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Abstract

The invention provides a method for adjusting the calibration of a tracked
ultrasound device using the measured difference between two sets of fiducial
markings in two relative positions of a tracker and an scan head of the device.
The invention also provides a trackable ultrasound device that enables
repeatable attachment of a tracker to a scan head, thus preserving an initial
calibration between the tracker and the scan head. Furthermore, the invention
provides a calibration jig that can be used to repeatably attach a tracker to an
ultrasound scan head or to measure the difference between two relative
positions of a tracker and a scan head.
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Device and Method for a Trackable Ultrasound

Statement Regarding Federally Sponsored Research and Development
[001] This invention may be supported by the Department of Health and
Human Services. The Government of the United States of America may have
certain rights in the invention disclosed and claimed below.

Refereﬁce to Related Applications

[002] " This application claims priority to U.S. Provisional Patent Application No.
60/692,271, filed June 21, 2005.

Field of the Invention ‘

[003] The invention provides a device and method for tracking an ultrasound.
Backqround '_

[004] Ultrasound devices typically include an ultrasonic transducer with
scan/réceive heads, a processing unit, and a display device. Ultrasonic
transducers may be adapted for special applications such as, for example,
transcutaneous applications, laparoscopic applications, transrectal applications,
endo-cavity probes, vaginal probes, 2D and 3D phased array probes, and/or
other probes or applications. Laparoscopic uitrasound devices typically include
an ultrasonic transducer with a movable scan head, a handle, and an apparatus
for controlling the orientation of the scan head. An image-guided ultrasound
device makes use of sensor elements or position indicating elements placed

into the head of the ultrasound transducer and a companion tracking device that
can determine the position and/or orientation of sensor elements in the
coordinate system of the tracking device. After calibrating the sensor elements
to the scan plane of the ultrasonic transducer, the position and/or orientation of
the scan plane can also be determined. Using registration technigues, position
and orientation information regarding the scan plane of the ultrasound device

enables merging and integration of live ultrasound images to preoperative
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scans (e.g., computerized tomography [CT] scans, magnetic resonance [MR]
scans, or other images). Information regarding registration of
position/orientation data to image/scan data, production of merged or integrated
images therefrom, and/or other information useful with the invention may be
found in U.S. Patent Application No. 11/059,336 (U.S. Patent Publication No.
2005/0182319), entitled "Method and Apparatus for Registration, Verification,
and Referencing of Internal Organs,” which is hereby incorporated by reference
herein in its entirety.

[005] Attachment of one or more electromagnetically tracked sensor elements
to an ultrasound such as, for exampie, a laparoscopic ultrasound, may offer a
number of advantages over the state of the art in trackable ultrasound devices.
For example, the scan plane of an ultrasonic transducer can be tracked within
the patient's body (as opposed to optical tracking, which is limited to line-of-
sight applications) for the aforementioned purpose of superimposing ultrasound
Images to preoperative images. In addition, it would be advantageous to utilize
devices and methods that do not require constant recalibration of the sensor
elements with the scan plane in situations where the relative positions of the
sensor elements and the ultrasound transducer are changed after initial
calibration. By placing a sensor element adjacent to the transducer of an
ultrasound device, the device is intrinsically more accurate because the “lever
effect” caused when the sensor is located far from the transducer is minimized.
The "lever effect” causes a small error in angular measurement by the sensor
element to appear as a large error in the position of the transducer.

Summary of the Invention

[006] In one embodiment, the invention provides a trackable ultrasound
device such as, for example, a trackable laparoscopic ultrasound device, that
may be used to produce merged images of preoperative scans and
interoperative ultrasound images. In one embodiment, the trackable ultrasound
device includes an ultrasonic transducer that generates an image ‘of material

existing aiong its scan plane. The trackable ultrasound device also includes a
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tracker, which is affixed to or near the uitrasonic transducer such that the
tracker moves along with any movabie parts of a scan head to which the
ultrasonic transducer is attached. As affixed in this manner, the.tracker enables
the determination of the location, direction, and/or orientation of the scan plane
even when the ultrasonic transducer moves relative to other parts of the
ultrasound device.

[007] - In one embodiment, the ultrasonic transducer may include features that
allow mating of the tracker to the scan head. Such features may include but are
not limited to machined grooves, keyways, divots, alignment pins, spring-loaded
balls 1o engage holes, alignment marks, or other features. These features may
allow repeatable and accurate alignment and realignment of the tracker with the
scan head. '

[008] In one embodiment, the ultrasound device may include fiducials (also
referred to herein as “fiducial markings”). These fiducials may include divots,
indicator markings, ball bearings, or other elements that are visible under one or
more imaging modalities. These fiducials may provide point and/or path
references, wherein a reference path can include a plurality of points provided
by multiple fiducials. In one embodiment, the position of these fiducials may be
sampled using a tracked pointer. In one embodiment, the fiducials may be
visible on one or more imaging modalities such as, for example, an x-ray device
or other imaging modality. The fiducials may be present on the ultrasonic
transducer/scan head, the tracker, or other part of the ultrasound device.

[008] The tracker may also include one or more sensor elements. The sensor
elements may include electromagnetic sensor coils or other position indicating
elements that can be used to indicate position and/or orientation relative to a
tracking device. In some embodiments, if two or more sensor elements are
used, they can be placed at a known angle relative to one another, thereby
providing a perspective indication of depth.

[0010] As mentioned above, the tracker includes a plurality of fiducials (e.g.,

‘tracker fiducial markings”). In general, the tracker fiducial markings are in a
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fixed and known spatial relationship with the sensor elements of the tracker.
Accordingly, the fiducials on the scan head (e.g., scan head fiducial markings or
transducer fiducial markings) are in a fixed and known spatial relationship with
the scan piane of the ultrasonic transducer.

[0011] In one embodiment, the invention provides for the prevention of relative
movement between the tracker and the ultrasonic transducer by using
alignment and engaging features (e.g., alignment elements) on the scan head,
the tracker, and/or other parts of the device. This prevents the need for
recalibration of the tracker to the ultrasonic transducer. For example, the
alignmeﬁt and engaging features enable the tracker to be removed and reliably
replaced onto the scan head in the same position, while preserving an initial
calibration (i.e., because the alignment features ensure that the relative
positions of the tracker and the ultrasonic transducer remain the same).

[0012] In another embodiment, movement of the tracker relative to the
ultrasonic transducer can be prevented by using the al.ignment and engaging
features on the scan head, the tracker, and/or other portions of the ultrasound
device to engage special jigs, thus eliminating the necessity of recalibration.
[0013] In one embodiment, if relative movement between the tracker and the
ultrasonic transducer does occur after initial calibration (e.g., either by
intentional remounting or for other reasons), the invention provides a method for
‘adjusting the initial calibration, thus avoiding a time-consuming and/or difficult
recalibration. This calibration adjustment method compensates for the relative
movement between the tracker and the ultrasonic transducer using the tracker
fiducial markings and the scan head fiducial markings.

[0014] In one embodiment, the initial calibration maybe performed. In this initial
calibration, the scan plane of the ultrasonic transducer may be calibrated
relative to (or brought into coincidence with) the coordinate system of the
tracker. This may be done using methods known in the art and may result in’

the calculation of an initial calibration transformation matrix Tis.
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[0015] In one embodiment, the tracker fiducial markings and the scan head
fiducial markings may then be sampled in the same frame of reference (e.q.,
using a tracked probe, imaging modality, or other method) and used to obtain
primary transformation matrix T,.

[0016] The calibrated system may then be used. This use may be in a clinical
application or may include a test use. In any event, the initial calibration
transformation matrix Tis is employed to determine the scan plane of the
ultrasonic transducer from sampled data of the sensor elements of the tracker.
As mentioned herein, this determination allows preoperative images to be
merged with interoperative ultrasound data.

[0017] In one embodiment, the tracker may then be removed from the
ultrasound device and replaced in a different position relative to the ultrasonic
transducer. The tracker fiducial markings and the scan head fiducial markings
are again sampled (e.g., using a tracked probe, imaging modality, or other
method) and used to calculate a secondary transformation matrix Ty, between
the scan head and the tracker.

[0018] A differential transformation matrix T is then calculated between Ty, (the
primary transformation matrix) and T'y (the secondary transformation matrix).
The differential transformation matrix represents the difference between the first
and second relative positions of the tracker and the ultrasonic transducer/scan
head. Because the spatial relationéhips between the sensor elements and the
scan plane are known relative to their respective fiducial markings (e.g., the
tracker fiducial markings and the scan head fiducial markings) the differential
transformation matrix provides an accurate representation of how to adjust the
initial calibration.

[0018] Accordingly, the initial calibration Is adjusted and the trackable

laparoscopic ultrasound device can be used without recalibration.
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[0019a] In one embodiment, the invention provides a method of adjusting a
calibration of a tracked ultrasound device, wherein the tracked ultrasound device
includes a tracker and a scan head, wherein the tracker includes one or more tracker
fiducial markings and one or more sensor elements, wherein the scan head has at
least one scan plane originating therefrom and includes one or more scan head
fiducial markings, the method comprising: attaching the tracker to the scan head in a
first position; calculating an initial calibration transformation matrix that relates the
one or more sensor elements to the at least one scan plane, such that the position
and orientation of the one or more sensor elements enables determination of the
position and orientation of the at least one scan plane; determining a first relative
position of the one or more tracker fiducial markings in relation to the one or more
scan head fiducial markings when the tracker is attached to the scan head in the first
position; moving the tracker relative to the scan head into a second position;
determining a second relative position of the one or more tracker fiducial markings in
relation to the one or more scan head fiducial markings when the tracker is attached
to the scan head in the second position; calculating a difference between the first and
second relative positions of the tracker fiducial markings and the scan head fiducial
markings; and adjusting the initial calibration transformation matrix using the
calculated difference between the first and second relative positions of the tracker

fiducial markings and the scan head fiducial markings.

[0019b] |n one embodiment, the invention provides a method for repeatable
replacement of a tracker onto an ultrasound device, wherein the tracker includes at
least one sensor element and one or more tracker alignment elements, wherein the
ultrasound device includes a scan head and one or more scan head alignment
elements, wherein at least one scan plane originates from the scan head, and
wherein each of the one or more tracker alignment elements corresponds to one of
the one or more scan head alignment elements, the method comprising: calibrating
the at least one scan plane to the at least one sensor element when the tracker is
attached to the scan head in a first position, such that the position and orientation of

the at least one scan plane is determinable from the position and orientation of the at
Sa
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least one sensor element; removing the tracker from the scan head: re-attaching the
tracker to the scan head; placing the tracker and the scan head into a calibration jig
that includes one or more calibration jig alignment elements that each correspond to
at least one tracker alignment element or scan head alignment element and aligning
O each of the one or more calibration jig alignment elements to its corresponding
tracker alignment element or scan head alignment element causing the tracker to be

aligned onto the scan head in the first position.

[0020] These and other objects, features, and advantages of the invention will be
apparent through the detailed description of the preferred embodiments and the

10 drawings attached hereto. It is also to be understood that both the

 5b
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foregoing general description and the following detailed description are
exemplary and not restrictive of the scope of the invention.

Brief Description of the Drawings

[0021] FIG. 1 lllustrates a trackable laparoscopic ultrasound device, according
to an embodiment of the invention.

[0022] FIG. 2 lliustrates a close-up of a scan head of a trackable laparoscopic
ultrasound device, according to an embodiment of the invention.

[0023] FIG. 3 lllustrates a tracker for use with a trackable laparoscopic
ultrasound device, according to an embodiment of the invention.

[0024] FIG. 4 illustrates a process for adjusting an initial calibration of a tracker
to a scan plane in a trackable ultrasound device, according to an embodiment
of the invention.

[0025] FIG. 5 illustrates a close-up of a scan hea'd of a trackable laparoscopic
ultrasound device, according to an embodiment of the invention.

[0026] FIG. 6 illustrates a calibration jig in use with a trackable laparoscopic
ultrasound device, according to an embodiment of the invention.

[0027] FIG. 7 illustrates a process for adjusting an initial calibration of a tracker
to a scan plane in a trackable ultrasound device, according to an embodiment

of the Iinvention.

Description of the Invention
[0028] In one embodiment, the invention provides a device for tracking the

ultrasonic transducer of an ultrasound device such as, for example, a trackable
laparoscopic ultrasound device. FIG. 1 illustrates a trackable laparoscopic
ultrasound device 100 according to an embodiment of the invention. In one
embodiment, ultrasound device 100 includes a handle 101, an elongated éhaft
102, a scan head 110, a control handle 104, a tracker 107, and/or other

elements. Control handle 104 controls the pointing direction of a scan head

110, which includes an ultrasonic transducer 103.
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[0029] Signals are sent to and from ultrasonic transducer 103 via cabie 105,
which may be routed through the interior of handle 101 and elongated shaft
102. In other embodiments, cable 105 may be routed or iccated elsewhere.
[0030] Trackable laparoscopic ultrasound device 100 is designed to generate
an image of material existing along a scan plane 106, which extends from
ultrasonic tran'sducer 103. In one embodiments, more than one scan plane
may originate from ultrasonic transducer 103. .
[0031] Trackable laparoscopic ultrasound device 100 also includes a tracker
107, which is affixed to or near ultrasonic transducer 103 at a location 108 such
that tracker 107 moves along with any movable parts of scan head 110 such as,
for example, an articulating (movable) section of scan head 110, ultrasonic
transducer 103, or other movable part. As affixed in this manner, tracker 107
enables the determination of the location, direction, and/or orientation of scan
plane 106 even when ultrasonic transducer 103 moves relative to elongated
shaft 102 or other parts of ultrasonic device 100. This eliminates the need for
encoders or other devices to measure the location of the transducer. In one
embodiment, cable 109 routes signals from tracker 107 to control equipment
(e.g., a tracking device, a computer-implemented control unit, and/or other
device) that determines the position and orientation of tracker 107/ultrasonic
transducer 103. |

[0032] FIG. 2 illustrates a close-up of scan head 110 of trackable ultrasound
device 100. In one embodiment, elongated shaft 102 may be connected to
articulating section 201. Articulating section 201 may allow ultrasonic
transducer 103 to be moved in multiple directions relative to shaft 102 such as
left-right and forward-back. It may allow also combinational motions (e.g., left
and back). Generally, such motion may be effected, for example, through the

use of one or more steering wires attached to the control handle(s) 104 of FIG.
1 through shaft 102.

[0033] As mentioned above, tracker 107 may be fixed to ultrasound device 100
such that tracker 107 moves with ultrasonic transducer 103. As such, tracker
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107 may be fixed to an articulating shaft 202 that includes ultrasonic transducer
103. In one embodiment, tracker 107 may be placed in a location that does not
overlap ultrasonic transducer 103.

[0034] Any electrical connections (e.g., signal carrying lead-wires, etc.)
required by tracker 107 may be provided by cable 109.

[0035] In one embodiment, ultrasonic transducer 103 may include features
(e.q., alignment elements) that allow mating of tracker 107 to scan head 110
(e.g., to part of articulating shaft 201 or other part of scan head 110 that
enables tracker 107 to move with ultrasonic transducer 103). Such features
may include but are not limited to machined grooves, keyways, divots,
alignment pins, spring-loaded balls to engage holes, alignmenf marks, or other
features. Tracker 107 may include corresponding/mating alignment elements
machined into its body to allow repeatable and accurate alignment and
realignment of tracker 107 with scan head 110.

[0036] In one embodiment, alignment elements may be present on both the
scan head 110 and the tracker 107, and may allow engagement and temporary
fixation of external jigs. The jigs may enable precise, reproducible alignment to
be performed between tracker 107 and scan head 110. The jigs méy
alternately provide a way to measure the alignment of scan head 110 and
tracker 107 (or changes therein between first and second positions). One such
jig may engage scan head 110. Another part of the jig or a separate Jig may
engage tracker 107. In one embodiment, the jig or jigs may be equipped with
protrusions, “wings,” or extensions that may engage either tracker 107 or the
scan head 110. These wings may provide a way of assisting the alignment or
clamping of tracker 107 or scan head 110, and may optionally contain fiducials,
divots, sensor elements, or paths. The wings may provide a "lever-arm effect”
enabling more precise relative rotational alignment or measurement of the
relative positions of tracker 107 and ultrasonic transducer 103 that might

otherwise be possible using features on the devices themselves. Details of an
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embodiment of a calibration jig are included in FIG. 6, which is discussed ih
detail below.
[0037] In one embodiment, trackable laparoscopic ultrasound device 100 may
contain fiducials (also referred to herein as “fiducial markihgs”). Fiducials may
include divots, indicator markings, ball bearings, or other elements. These
fiducials may provide point and/or path references, wherein a reference path
can include a plurality of points provided by multiple fiducials. In one
embodiment, the position of these fiducials may be sampled using a tracked
! pointer. In one embodiment, the fiducials may be visible on one or more
imaging modalities such as, for example, an x-ray device or other imaging
modality. The fiducials may be present on ultrasonic transducer 103, tracker
107, or other part of ultrasound device 100. FIG. 2 illustrates tracker fiducials
203 on tracker 207 and transducer or scan head fiducials 204 on ultrasonic
transducer 103. ‘
[0038] FIG. 3 illustrates a close-up of tracker 107. Tracker 107 may include a
housing 300. In one embodiment, housing 300 may be made of a plastic
material. In other embodiments, housing 300 may be made of metals,
composites, a combination of plastic and metal, or other materials. In designs
that use electromagnetic tracking devices, plastic may be preferred since
metals are sometimes particularly good conductors that may offer circular
current paths enabling eddy currents that distort the electromagnetic field
measurements and thereby diminish the accuracy of the tracking device.
[0039] Housing 300 can be mounted to trackable laparoscopic ultrasound
device 100 by threading it over scan head 110 using mounting hole 302.
Housing 300 can then be secured to ultrasound device 100 using mounting
element 303. In some embodiments, mounting element 303 may include, for
example, a band, a screw, clips that elastically engage features on scan head

110, or other restraining element or fastener. In some embodiments, muiltiple
mounting elements may be used.
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[0040] In some embodiments, housing 300 may include alignment elements
308 and/or 309 that enable repeatable placement of tracker 107 on ultrasound
transducer 103. |

[0041] in one embodiment, one or more sensor elements 301 may be attached
to housing 300. Sensor elements 301 may include electromagnetic sensor
coils, optical devices, inertial measurement systems, or other position indicating
elements that can be used to indicate position and/or orientation relative to a
fracking device. In some embodiments, tracker 107 may include one sensor
elément 301 that is a 6 degree of freedom sensor element. In other
embodiments, tracker 107 may include two or more 4 or 5 degree of freedom
sensor elements 301 (as illustrated in FIG. 3) or three 3 degree of freedom
elements. In some embodiments, if two or more sensor elements 301 are used,
they can be placed at a known angle relative to one another such as, for
example, perpendicular to one another (as illustrated in FIG. 3), thereby
providing a method of determining all 6 degrees of freedom. In another
embodiment, multiple sensor elements 301 may be arranged in parallel.

[0042] Any sensor wires used with sensor elements 301 may be connected to
their respective sensor elements 301 and may exit tracker 107 at position 305
(position 305 may comprise a portion of cable 109). If wireless sensor elements
301 are used, wiring may not be needed. Sensor elements 301 may be rigidly
affixed to housing 300 using adhesive such as, for example, epoxy and, as
illustrated in FIG. 3, may also be recessed within housing 300.

[0043] As mentioned above, tracker 107 can also further include a plurality of
tracker fiducials 203. In general, tracker fiducials 203, are in a position known
and fixed relative to sensor elements 301 in a coordinate system 307 that is the
coordinate system of sensor elements 301 and their corresponding tracking
device.

{0044] In one embodiment, tracker 107 contains machined features such as
notches, prominences, marks, or other alignment eléments 308 or 309 for
engaging corresponding/mating alignment elements on trackable laparoscopic

10
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ultrasound device 100. In one embodiment, the notches or alignment elements
308 and 309 are used for engaging an external jig that is mounted to tracker
107. In one embodiment, tracker fiducials 203 may also be used for this
purpose. The jig used may be mounted to trackable laparoscopic ultrasound
device 100 using notches or other similar features on ultrasound transducer
103. '
[0045] In one embodiment, a jig used in this manner may be insertable through
laparoscopic ports (e.g., 12mm ports, 5 mm ports, or other ports) such that an
internal endocavitary calibration may be performed. This internal endocavitary
calibration may be used to correct for minor inhomogeneities at the site of use.
Additionally, the presence of a computerized tomography (CT) scanner during
use (e.g., in the operating room) may necessitate the presence of internal
fiducials on the jig, tracker 107, or the patient. In one embodiment, fiducials
internal to a patient may include curved needies or other elements.
[0046] Prior to use with a patient, tracker 107 is placed onto/attached to a
laparoscopic ultrasound device (thus forming a trackable laparoscopic |
ultrasound device, the same as or similar to device 100). The device must then
be calibrated to relate the coordinate system of tracker 107 (e.g., coordinate
system 307 of FIG. 3) to the coordinate system of the scan plane of ultrasonic
transducer 103 (e.g., scan plane 106). Many methods of calibration exist, some
of which are summarized in the document “3D ULTRASOUND PROBE
CALIBRATION WITHOUT A POSITION SENSOR” by A. H. Gee, N. E.
Houghton, G. M. Treece and R. W. Prager CUED/F-INFENG/TR 488
' September 2004 (Cambridge University, Department of Engineering,
Trumpington Street, Cambridge CB2 1PZ, United Kingdom) and in the
document “F. Lindseth, G. A. Tangen, T. Lango, and J. Bang. Probe calibration
for freehand 3-D ultrasound. Ultrasound in Medicine and Biology, 29(11): 1607-
1623, November 2003,” both of which are hereby incorporated by reference

herein in their entirety. Typically, this initial calibration can be difficult and/or
time consuming.

11
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{0047] Any subsequent movement of tracker 107 relative to the ultrasonic
transducer will normally necessitate another time-consuming recalibration prior
to use. However, the present invention overcomes the need for this time-
consuming recalibration. In one embodiment, the invention provides for the
prevention of relative movement between tracker 107 and ultrasonic transducer
103 by using alignment and engaging features (e.g., alignment elements 308,
309, 501, etc.) on scan head 110 and tracker 107. This prevents the need for
recalibration of tracker 107 to ultrasonic transducer 103. For example, the
alignment elements 308 and 309 enable tracker 107 to be removed and reliably
replaced onto scan head 110 in the same position, while preserving an initial
calibration (e.g., because. the alignment elements ensure that the relative
positions of tracker 107 and ultrasonic transducer 103 remain the same). In
one embodiment, the alignment elements on tracker 107 mate with
corresponding alignment elements 501 present on scan head 110 (iliustrated in
FIG. 5) to ensure reproducible mounting of fracker 107 to scan head 110.
These alignment elements are shown as alignment pegs and holes, but may be
notches, grooves, clips, or other elements that are able to assist in positioning
and retaining the relative alignment of tracker 107 with ultrasound 103.

[0048] In one embodiment, tracker 107 itself may comprise female receiver
“ring” (see, for example, mounting hole 302 of FIG. 3) that is attached over a
male portion of ultrasonic transducer 103 onto a specific area of scan head 110.
Insertion the tracker ring fully onto ultrasonic transducer 103 may result in the
tracker ring coming to rest in a predefined position that has a predefined offset
and distance from the tip of ultrasonic transducer 103. Alignment elements may
removably secure tracker ring to scan head 110. For example, alignment
elements 309 may removably mate with corresponding alignment elements 501

on scan head 110.

‘ [0049] In another embodiment (which may be used in conjunction with other
methods to serve as a “check” or verification that the system is accurate), the

necessity of recalibration foliowing movement of tracker 107 relative to

12
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ultrasonic transducer 103 can be prevented by using the alignment and
engaging features on scan head 110 (e.g., alignment elements 501), tracker
107 (e.g., alignment elements 508 and 509), and/or other portions of ultrasound
device 100 to engage special jigs. In one embodiment, the jigs may be of large
dimensions, may enable the relative positions énd rotations of tracker 107
relative to ultrasonic transducer 103 to be carefully adjusted since the lever arm
effect exaggerates the relative positions. In one embodiment, fiducials and/or
sensor elements may be placed on the aforementioned jigs, if used.

[0050] in one erﬁbodiment, if relative movement between tracker 107 and
ultrasonic transducer 103 does occur after initial calibration (e.g., either by
intentional remounting or for other reasons), the invention provides a method for
adjusting the initial calibration, thus avoiding a time-consuming and/or difficult
recalibration. This calibration adjustment method compensates for the relative
movement between tracker 107 and uitrasonic transducer 103 using tracker
fiducials 203 and scan head fiducials 204. As mentioned above, this method
may be used in conjunction with other methods to serve as a “check” that the
system is accurate. |

[0051] FIG. 4 illustrates a process 400 for adjusting an initial calibration of a
trackable laparoséopic ultrasound device (e.g., device 100) after relative
movement between a tracker element (e.g., tracker 107) and an ulirasonic
transducer (e.g., ultrasonic transducer 103). In an operation 401, the initial
calibration maybe performed. In this initial calibration, scan plane 106 of
ultrasonic ‘transducer 103 may be calibrated relative to (or brought into
coincidence with) the coordinate system of tracker 107. This may be done, for
example, using the methods of Gee et al. and/or Lindseth et al., or using other
methods known in the art.

[0052] In performing the calibration, at least three calibration locations are
sampled on using the sensor elements (sensor elements 103) of tracker 107.
The same three calibration locations may then be sampled using scan plane

106 of ultrasonic transducer 103. The resultant data may be considered initial

13
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calibration sample data and may be used to calculate an initial calibration
transformation matrix Tw. Transformation matrix Tis relates the coordinate
system of the scan plane 106 of ultrasonic transducer 103 with the coordinate
system of tracker 107 and represents the rigid transformation between the scan
plane 106 and the reported position and orientation of tracker 107. Since the
initial calibration relates tracker 107's coordinate system with that of scan plane
106 of ultrasonic transducer 103, the calibration can be calculated for any
positioning of tracker 107 onto scan head 110 once the relative position
between tracker 107 and ultrasonic transducer 103 is known in the calibrated
situation. |

[0053] In one embodiment, the initial calibration of operation 401 may take
place in a water tank as described in Gee et al. and Lindseth et al. The water
tank is normally used to assist in the propagation of the sound waves which
otherwise are attenuated in air. Typically, such a calibration takes the form of
measurements of the location of several points in the water tank (formed, for
example, by the intersection of crossed wires suspended in the tank) with the
ultrasound in the coordinate system of the scan plane of the ultrasound and
determining the location of the same points in space of the position sensor.
[0054] In an operation 402, fiducials on both tracker 107 (e.g., tracker fiducials
203) and ultrasonic transducer 103 (e.g., scan head fiducials 204) may then be
sampled in the same frame of reference. A calculation relating the coordinate-
system of tracker 107 to the coordinate system of scan head 110 (and thus to
scan plane 106) may then be performed using a method such as the iterative
closest point (ICP), singular valued decomposition (SVD) technique, or other
technique to determine a primary transformation matrix. Sampling of these
fiducials may be performed using, for example, a tracked probe (e.qg.,
electromagnetically tracked or otherwise tracked) or imaging using on an x-ray
device or other imaging modality, to obtain the locations of all points in a
common coordinate system. This sampled data rﬁay be considered the “first
positions” of the fiducials relative to one another. The primary transformation
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matrix Ty, is then calculated between the tracker fiducials of tracker 107 and the
transducer fiducials of scan head 110.

[0055] In an operation 403, the calibrated system may be used. This use may
be in a clinical application or may include a test use. In any event, the initial
“calibration transformation Ty is employed to determine scan plane 106 of
ultrasonic transducer 103 from sampled data of sensor elements 301 in tracker
107. As mentioned herein, this determination allows preoperative images such
as CT images to be merged with interoperative ultrasound data. Operation 403
also includes removing tracker 107 from ultrasound device 100 and replacing
'tracker 107 in a different position relative to ultrasound transducer 103. In one
embodiment, operation 403 need not involve removing tracker 107 from
ultrasound device 100, but may include simply moving tracker 107 relative to
scan head 110. o

[0056] In an operation 404, tracker fiducials 203 on tracker 107 and the scan
head fiducials 204 on scan head 110 are again sampled (e.g., using a tracked
probe, imaging modality, or other method) in the same coordinate system and a
secondary transformation matrix Ty (which may be different from Ty) is
determined between scan head 110 and tracker 107. Here the prime (') in T'y
refers to a transformation occurring at a subsequent time from the unprimed
value Ty,. These sampled data may be considered the “second positions” of the
fiducials relative 10 one another. |

[0057] In an operation 405, a differential transformation matrix T~is calculated
between Ty (the primary transformation) and Ty (the secondary
transformation). The differential transformation matrix T represents the
difference between the first relative positions of tracker 107 and ultrasonic
transducer 103 (the positions in which the initial calibration was calculated) and
the second relative positions of tracker 107 and ultrasonic transducer 103.
Because the relative positions between both 1) tracker fiducials 203 and sensor
elements 301 and 2) scan head fiducials 204 and scan plane 206, ‘are known
and static, the difference between tracker fiducials 203 and scan head fiducials
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204 (e.g., as represented by the differential tranéformation matrix T) provides
an accurate representation of how to adjust the initial calibration. The
transformation between the two coordinate systems is calculated as T = T T
where the “-1" superscript represents the inverse of the matrix.

[0058] In an operation 406, an adjusted calibration transformation matrix T'is is
calculated. Transformation matrix T's may be calculated by applying the
differential transformation matrix T to the initial calibration transformation matrix
Ti. As mentioned above, this may also take into account the known and fixed
positions of the tracker fiducials 203 to sensor elements 301, and the known
and fixed positions of scan head fiducials 204 to écan plane 106. Essentially,
scan plane 106 of ultrasonic transducer 103 is corrected by applying the
differential transformation matrix T, so that scan plane 106 is known relative to
tracker 107 in the new location/position. This enables the tracked coordinates
of tracker 107 to be related to scan plane 106 of ultrasonic transducer 103
without having to perform a subsequent calibration step.

[0059] In an operation 407, trackable laparoscopic ultrasound device 100 may
be used to merge preoperative images with interoperative ultrasound images
using the tracked positions of tracker 107 and the adjusted calibration
transformation matrix T's, without re-calibrating the device. As such, wherever, |
tracker 107 is moved relative to ultrasonic transducer 103, only a differential
fiducial transformation matrix need be calculated. |

[0060] FIG. 6 illustrates an apparatus for use in determining the differential
transformation matrix T that uses an embodiment of a calibration jig 600. Here,
a block of material 601 (for example, a block of plastic) has been equipped with
optional sensor elements 602 or other trackable elements. Fidicuals 603 and/or
digitization holes 604 suitable for determining the position of the block using a
probe or x-ray in the coordinate space of the sensor elements 602 may also be
present. All three of these elements (sensor elements 602, fiducials 603,
digitization holes 604) may serve the same purpose' since calibration jig 600 is

manufactured to a known configuration. Calibration jig 600 may also contain
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alignment elements 605 that engage divots or other features on ultrasonic
transducer 103 and/or tracker 107 (e.g., alignment elements 308, 309, or 501).
Here alignrrient elements 605 are depicted as spring-loaded balls that “click
into” divots on either tracker 107, ultrasonic transducer 103, or both, aligning‘
and holding the elements in known locations and orientations.

[0061] Calibration jig 600 may also include outrigger elements 606 that assist in
‘aligning tracker 107 with the ultrasonic transducer 103. The function of
calibration jig 600 is, as above, to (1) assist in mechanically repositioning
tracker 107 to the same location relative to ultrasonic transducer 103 and/or (2)
enable the calculation of a new coordinate transformation of ultrasonic
transducer relative to tracker 107. By knowing this relationship and the initial
relationship between scan plan 106 and tracker 107, determination of tracker
107's location and orientatiqn will provide enough information to accurately
depict the location of scan plane 106 in any operation invoiving the combined
device (i.e., ultrasound device 100). This Will enable the location of scan plane
106 to be depicted on both CT and live ultrasound, for exampile.

[0062] FIG. 7 illustrates a process 700 for performing a calibration using a jig
such as, for example, calibration 600. Many of the operations of process 700
are analogous to those of process 400, illustrated in FIG. 4. In an operation
701, an inthial calibration is performed similar to operation 401 of process 400,
to determine an initial calibration transformation matrix Tis.

[0063] In an operation 702, the combination of tracker 107 and ultrasonic
transducer 103 is placed in calibration jig 600 and the location of tracker 107
relative to the calibration elements of calibration jig 600 (e.g., sensor elements
601, fiducials 603, digitization holes 604) is determined, taking care not to
disturb the relative positions of tracker 107 and‘ultrasonic transducer 103. This
may be done by measuring the location of tracker 107 using sensor elements
301 or tracking fiducials 203 on tracker 107 and then measuring the location of
the sensor elements 602, fiducials 603, and/or digitizétion holes 604 on
calibration jig 600. The position of tracker 107 relative to calibration jig 600 is
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used to determine a first calibration matrix Ty, which may then be calculated
using an ICP or SVD calculation as described in operation of 402 of process
400. Sampling of the fiducials in operation 702 may be performed using, for
example, a tracked probe (e.g., electromagnetically tracked or otherwise
tracked) or imaging the fiducials using on an x-ray device or other imaging
modality, to obtain the locations of all points in a common coordinate system.
Sampling of sensor elements 602 is performed using tracking device associated
with the sensor elements such as an electromagnetic tracking device that may
determine the locations and orientations of the sensor elements in a frame of
reference.

[0064] In an operatidn 703, the calibrated system may be used. This use may
be in a clnical application or may include a test use. In any event, the initial
calibration transformation matrix Ty is employed to determine scan plane 106 of.
ultrasonic transducer 103 from sampled data of sensor elements 301 in tracker
107. As mentioned herein, this determination allows preoperative images sucﬁ
as CT, PET or MR images to be merged with intraoperative dltrasound data.
Operation 703 also includes removing tracker 107 from ultrasound device 100
and replacing tracker 107 in a different position relative to ultrasound transducer
103. In one embodiment, operation 703 need not involve removing tracker 107
from ultrasound device 100, but may include simply moving tracker 107 relative
to scan head 110.

[0065] In an operation 704, the combination of tracker 107 and ultrasound
transducer 103 is returned to the calibration jig (having been removed for use in
operation 703). Tracker fiducials 203 on tracker 107 and fiduciais 603 or 604 of
calibration jig 600 are again sampled (e.g., using a tracked probe, imaging
modality, or other method) in the same coordinate system and a second
transformation matrix T (which may be different T) from is determined
between scan head 110 and tracker 107. Here the prime (') refers to a
transformation occurring at a subsequent time. Alternately, the second matrix
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T may be determined by sampling the sensor elements 301 in the tracker 107
and the sensor elements 602 in calibration jig 600.

[0066] In an operation 705, a differential transformation matrix T is calculated
between T (the first transformation) and T'{c (the second transformation). The
differential transformation matrix represents the difference between the first
relative position of tracker 107 and ultrasonic transducer 103 (the positions in
which the initial calibration was calculated) and the second relative positions of
tracker 107 and ultrasonic transducer 103 (a subsequent location of the tracker,
which may have been moved during use, cleaning or by accident). Because
the relative positions between both 1) tracker fiducials 203 and sensor elements
301 and 2) scan head fiducials 204 and scan plane 2086, are known and static,
the difference between tracker fiducials 203 and scan head fiducials 204 (e.g.,
as represented by the differential transformation matrix) provides an accurate
representation of how to adjust the initial calibration. The transformation
between the two coordinate systems Is calculated as T = T T where the “1"
superscript represents the inverse of the matrix.

[0067] In an operation 706, an adjusted calibration transformation matrix T’y is
calculated. Transformation matrix T's may be calculated by applying the
differential transformation matrix T to the initial calibration transformation matrix
Tis. As mentioned above, this may also take into account the known and fixed
positions of the tracker fiducials 203 to sensor elements 301, and the known
and fixed positions of scan head fiducials 204 to scan plane 106. Essentially,
scan plane 106 of ultrasonic transducer 103 is corrected by applying the
differential fiducial transformation matrik T, so that scan plane 106 is known
relative to tracker 107 in the new location/position. This enables the tracked
coordinates of tracker 107 to be related to scan plane 106 of ultrasonic
transducer 103 without having to perform a subsequent calibration step.

[0068] In an operation 707, trackable laparoscopic ultrasound device 100 may

be used to merge preoperative images with interoperative ultrasound images
using the tracked positions of tracker 107 and the adjusted calibration
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transformation matrix T'y, without re-calibrating the device. As such, wherever,
tracker 107 is moved relative to ultrasonic transducer 103, only a differential
fiducial transformation matrix need be calculated.

[0069] In some embodiments, more than one tracked ultrasound transducers
can be used at one time. For example, a tracked ultrasound transducer can be
used together with a second ultrasound transducer that provides increased and
focused ultrasound energy for ablative treatment or pulsed focused ultrasound
energy for assisted drug delivery. In these embodiments, the treatment
ultrasound is tracked 1o the proper location and used to provide treatment, while
the diagnostic ultrasound monitors the progress of the treatment, aids in
navigation (e.g., by providing images), and may serve other purposes. In
another embodiment, a single transducer may include both treatment (e.g.,
focused energy) and image capabilities. An example of a device capabile of this
dual use may be available from Focus Surgery™ of Indianapolis, Indiana,
U.S.A. In some embodiments, the diagnostic ultrasound can be replaced with .
an endoscops.

[0070] Other embodiments, uses and advantages of the invention will be
apparent to those skilled in the art from consideration of the specification and
practice of the invention disclosed herein. The specification shouid be
considered exemplary only, and the scope of the invention is accordingly
intended to be limited only by the following claims.
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CLAIMS:

1. A method of adjusting a calibration of a tracked ultrasound device,

wherein the tracked ultrasound device includes a tracker and a scan head, wherein
the tracker Iincludes one or more tracker fiducial markings and one or more sensor
elements, wherein the scan head has at least one scan plane originating therefrom

and Includes one or more scan head fiducial markings, the method comprising:
attaching the tracker to the scan head in a first position;

calculating an initial calibration transformation matrix that relates the
one or more sensor elements to the at least one scan plane, such that the position
and orientation of the one or more sensor elements enables determination of the

position and orientation of the at least one scan plane;

determining a first relative position of the one or more tracker fiducial

markings In relation to the one or more scan head fiducial markings when the tracker

IS attached to the scan head in the first position;

moving the tracker relative to the scan head into a second position;

- determining a second relative position of the one or more tracker

fiducial markings in relation to the one or more scan head fiducial markings when the

tracker is attached to the scan head in the second position;

calculating a difference between the first and second relative positions

of the tracker fiducial markings and the scan head fiducial markings; and

- adjusting the Initial calibration transformation matrix using the calculated

difference between the first and second relative positions of the tracker fiducial

markings and the scan head fiducial markings.

2. The method of claim 1, wherein the one or more sensor elements

iInclude one or more electromagnetic sensor elements, and wherein the method
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further comprises determining a position and orientation of the one or more

electromagnetic sensor elements using an electromagnetic tracking device.

3. The method of claim 1, wherein calculating the initial calibration
transformation matrix includes calculating the initial calibration transformation matrix

that relates to one or more of inertial guidance sensors, ultrasonic sensors, optical

sensors, or fiber optic sensors.

4. The method of claim 1, wherein determining a first relative position of
the one or more tracker fiducial markings in relation to the one or more scan head
fiducial markings further comprises sampling first positions of the one or more tracker

fiducial markings and the one or more scan head fiducial markings in the same frame

of reference,

and wherein determining a second relative position of the one or more
tracker fiducial markings in relation to the one or more scan head fiducial markings
further comprises sampling second positions of the one or more tracker fiducial

markings and the one or more scan head fiducial markings in the same frame of

reference.

D. The method of claim 4, wherein sampling positions of the one or more
tracker fiducial markings and the one or more scan head fiducial markings in the
same frame of reference further comprises touching a tracked probe to each of the

one or more tracker fiducial markings and each of the one or more scan head fiducial

markings.

6. The method of claim 4, wherein sampling positions of the one or more
tracker fiducial markings and the one or more scan head fiducial markings in the

same frame of reference further comprises imaging the one or more tracker fiducial

markings and the one or more scan head fiducial markings with an imaging modality.

22



10

15

20

25

CA 02612603 2014-01-15

64869-1324

/. The method of claim 4, wherein sampling positions of the one or more
tracer fiducial markings comprises measuring a location of the one or more sensor

elements whose positions are known relative to the tracker fiducial markings.

8. The method of claim 1, wherein determining a first relative position of
the one or more tracker fiducial markings in relation to the one or more scan head

fiducial markings further comprises:

)} placing the tracker and the scan head into a calibration jig when the

tracker is attached to the scan head in the first position, and

ii) determining the relative position of the one or more tracker fiducial

markings to one or more calibration jig fiducial markings,

wherein determining a second relative position of the one or more
tracker fiducial markings in relation to the one or more scan head fiducial markings

further comprises:

) placing the tracker and the scan head into the calibration jig when the

tracker is attached to the scan head in the second position, and

i) determining the relative position of the one or more tracker fiducial

markings to the one or more calibration jig fiducial markings,

~ and wherein a relative position of the one or more scan head fiducial
markings and the one or more calibration jig fiducial markings remains the same in

the first and second positions.

0. The method of claim 1, wherein determining a first relative position of

the one or more tracker fiducial markings In relation to the one or more scan head
fiducial markings further comprises calculating a primary transformation matrix that

relates the one or more tracker fiducial markings to the one or more scan head

fiducial markings in the first position,
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and wherein determining a second relative position of the one or more
tracker fiducial markings in relation to the one or more scan head fiducial markings
further comprises calculating a secondary transformation matrix that relates the one
or more tracker fiducial markings to the one or more scan head fiducial markings in

the second position.

10. The method of claim 9, wherein calculating a difference between the
first and second relative positions of the tracker fiducial markings and the scan head

fiducial markings further includes calculating a differential transformation matrix.

11. “The method of claim 10, wherein adjusting the initial calibration
transformation matrix further comprises applying the differential transformation matrix

to the initial calibration transformation matrix.

12. A method for repeatable replacement of a tracker onto an ultrasound
device, wherein the tracker includes at least one sensor element and one or more
tracker alignment elements, wherein the ultrasound device includes a scan head and
one or more scan head alignment elements, wherein at least one scan plane
originates from the scan head, and wherein each of the one or more tracker

alignment elements corresponds to one of the one or more scan head alignment

elements, the method comprising:

calibrating the at least one scan plane to the at least one sensor
element when the tracker is attached to the scan head in a first position, such that the
position and orientation of the at least one scan plane is determinable from the

position and orientation of the at least one sensor element;

- removing the tracker from the scan head;

re-attaching the tracker to the scan head;
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placing the tracker and the scan head into a calibration jig that includes

one or more-calibration jig alignment elements that each correspond to at least one

tracker alignment element or scan head alignment element and

aligning each of the one or more calibration jig alignment elements to its
5 corresponding tracker alignment element or scan head alignment element causing

the tracker to be aligned onto the scan head in the first position.

13. - The method of claim 12, wherein placing the tracker and the scan head

into the calibration jig includes placing each of the tracker and the scan head into a

calibration jig that includes one or more calibration jig alignment elements that each

10 correspond to one or more of:
~ spring loaded balls and corresponding divots,
- pegs and corresponding holes,
clips and corresponding clip receiving divots,
mechanical alignment guides,
15 corresponding markings, or

matable grooves.

14. The method of claim 12, wherein the at least one sensor element is an

electromagnetic sensor element, and wherein the method further comprises

determining a position and orientation of the electromagnetic sensor element using

20 an electromagnetic tracking device.
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