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(54) Ultrasound catheter calibration system

(57) Apparatus is provided for calibrating a probe
(20) having a position sensor (28) and an ultrasonic
transducer (50). The apparatus includes a test fixture
(77) which includes an ultrasonic target (27) disposed
therein at a known position. A computer is adapted to
receive a position signal generated by the position sen-

sor while the transducer is in alignment with the ultra-
sonic target, determine an orientation of the probe in a
frame of reference of the test fixture, and determine cal-
ibration data for the probe responsive to the orientation
of the probe.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates generally to sys-
tems for medical diagnosis and treatment, and specifi-
cally to medical catheters whose location can be detect-
ed.

BACKGROUND OF THE INVENTION

[0002] Various methods and devices have been de-
scribed for determining the position of a probe or cath-
eter tip inside the body using electromagnetic fields,
such as in US-A-5,391,199, EP-A-0 776 176, US-A-
5,833,608, US-A-6,161,032, US-A-5,558,091 and
US-A-5,752,513. US-A-5,913,820 and US-A-5,042,486
also describe electromagnetic position-determination
systems. Other electromagnetic tracking systems, not
necessarily for medical applications, are described in
US-A-3,644,825, US-A-3,868,565, US-A-4,017,858,
US-A-4,054,881 and US-A-4,849,692.
[0003] Because of manufacturing variations, the coils
generally used in the position sensors of these position-
determining systems to generate position signals may
not be precisely oriented with the body of the probe. Ad-
ditionally, the distance of the coils from the tip of the
probe may not be precisely known, and there may be
slight variations in the relative gains of the coils in re-
sponse to externally-applied fields. US-A-6,266,551 de-
scribes methods and apparatus for pre-calibrating a
probe, preferably at the time of manufacture, so as to
measure and compensate for variations in the positions,
orientations and gains of the coils. To calibrate the
probe, a mechanical jig holds the probe in one or more
predetermined positions and orientations, and radiators
generate known, substantially uniform magnetic fields
in the vicinity of the jig. Signals generated by the coils
are analyzed and used to produce calibration data re-
garding the gains of the coils and deviations of the coils
from orthogonality.
[0004] Various methods and devices have been de-
scribed for storing, in a probe, information specific to the
probe, such as calibration and identification information.
These devices generally include a microchip incorporat-
ed in the probe. For example, US-A-6,266,551 de-
scribes the incorporation of an electronic microcircuit in
a probe, which stores information relating to calibration
of the probe. Such information can include an encrypted
calibration code and/or a usage code, which controls
availability of the probe to a user thereof.
[0005] US-A-6,370,411 describes a catheter assem-
bly comprising a catheter of minimal complexity and a
connection cable which connects the proximal end of
the catheter to a console. The catheter comprises a mi-
crocircuit which carries substantially only information
specific to the catheter, such as calibration data, which
is not in common with other catheters of the same mod-

el. The cable comprises an access circuit which re-
ceives the information from the catheter and passes it
in a suitable form to the console.
[0006] US-A-6,248,083 describes a guide wire as-
sembly having a measuring device mounted in the distal
end portion thereof. It also has an interface cable which
includes information storage, containing calibration/
temperature compensation data, uniquely characteristic
of the measuring device. The calibration data is used
with uncompensated output from the measuring device
to calculate a correct measurement value.
[0007] US-A-6,112,113 describes an image-guided
surgery system that includes a position measuring sys-
tem for measuring a position of an instrument. The im-
age-guided surgery system includes a test system
which is arranged to measure the instrument, using the
position measuring system, by measuring a calibration
position of a reference part of the instrument while an
object part of the instrument is situated in a calibration
location or in a test position.
[0008] US-A-6,335,617 describes a method for cali-
brating a magnetic field generator. According to the
method, magnetic field sensors are affixed to a probe in
known positions and orientations, and one or more
known locations in the vicinity of the magnetic field gen-
erator are selected. The magnetic field generator is driv-
en so as to generate a magnetic field. The probe is
moved in a predetermined, known orientation to each of
the locations, and signals are received from the sensors
at each of the locations. The signals are processed to
measure the amplitude and direction of the magnetic
field, at the respective positions of the sensors, and to
determine calibration factors relating to the amplitude
and direction of the magnetic field in the vicinity of the
magnetic field generator.
[0009] US-A-4,567,896 describes a sector-scan ultra-
sonic imaging apparatus having a biopsy attachment for
positioning a biopsy needle relative to the ultrasonic
scan head of the imaging apparatus. The biopsy needle
is calibrated with a scan head coordinate system which
defines a sector sweep of the scan head by determining
the coordinates of the needle in the scan head coordi-
nate system independently of determining the particular
spatial relationship of the needle in operative position
relative to the scan head. A calibration member adapted
to be mounted on the biopsy attachment includes at
least two ultrasonic reflection regions which are
scanned by the scan head during the calibration mode
and displayed on an image display device. The display
of these reflection regions enables the needle coordi-
nates to be determined using the predetermined geo-
metric relationship of the calibration member with re-
spect to the imaging apparatus housing.

SUMMARY OF THE INVENTION

[0010] It is an object of some aspects of the present
invention to provide apparatus and methods for calibrat-
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ing an ultrasound transducer with respect to a position
sensor and a catheter.
[0011] It is also an object of some aspects of the
present invention to provide apparatus and methods
that increase the accuracy of procedures performed
with a catheter comprising a position sensor and an ul-
trasound transducer.
[0012] It is a further object of some aspects of the
present invention to provide apparatus and methods
that increase the accuracy of the determination of posi-
tions and orientations of structures imaged within the
body using an ultrasound transducer affixed to a cathe-
ter.
[0013] It is yet a further object of some aspects of the
present invention to provide apparatus and methods for
convenient electronic storage and recall of calibration
information regarding a catheter.
[0014] In preferred embodiments of the present in-
vention, a catheter system comprising a catheter for in-
sertion into the human body is provided. The catheter
comprises a position sensing device, which typically
comprises three non-concentric coils, and an ultrasound
transducer, which is typically used for ultrasound imag-
ing within a patient. A test fixture, such as a jig, prefer-
ably comprising three mutually-orthogonal pairs of par-
allel radiator coils, mounted on a base, is used first to
calibrate the gains of the coils and then to calibrate the
respective angular orientations of the coils relative to the
catheter, so as to correct for deviations from orthogonal-
ity. These steps are preferably performed by using ap-
paratus and methods described in the above-cited
US-A-6,266,551. The jig is further used to calibrate the
angular orientation of the ultrasound transducer relative
to the position sensing device and to the catheter. For
this calibration, the ultrasound transducer emits ultra-
sonic radiation and receives the radiation reflected back
from a target disposed in a known, fixed location in the
jig. The angular orientation of the distal end of the cath-
eter is varied until radiation reflected back from the tar-
get is centered with respect to the ultrasound transduc-
er, at which point the angular orientation of the distal end
of the catheter with respect to the target is measured
using the position sensing device. Based on this orien-
tation, the orientation of the ultrasound transducer with
respect to the position sensing device and the catheter
is calculated.
[0015] Advantageously, this calibration enables the
precise registration between the ultrasound images
captures by the catheter during a medical procedure
and the fixed, external frame of reference in which the
catheter coordinates are determined. As a result, em-
bodiments of the present invention allow the positions
and orientations of structures imaged within the body to
be determined with high accuracy. In embodiments of
the present invention, the orientation of the ultrasound
transducer with respect to the catheter is typically cali-
brated to within 0.1 degrees. As a result, the position of
a reconstructed pixel in an ultrasound image of a struc-

ture 5 to 7 centimeters away from the ultrasound trans-
ducer can be determined to within one millimeter, which
represents a high level of precision.
[0016] Preferably, the jig further comprises a catheter
clamp assembly. The clamp assembly comprises a
clamp base, which comprises a universal joint that is
able to pivot on the rotational axes of pitch and yaw with
respect to the long axis of the catheter. The universal
joint is fixed to one or more of the jig's radiator coils in
a known position and orientation. The jig further com-
prises an ultrasound target of known geometry, size,
and material, fixed in a known position. The target, for
example, may comprise a small "bubble" made of ultra-
sound-reflecting material.
[0017] The catheter is typically inserted in a groove of
the clamp assembly with the distal end of the catheter
pointing in the direction of the target, such that the distal
end protrudes from the groove by a predetermined dis-
tance. The catheter is rotated about its long axis to a
desired rotational orientation.
[0018] For some applications, the displacements of
the coils relative to the catheter tip are calibrated. This
is preferably performed by using a jig (not shown) and
methods for this purpose, such as those described in
the above-cited US-A-6,266,551.
[0019] In some preferred embodiments of the present
invention, the calibration correction that is determined
in accordance with the methods described above is
thereafter stored electronically in a memory device,
which is preferably incorporated in the catheter. When
the catheter is coupled to a console for use during a
medical procedure, this memory device is accessible to
a computer in the console. Apparatus and methods for
such a memory device described in the above-cited
US-A-6,266,551 may be used, or, alternatively, other
apparatus and methods known in the art may be used.
[0020] There is therefore provided, in accordance
with an embodiment of the present invention, a method
for calibration, including:

placing a probe that includes a position sensor and
an ultrasonic transducer in a test fixture that in-
cludes an ultrasonic target disposed therein at a
known position;
manipulating the probe in the test fixture while op-
erating the ultrasonic transducer until an output sig-
nal of the transducer indicates that the transducer
is in alignment with the ultrasonic target;
measuring a position signal generated by the posi-
tion sensor while the transducer is in alignment with
the ultrasonic target, so as to determine an orienta-
tion of the probe in a frame of reference of the test
fixture; and
determining calibration data for the probe respon-
sive to the orientation of the probe.

[0021] The calibration data typically include an align-
ment of the ultrasonic transducer with respect to an axis
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of the probe, and determining the calibration data in-
cludes determining the alignment. Alternatively or addi-
tionally, the calibration data include an alignment of the
ultrasonic transducer with respect to the position sensor,
and determining the calibration data includes determin-
ing the alignment.
[0022] In an embodiment, the probe includes a distal
tip, the calibration data include a measure of a displace-
ment of the ultrasonic transducer relative to the distal
tip, and determining the calibration data includes deter-
mining the measure of displacement.
[0023] In an embodiment, determining the calibration
data includes determining the calibration data for the
probe responsive to the orientation of the probe and the
known position of the ultrasonic target relative to the test
fixture.
[0024] Manipulating the probe typically includes var-
ying a rotational axis of the probe selected from the set
consisting of: a roll of the probe, a yaw of the probe, and
a pitch of the probe. For example, manipulating the
probe may include rotating the probe about a long axis
of the probe. Alternatively or additionally, manipulating
the probe includes manipulating the probe in the test fix-
ture while operating the ultrasonic transducer, so as to
form an image of the ultrasonic target, until the output
signal indicates that the transducer is in alignment with
the ultrasonic target.
[0025] For some applications, manipulating the probe
includes manipulating the probe manually, while for oth-
er applications manipulating the probe includes manip-
ulating the probe in an automated manner.
[0026] In an embodiment, measuring the position sig-
nal includes generating at least two magnetic fields in
the test fixture. Alternatively or additionally, the position
sensor includes at least two coils, and measuring the
position signal includes measuring a coil signal for each
of the coils.
[0027] For some applications, measuring the position
signal includes modifying a temperature of the probe.
For example, modifying the temperature of the probe
may include heating the probe or cooling the probe.
[0028] The probe typically includes a programmable
microcircuit, and determining the calibration data in-
cludes recording the calibration data in the microcircuit.
For example, recording the calibration data includes
may include encrypting a calibration code.
[0029] The test fixture typically includes a clamp as-
sembly, and placing the probe in the test fixture includes
placing the probe in the clamp assembly. For example,
the clamp fixture may be shaped to define a groove, and
placing the probe in the test fixture includes placing the
probe in the groove.
[0030] In an embodiment:

the test fixture includes at least two radiator coils
fixed in known positions,
placing the probe includes aligning the probe in a
known orientation relative to the radiator coils,

measuring the position signal includes activating
the radiator coils so as to generate known magnetic
fields in the test fixture, and measuring a position-
sensor-calibration position signal generated by the
position sensor, so as to determine a position-sen-
sor orientation of the position sensor with respect
to an axis of the probe, and
determining the calibration data includes determin-
ing position-sensor calibration data for the probe re-
sponsive to the orientation of the position sensor.

[0031] In this case, for some applications, the probe
includes a distal tip, and determining the position-sensor
calibration data includes determining a measure of dis-
placement of the position sensor relative to the distal tip.
[0032] Alternatively or additionally:

measuring the position signal includes measuring
the position signal so as to determine an orientation
of the ultrasonic transducer relative to the position
sensor, and
determining the calibration data for the probe in-
cludes determining an alignment of the ultrasonic
transducer with respect to the axis of the probe, re-
sponsive to the orientation of the ultrasonic trans-
ducer relative to the position sensor, and respon-
sive to the position-sensor orientation with respect
to the axis of the probe.

[0033] Further alternatively or additionally, the posi-
tion sensor includes at least two coils, and measuring
the position-sensor-calibration position signal includes
measuring a coil-calibration signal for each of the coils.
In this case, determining the position-sensor calibration
data for the probe may include calibrating a gain of each
coil. Alternatively or additionally, determining the posi-
tion-sensor calibration data for the probe includes de-
termining, for each coil, a deviation of the coil from align-
ment with the axis of the probe.
[0034] There is further provided, in accordance with
an embodiment of the present invention, a method for
calibration, including:

placing a probe that includes an ultrasonic trans-
ducer in a test fixture that includes an ultrasonic tar-
get disposed therein at a known position;
manipulating the probe in the test fixture while op-
erating the ultrasonic transducer until an output sig-
nal of the transducer indicates that the transducer
is in alignment with the ultrasonic target;
mechanically measuring an orientation of the probe
in a frame of reference of the test fixture, while the
transducer is in alignment with the ultrasonic target;
and
determining calibration data for the probe respon-
sive to the orientation of the probe.

[0035] There is still further provided, in accordance
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with an embodiment of the present invention, a method
for calibration, including:

placing a probe that includes an ultrasonic trans-
ducer in a test fixture that includes an ultrasonic tar-
get disposed therein;
moving the ultrasonic target in the test fixture while
operating the ultrasonic transducer until an output
signal of the transducer indicates that the transduc-
er is in alignment with the ultrasonic target;
measuring, while the transducer is in alignment with
the ultrasonic target, a position of the ultrasonic tar-
get in a frame of reference of the test fixture, so as
to determine an orientation of the probe in the frame
of reference of the test fixture; and
determining calibration data for the probe respon-
sive to the orientation of the probe.

[0036] There is yet further provided, in accordance
with an embodiment of the present invention, a method
for calibration, including:

placing a probe that includes a position sensor and
an imaging device in a test fixture, which includes
an imaging target disposed therein at a known po-
sition;
manipulating the probe in the test fixture while op-
erating the imaging device until an output signal of
the imaging device indicates that the imaging de-
vice is in alignment with the imaging target;
measuring a position signal generated by the posi-
tion sensor while the imaging device is in alignment
with the imaging target, so as to determine an ori-
entation of the probe in a frame of reference of the
test fixture; and
determining calibration data for the probe respon-
sive to the orientation of the probe.

[0037] There is also provided, in accordance with an
embodiment of the present invention, apparatus for cal-
ibrating a probe having a position sensor and an ultra-
sonic transducer, the apparatus including:

a test fixture, which includes an ultrasonic target
disposed therein at a known position; and
a computer, adapted to:

receive a position signal generated by the po-
sition sensor while the transducer is in align-
ment with the ultrasonic target,
determine an orientation of the probe in a frame
of reference of the test fixture, and
determine calibration data for the probe re-
sponsive to the orientation of the probe.

[0038] For some applications, the calibration data in-
clude an alignment of the ultrasonic transducer with re-
spect to an axis of the probe, and the computer is adapt-

ed to determine the alignment. Alternatively or addition-
ally, the calibration data include an alignment of the ul-
trasonic transducer with respect to the position sensor,
and the computer is adapted to determine the align-
ment.
[0039] In an embodiment, the probe includes a distal
tip, the calibration data include a measure of a displace-
ment of the ultrasonic transducer relative to the distal
tip, and the computer is adapted to determine the meas-
ure of displacement.
[0040] Alternatively or additionally, the computer is
adapted to determine the calibration data for the probe
responsive to the orientation of the probe and the known
position of the ultrasonic target relative to the test fixture.
[0041] In an embodiment, the ultrasonic target in-
cludes a bubble including an ultrasound-reflecting ma-
terial.
[0042] The position sensor typically includes at least
two coils, and the computer is adapted to receive the
position signal responsive to current in the coils.
[0043] For some applications, the test fixture includes
a heating element, adapted to heat or cool the probe.
[0044] The ultrasonic target is typically adapted to be
movable within the test fixture.
[0045] For some applications, the probe includes a
programmable microcircuit, and the computer is adapt-
ed to record the calibration data in the microcircuit. In
this case, the computer may be adapted to encrypt a
calibration code.
[0046] The test fixture typically includes a clamp as-
sembly, adapted to hold the probe. The clamp assembly
is typically adapted to allow an orientation of the probe
to be varied on a rotational axis of the probe selected
from the set consisting of: a roll of the probe, a yaw of
the probe, and a pitch of the probe. Alternatively or ad-
ditionally, the clamp assembly is shaped to define a
groove, adapted to hold the probe. Further alternatively
or additionally, the clamp assembly is adapted to ma-
nipulate the probe in an automated manner.
[0047] In an embodiment, the test fixture includes at
least two radiator coils fixed in known positions. The test
fixture typically includes three mutually-orthogonal pairs
of parallel radiator coils. For some applications, the ra-
diator coils are adapted to generate respective magnetic
fields in the test fixture, and the computer is adapted to
receive the position signal generated by the position
sensor responsive to the magnetic fields.
[0048] In an embodiment, the computer is adapted to:

receive a position-sensor-calibration position signal
generated by the position sensor while the probe is
aligned in a known orientation relative to the radia-
tor coils,
determine a position-sensor orientation of the posi-
tion sensor with respect to an axis of the probe, and
determine position-sensor calibration data for the
probe responsive to the orientation of the position
sensor.
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[0049] In this case, in an embodiment of the present
invention, the probe includes a distal tip, the position-
sensor calibration data include a measure of a displace-
ment of the position sensor relative to the distal tip, and
the computer is adapted to determine the measure of
displacement.
[0050] Alternatively or additionally:

the calibration data for the probe include an align-
ment of the ultrasonic transducer with respect to the
axis of the probe, and
the computer is adapted to:

determine an orientation of the ultrasonic trans-
ducer relative to the position sensor, and
determine the alignment of the ultrasonic trans-
ducer with respect to the axis of the probe, re-
sponsive to the orientation of the ultrasonic
transducer relative to the position sensor, and
responsive to the position-sensor orientation
with respect to the axis of the probe.

[0051] In an embodiment, the position sensor in-
cludes at least two coils, and the computer is adapted
to measure a coil-calibration signal for each of the coils.
For example, the computer may be adapted to calibrate
a gain of each coil. Alternatively or additionally, the com-
puter is adapted to determine, for each coil, a deviation
of the coil from alignment with the axis of the probe.
[0052] There is additionally provided, in accordance
with an embodiment of the present invention, apparatus
for calibrating a probe having an ultrasonic transducer,
the apparatus including:

a test fixture, which includes an ultrasonic target
disposed therein at a known position, and a meas-
urement device, adapted to mechanically measure
an orientation of the probe in a frame of reference
of the test fixture, and to generate an orientation sig-
nal responsive to the measurement; and
a computer, adapted to:

receive the orientation signal generated by the
measurement device while the transducer is in
alignment with the ultrasonic target, and
determine calibration data for the probe re-
sponsive to the orientation signal.

[0053] There is still additionally provided, in accord-
ance with an embodiment of the present invention, ap-
paratus for calibrating a probe having a position sensor
and an imaging device, the apparatus including:

a test fixture, which includes an imaging target dis-
posed therein at a known position; and
a computer, adapted to:

receive a position signal generated by the po-

sition sensor while the imaging device is in
alignment with the imaging target,
determine an orientation of the probe in a frame
of reference of the test fixture, and determine
calibration data for the probe responsive to the
orientation of the probe.

BRIEF DESCRIPTION OF THE DRAWINGS

[0054] The present invention will be more fully under-
stood from the following detailed description of the pre-
ferred embodiments thereof, taken together with the
drawings in which:

Fig. 1 is a simplified pictorial illustration of a system
including a catheter, in accordance with a preferred
embodiment of the present invention;
Fig. 2 is a schematic, pictorial illustration of the dis-
tal end of the catheter of Fig. 1, in accordance with
a preferred embodiment of the present invention;
Fig. 3A is a perspective view of a jig useful in cali-
brating a catheter, in accordance with a preferred
embodiment of the present invention;
Fig. 3B is a schematic side view of the jig of Fig. 3A;
Fig. 3C is a further schematic side view of the jig of
Fig. 3A, viewed from a side different from that in Fig.
3B; and
Fig. 3D is a perspective view of a catheter clamp for
use in conjunction with the jig of Fig. 3A, in accord-
ance with a preferred embodiment of the present
invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0055] Fig. 1 is a simplified pictorial illustration of a
catheter system 10 comprising an elongate probe, pref-
erably a catheter 20, for insertion into the human body,
in accordance with a preferred embodiment of the
present invention. It is to be understood that although
the following preferred embodiments are described with
reference to a catheter, the present invention is equally
applicable to other types of probes.
[0056] Catheter 20 preferably includes a handle 30 for
operation of the catheter by a user, and controls 32 on
handle 30 enable the user to steer a distal end 22 of the
catheter in a desired direction, or to position and/or ori-
ent it as desired.
[0057] System 10 further comprises a console 34,
which enables the user to observe and regulate the
functions of catheter 20. Console 34 preferably includes
a computer 36, a keyboard 38, signal processing circuits
40, which are typically inside the computer, and a dis-
play 42. Signal processing circuits 40 typically receive,
amplify, filter and digitize signals from catheter 20,
whereupon these digitized signals are received and
used by computer 36 to compute the position and ori-
entation of the catheter. Catheter 20 is coupled at its
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proximal end by a connector 44 to a mating receptacle
46 on console 34.
[0058] Fig. 2 is a schematic, pictorial illustration of dis-
tal end 22 of catheter 20, in accordance with a preferred
embodiment of the present invention. Distal end 22
comprises a functional portion 24 for performing diag-
nostic and/or therapeutic functions, adjacent to a distal
tip 26 of the catheter. Functional portion 24 comprises
an ultrasound transducer 50, typically used for ultra-
sound imaging within a patient. Alternatively, ultrasound
transducer 50 is used for other diagnostic purposes,
such as Doppler measurements, or for therapeutic uses.
[0059] Distal end 22 of catheter 20 further includes a
position sensing device 28 that generates signals used
to determine the position and orientation of the catheter
within the body. Position sensing device 28 is preferably
adjacent to functional portion 24. There is preferably a
fixed positional and orientational relationship between
position sensing device 28 and portion 24.
[0060] Position sensing device 28 preferably compris-
es three non-concentric coils 60, 62 and 64, such as de-
scribed in the above-cited EP-A-0 776 176. This device
enables continuous generation of six dimensions of po-
sition and orientation information. Coils 60, 62 and 64
have respective axes 66, 68 and 70 which preferably
but not necessarily define orthogonal Cartesian axes Z,
X and Y, respectively, as shown in Fig. 2, wherein the
Z-axis is parallel to the long axis of catheter 20 and the
X- and Y-axes define a plane perpendicular thereto. The
coils each have a fixed position and orientation with re-
spect to each other.
[0061] Although preferred embodiments of the
present invention are described herein with reference to
the position signal generating device shown in Fig. 2 and
described above, it is to be understood that the inventive
concepts of the present invention are similarly applica-
ble to probes including other position sensing devices.
For example, preferred embodiments of the present in-
vention may comprise a single coil for generating posi-
tion signals, or two or more such coils, which may be
concentric or non-concentric. Other preferred embodi-
ments of the present invention may comprise other
types of position sensing devices, such as Hall effect
devices.
[0062] As shown in Fig. 2, position sensing device 28
is located in catheter 20 at a distance L from distal tip
26, where L is here defined for convenience as the dis-
tance along the Z-axis from central axis 68 of coil 62 to
tip 26. Respective axes 66 and 70 of coils 60 and 64 are
displaced from axis 68 by respective distances dy and
dz.
[0063] Signal processing circuits 40 in console 34 re-
ceive signals carried by coil wires 72 from coils 60, 62,
and 64, and convey them to computer 36, which com-
putes the three-dimensional translational position of po-
sition sensing device 28 and the rotational orientation of
axes 66, 68 and 70, relative to a fixed, external coordi-
nate frame. The actual position and orientation of distal

tip 26 are then computed by taking into account the dis-
tance L of tip 26 from the center of position sensing de-
vice 28, as defined by axis 68, and the orientation of
axes 66, 68 and 70.
[0064] It has been found empirically that because of
deviations in the process of manufacturing catheter 20,
the distance L typically varies from one catheter to an-
other, leading to errors in calculating the position of tip
26. Furthermore, axis 66 of coil 60 typically deviates
from absolute alignment with the long axis of catheter
20, which passes through tip 26. Moreover, axes 68 and
70 of coils 62 and 64 respectively are typically not pre-
cisely orthogonal to axis 66 or to each other, thereby
inducing additional errors in determination of position
and orientation of the catheter. Additionally, axis 52 of
ultrasound transducer 50 typically deviates from abso-
lute alignment with the long axis of catheter 20, and from
axis 66 of coil 60. Finally, variations in the respective
gains of coils 60, 62 and 64 and in the distances dy and
dz may cause additional errors in determination of posi-
tion and orientation of the catheter.
[0065] Therefore, in preferred embodiments of the
present invention, position sensing device 28 and ultra-
sound transducer 50 are calibrated before the catheter
is inserted into a patient's body. Preferably this calibra-
tion is performed using one or more jigs, such as those
shown, for example, in Figs. 3A, 3B and 3C.
[0066] Figs. 3A, 3B and 3C show a preferred embod-
iment of a jig 77 for use in calibrating the gains and de-
viations from orthogonality of coils 60, 62 and 64, and
for calibrating the ultrasound transducer's deviation
from alignment with the long axis of catheter 20, and
from axis 66 of coil 60. Jig 77 comprises three mutually-
orthogonal pairs of parallel radiator coils 79, 81 and 83,
mounted on a base 85. The radiator coils are coupled
to radiator driver circuitry (not shown), which causes the
radiator coils to generate magnetic fields. Each radiator
coil pair generates a magnetic field that is substantially
normal to the planes defined by the pair of coils, and is
thus substantially orthogonal to fields generated by the
other two radiator coil pairs.
[0067] The radiator coils are configured so as to gen-
erate predetermined, substantially uniform magnetic
fields in a region adjacent to the center of the jig, i.e., in
a region centrally located in between the three pairs of
radiator coils. Preferably the driver circuitry is configured
so that the amplitudes of the respective magnetic fields
generated by the three radiator coil pairs are equal.
[0068] As shown in Fig. 3B, jig 77 further comprises
a catheter clamp assembly 87, which is located inside
the jig and not seen in Fig. 3A. As shown in Fig. 3D,
clamp assembly 87 comprises a clamp base 89. Clamp
base 89 comprises a universal joint 103, which is able
to pivot on the rotational axes of pitch and yaw with re-
spect to the long axis of catheter 20. A base portion of
universal joint 103 is typically fixed to a housing support-
ing one or more of radiator coils 79, 81 and 83 in a known
position and orientation. Preferably clamp assembly 87
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is constructed and configured in jig 77 so that a catheter
held in the clamp assembly will be in the region of sub-
stantially uniform magnetic fields adjacent to the center
of the jig, and so that the long axis of the catheter will
be substantially normal to the planes defined by one of
the pairs of parallel radiator coils (for example, coils 83
as shown in Fig. 3B). A clamp cover 91 is rotatably at-
tached to base 89 by a hinge 93. Base 89 and cover 91
include respective semi-circular grooves 95 and 97,
whose radii are substantially equal to the radius of cath-
eter 20, and which together comprise circular groove 94
(shown in Fig. 3B).
[0069] As shown in Fig. 3C, jig 77 further comprises
an ultrasound target 27 of known geometry, size, and
material, fixed in a known position. Target 27, for exam-
ple, may comprise a small "bubble" made of ultrasound-
reflecting material. Target 27 may also be of different
geometries and/or sizes.
[0070] Clamp assembly 89 preferably includes a
heating element 99 and at least one temperature sensor
101, which are used to heat distal end 22 of catheter 20
to a temperature substantially equal to the temperature
of the body into which the catheter is to be inserted, and
to maintain the distal end at that temperature during cal-
ibration. As is known in the art, the response of coils 60,
62 and 64 to magnetic fields may change as a function
of temperature. For example, when the coils are wound
around ferrite cores, their inductance may change with
temperature, which change can introduce errors into the
calibration of position sensing device 28. Therefore, dis-
tal end 22 is typically heated to and maintained at a tem-
perature of 37 degrees C during calibration, although
other temperatures may be chosen, for example when
catheter 20 is to be used under conditions of hypother-
mia, such as are generally induced during open-heart
surgery.
[0071] Although preferred embodiments of the
present invention are described herein with reference to
the jig shown in Figs. 3A, 3B, and 3C and described
above, it is to be understood that the inventive concepts
of these embodiments of the present invention are sim-
ilarly applicable to alternative jigs. Any jig that provides
known, accurate magnetic field strengths, an ultrasound
target with a known, fixed position, and means for se-
curing catheter 20 in a known position, can be used for
this purpose.
[0072] In a preferred embodiment of the present in-
vention, to use jig 77 in calibrating position sensing de-
vice 28 with respect to catheter 20, the catheter is in-
serted in groove 95 with distal end 22 of the catheter
pointing in the direction of target 27. Distal end 22 is
preferably inserted into clamp assembly 87 so that it pro-
trudes therefrom by a predetermined distance. The de-
sired distance may be indicated, for example, by fiducial
marks or other features (not shown) on the catheter's
outer surface. The catheter is rotated about its long axis
to a desired rotational orientation, wherein preferably
the X, Y and Z catheter axes shown in Fig. 2 are sub-

stantially aligned with the magnetic field directions de-
fined by radiator coil pairs 83, 79 and 81, respectively.
Alternatively, in preferred embodiments of the present
invention in which catheter 20 is rotationally symmetrical
about its long axis, the rotational orientation is unimpor-
tant.
[0073] After catheter 20 has been inserted and
aligned, as appropriate, in groove 95, cover 91 is then
lowered to hold the catheter in place. In this manner the
catheter is fixed in a known orientation relative to the
magnetic fields generated by radiator coils 81, 83 and
85, and relative to target 27.
[0074] The respective gains and angular orientations
of catheter coils 60, 62 and 64 are then calibrated by
sequentially activating radiator coil pairs 79, 81 and 83
to generate predetermined, known magnetic fields, and
measuring the amplitudes of the signals generated by
the catheter coils.
[0075] First, to calibrate the gains of the coils, total
amplitudes of the respective catheter coil signals are de-
rived by summing the squares of the amplitudes of the
signals generated by each of catheter coils 60, 62 and
64 in response to each of the coil pairs in turn. Since the
magnetic fields in the vicinity of coils 60, 62 and 64 have
equal and substantially uniform components along each
of the coil axes 66, 68 and 70, the total signal amplitudes
will be independent of the respective orientations and
positions of coils 60, 62 and 64, and will depend only on
the respective coil gains. Thus, the measured total sig-
nal amplitudes may be used to determine respective
normalization factors for coils 60, 62 and 64, by dividing
the measured amplitudes by expected standard values.
Subsequently the amplitudes of signals received from
these coils may be multiplied by the respective normal-
ization factors in order to correct for gain variations.
[0076] Jig 77 is further used to calibrate the respective
angular orientations of coils 60, 62 and 64 relative to
catheter 20, so as to correct for deviations from orthog-
onality. The normalized amplitude of the signal generat-
ed by each of coils 60, 62 and 64 in response to each
of the magnetic fields will be proportional to the cosine
of the angle between the respective coil axis 66, 68 or
70, and the direction of the applied magnetic field. Three
such angle cosines, corresponding to the directions of
the three orthogonal magnetic fields applied by radiator
coil pairs 79, 81 and 83, may thus be derived for each
of catheter coils 60, 62 and 64. Since, as noted above,
catheter 20 is held in clamp assembly 87 in such a man-
ner that the X, Y and Z catheter axes are substantially
aligned with the three orthogonal magnetic field direc-
tions, the orientations of the coils relative to the catheter
axes may thus be determined.
[0077] In a preferred embodiment of the present in-
vention, when the Z-axis magnetic field is activated, cor-
responding in this case to radiator coil pair 83, a normal-
ized amplitude of the signal received from coil 60, S60
(Z), is received and measured. The X- and Y-axis fields
are similarly activated, and corresponding normalized
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signals S60 (X) and S60 (Y) are received. S60 (X), S60
(Y) and S60 (Z) are used to calculate coil angle calibra-
tion factors for coil 60, which are thereafter recorded in
catheter 20 and used in determining the catheter's po-
sition and orientation. A similar procedure is used to cal-
ibrate coils 62 and 64.
[0078] Although the magnetic fields generated by coil
pairs 79, 81 and 83 are substantially orthogonal and of
equal amplitudes, imprecise winding of the coil pairs
may cause small deviations from orthogonality and
equality. These deviations, if not corrected for, may
cause errors in the calibration of catheter 20. Therefore,
in a preferred embodiment of the present invention, a
master coil (not shown) is used to calibrate jig 77, pref-
erably as described in the above-cited US-A-6,266,551.
When catheter 20 is placed in jig 77 for calibration of the
catheter, the signals received from coils 60, 62 and 64
are preferably first corrected to account for the calibra-
tion factors of coil pairs 79, 81 and 83, and, subsequent-
ly, the gain normalization and angle calibration factors
of the catheter described hereinabove are determined.
[0079] In a preferred embodiment of the present in-
vention, jig 77 is further used to calibrate the angular
orientation of ultrasound transducer 50 relative to posi-
tion sensing device 28 and to catheter 20. Ultrasound
transducer 50 emits ultrasonic radiation and generates
an output signal responsive to the radiation reflected
back from target 27. The roll, yaw, and/or pitch of the
angular orientation of distal end 22 of catheter 20 are
varied until the output signal indicates that ultrasound
transducer 50 is in a suitable alignment with target 27.
This alignment is preferably performed by forming an
image of the target, or, alternatively, by using other
methods that will be apparent to those skilled in the art,
having read the disclosure of the present patent appli-
cation. Methods of honing in on the target will also be
apparent to those skilled in the art. The manipulation of
the angular orientation of the catheter can be performed
manually or by automated means.
[0080] The angles of the yaw and pitch of distal end
22 relative to fixed and known axis 29 extending from
the center of groove 94 (Fig. 3B) to target 27 are meas-
ured. This measurement is preferably performed with
position sensing device 28 by comparing the device's
current orientation, in alignment with the target, with its
orientation prior to aligning the ultrasound transducer
with the target. Alternatively, the measurement is per-
formed using mechanical means known in the art. The
distances between the distal end of ultrasound trans-
ducer 50 and the center of groove 94, between the distal
end of ultrasound transducer 50 and target 27, and be-
tween the distal end of ultrasound transducer 50 and
position sensing device 28 are known, so using the
measured angles and these distances, the exact orien-
tation of axis 52 of ultrasound transducer 50 relative to
position sensing device 28, and the exact orientation of
axis 52 relative to the long axis of catheter 20 are readily
calculated. (Any change in the distance between tip 26

and target 27 caused by the pivoting of universal joint
103 can readily be calculated and compensated for.)
[0081] For some applications, in which deviations in
the process of manufacturing catheter 20 result in
meaningful variations of the displacement of ultrasound
transducer 50 relative to catheter tip 26, this displace-
ment is calibrated. Preferably, methods described here-
inabove are used to perform this calibration. In a pre-
ferred embodiment of the present invention, the respec-
tive angular orientations of coils 60, 62 and 64 relative
to ultrasound transducer 50 are directly calculated. In
this embodiment, the intermediary step of calibrating the
orientations of the coils relative to catheter 20 is not per-
formed. This calibration technique is particularly advan-
tageous for applications in which catheter 20 does not
comprise diagnostic or therapeutic elements other than
the ultrasound transducer, because in such applications
there is generally no need to know the precise orienta-
tion of the catheter during a procedure.
[0082] For some applications, ultrasound transducer
50 is disposed perpendicular to the long axis of catheter
20, rather than parallel to this long axis. Calibration tech-
niques described herein are modified appropriately.
[0083] In a preferred embodiment of the present in-
vention, catheter 20 is held in a fixed position in the jig
during calibration, and ultrasound target 27 is moved in
the jig until ultrasound transducer 50 is brought into
alignment with the target.
[0084] In a preferred embodiment of the present in-
vention, the displacements of coils 60, 62 and 64 relative
to catheter tip 26 are calibrated. This is preferably per-
formed by using a jig (not shown) and methods for this
purpose, such as those described in the above-cited
US-A-6,266,551.
[0085] In a preferred embodiment of the present in-
vention, the calibration corrections that are determined
in accordance with the methods described hereinabove
are thereafter stored electronically in a memory device,
which is preferably incorporated in catheter 20. When
the catheter is coupled to console 34, this memory de-
vice is accessible to computer 36 in the console. Appa-
ratus and methods for enabling the use of such a mem-
ory device that are described in the above-cited US-A-
6,266,551 may be used, or, alternatively, other appara-
tus and methods known in the art may be used.
[0086] Although embodiments of the present inven-
tion have been described with respect to an ultrasound
transducer, it is to be understood that apparatus and
methods described herein are equally applicable to de-
vices on a catheter that perform other imaging modali-
ties. Additionally, although embodiments of the present
invention have been described to include the steps of
calibrating the gains of the coils, calibrating the respec-
tive angular orientations of the coils relative to the cath-
eter, and calibrating the displacements of the coils rela-
tive to the catheter tip, these steps can optionally be
omitted. Furthermore, although embodiments of the
present invention have been described with respect to
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coil-based position sensors, the techniques described
herein are similarly applicable to position sensors that
are not coil-based.
[0087] 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 subcombinations 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.

Claims

1. A method for calibration, comprising:

placing a probe that includes a position sensor
and an ultrasonic transducer in a test fixture
that includes an ultrasonic target disposed
therein at a known position;
manipulating the probe in the test fixture while
operating the ultrasonic transducer until an out-
put signal of the transducer indicates that the
transducer is in alignment with the ultrasonic
target;
measuring a position signal generated by the
position sensor while the transducer is in align-
ment with the ultrasonic target, so as to deter-
mine an orientation of the probe in a frame of
reference of the test fixture; and
determining calibration data for the probe re-
sponsive to the orientation of the probe.

2. A method according to claim 1, wherein the calibra-
tion data include an alignment of the ultrasonic
transducer with respect to an axis of the probe, and
wherein determining the calibration data comprises
determining the alignment.

3. A method according to claim 1 or claim 2, wherein
the calibration data include an alignment of the ul-
trasonic transducer with respect to the position sen-
sor, and wherein determining the calibration data
comprises determining the alignment.

4. A method according to any one of claims 1 to 3,
wherein the calibration data include an alignment of
the uitrasonic transducer with respect to the posi-
tion sensor and an alignment of the ultrasound
transducer with respect to an axis of the probe, and
wherein determining the calibration data comprises
determining the alignments.

5. A method according to any one of claims 1 to 4,
wherein the probe includes a distal tip, wherein the
calibration data include a measure of a displace-

ment of the ultrasonic transducer relative to the dis-
tal tip, and wherein determining the calibration data
comprises determining the measure of displace-
ment.

6. A method according to any one of claims 1 to 5,
wherein determining the calibration data comprises
determining the calibration data for the probe re-
sponsive to the orientation of the probe and the
known position of the ultrasonic target relative to the
test fixture.

7. A method according to any one of claims 1 to 7,
wherein manipulating the probe comprises varying
a rotational axis of the probe selected from the set
consisting of: a roll of the probe, a yaw of the probe,
and a pitch of the probe.

8. A method according to any one of claims 1 to 7,
wherein manipulating the probe comprises manip-
ulating the probe in the test fixture while operating
the ultrasonic transducer, so as to form an image of
the ultrasonic target, until the output signal indicates
that the transducer is in alignment with the ultrason-
ic target.

9. A method according to any one of claims 1 to 8,
wherein manipulating the probe comprises manip-
ulating the probe manually.

10. A method according to any one of claims 1 to 8,
wherein manipulating the probe comprises manip-
ulating the probe in an automated manner.

11. A method according to any one of claims 1 to 10,
wherein measuring the position signal comprises
generating at least two magnetic fields in the test
fixture.

12. A method according to any one of claims 1 to 11,
wherein the position sensor includes at least two
coils, and wherein measuring the position signal
comprises measuring a coil signal for each of the
coils.

13. A method according to any one of claims 1 to 12,
wherein manipulating the probe comprises rotating
the probe about a long axis of the probe.

14. A method according to any one of claims 1 to 13,
wherein measuring the position signal comprises
modifying a temperature of the probe.

15. A method according to claim 14, wherein modifying
the temperature of the probe comprises heating the
probe.

16. A method according to claim 14, wherein modifying
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the temperature of the probe comprises cooling the
probe.

17. A method according to any one of claims 1 to 16,
wherein the probe includes a programmable micro-
circuit, and wherein determining the calibration data
comprises recording the calibration data in the mi-
crocircuit.

18. A method according to claim 17, wherein recording
the calibration data comprises encrypting a calibra-
tion code.

19. A method according to any one of claims 1 to 18,
wherein the test fixture includes a clamp assembly,
and wherein placing the probe in the test fixture
comprises placing the probe in the clamp assembly.

20. A method according to claim 19, wherein the clamp
fixture is shaped to define a groove, and wherein
placing the probe in the test fixture comprises plac-
ing the probe in the groove.

21. A method according to any one of claims 1 to 20,
wherein the test fixture includes at least two

radiator coils fixed in known positions, wherein plac-
ing the probe comprises aligning the probe in a
known orientation relative to the radiator coils,

wherein measuring the position signal com-
prises activating the radiator coils so as to generate
known magnetic fields in the test fixture, and meas-
uring a position-sensor-calibration position signal
generated by the position sensor, so as to deter-
mine a position-sensor orientation of the position
sensor with respect to an axis of the probe, and

wherein determining the calibration data com-
prises determining position-sensor calibration data
for the probe responsive to the orientation of the po-
sition sensor.

22. A method according to claim 21, wherein the probe
includes a distal tip, and
wherein determining the position-sensor calibration
data comprises determining a measure of displace-
ment of the position sensor relative to the distal tip.

23. A method according to claim 21,
wherein measuring the position signal com-

prises measuring the position signal so as to deter-
mine an orientation of the ultrasonic transducer rel-
ative to the position sensor, and

wherein determining the calibration data for
the probe comprises determining an alignment of
the ultrasonic transducer with respect to the axis of
the probe, responsive to the orientation of the ultra-
sonic transducer relative to the position sensor, and
responsive to the position-sensor orientation with
respect to the axis of the probe.

24. A method according to claim 21, wherein the posi-
tion sensor includes at least two coils, and wherein
measuring the position-sensor-calibration position
signal comprises measuring a coil-calibration signal
for each of the coils.

25. A method according to claim 24, wherein determin-
ing the position-sensor calibration data for the
probe comprises calibrating a gain of each coil.

26. A method according to claim 24, wherein determin-
ing the position-sensor calibration data for the
probe comprises determining, for each coil, a devi-
ation of the coil from alignment with the axis of the
probe.

27. A method for calibration, comprising:

placing a probe that includes an ultrasonic
transducer in a test fixture that includes an ul-
trasonic target disposed therein at a known po-
sition;
manipulating the probe in the test fixture while
operating the ultrasonic transducer until an out-
put signal of the transducer indicates that the
transducer is in alignment with the ultrasonic
target;
mechanically measuring an orientation of the
probe in a frame of reference of the test fixture,
while the transducer is in alignment with the ul-
trasonic target; and
determining calibration data for the probe re-
sponsive to the orientation of the probe.

28. A method for calibration, comprising:

placing a probe that includes an ultrasonic
transducer in a test fixture that includes an ul-
trasonic target disposed therein;
moving the ultrasonic target in the test fixture
while operating the ultrasonic transducer until
an output signal of the transducer indicates that
the transducer is in alignment with the ultrason-
ic target;
measuring, while the transducer is in alignment
with the ultrasonic target, a position of the ul-
trasonic target in a frame of reference of the test
fixture, so as to determine an orientation of the
probe in the frame of reference of the test fix-
ture; and
determining calibration data for the probe re-
sponsive to the orientation of the probe.

29. A method for calibration, comprising:

placing a probe that includes a position sensor
and an imaging device in a test fixture, which
comprises an imaging target disposed therein
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at a known position;
manipulating the probe in the test fixture while
operating the imaging device until an output
signal of the imaging device indicates that the
imaging device is in alignment with the imaging
target;
measuring a position signal generated by the
position sensor while the imaging device is in
alignment with the imaging target, so as to de-
termine an orientation of the probe in a frame
of reference of the test fixture; and
determining calibration data for the probe re-
sponsive to the orientation of the probe.

30. Apparatus for calibrating a probe having a position
sensor and an ultrasonic transducer, the apparatus
comprising:

a test fixture, which comprises an ultrasonic tar-
get disposed therein at a known position; and
a computer, adapted to:

receive a position signal generated by the
position sensor while the transducer is in
alignment with the ultrasonic target,
determine an orientation of the probe in a
frame of reference of the test fixture, and
determine calibration data for the probe re-
sponsive to the orientation of the probe.

31. Apparatus according to claim 30, wherein the cali-
bration data include an alignment of the ultrasonic
transducer with respect to an axis of the probe, and
wherein the computer is adapted to determine the
alignment.

32. Apparatus according to claim 30 or claim 31, where-
in the calibration data include an alignment of the
ultrasonic transducer with respect to the position
sensor, and wherein the computer is adapted to de-
termine the alignment.

33. Apparatus according to any one of claims 30 to 32,
wherein the calibration data include an alignment of
the ultrasonic transducer with respect to the posi-
tion sensor and an alignment of the ultrasound
transducer with respect to an axis of the probe, and
wherein the computer is adapted to determine the
alignments.

34. Apparatus according to any one of claims 30 to 33,
wherein the probe comprises a distal tip, wherein
the calibration data include a measure of a displace-
ment of the ultrasonic transducer relative to the dis-
tal tip, and wherein the computer is adapted to de-
termine the measure of displacement.

35. Apparatus according to any one of claims 30 to 34,

wherein the computer is adapted to determine the
calibration data for the probe responsive to the ori-
entation of the probe and the known position of the
ultrasonic target relative to the test fixture.

36. Apparatus according to any one of claims 30 to 35,
wherein the ultrasonic target comprises a bubble
comprising an ultrasound-reflecting material.

37. Apparatus according to any one of claims 30 to 36,
wherein the position sensor includes at least two
coils, and wherein the computer is adapted to re-
ceive the position signal responsive to current in the
coils.

38. Apparatus according to any one of claims 30 to 37,
wherein the test fixture comprises a heating ele-
ment, adapted to heat the probe.

39. Apparatus according to any one of claims 30 to 38,
wherein the ultrasonic target is adapted to be mov-
able within the test fixture.

40. Apparatus according to any one of claims 30 to 39,
wherein the probe includes a programmable micro-
circuit, and wherein the computer is adapted to
record the calibration data in the microcircuit.

41. Apparatus according to claim 40, wherein the com-
puter is adapted to encrypt a calibration code.

42. Apparatus according to any one of claims 30 to 41,
wherein the test fixture comprises a clamp assem-
bly, adapted to hold the probe.

43. Apparatus according to claim 42, wherein the clamp
assembly is adapted to allow an orientation of the
probe to be varied on a rotational axis of the probe
selected from the set consisting of: a roll of the
probe, a yaw of the probe, and a pitch of the probe.

44. Apparatus according to claim 42, wherein the clamp
assembly is shaped to define a groove, adapted to
hold the probe.

45. Apparatus according to claim 42, wherein the clamp
assembly is adapted to manipulate the probe in an
automated manner.

46. Apparatus according to any one of claims 30 to 45,
wherein the test fixture comprises at least two radi-
ator coils fixed in known positions.

47. Apparatus according to claim 46, wherein the test
fixture comprises three mutually-orthogonal pairs of
parallel radiator coils.

48. Apparatus according to claim 46, wherein the radi-
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ator coils are adapted to generate respective mag-
netic fields in the test fixture, and wherein the com-
puter is adapted to receive the position signal gen-
erated by the position sensor responsive to the
magnetic fields.

49. Apparatus according to claim 46, wherein the com-
puter is adapted to:

receive a position-sensor-calibration position
signal generated by the position sensor while
the probe is aligned in a known orientation rel-
ative to the radiator coils,
determine a position-sensor orientation of the
position sensor with respect to an axis of the
probe, and
determine position-sensor calibration data for
the probe responsive to the orientation of the
position sensor.

50. Apparatus according to claim 49, wherein the probe
includes a distal tip, wherein the position-sensor
calibration data include a measure of a displace-
ment of the position sensor relative to the distal tip,
and wherein the computer is adapted to determine
the measure of displacement.

51. Apparatus according to claim 49,
wherein the calibration data for the probe in-

clude an alignment of the ultrasonic transducer with
respect to the axis of the probe, and

wherein the computer is adapted to:

determine an orientation of the ultrasonic trans-
ducer relative to the position sensor, and
determine the alignment of the ultrasonic trans-
ducer with respect to the axis of the probe, re-
sponsive to the orientation of the ultrasonic
transducer relative to the position sensor, and
responsive to the position-sensor orientation
with respect to the axis of the probe.

52. Apparatus according to claim 49, wherein the posi-
tion sensor comprises at least two coils, and where-
in the computer is adapted to measure a coil-cali-
bration signal for each of the coils.

53. Apparatus according to claim 52, wherein the com-
puter is adapted to calibrate a gain of each coil.

54. Apparatus according to claim 52, wherein the com-
puter is adapted to determine, for each coil, a devi-
ation of the coil from alignment with the axis of the
probe.

55. Apparatus for calibrating a probe having an ultra-
sonic transducer, the apparatus comprising:

a test fixture, which comprises an ultrasonic tar-
get disposed therein at a known position, and
a measurement device, adapted to mechani-
cally measure an orientation of the probe in a
frame of reference of the test fixture, and to
generate an orientation signal responsive to the
measurement; and
a computer, adapted to:

receive the orientation signal generated by
the measurement device while the trans-
ducer is in alignment with the ultrasonic tar-
get, and
determine calibration data for the probe re-
sponsive to the orientation signal.

56. Apparatus for calibrating a probe having a position
sensor and an imaging device, the apparatus com-
prising:

a test fixture, which comprises an imaging tar-
get disposed therein at a known position; and
a computer, adapted to:

receive a position signal generated by the
position sensor while the imaging device is
in alignment with the imaging target,
determine an orientation of the probe in a
frame of reference of the test fixture, and
determine calibration data for the probe re-
sponsive to the orientation of the probe.
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