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UTILIZATION OF ELECTRODE SPATIAL
ARRANGEMENTS FOR CHARACTERIZING
CARDIAC CONDUCTION CONDITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of and priority to
provisional U.S. patent application No. 61/855,058 filed 7
May 2013, which is hereby incorporated by reference as
through fully set forth herein.

BACKGROUND

[0002] a.Field

[0003] This disclosure relates to systems, apparatuses and
methods for utilizing electrode spatial arrangements within a
mapping system. In particular, the instant disclosure relates to
systems, apparatuses and methods for characterizing cardiac
conduction conditions in a catheter orientation independent
manner using electrode spatial arrangements in 3D mapping
systems.

[0004] b. Background

[0005] Electrophysiology (EP) catheters are used in a vari-
ety of diagnostic, therapeutic, and/or mapping and ablative
procedures to diagnose and/or correct conditions such as
atrial arrhythmias, including for example, ectopic atrial
tachycardia, atrial fibrillation, and atrial flutter. Arrhythmias
can create a variety of conditions including irregular heart
rates, loss of synchronous atrioventricular contractions and
stasis of blood flow in a chamber of a heart which can lead to
a variety of symptomatic and asymptomatic ailments and
even death.

[0006] Typically, a catheter is deployed and manipulated
through a patient’s vasculature to the intended site, for
example, a site within a patient’s heart. The catheter carries
one or more electrodes that can be used for cardiac mapping
or diagnosis, ablation and/or other therapy delivery modes, or
both, for example. Once at the intended site, treatment can
include, for example, radio frequency (RF) ablation, cryoab-
lation, laser ablation, chemical ablation, high-intensity
focused ultrasound-based ablation, microwave ablation, and/
or other ablation treatments. The catheter imparts ablative
energy to cardiac tissue to create one or motre lesions in the
cardiac tissue. This lesion disrupts undesirable cardiac acti-
vation pathways and thereby limits, corrals, or prevents errant
conduction signals that can form the basis for arrhythmias.
[0007] To position a catheter at a desired site within the
body, some type of navigation may be used, such as using
mechanical steering features incorporated into the catheter
(or a sheath). In some examples, medical personnel may
manually manipulate and/or operate the catheter using the
mechanical steering features.

[0008] A navigating system may be used for visualization
and to facilitate the advancement of catheters through a
patient’s vasculature to specific locations within the body.
Such navigating systems may include, for example, electric
and/or magnetic field based positioning and navigating sys-
tems that are able to determine the position and orientation of
the catheter (and similar devices) within the body.

[0009] Conduction disorders in the body can result from
abnormal conduction in regions as small as 1-4 mm. In addi-
tion, ablation in these regions must be restricted to the patho-
logical tissue to preserve electrical and mechanical function,
particularly with ventricular arrhythmias. Today, many cath-
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eters employ electrode pairs spaced greater than 4 mm apart
which can make it difficult to reliably allow discrimination or
localization of defects. Even when the electrodes are more
closely spaced, around 1 mm to around 2 mm, the orientation
of the pair of electrodes is a prominent factor in the amplitude
and morphology of the resulting signals.

[0010] The foregoing discussion is intended omnly to illus-
trate the present field and should not be taken as a disavowal
of claim scope.

BRIEF SUMMARY

[0011] In an embodiment, a system for determining elec-
trophysiological data comprises an electronic control unit
configured to receive electrogram data for a set of electrodes,
receive position and orientation information for the set of
electrodes from a mapping system, determine catheter orien-
tation independent information of a tissue, and output the
orientation independent information to the mapping system.
[0012] In another embodiment, a system for determining
electrophysiological data comprises an electronic control unit
that is configured to receive electrical signals from a set of
electrodes, receive position and orientation data for the set of
electrodes from a mapping system, compensate for position
and orientation artifacts of the set of electrodes, compose
cliques of a subset of neighboring electrodes in the set of
electrodes, determine catheter orientation independent infor-
mation of a target tissue, and output the orientation indepen-
dent information to a display.

[0013] In another embodiment, a method of determining
electrophysiological data includes receiving electrogram data
for a set of electrodes, receiving position and orientation
information for the set of electrodes from a mapping system,
determining catheter orientation independent information of
a tissue, and outputting orientation independent information.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is diagrammatic view of one embodiment of
a system for navigating a medical device within a body.
[0015] FIG. 2 is a flow chart associated with a method for
determining electrophysiological data, in accordance with
embodiments of the present disclosure.

[0016] FIG. 3A and 3B are isometric and side views of an
ablation catheter with a tip electrode, a segmented ring elec-
trode and several regular ring electrodes.

[0017] FIG. 3C and 3D are isometric and side views of an
ablation catheter with a segmented tip electrode and several
regular ring electrodes.

[0018] FIG. 3E is a side view of a diagnostic catheter with
opposing electrodes.

[0019] FIG. 4A is an isometric view of the distal tetrahe-
dron along with the corresponding side view of the segmented
ring ablation catheter.

[0020] FIG. 4B is an isometric view of the distal pyramid
along with the corresponding side view of the segmented tip
ablation catheter.

[0021] FIG. 5 is a diagrammatic view of the surface
anatomy near a point of interest and the unit surface normal.
[0022] FIG. 6 is a diagrammatic view of a traveling depo-
larization wave along with the unit vector directions.

[0023] FIG. 7 is a plot of the electrode coordinates with
artifacts for the segmented ring ablation catheter from FIG.
2A and 2B that can be introduced when using an impedance
based mapping system.
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[0024] FIG. 8 is a plot of the corrected location of the
electrode coordinates for the segmented ring ablation catheter
from FIG. 2A and 2B.

[0025] FIGS. 9-13 are plots of EP signals derived from the
five distal most electrodes on the catheter of FIG. 2A and 2B
taken during a procedure.

[0026] FIGS. 14-15, 16-17, and 18-19 are plots of three
consecutive beats featuring expanded views of EP signals
derived from the five distal most electrodes on the catheter of
FIG. 2A and 2B.

[0027] FIGS. 20-23 are plots of EP signal Bt in its tangent
plane for four consecutive cardiac cycles.

DETAILED DESCRIPTION

[0028] The present disclosure relates to a system and
method for utilizing electrode spatial arrangements within a
mapping system. In particular, the instant disclosure relates to
systems, apparatuses and methods for characterizing cardiac
conduction conditions in a catheter orientation independent
manner using electrode spatial arrangements in 3D mapping
systems.

[0029] Referring now to the figures, in which like reference
numerals refer to the same or similar features in the various
views, FIG. 1 illustrates one embodiment of a system 10 for
navigating a medical device within a body 12. In the illus-
trated embodiment, the medical device comprises a catheter
14 that is shown schematically entering a heart, which is
depicted in an exploded view away from the body 12 for
purposes of illustration. The catheter 14, in this embodiment,
1s depicted as an irrigated radiofrequency (RF) ablation cath-
eter for use in the treatment of cardiac tissue 16 in the body 12.
It should be understood, however, that the system 10 may find
application in connection with a wide variety of medical
devices used within the body 12 for diagnosis or treatment.
For example, the system 10 may be used to navigate an
electrophysiological mapping catheter, an intracardiac
echocardiography (ICE) catheter, or an ablation catheter
using a different type of ablation energy (e.g., cryoablation,
ultrasound, etc.). Further, it should be understood that the
system 10 may be used to navigate medical devices used in
the diagnosis or treatment of portions of the body 12 other
than cardiac tissue 16.

[0030] Referring still to FIG. 1, the ablation catheter 14 is
connected to a fluid source 18 for delivering a biocompatible
irrigation fluid such as saline through a pump 20, which may
comprise, for example, a fixed rate roller pump or variable
volume syringe pump with a gravity feed supply from fluid
source 18 as shown. The catheter 14 is also electrically con-
nected to an ablation generator 22 for delivery of RF energy.
The catheter 14 may include a handle 24; a cable connector or
interface 26 at a proximal end of the handle 24; and a shaft 28
having a proximal end 30, a distal end 32, and one or more
electrodes 34. The connector 26 provides mechanical, fluid,
and electrical connections for conduits or cables extending
from the pump 20 and the ablation generator 22. The catheter
14 may also include other conventional components not illus-
trated herein such as a temperature sensor, additional elec-
trodes, and corresponding conductors or leads.

[0031] The handle 24 provides a location for the physician
to hold the catheter 14 and may further provide means for
steering or guiding the shaft 28 within the body 12. For
example, the handle 24 may include means to change the
length of one or more pull wires extending through the cath-
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eter 14 from the handle 24 to the distal end 32 of shaft 28. The
construction of the handle 24 may vary.

[0032] The shaft 28 may be made from conventional mate-
rials such as polyurethane and may define one or more lumens
configured to house and/or transport electrical conductors,
pull wires, fluids, or surgical tools. The shaft 28 may be
introduced into a blood vessel or other structure within the
body 12 through a conventional introducer. The shaft 28 may
then be steered or guided through the body 12 to a desired
location such as the tissue 16 using guide wires or pull wires
or other means known in the art including remote control
guidance systems. The shaft 28 may also permit transport,
delivery, and/or removal of fluids (including irrigation fluids
and bodily fluids), medicines, and/or surgical tools or instru-
ments.

[0033] The system 10 may include an electric-field-based
positioning system 36, a magnetic-field-based positioning
system 38, a display 40, and an electronic control unit (ECU)
42. Each of the exemplary system components is described
further below.

[0034] The electric-field-based positioning system 36 is
provided to determine the position and orientation of the
catheter 14 and similar devices within the body 12. The sys-
tem 36 may comprise, for example, the ENSITE NAVX sys-
tem sold by St. Jude Medical, Inc. of St. Paul, Minn., and
described in, for example, U.S. Pat. No. 7,263,397 titled
“Method and Apparatus for Catheter Navigation and Loca-
tion Mapping in the Heart,” the entire disclosure of which is
hereby incorporated by reference as though fully set forth
herein. The system 36 operates based upon the principle that
when low amplitude electrical current signals are passed
through the thorax, the body 12 acts as a voltage divider (or
potentiometer or rheostat) such that the electrical potential
measured at one or more electrodes 34 on the catheter 14 may
be used to determine the position of the electrodes, and,
therefore, of the catheter 14, relative to a pair of external patch
electrodes using Ohm’s law and the relative location of a
reference electrode (e.g., in the coronary sinus).

[0035] In the configuration shown in FIG. 1, the electric-
field-based positioning system 36 further includes three pairs
of patch electrodes 44, which are provided to generate elec-
trical signals used in determining the position of the catheter
14 within a three-dimensional coordinate system 46. The
electrodes 44 may also be used to generate EP data regarding
the tissue 16. To create axes-specific electric fields within
body 12, the patch electrodes are placed on opposed surfaces
ofthe body 12 (e.g., chest and back, left and right sides of the
thorax, and neck and leg) and form generally orthogonal x, v,
and z axes. A reference electrode/patch (not shown) is typi-
cally placed near the stomach and provides a reference value
and acts as the origin of the coordinate system 46 for the
navigation system.

[0036] In accordance with this exemplary system 36 as
depicted in FIG. 1, the patch electrodes include right side
patch 44X1, left side patch 44X2, neck patch 44Y1, leg patch
44Y2, chest patch 4471, and back patch 4472; and each patch
electrode is connected to a switch 48 (e.g., a multiplex switch)
and a signal generator 50. The patch electrodes 44X1, 44X2
are placed along a first (x) axis; the patch electrodes 44Y1,
44Y?2 are placed along a second (y) axis, and the patch elec-
trodes 4471, 4472 are placed along a third (z) axis. Sinusoidal
currents are driven through each pair of patch electrodes, and
voltage measurements for one or more position sensors (e.g,,
ring electrodes 34 or a tip electrode located near the distal end
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32 of catheter shaft 28 ) associated with the catheter 14 are
obtained. The measured voltages are a function of the dis-
tance of the position sensors from the patch electrodes. The
measured voltages are compared to the potential at the refer-
ence electrode and a position of the position sensors within
the coordinate system 46 of the navigation system is deter-
mined.

[0037] The magnetic-field-based positioning system 38 in
this exemplary embodiment employs magnetic fields to
detect the position and orientation of the catheter 14 within
the body 12. The system 38 may include the GMPS system
made available by MediGuide, Ltd. and generally shown and
described in, for example, U.S. Pat. No. 7,386,339 titled
“Medical Imaging and Navigation System,” the entire disclo-
sure of which is hereby incorporated by reference as though
fully set forth herein. In such a system, a magnetic field
generator 52 may be employed having three orthogonally
arranged coils (not shown) to create a magnetic field within
the body 12 and to control the strength, orientation, and
frequency of the field. The magnetic field generator 52 may be
located above or below the patient (e.g., under a patient table)
or in another appropriate location. Magnetic fields are gener-
ated by the coils and current or voltage measurements for one
or more position sensors (not shown) associated with the
catheter 14 are obtained. The measured currents or voltages
are diminishing functions of the distance of the sensors from
the coils, thereby allowing determination of a position of the
sensors within a coordinate system 54 of system 38.

[0038] The display 40 is provided to convey information to
a physician to assist in diagnosis and treatment. The display
40 may comprise one or more conventional computer moni-
tors or other display devices. The display 40 may present a
graphical user interface (GUI) to the physician. The GUI may
include a variety of information including, for example, an
image of the geometry of the tissue 16, electrophysiology
data associated with the tissue 16, graphs illustrating voltage
levels over time for various electrodes 34, and images of the
catheter 14 and other medical devices and related information
indicative of the position of the catheter 14 and other devices
relative to the tissue 16.

[0039] The ECU 42 provides a means for controlling the
operation of various components of the system 10, including
the catheter 14, the ablation generator 22, and the switch 48 of
the electric-field-based positioning system 36, and magnetic
generator 52 of the magnetic-field-based positioning system
38. For example, the ECU 42 may be configured through
appropriate software to provide control signals to switch 48
and thereby sequentially couple pairs of patch electrodes 44
to the signal generator 50. Excitation of each pair of elec-
trodes 44 generates an electromagnetic field within the body
12 and within an area of interest such as the heart. The ECU
42 may also provide a means for determining the geometry of
the tissue 16, electrophysiology characteristics of the tissue
16, and the position and orientation of the catheter 14 relative
to tissue 16 and the body 12. The ECU 42 also provides a
means for generating display signals used to control the dis-
play 40. The depicted ECU 42 represents any processing
arrangement such as, for example, single device processors,
multiple device processors (e.g., co-processors, master/slave
processors, etc.), distributed processing across multiple com-
ponents/systems, system on chip (SOC) devices, or the like.
[0040] As the catheter 14 moves within the body 12, and
within the electric field generated by the electric-field-based
positioning system 36, the voltage readings from the elec-
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trodes 34 change, thereby indicating the location of catheter
14 within the electric field and within the coordinate system
46 established by the system 36. The electrodes 34 commu-
nicate position signals to ECU 42 through a conventional
interface (not shown).

[0041] High density catheters can be used together with a
3D mapping system and ECU 42. In some embodiments, the
ECU 42 includes software and/or hardware configured to
enable the high density catheters to diagnose and map rhythm
disorders with accuracy, consistency, and speed. The tech-
niques and catheters described herein enable new and better
characterizations of cardiac conduction which can result in
faster and more successful therapeutic procedures.

[0042] Conventional mapping techniques suffer from
bipole orientation induced amplitude uncertainty and mor-
phology variations and can suffer from activation timing
variation. Slow conduction can denote cardiac tissue that is
diseased or compromised and is one cause of arrhythmias.
However, the present disclosure discusses removing bipole
orientation uncertainty by resolving the local electric field
into components aligned with the anatomy. Local electro-
gram signals (EGMs) reflect the local 3-D electric field pro-
duced by depolarization and may be evaluated on myocardial
surfaces at regions of interest. The electronic control unit 10
can use this information to derive depolarization related nor-
mal and tangent E-fields (En and Et respectively) which are
catheter orientation independent signals with reliable ampli-
tudes, morphology/timing, and instantaneous conduction
velocity vectors among other uses.

[0043] One or more of these characteristics can also enable
clinicians to acquire better substrate amplitude maps and
more reliable scar border delineation and characterizations of
scar volume and depth. Scar tissue is known to contribute to
VT and other arrhythmias. Scar depth can also influence 3-D
E-fields. Deeper scar tissue can alter the derived waveforms in
amanner that allows discrimination of superficial scar tissue
from deep scar tissue. Also, local determinations of low
amplitude and/or slow conduction velocity can help identify
critical pathways for arrhythmias that are amenable to abla-
tion therapy. In one embodiment, the electronic control unit
enables more reliable EGM amplitudes and morphologies to
allow better EGM reduction measures. In another embodi-
ment, the electronic control unit enables the local assessment
of conduction velocity as a critical isthmus in the tissue or a
lesion gap is approached. The electronic control unit also
enables characterizations of ablation lesions from En and Et
before, during, and after ablation to help determine the
growth and effectiveness of any lesions that have been
formed.

[0044] Local electrophysiologic propagation information
may also be determined by pacing with such a catheter and
observing the resulting spread of depolarization from imme-
diately adjacent to the site where capture occurs. This is
difficult currently and the directional information as
described in this disclosure may serve asa clue to anatomic or
functional conduction blocks. Even without pacing, conduc-
tion around obstacles such as valve orifices or blocks is
known to become curved and slowed and this may be detected
and directly mapped in some embodiments. The electronic
control unit can also allow for more consistent substrate
amplitude maps that can show activation direction and con-
duction velocity.

[0045] Embodiments of this disclosure employ closely
spaced electrodes in spatial arrangements that can be used to
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derive an approximate local electric field (E-field) on an
endocardial or epicardial surface and in so doing derive useful
measures of conduction that are insensitive to catheter orien-
tation. Although EP catheters in the hands of skilled operators
can be placed in almost any location, it is often the case that
achievable catheter orientations are few. This lack of achiev-
able orientations can limit the data that can be collected by the
catheters. The catheters and mapping system described in this
disclosure use additional (i.e., segmented) electrodes to deter-
mine properties of myocardium by putting information into
its proper 2-D and 3-D spatial and temporal contexts.

[0046] In addition to enhanced maps from multi-electrode
diagnostic catheters, embodiments also contemplate the use
of ablation catheters with these same or similar advantages.
The result is an expanded and catheter orientation indepen-
dent set of local electrophysiologic information such as: nor-
mal EGM amplitude, tangent EGM amplitude and direction,
tangent EGM eccentricity, 2-D and 3-D E-Field amplitude,
activation times derived from signals of reliable morphology,
and conduction velocity magnitude and direction. One or
more such measures can prove valuable when applied to a
diagnostic catheter and even more so when applied to a cath-
eter that will also deliver ablation energy during an EP pro-
cedure.

[0047] There are at least three steps that can be performed
by the electronic control system to extract orientation inde-
pendent information from closely spaced multi-electrode
catheters in an electrical mapping environment. The three
steps are illustrated in FIG. 2. After receiving electrogram
data for a set of electrodes 80, the first step is to compensate
for artifacts in sensor positions in the mapping system; a
situation which can be common in segmented electrode cath-
eters located by electric-field-based positioning systems 81.
The second step is to resolve the bipolar signals into a 3D
vector electrogram in the mapping system’s coordinates, with
a component normal to the cardiac surface and another tan-
gent to the surface 82. In a separate embodiment, planar
electrode bipolar signals can be resolved into a 2D vector
electrogram in the mapping system’s coordinates that is tan-
gent to the cardiac surface. The third step, performed if local
conduction velocity is of interest, is to manipulate observed
unipolar voltage signals and the tangent component of the
vector E-field to arrive at a valid local estimate of the conduc-
tion velocity vector 83 on a beat-by-beat basis similar to that
available today for peak-to-peak amplitude or local activation
time. The electronic control system can then output the ori-
entation independent information to a user, a display, or other
device 84. The first 2 or all 3 steps may be done with catheters
or other medical devices that include segmented or more
conventional electrodes. A segmented electrode is one which
does not extend around the entire circumference of a catheter.
Multiple segmented electrodes can extend around a circum-
ference of a catheter at the same position along a longitudinal
axis of the catheter. Further, segmented electrodes can com-
prise electrodes that are often smaller and distributed in prox-
imity to one another. They may sometimes resemble split or
“segmented” conventional electrodes and need to be placed
appropriately on the catheter to determine properties of myo-
cardium by putting information into its proper 2-D and 3-D
spatial and temporal contexts. This can be seen, for example,
as segmented electrodes 121, 122, and 123 in FIG. 3A.

[0048] FIGS. 3A and 3B are isometric and side views of an
example ablation catheter 110 with a segmented ring elec-
trode and several more conventional ring electrodes. As
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shown in FIG. 3A, the catheter 110 has a tip electrode 120
which can be suitable for RF ablation, a first, second, and
third split ring or segmented electrode 121,122,123, and one
or more circumferential ring electrodes 124, 125. The seg-
mented electrodes can be utilized in conjunction with adja-
cent tip and/or ring electrodes to permit one or more 3-D
determinations of the local E-field as depolarization occurs.
However, other catheters with segmented electrodes can also
use the procedures set forth within. Several examples of cath-
eters with segmented electrodes include U.S. Patent Publica-
tion No. 2010/0168560 titled “Devices and Methods For
Catheter Location,” and U.S. Patent Publication No. 2010/
0168557 titled “Multi-Electrode Ablation Sensing Catheter
and System,” both of which are hereby incorporated by ref-
erence as though fully set forthherein. FIGS. 3C and 3D show
side and isometric views of alternative ablation catheters
having a segmented tip configuration which can be used to
obtain orientation independent information. FIG. 3C is a side
view of another embodiment of an ablation catheter 145 with
a segmented tip assembly 146. The ablation catheter 145
comprises first, second, and third ring electrodes 142, 143,
144 and a segmented tip assembly 146 that is divided into at
least two electrodes. In the illustrated example a first seg-
mented tip electrode 140 and a second segmented tip elec-
trode 141 are illustrated. FIG. 3D depicts an isometric view of
another embodiment of a segmented tip assembly 154 and a
catheter body 153. The segmented tip assembly 154 com-
prises a first segmented tip segment 150, a second segmented
tip electrode 151, and an electrically non-conductive area 152
between the first and second segmented tip electrodes. In
other embodiments the segmented tip electrode can comprise
four discrete segmented tip electrodes and an electrically
non-conductive area surrounding each segmented tip elec-
trode. F1G. 3E illustrates a side view of a diagnostic catheter
with opposing electrodes suitable for 2-D determinations of
the local E-field. The catheter illustrated in FIG. 3E comprises
a catheter body 162, and a plurality of segmented electrodes
around a circular, or lasso, catheter tip. The catheter com-
prises a first plurality of segmented electrodes 160 that face
distally on the circular catheter, and a second plurality of
segmented electrodes 161 that faces proximally on the circu-
lar catheter. The number and spacing between the segmented
electrodes in both the first and second plurality of segmented
electrodes 160, 161 can vary in different embodiments. In
some embodiments only the first plurality of segmented elec-
trodes 160 or the second plurality of segmented electrodes
161 can be present on the circular catheter.

[0049] The illustrations of FIGS. 4A and 4B show the two
exemplary ablation catheter designs paited up with a tetrahe-
dron and inverted pyramid. The catheter of FIGS. 3A and 3B
is represented by the tetrahedron of FIG. 4A. The tip electrode
120 is shown in relation to the split ring electrodes 121, 122,
and 123. The position coordinates of these electrodes are
denoted D, 2, 3, and 4 respectively. Similarly, the catheter of
FIGS. 3C and 3D is represented by the inverted pyramid of
FIG. 4B. The four tip electrodes 220, 221, 222, and 223 are
shown in relation to the adjacent ring electrode 224. The
position coordinates of these electrodes are denoted D, 2, 3, 4,
and 5 respectively.

[0050] The first step to extracting orientation independent
information entails a further aspect of this disclosure, the
compensation for electrode impedance location and naviga-
tional artifacts that may be prominent with small electrodes,
particularly those that are split or segmented on the surface of
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a catheter shaft. Constraints of physical construction, scaling
error, and non-ideal electrode/amplifier impedance charactet-
istics are combined to estimate a more realistic electrode
spatial distribution with the result that suitable local E-field
determinations may be made as well as more reliable and
catheter orientation independent clinical assessments.

[0051] Impedance localization artifacts can arise from a
variety of sources. A high electrode impedance coupling to
the body’s conductive medium is an artifact that disturbs
electrode positions in a characteristic manner. These elec-
trodes are displaced toward the external reference electrode,
which is typically around 200-400 mm inferior to the heart.
As little as a 1% deviation in this manner thus produces a 2-4
mm shift. The extent of such a shift depends on a variety of
factors, including: other electrode impedances, electrode sut-
face area, measured impedance, electrode surface contami-
nants, and tissue contact, among others. Other instances of
known shift and drift, and apparatus and methods to correct
are disclosed in U.S. patent application Ser. No. 13/690,737,
filed 30 Nov. 2012, and hereby incorporated by reference as
through fully set forth herein. These factors are only partly
known ahead of time. Correction of this artifact can thus be
helped by referring to other electrodes on the catheter and by
knowledge of its physical construction. In one example, the
other electrodes being referred to are larger electrodes or
circumferential electrodes and are thus less susceptible to this
type of deviation. Alternatively, larger electrodes may be
adjusted in such a manner as to position them properly with
respect to the segmented electrodes. Since this effect can be
dominant and is systematic, it can be compensated, for
example, by introducing a multiplicative correction factor. In
oneexample, a factor in the vicinity 0f 1.002-1.010 is selected
and is conditioned on bringing the affected segmented elec-
trodes to approximately the correct location with respect to
the other conventional electrodes. Conversely a factor of
0.990-0.998 may bring conventional electrodes to a correct
location relative to the segmented electrodes.

[0052] The electronic control unit can compensate for
impedance localization artifacts by the following general
steps. The steps in this specific embodiment can be used to
compensate for smaller or segmented electrodes on a catheter
that also includes ring electrodes as currently known in the
art. The following steps detail how the electronic control unit
can be used, in some embodiments, to compensate for posi-
tion artifacts with the catheter shown in FIGS. 3A, 3B, and
4A. First, the measured coordinates of the large circumferen-
tial ring electrodes 124, 125 and the tip electrode 120 are used
to fit a line and thereby determine the catheter’s distal longi-
tudinal axis. The observed locations of electrodes 120, 124
and 125 (denoted D, 5, and 6 in F1G. 7) are then adjusted to lie
on this axis by determining the locations on the axis closest to
their measured coordinates (denoted D,, 54, and 6, in FIG.
8). The electronic control unit can then denote the resulting
best fit axis A 130 and the best guess for the tip and ring
electrodes 120, 124, 125 with coordinates denoted D,, 5,,
and 6, in FIG. 8. Another method of estimating the spatial
orientation of a catheter in a mapping system is disclosed in
U.S. patent application Ser. No. 12/347,271, filed 31 Dec.
2008, and hereby incorporated by reference as though fully
set forth herein.

[0053] Insomeembodiments, the mapping system can next
compute from the electronic control unit’s measured and
physical distances (d,,,q45,0¢ a0 .., between the tip
electrode 120 and the firstring electrode 124, and the first ring
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electrode 124 and the second ring electrode 125 a global (i.e.,
location and direction independent) scale factor s such that
S*dphysicaz:dmeasmed~

[0054] The electronic control unit then computes the cen-
troid of the first, second, and third segmented ring electrodes
121, 122, 123 from the measured coordinates denoted 2, 3,
and 4 in FIG. 7 and denotes this location as C,, (not shown).
The next step can include using the physical proportion of the
distance between the tip electrode 120 and the first ring elec-
trode 124, and assigning an equivalent location on the best fit
line for the centroid of the first, second, and third segmented
electrodes 121, 122, 123 and denoting this location C, (not
shown). The electronic control unit uses the discrepancy
between C, ;and C , to determine impedance scale factor zs>1
(e.g. 1.002-1.010 as described above) that puts zs*C, ;as close
to C, as possible. This results in a best correction for small
electrodes and impedance increases compared to traditional
electrodes. In the exemplary embodiment of FIGS. 3A and 3B
the traditional electrodes comprise the tip electrode 120, the
first ring electrode 124, and the second ring electrode 125.
[0055] Theelectronic control unit can next expand the mea-
sured first, second, and third segmented electrode 121, 122,
123 coordinates by zs so they now lie between the tip elec-
trode 120 and the first ring electrode 124. This step introduces
electrode impedance compensation, a dominant source of
electrode position error. The extent of compensation for the
electrodes can vary with factors such as surface area and
tissue contact, among others.

[0056] The electronic control unit can next project along
the axis A 130 the resulting compensated first, second, and
third segmented electrode 121, 122, 123 coordinates onto a
plane P, that passes through C, and is perpendicular to the
best fit axis A 130, and translate the coordinates of the first,
second, and third segmented electrodes 121, 122, 123 so that
their centroid lies at C , in the plane P ;. With the exception of
lesser (second order) distortions that lie in and out of plane P,
the first, second, and third segmented electrode 121, 122,123
coordinates are now at their best fit locations. In one embodi-
ment the electrodes of the catheter illustrated in FIGS. 3A and
3B form two tetrahedra. The first tetrahedron comprises the
tip electrode 120 and the first, second, and third segmented
electrodes 121, 122, 123. The second tetrahedron comprises
the first ring electrode 124 and the first, second, and third
segmented electrodes 121, 122, 123. FIG. 4A illustrates the
distal tetrahedron of the catheter formed by the tip electrode
120 and the first, second, and third segmented electrodes 121,
122, 123,

[0057] As a possible additional step, the electronic control
unit can construct an equilateral triangle with split ring elec-
trodes at its vertices, centered at C, with sides that have the
length of scale factors times the distance between electrodes
121, 122, and 123, and find the angle of rotation about C, in
plane P, that minimizes the sum-squared distance between
corresponding electrodes/vertices. This result allows the
electronic control unit to have best fit positions for all of the
electrodes from the tip electrode 120 to the first ring electrode
124 which correspond to coordinates D, 2,,3 . 4,,and 5, of
FIG. 8. The electronic control unit can now proceed to resolve
local EP information.

[0058] The compensation step for electrode impedance
location and navigational artifacts can introduce knowledge
of segmented electrode positions, an estimate of segment
electrode scaling error obtained from large conventional elec-
trode spacing, and the measured coordinates of the segmented
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electrodes. Software in the ECU 42 or other device employing
parameters specific to a segmented catheter design can be
used to determine the correct compensation. Alternatively or
in addition, systematic artifacts that result from proximity of
the electrode to an insulated catheter shaft may be modeled
and corrected. In one embodiment, measured electrode posi-
tions, modeled in electric field software such as Coulomb,
sold by INTEGRATED Engineering Software, can be pre-
dictably altered and the measured positions can then be
adjusted based on displacements predicted by the model.

[0059] The second step to extracting orientation indepen-
dent information entails deriving an E-field from the observed
bipolar signals, by considering the E-field to be projected
onto bipole vectors which typically form a non-orthogonal set
of basis vectors. From this set of basis vectors the E-field is
then expressed in orthonormal mapping system coordinates.
The surface geometry and the catheter’s location then yield a
unit vector that is the local surface normal, also referred to as
n-hat or . A 3D vector E-field E=En+Et can then be decom-
posed by the electronic control unitinto a component aligned
with the surface normal denoted En and the remainder which
lies in a 2D subspace tangent to the surface which is denoted
Et.

[0060] Catheters with high density arrays of electrodes
which can be maneuvered into lying along a surface offer a
2D variant of this process. After compensating for mapping
system artifacts by some or all the techniques outlined above,
cells or cliques are composed of the three or four neighboring
electrodes on 2 splines or arms that are closest to each other.
In one embodiment, these cliques form rectangular elements
with dimensions roughly 2x3 mm. The resulting possible
bipolar signals (of which only 3 are linearly independent)
over determine the local 2D tangent E-field. Using a pseudo-
inverse form of linear algebra, these signals are converted to
best fit coefficients for an orthonormal basis which is Et in the
mapping system coordinates. Again, catheter orientation
independent amplitude and more consistent timing measures
can be derived as well as local conduction velocity vector
determination described below.

[0061] In one embodiment, as seen in FIG. 3A. a catheter
has a plurality of electrodes that form two tetrahedra when
lines are drawn between adjacent electrodes. The tetrahedra
formed between the electrodes in the catheter shown in FIG.
3Ais illustrated in FIG. 4. When a catheter such as that seen
in FIG. 3A comprises electrodes that form two tetrahedra then
the 3 (x,y,z) mapping system coordinates of the 4 electrodes
for each of the two tetrahedra may be placed into 3x4 matri-
ces. The mapping system can then denote one of these tetra-
hedra by coordinate matrix X. After choosing one vertex as a
reference (e.g. D), the electronic control unit computes vertex
displacements dX from D to each remaining vertex by pait-
wise subtraction using X and captures this operation in matrix
notation as dX=X'F where F is the appropriate 4x3 pairwise
subtraction matrix comprised of 0, +1, and -1’s. As it is
non-degenerate, dX is an invertible 3x3 matrix.

[0062] The electronic control unit then lets E stand for the
local electric field in the mapping system coordinate frame.
As dX was determined from the mapping system coordinates
in anavigational electric field, the same effects are present for
electrogram signals. In this embodiment phi or ¢ is a 4x1
vector of unipolar electric potentials at each of the electrodes
of the tetrahedron. Similarly the electronic control unit can

Feb. 18,2016

define the corresponding 3x1 vector of bipole signals
d¢=F"-¢ and relates the local electric field to the 3 measured
bipole potentials d by

A=) E

[0063] And as a result the electronic control unit deter-
mines the value of E from measured quantities X and ¢ by
calculating:

E=(aX)")" dg=—(dX)" F "¢

[0064] Inthe case of an ablation catheter embodiment such
as shown in FIGS. 3C, 3D, and 4B the overdetermined elec-
tric field E may be best fit to the observed bipole potentials d¢
by using a pseudo-inverse as in

E=—((@0")* dg=—((d0) ) FT¢

[0065] This is the local E field in the mapping system body
coordinates derived from measured bipoles or unipoles and
electrode coordinates. The electronic control unit can sample
data from the electrodes at various frequencies. Unipolar
voltages ¢ change rapidly with time whereas the electrode
coordinates and thus dX change much more slowly. In one
embodiment, ¢ can be sampled by the electronic control unit
at 2034 Hz while the electrode coordinates can be sampled at
102 Hz and can be filtered to under 1 Hz. The above sampling
rates are only one example of the frequencies that can be used
by the system or ECU. The sampling rates of the electronic
control unit can be any that allow for proper location and data
collection to occur.

[0066] Conduction velocity magnitude and direction can be
determined in a novel manner over asingle beat from a system
of a few closely spaced electrodes capable of resolving the
local tangent E-field (Et) and measuring the local unipolar
voltage. Locally, if the depolarization wavefront passes the
catheter electrodes as a planar front progressing uniformly in
ahomogenous medium, then orthogonal unit vectors a-hat (8)
and w-hat (W) can be defined in the tangent plane. FIG. 6
illustrates a homogenous depolarization wavefront travelling
from left to right on the endocardial surface. a is defined as the
direction along which the wavefront is propagating (also the
direction of conduction velocity) and w is parallel to the
wavefront. a should also be aligned with the direction along
which maximum voltage swings are expected for Et. The
component of Bt along a is defined as Ea. So

E=E,i+E, Ww=E

since under the assumption of a homogenous, uniformly trav-
elling depolarization wavefront Ew is identically zero.

[0067] Recognizing that the potential field ¢ is a function of
space and time, §(x, y, z, t), the total derivative of ¢ can be
defined as

D¢_6¢+Btpdx+6tpdy+6tpdz
Di 3 T dxdi dydr dzdr

[0068] Thetotal derivative is the rate of change of potential
observed when moving along with the depolarization wave.
Under assumptions of uniform and homogenous cardiac con-
duction locally, the total derivative is zero.
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[0069] where « is the conduction velocity vector. Recog-
nizing that E=-V¢ and that only the component of E-field in
the tangent plane contributes to the inner product, we get

E,v={ so that E_(6v)=¢.

[0070] Theconduction velocity vectorv can then expressed
as
2N
V=—2a
E,
[0071] Although the expression above holds in principle at

every time point, when isoelectric or when signal levels are
sufficiently small, the ratio of ¢ to E, cannot be meaningfully
determined. The evaluation only holds for the approximately
10-20 ms during depolarization of the substrate underneath
the catheter.

[0072] An alternate way to derive and explain the conduc-
tion velocity described in the equation above is presented
next. In the idealized case of a wavefront traveling at uniform
velocity and direction on an endocardial surface, the surface
can be parameterized by variables r and s in an orthonormal
fashion and the 2D position vector p=(p,. p,). In this example,
X, Y, or z are avoided as they are reserved for the mapping
system coordinates. To ensure the wavefront in this example
is idealized and local, several assumptions are made: the
distribution of potential is unchanged (static) except for trans-
lation in time, the translation in time occurs with a uniform
velocity vector v=(v,, v,), and the static distribution of poten-
tial is continuously differentiable and varies only in the direc-
tion of v (in the plane r-s). The assumption that the static
distribution of potential varies only along v comes from an
inability to distinguish an inclined wavefront moving at
velocity v from a wavefront that is not inclined (is perpen-
dicular to v) moving at another velocity.

[0073] At time t, a unipolar endocardial voltage distribu-
tion ¢(r, s, ;) or ¢ (p, ty) is present. When the electronic
control unit uses the idealized assumption of a uniform trav-
elling wave, at some time t>t, the voltage distribution is
simply translated in space from its earlier distribution

60 5, D=9, 0=~V (=10)) %)

[0074] where v=(v,, v,) is the wavefront velocity vector in
coordinate frame r-s which is tangent to the local endocardial
surface. A convenient shorthand is to consider a static (time
invariant) wave distribution to be u(r, s). Then the travelling
wave is the static distribution u(r,s) translated in a time-
dependent manner.

u(r(z), () )mu(p=v-(1-10))~(p.0)

[0075] The equation above relates the time varying voltage
at point p to 2-D conduction velocity vector v through static
potential distribution u.

[0076] From a collection of four closely spaced non-copla-
nar electrodes around point p on the surface of the heart, the
electronic control unit can directly obtain the four time vary-
ing unipolar voltages. This allows the electronic control unit
to estimate various EP properties of point p. Surface point p
has unit normal i and tangent plane as shown in FIG. 5.
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[0077] The electronic control unit begins with the physics
of ascalar potential field and the segmented catheter electrode
array. The time varying voltage ¢(t) at point p can be esti-
mated from the mean of the observed electrodes. The time
varying local electric field E(t)=-V¢(t) may also be estimated
from an appropriate transformation of three or more bipole
signals. This can be used to resolve coordinate frames and
electrode spacing.

[0078] Wavefront conduction velocity, a catheter orienta-
tion independent property of the substrate and conduction
system, can be derived tangent to the surface at point p. An
example of the wavefront is illustrated in FIG. 6. Wavefront
conduction velocity v can be used by an electrophysiologist
and is generally difficult or time consuming to determine
using traditional techniques. The electronic control unit can
then take the total derivative of v with respect to t, hoping to
recognize measureable quantities and be able to solve for v.
Starting from the equation that relates u and ¢ above,

. _do dudr duds _ v
I L AT

This follows from what is meant by dr/dt and ds/dt in the total

derivative expression above and that

dr _ d -
E = %(pr _Vr([_IO); ="V
ds d -
e dTI(pS = Vst —10)) =—vs
[0079] The electronic control unit can next consider the

vector electric field at point p to be composed of normal and
tangent components. By having E, be the 3D vector normal
component in the direction of unit vector n, the electronic
control unit can define the tangent component E, to be

E~E-E,=-TVu

[0080] The electronic control unit can represent E also as a
2D vector in (r,s) coordinates, where it is the gradient of the
local potential field on the endocardial surface which can be
identified as =Vu. The key result is that

q.):Et'\’

[0081] The electronic control unit can then obtain a prop-
erly directed estimate of wavefront velocity at point p from
observable quantities by the following and recognizing that
E=E a:

o b B2,
NEN NEN  E:

This is the same result for conduction velocity as derived
above.

[0082] FIGS. 9-13 illustrates electrode unipole signals
from each of the electrodes in the catheter seen in FIG. 3A as
determined by the mapping system and denoted as phi (¢). In
theillustrated embodiment the unipole signals possess typical
unipolar morphology (FIG. 9). From each phi, its time deriva-
tive phi-dot (¢) is computed and plotted by the mapping
system (FI1G. 10). If the determined unipoles, phi, are mainly
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negative going single phase pulses, then phi-dots are mainly
biphasic with a negative going phase followed by a positive
phase. Both waveforms for En, shown in FIG. 12, from the
proximal and distal tetrahedra are consistent and reveal a
single phase positive waveform of peak-to-peak amplitude
1.4 mV. The Ea signals in FIG. 13 are also consistent across
the proximal and distal tetrahedra. FIG. 11 illustrates the
conduction velocity magnitude estimated by taking the
instantaneous ratio of ¢ to Fa, which is seen to be approxi-
mately 1 mm/ms.

[0083] FIGS. 14-19 illustrate further mapping system
recordings of unipolar signals and derived conduction veloc-
ity magnitudes. FIGS. 14-19 illustrate three pairs of record-
ings with FIGS. 14 and 15 plotting a first recording, FIGS. 16
and 17 plotting a second recording, and FIGS. 18 and 19
plotting a third recording. The conduction velocity magni-
tudes in these figures were approximately 1 mm/ms.

[0084] If the wavefront passes the catheter electrodes as a
planar front progressing uniformly in a homogeneous
medium, then Et should consist of voltage swings along a
single dominant axis—aligned with the direction of propaga-
tion (a). As illustrated in FIGS. 20-23 looking at Et in its plane
with the horizontal +x direction chosen to be along 4, there is
around 3-8 times more signal along x than y. This signal
indicates that, at least locally, planar wavefronts pass by as if
conducted in a fairly homogeneous medium. The eccentricity
of these loops can be assessed and can indicate non-uniform
local conduction which may be of clinical interest.

[0085] The systems described by this disclosure are
intended to provide catheter orientation-independent charac-
terization of cardiac conduction that would enable an electro-
physiologist to diagnose disorders and deliver therapy. Typi-
cally this would be realized using a multi-electrode catheter
that would be used in conjunction with the system’s algo-
rithms and along with an amplifier for measuring electro-
grams, electrode locations, and orientations.

[0086] Embodiments are described herein of various appa-
ratuses, systems, and/or methods. Numerous specific details
are set forth to provide a thorough understanding of the over-
all structure, function, manufacture, and use of the embodi-
ments as described in the specification and illustrated in the
accompanying drawings. It will be understood by those
skilled in the art, however, that the embodiments may be
practiced without such specific details. In other instances,
well-known operations, components, and elements have not
been described in detail so as not to obscure the embodiments
described in the specification. Those of ordinary skill in the
art will understand that the embodiments described and illus-
trated herein are non-limiting examples, and thus it can be
appreciated that the specific structural and functional details
disclosed herein may be representative and do not necessarily
limit the scope of all embodiments.

[0087] Reference throughout the specification to “various
embodiments,” “some embodiments,” “one embodiment,” or
“an embodiment,” or the like, means that a particular feature,
structure, or characteristic described in connection with the
embodiment(s) is included in at least one embodiment. Thus,
appearances of the phrases “in various embodiments,” “in
some embodiments,” “in one embodiment,” or “in an embodi-
ment,” or the like, in places throughout the specification, are
not necessarily all referring to the same embodiment. Fur-
thermore, the particular features, structures, or characteristics
may be combined in any suitable manner in one or more
embodiments. Thus, the particular features, structures, or
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characteristics illustrated or described in connection with one
embodiment may be combined, in whole or in part, with the
features, structures, or characteristics of one or more other
embodiments without limitation given that such combination
is not illogical or non-functional.

[0088] Tt will be appreciated that the terms “proximal” and
“distal” may be used throughout the specification with refer-
ence to a clinician manipulating one end of an instrument
used to treat a patient. The term “proximal” refers to the
portion of the instrument closest to the clinician and the term
“distal” refers to the portion located furthest from the clini-
cian. It will be further appreciated that for conciseness and
clarity, spatial or directional terms such as “vertical,” “hori-
zontal,” “up,” “down,” “clockwise,” and “counterclockwise”
may be used herein with respect to the illustrated embodi-
ments. However, medical instruments may be used in many
orientations and positions, and these terms are not intended to
be limiting and absolute. Joinder references (e.g., attached,
coupled, connected, and the like) are to be construed broadly
and may include intermediate members between a connection
of elements and relative movement between elements. As
such, joinder references do not necessarily infer that two
elements are directly connected and in fixed relation to each
other. Changes in detail or structure may be made without
departing from the spirit of the disclosure as defined in the
appended claims.

[0089] Any patent, publication, or other disclosure mate-
rial, in whole or in part, that is said to be incorporated by
reference herein is incorporated herein only to the extent that
the incorporated materials does not conflict with existing
definitions, statements, or other disclosure material set forth
in this disclosure. As such, and to the extent necessary, the
disclosure as explicitly set forth herein supersedes any con-
flicting material incorporated herein by reference. Any mate-
rial, or portion thereof, that is said to be incorporated by
reference herein, but which conflicts with existing defini-
tions, statements, or other disclosure material set forth herein
will only be incorporated to the extent that no conflict arises
between that incorporated material and the existing disclo-
sure material.

What is claimed is:
1. A system for determining electrophysiological data,
comprising:
an electronic control unit configured to:
receive electrogram data for a set of electrodes;

receive position and orientation information for the set
of electrodes from a mapping system;

determine catheter orientation independent information
of a tissue; and

output the orientation independent information to a user
Or process.

2. The system according to claim 1, wherein the orientation
independent information is at least one of a 2D vector electric
field, a 3D vector electric field, a normal electric field, a
tangent electric field, the eccentricity of the tangent electric
field loop, derived normal and tangent bipolar electrogram
signals, a wavefront conduction velocity, or a unit direction
vector.

3. The system according to claim 1, wherein the electronic
control unit is further configured to compensate for artifacts
in the position and orientation information received from the
mapping system.
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4. The system according to claim 1, wherein the electronic
control unit is further configured to resolve the electrogram
data into a 3D vector electrogram in a coordinate system of
the mapping system.

5. The system according to claim 1, wherein the catheter
orientation independent information comprises a wavefront
conduction velocity and a 2D vector electric field.

6. The system according to claim 1, wherein the electronic
control unit is further configured to resolve the electrogram
data into a 2D vector electrogram in a coordinate system of
the mapping system.

7. The system according to claim 6, wherein the catheter
orientation independent information comprises a conduction
velocity magnitude.

8. The system according to claim 1, wherein the orientation
independent information comprises a single phase positive
waveform.

9. The system according to claim 8, wherein the local
estimate of the conduction velocity vector occurs on a beat-
by-beat basis.

10. The system according to claim 1, wherein the orienta-
tion independent information comprises a local estimate of
the conduction velocity vector.

11. A system for determining electrophysiological data,
comprising:

an electronic control unit configured to:

receive electrical signals from a set of electrodes;

receive position and orientation data for the set of elec-
trodes from a mapping system;

compensate for position and orientation artifacts of the
set of electrodes;

compose cliques of a subset of neighboring electrodes in
the set of electrodes;

determine catheter orientation independent information
of a target tissue; and

output the orientation independent information to a dis-
play.
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12. The system according to claim 11, wherein the orien-
tation independent information comprises a local estimate of
the conduction velocity vector.

13. The system according to claim 11, wherein the elec-
tronic control unit is further configured to resolve the elec-
trogram data into a 2D vector electrogram in a coordinate
system of the mapping system.

14. The system according to claim 13, wherein the electri-
cal signals comprises at least one planar electrode bipolar
signal.

15. A method of determining electrophysiological data,
comprising:

receiving electrogram data for a set of electrodes:

receiving position and orientation information for the set of

electrodes from a mapping system;

determining catheter orientation independent information

of a tissue; and

outputting the orientation independent information to a

user or process.

16. The method according to claim 15, wherein the orien-
tation independent information is at least one of a 2D vector
electric field, a 3D vector electric field, a normal electric field,
atangent electric field, the eccentricity of the tangent electric
field loop, derived normal and tangent bipolar electrogram
signals, a wavefront conduction velocity, or a unit direction
vector.

17. The method according to claim 15 further comprising
compensating for artifacts in the position and orientation
information received from the mapping system.

18. The method according to claim 15 further comprising
resolving the electrogram data into a 3D vector electrogram in
a coordinate system of the mapping system.

19. The method according to claim 15, wherein the orien-
tation independent information comprises a local estimate of
the conduction velocity vector.

20. The method according to claim 19, wherein the local
estimate of the conduction velocity vector occurs on a beat-
by-beat basis.
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