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ULTRASOUND-IMAGE-GUIDE SYSTEM AND
VOLUME-MOTION-BASE CALIBRATION
METHOD

FIELD OF THE INVENTION

[0001] The present invention relates to an ultrasound-im-
age-guided system comprising one or more ultrasound probes
operable to generate image volumes of an anatomical object.
The present invention further relates to a volume-motion-
based calibration method for operating such ultrasound-im-
age-guided system, and a computer program implementing
such method.

BACKGROUND OF THE INVENTION

[0002] Ultrasound has in the past few decades started to
become the modality of preference for interventional proce-
dures, for example for minimally invasive interventions. A
specific example is intra-procedural beating heart surgery and
therapy. In particular, ultrasound-image-guided interventions
are of very strong interest, for example ranging from valve
placements to biopsies to ablation. Ultrasound images can
here help the surgeon or therapist to navigate or guide a
clinical instrument, such as a needle or a catheter for example.
[0003] One of the main limitations of these ultrasound-
image-guided (navigation) systems is the requirement of a
pre-calibrated ultrasound probe, wherein a position sensor for
tracking needs to be attached to the ultrasound probe and a
calibration of the system/ultrasound probe has to be per-
formed, more particularly a calibration between the images of
the ultrasound probe and the position sensor. It has shown that
this calibration determines the performance of the whole
system, making the position sensor integration both challeng-
ing and expensive. It requires an expensive pre-calibration
protocol and also factory manufacturing of the system is
expensive.

[0004] For example, US 2010/0081920 A1l discloses an
electromagnetic (EM) tracking system for use in ultrasound
and other imaging modality guided medical procedures. The
system includes a tool set of various components to which
electromagnetic (EM) sensors can be releasably secured. The
tool set comprises an EM-trackable trochar, an EM sensor-
equipped bracket, a slotted needle guide, an EM sensor-
equipped adapter, and an external skin marker. However, this
system is complex and requires a special pre-calibration. This
vyields a quite expensive system.

SUMMARY OF THE INVENTION

[0005] Itis an object of the present invention to provide an
ultrasound-image-guided system that is less expensive, but
still provides reliable results needed for medical interven-
tions. It is a further object to provide a volume-motion-based
calibration method for operating such system and a computer
program implementing such method.

[0006] In a first aspect of the present invention an ultra-
sound-image-guided system is presented that comprises one
or more ultrasound probes operable to generate image vol-
umes of an anatomical object, and an adapter device compris-
ing at least one position sensor. The adapter device is, for one
use event, attachable to one of the ultrasound probes, wherein
the at least one position sensor is at a variable position with
respect to the one or more ultrasound probes from one use
event to another use event. The system further comprises a
tracking device operable to generate tracking data represen-
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tative of a tracking of the at least one position sensor within a
coordinate system, and an ultrasound imaging device opet-
able to generate imaging data of the anatomical object based
on the image volumes. The system further comprises a com-
putation device operable to automatically self-calibrate, for
each use event, the imaging data with respect to the coordi-
nate system of the at least one position sensor by calculating
acalibration matrix using an image based volume motion and
a tracking based volume motion. The image based volume
motion represents an image motion of at least two image
volumes derived from the imaging data. The tracking based
volume motion represents a tracking motion of the image
volumes derived from the tracking data.

[0007] Ina furtheraspect ofthe present invention a volume-
motion-based calibration method for operating an ultra-
sound-image-guided system is presented comprising one or
more ultrasound probes operable to generate image volumes
of an anatomical object, and an adapter device comprising at
least one position sensor. The adapter device is, for one use
event, attachable to one of the ultrasound probes. The at least
one position sensor is at a variable position with respect to the
one or more ultrasound probes from one use event to another
use event. The method comprises the steps of a) generating
tracking data representative of a tracking of the at least one
position sensor within a coordinate system; b) generating
imaging data of the anatomical object based on the image
volumes; and c¢) automatically self-calibrating, for each use
event, the imaging data with respect to the coordinate system
of the at least one position sensor by calculating a calibration
matrix using an image based volume motion and a tracking
based volume motion. The image based volume motion rep-
resents an image motion of at least two image volumes within
the coordinate system derived from the imaging data. The
tracking based volume motion represents a tracking motion
of the image volumes within the coordinate system derived
from the tracking data.

[0008] In a further aspect of the present invention a com-
puter program is presented comprising code means for caus-
ing a computer to carry out the steps of the method disclosed
herein when said computer program is carried out on the
computer.

[0009] The basic idea of the invention is to use an imprecise
adapter device in combination with a specific automatic self-
calibration method for calculating a calibration matrix. An
(uncalibrated) system or ultrasound probe is provided, having
an adapter device with position (tracking) sensor(s) attach-
able or attached to the ultrasound probe, wherein the adapter
device can be imprecisely manufactured. Thus, there is no
need to provide a specially manufactured adapter device fora
specific ultrasound probe. The adapter device can in particu-
lar fit to multiple different ultrasound probes (or types of
ultrasound probes). In this way, a more plug-and-play mecha-
nism (adapter device) is presented, that is significantly
cheaper. Thus, the adapter device can be mass-manufactured,
for example using a casting or rapid prototyping/printing
technique that offers micron grade repeatability. In particular,
the adapter device can be removably attachable or attached to
the ultrasound probe. In particular, the adapter device and/or
ultrasound probe can be adapted for in-vivo application or
use.

[0010] The imprecisely manufactured adapter device com-
prising the position sensor(s) is, for one use event, attachable
or attached to one of the ultrasound probes. A use event refers
to the attachment of the adapter device to one of the ultra-
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sound probes and the use of this adapter-probe combination
(for example in a medical intervention, such as a minimally-
invasive intervention). The adapter device is designed such
that the position sensor(s) is/are or can be at a variable posi-
tion with respect to the one or more ultrasound probes for one
use event to another use event. The positioning or arrange-
ment of the position sensor of the adapter device with respect
to the ultrasound probe does not need to be repeatable. The
position sensor(s) can be integrated into the adapter device or
attached to the adapted device (e.g. glued to the adapter
device). Alternatively, the position sensor(s) can be remov-
ably attached to or integrated into the adapter device (e.g.
using a separate removable part having the position sensor
(s)).

[0011] In oneexample, one adapter device is attachable or
attached to exactly one of the ultrasound probes from one use
event to another use event. However, from the one use event to
the other use event the position sensor(s) is/are at a variable
position with respect to that one single ultrasound probe, due
to the imprecise manufacturing of the adapter device, e.g. due
to tolerances.

[0012] In another example, the adapter device is attachable
or attached to a first ultrasound probe for a first use event and
a second, different ultrasound probe for a second use event.
Due to the imprecise manufacturing of the adapter device
(e.g. tolerances), the position sensor(s) is/are at a variable
position with respect to the second ultrasound probe, com-
pared to the first ultrasound probe from the first use event to
the second use event. In other words, for the second use event,
the position sensor(s) is/are at another position compared to
the position of the position sensor(s) for the first use event.
[0013] Using the imprecisely manufactured adapter device
in the (uncalibrated) system nevertheless works, as a special
automatic self-calibration is used according to the invention.
This automatic self-calibration automatically self-calibrates,
for each use event, the imaging data with respect to the posi-
tion sensor(s) by calculating a calibration matrix using an
image based volume motion and a tracking based volume
motion. The image based volume motion represents an image
motion of at least two image volumes within the coordinate
system and is derived from the imaging data. The tracking
based volume motion represents a tracking motion of the
image volumes within the coordinate system and is derived
from the tracking data. With automatic self-calibration it is
meant that no special pre-calibration (e.g. using a phantom)
needs to be performed anymore. The tracking data and imag-
ing data that is anyway generated during the use of the system,
such as during a treatment or surgery, can be used for this
calibration. In particular, the self-calibration can be pet-
formed during the intervention (e.g. surgery) itself. The self-
calibration happens with no manual input from a user (e.g.
doctor). The calibration happens with no changes to existing
clinical workflow. The use of the imprecise adapter in com-
bination with the automatic self-calibration method thus sim-
plifies the clinical workflow.

[0014] Preferred embodiments of the invention are defined
in the dependent claims. It shall be understood that the
claimed volume-motion-based calibration method or a com-
puter program has similar and/or identical preferred embodi-
ments as the claimed ultrasound-image-guided system and as
defined in the dependent claims.

[0015] In one embodiment the system is uncalibrated
before the computation device automatically self-calibrates
the imaging data with respect to the coordinate system of the
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at least one position sensor. Thus, the system can be uncali-
brated before the use event. In this case the calibration matrix
that is calculated is an initial calibration matrix. This means,
that no calibration matrix for that specific ultrasound probe
has been calculated before.

[0016] In another embodiment the adapter device is reus-
able for a plurality of use events. This reduces the costs of the
system.

[0017] Ina further embodiment wherein the adapter device
is a hard shell having the least one position sensor integrated
therein or attached thereto. This provides a robust adapter
device.

[0018] In a variant of this embodiment the hard shell is
separated into at least two parts adapted to be clamped against
each other. This provides for a removable adapter device,
which is in particular reusable for multiple use events.
[0019] In an alternative embodiment the adapter device is
an elastic tube. This provides for an adapter device that opti-
mally fits to the ultrasound probe.

[0020] In a variant of this embodiment the elastic tube is
heat shrunk over the ultrasound probe. This provides for an
easy and reliable way of attaching the adapter device to the
ultrasound probe.

[0021] In another alternative embodiment the adapter
device is an inelastic pre-form tube. This provides a robust
adapter device.

[0022] In a variant of this embodiment the pre-form tube
has an internal adhesive layer. This provides for an easy and
reliable way of attaching the adapter device to the ultrasound
probe.

[0023] In a further embodiment, each image volume is a
distinct subset of a baseline image volume of the anatomical
object. For example, the baseline image volume can be a full
ultrasound volume scan of a heart.

[0024] In a further embodiment the image based volume
motion is computed as a function of an image location of a
first image volume within the coordinate system relative to an
image location of a second image volume within the coordi-
nate system. Alternatively or cumulatively, the tracking based
volume motion is computed as a function of a tracked location
of a first image volume within the coordinate system as rep-
resented by the tracking data and a tracked location of a
second image volume within the coordinate system as repre-
sented by the tracking data.

[0025] 1In a variant of this embodiment, a computation of
the image-based volume motion includes a registration
between the first image volume and the second image volume,
in particular to a baseline image volume of the anatomical
object. Alternatively or cumulatively, the computation of the
tracking based volume motion includes a registration trans-
formation between the first volume image and the second
volume image as a function of the tracked location of the first
image volume within the coordinate system, the tracked loca-
tion of the second image volume within the coordinate system
and the calibration matrix.

[0026] In a further variant, the computation of the image-
based volume motion includes a compensation for movement
of the anatomical object within the coordinate system.
[0027] In another embodiment the tracking data and the
imaging data are generated simultaneously. In particular, a
number of image volumes of the anatomical object can be and
a number of readings of a tracking signal via the at least one
position sensor can be generated simultaneously, wherein
each reading of the tracking signal corresponds to a generated
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image volume. The number can correspond to a number of
different poses of the ultrasound probe. In this way, a number
of motion pairs are provided, which can then be used for the
calibration matrix calculation.

[0028] In another embodiment the computation device is
operable to calculate the calibration matrix by solving a linear
equation using the tracking based volume motion and the
image based volume motion. In particular, the tracking based
volume motion and the image based volume motion can be
equated using the linear equation, since the amount of motion
should be the same. Using such linear equation provides fora
closed-form solution and a fast calibration. The computation
cannot get trapped in local minima, as compared with non-
linear optimization methods for example. In a variant of this
embodiment, the linear equation is solved using dual quater-
nion.

[0029] Ina further embodiment the calibration matrix rep-
resents a spatial relationship between the image volumes and
the at least one position sensor.

[0030] In another embodiment the at least one position
sensor is an electromagnetic sensor and the tracking device is
an electromagnetic tracking device. In an alternative embodi-
ment, the at least one position sensor is an optical sensor and
the tracking device is an optical tracking device. Any other
suitable type of position sensor and tracking system can also
be used, such as for example a FOSSL sensor and tracking
system or a RFID sensor and tracking system.

[0031] In a further embodiment the computation device
further operable to execute a validation testing of the calibra-
tion matrix derived from the automatic self-calibration,
including a testing of an absolute differential between the
image based volume motion and the tracking based volume
motion. This provides for an intra-operative quality control of
the ultrasound probe, more particular the calibration, during a
medical intervention, such as a surgical procedure (e.g. a
cardiac procedure). In particular, the validity of the calibra-
tion matrix can be continuously tested. If at any point, the
calibration matrix becomes invalid for any reason, a warning
sign may be raised by the system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ment(s) described hereinafter. In the following drawings

[0033] FIG. 1 illustrates an exemplary embodiment of an
ultrasound-image-guided system in accordance with the
present invention;

[0034] FIG. 2 illustrates an exemplary volume motion of

two (2) image volumes of an anatomical object as known in
the art;

[0035] FIG. 3a illustrates a first embodiment of an adapter
device of a system in accordance with the present invention;
[0036] FIG. 35 illustrates a second embodiment of an
adapter device of a system in accordance with the present
invention;

[0037] FIG. 4 illustrates an exemplary operation of the
ultrasound-image-guided system in accordance with the
present invention;

[0038] FIG. 5 illustrates a flowchart representative of a
volume-motion-based calibration method in accordance with
a first embodiment of the present invention;
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[0039] FIG. 6 illustrates a flowchart representative of an
exemplary embodiment of an image based volume motion
computation method in accordance with the present inven-
tion;

[0040] FIGS. 7A and 7B illustrate flowcharts representa-
tive of two (2) exemplary embodiments of an image based
registration method in accordance with the present invention;
[0041] FIG. 8illustrates a flowchart representative of a first
exemplary embodiment of a heart motion modeling method
in accordance with the present invention;

[0042] FIG. 9 illustrates a flowchart representative of an
exemplary embodiment of a tracking based volume motion
computation method in accordance with the present inven-
tion;

[0043] FIG. 10 illustrates an exemplary operation of the
ultrasound-image-guided system inaccordance with a second
embodiment;

[0044] FIG. 11 illustrates a flowchart representative of a
volume-motion-based calibration method in accordance with
a second embodiment;

[0045] FIG. 12 illustrates a flowchart representative of an
exemplary embodiment of a calibration threshold computa-
tion method;

[0046] FIG. 13 illustrates an exemplary operation of the
ultrasound-image-guided system or the volume-motion-
based calibration method in accordance with the present
invention in a clinical context; and

[0047] FIG. 14a and FIG. 14b each illustrate results
obtained with the system or method in accordance with the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0048] FIG. 1 illustrates an exemplary embodiment of an
ultrasound-image-guided system. The system employs an
ultrasound imaging system, a tracking system and a compu-
tation device 40.

[0049] For purposes of the invention, the ultrasound imag-
ing system is broadly defined herein as any system including
one or more ultrasound probes 20 operable or structurally
configured to generate image volumes of an anatomical
object (e.g., a heart 10) within a coordinate system, and an
ultrasound imaging device 21 operable or structurally con-
figured to generate imaging data 22 of the anatomical object
based on the image volumes (processing the image volumes).
In particular, each image volume can be a district subset of a
baseline image volume of the anatomical object. The ultra-
sound imaging system can particularly use a 3D trans-esoph-
ageal echo (“TEE”) probe. In one embodiment, the iEEE
intelligent echo system commercially sold by Philips Health-
care may serve as an ultrasound imaging system. However,
any other suitable ultrasound imaging system can be used.
[0050] For purposes of the present invention, the tracking
system is broadly defined herein as any system including an
adapter device 50 comprising at least one position sensor 30,
and a tracking device operable or structurally configured to
generate tracking data 32 representative of a tracking of the at
least one position sensor 30 within a coordinate system (track
position sensor(s) 30 within the coordinate system). The
adapter device 50 is, for one use event, attachable or attached
to one of the ultrasound probes 20. A use event refers to the
attachment of the adapter device 30 to one of the ultrasound
probes and the use of this adapter-probe combination. The
adapter device 30 is designed such that the at least one posi-
tion sensor 30 is at a variable position with respect to the one
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or more ultrasound probes from one use event to another use
event. Thus, the adapter device can be imprecisely manufac-
tured. Examples of the tracking system include, but are not
limited to, any type of electromagnetic tracking system and
any type of optical tracking system, for example shape sens-
ing. In one embodiment, the Aurora™ Electromagnetic
Tracking System commercially sold by NDI may serve as an
electromagnetic tracking system. However, any other suitable
tracking system can be used.

[0051] FIG. 3a illustrates a first embodiment of an adapter
device and FIG. 35 illustrates a second example of an adapter
device. In the embodiment of FIG. 3a, the adapter device 50
is a hard shell having two position sensors 30 integrated
therein or attached thereto. In the embodiment of FIG. 3a and
FIG. 3b, the position sensors 30 are electromagnetic (EM)
sensors. The hard shell shown in FIG. 3a is separated into two
parts adapted to be clamped against each other. The two parts
can be hold apart, placed over the ultrasound probe 20 and
then be clamped against each other. In this way, the adapter
device fully encloses the ultrasound probe. The adapter
device 50 and ultrasound probe 20 are adapted for in-vivo
application or use. In the embodiment of FIG. 35 the adapter
device 50 is an elastic tube. The elastic tube is heat shrunk
over the sound probe 20.

[0052] For purposes of the present invention, computation
device 40 is broadly defined herein as any device operable or
structurally configured to automatically self-calibrate, for
each use event, the imaging data 22 with respect to the coor-
dinate system of the at least one position sensor 30 by calcu-
lating a calibration matrix using an image based volume
motion and a tracking based volume motion. This can be
performed in a calibration unit 41 of the computation device
40, as illustrated in FIG. 1. The computation device 40 can
further be operable to register the image volumes to the base-
line image volume of the anatomical object 10 (e.g., a full US
volume of heart 10). To this end, a calibration matrix is
utilized by computation device 40 as a transformation that
converts the coordinates of the voxels in the image volumes in
the coordinate system for tracking position sensor 30. In other
words, a calibration matrix represents a spatial relationship
between the image volumes and the at least one position
sensor 30.

[0053] To facilitate an understanding of the calibration
matrix, FIG. 2 illustrates a baseline image volume 12 of an
anatomical object (e.g., a full US volume scan of a heart)
within a coordinate system 11 (e.g., a tracking coordinate
system). Ultrasound probe 20 (FIG. 1) is operated to sequen-
tially generate a volume image 13/ and a volume image 13j,
and position sensor 30 (FIG. 1) is tracked within coordinate
system 11 as volume images 13 are generated by probe 20. In
practice, volume images 13 may overlap, but are segregated
in FIG. 2 for purposes of clearly showing each individual
volume image 13.

[0054] The calibration matrix provides a transformation
that converts the coordinates of the voxels in image volumes
13 into coordinate system 11. This enables image volumes 13
to be mapped into the coordinate system for image recon-
struction purposes. For the automatic self-calibration, the
computation device 40 measures motion 14 between image
volumes 13 from two sources. The first source being an image
motion of image volumes 13, and the second source being a
tracking motion of image volumes 13. Thus, the image vol-
ume motion is measured from two sources, (a) image based
volume motion and (b) tracking based volume motion. The
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image based volume motion, thus, represents an image
motion of at least two volumes derived from the imaging
system, and the tracking based volume motion represents a
tracking motion of the image volumes.

[0055] A description of FIGS. 4-9 will now be provided
herein to provide a more detailed explanation of the automatic
self-calibration in accordance with the present invention.

[0056] FIG. 4illustrates various exemplary operation states
of the ultrasound-image-guided system. Initially, there is a
volume imaging state 60 for generating a number N of image
volumes 61 of the anatomical object (e.g., heart 10) via probe
20 (FI1G. 1), and a sensor tracking state 70 for a number N of
readings of a tracking signal 71 via position sensor 30 (FIG.
1) with each reading of tracking signal 71 corresponding to a
generated image volume 61. This corresponds to the genera-
tion of imaging data 22 and to the generation of tracking data
32. This data is then used in s self-calibration state 50, as
shown in FIG. 4. In self-calibration state 50 an automatic self
calibration, for that use event, of the imaging data 22 with
respect to the coordinate system 11 is performed by calculat-
ing a calibration matrix 51 using an image based volume
motion and a tracking based volume motion. The calibration
matrix 51 canin particular be an initial calibration matrix. The
accuracy of calibration matrix 51is essential for locating each
image volume within the coordinate system via tracking sig-
nal 71. State 50 is implemented by a volume-motion-based
calibration method executed by computation device 40, as
further explained herein in connection with the description of
FIGS. 5-9.

[0057] FIG. 5 illustrates a flowchart 100 representative of
one embodiment of the volume-motion-based calibration
method. A stage S101 of flowchart 100 encompasses a com-
putation by the computation device 40 of an image based
volume motion VM, and a stage S102 of flowchart 100
encompasses a computation by the computation device 40 of
a tracking based volume motion VM. For purposes of the
present invention, image based volume motion VM,; is
broadly defined herein as any motion between image volumes
61 (FIG. 4) of the anatomical object within a coordinate
system (e.g., coordinate system 11 shown in FIG. 2) derived
from imaging data 22 (FIG. 1) of image volumes 61, and
tracking based volume motion VM, is broadly defined
herein as any motion between image volumes 61 of the ana-
tomical object within the coordinate system derived from
tracking data 32 (FIG. 1). Stage S103 of flowchart 100
encompasses an initial calibration matrix calculation using
the image based volume motion VM and to tracking based
volume motion VM. In particular, the calibration matrix
can be calculated by formulating a motion-based calibration
problem as a linear equation AX=BX, where X is the calibra-
tion matrix (e.g. calibration transformation from ultrasound
image space US to sensor space S, represented by X=T¢ o),
A stands for the tracking based volume motion VM (e.g.
motion from a pose 2 to a pose 1, represented by A=(T ¢, )™
Ty ), and B stands for the image based volume motion (e.g.
motion from a ultrasound image US2 to a position ultrasound
image US1, represented by B=T, "7/, Where US, corre-
sponds to a pose 1). In particular, the tracking based volume
motion VM, and the image based volume motion VM can
be equated using the linear equation, since the amount of
motion should be the same. Using such a linear equation
provides for a closed-form solution and a fast calibration. The
computation cannot get trapped in local minima compared
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with nonlinear optimization methods for example. In a vari-
ant of this embodiment, the linear equation is solved using a
dual quaternion.

[0058] In one example the linear equation can be solved
using dual quaternion. Such dual quaternion is for example
described in Daniilisdis K, 1999, “Hand-eye calibration using
dual quaternion”, The Int. J. of Robotics Research, 18(3):
286-298.

[0059] An exemplary computation algorithm can for
example comprise to provide motion pairs A, B,, providing a
screw representation of the motion (using motion pairs A,, B;)
which yields a matrix T=[S1, ..., Sn], performing a singular
value decomposition SVD of the matrix T, and providing the
calibration matrix X as a function of the singular value
decomposition, X=f(SVD).

[0060] FIG. 6 illustrates a flowchart 110 representative of
an image based volume motion computation method that may
be executed during stage S101 (FI1G. 5). This method involves
a processing of pair (i, j) of image volumes (e.g., image
volumes 13 shown in FIG. 2). Specifically, a stage S111 of
flowchart 110 encompasses a determination of a location of
an image volume 61a¢ and an image volume 615 within the
coordinate system (e.g., coordinate system 11 shown in FIG.
2), and a stage S112 of flowchart 110 encompasses a motion
compensation of the determined locations of image volumes
61a and 615 in view of a modeling of a motion of the ana-
tomical object (e.g., heart 10).

[0061] In one embodiment of stage S111 (FIG. 6), a flow-
chart 120 as shown in FIG. 7A includes a stage S121 encom-
passing an image based registration of the pair (i, j) of image
volumes 61a and 615 via a known image based rigid or
deformable registration and known optimization metrics
(e.g., mutual information, cross correlation, etc.). Flowchart
120 further includes a stage S122 encompassing a utilization
ofthe registration of image volumes 61a and 614 to determine
a location VL,; of image volume 614 within the coordinate
system relative to a location VL; of image volume 616 within
the coordinate system.

[0062] In an alternative embodiment of stage S111 (FIG.
6), a flowchart 130 as shown in FIG. 7B includes a stage S131
encompassing an image based registration of the pair (i, j) of
image volumes 61a and 615 to a baseline image volume 62 of
the anatomical object (e.g., a full US image). These registra-
tions may be performed via an image based rigid or deform-
able registration and known optimization metrics (e.g.,
mutual information, cross correlation, etc.) Flowchart 130
further includes a stage S132 encompassing a utilization of
the registration of image volume 614 to baseline image vol-
ume 62 to determine location VL, of image volume 61a
relative to baseline image volume 62 within the coordinate
system. Similarly, the registration of image volume 615 to
baseline image volume 62 is utilized to determine a location
VL, of image volume 615 relative to the baseline image
volume 62 within the coordinate system. This facilitates a
determination of location VL, of image volume 61a relative
to location VL, of image volume 615 within the coordinate
system.

[0063] In one embodiment of stage S112 (FIG. 6), a flow-
chart 140 as shown in FIG. 8 includes a stage S141 encom-
passing a prediction of the motion of anatomical object within
the coordinate system. For example, with the anatomical
object being heart 10, a known learning algorithm utilizing an
electrocardiogram signal 82 for cardiac phase, a chest belt
signal 83 for respiratory phase and any other additional sens-
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ing signals to predict the motion of heart 10 within the coor-
dinate system can be used. Flowchart 140 further includes a
stage S142 encompassing a quality image control involving a
motion compensation of image volumes 61« and 615 via the
predicted motion of the anatomical object. In one embodi-
ment with the anatomical object being heart 10, image vol-
umes 61 corresponding to a diastolic phase of heart 10 via
ECG signal 82 are exclusively utilized by stage S113 (FIG. 6)
for quality control purposes and stage S103 (FIG. 5) will only
process the volume motions of these selected image volumes
61. Please note this selection assume respiratory motion is
minimal.

[0064] In an alternative embodiment, image volumes 61 at
time intervals when respiratory phase and cardiac phase come
back to the same cycle are exclusively utilized by stage S113
(FIG. 6) for quality control purposes and stage S103 (FIG. 5)
will only process the volume motions of these selected image
volumes 61.

[0065] Referring back to FIG. 6, a stage S113 of flowchart
110 encompasses a computation of an image based volume
motion VM, as a function of the location VL,, of image
volume 61a within the coordinate system relative to the loca-
tion VL, of image volume 615 within the coordinate system
as known in the art. The computed image based volume
motion VM 1s implemented by stage S103 (FIG. 5) during
the initial calibration matrix calculation.

[0066] FIG. 9illustrates a flowchart 150 representative of a
tracking based volume motion computation method that may
be executed during stage S102 (FIG. 5). A stage S151 of
flowchart 150 encompasses a determination of a location VL,
of image volume 6la within the coordinate system via a
tracking signal 71a and calibration matrix 51 as known in the
art. The determined location of VL,, of image volume 61a
may be confirmed with a location of the baseline image vol-
ume of the anatomical object.

[0067] A stage 3152 of flowchart 150 encompasses a deter-
mination of a location VL, of image volume 615 within the
coordinate system via a tracking signal 715 and calibration
matrix 51 as known in the art. The determined location of VL,
ofimage volume 615 may be confirmed with a location of the
baseline image volume of the anatomical object.

[0068] A stage S153 of flowchart 150 encompasses a com-
putation of the tracking based volume motion VM5 as a
function of location VL, of image volume 61a within the
coordinate system relative to a location VL, of volume 615
within the coordinate system as known in the art. In one
embodiment, a registration transformation between image
volumes 61a and 615 based onlocation VL,, of image volume
61a, location VL, of volume 615 and calibration matrix 51
may be executed as known in the art during stage S153. This
computed tracking based volume motion VM, is imple-
mented by stage S103 (FIG. 5) during the initial calibration
matrix calculation.

[0069] FIGS. 14a and 145 each illustrate results obtained
with the ultrasound-image-guided system and/or the volume-
motion-based calibration method described above. The
results of the performance of the calibration were obtained by
visual inspection and quantitative validation using a heart
simulating object with fiducial markers, simply to test the
performance of the system/bmethod. These markers were
localized in both a computer tomography image and an ultra-
sound image and then calibration validation metrics were
calculated, including point blowing of single markers over
multiple measurements, as shown in FIG. 145, and distance
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accuracy of multiple markers, as shown in FIG. 14a. The
positions of these markers in the computer tomography
images were used for the gold standard due to high quality
computer tomography images of the hard-simulating object.
As can be seen from FIG. 14a and FIG. 145, the result was
that the performance of calibration was very accurate.
[0070] FIGS. 10-12 illustrate another (second) embodi-
ment of the system and method inaccordance with the present
invention. The embodiment basically corresponds to the first
embodiment described herein above, but in combination with
a validity testing of the calibration matrix. The calibration
matrix calculated by the automatic self-calibration may
become inaccurate for a variety of reasons, such as, for
example, unexpected field distortions, accidental physical
movement of position sensor 30 relative to probe 20 and a
partial breakdown of position sensor 30. To test the validity of
the calibration matrix, the computation device 40 again mea-
sures motion 14 between image volumes 13 from two
sources, an image based volume motion and a tracking based
volume motion.

[0071] A description of FIGS. 10-12 will now be provided
herein to provide a more detailed explanation of the validity
testing of the calibration matrix.

[0072] FIG. 10 illustrates the operational states of the ultra-
sound image-guided system as explained with reference to
FIG. 4. Further, the system moves from self-calibration state
50 to a calibration matrix validation state 80. The accuracy of
calibration matrix 51 is essential for locating each image
volume 61 within the coordinate system via tracking signal
71. Thus, the calibration validation state 80 utilizes image
volumes 61 and tracking signal 71 to ascertain the validity of
the calibration matrix. State 80 proceeds to a calibration
warning state 90 in view of an invalid calibration matrix. State
80 can be implemented by a calibration matrix validation
testing method executed by the computation device 40, as
further explained herein in connection with the description of
FIGS. 11-12.

[0073] FIG. 11 illustrates a flowchart 200 representative of
the second embodiment of the calibration method in accor-
dance with the present invention, in combination with a cali-
bration matrix validation testing method. Steps S101, S102
and S103 correspond to the steps as explained with reference
to FIG. 4. Additionally, a stage S104 of flowchart 200 encom-
passes another computation by computation device 40 of an
image based volume motion VM, and a stage S105 of flow-
chart 100 encompasses another computation by computation
device 40 of a tracking based volume motion VM .

[0074] Stage S106 of flowchart 100 encompasses a testing
of an absolute differential between image based volume
motion VM and tracking based volume motion VM ,; rela-
tive to a calibration threshold CT. If the absolute differential
is less than calibration threshold CT, then a stage S107 of
flowchart 200 encompasses a validation of the calibration
matrix that facilitates the continual generation of image vol-
umes 61. Conversely, if the absolute differential is not less
than calibration threshold CT, then a stage S108 of flowchart
200 encompasses an invalidation of the calibration matrix
that facilitates a warning as to the probable distortion or
inaccuracy of image volumes 61.

[0075] In one exemplary embodiment of stages S107 and
S108, real-time calibration alarm is deactivated as the image
volumes 61 are being generated with a valid calibration
matrix and is activated as a warning to the probable distortion
or inaccuracy of image volumes 61 upon an invalidation of

Apr. 10,2014

the calibration matrix. In an exemplary embodiment of stage
S108, a regional map of the anatomical object is displayed as
a warning to the probable distortion or inaccuracy of image
volumes 61 associated with the regional map. In another
exemplary embodiment of stages S107 and S108, amap of the
anatomical object may be displayed, whereby region(s) of the
map associated with an invalid calibration matrix is (are)
distinguished from region(s) of the map associated with a
valid calibration matrix as a means for providing a warning of
probable distortion or inaccuracy of image volumes 61 asso-
ciated with the invalid region(s).

[0076] FIG. 12 illustrates a flowchart 210 representative of
a calibration threshold computation method. A stage 211 of
flowchart 210 encompasses a computation of a possible accu-
racy margin of the calibration matrix. Random error informa-
tion 54 can be associated with the tracking system, known
statistical accuracy data 55 associated with a pre-operative
calibration process, and an image registration accuracy data
56 may be utilized in computing the possible accuracy mar-
gin. A stage 212 of flowchart 200 encompasses a computation
of calibration threshold CL as a function of the computed
possible accuracy margin and a desired accuracy margin
associated with the application of the system.

[0077] FIG. 13 illustrates an exemplary operation of the
ultrasound-image-guided system or the volume-motion-
based calibration method in accordance with the present
invention in a clinical context. Being operatively, the ultra-
sound probe 20 is provided or manufactured, and the adapter
device 50 is provided or manufactured (in particular, the
ultrasound probe and adapter device as previously described).
Then, the surgery is started. In the first minutes of the surgery
(peri-operatively) the adapter device 50 is attached to the
ultrasound probe 20. Thus, the (imprecisely manufactured)
adapter device 50 disclosed herein can be (inaccurately)
attached to the ultrasound probe 20 just before the surgery.
This can for example be the hard shell that is clamped on the
ultrasound probe and described in connection with FIG. 3a.
Then, normal use of the adapter device/ultrasound probe
combination is performed on the patient, thus generating
image data and tracking data. This data is then used intra-
operatively to automatically self-calibrate the system or ultra-
sound probe with respect to the position sensor. This cali-
brated ultrasound probe with adapter (adapter device-
ultrasound probe) is then used for navigation and guidance of
a surgical instrument, such as a needle or a catheter for
example, during the surgery. Intra-operatively, the calibration
matrix can be validated for quality monitoring. In particular,
the adapter device and ultrasound probe are adapted for in-
vivo application or use in this case. For surgery, the surgical
instrument can be placed inside the ultrasound image/vol-
ume. Alternatively, the surgical instrument outside of the
ultrasound image/volume, and can in particular be used for
planning and targeting.

[0078] While the invention has been illustrated and
described in detail in the drawings and foregoing description,
such illustration and description are to be considered illustra-
tive or exemplary and not restrictive; the invention is not
limited to the disclosed embodiments. Other variations to the
disclosed embodiments can be understood and effected by
those skilled in the art in practicing the claimed invention,
from a study of the drawings, the disclosure, and the
appended claims.

[0079] In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
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or “an” does not exclude a plurality. A single element or other
unit may fulfill the functions of several items recited in the
claims. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.
[0080] A computer program may be stored/distributed on a
suitable medium, such as an optical storage medium or a
solid-state medium supplied together with or as part of other
hardware, but may also be distributed in other forms, such as
via the Internet or other wired or wireless telecommunication
systems.
[0081] Any reference signs in the claims should not be
construed as limiting the scope.
1. An ultrasound-image-guided system, the system com-
prising:
one or more ultrasound probes (20) operable to generate
image volumes (137, 13/) of an anatomical object (10);

an adapter device (50) comprising at least one position
sensor (30), the adapter device (50) being, for one use
event, attachable to one of the ultrasound probes (20),
wherein the at least one position sensor (30) is at a
variable position with respect to the one or more ultra-
sound probes (20) from one use event to another use
event;
a tracking device (51) operable to generate tracking data
(32) representative of a tracking of the at least one posi-
tion sensor (30) within a coordinate system (11);

an ultrasound imaging device (21) operable to generate
imaging data (22) of the anatomical object (10) based on
the image volumes (13, 13); and
a computation device (40) operable to automatically self-
calibrate, for each use event, the imaging data (22) with
respect to the coordinate system (11) of the at least one
position sensor (30) by calculating a calibration matrix
(51) using an image based volume motion (VM) and a
tracking based volume motion (VM 3),

the image based volume motion (VM) representing an
image motion of at least two image volumes (13/, 13))
derived from the imaging data (22),

the tracking based volume motion (VM) representing a
tracking motion of the image volumes (137, 13j) derived
from the tracking data (32).

2. The system of claim 1, wherein the system is uncali-
brated before the computation device (40) automatically self-
calibrates the imaging data (22) with respect to the coordinate
system (11) of the at least one position sensor (30).

3. The system of claim 1, wherein the adapter device (50)
is reusable for a plurality of use events.

4. The system of claim 1, wherein the adapter device (50)
is a hard shell having the least one position sensor (30) inte-
grated therein or attached thereto.

5. The system of claim 4, wherein the hard shell is sepa-
rated into at least two parts adapted to be clamped against
each other.

6. The system of claim 1, wherein the adapter device (50)
is an elastic tube.

7. The system of claim 6, wherein the elastic tube is heat
shrunk over the ultrasound probe.

8. The system of claim 1, wherein the adapter device (50)
is an inelastic pre-form tube.

Apr. 10,2014

9. The system of claim 8, wherein the pre-form tube has an
internal adhesive layer.
10. The system of claim 1, wherein the image based vol-
ume motion (VM) is computed as a function of an image
location (VL,,) of a first image volume (13/) within the coor-
dinate system (11) relative to an image location (VL) of'a
second image volume (13j) within the coordinate system (11)
and/or wherein the tracking based volume motion (VM) is
computed as a function of a tracked location (VL,,) of a first
image volume (13/) within the coordinate system (11) as
represented by the tracking data (32) and a tracked location
(VL,) of a second image volume (13/) within the coordinate
system (11) as represented by the tracking data (32).
11. The system of claim 1, wherein the computation device
(40) is operable to calculate the calibration matrix by solving
alinear equation using the tracking based volume motion and
the image based volume motion.
12. The system of claim 1, wherein the at least one position
sensor (30) is an electromagnetic sensor and the tracking
device (51) is an electromagnetic tracking device.
13. The system of claim 1, the computation device (40)
further operable to execute a validation testing of the calibra-
tion matrix (51) derived from the automatic self-calibration,
including a testing of an absolute differential between the
image based volume motion (VM) and the tracking based
volume motion (VMy).
14. A volume-motion-based calibration method for oper-
ating an ultrasound-image-guided system, the system com-
prising one or more ultrasound probes (20) operable to gen-
erate image volumes (13, 13/) of an anatomical object (10),
and an adapter device (50) comprising at least one position
sensor (30), the adapter device (50) being, for one use event,
attachable to one of the ultrasound probes (20), wherein the at
least one position sensor (30) is at a variable position with
respect to the one or more ultrasound probes (20) from one
use event to another use event, the method comprising the
steps of:
a) generating tracking data (32) representative of a tracking
of the at least one position sensor (30) within a coordi-
nate system (11);

b) generating imaging data (22) of the anatomical object
(10) based on the image volumes (13, 13j); and

¢) automatically self-calibrating, for each use event, the
imaging data (22) with respect to the coordinate system
(11) of the at least one position sensor (30) by calculat-
ing a calibration matrix (51) using an image based vol-
ume motion (VM,;) and a tracking based volume
motion (VMyz),
the image based volume motion (VM) representing an
image motion of at least two image volumes (13i, 13))
within the coordinate system (11) derived from the
imaging data (22),

the tracking based volume motion (VM) representing a
tracking motion of the image volumes (134, 13j) within
the coordinate system (11) derived from the tracking
data (32).

15. Computer program comprising program code means
for causing a computer to carry out the steps of the method as
claimed in claim 14 when said computer program is carried
out on the computer.
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