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ELECTRODE ARRANGEMENT TO SENSE
CARDIAC WAVE VECTOR

FIELD OF THE INVENTION

[0001] The present invention relates generally to electro-
anatomical mapping, and particularly to cardiac electro-
anatomical mapping.

BACKGROUND OF THE INVENTION

[0002] Invasive diagnostic cardiology techniques for gen-
erating a cardiac electro-anatomical map have been previ-
ously described in the patent literature. For example, U.S.
Patent Application Publication 2017/0079542 describes
catheters, systems, and related methods for optimized map-
ping, minimizing, and treating of cardiac fibrillation in a
patient, including an array of at least one stacked electrode
pair. In some embodiments, each electrode pair includes a
first electrode and a second electrode, wherein each elec-
trode pair is configured to be orthogonal to a surface of a
cardiac tissue substrate. In some embodiments, each first
electrode is in contact with the surface to record a first
signal, and each second electrode is separated from the first
electrode by a distance which enables the second electrode
to record a second signal. The catheter is configured to
obtain one or more measurements from at least the first
signal and the second signal in response to electrical activity
in the cardiac tissue substrate indicative of a number of
electrical circuit cores and distribution of the electrical
circuit cores for a duration across the cardiac tissue sub-
strate.

[0003] As another example, U.S. Patent Application Pub-
lication 2002/0055674 describes an elongate probe appara-
tus for insertion into the body of a subject, comprising: a
structure having a substantially rigid configuration. A plu-
rality of physiological sensors on the probe generate signals
responsive to a physiological activity, wherein the sensors
having substantially fixed positions on the structure in said
configuration. One or more devices generate position signals
indicative of the positions of the physiological sensors on
the structure in said configuration. Bipolar signals can be
decomposed into components parallel and perpendicular to
an axis passing through any a pair of electrodes, and the
amplitude of the bipolar signal between these electrodes will
be proportional to the relative magnitude of the parallel
component.

SUMMARY OF THE INVENTION

[0004] An embodiment of the present invention provides
a system including two or more pairs of electrodes and a
processor. The electrodes are disposed over a distal end of a
catheter for insertion into a heart of a patient. The electrodes
in each pair are parallel with one another, and the pairs are
not parallel with one another. The processor is configured to
receive electrophysiological (EP) signals acquired by the
pairs of electrodes, and, based on a timing of the received EP
signals, calculate a local direction at which the received EP
signals propagate in the heart.

[0005] In some embodiments, the pairs of strip electrodes
are orthogonal with one another.

[0006] In an embodiment, the electrodes include linear
strips. In another embodiment, the electrodes have an oval
shape.
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[0007] In some embodiments, the processor is configured
to identify that the local direction is normal to a surface of
the heart, by detecting that a timing of arrival of the EP
signals to at least two pairs of electrodes is equal up to a
given tolerance.

[0008] In some embodiments, the processor is further
configured to calculate a magnitude of the received EP
signals.

[0009] There is additionally provided, in accordance with
an embodiment of the present invention, a method including
receiving electrophysiological (EP) signals acquired by two
or more pairs of electrodes disposed over a distal end of a
catheter for insertion into a heart of a patient, wherein (i) the
electrodes in each pair are parallel with one another, and (i)
the pairs are not parallel with one another. Based on a timing
of the received EP signals, a direction at which the received
EP signals propagate in the heart is calculated.

[0010] In some embodiments, calculating the local direc-
tion includes identifying that the local direction is normal to
a surface of the heart, by detecting that a timing of arrival of
the EP signals to at least two pairs of electrodes is equal up
to a given tolerance.

[0011] In some embodiments, the method further includes
calculating a magnitude of the received EP signals.

[0012] There is further provided, in accordance with an
embodiment of the present invention, a manufacturing
method, including disposing over a distal end of a catheter
for insertion into a heart of a patient two or more pairs of
electrodes, wherein (i) the electrodes in each pair are parallel
with one another, and (ii) the pairs are not parallel with one
another. The two or more pairs of electrodes are electrically
connected to a connector located in a proximal end of the
catheter.

[0013] The present invention will be more fully under-
stood from the following detailed description of the embodi-
ments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a schematic, pictorial illustration of a
system for electro-anatomical mapping, in accordance with
an embodiment of the present invention;

[0015] FIGS. 2A and 2B are schematic, pictorial illustra-
tions of electrode-pair patterns configured to acquire elec-
trical signals indicative of a direction of an electrophysi-
ological (EP) wave, in accordance with embodiments of the
present invention;

[0016] FIG. 3 is a schematic, pictorial illustration of a
travelling EP wave propagating in a normal direction and
detected by the electrode-pair pattern of FIG. 24, in accor-
dance with embodiments of the present invention;

[0017] FIG. 4 is a flow chart that schematically illustrates
a method and algorithm for detecting a direction of a
travelling EP wave, in accordance with an embodiment of
the present invention; and

[0018] FIG. 5 is a flow chart that schematically illustrates
a manufacturing method of electrode-pair patterns config-
ured to acquire electrical signals indicative of a direction of
a travelling EP wave, in accordance with an embodiment of
the present invention.
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DETAILED DESCRIPTION OF EMBODIMENTS

Overview

[0019] Intracardiac electrophysiological (EP) mapping
(also named hereinafter “electro-anatomical mapping”) is a
catheter-based method that is sometimes applied to charac-
terize cardiac EP abnormalities, such as an arrhythmia. In a
typical catheter-based procedure, a distal end of a catheter,
which comprises sensing-electrodes, is inserted into the
heart to sense EP signals. In order to create an EP map, the
physician moves the distal end inside the heart, and an EP
mapping system acquires EP signals at various cardiac
locations, as well as acquiring the respective locations.
[0020] However, for diagnostics, the propagation direc-
tion of the EP wave may also be needed. Finding such a
direction over cardiac tissue conventionally requires the
system to perform laborious calculations. For example, the
direction of propagation of the cardiac wave can be found by
creating a local activation time (LLAT) map of sections of the
heart. In addition to being relatively time-consuming, such
a spatial analysis of timing diagrams (e.g., an LAT map)
cannot be performed easily and quickly, since, for example,
it must first collect data points from multiple cardiac loca-
tions.

[0021] Embodiments of the present invention that are
described hereinafter provides electrode-pair patterns dis-
posed on a substrate over the distal end of a catheter. When
brought into physical contact with the inner surface of the
heart, the electrode-pair patterns are configured to acquire
electrical signals indicative of a direction of a travelling EP
wave. In some embodiments, the distal end of the catheter
comprises two or more pairs of electrodes, wherein (i) the
electrodes in each pair are parallel with one another, and (ii)
the pairs are not parallel with one another. A processor is
configured to receive EP signals acquired by the pairs of
electrodes, and, based on a timing of the received EP signals,
calculate a local direction at which the received EP signals
propagate in the heart.

[0022] In some embodiments, an electrode-pair pattern is
configured to measure bi-polar EP signals. In such embodi-
ments, each electrode pair comprises parallel strip elec-
trodes, where one electrode pair is aligned orthogonally to
the other pair, as further described below.

[0023] In some embodiments, as an EP wave travels
through a cardiac location, each of the two or more electrode
pairs of the electrode-pair pattern acquire the EP potential at
a different timing, and the processor analyzes the relative
timing between electrodes of the arrival of potential (e.g., by
comparing times where the peak potential occurs), and
analyzes the signal strength so as to provide a direction and
a magnitude the traveling EP wave, respectively.

[0024] In an embodiment, the processor additionally indi-
cates whether, at a certain location, the travelling EP wave
is propagating in a normal direction relative to the heart
surface (i.e., normal to a direction along a plane of the
substrate). The processor identifies such an EP wave when
the timing of signal arrival, measured by two or more pairs
of electrodes of an electrode-pair pattern, is substantially
equal (i.e., equal up to a given tolerance), as described
below. Such a normal travelling wave may occur in certain
parts of the heart. For example, such normal direction
propagation may occur at a vicinity of sharp termination of
healthy tissue near scar tissue.
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[0025] Typically, the processor is programmed in software
containing a particular algorithm that enables the processor
to conduct each of the processor related steps and functions
outlined above.

[0026] The disclosed electrode-pair patterns enable a pro-
cessor to readily estimate, in real time, a local direction
along which an EP wave propagates, including detecting an
EP wave propagating in a normal direction. In this way the
disclosed technique may improve the diagnostic value of an
intracardiac EP mapping procedure.

System Description

[0027] FIG. 1 is a schematic, pictorial illustration of a
system 20 for electro-anatomical mapping, in accordance
with an embodiment of the present invention. FIG. 1 depicts
a physician 27 using an electro-anatomical catheter 29 to
perform an electro-anatomical mapping of a heart 23 of a
patient 25. Catheter 29 comprises, at its distal end, one or
more arms 20, which may be mechanically flexible, each of
which is coupled with one or more electrodes 22. During the
mapping procedure, electrodes 22 acquire and/or inject
signals from and/or to the tissue of heart 23. A processor 28
receives these signals via an electrical interface 35, and uses
information contained in these signals to construct an elec-
tro-anatomical map 31. During and/or following the proce-
dure, processor 28 may display electro-anatomical map 31
on a display 26.

[0028] During the procedure, a tracking system is used to
track the respective locations of sensing-electrodes 22, such
that each of the signals may be associated with the location
at which the signal was acquired. For example, the Active
Current Location (ACL) system, made by Biosense-Webster
(Irvine, Calif.), which is described in U.S. Pat. No. 8,456,
182, whose disclosure is incorporated herein by reference,
may be used. In the ACL system, a processor estimates the
respective locations of the electrodes based on impedances
measured between each of the sensing-electrodes 22, and a
plurality of surface-electrodes 24, that are coupled to the
skin of patient 25. For example, three surface-electrodes 24
may be coupled to the patient’s chest, and another three
surface-electrodes may be coupled to the patient’s back. (For
ease of illustration, only one surface-electrode is shown in
FIG. 1.) Electric currents are passed between electrodes 22
inside heart 23 of the patient, and surface-electrodes 24.
Processor 28 calculates an estimated location of all elec-
trodes 22 within the patient’s heart based on the ratios
between the resulting current amplitudes measured at sur-
face-electrodes 24 (or between the impedances implied by
these amplitudes) and the known positions of electrodes 24
on the patient’s body. The processor may thus associate any
given impedance signal received from electrodes 22 with the
location at which the signal was acquired.

[0029] Processor 28 is typically programmed in software
to carry out the functions described herein. The software
may be downloaded to the computer in electronic form, over
a network, for example, or it may, alternatively or addition-
ally, be provided and/or stored on non-transitory tangible
media, such as magnetic, optical, or electronic memory. In
particular, processor 28 runs a dedicated algorithm that
enables processor 28 to perform the disclosed steps, as
described below.

[0030] The example illustration shown in FIG. 1 is chosen
purely for the sake of conceptual clarity. Other types of
sensing catheters, such as the Lasso® Catheter (produced by
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Biosense-Webster) may equivalently be employed. Contact
sensors may be fitted at the distal end of electro-anatomical
catheter 29. As noted above, other types of electrodes, such
as those used for ablation, may be utilized in a similar way,
fitted to electrodes 22 for acquiring the needed position data.
Thus, an ablation electrode used for collecting position data
is regarded, in this case, as a sensing-electrode. In an
optional embodiment, processor 28 is further configured to
indicate the quality of physical contact between each of the
electrodes 22 and an inner surface of the cardiac chamber
during measurement.

[0031] The elements of system 21 and the methods
described herein may be performed by applying voltage
gradients between ACL patch electrodes 49 or other skin-
attached electrodes, and measure induced intrabody poten-
tials with sensing electrodes 22 on catheter 29 (e.g., using
the Carto® 4 technology produced by Biosense-Webster).
Thus, embodiments of the present invention apply to any
position sensing method used for EP mapping in which a
sensing-electrode generates signals indicative of its position
in the heart.

Electrode Arrangement to Sense Cardiac Wave
Vector

[0032] FIGS. 2A and 2B are schematic, pictorial illustra-
tions of electrode-pair patterns 30A and 30B, respectively,
configured to acquire electrical signals indicative of a direc-
tion of an electrophysiological (EP) wave 50, in accordance
with embodiments of the present invention.

[0033] Relative timings of wave arrival (e.g., differences
between times at which a maximal potential value is sensed
by each electrode) are derived by a processor, based on the
acquired waveforms. The electrodes measure the electrical
potential of travelling EP wave 50 relative to a common
electrode, such as a surface body electrode, or an electrode
of a coronary sinus catheter that is placed inside the coronary
sinus, or using one of the electrodes as a common electrode.
[0034] FIG. 2A shows an embodiment at which electrode-
pair pattern 30a (shown as orthogonal electrode pairs 22al
and 22a2) is aligned about a common center. As seen, an
area 55 is delimited by electrode pairs 22al and 2242. Area
55 is finite (i.e., electrodes are not aligned over a line), so
that the electrode-pair pattern encodes in one to one agree-
ment (i.e., “spans”) all possible in-plane directions of propa-
gation of EP wave 50.

[0035] In an embodiment, arm 20 is disposed with a preset
number of such electrode-pair patterns, two of which are
seen in FIG. 2A.

[0036] To show how electrode-pair pattern 30A encodes,
in a one-to-one agreement, a direction of propagation of a
travelling EP wave in the plane of substrate 40, the four
electrodes are marked in the inset of FIG. 2A as E1, E2, E3,
and E4. A resulting encoding of the timing of arrival of EP
potential of the travelling wave shown, in the inset, is
(D(4)-(3)-(2), i.e., (1432), which is a timed order at which
respective electrodes F1-E2-E3-E4 sense the wave.

[0037] In the inset of FIG. 2A the electrodes are shown as
circular objects, although the shape of the electrodes may
vary, being, for example, oval.

[0038] In case of similar propagation directions, the order
of encoded timing described above usually remains the
same, but the quantitative differences in timings between
electrodes always changes. Using the acquired quantitative
timing differences, processor 28 determines a unique local
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direction of propagation, for example, relative to a longitu-
dinal axis 44 of a catheter arm 20. Thus, as demonstrated in
the inset of FIG. 2A, the local direction at which the EP
wave propagates (i.e., the local wave vector of the EP wave)
can be extracted by measuring the relative timings.

[0039] In an embodiment, in order to measure different
timings of a travelling wave for electrodes that are typically
spaced up to several millimeters apart, EP mapping system
21 acquires the time-dependent signals at a rate of tens of
MHz.

[0040] As another example, FIG. 2B shows an embodi-
ment in which electrode-pair pattern 305 comprises elec-
trode pair 2251 that is aligned orthogonally to a neighboring
pair 2252. Pattern 30 repeats itself so that a preset number
of patterns 30 is disposed on a substrate 40 attached to arm
20 of the catheter. This arrangement is further illustrated in
the inset of FIG. 2B using circular electrodes.

[0041] In some embodiments, electrode-pair patterns 30A
and 30B are configured to detect an EP wave propagating in
a normal direction, as described in FIG. 3 for the electrode-
pair pattern embodiment shown in FIG. 2A.

[0042] The electrode configurations described in FIG. 2
are brought by way of example. Other configurations, such
as those aligned in various angles relative to a longitudinal
axis of arms 20, are possible. The disclosed substrate may be
made of flexible materials, allowing the wrapping of the
electrode-pair patterns over arms 20 in various angles, for
example, to ensure measuring a sufficiently strong EP signal
at any catheter orientation relative to tissue. In an embodi-
ment, arm 20 is disposed with both patterns 30a and 305.
[0043] FIG. 3 is a schematic, pictorial illustration of a
travelling EP wave propagating in a normal direction 57 and
detected by the electrode-pair pattern 30A of FIG. 2A, in
accordance with embodiments of the present invention.
[0044] FIG. 3 shows a unique case of EP propagation that
results in all four time-dependent potentials V, V,, V5, and
V, being practically the same, at a relevant time window,
when such finite signals exist. An EP wave causing the
above must have the local wave vector of the EP wave
aligned normally to substrate 40, as indicated by direction
into substrate 40 at area 55. Thus, the disclosed electrode-
pair pattern is capable of detecting propagation in tissue that
is largely normal to an “in-plane” propagation. As noted
above, such propagation may occur in the vicinity of sharp
termination of healthy tissue, for example near scar tissue.
[0045] In an embodiment, processor 28 determines a
direction of the largely normal propagation (e.g., out of a
substrate or into a substrate) based on the small, but mea-
surable, in-plane component of the largely normally-di-
rected wave vector.

[0046] FIG. 4 is a flow chart that schematically illustrates
a method and algorithm for detecting a direction of a
travelling EP wave, in accordance with an embodiment of
the present invention. The process begins with physician 30
acquiring propagating cardiac EP potentials using two or
more pairs of electrodes comprised in electrode-pair pat-
terns, such as patterns 30a and/or 305, fitted at a distal end
of a catheter inside heart 26, at EP signals acquisition step
70. Next, using on the acquired EP signals and using the
algorithm according to the presented embodiment carried
out by the processer, processor 28 calculates differences in
timings of acquisition of the acquired EP signals (i.e.,
potentials) between electrode-pairs, at an EP wave timings
calculation step 72.
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[0047] Next, processor 28 calculates a local direction of
propagation of the EP wave (i.e., a wave vector), at a
direction calculation step 74. Processor 28 adds the calcu-
lated direction (or indicated, in case the direction is normal)
to an EP map, at an EP map updating step 76.
[0048] The example flow chart shown in FIG. 4 is chosen
purely for the sake of conceptual clarity. In alternative
embodiments, additional steps may be used, such as detec-
tion of a degree of physical contact of any of the electrodes
with tissue.
[0049] FIG. 5 is a flow chart that schematically illustrates
a manufacturing method of electrode-pair patterns config-
ured to acquire electrical signals indicative of a direction of
a travelling EP wave, in accordance with an embodiment of
the present invention. The process begins with disposing
over a distal end of the catheter an electrode-pair pattern
delimiting a finite area, at a disposing electrode pattern step
80. Next, the electrode-pair pattern is electrically connected
to a connector located in a proximal end of the catheter,
which conveys the signals to interface 35, at an electrical
wiring step 82.
[0050] Although the embodiments described herein
mainly address cardiac EP mapping, the methods and sys-
tems described herein can also be used in other applications,
such as in neurology.
[0051] It will be appreciated that the embodiments
described above are cited by way of example, and that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and sub-com-
binations of the various features described hereinabove, as
well as variations and modifications thereof which would
occur to persons skilled in the art upon reading the foregoing
description and which are not disclosed in the prior art.
Documents incorporated by reference in the present patent
application are to be considered an integral part of the
application except that to the extent any terms are defined in
these incorporated documents in a manner that conflicts with
the definitions made explicitly or implicitly in the present
specification, only the definitions in the present specification
should be considered.
1. A system, comprising:
two or more pairs of electrodes, wherein (i) the electrodes
in each pair are parallel with one another, and (ii) the
pairs are not parallel with one another, the electrodes
disposed over a distal end of a catheter for insertion into
a heart of a patient; and
a processor, which is configured to:
receive electrophysiological (EP) signals acquired by
the pairs of electrodes; and
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based on a timing of the received EP signals, calculate
a local direction at which the received EP signals
propagate in the heart.

2. The system according to claim 1, wherein the pairs of
strip electrodes are orthogonal with one another.

3. The system according to claim 1, wherein the elec-
trodes comprise linear strips.

4. The system according to claim 1, wherein the elec-
trodes have an oval shape.

5. The system according to claim 1, wherein the processor
is configured to identify that the local direction is normal to
a surface of the heart, by detecting that a timing of arrival of
the EP signals to at least two pairs of electrodes is equal up
to a given tolerance.

6. The system according to claim 1, wherein the processor
is further configured to calculate a magnitude of the received
EP signals.

7. A method, comprising:

receiving electrophysiological (EP) signals acquired by

two or more pairs of electrodes, wherein (i) the elec-
trodes in each pair are parallel with one another, and (ii)
the pairs are not parallel with one another, the elec-
trodes disposed over a distal end of a catheter for
insertion into a heart of a patient; and

based on a timing of the received EP signals, calculating

a direction at which the received EP signals propagate
in the heart.

8. The method according to claim 7, wherein calculating
the local direction comprises identifying that the local
direction is normal to a surface of the heart, by detecting that
a timing of arrival of the EP signals to at least two pairs of
electrodes is equal up to a given tolerance.

9. The method according to claim 7, and comprising
calculating a magnitude of the received EP signals.

10. A manufacturing method, comprising:

disposing over a distal end of a catheter for insertion into

a heart of a patient two or more pairs of electrodes,
wherein (i) the electrodes in each pair are parallel with
one another, and (ii) the pairs are not parallel with one
another; and

electrically connecting the two or more pairs of electrodes

to a connector located in a proximal end of the catheter.

11. The manufacturing method according to claim 10,
wherein disposing the pairs of electrodes comprises dispos-
ing pairs of strip electrodes that are orthogonal to one
another.

12. The manufacturing method according to claim 10,
wherein disposing the pairs of electrodes comprises dispos-
ing electrodes having an oval shape.
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