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(54) Single-axis sensors on flexible backbone

(57) An apparatus includes a narrow elongate probe
is adapted for insertion into the body of a living subject.
The probe may be flexible and has a plurality of sensors
consisting of single coils of very fine wire wound about a

backbone of the probe, which transmit signals proximally
via fine connecting wires to a position processor. The
position processor analyzes the signals to determine po-
sition coordinates at multiple points along the length of
the probe.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] This invention relates to invasive medical de-
vices. More particularly this invention relates to localiza-
tion of invasive medical probes within the body.

Description of the Related Art

[0002] Probes, such as catheters, which are suitable
for various medical procedures and internal imaging, are
now common. Such probes include angioplasty cathe-
ters, catheters with laser, electrical or cryoablation char-
acteristics, catheters having ultrasound imaging heads,
probes used for nearly incisionless surgery or diagnosis,
and endoscopes.
[0003] Where such probes are used for treatment, the
probes must be carefully positioned in relation to the body
structure. In one application, cardiac catheters compris-
ing electrophysiological sensors are known for mapping
the electrical activity of the heart. Typically, time-varying
electrical potentials in the endocardium are sensed and
recorded as a function of position inside the heart, and
then used to map the local electrogram or local activation
time. Activation time differs from point to point in the en-
docardium due to the time required for conduction of elec-
trical impulses through the heart muscle. The direction
of this electrical conduction at any point in the heart is
conventionally represented by an activation vector,
which is normal to an isoelectric activation front, both of
which may be derived from a map of activation time. The
rate of propagation of the activation front through any
point in the endocardium may be represented as a ve-
locity vector.
[0004] Mapping the activation front and conduction
fields aids the physician in identifying and diagnosing ab-
normalities, such as ventricular and atrial tachycardia
and ventricular and atrial fibrillation, that result from areas
of impaired electrical propagation in the heart tissue.
[0005] Localized defects in the heart’s conduction of
activation signals may be identified by observing phe-
nomena such as multiple activation fronts, abnormal con-
centrations of activation vectors, or changes in the ve-
locity vector or deviation of the vector from normal values.
Furthermore, there may be no electrical propagation at
all within defective portions of the heart muscle that have
ceased to function, for example, due to local infarction.
Once a defect is located by such mapping, it may be
ablated (if it is functioning abnormally) or otherwise treat-
ed so as to restore the normal function of the heart insofar
as is possible.
[0006] Mapping of the electrical activation time in the
heart muscle requires that the location of the sensor with-
in the heart be known at the time of each measurement.
In the past, such mapping was performed using a single

movable electrode sensor inside the heart, which sensor
measured activation time relative to a fixed external ref-
erence electrode. This technique, however, requires cal-
ibration, for example impedance calibrations with adjust-
ments for impedance unrelated to that of the body. Map-
ping of electrical activation time using a single electrode
is, furthermore, a lengthy procedure, which must gener-
ally be performed under fluoroscopic imaging, thereby
exposing the patient to undesirable ionizing radiation.
Further, in an arrhythmic heart, activation times at a sin-
gle location may change between consecutive beats.
[0007] Because of the drawbacks of single-electrode
mapping, a number of inventors have taught the use of
multiple electrodes to measure electrical potentials si-
multaneously at different locations in the endocardium,
thereby allowing activation time to be mapped more rap-
idly and conveniently, as described. For example, PCT
patent publication number WO 97/24983 (Ben-Haim),
which is herein incorporated by reference, describes an
arrangement wherein three non-collinear electrodes are
attached to a substantially rigid ring at the distal end of
a catheter, so that the direction of the electrical activation
vector in the plane defined by the electrodes may be fully
determined.
[0008] PCT patent publication number WO96/05768,
whose disclosure is incorporated herein by reference,
describes a position-responsive catheter comprising a
plurality of miniature, preferably non-concentric sensor
coils fixed in its distal end. Electrical signals generated
by these coils in response to an externally applied mag-
netic field are analyzed to determine, six-dimensional po-
sition and orientation coordinates of the coils.
[0009] U.S. Patent No. 6,272,371, issued to Ben-
Haim, which is herein incorporated by reference, disclos-
es a plurality of sensors that are fixed to the distal portion
of a probe in known positions relative to the distal end,
which sensors generate signals responsive to bending
of the probe. Signal processing circuitry receives the
bend responsive signals and processes them to find po-
sition and orientation coordinates of at least the first sen-
sor, and to determine the locations of a plurality of points
along the length of the distal portion of the probe.

SUMMARY OF THE INVENTION

[0010] As noted in the above-described applications,
it is often useful to obtain position measurements from
sensors at multiple locations along the length of a cath-
eter or other probe. In many cases, however, the navi-
gation of the probe and measurements are impeded by
the size of the position-sensing coils and the need to
accommodate the coils in the very part of the probe
whose location is to be sensed.
[0011] According to disclosed embodiments of the in-
vention, a narrow probe is adapted for insertion into the
body of a living subject. The probe may be flexible and
has a plurality of sensors consisting of single coils of very
fine wire wound about a backbone of the probe, which
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transmit signals proximally via fine connecting wires to a
position processor. The position processor analyzes the
signals to determine position coordinates at multiple
points along the length of the probe. The probe does not
require orthogonal sensing coils nor special calibration
procedures, and can be practically produced with smaller
diameters than conventional probes. The techniques are
applicable to any type of catheter and requirement for
determining the position of an electrode.
[0012] An embodiment of the invention provides an in-
vasive medical probe apparatus, including an elongate
flexible probe, having a distal end adapted for insertion
into a body of a subject, and a plurality of coils that are
fixed at different, respective points in a known relation to
a reference location on the probe. When subjected to an
externally applied magnetic field, the coils generate re-
spective signals responsively to position coordinates
thereof. The apparatus includes signal processing cir-
cuitry, which receives the signals and processes them to
determine respective locations of the points along a por-
tion of the probe.
[0013] According to one aspect of the apparatus, the
coils are supported by flexible connecting wires that at-
tach the coils to the proximal segment of the probe.
[0014] According to a further aspect of the apparatus,
the distal segment of the probe divides into a plurality of
flexible branches, and the coils are distributed on the
branches.
[0015] According to still another aspect of the appara-
tus, the coils are formed of wire that has a diameter in a
range of 8 to 70 microns.
[0016] According to one aspect of the apparatus, the
coils are formed of wire that does not exceed 15 microns
in diameter.
[0017] According to yet another aspect of the appara-
tus, the coils are formed of wire that does not exceed 10
microns in diameter.
[0018] According to an additional aspect of the appa-
ratus, a diameter of the probe does not exceed 8 French.
[0019] One aspect of the apparatus the probe has an
internal longitudinal backbone, and the coils are spirally
disposed about the backbone and carried thereon.
[0020] According to still another aspect of the appara-
tus, the coils are connected to the signal processing cir-
cuitry by respective wires running along the backbone.
[0021] According to aspect of the apparatus, the back-
bone is formed of a longitudinally non-perforate material.
[0022] According to a further aspect of the apparatus,
the backbone includes a ferromagnetic material.
[0023] According to yet another aspect of the appara-
tus, the backbone has a central lumen.
[0024] According to still another aspect of the appara-
tus, the signal processing circuitry is operative to deter-
mine translational and orientational coordinates of the
coils in six dimensions.
[0025] According to an additional aspect of the appa-
ratus, the signal processing circuitry is operative to de-
termine a bend angle of the probe.

[0026] According to an additional aspect of the appa-
ratus, the signal processing circuitry is operative to de-
termine a radius of curvature of a distal portion of the
probe.
[0027] Other aspects of the invention provide a method
that is carried out by the above described apparatus.
[0028] An embodiment of the invention provides a
method of making an invasive medical probe, which is
carried out by providing an internal longitudinal backbone
for an elongate flexible probe, disposing a plurality of
coils about the backbone, wherein the coils are fixed at
different, respective points in a known relation to the distal
end of the probe. The method is further carried out by
attaching respective connecting wires to the coils for con-
nection of the coils to signal processing circuitry, and
applying an external layer about the connecting wires
and the backbone.
[0029] An aspect of the method is carried out by wind-
ing the coils about the backbone.
[0030] Another aspect of the method is carried out by
pre-forming the coils and slipping the pre-formed coils
over the backbone.
[0031] A further aspect of the method is carried out by
dividing the backbone into a plurality of branches, and
distributing the coils on the branches.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] For a better understanding of the present inven-
tion, reference is made to the detailed description of the
invention, by way of example, which is to be read in con-
junction with the following drawings, wherein like ele-
ments are given like reference numerals, and wherein:
[0033] Fig. 1 illustrates a bend-responsive catheter, in
accordance with a disclosed embodiment of the inven-
tion;
[0034] Fig. 2 is a cross sectional view through line 2-2
of the catheter shown in Fig. 1, in accordance with a
disclosed embodiment of the invention;
[0035] Fig. 3 is a cross sectional view through a cath-
eter in accordance with an alternate embodiment of the
invention;
[0036] Fig. 4 illustrates the distal portion of a multi-
branched catheter in accordance with an alternate em-
bodiment of the invention;
[0037] Fig. 5 illustrates the distal portion of a catheter
in accordance with an alternate embodiment of the in-
vention; and
[0038] Fig. 6 illustrates the distal portion of a multi-
branched catheter in accordance with an alternate em-
bodiment of the invention.
[0039] In the following description, numerous specific
details are set forth in order to provide a thorough under-
standing of the present invention. It will be apparent to
one skilled in the art, however, that the present invention
may be practiced without these specific details. In other
instances, well-known circuits, control logic, and the de-
tails of computer program instructions for conventional
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algorithms and processes have not been shown in detail
in order not to obscure the present invention unneces-
sarily.
[0040] Turning now to the drawings, reference is ini-
tially made to Fig. 1, which illustrates a bend-responsive
probe or catheter 10, in accordance with a disclosed em-
bodiment of the invention. The catheter 10 includes a
distal end 12, which is preferably inserted in the heart of
a subject, and a proximal end 14, which is coupled to a
control console 16. The catheter 10 may be, for example
a LASSO circular mapping catheter, available from Bio-
sense Webster, Inc., 3333 Diamond Canyon Road, Dia-
mond Bar, CA 91765, modified in order to apply the prin-
ciples of the invention.
[0041] Adjacent to distal end 12, there are sensors that
develop positional signals responsively to magnetic
fields. The above-mentioned PCT publication
WO96/05768 discloses producing magnetic fields as ap-
plied by field generators 18. The sensor signals are con-
veyed via wires (not shown in Fig. 1) or wirelessly to
signal processing and computing circuitry 20 in control
console 16, which preferably also provides driver and
control signals to field generators 18. Circuitry 20 ana-
lyzes the signals, as further described in the above-noted
PCT publication, in order to determine six-dimensional
translational and orientational coordinates of coils 22 in
relation to a frame of reference established by field gen-
erators 18. The coils 22 are disposed at known respective
locations with respect to a reference point on the catheter
10, for example the distal end 12, or in the case of multi-
branched embodiments (described below), a branch
point on the body of the catheter 10.
[0042] The catheter 10 comprises a conventional outer
layer 24, which is applied over an internal flexible back-
bone 26, which can be, for example, a flexible plastic rod.
Alternatively, the backbone 26 may be made of a ferro-
magnetic material.
[0043] Multiple single-axis sensing coils 22 are spirally
disposed around and carried by the backbone 26, e.g.,
by winding them about the backbone 26, and are con-
nected to the circuitry 20 by wires 28. Alternatively, the
coils 22 can be preformed, and slipped onto the backbone
26. The coils 22 and connecting wires 28 are formed of
wires on the order of 10 microns in diameter. The wires
may range from 8 to 70 microns in different applications.
The wires 28 preferably spiral about the backbone 26 as
they run proximally. As conventional orthogonal coils are
not used, the catheter can be less than 8 French (2.7
mm) in diameter. Indeed, using the above-described
technique, it is feasible to construct probes having an
outer diameter as small as 0.5 mm. When the backbone
26 is made of ferromagnetic material, the gain of the coils
22 is increased.
[0044] Each of the coils 22 outputs a signal indicative
of its position, relative to the frame of reference of the
magnetic fields generated by the field generators 18.
Thus, by processing the signals from all the coils 22, the
circuitry 20 can track the overall shape and position of

the catheter 10 in the body, including the bend angle or
the radius of curvature of the distal portion of the catheter
10 at a given time. Structures of interest, such as elec-
trodes may be positioned on the catheter 10 at known
fixed locations with respect to at least one of the coils 22,
the precise location of such structures can be derived
from the coordinates of the coils 22. In a circular lasso
catheter, as pictured in Fig. 1, the coils 22 permit the
disposition of the entire lasso to be determined relative
to structures of interest. This can be done using the meth-
ods described in U.S. Patent No. 6,374,134, issued to
Bladen et al., which is herein incorporated by reference.
Briefly, in one embodiment, the computation described
in U.S. Patent No. 6,374,134 is performed iteratively for
each of the coils 22 by:
[0045] 1) energizing a single field generating element
to establish a field,
[0046] 2) measuring a value of the field strength at the
field sensor, which is dependent on the location and ori-
entation of the sensor within the field,
[0047] 3) repeating steps 1) and 2) for each field gen-
erating element,
[0048] 4) calculating, by utilizing all the values meas-
ured in step 2) and an estimate of the direction of the
sensor from the field generator, a direction dependent
weighting factor for each field generating element so that
calculated field strength B is equal to the field strength B
that would exist at the sensor if the axis of the field were
directed towards the sensor,
[0049] 5) iteratively altering the direction dependent
weighting factors to maximize B and thus to determine
to a desired level of accuracy the direction of the sensor
from the field generator, and
[0050] 6) employing the measured values of the field
strength to calculate the distance of the sensor from the
field generator and hence, from the direction of the sensor
in step 5), the location of the sensor relative to the field
generator.
[0051] Reference is now made to Fig. 2, which is a
cross sectional view through the catheter 10 (Fig. 1)
through line 2-2, in accordance with a disclosed embod-
iment of the invention. The outer layer 24 encloses wires
28, which in turn overlie the backbone 26. In this embod-
iment, the backbone 26 is formed of a flexible solid lon-
gitudinally non-perforate material, i.e., lacking a longitu-
dinal lumen.

Alternate Embodiment 1

[0052] Reference is now made to Fig. 3, which is a
cross sectional view through a catheter in accordance
with an alternate embodiment of the invention. In this
embodiment, the backbone is a hollow tube, comprising
a shell 30, and a central lumen 32 that serves as a working
channel for the catheter.
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Alternate Embodiment 2

[0053] Reference is now made to Fig. 4, which illus-
trates the distal portion of a catheter 34 in accordance
with an alternate embodiment of the invention. Like the
catheter 10 (Fig. 1), the catheter 34 has a backbone 36,
which divides into a plurality of branches 38, each having
the same construction as described with respect in the
single-branched embodiment of Fig. 1. When suitable
electrodes (not shown) are incorporated into the catheter
34, the provision of a large array of coils 22 on multiple
branches enables contact mapping to be accomplished
quickly, with a high resolution of location information. For
example, endocardial surface mapping using the coils
22 on the branches 38 allows rapid identification of an
area of interest in which the earliest site of electrical ac-
tivation can be precisely determined. The branches 38
are constructed so as to be flexible and soft, thus assuring
atraumatic contact with target tissue.

Alternate Embodiment 3

[0054] Reference is now made to Fig. 5, which illus-
trates the distal portion of a catheter 40 in accordance
with an alternate embodiment of the invention. The distal
portion of the catheter 40 is provided with a plurality of
coils 22, as in the first embodiment. However, instead of
a backbone, the coils 22 are supported by twisted wire
pairs 42, which are sturdy enough to support the coils
22, yet flexible. Like the catheter 10 (Fig. 1), the catheter
40 is bend responsive. The wire pairs 42 connect the
coils 22 with a proximal segment 44 of the catheter 40
may be constructed of a shape memory alloy, such as
nickel-titanium. Alternatively, other materials, such as co-
balt chromium, and annealed stainless steel, may be
used.

Alternate Embodiment 4

[0055] Reference is now made to Fig. 6, which illus-
trates the distal portion of a catheter 46 in accordance
with an alternate embodiment of the invention. The distal
portion of the catheter 46 divides into a plurality of branch-
es 48, each being constructed in the same manner as
the single-branched catheter 40 (Fig. 5).
[0056] It will be appreciated by persons skilled in the
art 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-combinations of the various fea-
tures described hereinabove, as well as variations and
modifications thereof that are not in the prior art, which
would occur to persons skilled in the art upon reading
the foregoing description.

Additional aspects of the invention which may be 
claimed in the future

Aspect 1

[0057] A method of monitoring an invasive probe in a
living subject, the method comprising the steps of:

introducing a distal end of a flexible elongate probe
into a subject, and, a plurality of coils, said coils being
fixed at different, respective points in a known rela-
tion to said distal end;
subjecting said coils to an externally applied mag-
netic field to cause said coils to generate respective
signals responsively to position coordinates thereof;
and
analyzing said signals to determine respective loca-
tions of said points along the length of a portion of
said probe.

Aspect 2

[0058] The method according to aspect 1, wherein said
coils are formed of wire that does not exceed 15 microns
in diameter.

Aspect 3

[0059] The method according to aspect 1, wherein a
diameter of said probe does not exceed 8 French.

Aspect 4

[0060] The method according to aspect 1, wherein said
probe has an internal longitudinal backbone, said coils
being carried on said backbone.

Aspect 5

[0061] The method according to aspect 1, wherein an-
alyzing said signals comprises determining translational
and orientational coordinates of said coils in six dimen-
sions.

Aspect 6

[0062] The method according to aspect 5, wherein an
electrode is disposed on said probe at a fixed location
with respect to at least one of said coils, further compris-
ing the step of deriving coordinates of said electrode re-
sponsively to determining said coordinates of said coils.

Aspect 7

[0063] The method according to aspect 1, wherein an-
alyzing said signals comprises determining a bend angle
of said probe.
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Aspect 8

[0064] The method according to aspect 1, wherein said
probe has a proximal segment, further comprising the
step of attaching flexible connecting wires to said coils
and attaching said wires to said proximal segment for
support of said coils.

Aspect 9

[0065] The method according to aspect 1, wherein said
probe has a distal segment that divides into a plurality of
flexible branches, said coils being distributed on said
branches.

Aspect 10

[0066] The method according to aspect 1, wherein an-
alyzing said signals comprises determining a radius of
curvature of a distal portion of said probe.

Aspect 11

[0067] A method of making an invasive medical probe,
comprising the steps of:

defining a reference point, a proximal segment and
a distal segment on said probe;
disposing a plurality of coils on said distal segment
at different, respective points in a known relation to
said reference point; and
interconnecting said coils and said proximal seg-
ment with supporting electrically conductive wires,
said conductive wires being connectable to signal
processing circuitry.

Aspect 12

[0068] The method according to aspect 11, wherein
disposing a plurality of coils comprises arranging said
coils in a plurality of branches arising from a division point
on said distal segment.

Claims

1. An invasive medical probe apparatus, comprising:

an elongate flexible probe, having a distal end
for insertion into a body of a subject;
a plurality of coils, said coils being fixed at dif-
ferent, respective points in a known relation to
a reference location on said probe, and when
subjected to an externally applied magnetic
field, said coils generate respective signals re-
sponsively to position coordinates thereof; and
signal processing circuitry, which receives said
signals and processes them to determine re-

spective locations of said points along a portion
of said probe.

2. The apparatus according to claim 1, wherein said
probe has a proximal segment, and wherein said
coils are supported by flexible connecting wires that
attach said coils to said proximal segment.

3. The apparatus according to claim 1, wherein said
probe has a distal segment that divides into a plurality
of flexible branches, said coils being distributed on
said branches.

4. The apparatus according to claim 1, wherein said
coils are formed of wire having a diameter in a range
of 8 to 70 microns, that does not exceed 15 microns
in diameter, or
that does not exceed 10 microns in diameter.

5. The apparatus according to claim 1, wherein a di-
ameter of said probe does not exceed 8 French.

6. The apparatus according to claim 1, further compris-
ing an internal longitudinal backbone, said coils be-
ing carried on said backbone.

7. The apparatus according to claim 1, wherein said
coils are connected to said signal processing circuit-
ry by respective wires running along said backbone.

8. The apparatus according to claim 6, wherein said
backbone is formed of a longitudinally non-perforate
material

9. The apparatus according to claim 6, wherein said
backbone comprises a ferromagnetic material.

10. The apparatus according to claim 6, wherein said
backbone has a central lumen.

11. The apparatus according to claim 1, wherein said
signal processing circuitry is operative to determine
translational and orientational coordinates of said
coils in six dimensions.

12. The apparatus according to claim 11, wherein an
electrode is disposed on said probe at a fixed location
with respect to at least one of said coils, and said
signal processing circuitry is operative to derive co-
ordinates of said electrode responsively to determin-
ing said coordinates of said coils.

13. The apparatus according to claim 1, wherein said
signal processing circuitry is operative to determine
a bend angle of said probe, or
a radius of curvature of a distal portion of said probe.

14. A method of making an invasive medical probe, com-
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prising the steps of:

providing an internal longitudinal backbone for
an elongate flexible probe, said probe having a
distal end;
disposing a plurality of coils about said back-
bone, said coils being fixed at different, respec-
tive points in a known relation to said distal end,
and when subjected to an externally applied
magnetic field, said coils generate respective
signals;
attaching respective connecting wires to said
coils for connection of said coils to signal
processing circuitry; and
applying an external layer about said connecting
wires and said backbone.

15. The method according to claim 14, wherein dispos-
ing a plurality of coils comprises winding said coils
about said backbone, or
pre-forming said coils and slipping said pre-formed
coils over said backbone.

16. The method according to claim 14, further compris-
ing the steps of dividing said backbone into a plurality
of branches, and distributing said coils on said
branches.

11 12 
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