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C5D FIG. 3
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TRAINING OF IMPEDANCE BASED
LOCATION SYSTEM USING REGISTERED
CATHETER IMAGES

CROSS-REFERENCE TO RELATED
APPLICATION

This application is related to U.S. Patent Application titled
“Compensation for Heart Movement using Coronary Sinus
Catheter Images” filed on even date with the present appli-
cation, and which is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to tracking of a
probe, and specifically to tracking of a catheter probe within
a body organ.

BACKGROUND OF THE INVENTION

Tracking of the location of catheters within the human
body is necessary in much of the surgery performed today.
In addition to providing the position of the catheter itself, the
tracking may also be used to provide other information such
as the shape of an organ within which the catheter is located,
by touching the surface of the organ. If the catheter is
inserted into an organ in such a way so as not to move within
the organ, movement of the organ as a whole may be
determined by tracking the location of the catheter.

Documents incorporated by reference in the present pat-
ent 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

An embodiment of the present invention provides a
method, including:

inserting a catheter having at least one electrode into a
chamber of a body organ of a patient;

recording at a sequence of times respective sets of cur-
rents between the at least one electrode and a plurality of
patches positioned on skin of the patient;

while recording the sets of currents, acquiring x-ray
images of the at least one electrode, and determining loca-
tions of the catheter from the images;

deriving a relation between the locations and the respec-
tive sets of currents based on the sets of currents and the
images;

recording subsequent sets of currents between the at least
one electrode and the patches; and

determining, based on the relation, subsequent locations
of the catheter in response to the subsequent set of currents.

Typically the body organ includes a heart of the patient,
and the chamber 1s a coronary sinus of the heart.

In a disclosed embodiment no x-ray images are acquired
while recording the subsequent sets of currents.

In a further disclosed embodiment the method includes
analyzing the x-ray images to identify phases in a respiration
cycle of the patient, and the relation includes multiple
relations respectively based on the phases.

In a yet further disclosed embodiment the method
includes analyzing the sets of currents to identify phases in
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2

a respiration cycle of the patient, and the relation includes
multiple relations respectively based on the phases.

The body organ may be a heart, and the method may
further include acquiring electrocardiograph (ECG) signals
from the heart, analyzing the signals to identify phases in a
heartbeat cycle of the patient, and the relation may include
multiple relations respectively based on the phases. Alter-
natively or additionally the relation may include an average
of multiple relations respectively based on the phases.

In an alternative embodiment the method includes, after
deriving the relation, inserting a further catheter having a
further-catheter-at-least-one-electrode into a further cham-
ber in proximity to the chamber of the body organ, recording
further sets of currents between the further-catheter-at-least-
one-electrode and the patches, and determining, based on the
relation, locations of the further catheter in response to the
further sets of currents.

In a further alternative embodiment the method includes,
while recording the sets of currents, acquiring x-ray images
of the plurality of patches, and determining the locations
typically includes determining the locations of the catheter
from the x-ray images of the plurality of patches and the at
least one electrode.

There is further provided, according to an embodiment of
the present invention a method, including:

inserting a first catheter having at least one electrode and
at least one coil into a chamber of a body organ of a patient;

recording at a sequence of times respective sets of cur-
rents between the at least one electrode and a plurality of
patches positioned on skin of the patient;

while recording the sets of currents, acquiring x-ray
images of the at least one electrode and the plurality of
patches, and determining locations of the catheter from the
images;

while recording the sets of currents, recording signals
generated in the at least one coil in response to magnetic
fields irradiating the catheter, and determining measures of
the locations in response to the signals;

deriving a relation between the locations and the sets of
currents based on the sets of currents, the signals, and the
images;

removing the first catheter and inserting a second catheter
having a second-catheter-at-least-one-electrode and no coil
into the body organ;

recording subsequent sets of currents between the second-
catheter-at-least-one-electrode and the patches; and

determining, based on the relation, subsequent locations
of the second catheter in response to the subsequent set of
currents.

There is further provided, according to an embodiment of
the present invention, apparatus, including:

a catheter having at least one electrode which is config-
ured to be inserted into a chamber of a body organ of a
patient; and

a processor, which is configured to:

record at a sequence of times respective sets of currents
between the at least one electrode and a plurality of patches
positioned on skin of the patient,

while recording the sets of currents, acquire x-ray images
of the at least one electrode and the plurality of patches, and
determine locations of the catheter from the images,

derive a relation between the locations and the respective
sets of currents based on the sets of currents and the images,

record subsequent sets of currents between the at least one
electrode and the patches, and

determine, based on the relation, subsequent locations of
the catheter in response to the subsequent set of currents.
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The present disclosure will be more fully understood from
the following detailed description of the embodiments
thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating a hybrid track-
ing system, according to an embodiment of the present
invention;

FIG. 2A is a schematic illustration of a distal tip of a
catheter, and FIG. 2B is a schematic illustration of the distal
tip inserted into a heart, according to embodiments of the
present invention;

FIG. 3 is a flowchart of steps performed in operating the
system of FIG. 1, according to an embodiment of the present
invention;

FIG. 4 is a schematic diagram illustrating a hybrid track-
ing system, according to an alternative embodiment of the
present invention; and

FIG. 5 is a schematic diagram illustrating a distal tip of a
catheter used in the system of FIG. 4, according to an
alternative embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
Overview

An embodiment of the present invention provides a
system for determining the location of a catheter, typically
the distal tip of the catheter, which is inserted into the
chamber of a body organ of a patient. The catheter has at
least one electrode attached to its distal tip. Typically the
chamber may be any cavity of the body organ into which it
is possible to insert a catheter. In some embodiments the
body organ is the heart of the patient, and in the following
explanation the chamber is assumed to be the coronary sinus
of the heart.

Electrode patches are attached to the skin of the patient,
in the vicinity of the heart, and currents between the at least
one electrode of the catheter and the patches are recorded.
The currents are recorded over a sequence of times, gener-
ating respective sets of currents.

While the sets of currents are being recorded, in a training
phase of the system, x-ray images of the at least one
electrode and the plurality of patches are acquired, and
locations of the catheter are determined from the images. A
processor of the system derives a relation between the
locations and the respective sets of currents based on the sets
of currents and the images.

In an operational phase of the system, subsequent sets of
currents between the at least one electrode and the patches
are recorded, while no x-ray images are acquired. In the
operational phase, subsequent locations of the catheter are
determined in response to the subsequent set of currents.

In embodiments of the present invention the at least one
electrode of the catheter may be the only means, incorpo-
rated into the catheter, that enable the locations of the
catheter to be determined. The relation between the sets of
currents and catheter locations (found from x-ray images)
determined in a training phase provides a very good method
for accurately determining, from subsequent sets of currents
in an operational phase, subsequent locations of the catheter,
notwithstanding that the catheter has no other means for
determining its location.
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4
DETAILED DESCRIPTION

In the following description, like elements in the drawings
are identified by like numerals, and the like elements are
differentiated as necessary by appending a letter to the
identifying numetal.

FIG. 1 is a schematic diagram illustrating a hybrid track-
ing system 20, according to an embodiment of the present
invention.

System 20 comprises an impedance based location facility
24, which is described in more detail below and which is
operated by an impedance based location controller 26.
System 20 also comprises fluoroscopic equipment 30, oper-
ated by a fluoroscope controller 32. While FIG. 1 shows, by
way of example and for simplicity, equipment 30 as com-
prising a “C-arm” fluoroscope, the fluoroscopic equipment
may comprise any fluoroscope known in the art, and/or
computerized tomography (CT) x-ray equipment, that is
able to generate fluoroscopic images.

As is explained in more detail below, in an initial “train-
ing” session of system 20 both the impedance based location
facility and the fluoroscopic equipment operate. In a subse-
quent operational session of the system only the impedance
based location facility is required to operate. In the opera-
tional phase the system determines a location of a distal tip
40 of a catheter 44 in a chamber 42 of a body organ 46 of
a patient 48. The determination uses currents from an
electrode 64 on the distal tip, as is described in more detail
below.

In the present disclosure and in the claims, reference to a
chamber of a body organ is to be understood as reference to
any cavity of a body organ into which the distal tip of a
catheter may be inserted. By way of example, and for clarity,
in the following description body organ 46 is assumed to be
the heart of patient 48, and the body organ is also referred
to herein as heart 46. Also by way of example and for clarity
in the following description chamber 42 is assumed to be the
coronary sinus of heart 46, and the chamber is also referred
to herein as coronary sinus 42. Those having ordinary skill
in the art will be able to adapt the description, mutatis
mutandis, for other body organs and for other chambers,
such as, for the case of the heart, the left and right atria, and
the left and right ventricles.

FIG. 2A is a schematic illustration of distal tip 40, and
FIG. 2B is a schematic illustration of the distal tip inserted
into heart 46, according to embodiments of the present
invention. The figures illustrate distal tip 40 after it has been
inserted into coronary sinus 42.

System 20 is operated by a system processor 50, which
uses software to integrate data and images provided by
controllers 26 and 32. System processor 50 and controllers
26 and 32 are typically incorporated into a control unit 52 of
system 20. The processor determines the distal tip location,
and typically incorporates the location into an image of the
body organ that is presented to an operator of system 20 on
a screen 60 coupled to the control unit. The software for the
processor may be downloaded 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.

Controller 26 of the impedance based location facility
measures currents between an electrode 64, in the catheter
distal tip, and a plurality of generally similar patch elec-
trodes 68, also herein termed patches, which are positioned
on the skin of patient 48 in the vicinity of heart 46. (For
clarity, connections between control unit 52 and patches 68
are not shown in FIG. 1.) The currents between electrode 64
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and the patches vary according to the location of the
electrode, because of the different distances of the distal tip
from the patches, which cause different impedances between
the distal tip electrode and the different patches. Controller
26 is configured to generate an indication of the location
from the different currents. Operational details of a facility
similar to facility 24 are described in U.S. Pat. No. 8,456,182
to Bar-Tal et al., which is assigned to the assignee of the
present application and which is incorporated herein by
reference.

The impedances between the distal tip electrode and the
patches, as well as impedances between the patches, vary
with the respiration cycle of patient 48, and so vary with
time. Controller 26 is also configured to analyze the imped-
ances, and to derive from the analysis of sets of impedances
measured at respective times an indication of impedance sets
corresponding to end-expirium points of the patient’s res-
piration cycle. The analysis may also reference respective
phases of other impedance sets in the cycle to the end-
expirium point. Aspects of a system for analyzing respira-
tion using impedances, similar to the analysis referred to
above, are described in U.S. Patent Application 2012/
0172712 to Bar-Tal, which is assigned to the assignee of the
present application and which is incorporated herein by
reference.

By virtue of being positioned on the skin of patient 48 in
the vicinity of heart 46, patches 68 also receive electrocar-
diograph (ECG) signals generated by the heart, as the heart
beats. Controller 26 is further configured to acquire the ECG
signals, and to use the acquired signals as fiducials for
referencing impedance sets acquired at respective times to
phases in the heartbeat cycle of the patient.

Fluoroscopic controller 32 of equipment 30 acquires
images of patient 48, including images of heart 46, electrode
64, and, in some embodiments, patches 68. From the images,
fluoroscope controller 32 is able to estimate respective
locations for the heart and the electrode in a fluoroscope
frame of reference. Where the patches are imaged the
controller may be able to estimate locations for the patches
in the fluoroscope frame of reference. If equipment 30
comprises CT equipment, the CT images typically incorpo-
rate sufficient three-dimensional information so that control-
ler 32 is able to analyze the images to derive the locations.
If equipment 30 does not comprise CT equipment, the
locations may be derived by analysis of images acquired
when the equipment is in two or more orientations. U.S.
Patent Application entitled Compensation for Heart Move-
ment using Coronary Sinus Catheter Images, referenced
above, describes a system for locating a coronary sinus
catheter using fluoroscopy images generated from a fluoro-
scope in multiple orientations.

Patches 68 move with the respiration of the patient and so
the patch locations vary with time. In embodiments where
the patch location may be determined from the fluoroscope
image, by analyzing, for each fluoroscopic image, sets of
locations of patches 68 acquired at respective times, con-
troller 32 is able to identify sets of patch locations (i.e., sets
of images) corresponding to the end-expirium point in the
respiration cycle of the patient. The controller may also
reference respective phases of other patch location sets in
the cycle to the end-expirium point. The identification of the
phase in the respiration cycle, and of the end-expirium point,
may be made independently of the identifications performed
using the impedance based location facility.

FIG. 3 is a flowchart of steps performed in operating
system 20, according to an embodiment of the present
invention. In an initial step 200 of the flowchart, patches 68
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are attached to the skin of patient 48, in the vicinity of heart
46, and the patches are connected with conducting cables to
control unit 52. In addition, distal tip 40 of the catheter is
inserted into coronary sinus 42.

In a fluoroscopic imaging step 202, which begins a
training phase of the flowchart, fluoroscope controller 32
operates equipment 30, so that the controller acquires an
x-ray image of patient 48, including within the image
respective sub-images of heart 46, distal tip electrode 64,
and patches 68.

In a current measurement step 204, which is typically
performed substantially simultaneously with imaging step
202, impedance based controller 26 records respective
“training” currents between each patch 68 and distal tip
electrode 64, as a set of currents {I,}.

As indicated by an arrow 206, steps 202 and 204 are
repeated on a continuing basis, typically for a period of
approximately 10 s, although the period of repetition may be
longer or smaller than 10 s. In order to accommodate
movements of the distal tip and of the patches because of the
breathing of the patient, as well as because of the beating of
the patient’s heart, the respective controllers record times for
each of the steps.

In an analysis step 208, the fluoroscope controller ana-
lyzes the sub-images in each of the images acquired in steps
202 so as to determine, within a fluoroscopy frame of
reference defined by equipment 30, estimates of the respec-
tive locations of heart 46, distal tip electrode 64, and each of
patches 68. By comparing the locations of the patches the
fluoroscope controller registers successive images with the
respiration cycle of patient 48, and identifies images corre-
sponding to end-expirium points and to other phases in the
cycle.

From the estimated locations of the electrode and the
patches, the controller generates, for each image, a set of
“training” displacement vectors {D,} representative of the
displacement of the distal tip electrode from each of patches
68. Bach set of vectors {D} is further categorized according
to its corresponding phases in the patient’s respiration cycle
and heartbeat (the latter determined from the ECG signals),
so that the fluoroscope controller generates sets of vectors
{D;} 4%, where R is an index representative of the phase of
respiration cycle, and H is an index representative of the
phase of the heartbeat.

Also in the analysis step, the impedance based controller
categorizes each set of currents [I;] acquired in step 204
according to the phases of the patient’s respiration cycle and
heartheat, so generating sets of current vectors {[I,]},~.

In a relationship step 210, the system processor finds and
stores matrices M,,* forming a relation between the sets of
displacement vectors {D},/ and the sets of current vectors
{14}, according to equation (1):

{DT}HR :MHR'{ [Z7] }HR M

Steps 202-210 comprise a training phase of the flowchart,
and storing of matrices M,,% in step 210 corresponds to the
termination of the training phase.

In an initial step 212 of an operational phase of the
flowchart, the fluoroscope equipment is powered off. Cath-
eter 44 may be left in place in coronary sinus 42, or
alternatively the catheter may be replaced at a later time in
the coronary sinus by another, similar, catheter, which is
tracked as described below. While the fluoroscope equip-
ment is no longer operative, the impedance based location
facility continues to operate. During its operation impedance
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based controller 26 acquires sets of operational current
vectors [I,] from patches 68, and also continues to receive
ECG signals.

In an operational analysis step 214, performed for each set
of current vectors [I,,] acquired in step 212, controller 26
analyses the set of vectors to determine the phase of the
respiration cycle R, and also analyses the ECG signals to
determine the phase of the patient’s heartbeat H. Each set of
current vectors may thus be designated as [I,],/~.

In a distal tip location step 216, the matrix M, for the
values of R and H determined in step 214 is retrieved, and
is used to determine a set of displacement vectors {D,} .~
for the distal tip, according to equation (2):

{DO}HR :MHR'{ [o] }HR @

The displacement vectors determined from equation (2)
for the distal tip may be used directly as indicators of the
heart location, if the distal tip is in the coronary sinus, since
there is relatively little movement, i.e., change of displace-
ment, between the coronary sinus and the rest of the heart.
Alternatively, movement between the distal tip (in the coro-
nary sinus) and the heart may be accounted for using the
estimates of the heart location and the distal tip electrode
generated in step 208; in some embodiments adjustments for
the movement are gated to the heartbeat and/or the respira-
tion cycle of the patient, substantially as described above for
the distal tip displacement vectors.

In some embodiments, rather than measuring and/or gat-
ing data according to heartbeat phase index H, the data is
averaged over a complete heartbeat. Those having ordinary
skill in the art will be able to adapt the description, mutatis
mutandis, for the case where such an average of the data is
derived.

The description above assumes that catheter 44, or a
replacement, is in coronary sinus 42 after the training phase
of system 20, so that catheter 44 or its replacement is tracked
in the operational phase. In alternative embodiments, an
alternative catheter similar to catheter 44, i.e. a catheter
having an electrode but no coils (such coils are described
below with reference to FIGS. 4 and 5) is positioned in a
chamber in proximity to the coronary sinus, used during the
training phase of catheter 44. For example the alternative
catheter may be positioned in the right ventricle of heart 46.
Sets of current vectors for the alternative catheter are
acquired, as described above for step 212, and equation (2)
is used to derive displacement vectors for the alternative
catheter.

FIG. 4 is a schematic diagram illustrating a hybrid track-
ing system 320, according to an alternative embodiment of
the present invention. Apart from the differences described
below, the operation of system 320 is generally similar to
that of system 20 (FIGS. 1-3), and elements indicated by the
same reference numerals in both systems 20 and 320 are
generally similar in construction and in operation.

System 320 comprises a magnetic tracking system 322
which typically has three sets 324 of generally similar coils
fixedly mounted on a location pad 326. Fach set 324 of coils
typically comprises three orthogonally oriented coils, so that
there are a total of nine coils fixedly attached to pad 326. Pad
326 is fixedly attached to the underside of a table 330 upon
which patient 48 is resting, and the coils, under control of a
magnetic system controller 336, transmit alternating mag-
netic fields into a region 340 in proximity to heart 46. Rather
than using catheter 44, system 320 uses a catheter 344.

FIG. 5 is a schematic diagram illustrating a distal tip 342
of catheter 344, according to an alternative embodiment of
the present invention. Distal tip 342 is generally similar to
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distal tip 40 of catheter 44, having electrode 64 on the
surface of the distal tip. In addition, tip 342 comprises one
or more coils 350 within the tip.

The one or more catheter coils 350 generate signals in
response to the magnetic fields (from sets 324) received by
the coils, and controller 336 acquires the signals from coils
350, and processes the signals in order to determine a
location of the catheter coils with respect to location pad
326. Patches 68 also have coils incorporated into the
patches, and controller 336 is able to process signals from
the coils to determine locations of the patches with respect
to the location pad. A system similar to magnetic tracking
system 322 is the Carto™system produced by Biosense
Webster Inc., of Diamond Bar, Calif., and is also described
in U.S. Pat. No 8,456,182 referenced above.

In an alternative embodiment of the present invention,
hybrid tracking system 320 and catheter 344 is used in the
training phase referred to above. However, in the operational
phase, rather than catheter 344 being used, catheter 44,
having no coils 350 in its distal end, is used. Except for the
differences described below, the flowchart of FIG. 3
describes steps taken in operation of the alternative embodi-
ment.

In step 208 of the training phase of the alternative
embodiment, estimates of sets of displacement vectors of
catheter distal tip 342 with respect to patches 68 may be
made from only the fluoroscopic images, as is described
above, or from only magnetic tracking system 322. In some
embodiments both the fluoroscopic images and the magnetic
tracking system are used to estimate the displacement vec-
tors, typically by averaging the vectors determined by the
fluoroscopic system with those determined from the mag-
netic tracking system. In the following description the
estimates of analysis step 208 in the alternative embodiment
are assumed to produce sets of displacement vectors
{D'T}HR'

In the alternative embodiment, sets {D';},~are used in
relationship step 210 to find and store matrices M'/%,
generated according to equation (3):

(D" =M 3)

In the operational phase of the alternative embodiment,
catheter 344 may be removed from coronary sinus 42, and
catheter 44 may be placed into the coronary sinus or into
another chamber of heart 46. Matrices M',*are used to
determine a set of displacement vectors {D,},~ for the
distal tip of catheter 44, according to equation (4):

(Do} =M { o)} )
Tt 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 subcombinations
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 descrip-
tion and which are not disclosed in the prior art.

We claim:

1. A method, comprising:

inserting a catheter having at least one electrode including
a distal tip electrode into a chamber of a body organ of
a patient;

during a predetermined period of time, repeatedly acquir-
ing an x-ray image of the at least one electrode and a
plurality of patches positioned on skin of the patient;
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simultaneously with each x-ray image acquisition, record-
ing a set of currents between the at least one electrode
and the plurality of patches positioned on skin of the
patient to thereby record a plurality of sets of currents;

determining locations of the catheter and locations of the
plurality of patches from each one of the images;

determining a plurality of displacement vectors from the
locations of the catheter and locations of the plurality of
patches, each displacement vector being representative
of the displacement of the distal tip electrode from the
plurality of patches;

categorizing the plurality of displacement vectors and the

plurality of sets of currents according to corresponding
phases in the patient’s respiration cycle and heartbear;
and
deriving a matrix forming a relation between the locations
of the catheter, locations of the patches and the plurality
of sets of currents based on the categorized plurality of
sets of currents and plurality of displacement vectors;

recording subsequent sets of currents between the at least
one electrode and the patches; and

determining, based on the relation, subsequent locations

of the catheter in response to the subsequent set of
currents.

2. The method according to claim 1, wherein the body
organ comprises a heart of the patient, and wherein the
chamber comprises a coronary sinus of the heart.

3. The method according to claim 1, wherein no x-ray
images are acquired while recording the subsequent sets of
currents.

4. The method according to claim 1, and comprising
analyzing the x-ray images to identify phases in a respiration
cycle of the patient, and wherein the relation comprises
multiple relations respectively based on the phases.

5. The method according to claim 1, and comprising
analyzing the sets of currents to identify phases in a respi-
ration cycle of the patient, and wherein the relation com-
prises multiple relations respectively based on the phases.

6. The method according to claim 1, wherein the body
organ comprises a heart, the method further comprising
acquiring electrocardiograph (ECG) signals from the heart,
analyzing the signals to identify phases in a heartbeat cycle
of the patient, and wherein the relation comprises multiple
relations respectively based on the phases.

7. The method according to claim 1, wherein the body
organ comprises a heart, the method further comprising
acquiring ECG signals from the heart, analyzing the signals
to identify phases in a heartbeat cycle of the patient, and
wherein the relation comprises an average of multiple rela-
tions respectively based on the phases.

8. The method according to claim 1, and comprising, after
deriving the relation, inserting a further catheter having a
further-catheter-at-least-one-electrode into a further cham-
ber in proximity to the chamber of the body organ, recording
further sets of currents between the further-catheter-at-least-
one-electrode and the patches, and determining, based on the
relation, locations of the further catheter in response to the
further sets of currents.

9. The method according to claim 1, and comprising while
recording the sets of currents, acquiring x-ray images of the
plurality of patches, and wherein determining the locations
comprises determining the locations of the catheter from the
x-ray images of the plurality of patches and the at least one
electrode.
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10. A method, comprising:

inserting a first catheter having at least one electrode
including a distal tip electrode and at least one coil into
a chamber of a body organ of a patient;

during a predetermined period of time, repeatedly acquir-
ing an x-ray image of the at least one electrode and a
plurality of patches positioned on skin of the patient,
and determining locations of the catheter and the plu-
rality of patches from the images;

simultaneously with the acquisition of each x-ray image,
recording set of currents between the at least one
electrode and the plurality of patches positioned on skin
of the patient to thereby record a plurality of sets of
currents;

while recording each one of the plurality of sets of
currents, recording signals generated in the at least one
coil in response to magnetic fields irradiating the cath-
eter, and determining measures of the locations in
response to the signals;

determining a plurality of displacement vectors from the
locations of the catheter and locations of the plurality of
patches, each displacement vector being representative
of the displacement of the distal tip electrode from the
plurality of patches;

categorizing the plurality of displacement vectors and the
plurality of sets of currents according to corresponding
phases in the patient’s respiration cycle and heartbeat;
and

deriving a matrix forming a relation between the locations
and the plurality of sets of currents based on the
categorized plurality of sets of currents and plurality of
displacement vectors;

removing the first catheter and inserting a second catheter
having a second-catheter-at-least-one-electrode and no
coil into the body organ;

recording subsequent sets of currents between the second-
catheter-at-least-one-electrode and the patches; and

determining, based on the relation, subsequent locations
of the second catheter in response to the subsequent set
of currents.

11. Apparatus, comprising:

a catheter having at least one electrode including a distal
tip electrode which is configured to be inserted into a
chamber of a body organ of a patient; and

a processor, which is configured to:

during a predetermined period of time, repeatedly acquire
at least one x-ray image of the at least one electrode and
a plurality of patches positioned on skin of the patient,
and determine locations of the catheter and locations of
the plurality of patches from each one of the images,

simultaneously with the acquisition of each x-ray image,
record set of currents between the at least one electrode
and the plurality of patches to thereby record a plurality
of sets of currents,

determine a plurality of displacement vectors from the
locations of the catheter and locations of the plurality of
patches, each displacement vector being representative
of the displacement of the distal tip electrode from the
plurality of patches;

categorize the plurality of displacement vectors and the
plurality of sets of currents according to corresponding
phases in the patient’s respiration cycle and heartbeat;
and

derive a matrix forming a relation between the locations
of the catheter, locations of the plurality of patches and
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the plurality of sets of currents based on the categorized
plurality of sets of currents and plurality of displace-
ment vectors,

record subsequent sets of currents between the at least one

electrode and the patches, and

determine, based on the relation, subsequent locations of

the catheter in response to the subsequent set of cur-
rents.

12. The apparatus according to claim 11, wherein the body
organ comprises a heart of the patient, and wherein the
chamber comprises a coronary sinus of the heart.

13. The apparatus according to claim 11, wherein no x-ray
images are acquired while recording the subsequent sets of
currents.

14. The apparatus according to claim 11, wherein the
processor is configured to analyze the x-ray images to
identify phases in a respiration cycle of the patient, and
wherein the relation comprises multiple relations respec-
tively based on the phases.

15. The apparatus according to claim 11, wherein the
processor is configured to analyze the sets of currents to
identify phases in a respiration cycle of the patient, and
wherein the relation comprises multiple relations respec-
tively based on the phases.

16. The apparatus according to claim 11, wherein the body
organ comprises a heart, wherein the processor is configured
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to acquire electrocardiograph (ECG) signals from the heart,
analyze the signals to identify phases in a heartbeat cycle of
the patient, and wherein the relation comprises multiple
relations respectively based on the phases.

17. The apparatus according to claim 11, wherein the body
organ comprises a heart, wherein the processor is configured
to acquire ECG signals from the heart, analyze the signals to
identify phases in a heartbeat cycle of the patient, and
wherein the relation comprises an average of multiple rela-
tions respectively based on the phases.

18. The apparatus according to claim 11, and comprising
a further catheter, having a further-catheter-at-least-one-
electrode, which is configured to be inserted, after deriving
the relation, into a further chamber in proximity to the
chamber of the body organ, and wherein the processor is
configured to record further sets of currents between the
further-catheter-at-least-one-electrode and the patches, and
determine, based on the relation, locations of the further
catheter in response to the further sets of currents.

19. The apparatus according to claim 11, and comprising
configuring the processor to, while recording the sets of
currents, acquire x-ray images of the plurality of patches,
and wherein determining the locations comprises determin-
ing the locations of the catheter from the x-ray images of the
plurality of patches and the at least one electrode.
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