, in the description corresponding to
FIG. 3, below. The types of maps created can include, but are
not limited to, the following: a voltage map, an activation
map, a fractionation map, a velocity map, and/or the like.
[0062] The basket structure 20 comprises a base member
41 and an end cap 42 between which flexible splines 44
generally extend in a circumferentially spaced relationship.
As discussed above, the basket structure 20 takes the form
of a basket defining an open interior space 22. In embodi-
ments, the splines 44 are made of a resilient inert material,
such as Nitinol metal or silicone rubber, and are connected
between the base member 41 and the end cap 42 in a
resilient, pre-tensed condition, to bend and conform to the
tissue surface they contact. In the illustrated embodiments,
eight splines 44 form the three-dimensional structure 20.
Additional or fewer splines 44 could be used in other
embodiments, and the three-dimensional structure 20 may
be configured according to any number of different shapes
such as, for example, generally spherical shapes, generally
elliptical shapes, generally tear-drop shapes, and/or the like.
As illustrated, each spline 44 carries eight mapping elec-
trodes 24. Additional or fewer mapping electrodes 24 could
be disposed on each spline 44 in other embodiments of the
three-dimensional structure 20. In the illustrated embodi-
ments, the three-dimensional structure 20 is relatively small
(e.g., 40 mm or less in diameter). In embodiments, the
three-dimensional structure 20 is larger (e.g., 40 mm in
diameter or greater).

[0063] In embodiments, a slidable sheath 50 is movable
along the major axis of the catheter body 30. Moving the
sheath 50 forward (i.e., toward the distal end) causes the
sheath 50 to move over the three-dimensional structure 20,
thereby collapsing the structure 20 into a compact, low
profile condition suitable for introduction into an interior
space, such as, for example, into the heart. In contrast,
moving the sheath 50 rearward (i.e., toward the proximal
end) exposes the three-dimensional structure 20, allowing
the structure 20 to elastically expand and assume the pre-
tensed position illustrated in FIG. 2. Further details of
embodiments of the three-dimensional structure 20 are dis-
closed, for example, in US. Pat. No. 5,647,870, entitled
“Multiple Electrode Support Structures,” which is hereby
incorporated by reference in its entirety.

[0064] In embodiments where the mapping probe 14 uses
a wired connection, a signal wire (not shown) may be
electrically coupled to each mapping electrode 24. The wires
may extend through the body 30 of the mapping catheter 20
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into a handle 54, in which they may be coupled to an
external connector 56, which may be, for example, a mul-
tiple pin connector. The connector 56 electrically couples the
mapping electrodes 24 to the processing system 32. Further
details on mapping systems and methods for processing
signal generated by mapping catheters are discussed, for
example, in 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 incorporated herein by reference.
[0065] It is noted that other electrode structures could be
deployed on the distal end of a mapping catheter. It is further
noted that the multiple mapping electrodes 24 may be
disposed on more than one structure, rather than, for
example, the single mapping probe 14 illustrated in FIG. 2.
For example, if mapping within the left atrium with multiple
mapping structures, an arrangement comprising a coronary
sinus catheter carrying multiple mapping electrodes and a
basket catheter carrying multiple mapping electrodes posi-
tioned in the left atrium may be used. As another example,
if mapping within the right atrium with multiple mapping
structures, an arrangement comprising a decapolar catheter
carrying multiple mapping electrodes for positioning in the
coronary sinus, and a loop catheter carrying multiple map-
ping electrodes for positioning around the tricuspid annulus
may be used.

[0066] Although the mapping electrodes 24 have been
described as being carried by dedicated mapping probes,
such as the mapping probe 14, the mapping electrodes may
be carried on non-mapping dedicated probes or multifunc-
tion probes. For example, an ablation catheter can be con-
figured to include one or more mapping electrodes 24
disposed on the distal end of the catheter body and coupled
to the signal processing system 32.

[0067] FIG. 3 is a flow diagram of a processor-based
method 300 for adjustable depth anatomical shell editing, in
accordance with embodiments of the disclosure. Embodi-
ments of method 300 may be performed, in whole or in part,
by a mapping systen (e.g., the mapping system 100 depicted
in FIG. 1). Method 300 includes outputting a first anatomical
shell of a cardiac structure to a display device (block 302).
The first anatomical shell includes representations of a
plurality of voltages associated with the cardiac structure at
a plurality of points, wherein the plurality of voltages are
sensed by a mapping probe. In embodiments, the mapping
probe can have the same or similar characteristics to the
mapping probe 14 described above in FIGS. 1 and 2. In
embodiments, the cardiac structure can include, but is not
limited to, a portion of the left atrium, a portion of the right
atrium, a portion of the left ventricle, a portion of the right
ventricle, a portion of the coronary sinus and/or a portion of
its tributaries, a portion of other surrounding vasculature or
the complete chamber of the left atrium, the right atrium, the
left ventricle, the right ventricle, the coronary sinus and its
tributaries or the surrounding vasculature.

[0068] Each of the plurality of voltages sensed by the
mapping probe has a corresponding set of three-dimensional
position coordinates. The three-dimensional position coor-
dinates for a sensed voltage is referred to as the point at
which the voltage was sensed. In embodiments, the points
may be represented in Cartesian coordinates. However,
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other coordinate systems can be used. In embodiments, an
arbitrary origin is used and the points are defined with
respect to the arbitrary origin. In some embodiments, the
points have non-uniform spacing, while in other embodi-
ments, the points have uniform spacing. In embodiments, a
point corresponding to a sensed voltage may be located on
the endocardium surface of the heart and/or below to the
endocardium surface of the heart.

[0069] In embodiments, the anatomical shell may be gen-
erated based, at least in part, on the electrical signals. The
shell may be generated, at least in part, using any number of
other signals, techniques, and/or the like. For example,
embodiments may utilize impedance mapping techniques to
generate the shell. In embodiments, a surface may be fitted
on one or more of the points associated with the electrical
signals to generate a shell representing the endocardium
surface. In embodiments, one or more features of the elec-
trical signals at the corresponding points can be included in
the map of the endocardium surface. For example, embodi-
ments may include displaying annotations on the shell that
represent features extracted from the electrical signals such
as, for example, voltages, activation amplitudes, signal
sharpness and/or the like. As another example, a surface may
be fitted on one or more of the points associated with the
electrical signals to generate a shell representing an epicar-
dium surface or other excitable cardiac tissue.

[0070] An image of an illustrative first anatomical shell
400A outputted to a display device is shown in FIG. 4A. The
different shades of grey correspond to different voltages
sensed by the mapping probe. More specifically, the first
portion 402, the second portion 404, the third portion 406
and the fourth portion 408 each have different, respective,
voltage magnitudes (or range of voltage magnitudes). The
first portion 402 has a higher voltage magnitude than the
second portion 404, the second portion 404 has a higher
voltage magnitude than the third portion 406 and the third
portion 406 has a higher voltage than the fourth portion 408.
[0071] Embodiments of method 300 also include receiv-
ing, from a user input device, a selection of a region of the
first anatomical shell (block 304). The user input device used
to make the selection may include a mouse, a touchscreen
and/or the like, that is used to manipulate a selection tool that
is provided on a user interface provided by the display
device. The selection tool may include, for example, a brush,
a cursor for enclosing the selected region by drawing a
freeform shape around the region, an expandable polygon
selection tool, and/or the like, and may be, in embodiments,
selected from a number of optional selection tools. In
embodiments, the selection tool may have an adjustable size,
behavior and/or other characteristics thereof. In this manner,
for example, a user may select a desired selection tool and
a size thereof. Selecting a region of the surface of the
anatomical shell may include, for example, circling the
region of the surface of the anatomical shell using a mouse
or touchscreen device to manipulate a cursor, brushing over
the region of the surface using an input device to manipulate
a brush, and/or the like.

[0072] Referring to FIG. 4A, for example, a selected
region 410A is shown. The selected region 410A includes
three regions, a first region 402A, a second region 404A, and
a third region 406 A, each having representations of different
voltages. The different voltages may be represented, for
example, using different colors, shading, textures, and/or the
like. The first region 402A has the same voltage as the region
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402, which is higher than the voltage of the second region
404A, which has the same voltage as the regions 404. And,
the second region 404 A has a higher voltage than the third
region 406 A, which has the same voltage as the regions 406.
From the different voltage magnitudes sensed in the three
regions 402A, 404A, 406 A, a user may determine that the
system did not accurately represent all of the voltage mag-
nitudes in the selected region 410A. In particular, for
example, the user may determine that the second region
404A and the third region 406A should have a voltage
magnitude closer to the first region 402A. Alternatively, or
additionally, a user familiar with the cardiac anatomy may
recognize that the anatomical shell 400A is not accurately
represented because, for example, the user knows that the
cardiac chamber has an internal protrusion near the second
region 404 A and the third region 406A that is not shown on
the shell 400A. By employing embodiments provided
herein, however, the anatomical shell 400A may be edited to
more accurately represent the cardiac structure, as explained
below.

[0073] In some embodiments, method 300 may also
include receiving, from an input device, a modification to
the selection of the region of the surface of the anatomical
shell. In response to receiving the modification, the modified
selection may be made of a region of the surface of the
anatomical shell. Being able to modify the selection may be
useful to a user that selected too big or too small of a region,
for facilitating incremental selection, to facilitate more accu-
rate selection, and/or the like. In embodiments, a modifica-
tion to the selection may include a modification to the target
depth of the selection, a modification to the size of the region
of the surface selected, and/or the like. For example, in
embodiments, the modification may include a selection of an
additional region of the surface of the anatomical shell.
Similar to selecting a portion above, a mouse, touchscreen or
the like can be used to modify the selection. In embodi-
ments, modifying the selected portion may include deselect-
ing the selected region and then reselecting a region. In
embodiments, modifying the selection may include modi-
fying the selection by altering the boundaries of the selec-
tion. In embodiments this may be done, for example, by
clicking on a portion of the border of the selected region and
dragging the selected portion of the border to a new location.

[0074] Embodiments of method 300 also include receiv-
ing, from a user input device, a target depth for the selected
region (block 306). Using the received target depth, the
selected region 410A may be removed to an editing depth
that is based on the target depth and that follows the contour
of the anatomical shell 400A. In embodiments, the removed
portion includes the selected region (or modified selected
region) of the surface and extending inward to an editing
depth. The editing depth may include at least one finite depth
and may vary, corresponding to the contour of the surface of
the anatomical shell. That is, for example, the editing depth
may be the distance, along an axis normal to the surface of
the anatomical shell, between a point on the surface of the
anatomical shell and a point inward from the surface (i.e.,
below the surface) of the anatomical shell. In that manner,
the editing depth may change with the contour of the
surface.

[0075] According to embodiments, the editing depth may
be adjustable and/or selectable. That is, for example, a user
may input and/or select a target depth, via the user interface,
such that the editing depth, corresponding to each point in
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the selected region, may be at least approximately equal to
the target depth (e.g., equal to the target depth, within at least
0.1 millimeters of the target depth, within at least 0.5
millimeters of the target depth, within 1 millimeter of the
target depth, and/or the like. In embodiments, the target
depth may be less than one millimeter, at least one milli-
meter and no more than 10 millimeters, at least one milli-
meter and no more than 5 millimeters, and/or the like.
[0076] In embodiments, method 300 can include receiv-
ing, from a user input device, a command to rotate the
displayed anatomical shell 400A after the region 410A is
selected, before the region 410A is selected, and/or at any
time while the anatomical shell 400A is displayed. The
method 300 can include generating a rotated view of the first
anatomical shell based on the command. In embodiments,
the anatomical shell 400A may be rotated in any direction.
Additionally, any number of other methods of adjusting a
displayed image may be employed such as, for example,
zoom, pan, invert, and/or the like. Additionally, any number
of different colors, textures, and/or the like may be imple-
mented, adjusted, and/or selected for representing various
displayed features such as, for example, anatomical features,
voltage magnitudes, signal sharpness, activation amplitudes,
activation propagations, and/or the like.

[0077] In embodiments, method 300 can include receiv-
ing, from a user input device, a command to generate the
modified anatomical shape (block 308). Therefore, instead
of automatically generating the modified shape once the
region 410A is selected, the processor-based method waits
until a user inputs a command to generate the modified
anatomical shape. This can be useful to determine whether
the selected region 410A is what the user intended to select.
Embodiments of the disclosure also include automatically
generating the modified anatomical shape, based on the
selected region.

[0078] Embodiments of method 300 also include gener-
ating a modified (second) anatomical shell that includes the
at least one voltage sensed by the mapping probe at approxi-
mately the finite depth for the selected portion (block 310).
That is, in embodiments, the modified anatomical shell has
the same shape and voltages as the first anatomical shell
400A, except that the selected portion 410A displays the
voltage(s) sensed by the mapping probe at approximately the
finite depth. In embodiments, the modified anatomical shell
may be altered in shape to indicate the presence or absence
of a feature, structure, and/or the like. In embodiments, the
selected region may be removed to the editing depth, in the
modified anatomical shell, with a new surface region being
generated at the editing depth, upon which is displayed the
respective voltage values. After the modified anatomical
shape is generated, embodiments of method 300 include
outputting the modified anatomical shell to the display
device (block 312). The display device may have some or all
of the same characteristics as the display device 40 in FIG.
1.

[0079] An image of an exemplary modified anatomical
shell 400B outputted to a display device is shown in FIG.
4B. As shown, the selected region 410B of the modified
anatomical shell 400B has different voltage magnitudes than
the selected region 410A of the first anatomical shell 400A.
In particular, the selected region 410B now includes a region
408B that has the same voltage magnitude as the fourth
regions 408 and a region 406B that has the same voltage
magnitude as the third regions 406. In embodiments, a user
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and/or a processing device (e.g., the processing device 32
depicted in FIG. 1) may determine that since the regions
406B, 408B have such low voltage magnitudes, the regions
4068, 508B likely correspond to blood pools. In this man-
ner, since the regions 406B, 408B have voltage magnitudes
that roughly correspond to voltage magnitudes sense in
blood pools, a user may, for example, determine that the
selected target depth was likely too deep. As a result, in
embodiments, method 300 can include receiving a command
from a user input device to undo the generation of the
modified anatomical shell and regenerate the first anatomical
shell (block 314). When the first anatomical shell is gener-
ated, it can be output to the display device for the user to
view.

[0080] After a user chooses to undo the generation of the
modified anatomical shell 400B, a user may then modify the
selected region 410A, either by increasing or decreasing the
boundary of the selected region 410A or changing the depth
of the selected region 410A. In the example illustrated in
FIGS. 4A-4D, the target depth was modified. Another (third)
modified anatomical shell 400C may be created, using the
modified selection (e.g., the modified target depth), as
shown in FIG. 4C. As can be seen, higher voltage magni-
tudes are included in the selected region 410C. In particular,
a region 402C has the same voltage magnitudes as the first
regions 402 and a region 404C has the same voltage mag-
nitudes as the second regions 404.

[0081] FIG. 4D is another, rotated, view of the modified
anatomical shell 400C showing the selected region 410C.
Due to this rotation, a user may tell that the modified target
depth received resulted in a modified anatomical shell 400C
that is likely closer in shape to the actual cardiac chamber
than the first anatomical shell 400A and the modified ana-
tomical shell 400B. If, on the other hand, several finite
depths were attempted, which did not improve the voltage
magnitude of the selected portion 410A in FIG. 4A, then a
physician may be able to tell that the selected portion 410A
is diseased and exhibiting less than ideal voltage activation.
In this manner, a physician or other medical professional
may better perform any necessary cardiac treatment on this
cardiac chamber due to the increased accuracy of the dis-
played representation.

[0082] While embodiments of a user-directed method of
voltage-guided anatomical shell editing are described above,
embodiments of the disclosure include automated anatomi-
cal shell editing. In embodiments, for example, a processing
device (e.g., the processing device 32 depicted in FIG. 1)
may be configured to test points below the endocardium
surface of a generated anatomical shell to determine whether
anatomical features exist there, to determine voltage mag-
nitudes at various points and depths, and/or the like. In
embodiments, the processing device may be configured to
utilize any number of different metrics such as, for example,
voltage magnitudes, activation amplitudes, signal sharpness,
out-of-cardiac-band impedance measurements, contact force
measurements of the mapping probe, position-based cardiac
motion measurements, and/or the like. Values of the metrics
may be utilized in any number of various algorithms to
identify internal structures and/or the like.

[0083] In embodiments, the chosen metric (or metrics)
such as those listed above may tend to exhibit behaviors for
which proximity to tissue will coincide with meaningful
outliers, allowing for intelligent annotation and aggregation.
The metric may also be some combination of those quanti-
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ties. In embodiments, the metric may be a R*—R function,
such that for every point where the metric was measured, a
3D position is recorded as well as a scalar value.

[0084] In embodiments, a metric may be selected so that
the likelihood, proximity, and/or degree of contact between
an electrode (and/or mapping probe) and the cardiac struc-
ture at a particular point (e.g., a test point) can be deter-
mined. For example, by determining the likelihood, prox-
imity, and/or degree of contact between an electrode (and/or
mapping probe) and a cardiac structure, one may determine
whether or not the generated anatomical shell is a distorted
version of the actual shape of the cardiac structure. For
example, an observation about the profile exhibited by
embodiments of the metric is embodied in FIG. 5. FIG. 5 is
a graph 500 of a metric 502 that may be used to model
techniques for determining the likelihood, proximity, and/or
degree of contact between an electrode (and/or mapping
probe) and a cardiac structure is shown, in accordance with
embodiments of the disclosure.

[0085] As illustrated in FIG. 5, the general mathematical
model corresponding to the metric may be for example:

For |d] > &,

d‘ﬂ
—| <4

where d is the distance of a location of a measured signal
from a cardiac structure, € is a first threshold, and 9 1s a
second threshold. Similarly,

df
For |d| < &, —‘ >> 4
dx

[0086] That is, embodiments of the system may utilize the
information that is in the gradient. For example, in the blood
pool (e.g., in the case of under-contact), the values of the
metric may be considered to be roughly uniform around
some low mean, and conversely, for over-contact, the values
may be considered to be roughly uniform around some high
mean. The endocardium surface may be considered to be in
the vicinity of the vertical axis (or, e.g., within € of the
vertical axis). This 1-dimensional model may be expanded
to 3D, for example, by means of spatial quantization, if
linearization by density is assumed. That is, for example,
one may reduce the generalized 3D case, described by the
similarly generalized 3D gradient, to a set of linear gradients
taken between a set of selected points.

[0087] For example, a metric 502 may be chosen so that
when there is a preferred amount (or likelihood) of contact
between a mapping electrode and the cardiac structure, the
gradient of the metric 502 is greater, and exceeds a thresh-
old, than the gradient of the metric 502 when the mapping
electrode is either not in contact with the cardiac structure or
is distending the cardiac structure (e.g., in a situation of
over-contact). In embodiments, a sensed electrical signal
may exhibit the properties of metric 502 in FIG. 5 and may
be selected to be the metric. In embodiments, the sensed
electrical signal selected to be the metric may include, but is
not limited to, one or more of the following: an out-of-
cardiac-band impedance measurement, a unipolar electrode



US 2017/0092014 Al

activation voltage measurement, a contact force measure-
ment of the mapping probe, and a position-based cardiac
motion measurement.

[0088] Referring to FIGS. 6 A-6C, for example, three types
of contact between an electrode 602A-602C and a cardiac
structure 604A-604C are illustrated. In embodiments, the
electrode 602A-602C may represent more than one elec-
trode, a mapping probe, a catheter tip, and/or the like. For
the purposes of clarity, the discussion will refer to an
electrode, but this discussion is not meant to limit the scope
of embodiments of the disclosure, and it is to be understood
that a similar discussion may be applicable to multiple
electrodes, a mapping probe, a catheter, and/or the like. For
this example, assume an anatomical shape was generated
that has a first surface that intersects the outermost points
sensed by the mapping probe and that the metric is a sensed
voltage.

[0089] Referring to FIG. 6A, the electrode 602A in this
embodiment has a desirable amount of contact with the
cardiac structure 604A at sensed point 606A. In particular,
the electrode 602A is contacting the cardiac structure 604A
at sensed point 606A, but is not pushing against the cardiac
surface 604A and distorting it. Accordingly, a generated
anatomical shell based on a signal sensed by a mapping
electrode 602A having this type of contact with a cardiac
structure 604A may closely resemble the actual shape of the
cardiac structure 604A at the sensed point 606A. That is, for
example, the sensed point 606A may be regarded as an
appropriate point for displaying as a point on the surface, or
mesh, of the anatomical shell.

[0090] According to embodiments, to determine whether
the sensed point 606A is an appropriate surface point, a test,
based on a gradient of one or more metrics, as discussed
above, may be performed with respect to a test point 610A.
In particular, a test point 610A may be selected that has a
position within a test neighborhood of the position of the
sensed point 606 A. Since the sensed point 606A is one of the
outermost points sensed by the mapping probe, the test point
will be located below the cardiac structure surface 604A
with respect to the sensed point 606 A. Since the sensed point
606A is on the surface of the cardiac structure 804A, any
point that is located below the surface 604 A may be located
in the blood pool 608A of the cardiac structure 604A. Blood
generally exhibits a distinctly lower voltage than what is
sensed on the surface (e.g., the endocardium) of the cardiac
structure 604A. Since the voltage measured in blood gen-
erally is distinctly lower than the voltage measured on the
surface of the cardiac structure 604 A, there may be a steep
gradient between the two values of the sensed voltage (i.e.,
the values of the metric at the sensed point 606 A and the test
point 610A). If the gradient exceeds a threshold, it may be
determined that the sensed point 606A is located within a
threshold distance of the surface of the cardiac structure
604A.

[0091] Referring to FIG. 6B, the electrode 602B, in this
embodiment, is contacting the cardiac structure 604B, but is
also pushing against the cardiac structure 6048 and distort-
ing it. Accordingly, a generated anatomical shell based on a
signal sensed by a mapping electrode 602B having this type
of contact with the cardiac structure 604B will produce an
anatomical shell that is larger than the actual shape of the
cardiac structure 604B at the sensed point 606B. In other
words, the sensed point 606B may not be an appropriate
point to be intersected by the surface 604B. To determine
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whether the generated anatomical shell is a distorted shape
of the actual shape of the cardiac structure 604B at sensed
point 606B, a test may be performed, using a metric as
discussed above, with respect to a test point 610B.

[0092] In embodiments, a determination may be made as
to whether the electrode 602B is touching the surface of the
cardiac structure 604B. That is, since the electrode 602B is
touching the surface of the cardiac structure 604B, a voltage
will be sensed at the sensed point 606B that is distinctly
higher than if the sensed point 606B were sensing a voltage
in the blood pool 608B. Accordingly, it can be determined
that the electrode 602B is touching the surface of the cardiac
structure 604B. Additionally, or altematively, a force-sens-
ing metric, an impedance metric, and/or the like, may be
utilized to determine whether the electrode 602B is contact-
ing the surface of the cardiac structure 604B. In embodi-
ments, after making this determination, the test may be
performed.

[0093] In particular, a test point 610B may be selected that
is located within a test neighborhood of sensed point 6068.
Since the sensed point 606B is one of an outermost point
sensed by the mapping probe, the selected point will be
located below the surface of the cardiac structure 604B with
respect to the sensed point 606B. Since the sensed point
6068 is distending the surface of the cardiac structure 6048,
a test point 610B and a corresponding voltage may, for
example, have been sensed that is just touching the surface
of the cardiac structure 604B (similar to the configuration
shown in FIG. 6A) and is not distending the surface of the
cardiac structure 604B, assuming a suitable density of
signals were sensed by the mapping probe. Accordingly, the
test point 610B may have a voltage similar to the voltage of
the sensed point 6068 and the gradient for the two values
might not exceed a threshold. In this example, the test point
610B may be replaced with the sensed point 606B in the set
of points that the surface of the anatomical shell intersects
since the gradient does not exceed a threshold and since the
sensed point 6068 is touching the surface of the cardiac
structure 604B, as determined by the voltage sensed at the
sensed point 606B. By replacing the sensed point 606B with
the test point 610B, the anatomical shell may more accu-
rately represent the actual shape of the cardiac structure
604B.

[0094] Referring to FIG. 6C, the electrode 602C in this
embodiment is not contacting the cardiac structure 604C.
Accordingly, a generated anatomical shell based on a signal
sensed by a mapping electrode 602C having this type of
contact with a cardiac structure 604C may produce an
anatomical shell that is smaller than the actual shape of the
cardiac structure 604C at this sensed point 606C. To deter-
mine whether the generated anatomical shell is a distorted
shape of the actual shape of the cardiac structure 604C at
sensed point 606C, a test may be performed, using a metric
as described above, with respect to a test point 610C.
[0095] In some embodiments, before performing the test,
a determination as to whether the electrode 602C is touching
the surface of the cardiac structure 604C may be performed.
That is, since the electrode 602C is located in a blood pool
608C and not touching the surface of the cardiac structure
604C, a voltage may be sensed at the sensed point 606C that
is distinctly smaller than if the sensed point 606C were
touching the surface of the cardiac structure 604C. Addi-
tionally, or alternatively, a force-sensing metric, an imped-
ance metric, and/or the like, may be utilized to determine
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whether the electrode 602C is contacting the surface of the
cardiac structure 604C. Accordingly, it may be determined
that the electrode 602C is not touching the surface of the
cardiac structure 604C. In embodiments, when a determi-
nation is made that the electrode 606C is not touching the
cardiac structure 604C, the test may not be performed.
Instead, a physician or other medical professional may
choose to map the cardiac structure 604C near sensed point
606C more thoroughly. In embodiments, if the test is per-
formed, it may be determined that the sensed point 606C is
not on the surface of the cardiac structure 604C since the
voltage at a test point 610B, in the blood pool, will be similar
to the voltage at the sensed point 606C and, therefore, the
gradient of the metric will be low and not exceed a threshold.

[0096] In embodiments, the processing device 32 may be
configured to automatically improve the accuracy of its
algorithms by using one or more artificial intelligence (i.e.,
machine-learning) techniques, classifiers, and/or the like. In
embodiments, for example, the processing device may use
one or more supervised and/or unsupervised techniques such
as, for example, support vector machines (SVMs), k-nearest
neighbor techniques, artificial neural networks, and/or the
like. In embodiments, classifiers may be trained and/or
adapted using feedback information from a user, other
metrics, and/or the like.

[0097] FIG. 7 is a flow diagram of a processor-based
method 700 for adjustable depth anatomical shell editing, in
accordance with embodiments of the disclosure. Embodi-
ments of the method 700 may be performed, in whole or in
part, by a mapping system (e.g., the mapping system 100
depicted in FIG. 1), which may include a processing device
(e.g., the processing device 32 depicted in FIG. 1). As stated
above, in embodiments, a generated anatomical shell may
include points and/or sections that do not accurately repre-
sent the actual shape of the endocardium surface of the
cardiac tissue from which the anatomical shell is generated.
Embodiments of the method 700 may facilitate determining
whether various points and/or sections of a generated ana-
tomical shell are an accurate representation of the actual
shape of the cardiac tissue that is being mapped. Embodi-
ments of the method 700 use electrical data associated with
various points intersected by a mesh (and, e.g., the surface
of the anatomical shell), and electrical data from test points
below the surface of the anatomical shell (e.g., points that
are not intersected by the mesh) to determine whether the
surface of the anatomical shell should, to more accurately
represent a map of the cardiac tissue, intersect one or more
of the test points instead of one or more of the mesh points.

[0098] As shown in FIG. 7, the method 700 includes
generating a first anatomical shell, where the first anatomical
shell comprises a first surface that intersects a first set of
mesh points, the first set of mesh points corresponding to a
number of signals, where each of the signals includes at least
one respective sensed electrical signal (block 702). In
embodiments, the signals corresponding to the first set of
mesh points, may be sensed using a mapping probe that has
the same, or similar, characteristics to the mapping probe 14
described above. Each mesh point has a respective set of
position coordinates, as described above in FIG. 3. In
embodiments, a mesh point of the first set of mesh points can
be either a point in space or a voxel. The first surface of the
first anatomical shell may be fitted to the first set of mesh
points at the respective position coordinates of the mesh
points. In embodiments, the first set of mesh points is a
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subset of all of the points corresponding to signals sensed by
the mapping probe. At least some of the points sensed by the
mapping probe that are not included in the first plurality of
mesh points may be used as test points, as described below.

[0099] The method 700 also includes selecting a test point,
where the first surface does not intersect the test point (block
704). As stated above, the method 700 may be used to
determine whether a surface of a generated anatomical shell
should intersect a first mesh point of the first set of mesh
points or whether the surface should, instead, intersect
another point, e.g., a test point. As such, in embodiments, the
selection of a test point may be based on the first mesh point.
That is, in embodiments, the test point may be selected based
on whether the position of the test point is located within a
test neighborhood of a position of the first mesh point. The
test neighborhood, in embodiments, may be a sphere with its
center located at the position of the first mesh point and may
have some predetermined, selectable, and/or adjustable
radius (e.g., 2 millimeters).

[0100] The position of the test point may be located below
the endocardium surface of the first generated anatomical
shell. In embodiments, a test point may be selected that has
a position located in the opposite direction of the normal to
the surface of the mesh at the first mesh point. In embodi-
ments, the test point may have a position that is located
closest to the position of the first mesh point of all the points
sensed by the mapping probe that are located in the opposite
direction of the normal. In this manner, for example, if the
generated first anatomical shell intersects the outermost
points sensed by the mapping probe and it is determined that
the surface of the anatomical shell should intersect a test
point instead of the first mesh point, the surface of the
anatomical shell will be adjusted inward to intersect the test
point.

[0101] To determine if a generated anatomical shell should
intersect the test point instead of the first mesh point, the
method 700 includes performing a test associated with the
test point (block 706). In embodiments, the test may include
multiple steps, such as, for example, embodiments of the
steps discussed below with regard to FIG. 8 and/or above,
with regard to FIGS. 6A-6C. Any number of other tests,
algorithms, machine-learning techniques, and/or the like
may be used to determine whether a mesh should be adjusted
to intersect a test point.

[0102] After the test associated with the test point is
performed, the method 700 includes determining whether
the test was passed (block 708). If the test was passed, the
method 700 includes generating a second anatomical shell
that includes a second surface that intersects a second set of
mesh points, where the second set of mesh points includes
the test point (block 710). In embodiments, the test point
may be substituted in place of the first mesh point. Addi-
tionally, in embodiments, the system may perform an inter-
polation and/or other smoothing technique to smooth the
surface around the location of the test point. In embodi-
ments, the method 700 may be performed with respect to
other mesh points included in the first set of mesh points. If,
on the other hand, the test was not passed, the method 700
includes generating a second anatomical shell having a
second surface that intersects a second set of mesh points,
where the second set of mesh points does not include the test
point (block 712). In embodiments, the first mesh point may
be included in the second set of mesh points. For example,
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the second set of mesh points, in this case, may be identical
to the first set of mesh points.

[0103] As stated above, FIG. 8 is a flow diagram depicting
an illustrative processor-implemented method 800 for per-
forming a test associated with a test point. in accordance
with embodiments of the disclosure. The method 800
includes determining a first value of a metric corresponding
to the first mesh point (block 802). The determined first
value of the metric may be a magnitude of the metric at the
first mesh point. For example, in embodiments, the first
value of the metric can be the magnitude of the at least one
respective sensed electrical signal corresponding to the mesh
point. The method 800 also includes determining a second
value of the metric corresponding to the test point (block
804).

[0104] As shown in FIG. 8, the method 800 also includes
computing a gradient feature of the metric based on the first
and second values (block 806). In embodiments, the gradient
feature may be the difference of the first and second values,
divided by the distance between the first mesh point and the
test point. Embodiments, of the method 800 also include
determining whether the gradient feature satisfies a condi-
tion. In embodiments, the condition may be satisfied when
an absolute value of the gradient feature exceeds a threshold,
where a value of the gradient is lower than a negative
threshold, and/or the like.

[0105] For example, in embodiments, the test may include
selecting a step size, s, which may be, for example, some
distance (e.g., 0.1 mm, 0.2 mm, 1 mm, etc.). Then, for each
mesh vertex position x, with normal n, embodiments of the
method 800 may include evaluating the metric, f, for x and
x-sn. In embodiments, the anatomical shell may be gener-
ated by interpolating signal features collected in a grid to the
mesh surface, in which case, the evaluation may be grid-
based, and may be performed as described in more detail
below, with respect to grid-based tests. In embodiments, the
evaluation may be mesh-based, such as, for example, a
distance-weighted average of the neighborhood within some
radius, 1, (e.g., 2 mm). The method 800 may include com-
puting the gradient feature:

JO-flx-sn)

N

G=

Where, if G<-G,, (where -G,, is some negative threshold),
the method 800 may include repositioning the vertex at x-sn,
and repeating the process at that vertex. Otherwise, a new
vertex may be chosen, and the test applied with respect to
that new vertex.

[0106] As indicated above, some mapping systems may
utilize a grid-based data aggregation scheme. In such sys-
tems, for each collected electrode/spatial record, embodi-
ments may include establishing a pre-determined radius of
influence, such that the metric is assigned to a set of
surrounding voxels. If a voxel is influenced by more than
one electrode acquisition, embodiments may include aver-
aging the measurements. This may be based on a philosophy
that tissue shape and position don’t necessarily change over
time, and, consequently, that it may be assumed that all
measurements should be considered, not just the latest or
first one.
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[0107] In embodiments, for each voxel, v,, with assigned
valid metrics for itself and its neighbors, the test may include
computing the cross-voxel gradient:

Glvi) = v

where v, is the facing voxel and d is the distance. The test
may further include finding

Gmax{G(v,)}

which is the voxel’s processed metric value. Where data
density is sufficient, this measurement may provide a good
indication of the voxel’s position on the gradient curve, and
consequently, any generated mesh triangle. In embodiments,
the system may also, or alternatively, consider the direction
of maximum gradient, which may be expressed, for
example, as a vector formed between the two adjacent
voxels.

[0108] Based on the above metric value assignment, any
number of refinement steps can be taken. In embodiments,
the refinement steps may be based on a threshold, which
may be variable or fixed, predetermined, adjustable, select-
able, and/or the like. For example, in embodiments, voxels
with low values may be simply turned off. In embodiments,
an entire other surface can be generated using our existing
mesh generation algorithm (with the iso level being applied
as a normalized threshold to a normalized grid), shown
along with the standard reconstruction, with the user choos-
ing which areas of the reconstruction to snap to the new
surface

[0109] In embodiments, a direct visualization of some
form of the metric as it’s acquired can be used to indicate
instantaneous proximity to cardiac tissue (for example, an
averaging of currently sensed out-of-cardiac-band imped-
ance values). In some instances, however, such embodi-
ments may have some flaws because, for example, any given
set of instantaneous measurements may be distorted by noise
and/or other ambient signals near the probe for some metrics
(application of ablation energy, for example, is the cause for
many such effects). As such, in embodiments, the refined
anatomical shell may utilize an aggregation of one or more
of the above metrics over time and space, allowing for
handling of such outliers, resulting in an accurate approxi-
mation of the cardiac tissue’s shape and position. Utilizing
the aggregation of one or more of the above metrics over
time and space, in conjunction with the acquired positions of
the probe, which are generally considered stable and reli-
able, an alternative indication of proximity to cardiac tissue
can be generated by computing the proximity to the refined
anatomical shell. Embodiments may use this alternative
indication of proximity to cardiac tissue to overcome the
above challenges (ie., distortion caused by noise and/or
other ambient signals near the probe) by itself or in con-
junction with other methods by deciding to make a switch
when noise and/or ambient signals are detected (for
example, by detecting that ablation energy is being applied,
or by sensing heightened levels of noise on the acquired
mapping probe signal).

[0110] Various modifications and additions can be made to
the exemplary embodiments discussed without departing
from the scope of the present disclosure. For example, while
the embodiments described above refer to particular fea-
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tures, the scope of this disclosure also includes embodiments
having different combinations of features and embodiments
that do not include all of the described features. Accordingly,
the scope of the present disclosure 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 processor-implemented method for voltage-guided
anatomical shell editing, the processor-based method com-
prising:

outputting, to a display device, an anatomical shell of a

cardiac structure, wherein the anatomical shell is based
on a plurality of signals sensed by a mapping probe and
wherein each of the plurality of signals includes a
respective sensed voltage;

receiving, from the user input device, a user input speci-

fying a first target depth for editing;

receiving, from a user input device, a selection of a first

region of the anatomical shell;

generating a first modified anatomical shell by:

removing a first portion of the anatomical shell, the first
portion of the anatomical shell comprising the
selected first region of the surface and extending
inward to a first editing depth based on the first target
depth, the first editing depth comprising at least one
finite depth, and

generating a first new surface region on the first modi-
fied anatomical shell, corresponding to the selected
region, wherein the first new surface is disposed at
the first editing depth and includes at least one
representation of a sensed voltage at the first editing
depth; and

outputting, to the display device, the first modified ana-

tomical shell.

2. The method of claim 1, further comprising:

receiving, from the user input device, a command to undo

the generation of the first modified anatomical shell;
regenerating the anatomical shell; and

outputting the regenerated anatomical shell to the display

device.

3. The method of claim 2, further comprising:

receiving, from the user input device, a user input speci-

fying a second target depth for editing;

receiving, from a user input device, a selection of a second

region of the anatomical shell, the second region com-
prising at least a portion of the first region;
generating a second modified anatomical shell by:
removing a second portion of the anatomical shell, the
second portion of the anatomical shell comprising
the selected second region of the surface and extend-
ing inward to a second editing depth based on the
second target depth, the second editing depth com-
prising at least one finite depth, and
generating a second new surface region on the second
modified anatomical shell, corresponding to the
selected second region, wherein the second new
surface is disposed at the second editing depth and
includes at least one representation of a sensed
voltage at the second editing depth; and
outputting, to the display device, the second modified
anatomical shell.

4. The method of claim 3, wherein the second target depth

is at least 1 millimeter and at most 5 millimeters.
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5. The method of claim 1, wherein the at least one
representation of a sensed voltage at the first editing depth
indicates a voltage magnitude corresponding to a blood
pool.

6. The method of claim 3, wherein the at least one
representation of a sensed voltage at the second editing
depth indicates a voltage magnitude corresponding to car-
diac tissue.

7. The method of claim 3, wherein the second target depth
is less than the first target depth.

8. A system comprising:

a mapping probe configured to sense a plurality of signals

associated with a cardiac structure;

a processing device configured to:

generate a first anatomical shell, wherein the first
anatomical shell comprises a first surface that inter-
sects a first plurality of mesh points, the first plurality
of mesh points corresponding to a plurality of sig-
nals, wherein each of the plurality of signals includes
at least one respective sensed electrical signal; and

perform a test, wherein to perform the test, the proces-
sor is configured to:

select a test point, wherein the first surface does not
intersect the test point, the test point having a posi-
tion within a test neighborhood of a position of a first
mesh point of the first plurality of mesh points;

determine a first value of a metric corresponding to the
first mesh point;

determine a second value of the metric corresponding
to the test point;

compute a gradient feature of the metric based on the
first and second values;

determine whether the gradient feature satisfies a con-
dition; and

generate a second anatomical shell, wherein the second
anatomical shell comprises a second surface that
intersects a second plurality of mesh points, wherein
if the gradient feature satisfies the condition, the
second plurality of mesh points includes the test
point, and if the gradient feature does not satisfy the
condition, the second plurality of mesh points does
not include the test point; and

a display device configured to display the second ana-

tomical shell.

9. The system of claim 8, wherein the processor is
configured to:

select an additional test point when the gradient feature

does not satisfy the condition, the additional test point
having a position within the test neighborhood of the
position of the first mesh point; and

perform the test using the additional test point for the test

point.

10. The system of claim 8, wherein the position of the test
point is located opposite the direction of a normal to the first
surface at the first mesh point.

11. The system of claim 8, wherein the test neighborhood
comprises a sphere with a radius of 2 millimeters.

12. The system of claim 8, wherein the metric comprises
at least one of an out-of-cardiac-band impedance measure-
ment, a unipolar electrode activation voltage measurement,
a contact force measurement of the mapping probe, and a
position-based cardiac motion measurement.
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13. The system of claim 8, wherein to perform the test, the
processor is further configured to:

determine a sensed voltage value corresponding to the test

point; and

determine whether the sensed voltage value exceeds a

voltage threshold.

14. The system of claim 13, wherein the processor is
configured to:

include the test point in the second plurality of mesh

points when the gradient feature satisfies the condition
and the sensed voltage value exceeds the voltage
threshold; and

not include the test point in the second plurality of mesh

points when the gradient feature does not satisfy the
condition or the sensed voltage value does not exceed
the voltage threshold.

15. The system of claim 8, wherein to determine whether
the gradient feature satisfies a condition, the processor is
configured to: determine whether an absolute value of the
gradient feature exceeds a gradient threshold.

16. A processor-based method for anatomical shell edit-
ing, the method comprising:

generating a first anatomical shell, wherein the first ana-

tomical shell comprises a first surface that intersects a
first plurality of mesh points, the first plurality of points
corresponding to a plurality of signals, wherein each of
the plurality of signals includes at least one respective
sensed electrical signal;

selecting a test point, wherein the first surface does not

intersect the test point, the test point having a position
within a test neighborhood of a position of a first mesh
point;

performing a test associated with the test point, compris-

ing:

determining a first value of a metric corresponding to
the first mesh point;

determining a second value of the metric corresponding
to the test point;
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computing a gradient feature of the metric based on the
first and second values; and

determining whether the gradient feature satisfies a
condition; and

generating a second anatomical shell, wherein the second

anatomical shell comprises a second surface that inter-

sects a second plurality of mesh points, wherein:

if the gradient feature satisfies the condition, the second
plurality of mesh points includes the test point; and

if the gradient feature does not satisfy the condition, the
second plurality of mesh points does not include the
test point.

17. The method of claim 16, wherein, if the gradient
feature does not satisfy the condition, the method further
comprising:

selecting an additional test point, the additional test point

having a position within the test neighborhood of the
position of the first mesh points; and

performing the test associated with the additional test

point.

18. The method of claim 16, wherein the position of the
test point is located opposite the direction of a normal to the
first surface at the first mesh point.

19. The method of claim 16, wherein performing the test
farther comprises:

determining a sensed voltage value corresponding to the

test point; and

determining whether the sensed voltage value exceeds a

voltage threshold.

20. The method according to claim 19, wherein:

if the gradient feature satisfies the condition and the

sensed voltage value exceeds the voltage threshold, the
second plurality of mesh points includes the test point;
and

if the gradient feature does not satisfy the condition or the

sensed voltage value does not exceed the voltage
threshold, the second plurality of mesh points does not
include the test point.
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