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CATHETER TIP WITH
MICROELECTRODES

FIELD OF THE INVENTION

[0001] The present invention relates generally to catheters,
and specifically to configuration of the catheter tip.

BACKGROUND OF THE INVENTION

[0002] Radiofrequency (RF) ablation of the heart is a
procedure that is widely used to correct problematic cardiac
conditions, such as atrial fibrillation. The procedure typi-
cally involves insertion of a catheter probe, having an
electrode, into the heart, and ablating selected regions within
the heart with RF energy transmitted via the electrode.
[0003] Documents incorporated by reference in the pres-
ent 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.

SUMMARY OF THE INVENTION

[0004] An embodiment of the present invention provides
apparatus, including:

[0005] an insertion tube, configured to be inserted into a
body cavity;
[0006] a distal tip connected to the insertion tube, the

distal tip having an external surface and a cavity formed in
the external surface, the cavity being surrounded by a region
of the external surface having a curvature; and

[0007] a microelectrode configured to fit into the cavity so
that a surface of the microelectrode is contoured, located and
oriented to conform with the curvature of the region.
[0008] Typically, the external surface of the distal tip and
the surface of the microelectrode are defined by a common
equation.

[0009] 1In a disclosed embodiment the apparatus includes
insulation located so as to electrically insulate the micro-
electrode from the distal tip.

[0010] In a further disclosed embodiment the apparatus
includes at least one conductor, insulated from the distal tip,
connected to the microelectrode and configured to convey an
electropotential generated by the body cavity and detected
by the microelectrode.

[0011] Inayet further disclosed embodiment the apparatus
includes at least two conductors of two different materials
connected at a junction to form a thermocouple, wherein the
junction is connected to the microelectrode so as to provide
a signal representative of a temperature of the microelec-
trode.

[0012] In an alternative embodiment the distal tip is con-
figured to receive radiofrequency (RF) energy at an ablation
frequency adapted to perform ablation on the body cavity.
Typically, the microelectrode is configured to detect an
electropotential at a lower frequency than the ablation
frequency. The apparatus may include a high pass filter,
configured to block the lower frequency and to pass the
ablation frequency, coupling the microelectrode to the distal
tip. The apparatus may also include a handle configured for
a user of the apparatus to hold the insertion tube, wherein the
high pass filter is located within the handle.
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[0013] In a further alternative embodiment the external
surface and the surface of the microelectrode have a com-
mon non-zero first principal curvature and a common second
principal curvature equal to zero.

[0014] Inayet further alternative embodiment the external
surface and the surface of the microelectrode have a com-
mon surface of revolution.

[0015] There is further provided, according to an embodi-
ment of the present invention, a method, including:

[0016] providing an insertion tube that is configured to be
inserted into a body cavity;

[0017] connecting a distal tip to the insertion tube, the
distal tip having an external surface and a cavity formed in
the external surface, the cavity being surrounded by a region
of the external surface having a curvature; and

[0018] fitting a microelectrode into the cavity so that a
surface of the microelectrode is contoured, located and
oriented to conform with the curvature of the region.
[0019] The present disclosure 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

[0020] FIG. 1 is a schematic illustration of an ablation
system, according to an embodiment of the present inven-
tion; and

[0021] FIGS. 2A-2D are schematic illustrations of differ-
ent aspects of a distal tip of an insertion probe used in the
ablation system, according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview

[0022] An embodiment of the present invention provides
a catheter that may be used for performing a radiofrequency
(RF) ablation procedure in a body cavity. The catheter
comprises an insertion tube, which has at a distal end of the
tube a distal tip that is configured to act as an electrode for
the ablation. The distal tip, typically formed in a generally
cup-like shape, has an external surface, and at least one
cavity, typically six cavities, is formed in the external
surface. Each cavity is surrounded by a respective region of
the external surface, and each respective region has a
respective curvature.

[0023] Foreach cavity there is a respective microelectrode
configured to fit into the cavity. For a given microelectrode,
an outer surface of the microelectrode is contoured to
conform with the curvature of the region of the distal tip’s
outer surface surrounding the cavity. Each microelectrode
and its cavity are configured so that when the microelectrode
fits to the cavity, the microelectrode is located and oriented
with respect to the region surrounding the cavity so that the
two surfaces—the outer surface of the microelectrode and
the surface of the surrounding region are substantially
continuous. Typically the microelectrode is insulated from
the distal tip so that the microelectrode is able to detect
electropotentials generated by the body with high spatial
resolution, independent of far-field signals picked up by the
larger distal tip.

[0024] By configuring the microelectrode surface to con-
form with the distal tip surface, the overall surface in contact
with the blood of the body cavity is substantially smooth,
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reducing the possibility of trauma to the tissue or blood clots
forming during the ablation procedure.

System Description

[0025] Reference is now made to FIG. 1, which is a
schematic illustration of an ablation system 20, according to
an embodiment of the present invention. System 20 is
configured to perform ablation on a body organ during an
invasive medical procedure, and/or to make measurements
of physiological parameters, such as temperatures or elec-
tropotentials of the body organ, during the same or a
different procedure. In the description herein the body organ,
by way of example, is assumed to comprise a heart 22,
although it will be understood that system 20 may be used
on other body organs or cavities, such as the bladder or
abdomen.

[0026] A catheter probe of system 20 comprises an inser-
tion tube 24, having a distal end 26 which is inserted, using
a handle 34, into the body of a subject 30. In some
embodiments a high pass filter 36, described in more detail
below, is incorporated into handle 34. A distal tip 28 of the
insertion tube, described in more detail below, is imple-
mented to act, inter alia, as an electrode for ablating tissue
of heart 22 using radiofrequency (RF) energy. The ablation
is assumed to be performed during a cardiac procedure
performed by a user 32 of system 20 on the subject, and in
the description herein the user of the system is assumed, by
way of example, to be a medical professional.

[0027] System 20 may be controlled by a system processor
40, comprising a processing unit 42 communicating with a
memory 44. Processor 40 is typically mounted in a console
46, which comprises operating controls typically including
a pointing device such as a mouse or trackball. Professional
may use the pointing device to interact with the processor,
which may be used to define a view of the heart presented
by system 20 to the professional on a screen 50. The screen
typically displays a three-dimensional (3D) map 52 of the
internal surface of heart 22, typically together with items of
auxiliary information related to the heart and/or the proce-
dure and superimposed on the map.

[0028] In order to perform the ablation referred to above,
memory 44 comprises an ablation module 60 which is able
to generate RF energy at a power level and for a time period
selected by professional 32, and to transfer this energy to the
distal tip. Memory 44 also comprises an irrigation module
62, a temperature module 64, and an electropotential module
66, which enable professional 32 and system 20 to respec-
tively control irrigation to the distal tip, monitor tempera-
tures measured at the distal tip, and monitor electropoten-
tials generated at the distal tip. As described below, distal tip
28 is structured, and/or comprises hardware elements,
enabling the modules to operate.

[0029] System 20 is typically also implemented to track
the position and orientation of the distal tip, and may also be
implemented to perform other functions related to the medi-
cal procedure that the system is used for, such as measuring
the force on the distal tip. To perform these functions the
distal tip may also have appropriate hardware elements, such
as location detectors and force sensors, which are operated
by respective modules in memory 44. Tracking of a distal
tip, and measurement of the force on the tip, are well known
in the art, and are described, for example, in U.S. Pat. No.
8,456,182, and in U.S. Patent Applications 2011/0130648,
2007/0016007, the disclosures of which are incorporated
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herein by reference. For simplicity, hardware and modules
associated with tracking and force measurement are not
drawn in FIG. 1.

[0030] The software for operating system 20, including
the software for the modules referred to above, may be
downloaded to processor 40 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.
[0031] FIG. 2A is a schematic perspective illustration of
distal end 26, FIG. 2B is a schematic cross-section of the
distal end, FIG. 2C is a schematic view of the distal end from
a point external to the distal end, and FIG. 2D is a schematic
diagram illustrating assembly of the distal end, according to
an embodiment of the present invention. As illustrated in
FIG. 2A, insertion tube 24 terminates at distal tip 28, which
is formed from a biocompatible conductor, such as platinum,
palladium, gold, iridium, or an alloy of the aforementioned,
and which has an axis of symmetry 70. The cross-section of
the distal end illustrated in FIG. 2B is taken in a plane
containing axis 70, and the view illustrated in FIG. 2C is
taken looking towards the distal end along the axis.

[0032] An external surface 74 of distal tip 28 is divided
into three regions: a cylindrical region 78 at the proximal
end of the tip, a plane region 82 at the distal end of the tip,
and a curved annular region 86 joining the cylindrical region
to the plane region. Cylindrical region 78 is a surface of
revolution of a line segment, parallel to axis 70, about the
axis. Assuming the line segment is distant r. from the axis,
the cylindrical region has a radius ...

[0033] Annular region 86 is a surface of revolution of a
smooth curve about axis 70. The smooth curve terminates in
two terminal points. At a first terminal point the curve has a
tangent that is parallel to axis 70. At a second terminal point
the curve has a tangent that is orthogonal to and that
intersects the axis. In one embodiment the smooth curve
comprises a section of a circle, but this is not a necessity, and
the curve between the curve terminal points may be any
smooth curve, having terminating tangents as described
above, such as a section of an ellipse.

[0034] In the embodiment illustrated in the figures, distal
tip 28 is penetrated by irrigation channels, so that surface 74
is pierced by irrigation apertures 90 that terminate the
channels. Irrigation fluid, the flow of which is controlled by
module 62, may be directed into the irrigation channels via
an internal manifold 94 formed in the distal tip. The irriga-
tion fluid for the manifold is provided by a dedicated conduit
(not shown in the figures) within tube 24.

[0035] At least one cavity 100 is formed in the cylindrical
region of external surface 74, and at least one cavity 102 is
formed in the curved annular region of the external surface.
The embodiment described herein comprises three cavities
100 which are distributed symmetrically with respect to axis
70, and three cavities 102 are also distributed symmetrically
with respect to the axis. However, these numbers and
distributions are purely by way of example, and embodi-
ments of the present invention may have different numbers
of cavities, and different distributions of the cavities, from
those described herein. As described below, each cavity 100
is configured to accept and mate with a respective micro-
electrode 120 and each cavity 102 is configured to accept
and mate with a respective microelectrode 140.

[0036] Considering cavity 100, in order to mate correctly
with its microelectrode 120, the cavity has a cavity side
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surface 112, a receiving surface 114, and a cavity perimeter
opening 116 where surface 112 intersects cylindrical region
78. Microelectrodes 120 are configured to be inserted into
respective cavities 100, and in order to mate correctly with
its cavity, each microelectrode has an external grooved
surface 122 mating with cavity side surface 112, and a base
surface 124 mating with receiving surface 114. In addition,
microelectrode 120 has an external surface 130, described in
more detail below, that has a microelectrode perimeter 132.
After insertion, microelectrode perimeter 132 aligns with
cavity perimeter opening 116. In addition to having the two
perimeters align, in order that microelectrode 120 fits cor-
rectly into its cavity, surface 130 is contoured to conform
with the curvature of the region surrounding its retaining
cavity, i.e., the curvature of cylindrical region 78.

[0037] Considering cavity 102, in order to mate correctly
with its microelectrode 140, the cavity has a cavity side
surface 142, a receiving surface 144, and a cavity perimeter
opening 146 where surface 142 intersects annular region 86.
Microelectrodes 140 are configured to be inserted into
respective cavities 102, and in order to mate correctly with
its cavity, each microelectrode has an external grooved
surface 152 mating with cavity side surface 142, and a base
surface 154 mating with receiving surface 144. In addition,
as for microelectrodes 120, each microelectrode 140 has an
external surface 160, described in more detail below, that has
a microelectrode perimeter 162. After insertion, microelec-
trode perimeter 162 aligns with cavity perimeter opening
146. In addition to having the two perimeters align, in order
that each microelectrode 140 fits correctly into its cavity,
surface 160 is contoured to conform with the curvature of
the region surrounding its retaining cavity, i.e., the curvature
of annular region 86.

[0038] Cylindrical region 78 and annular region 86 are
examples of three-dimensional (3D) curved surfaces, and a
general equation for such a surface is given by:

z=flx,y) m

[0039] where X, y, and z are variables plotted on mutually
orthogonal axes, and where f is a function.

[0040] As is known in the art, the curvature of any point
(%,¥,2) on the surface defined by equation (1) is completely
defined by the maximum and minimum curvatures, i.e. the
principal curvatures, at the point, and these curvatures are
orthogonal to each other. Furthermore, the values for the
principal curvatures may be derived from the equation of the
surface.

[0041] Inthe case of cylindrical region 78, an equation for
the surface of region 78 may be represented by:

2=Clxy) @

[0042] where C is a function defining a cylindrical surface.
[0043] For region 78, since the region is a cylindrical
surface, all points on the surface have the same principal
curvatures, i.e., a minimum curvature of 0, and a maximum

curvature, k,, ., which is a positive, non-zero, value given
by:
b = ©
rC
[0044] As stated above, for microelectrode 120 to fit

correctly into its cavity, surface 130 of the microelectrode is
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a cylindrical surface that is contoured to conform with the
curvature of region 78. Thus equation (2) is a common
defining equation for surface 130 and region 78. In addition,
since surface 130 is cylindrical and conforms with region 78,
all points on surface 130 have a minimum curvature of 0 and
a maximum curvature k,, .

[0045] Inthe case of annular region 86, an equation for the
surface of region 86 may be represented by:

7=4(x,y) (C)

[0046] where A is a function defining an annular surface of
revolution.

[0047] For annular region 86, in contrast to cylindrical
region 78, points on the surface of the annular region in
general have different principal curvatures. However, since
region 86 is a surface of revolution of a curve around axis
70, all points on the annular region a given distance from the
axis have the same principal curvatures, although as the
distance from the axis changes, at least one of the principal
curvatures changes. In a disclosed embodiment, the curve
that is revolved is an arc of a circle, in which case the surface
of region 86 is toroidal.

[0048] For microelectrode 140 to fit correctly into its
cavity, surface 160 of the microelectrode is contoured to
conform with the curvature of region 86. Thus equation (4)
is a common defining equation for surface 160 and region
86.

[0049] Each microelectrode 120 has a receptacle 180
which is configured to receive at least one conductive wire
182. Similarly, each microelectrode 140 has a receptacle 190
which is also configured to receive at least one conductive
wire 182. Wires 182 are typically insulated so that they are
electrically isolated from tip 28. In each case the wire is
connected to the microelectrode, typically by soldering
and/or welding. Fach wire 182 is conveyed via tube 24 and
handle 34 to processor 40, enabling potentials generated at
the different microelectrodes to be measured by electropo-
tential module 66.

[0050] In a disclosed embodiment, as is illustrated, two
wires 182 of different materials are joined together, at a joint
200, to act as a thermocouple. The different materials may,
for example, be copper and constantan. The joint is con-
nected to the microelectrode within a single microelectrode
receptacle, enabling potentials generated at the different
microelectrodes to be measured by electropotential module
66, and the temperatures of the different microelectrodes to
simultaneously be measured using temperature module 64.

[0051] In alternative embodiments, three wires 182, two
being of different materials and joined to act as a thermo-
couple, are connected to a single receptacle. The third wire
may be used to independently convey electropotentials to
module 66. In some embodiments, the insulation between
wires 182 and distal tip 28 is improved by enclosing the
wires in insulating tubing, which may be made from any
suitable insulator such as polyimide.

[0052] FIG. 2D illustrates schematically how the micro-
electrodes are assembled into tip 28. For simplicity and
clarity, in FIG. 2D wires 182 are not shown as being
connected to their respective microelectrodes. Prior to inset-
tion into their respective cavities, the microelectrodes may
be coated with a biocompatible insulating plastic, such as
parylene, so that after insertion the microelectrodes are
electrically insulated from the distal tip. After insertion the
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plastic may be removed from surfaces 130 and 140, leaving
a thin layer 170 of insulation between a given microelec-
trode and the distal tip.

[0053] In operation of system 20, ablation module 60
generates radiofrequency (RF) ablation energy, typically at
a frequency of the order of 480 kHz, and the RF energy, after
transmission to tip 28, is used to ablate a region of the body
cavity in contact with the tip. Simultaneously, electropoten-
tial module 66 is able to independently monitor electropo-
tentials of the body cavity section, from signals acquired by
microelectrodes 100 and 102 in contact with the region.
Insulation layer 170 ensures that there is no interference
between the microelectrode signals and the RF ablation
energy, and also provides high spatial resolution electro-
grams. If thermocouples have been attached to the micro-
electrodes, as described above, temperatures of the body
cavity region may also be simultaneously and independently
monitored.

[0054] The electropotential and/or thermocouple signals
generated at the microelectrodes are relatively low fre-
quency signals, of the order of 1 kHz or less. In some
embodiments high pass filter 36 (FIG. 1) may be connected
between the microelectrodes and the distal tip, or between
wires 182 and a conductor conveying the ablation RF energy
to the distal tip. The filter may be configured to transfer RF
ablation energy to the microelectrodes, while preventing the
low frequency thermocouple and/or electropotential signals
on wires 182 from being interfered with, so that surfaces 130
and 160 of the microelectrodes may also be used for
ablation. As illustrated in FIG. 1, high pass filter 36 may be
conveniently located in handle 34.

[0055] The description above has assumed that microelec-
trodes are inserted into cavities of specific regions of the
distal tip, and that the distal tip has a particular shape. It will
be appreciated that embodiments of the present invention
may be applied to other shapes of distal tip, so that, for
example, the regions of the distal tip, and/or the whole of the
distal tip, does not need to be a surface of revolution. As for
the embodiments described above, for regions that are not
surfaces of revolution the surface of the microelectrode is
contoured, located and oriented to conform with the curva-
ture of the region surrounding the cavity into which the
microelectrode is inserted.

[0056] It will thus 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 subcom-
binations of the various features described hereinabove, as
well as variations and modifications thereof which would
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occur to persons skilled in the art upon reading the foregoing
description and which are not disclosed in the prior art.

1-11. (canceled)

12. A method, comprising:

providing an insertion tube that is configured to be

inserted into a body cavity;
connecting a distal tip to the insertion tube, the distal tip
having an external surface and a cavity formed in the
external surface, the cavity being surrounded by a
region of the external surface having a curvature; and

fitting a microelectrode into the cavity so that a surface of
the microelectrode is contoured, located and oriented to
conform with the curvature of the region.

13. The method according to claim 12, wherein the
external surface of the distal tip and the surface of the
microelectrode are defined by a common equation.

14. The method according to claim 12, and comprising
locating insulation between the microelectrode and the distal
tip so as to electrically insulate the microelectrode from the
distal tip.

15. The method according to claim 12, and comprising
connecting at least one conductor, insulated from the distal
tip, to the microelectrode and configuring the conductor to
convey an electropotential generated by the body cavity and
detected by the microelectrode.

16. The method according to claim 12, and comprising
connecting at least two conductors of two different materials
at a junction to form a thermocouple, and connecting the
junction to the microelectrode so as to provide a signal
representative of a temperature of the microelectrode.

17. The method according to claim 12, and comprising
configuring the distal tip to receive radiofrequency (RF)
energy at an ablation frequency adapted to perform ablation
on the body cavity.

18. The method according to claim 17, wherein the
microelectrode is configured to detect an electropotential at
a lower frequency than the ablation frequency.

19. The method according to claim 18, and comprising
coupling a high pass filter, configured to block the lower
frequency and to pass the ablation frequency, between the
microelectrode and the distal tip.

20. The method according to claim 19, and comprising
configuring a handle for a user of the apparatus to hold the
insertion tube, and locating the high pass filter within the
handle.

21. The method according to claim 12, wherein the
external surface and the surface of the microelectrode have
a common non-zero first principal curvature and a common
second principal curvature equal to zero.

22. The method according to claim 12, wherein the
external surface and the surface of the microelectrode have
a common surface of revolution.
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