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(57) ABSTRACT

Apparatus for calibrating an ultrasound transducer providing
B-scans for two-dimensional (2D) images, includes: an ultra-
sound probe for providing B-scans; a position sensing device,
the position sensing device being attached to the ultrasound
probe and operating as part of a position sensing system in
cooperation with a fixed sensing control unit, for labeling the
B-scans with their respective relative positions and orienta-
tions (pose); a phantom marker for being imaged by the
ultrasound probe for providing measurements which together
with known physical properties of the phantom marker are
used to derive calibration information for relating measure-
ment data from the position sensing device to the poses of the
B-scans to construct a 3D image; and the phantom marker
comprising an encoded line object with distinctive calibration
characteristics indicative of position along the line object,
wherein the line object is disposed in a generally circumfer-
ential manner about a common axis with the probe.
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LINE-BASED CALIBRATION OF
ULTRASOUND TRANSDUCER INTEGRATED
WITH A POSE SENSOR

CROSS-REFERENCE TO RELATED
APPLICATION AND CLAIM OF PRIORITY

[0001] Specific reference is hereby made to copending U.S.
Provisional Patent Application No. 60/764,572 (Attorney
Docket No. 2006P02156US), filed Feb. 2, 2006, in the names
of inventors FRANK SAUER, AL KHAMENE, OLIVER
KUTTER and SEBASTIAN KASSNER, and entitled Line-
based Calibration of Ultrasound Transducer Integrated with
Pose Sensor, and whereof the disclosure is hereby incorpo-
rated herein by reference and whereof'the benefit of priority is
claimed.

FIELD OF THE INVENTION

[0002] The invention relates generally to three-dimen-
sional (3D) ultrasound imaging, and more particularly, to 3D
imaging acquired with an ultrasound transducer whose pose
is being monitored by a tracking system.

BACKGROUND OF THE INVENTION

[0003] Intracardiac ultrasound is routinely used to monitor
ablation procedures in the heart chambers. For example, a
commercial intracardiac ultrasound system is the AcuNav™
of Siemens Medical Solutions.

[0004] The AcuNav™ transducer acquires two-dimen-
sional (2D) B-mode images, and the corresponding ultra-
sound system displays these 2D images in real-time. Never-
theless, with only a 2D slice of the heart chamber visible at a
time, the usefulness and usability of the system is in some
ways limited. It is desirable to have a 3D image available.
Image understanding (i.e. localizing anatomical features in
the images), placement of the transducer, and observation of
other catheters are easier to do with a 3D image.

[0005] A B-mode transducer as herein referred to is a
brightness transducer for producing a typical grey-scale
image. A preferred way of acquiring 3D ultrasound images, in
the absence of transducers that can directly scan volumes, is
to move a B-mode transducer around while tracking its pose
(position and orientation), and compound the 2D images into
a 3D image according to the pose information. For this “free-
hand 3D ultrasound”, as it is commonly called in the litera-
ture, calibration has to be performed. Calibration determines
the relative pose of a magnetic pose sensor and an ultrasound
image. Various methods have been described to perform the
calibration. Calibration is, for example, described in Prager,
R.W.,R.N. Rohling, et al. (1998). “Rapid calibration for 3-D
freehand ultrasound.” Ultrasound in Medicine and Biology
24 (6): 855-869.

[0006] Methods described in the literature have, however,
typically only been developed and tested for prototype work,
and are only suitable for calibrating a small quantity of pro-
totype assemblies.

BRIEF SUMMARY OF THE INVENTION

[0007] As will hereinafter be explained in further detail, the
present invention relates to a line-based calibration of an
ultrasound transducer integrated with pose sensor, disclosed
in the aforesaid copending U.S. Provisional Patent Applica-
tion No. 60/764,572.
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[0008] It is herein recognized that, preferably, the calibra-
tion process is performed as part of the manufacturing pro-
cess.

[0009] It is also herein recognized that, for practical mass
production, there is a need for a calibration process that can be
performed as part of the fabrication of catheters, and that
known methods in accordance with basic principles are not
very practical for a mass production and mass calibration
scenario. Typically each catheter equipped with an ultrasound
transducer and a magnetic pose sensor has to be calibrated
individually, and hence there is the need for an efficient cali-
bration process.

[0010] As will also be hereinafter explained, the present
invention also relates to calibration aspects disclosed in U.S.
provisional patent application No. 60/657,753 filed Mar. 1,
2005 in the name of Frank Sauer, Ali Khamene, et al., and
entitled “System for Visualization of 3D intracardiac ultra-
sound” (Attorney Docket No. 2005P03805US): and to further
aspects of calibration, including further apparatus and meth-
ods for practical sensors and the practical industrial calibra-
tion of catheters with integrated ultrasound transducers and
pose disclosed in U.S. provisional patent application No.
60/718,808 filed Sep. 20, 2005 in the name of Frank Sauer, Ali
Khamene, et al. and entitled “Calibration of ultrasound trans-
ducer integrated with pose sensor,” (Attorney Docket No.
2005P17048 US), whereof the disclosures of the two forego-
ing provisional patent applications are hereby incorporated
herein by reference to the extent they are not incompatible
with the present invention.

[0011] In accordance with an aspect of the present inven-
tion, the invention comprises an ultrasound imaging type of
system including a catheter based B-mode ultrasound trans-
ducer, equipped with a miniature sensor for magnetic track-
ing, and a processing system and control system to drive the
transducer, and process the acquired data to generate images.
[0012] In accordance with another aspect of the present
invention, a system for 3D ultrasound imaging comprises an
electromagnetic tracking system comprising an electromag-
netic field generator, miniature sensors, and a processing unit
to determine the 6 degree-of-freedom pose (position and ori-
entation) of the sensors.

[0013] In accordance with another aspect of the present
invention, a processing system for calculation of the calibra-
tion parameters, which receives pose information and (time
synchronized) ultrasound images, and includes an image pro-
cessing unit (or software program) to extract the position of
markers in the ultrasound images

[0014] In order to compound a 3D image correctly, the
correct pose (position and orientation) of the 2D images from
the tracking information should be derived. The tracking
information initially provides only the pose of the magnetic
pose sensor in a world coordinate system. A calibration pro-
cess is needed to determine the pose of the 2D ultrasound
image in the coordinate system of the magnetic pose sensor,
and also one or two scale factors for the correct geometric size
of the image pixels. With this calibration information, the 2D
ultrasound image can be mapped into the 3D world coordi-
nate system according to the tracking information.

[0015] Calibration for freehand 3D ultrasound has been
extensively described in the literature. See, for example, the
afore-mentioned publication by Prager et al. In accordance
with another aspect of the present invention, a calibration
phantom includes well defined geometric structures and is set
up so that these structures are known in the world coordinate
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system of the tracker. It is imaged with a tracked ultrasound
transducer, and the structures seen in the images are brought
into correspondence with the actual structures of the phan-
tom.

[0016] In accordance with another aspect of the present
invention, as the locations of these structures and the position
of the magnetic pose sensor attached to the transducer are
known in the world coordinate system of the magnetic track-
ing system, one can solve for the pose and scale of the 2D
ultrasound image in the coordinate system of the magnetic
pose sensor.

[0017] In accordance with another aspect of the invention,
apparatus for calibrating an ultrasound transducer providing
B-scans for two-dimensional (2D) images, the apparatus
comprises: an ultrasound probe for providing B-scans; a posi-
tion sensing device, the position sensing device being
attached to the ultrasound probe and operating as part of a
position sensing system in cooperation with a fixed sensing
control unit, for labeling the B-scans with their respective
relative positions and orientations (pose); a phantom marker
for being imaged by the ultrasound probe for providing mea-
surements which together with known physical properties of
the phantom marker are used to derive calibration informa-
tion for relating measurement data from the position sensing
device to the poses of the B-scans to construct a 3D image;
and the phantom marker comprising an encoded line object
with distinctive calibration characteristics indicative of posi-
tion along the line object, wherein the line object is disposed
in a generally circumferential manner about a common axis
with the probe.

[0018] In accordance with another aspect of the invention,
the probe and the phantom marker are mounted for enabling
mutual rotation with respect to one another about the com-
mon axis.

[0019] In accordance with another aspect of the invention,
the encoded line object comprises a plurality of generally
circular modulated loops disposed circumferentially about
the common axis and exhibiting respective varying amounts
of modulation along their respective lengths.

[0020] In accordance with another aspect of the invention,
the modulated loops exhibit respective degrees of radial
swinging relative to an unmodulated radial line.

[0021] In accordance with another aspect of the invention,
the modulated loops exhibit respective degrees of swinging
up and down relative to an unmodulated circular line.
[0022] In accordance with another aspect of the invention,
the modulated loops exhibit a triangular cross-section
whereof a point is oriented towards the probe for providing an
ultrasound image of the point and the triangular cross-section.
[0023] In accordance with another aspect of the invention,
apparatus is included for processing the ultrasound image of
the point and the triangular cross-section for enabling auto-
matic localization of the ultrasound image of the point.
[0024] In accordance with another aspect of the invention,
apparatus is included for performing the automatic localiza-
tion of the ultrasound image of the point.

[0025] In accordance with another aspect of the invention,
apparatus for introducing an offset between the axis of the
line object and the axis of the transducer is included.

[0026] In accordance with another aspect of the invention,
apparatus for modulating the offset between the axis of the
line object and the axis of the transducer is included.

[0027] In accordance with another aspect of the invention,
apparatus for calibrating an ultrasound transducer providing
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B-scans for two-dimensional (2D) images, the apparatus
comprising: a sensing device attached to the transducer, the
sensing device cooperating with a fixed sensing unit for pro-
viding an output for labeling respective B-scans with their
respective relative positions and orientations (poses); a cali-
bration phantom bath including a phantom therein, the trans-
ducer being immersed in the bath for imaging the phantom;
the phantom comprising a line object with distinctive encod-
ing indicative of position along the line object, the line object
being generally disposed about an axis substantially concen-
tric with an axis of rotation of the transducer and in the field
of view of the transducer; apparatus for enabling rotation of
one of the transducer and the phantom about the axis of
rotation for obtaining successive B-scan images of the line
object exhibiting the calibration characteristics; apparatus for
rotating one of the transducer and the phantom about the axis
of rotation for obtaining successive B-scan images of the line
object exhibiting the calibration characteristics; apparatus for
deriving relative transducer pose information from the cali-
bration characteristics in the successive B-scan images; and
apparatus for deriving transducer pose information relative to
the fixed sensing unit by combining the output thereof and the
relative transducer pose information.

[0028] In accordance with another aspect of the invention,
the line object forms a loop in a generally circumferential
form about the axis; and the line object exhibits a cross-
section sufficient for providing an adequate ultrasound image
in the B-scan images.

[0029] In accordance with another aspect of the invention,
the line object exhibits a cross-section having a V-shape
exhibiting a point and the point is oriented towards the trans-
ducer.

[0030] In accordance with another aspect of the invention,
apparatus is included for processing the ultrasound image of
the point and the triangular cross-section for enabling auto-
matic localization of the ultrasound image of the point. Appa-
ratus is included for performing the automatic localization of
the ultrasound image of the point.

[0031] Inaccordance with another aspect of the invention,
the encoding comprises the line object being formed into a
modulated circular form exhibiting a varying amount of
modulation along its length. In accordance with another
aspect of the invention, the line object comprises a plurality of
closed loops in a generally circumferential form about the
axis. In accordance with another aspect of the invention, the
line object comprises a plurality of loops with a cross-section
sufficient for providing an adequate ultrasound image in the
B-scan images.

[0032] In accordance with another aspect of the invention,
the loops have a cross-section having a V-shape exhibiting a
point oriented towards the transducer. The loops comprise a
corresponding plurality of modulated circular forms exhibit-
ing respective varying amounts of modulation along their
respective lengths as a function of angular position around the
axis. The loops comprise a corresponding plurality of modu-
lated circular forms exhibiting respective varying amounts of
modulation along their respective lengths.

[0033] Inaccordance with another aspect of the invention,
the modulated circular forms exhibit respective degrees of
radial swinging relative to an unmodulated radial line.
[0034] In accordance with another aspect of the invention,
the modulated circular forms exhibit respective degrees of
swinging up and down relative to an unmodulated circular
line.
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[0035] In accordance with another aspect of the invention,
the modulated circular forms exhibit respective degrees of
swinging up and down relative to an unmodulated circular
line, wherein a given modulated circular form is described as
follows:

[0036] if the z-axis represents a common axis for circles
in a Cartesian coordinate system, a periodically modu-
lated circle can be described by the following parametric
equations:

x(¢p)=cos(¢)(r+a-sin(x-¢+p))
Y@)=sin(@)(r+a-sin(¢+p))

z(@)=assin(n ¢p)+e,

[0037] where ¢e{-m,x}, n and n_eN, and r is the circle
radius and the modulation amplitudes for radius r and
height zare aand a_, and the parameters n and n_ describe
how many full periods of modulation occur on the circle,
and p and p, allow for phase shifts of the modulation.

[0038] In accordance with another aspect of the invention,
the modulated circular forms exhibit a configuration of the
respective varying amounts of modulation that does not
exhibit periodicity within a complete rotation around the axis.
[0039] In accordance with another aspect of the invention,
apparatus for calibrating an ultrasound transducer providing
B-scans for two-dimensional (2D) images, comprises: ultra-
sound probe apparatus for providing B-scans; apparatus for
sensing a position and being attached to the ultrasound probe
apparatus and operating as part of a position sensing system in
cooperation with a fixed sensing control apparatus, for label-
ing the B-scans with their respective relative positions and
orientations (pose); phantom marker apparatus for being
imaged by the ultrasound probe apparatus for providing mea-
surements which together with known physical properties of
the phantom marker apparatus are used to derive calibration
information for relating measurement data from the apparatus
for sensing a position to the poses of the B-scans to construct
a 3D image, and the phantom marker apparatus comprises an
encoded line apparatus with distinctive calibration character-
istics indicative of position along the encoded line apparatus,
wherein the encoded line apparatus is disposed in a generally
circumferential manner about a common axis with the ultra-
sound probe apparatus.

[0040] In accordance with another aspect of the invention,
a method for line-based calibration of an ultrasound trans-
ducer for two-dimensional (2D) images, the method com-
prises: immersing a transducer in a calibration phantom bath;
encoding a calibration parameter at respective portions of a
line object such that the parameter is indicative of a respective
associated portion of the line object; wrapping the line object
circumferentially about a substantially concentric axis with
the transducer in the bath such that the line object is visible in
successive 2D images as the transducer is rotated about the
axis; deriving values of the calibration parameter from
respective 2D images; and calculating the pose of a 2D image
from a respective value of the calibration parameter.

[0041] In accordance with another aspect of the invention,
a method for deriving the pose of a two-dimensional (2D)
ultrasound image from a transducer, the method comprises:
setting up a known tracking system having a known coordi-
nate correspondence with a calibration phantom bath; calcu-
lating the pose of the calibration phantom bath; immersing a
transducer in the calibration phantom bath; encoding a cali-
bration parameter at respective portions of a line object such
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that the parameter is indicative of a respective associated
portion of the object; wrapping the line object about a sub-
stantially concentric axis with the transducer in the bath such
that the line object is visible in successive 2D images as the
transducer is rotated about the axis; deriving values of the
calibration parameter from respective 2D images; calculating
apose ofa given 2D image relative to the calibration phantom
bath from a respective value of the calibration parameter
derived from the given 2D image; and calculating a pose of
the given 2D image relative to the tracking system by utilizing
the pose of a given 2D image relative to the calibration phan-
tom bath.

[0042] In accordance with another aspect of the invention,
a method for deriving the pose of a two-dimensional (2D)
ultrasound B-mode image from a transducer, comprises:
inserting a catheter with an associated magnetic pose sensor
into a calibration phantom bath; rotating the catheter about its
axis to get a planar marker configuration into the field-of-
view; acquiring an image of markers by utilizing the trans-
ducer, and a corresponding pose; acquiring information from
a magnetic pose sensor with a magnetic tracking system;
locating 2D marker positions in the B-mode image; calculat-
ing 3D marker positions in a coordinate system of the mag-
netic pose sensor; and calculating pose and scale of the
B-mode image in the coordinate system of the magnetic pose
sensor from 2D-3D correspondences.

[0043] In accordance with another aspect of the invention,
a method for calibrating an ultrasound transducer providing
B-scans for two-dimensional (2D) images, comprises: attach-
ing to the transducer a sensing device cooperating with a fixed
sensing unit for providing an output for labeling respective
B-scans with their respective relative positions and orienta-
tions (poses); immersing the transducer in a calibration phan-
tom bath for imaging a phantom; encoding a line object with
distinctive calibration characteristics indicative of position
along the line object; wrapping the line object about an axis
substantially concentric with an axis of rotation of the trans-
ducer and in the field of view of the transducer; rotating the
transducer about the axis of rotation for obtaining successive
B-scan images of the line object exhibiting the calibration
characteristics; deriving relative transducer pose information
from the calibration characteristics in the successive B-scan
images; and deriving transducer pose information relative to
the fixed sensing unit by combining the output thereof and the
relative transducer pose information.

[0044] In accordance with another aspect of the invention,
a phantom marker for being imaged by an ultrasound probe
having an axis and providing B-scans, the phantom marker
providing measurements which together with known physi-
cal properties of the phantom marker are used to derive cali-
bration information for relating measurement data from a
position sensing device to poses of the B-scans to construct a
3D image, wherein the phantom marker comprises an
encoded line object with distinctive calibration characteris-
tics indicative of position along the line object, wherein the
line object is disposed in a generally circumferential manner
about the axis.

[0045] In accordance with another aspect of the invention,
apparatus for calibrating an ultrasound transducer providing
B-scans for two-dimensional (2D) images, comprises: an
ultrasound probe for providing B-scans; a position sensing
device, the position sensing device being attached to the
ultrasound probe and operating as part of a position sensing
system in cooperation with a fixed sensing control unit, for



US 2008/0287787 Al

labeling the B-scans with their respective relative positions
and orientations (pose); a phantom marker for being imaged
by the ultrasound probe for providing measurements which
together with known physical properties of the phantom
marker are used to derive calibration information for relating
measurement data from the position sensing device to the
poses of the B-scans to construct a 3D image, and the phan-
tom marker comprising markers of a planar marker distribu-
tion having a known position in a magnetic coordinate system
such that the markers do not occlude each other in the field-
of-view of the ultrasound transducer.

[0046] In accordance with another aspect of the invention,
apparatus for calibrating an ultrasound transducer providing
B-scans for two-dimensional (2D) images, comprises: an
ultrasound probe for providing B-scans; a position sensing
device, the position sensing device being attached to the
ultrasound probe and operating as part of a position sensing
system in cooperation with a fixed sensing control unit, for
labeling the B-scans with their respective relative positions
and orientations (pose); a phantom marker for being imaged
by the ultrasound probe for providing measurements which
together with known physical properties of the phantom
marker are used to derive calibration information for relating
measurement data from the position sensing device to the
poses of the B-scans to construct a 3D image, and the phan-
tom marker comprises line markers arranged in a line marker
plane such that an ultrasound imaging plane intersects the line
marker plane with the ultrasound plane essentially perpen-
dicular to the line marker plane, the markers comprising a set
of strings running at different angles in a string marker plane,
closer to horizontal than vertical and are imaged as small dots
where they intersect an ultrasound plane, and wherein the
ratio of distances between respective ones of the dots is
uniquely related to the location where the ultrasound plane
intersects the string plane, and hence, gives unique informa-
tion on the angle under which the ultrasound transducer is
imaging the string plane from its location.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0047] The invention will be more fully understood from
the detailed description following, in conjunction with the
Drawing, in which

[0048] FIG. 1 shows a planar marker distribution in the
field-of-view of an ultrasound transducer;

[0049] FIG. 2 shows a marker arrangement as a part of a
waterbath calibration phantom;

[0050] FIG. 3 illustrates the principle of coding position/
angle information in the marker configuration;

[0051] FIG. 4 shows in schematic form ultrasound images
corresponding to positions in FIG. 3;

[0052] FIG. 5 shows ultrasound images with V-shaped
marker cross-sections; and

[0053] FIG. 6 shows modulated circles in 3D in different
views.

DETAILED DESCRIPTION OF THE INVENTION

[0054] Briefly reviewing the above description, when a 3D
free-hand ultrasound is used, a position sensing device, which
operates as part of a position sensing system, is attached to a
conventional ultrasound probe which is utilized for providing
B-scans. The position sensing device, for example the
receiver of an electromagnetic pose sensor which cooperates
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with a fixed transmitter, enables the B-scans to be labeled
with their respective relative positions and orientations
(pose). This makes it possible to insert the B-scans into a 3D
voxel array which may then be viewed or visualized in con-
ventional ways, including plane-slicing, volume rendering, or
surface rendering. An important requirement in free-hand
imaging systems is calibration, that is, determining the pose
of the B-scan with respect to the position sensing system.
[0055] Calibration is typically performed by imaging a
phantom which is an artificial object having defined, known
physical properties and/or dimensions. Measurements result-
ing from imaging and examination of the phantom, together
with its known physical properties serve to derive calibration
information for relating the sensor measurements to the posi-
tions of the B-scans in constructing a 3D image.

[0056] The introductory part of the present detailed
description of the invention starts with a review of the disclo-
sure of the two aforementioned provisional patent applica-
tions, Nos. 60/657,753 and 60/718,808, whereof FIGS. 1-4
are essentially the same as the corresponding FIGS. 1-4 of the
present application, so that reference to any of FIGS. 14,
simply made, refers to the like number figure in the two
aforementioned provisional patent applications Nos. 60/657,
753 and 60/718,808 and in the aforementioned copending
provisional patent application No. 60/764,572, as well as in
the present application.

[0057] A calibration phantom contains a set of markers,
which can be easily localized and identified in the ultrasound
image. The markers should also be well distributed in the
image. In a preferred embodiment of the calibration phantom,
the arrangement of the markers is planar. FIG. 1 shows a
planar marker distribution 10 in the field-of-view of an ultra-
sound transducer 12 embedded in the tip of a catheter 14,
together with an electro-magnetic sensor 16. The markers of
planar marker distribution 10 have a known position in a
magnetic coordinate system. This is a possible planar
arrangement of calibration markers which are well distrib-
uted and do not occlude each other in the field-of-view of the
ultrasound transducer.

[0058] FIG. 2 shows a basic arrangement of a calibration
phantom, with a marker arrangement 20 as part of a water-
bath calibration phantom, with catheter access from above
through a cylindrical guide 21.

[0059] The phantom comprises a tank filled with an ultra-
sound transmissive liquid 23. Submerged in the tank is the
marker distribution. Access for the catheter is provided via
cylindrical guide 21, preferably through a lid (not shown) on
top of the phantom. The inner diameter of guide 21 is slightly
larger than the outer diameter of the catheter, as a sliding fit,
for example, so that the guide holds the axis of the inserted
catheter in a well defined position. There is a mechanical stop
(not shown) for the tip of the catheter, so that the catheter will
be inserted to a pre-defined depth. Planar marker arrangement
20 is aligned with cylindrical guide 21, that is, the axis of the
guide lies in the plane of the planar marker configuration. The
guide contains a window, that is, there is a gap between the
guide and the mechanical stop, so as to allow the ultrasound
transducer an unobstructed view of the marker configuration.
After insertion, the catheter is turned about its axis into the
orientation wherein the 2D ultrasound view shows an optimal
image of the planar marker configuration. With the precise
angular alignment around the axis, one of the pose parameters
is determined; the others, and the scale parameters, can be
calculated based on the 2D-3D point correspondences of 2D
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marker locations in the planar image and 3D marker locations
inside the phantom, taking the magnetic tracking information
into account.

[0060] In effect, the calibration process may also be con-
sidered in the following manner:

what is known is the geometry of a phantom, pose (position
and orientation) of the phantom in a magnetic coordinate
system; and

what are not known are the pose and scale of a B-mode image
in a coordinate system of a magnetic pose sensor.

[0061] The process then comprises:

inserting a catheter into a phantom;

rotating the catheter about its axis to get planar a marker
configuration into the field-of-view;

acquiring an image of markers (with an ultrasound trans-
ducer) and corresponding pose;

acquiring information from a magnetic pose sensor (with a
magnetic tracking system): for best results, one can average
over a set of images acquired in the same position;

locating 2D marker positions in a B-mode image;
calculating 3D marker positions in a coordinate system of the
magnetic sensor; and

calculating pose and scale of the B-mode image in the coor-
dinate system of the magnetic sensor from 2D-3D correspon-
dences.

[0062] The calibration with this calibration phantom is fast
and efficient. It can be automated, for example, with a com-
puter controlled system that includes a mechanical arm that
grasps the catheter and turns it into the correct position
towards the marker configuration (based on image processing
of the 2D ultrasound images). The system captures the final
calibration image that shows the optimal view of the marker
configuration, calculates and stores the catheters calibration
parameters, and pulls the catheter back out of the calibration
phantom. The process is repeated with each individual cath-
eter.

[0063] The user of the catheter needs to have both the
catheter and the calibration information. A preferred and
automated way of providing the calibration information is to
store it in an EPROM that is part of the catheter assembly.
During use, the catheter assembly has electrical connections
to the overall control and visualization system, for transmis-
sion of magnetic tracking and ultrasound imaging signals.
Extra electrical connections can be provided for transmission
of EPROM information. In a preferred embodiment, the cath-
eter assembly contains a single electric plug that can be
plugged into a corresponding jack of the control and visual-
ization system and establishes all the electrical connections.
Data transmission may alternatively, or in addition, be mul-
tiplexed, for example by time or frequency division multi-
plexing, for transmission by way of a single data port.
[0064] The catheter needs to be sterilized for use on
humans. It is possible to conduct the calibration process in a
sterile environment if there are reasons to perform calibration
after sterilization. For this, the sterilizable calibration phan-
tom is made sterile and contains a sterile liquid.

[0065] An alternative embodiment of the calibration phan-
tom employs a marker configuration that is not planar, but
extends into the third dimension. The markers are arranged in
a way that the catheter does not have to be precisely aligned
around its axis to get an optimal view of the markers. Instead,
the markers are distributed in a way such that they code the
angle information.
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[0066] FIG. 3 illustrates the principle of coding position/
angle information in the marker configuration. The line mark-
ers (bold lines 30) are arranged in a line marker plane. The
ultrasound imaging plane intersects the line marker plane, for
example in positions A or B (dashed lines), with the ultra-
sound plane essentially perpendicular to the line marker
plane. Intersections between line markers and ultrasound
plane in positions A and B are circled and marked A1, A2, A3,
and respectively B1, B2, B3.

[0067] In one embodiment, the markers comprise a set of
thin strings, arranged in a plane whose normal vector is per-
pendicular to the catheter and perpendicular to the normal
vector of the planar marker configuration described earlier.
The strings run at different angles in this string marker plane,
closer to horizontal than vertical and are imaged as small dots
where they intersect the ultrasound plane. As the strings are in
one plane, the dots appear along one line. The ratio of the
distances between the dots is uniquely related to the location
where the ultrasound plane intersects the string plane, and
hence, gives unique information on the angle under which the
ultrasound catheter is imaging the string plane from its loca-
tion inside the cylindrical guide. In a preferred embodiment,
several of these string planes are arranged in parallel to cover
the depth of field of the ultrasound image. The width of the
string planes is chosen to cover about 10-30 degrees of axial
rotation of the ultrasound catheter. A single 2D ultrasound
image yields the complete information for calibration. Pref-
erably, however, several images are taken at different angles
(with the string planes within the field of view) to optimize the
results of the calibration procedure.

[0068] FIG. 4, in parts 4(a) and 4(b), shows schematic
ultrasound images corresponding to positions A and respec-
tively B of FIG. 3. The line markers are imaged as dots Al',
A2', A3' and respectively B1', B2', B3'. The exact location of
positions A and B can be inferred from the ratio of the dis-
tances A1'A2'and A2'A3' and respectively B1'B2'and B2'B3',
given the geometry of the line marker distribution.

[0069] Inaccordance with a review of the disclosure of the
aforementioned provisional application for patent No.
60/718,808, the foregoing principles are extended as follows.
[0070] (a) Considering first a multi-catheter calibration
chamber, wherein electromagnetic tracking systems are made
to track several pose sensors simultaneously. The calibration
chamber of FIG. 1 is designed to contain several access
guides and several corresponding marker configurations. The
access guides are preferably arranged on a circle in the middle
of the chamber, and the corresponding marker sets placed
around them on the periphery. The magnetic field generator is
preferably located underneath the calibration chamber.
[0071] As before, the marker geometry needs to be known
in the coordinate system of the electromagnetic tracking sys-
tem. This can preferably be achieved by manufacturing the
marker set to a high degree of precision, include several
calibration points (for example small notches) on the
mechanical set-up, and determine the fixed pose of the marker
set in the tracking coordinate system by measuring the coor-
dinates of the notches with pointers that are tracked with the
same tracking system.

[0072] (b) Considering next a moving marker arrangement
in single-catheter calibration chamber: instead of turning the
catheter around its axis so that its field of view lines up with
the marker configuration, we can rotate the marker configu-
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ration around the fixed catheter to achieve suitable constella-
tions. Preferably, the catheter axis is on or near the rotation
axis.

[0073] For this embodiment, it is necessary to keep track of
where the markers are during the rotation. This can be done by
placing a pose sensor on the moving platform, or preferably
by using a precisely defined rotary motion, where the motor
or the shafts are equipped with encoders to report on the
current position. One needs to measure the pose of the marker
configuration in at least two rotary positions (see (a) above) to
determine the rotation axis, and to be able to know the marker
positions based on the marker distribution and the encoder
reading. The calibration processor has to read in the catheter
pose as measured by the pose sensor, the ultrasound image as
acquired by the ultrasound transducer, and the rotation infor-
mation as measured by the encoder.

[0074] For efficiency and accuracy, the markers are not
only distributed on a single plane, but extend around the
catheter. The marker distribution is coded in a bar code fash-
ion so that the calibration processor is able to identify which
part of the overall marker distribution is seen in a single image
respectively in a sequence of images, retrieve the stored exact
geometric configuration, transform it into the coordinate sys-
tem of the magnetic tracking system according to the encoder
reading, and calculate the calibration parameters.

[0075] Using a set of string markers as described above
around the catheter axis, one can identify the image location
from a single image. For greater calibration accuracy, it is
preferable to acquire several images and average the results.
Continuous or serial operation is possible in which the marker
distribution moves continuously around the central axis.
Stop-and-go operation is possible (move-acquire data-move-
acquire data- . . . ).

[0076] Point markers”, as depicted in FIG. 2 cannot be
placed densely around the axis. Not all possible 2D images
contain relevant information for the calibration process. Stop-
and go operation is not practical since one might just image
the gaps between the markers. Continuous operation is pre-
ferred. Here one records pose, ultrasound, and encoder infor-
mation at a given rate, and uses the data sequences for cali-
bration. A preferred way of performing the calculations is to
observe markers as they enter and leave the ultrasound imag-
ing plane. Using spherical markers, one determines a 2D
marker center as it appears in the ultrasound images. As the
marker moves through the ultrasound plane, its size grows
and shrinks again. One determines the moment in time, or the
respective corresponding location of the marker, when it lies
directly in the ultrasound plane by finding the maximum
marker size. For each passing marker, one establishes a cor-
respondence between a 2D marker location in the image and
a 3D marker location in the coordinate system of the magnetic
tracker. As described above, a set of these 2D-3D point cor-
respondences allows one to calculate the calibration param-
eters.

[0077] (c) Considering next a multi-catheter calibration
chamber with a moving marker arrangement, we can combine
the teachings of (a) and (b). It is efficient to be able to acquire
calibration information for several catheters in parallel, using
the same calibration chamber. The rotating marker arrange-
ment allows one to take more markers and views of the
markers into account for the calibration process than would
be possible with a single view method.

[0078] What we lose in (c) as compared to (a) is the free-
dom to insert the catheter with an arbitrary orientation around
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its axis. Once there are more catheters clustered together, one
needs to pre-align each catheter around its axis so that it faces
the marker distribution and not the other catheters (or the
access guides). This pre-alignment can be done automati-
cally, with an appropriate motorized mechanical catheter
holder, and with the calibration processor using image pro-
cessing to identify good and bad viewing directions. The
pre-alignment process can be simplified by making the access
guides non-transparent in the “bad” or unsuitable viewing
direction, and transparent (or open) only in allowed viewing
directions.

[0079] (d) Considering next a calibration chamber with
moving catheters: instead of rotating the markers, one can
also rotate the access guides with the catheters, in a way that
they keep facing the markers. An advantage is that the mark-
ers are fixed in the coordinate system of the magnetic tracking
system, and their pose need be determined only once. The
movement of the catheters is tracked by their integrated pose
sensors. One does not need encoders to keep track of the
rotation information. Furthermore, the sensors sample a
larger space within the workspace of the magnetic tracking
system, and do not rely on a single tracker reading. This
makes (d) potentially more precise than (b)/(c). The rotation
movement has to be slow, because the reading of the electro-
magnetic tracking system introduces pose errors with faster
sensor movement.

[0080] (e) Considering next an outside-in configuration:
instead of having the catheters in the middle, surrounded by
the marker configuration, one can instead place the marker
configuration in the middle, and the access guides with the
catheters on the periphery. Again, pre-alignment of the cath-
eters around their axes is necessary to make them face the
markers. The system of (e) has the advantage that the mark-
ers’ configuration is more compact and can be fabricated
more easily. Size limitation of the workspace of the electro-
magnetic tracking system is a design consideration.

[0081] () Considering next sampling an electromagnetic
tracking space by employing multiple field generators. If the
catheter is placed in a fixed pose within the workspace of the
electromagnetic tracking system, local field non-uniformities
can lead to tracking errors, which in turn result in calibration
errors. One way to overcome this is to have an arrangement of
field generators that can be employed sequentially, and then
to average the redundant pose information.

[0082] (g) Automation plays a central role in mass calibra-
tion. Following is a list of tasks that can potentially be auto-
mated with suitable motorized mechanical systems:

insert catheter into and extract from calibration chamber;
pre-align the catheters (turning them around their axes to face
the markers);

connect and disconnect the electrical cables between the cath-
eters and the calibration system; and

help to keep the catheters sterile, or sterilize them after acqui-
sition of the calibration data;

package the sterile catheters after the calibration process.
[0083] Evaluation of the ultrasound images can be com-
pletely automated with suitable image processing, including:

[0084] finding markers in the image;
[0085] finding marker centers; and
[0086] determining marker size.
[0087] In accordance with principles of the invention, a

calibration phantom with line-shaped markers is next
described.
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[0088] In accordance with the foregoing, the ultrasound
transducer is preferably located in the center of the phantom,
aligned with the axis of the calibration phantom, which has a
cylindrical hull. The transducer/catheter is either rotated
around its axis, or the calibration phantom is rotated around
its axis. A plurality of 2D ultrasound images is acquired,
showing different views of the calibration phantom.

[0089] Incontrast to the ball-shaped marker configurations
previously disclosed, all the ultrasound images acquired from
the line-shaped phantom contribute information for the cali-
bration process. There are no gaps leading to “empty” ultra-
sound images.

[0090] In contrast to the string-based phantom described
earlier, the marker lines in the new calibration phantom are
not straight, but rather wrap around a center.

[0091] The line-shaped calibration phantom contains one
or more line objects, wrapped about or around a central axis.
As the ultrasound transducer, which is located near the axis,
rotates around its axis, the cross-sections of the line objects
are seen in the ultrasound images.

[0092] A preferred shape for the cross-section is a V, with
the tip or point of the V pointing towards the transducer. The
tip is thus defined by the intersection point of the straight
“arms” of the V-shape and can therefore be accurately placed.
FIGS. 5 (a) and (b) show ultrasound images with such a
V-shaped marker cross-sections. Automatic localization of
the V and its tip in the 2D image can be performed with
methods known in the art, using edge filtering and template
matching.

[0093] A preferred configuration of the line-shaped mark-
ers comprises a set of modulated circles around a common
axis. The circles are centered on this axis. To break the rota-
tional symmetry of this configuration, we modulate the shape
of'the circles, i.e. the true curves are not simply round circles,
but rather they comprise curves that swing back and forth
around circular lines. In a conveniently simple embodiment,
we add a periodic modulation to the radius and/or height of
each circle, periodic with regard to the angle around the axis.
More complex shapes can be generated.

[0094] If the z-axis represents the common axis for the
circles in a Cartesian coordinate system, a periodically modu-
lated circle can be described by the following parametric
equation:

x()=cos(¢p)(r+a-sin(x-¢+p))
YP)=sin(@)(r+a-sin(z¢+p))

z(@)=azsin(nP+p;)+c,

where ¢{-m,7t}, n and n.eN, and r is the circle radius. The
modulation amplitudes for radius r and height Z are aand a_,
and the parameters n and n_ describe how many full periods of
modulation occur on the circle, and p and p, allow for phase
shifts of the modulation. FIG. 6 shows an example of three
modulated circles in different views in 3D.

[0095] To evaluate a set of ultrasound images of the cali-
bration phantom, we first extract for each 2D ultrasound
image the 2D coordinates of the tips of the V-shaped marker
cross-sections by image processing methods known in the art,
such as edge filtering, and template matching, and store this
information in conjunction with the position and orientation
given by the magnetic tracking sensor.

[0096] Then one calculates the calibration parameters, the
relative pose of the magnetic tracking sensor and 2D ultra-
sound image by minimizing the sum of distances of the mea-
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sured tip points to the circles in 3D. The sum of distances can
be minimized with optimization algorithms known in the art,
such as Powell-Brent, and Best Neighbor.

[0097] Thus
C=arg min Z,D(T,CP;)

[0098] where

D is a function that returns for each point in 3D the minimal
distance to the closest modulated circle in 3D;

P =X Yap» 0, 1)7is a 4x1 vector with the 2D coordinates of
the i-th measured tip point;

T, is a 4x4 transformation matrix, containing the position and
orientation of the magnetic tracking sensor in world coordi-
nates for the i-th measured 2D tip point; and

C is a 4x4 transformation matrix, containing the relative pose
of the magnetic tracking sensor and 2D ultrasound image.

[0099] Instead of, or in addition to the modulation, circles
can also be placed off-center from the common axis. It is
important to create a marker configuration that is non-peri-
odic around the axis. That is, the combination of circles does
not exhibit periodicity within a single complete rotation
around the axis. An ultrasound image taken from the axis,
with the transducer approximately aligned with the axis,
shows a distribution of marker intersections that uniquely
depends on the direction around the axis, where the trans-
ducer is acquiring the image.

[0100] In a preferred way, the calibration phantom is
designed with a CAD program, and manufactured with a 3D
printing process or computer numerically controlled (CNC)
milling.

[0101] The present invention has been described by way of
embodiments utilizing a B-mode transducer. However,
instead of a B-mode transducer, a 2D transducer array that
directly captures 3D ultrasound images can also be used.
Magnetic tracking still provides the advantages of com-
pounding of 3D image with larger field-of-view, and observ-
ing the position of a second magnetically tracked catheter
even if it is not in an active ultrasound field-of-view

[0102] The described method in accordance with the
present invention can also be applied to organs other than the
heart. For example, one may put a catheter-based ultrasound
transducer in the hepatic vein or artery to support liver inter-
ventions. One may also use magnetically tracked laparo-
scopic ultrasound or transrectal ultrasound. The calibration
principles of the present invention remain effective and appli-
cable with such changes.

[0103] As will be apparent, the present invention is best
intended to be implemented with the use and application of
imaging equipment in conjunction with a programmed digital
computer. The present invention has also been explained in
partby way of examples using illustrative exemplary embodi-
ments. It will be understood that the description by way of
exemplary embodiments is not intended to be limiting and
that, while the present invention is broadly applicable, it is
nevertheless helpful to also illustrate its principles, without
loss of generality, by way of exemplary embodiments.

[0104] It will also be understood that various changes and
substitutions not necessarily herein explicitly described may
be made by one of skill in the art to which it pertains. Such
changes and substitutions may be made without departing
from the spirit and scope of the invention which is defined by
the claims following.
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What is claimed is:

1. Apparatus for calibrating an ultrasound transducer pro-
viding B-scans for two-dimensional (2D) images, said appa-
ratus comprising:

an ultrasound probe for providing B-scans;

a position sensing device, said position sensing device
being attached to said ultrasound probe and operating as
part of a position sensing system in cooperation with a
fixed sensing control unit, for labeling said B-scans with
their respective relative positions and orientations
(pose):

a phantom marker for being imaged by said ultrasound
probe for providing measurements which together with
known physical properties of said phantom marker are
used to derive calibration information for relating mea-
surement data from said position sensing device to said
poses of said B-scans to construct a 3D image; and

said phantom marker comprising an encoded line object
with distinctive calibration characteristics indicative of
position along said line object, wherein said line object
is disposed in a generally circumferential manner about
a common axis with said probe.

2. Apparatus in accordance with claim 1, wherein said
probe and said phantom marker are mounted for enabling
mutual rotation with respect to one another about said com-
mon axis.

3. Apparatus in accordance with claim 2, wherein said
encoded line object comprises a plurality of generally circular
modulated loops disposed circumferentially about said com-
mon axis and exhibiting respective varying amounts of modu-
lation along their respective lengths.

4. Apparatus in accordance with claim 3, wherein said
modulated loops exhibit respective degrees of radial swing-
ing relative to an unmodulated radial line.

5. Apparatus in accordance with claim 3, wherein said
modulated loops exhibit respective degrees of swinging up
and down relative to an unmodulated circular line.

6. Apparatus in accordance with claim 3, wherein said
modulated loops exhibit a triangular cross-section whereof a
point is oriented towards said probe for providing an ultra-
sound image of said point and triangular cross-section.

7. Apparatus in accordance with claim 6, including means
for processing said ultrasound image of said point and said
triangular cross-section for enabling automatic localization
of said ultrasound image of said point.

8. Apparatus in accordance with claim 7, including means
for performing said automatic localization of said ultrasound
image of said point.

9. Apparatus in accordance with claim 2, including means
for introducing an offset between the axis of said line object
and the axis of said transducer.

10. Apparatus in accordance with claim 9, including means
for modulating said offset between the axis of said line object
and the axis of said transducer.

11. Apparatus for calibrating an ultrasound transducer pro-
viding B-scans for two-dimensional (2D) images, said appa-
ratus comprising:

a sensing device attached to said transducer, said sensing
device cooperating with a fixed sensing unit for provid-
ing an output for labeling respective B-scans with their
respective relative positions and orientations (poses);

a calibration phantom bath including a phantom therein,
said transducer being immersed in said bath for imaging
said phantom;
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said phantom comprising a line object with distinctive
encoding indicative of position along said line object,
said line object being generally disposed about an axis
substantially concentric with an axis of rotation of said
transducer and in the field of view of said transducer;

means for enabling rotation of one of said transducer and
said phantom about said axis of rotation for obtaining
successive B-scan images of said line object exhibiting
said calibration characteristics;
means for deriving relative transducer pose information
from said calibration characteristics in said successive
B-scan images; and

means for deriving transducer pose information relative to
said fixed sensing unit by combining said output thereof
and said relative transducer pose information.

12. Apparatus in accordance with claim 11, wherein said
means for enabling relative rotation between said transducer
and said phantom produces rotation of said transducer about
said axis of rotation.

13. Apparatus in accordance with claim 11, wherein said
line object forms a loop in a generally circumferential form
about said axis.

14. Apparatus in accordance with claim 11, wherein said
line object exhibits a cross-section sufficient for providing an
adequate ultrasound image in said B-scan images.

15. Apparatus in accordance with claim 11, wherein said
line object exhibits a cross-section having a V-shape exhibit-
ing a point.

16. Apparatus in accordance with claim 15, wherein said
point is oriented towards said transducer.

17. Apparatus in accordance with claim 15, including
means for processing said ultrasound image of said point and
said triangular cross-section for enabling automatic localiza-
tion of said ultrasound image of said point.

18. Apparatus in accordance with claim 17, including
means for performing said automatic localization of said
ultrasound image of said point.

19. Apparatus in accordance with claim 11, wherein said
encoding comprises said line object being formed into a
modulated circular form exhibiting a varying amount of
modulation along its length.

20. Apparatus in accordance with claim 11, wherein said
line object comprises a plurality of closed loops in a generally
circumferential form about said axis.

21. Apparatus in accordance with claim 11, wherein said
line object comprises a plurality of loops with a cross-section
sufficient for providing an adequate ultrasound image in said
B-scan images.

22. Apparatus in accordance with claim 21, wherein said
loops have a cross-section having a V-shape exhibiting a point
oriented towards said transducer.

23. Apparatus in accordance with claim 22, wherein said
loops comprise a corresponding plurality of modulated cir-
cular forms exhibiting respective varying amounts of modu-
lation along their respective lengths as a function of angular
position around said axis.

24. Apparatus in accordance with claim 23, wherein said
loops comprise a corresponding plurality of modulated cir-
cular forms exhibit respective varying amounts of modulation
along their respective lengths.

25. Apparatus in accordance with claim 24, wherein said
modulated circular forms exhibit respective degrees of radial
swinging relative to an unmodulated radial line.
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26. Apparatus method in accordance with claim 24,
wherein said modulated circular forms exhibit respective
degrees of swinging up and down relative to an unmodulated
circular line.

27. Apparatus in accordance with claim 24, wherein said
modulated circular forms exhibit respective degrees of
swinging up and down relative to an unmodulated circular
line, wherein a given modulated circular form is described as
follows:

if the z-axis represents a common axis for circles in a

Cartesian coordinate system, a periodically modulated
circle can be described by the following parametric
equation:

x(p)=cos(¢p)(r+a-sin(n-¢+p))
Y @)=sin(@)(r+a-sin(z-¢+p))

z(@)=azsin(n P+p;)+e;

where ¢e{-m,t}, n and neN, and r is the circle radius and
the modulation amplitudes for radius r and height Z are
aand a_, and the parameters n and n_ describe how many
full periods of modulation occur on the circle, and p and
p. allow for phase shifts of said modulation.
28. Apparatus in accordance with claim 24, wherein said
modulated circular forms exhibit a configuration of said
respective varying amounts of modulation that does not
exhibit periodicity within a complete rotation around said
axis.
29. Apparatus for calibrating an ultrasound transducer pro-
viding B-scans for two-dimensional (2D) images, said appa-
ratus comprising:
ultrasound probe means for providing B-scans;
means for sensing a position and being attached to said
ultrasound probe means and operating as part of a posi-
tion sensing system in cooperation with a fixed sensing
control means, for labeling said B-scans with their
respective relative positions and orientations (pose);

phantom marker means for being imaged by said ultra-
sound probe means for providing measurements which
together with known physical properties of said phan-
tom marker means are used to derive calibration infor-
mation for relating measurement data from said means
for sensing a position to said poses of said B-scans to
construct a 3D image, and
said phantom marker means comprising an encoded line
means with distinctive calibration characteristics indica-
tive of position along said encoded line means, wherein
said encoded line means is disposed in a generally cir-
cumferential manner about a common axis with said
ultrasound probe means.
30. A method for line-based calibration of an ultrasound
transducer for two-dimensional (2D) images, said method
comprising:
immersing a transducer in a calibration phantom bath;
encoding a calibration parameter at respective portions of a
line object such that said parameter is indicative of a
respective associated portion of said line object;

wrapping said line object circumferentially about a sub-
stantially concentric axis with said transducer in said
bath such that said line object is visible in successive 2D
images as said transducer is rotated about said axis;

deriving values of said calibration parameter from respec-
tive 2D images; and
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calculating the pose of a 2D image from a respective value

of said calibration parameter.

31. A method for deriving the pose of a two-dimensional
(2D) ultrasound image from a transducer, said method com-
prising:

setting up a known tracking system having a known coor-

dinate correspondence with a calibration phantom bath;
calculating the pose of said calibration phantom bath;
immersing a transducer in said calibration phantom bath;
encoding a calibration parameter at respective portions of a
line object such that said parameter is indicative of a
respective associated portion of said line object;

wrapping said line object about a substantially concentric
axis with said transducer in said bath such that said line
object is visible in successive 2D images as said trans-
ducer is rotated about said axis;

deriving values of said calibration parameter from respec-

tive 2D images;

calculating a pose of a given 2D image relative to said

calibration phantom bath from a respective value of said
calibration parameter derived from said given 2D image;
and

calculating a pose of said given 2D image relative to said

tracking system by utilizing said pose of a given 2D
image relative to said calibration phantom bath.

32. A method for deriving the pose of a two-dimensional
(2D) ultrasound B-mode image from a transducer, said
method comprising:

inserting a catheter with an associated magnetic pose sen-

sor into a calibration phantom bath;

rotating said catheter about its axis to get a planar marker

configuration into the field-of-view;

acquiring an image of markers by utilizing said transducer,

and a corresponding pose;

acquiring information from a magnetic pose sensor with a

magnetic tracking system;

locating 2D marker positions in said B-mode image;

calculating 3D marker positions in a coordinate system of

said magnetic pose sensor; and

calculating pose and scale of said B-mode image in said

coordinate system of said magnetic pose sensor from
2D-3D correspondences.

33. A method for calibrating an ultrasound transducer pro-
viding B-scans for two-dimensional (2D) images, said
method comprising:

attaching to said transducer a sensing device cooperating

with a fixed sensing unit for providing an output for
labeling respective B-scans with their respective relative
positions and orientations (poses);

immersing said transducer in a calibration phantom bath

for imaging a phantom;
encoding a line object with distinctive calibration charac-
teristics indicative of position along said line object;

wrapping said line object about an axis substantially con-
centric with an axis of rotation of said transducer and in
the field of view of said transducer;

rotating said transducer about said axis of rotation for

obtaining successive B-scan images of said line object
exhibiting said calibration characteristics;

deriving relative transducer pose information from said

calibration characteristics in said successive B-scan
images; and
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deriving transducer pose information relative to said fixed
sensing unit by combining said output thereof and said
relative transducer pose information.

34. A method in accordance with claim 33, wherein said
step of wrapping said line object comprises forming said line
object into a loop in a generally circumferential form about
said axis.

35. A method in accordance with claim 33, wherein said
step of wrapping said line object comprises forming said line
object with a cross-section sufficient for providing an
adequate ultrasound image in said B-scan images.

36. A method in accordance with claim 33, wherein said
step of wrapping said line object comprises forming said line
object with a cross-section having a V-shape exhibiting a
point.

37. A method in accordance with claim 36, wherein said
step of forming said line object with a cross-section having a
V-shape comprises orienting said point towards said trans-
ducer.

38. A method in accordance with claim 37, including a step
of automatically localizing said V-shape by processing said
V-shape to determine a location of said point.

39. A method in accordance with claim 33, wherein said
step of encoding a line object comprises forming said line
object into a modulated circular form exhibiting a varying
amount of modulation along its length.

40. A method in accordance with claim 33, wherein said
step of wrapping said line object comprises forming said line
object into a plurality of loops disposed in a generally cir-
cumferential form about said axis.

41. A method in accordance with claim 40, wherein said
step of wrapping said line object comprises forming said
plurality of loops with a cross-section sufficient for providing
an adequate ultrasound image in said B-scan images.

42. A method in accordance with claim 40, wherein said
step of forming said loops with a cross-section having a
V-shape exhibiting a point oriented towards said transducer.

43. A method in accordance with claim 33, wherein said
step of deriving relative transducer pose information from
said calibration characteristics in said successive B-scan
images comprises extracting for each 2D ultrasound image
2D coordinates of said point exhibited by said V-shape cross-
sections by image processing methods.

44. A method in accordance with claim 40, wherein said
step of forming said plurality of loops comprises forming said
loops into a corresponding plurality of modulated generally
circular forms exhibiting respective varying amounts of
modulation along their respective lengths.

45. A method in accordance with claim 44, wherein said
step of forming said loops into a corresponding plurality of
modulated circular forms comprises forming said modulated
circular forms such that a configuration of said respective
varying amounts of modulation does not exhibit periodicity
within a complete rotation around said axis.

46. A phantom marker for being imaged by an ultrasound
probe having an axis and providing B-scans, said phantom
marker providing measurements which together with known
physical properties of said phantom marker are used to derive
calibration information for relating measurement data from a
position sensing device to poses of said B-scans to construct
a3Dimage, said phantom marker comprising an encoded line
object with distinctive calibration characteristics indicative of
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position along said line object, wherein said line object is
disposed in a generally circumferential manner about said
axis.

47. A phantom marker in accordance with claim 46,
wherein said phantom marker is mounted for rotation about
said axis.

48. A phantom marker in accordance with claim 46,
wherein said encoded line object comprises a plurality of
generally circular modulated loops disposed circumferen-
tially about said axis and exhibiting respective varying
amounts of modulation along their respective lengths.

49. A phantom marker in accordance with claim 48,
wherein said modulated loops exhibit respective degrees of
radial swinging relative to an unmodulated radial line.

50. A phantom marker in accordance with claim 48,
wherein said modulated loops exhibit respective degrees of
swinging up and down relative to an unmodulated circular
line.

51. A phantom marker in accordance with claim 48,
wherein said modulated loops exhibit a triangular cross-sec-
tion whereof a point is oriented towards said probe for pro-
viding an ultrasound image of said point and triangular cross-
section.

52. A phantom marker in accordance with claim 51, includ-
ing means for processing said ultrasound image of said point
and said triangular cross-section for enabling automatic
localization of said ultrasound image of said point.

53. A phantom marker in accordance with claim 52, includ-
ing means for performing said automatic localization of said
ultrasound image of said point.

54. A phantom marker in accordance with claim 53, includ-
ing means for introducing an offset between said axis and the
axis of said transducer.

55. A phantom marker in accordance with claim 54, includ-
ing means for modulating said offset between said axis the
axis of said transducer.

56. Apparatus for calibrating an ultrasound transducer pro-
viding B-scans for two-dimensional (2D) images, said appa-
ratus comprising:

an ultrasound probe for providing B-scans;

a position sensing device, said position sensing device
being attached to said ultrasound probe and operating as
part of a position sensing system in cooperation with a
fixed sensing control unit, for labeling said B-scans with
their respective relative positions and orientations
(pose):

a phantom marker for being imaged by said ultrasound
probe for providing measurements which together with
known physical properties of said phantom marker are
used to derive calibration information for relating mea-
surement data from said position sensing device to said
poses of said B-scans to construct a 3D image, and

said phantom marker comprising markers of a planar
marker distribution having a known position in a mag-
netic coordinate system such that said markers do not
occlude each other in the field-of-view of said ultra-
sound transducer.

57. Apparatus for calibrating an ultrasound transducer pro-
viding B-scans for two-dimensional (2D) images, said appa-
ratus comprising:

an ultrasound probe for providing B-scans;

a position sensing device, said position sensing device
being attached to said ultrasound probe and operating as
part of a position sensing system in cooperation with a
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fixed sensing control unit, for labeling said B-scans with
their respective relative positions and orientations
(pose);

a phantom marker for being imaged by said ultrasound
probe for providing measurements which together with
known physical properties of said phantom marker are
used to derive calibration information for relating mea-
surement data from said position sensing device to said
poses of said B-scans to construct a 3D image, and

said phantom marker comprising line markers arranged in
a line marker plane such that an ultrasound imaging
plane intersects said line marker plane with said ultra-

11

Nov. 20, 2008

sound plane essentially perpendicular to said line
marker plane, said markers comprising a set of strings
running at different angles in a string marker plane,
closer to horizontal than vertical and are imaged as small
dots where they intersect an ultrasound plane, and
wherein the ratio of distances between respective ones of
said dots is uniquely related to the location where said
ultrasound plane intersects said string plane, and hence,
gives unique information on the angle under which said
ultrasound transducer is imaging said string plane from
its location.
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