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Description

TECHNICAL FIELD

[0001] The present invention relates, in general, to
tracking moving tissue or organs, and, in particular, to
tracking motion thereof during non-invasive therapy.

BACKGROUND

[0002] Tissue, such as a benign or malignant tumor or
blood clot within a patient’s skull or other body region,
may be treated invasively by surgically removing the tis-
sue or non-invasively by using, for example, thermal ab-
lation. Both approaches may effectively treat certain lo-
calized conditions within the body, but involve delicate
procedures to avoid destroying or damaging otherwise
healthy tissue. Unless the healthy tissue can be spared
or its destruction is unlikely to adversely affect physio-
logical function, surgery may not be appropriate for con-
ditions in which diseased tissue is integrated within
healthy tissue.

[0003] Thermal ablation, as may be accomplished us-
ing focused ultrasound, has particular appeal for treating
diseased tissue surrounded by or neighboring healthy
tissue or organs because the effects of ultrasound energy
can be confined to a well-defined target region. Ultrasonic
energy may be focused to a zone having a cross-section
of only a few millimeters due to relatively short wave-
lengths (e.g., as small as 1.5 millimeters (mm) in cross-
section at one Megahertz (1 MHz)). Moreover, because
acoustic energy generally penetrates well through soft
tissues, intervening anatomy often does not impose an
obstacle to defining a desired focal zone. Thus, ultrasonic
energy may be focused at a small targetin order to ablate
diseased tissue without significantly damaging surround-
ing healthy tissue.

[0004] An ultrasound focusing system generally utiliz-
es an acoustic transducer surface, or an array of trans-
ducer surfaces, to generate an ultrasound beam. The
transducer may be geometrically shaped and positioned
to focus the ultrasonic energy at a "focal zone" corre-
sponding to the target tissue mass within the patient. Dur-
ing wave propagation through the tissue, a portion of the
ultrasound energy is absorbed, leading to increased tem-
perature and, eventually, to cellular necrosis - preferably
at the target tissue mass in the focal zone. The individual
surfaces, or "elements," of the transducer array are typ-
ically individually controllable, i.e., their phases and/or
amplitudes can be setindependently of one another (e.g.,
using a "beamformer" with suitable delay or phase shift
in the case of continuous waves and amplifier circuitry
for the elements), allowing the beam to be steered in a
desired direction and focused at a desired distance and
the focal zone properties to be shaped as needed. Thus,
the focal zone can be rapidly displaced and/or reshaped
by independently adjusting the amplitudes and phases
of the electrical signal input into the transducer elements.
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[0005] However, because the human body is flexible
and moves even when a patient is positioned to keep still
(due to respiration, for example, or small involuntary
movements), treatment delivered as multiple sonications
over time - even when delivered within seconds of each
other - may require interim adjustments to targeting
and/or to one or more treatment parameters. Compen-
sation for motion is thus necessary to ensure that the
ultrasound beam remains focused on the target and does
not damage the surrounding healthy tissues.

[0006] Accordingly, animaging modality, such as mag-
netic resonance imaging (MRI), may be used in conjunc-
tion with ultrasound focusing during non-invasive therapy
to monitor the locations of both the target tissue and the
ultrasound focus. Generally, an MRI system 100, as de-
picted in FIG. 1, includes a static-field magnet 102, one
or more gradient-field coils 104, a radio-frequency (RF)
transmitter 106, and an RF receiver (not shown). (Insome
embodiments, the same device is used alternately as RF
transmitter or receiver.) The magnet includes a region
108 for receiving a patient 110 therein, and provides a
static, relatively homogeneous magnetic field over the
patient. Time-variable magnetic field gradients generat-
ed by the gradient-field coils 104 are superposed with
the static magnetic field. The RF transmitter 106 trans-
mits RF pulse sequences over the patient 110 to cause
the patient’s tissues to emit a (time-varying) RF response
signal, which is integrated over the entire (two- or three-
dimensional) imaging region and sampled by the RF re-
ceiver to produce a time series of response signals that
constitute the raw image data. This raw data is passed
on to a computation unit 112. Each data point in the time
series can beinterpreted as the value of the Fourier trans-
form of the position-dependent local magnetization at a
particular point in k-space (i.e., wavevector space),
where the wavevector k is a function of the time devel-
opmentofthe gradientfields. Thus, by Fourier-transform-
ing the time series of the response signal, the computa-
tion unit 112 can reconstruct a real-space image of the
tissue (i.e., an image showing the measured magnetiza-
tion-affecting tissue properties as a function of spatial
coordinates) from the raw data. The real-space magnet-
ic-resonance (MR) image may then be displayed to the
user. The MRI system 100 may be used to plan a medical
procedure, as well as to monitor treatment progress dur-
ing the procedure. For example, MRI may be used to
image an anatomical region, locate the targettissue (e.g.,
a tumor) within the region, guide the beam generated by
the ultrasound transducer 114 to the target tissue, and/or
monitor the temperature in and surrounding the target
tissue.

[0007] Inimage-guided systems, such as MRI-guided
focused-ultrasound (MRgFUS) systems), motion com-
pensation is generally accomplished by tracking the tar-
get (directly or indirectly) in the images and steering the
ultrasound beam based on the tracked position. One ap-
proach to target tracking involves determining the coor-
dinates of a set of one or more identifiable features, or
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"anatomical landmarks," that can be located in each im-
age; and computing the motion of the target, which is
presumed to be at a known location relative to the land-
marks, based on these coordinates. In an alternative ap-
proach, the relative shifts between successive images
are determined by correlating one image with a large
number of computationally shifted copies of the otherim-
age, and selecting the shifted image that provides the
best match. In either case, significant image-processing
time is expended to determine the target location, reduc-
ing the effective imaging rate and often impeding real-
time motion compensation. In some cases, delays in rec-
ognizing and quantifying target motion cause beam-tar-
geting inaccuracies within a tolerable range. Often, how-
ever, itbecomes necessary to stop the treatment process
and correct for any misalignment due to displacement of
the target tissue or organ before treatment can be re-
sumed. This results in significant inefficiencies in the
treatment process, and may cause inconvenient delays.
[0008] Accordingly, there is a need for improved mo-
tion-tracking approaches that facilitate tracking the tar-
get, and compensating for its motion, in real time during
treatment.

[0009] Mougenot C. et al. (Proceedings of the Interna-
tional Society for Magnetic Resonance in Medicine, p
1127, Berlin, 2007) discloses a method for motion antic-
ipation which allows correction of processing latency in
MRI-guided focused ultrasound by exploiting the periodic
nature of the respiratory cycle.

SUMMARY

[0010] The present invention provides systems and
methods for tracking the motion of a target or other ob-
jects of interest in a region of interest in real time during
an image-guided treatment procedure or during calibra-
tion of an image guided treatment system. In particular,
the present invention provides a method and a system
in accordance with claim 1 and claim 2, respectively, for
tracking the motion of a treatment target or other objects
of interest in an anatomical region of interest in real time
during an image-guided treatment procedure. In various
embodiments, a library of reference images is acquired
using, for example, an MRI apparatus prior to treatment;
the reference images cover an anticipated range of a
periodic motion (e.g., a complete respiratory cycle) or a
non-periodic motion (e.g., a patient's movement). The
reference images are then processed to (directly or indi-
rectly) locate the object(s) of interest therein; locational
information is stored along with its respective reference
image. The reference images may be stored as raw k-
space image data and/or reconstructed real-space im-
age data.

[0011] During treatment or calibration, in order to track
motion of the region of interest (for example an anatom-
ical region of interest or a region of interest within a blank)
in real time, an image matrix or a sub-image matrix (i.e.,
partial data) of the raw k-space image data is acquired
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repeatedly; in either case, a sub-image matrix may be
compared and matched against a corresponding portion
of the k-space image data (i.e., data located in the sub-
stantially same portion of the k-space) in the reference
library to determine image similarity therebetween. Alter-
natively or additionally, the sub-image matrix may be
used to reconstruct a real-space sub-image having a re-
duced frame size and/or spatial resolution, and the sub-
image is compared and matched against the real-space
image data in the reference library. Using a sub-image
matrix (or partial raw data) for identification purposes ob-
viously reduces acquisition and processing time, but can
result in ambiguity: in some instances, more than one
image may match the partial raw data (or its reconstruct-
ed real-space image). Accordingly, if a sufficiently closely
matching reference image is identified without ambiguity
(i.e., only one reference image is identified), the location
of each object of interest in that reference image is
deemed to be the location of the respective object in the
treatment sub-image as well. If, however, more than one
reference image has sufficiently high similarity (e.g.,
above a pre-determined threshold) to the treatment sub-
image (or sub-image matrix), in various embodiments,
complementary information - e.g., additional image-re-
lated and/or motion-related information - may be utilized
to identify the reference image that best matches the
treatment sub-image or sub-image matrix (i.e., to which
the treatment sub-image or sub-image matrix most likely
corresponds).

[0012] Again, once the best-matching reference image
is identified, the location of the object(s) of interest in the
best-matching reference image is deemed to be the lo-
cation of the respective object in the treatment sub-im-
age. Thus, compared with conventional tracking ap-
proaches, the current invention significantly reduces the
image acquisition and processing time required during
treatment by acquiring and processing only partial image
data (i.e., partial raw k-space data and/or real-space sub-
images) that includes the anatomical region of interest,
and thus facilitating real-time motion tracking of the ob-
ject(s) of interest with limited delay. In addition, comple-
mentary information including, for example, a stage of
the anticipated range of motion, readout from one or more
motion sensors, information associated with preceding
treatment images, etc., may resolve ambiguity resulting
from image comparison using partial data, and thereby
correctly identify the reference image best matching the
partial raw data and/or sub-image acquired during treat-
ment.

[0013] In some embodiments, unlike conventional ap-
proaches where the k-space image data is acquired in a
continuous row-by-row or column-by-column manner,
the image data in k-space in the current invention is al-
ternately acquired in a low frequency region and in a high
frequency region. The acquired image data is substan-
tially simultaneously processed to compare against the
image data stored in the library upon acquisition and de-
termine whether any reference image(s) are candidate
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matches. If the number of identified reference image(s)
is below a pre-determined threshold (e.g., less than five
reference images), complementary information is provid-
ed to determine whether one and only one reference im-
age can be identified as the best-matching image. If not,
or if the number of identified reference image(s) exceeds
the pre-determined threshold, the data acquisition proc-
ess continues - i.e., alternately acquiring nextimage data
in the low-frequency and high-frequency regions. This
step can be iteratively implemented until only one refer-
ence image is identified as the image best matching the
treatment sub-image. The treatment image data ac-
quired using this approach advantageously includes both
high-frequency and low-frequency information, and in
some embodiments, the data itself or in combination with
the complementary information is sufficient to identify
one best-matching reference image without the need for
acquiring the entire data to fill in the k-space. Therefore,
the present approach can achieve reduced delay in im-
aging acquisition and significant savings in imaging
processing time during treatment.

[0014] Accordingly, in one aspect, the invention pro-
vides a method for tracking one or more (generally mov-
ing) objects of interest (including anatomical objects of
interest, for example; a treatment target and/or a non-
treatmenttarget) during a treatment sequence. In various
embodiments, the method involves, prior to the treatment
sequence, acquiring a series of reference images (i.e.,
at least one image, and typically a plurality of images) of
a region (e.g. an anatomical region) that includes the
object of interest (e.g. the anatomical object of interest)
during motion thereof (each reference image corre-
sponding to a different stage of the motion) and/or ac-
quiring the complementary information during acquisition
of the reference images, and processing the images to
determine, for each image, a location therein that is as-
sociated with the object of interest. Optionally, comple-
mentary information, such as a stage of the motion, mo-
tion-sensor data, and/or information associated with pre-
ceding images (e.g., metadata specifying when during a
respiratory cycle the images were obtained) may be ac-
quired during acquisition of the reference images. The
method further includes, during the treatment sequence,
acquiring treatment images of the anatomical region and
acquiring complementary information during acquisition
of the treatment images, wherein the complementary in-
formation is utilized to identify the reference image that
best matches the treatment sub-image or sub-image ma-
trix; generally, the treatment images contain less infor-
mation (e.g., less image data) than the reference images
do. One or more of the treatment images are then cor-
related to the reference image(s) based on similarity ther-
ebetween and the complementary information, and sub-
sequently, the object of interestis tracked in the treatment
image(s) based at least in part on the location(s) asso-
ciated with the object in the corresponding reference im-
age(s). As used herein, the term "acquiring” includes ob-
taining data from sensors orimagers, retrieving data from
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sources such as reference libraries or treatmentimages,
and computing or deriving new information from existing
data. In various embodiments, the method further in-
cludes monitoring a temperature in the anatomical region
by performing baseline subtraction between the treat-
ment images and the corresponding reference images.
[0015] Throughout the disclosure of the present appli-
cation a "treatment sequence" may be a sequence
whereby treatment (for example ultrasound treatment) is
carried out or the "treatment sequence" may refer to car-
rying out a sequence absent any treatment being carried
out. Similarly, a "treatment image" refers to an image
obtained during a "treatment sequence" with treatment
or absent treatment".

[0016] Accordingly, the method optionally does not in-
clude any treatment. In various embodiments the method
is not or does not compromise a method of treatment of
the human or animal body. In various embodiments, the
images are MRI images, and a sequence for acquiring
k-space data associated with the treatment images is
determined based on types of information encoded in
each k-space location. For example, the k-space data
associated with the treatment images is acquired in a
high-frequency region and a low-frequency region alter-
nately.

[0017] The treatment sequence may include treatment
of the anatomical object by, for example, steering a fo-
cused ultrasound beam onto the object based on the
tracking. Alternatively, the treatment sequence may in-
clude treatment of a target other than the anatomical ob-
ject; during the treatment, a focused ultrasound beam is
shaped onto the target so as to avoid the anatomical
object based on the tracking. In addition, the treatment
sequence may be part of a treatment procedure including
multiple time-separated treatment sequences, each hav-
ing one or more exposures of an anatomical target to
therapeutic energy; one or more of the acquired refer-
ence images used during a treatment sequence may be
the treatment image(s) obtained during a previous treat-
ment sequence. In one embodiment, each exposure is
subjection of the anatomical target to acoustic energy.
[0018] In some embodiments, the reference images
are processed to identify one or more anatomical land-
marks in each of the reference images; the location as-
sociated with the object is a location of the anatomical
landmark(s) and the location of the anatomical land-
mark(s) is known relative to the location of the object.
The location of the targetis then inferred from the location
of the anatomical landmark in the corresponding refer-
ence image.

[0019] The location associated with the object may be
a location of the object; and the similarity may be deter-
mined based on raw image data. The image series may
include one image or more images. In addition, the meth-
od may further include, during the treatment sequence,
adding a treatment image to the series of reference im-
ages. In one embodiment, the method includes compar-
ing motion of the tracked object against the series of ref-
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erence images and, based thereon, smoothing the
tracked motion and/or detecting a tracking error.

[0020] In various embodiments, each reference image
includes multiple regions, and the method further in-
cludes, prior to the treatment sequence, processing the
reference images to determine, for each region, a loca-
tion associated with the object. Each treatment image
may include one or more regions, and the region(s) is
compared against a corresponding region in the refer-
ence images to determine similarity therebetween. The
locations of the object in the treatment images are then
determined based at least in part on the locations asso-
ciated with the object in the corresponding regions in the
corresponding reference images.

[0021] In another aspect, the invention is directed to a
system for tracking one or more moving objects (includ-
ing a treatment target and/or a non-treatment target) dur-
ing a treatment sequence. In various embodiments, the
system includes an imaging apparatus (e.g., an MRl ap-
paratus), operable in conjunction with a treatment appa-
ratus (e.g., an ultrasound transducer), adapted to (i) ac-
quire a series of reference images of a region (e.g., an
anatomical region) having the object(e.g., the anatomical
object of interest) during motion thereof (each reference
image corresponding to a different stage of the motion)
prior to the treatment sequence, and (ii) acquire treat-
ment images of the anatomical region during the treat-
ment sequence. In addition, the system includes means
for acquiring complementary information during acquisi-
tion of the treatment images and/or reference images
and a computation unit configured to (i) receive comple-
mentary information, wherein the complementary infor-
mation is utilized to identify the reference image that best
matches the treatment sub-image or sub-image matrix,
(i) process the reference images to determine, for each
reference image, a location associated with the object,
(iii) correlate one or more of the treatment images to cor-
responding reference image(s) based on similarity ther-
ebetween and the received complementary information,
and (iii) track the object in the treatment image(s) based
at least in part on the location associated with the object
in the corresponding reference image(s). In one embod-
iment, the computation unit is further configured to ac-
quire the complementary information during acquisition
of the reference images.

[0022] The means for acquiring complementary infor-
mation may include an input device for receiving image
metadata, a motion sensor, and/or a computational mod-
ule for extracting information associated with preceding
treatment (or reference) images or extrapolating infor-
mation of a stage of the motion associated with a current
treatment image. In addition, the computation unit may
be further configured to determine an acquisition se-
quence of k-space data associated with the treatment
images based on types of information encoded in each
k-space location. For example, the computation unit may
be configured to acquire the k-space data alternatively
in a high-frequency region and a low-frequency region
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alternately.

[0023] The computation unit may be further configured
to focus an ultrasound beam generated by the transducer
onto the object based on the tracking. The treatment se-
quence may include treatment of a target other than the
anatomical object; the computation unit is further config-
ured to shape an ultrasound beam generated by the
transducer so as to avoid the object based on the track-
ing. In some embodiments, the treatment sequence is
part of a treatment procedure including multiple time-sep-
arated treatment sequences, each including one or more
exposures of an anatomical target to therapeutic energy;
the computation unit is further configured to use a treat-
ment image obtained during a first one of the treatment
sequences as a reference image for a subsequent sec-
ond one of the treatment sequences.

[0024] In addition, the computation unit may be further
configured to monitor a temperature in the anatomical
region by performing baseline subtraction between the
treatment images and the corresponding reference im-
ages. In various embodiments, the computation unit is
further configured to identify one or more anatomical
landmarks in each of the reference images; the location
associated with the object is a location of the anatomical
landmark(s), and the location of the anatomical land-
mark(s) is known relative to a location of the object. In
addition, the computation unit is further configured to
track the target by inferring the location of the target from
the location of the anatomical landmark(s) in the corre-
sponding reference image.

[0025] The computation unit may be configured to cor-
relate the treatmentimages against the reference images
based on raw image data. Additionally, the computation
unit may be configured to add a treatment image to the
series of reference images. Further, the computation unit
is configured to compare motion of the tracked object
against the series of reference images and, based ther-
eon, smooth the tracked motion and/or detect a tracking
error. In various embodiments, each reference image in-
cludes multiple regions and the computation unit is con-
figured to process the reference images to determine,
foreachregion, a location associated with the object prior
to the treatment sequence. Each treatment image in-
cludes one or more regions, and the computation unit is
further configured to compare the region(s) againsta cor-
responding region in the reference images to determine
similarity therebetween and subsequently determine the
locations of the object in the treatment images based at
least in part on the locations associated with the object
in the corresponding regions in the corresponding refer-
ence images.

[0026] In another aspect, the invention is directed to a
method for tracking a moving anatomical object during
treatment. In various embodiments, the method includes,
prior to the treatment, acquiring a series of reference im-
ages of an anatomical region having the anatomical ob-
ject during motion thereof (each reference image corre-
sponding to a different stage of the motion) and process-
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ing the images to determine, for each image, a location
associated with the object. Further, the method includes,
during the treatment: (i) performing a scanning sequence
that include multiple scanning lines to acquire image data
associated with the anatomical object, the scanning; (ii)
acquiring complementary information associated with
the anatomical object during acquisition of the image da-
ta; (iii) computing similarity between the acquired image
data and the reference images to identify one or more
matching reference image(s); (iv) determining whether a
number of the matching reference images is below a
threshold; and if so, selecting one of the matching refer-
ence image(s) based on the similarity and the comple-
mentary information, and inferring a location of the ana-
tomical object from the location associated with the an-
atomical object in the selected reference image. If, how-
ever, the number of the matching reference images is
above a threshold, performing the scanning sequence in
a next scanning line to acquire the image data of the
anatomical object based on the pre-determined scanning
sequence and repeating steps (ii), (iii) and (iv).

[0027] As used herein, the term "substantially" mean
+10%, and in some embodiments, =5%. Reference
throughout this specification to "one example," "an ex-
ample," "one embodiment,” or "an embodiment" means
that a particular feature, structure, or characteristic de-
scribed in connection with the example is included in at
least one example of the present technology. Thus, the
occurrences of the phrases "in one example," "in an ex-
ample," "one embodiment," or "an embodiment" in vari-
ous places throughout this specification are not neces-
sarily all referring to the same example. Furthermore, the
particular features, structures, routines, steps, or char-
acteristics may be combined in any suitable manner in
one or more examples of the technology. The headings
provided herein are for convenience only and are not
intended to limit or interpret the scope or meaning of the
claimed technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] In the drawings, like reference characters gen-
erally refer to the same parts throughout the different
views. Also, the drawings are not necessarily to scale,
with an emphasis instead generally being placed upon
illustrating the principles of the invention. In the following
description, various embodiments of the present inven-
tion are described with reference to the following draw-
ings, in which:

FIG. 1 illustrates an MRI-guided focused ultrasound
system in accordance with various embodiments;
FIG. 2 is a flow chart illustrating a tracking method
in accordance with various embodiments;

FIG. 3 depicts associating target locations with var-
ious parts of k-space image data using an interpo-
lation approach in accordance with various embod-
iments;

10

15

20

25

30

35

40

45

50

55

FIGS.4Aand 4B depict storing partial k-space image
datain a reference library in accordance with various
embodiments;

FIGS. 5A-5D illustrate a sequence for acquiring k-
space data during treatment in accordance with var-
ious embodiments;

FIG.6is aflow chartdepicting a method of identifying
areference image that matches image data acquired
during treatment in accordance with various embod-
iments;

FIGS. 7A-7C depict acquiring partial k-space image
data during treatment in accordance with various
embodiments;

FIG. 8 depicts a treatment image and the reference
images in a library in accordance with various em-
bodiments;

FIG. 9A depicts a conventional method of acquiring
k-space image data;

FIGS. 9B and 9C illustrate various sequences for
acquiring k-space data during treatment in accord-
ance with various embodiments;

FIG. 9D depicts another conventional method of ac-
quiring k-space image data;

FIG. 10A is a flow chart illustrating a conventional
thermometry method;

FIG. 10B is a flow chart illustrating a method for ther-
mometry in conjunction with target tracking in ac-
cordance with various embodiments; and

FIG. 11 is a block diagram illustrating an image-
processing and control facility in accordance with
various embodiments.

DETAILED DESCRIPTION

[0029] The present invention provides systems and
methods for tracking the motion of an object of interest,
e.g., a treatment target, in real time during an image-
guided procedure. The procedure may, for example, in-
volve the application of focused ultrasound to (i.e., the
sonication of) a material, a tissue or organ for the purpose
of heating it, either to necrose, ablate, or otherwise de-
stroy the tissue ifitis, e.g., cancerous, or for non-destruc-
tive treatments such as pain amelioration or the control-
led inducement of hyperthermia. Ultrasound may also be
used for other, nonthermal types of treatment, such as,
e.g., neuromodulation. Alternatively, the procedure may
use different forms of therapeutic energy, such as, e.g.,
radio-frequency (RF) radiation, X-rays or gamma rays,
or charged particles, or involve other treatment modali-
ties such as cryoablation. Motion tracking in various treat-
ment procedures may serve to guide the therapeutic en-
ergy beam onto the target and/or around other, non-tar-
get tissues and organs, i.e., to adjust the beam focus,
profile, and/or direction based on images of the affected
anatomical region, which may, in some embodiments,
also visualize the beam focus. MRl is a widely used tech-
nique for such image-based motion tracking. However,
other imaging techniques, including, e.g., X-ray imaging,
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X-ray computed tomography (CT), or ultrasound imag-
ing, may also be used and are within the scope of the
present invention. In addition, the motion tracking may
be achieved using one or more two-dimensional images
and/or three-dimensional images. An exemplary system
for implementing methods in accordance with various
embodiments is an MRgFUS system, such as the one
depicted in FIG. 1, with a suitable image-processing and
control facility as described in detail below with reference
to FIG. 4.

[0030] FIG. 2 illustrates methods for real-time motion
tracking in accordance with various embodiments. For
ease of reference, the following description only refers
to target tracking; it should be understood, however, that
the same methods generally apply as well to the tracking
of other organs or tissues of interest (such as organs
vulnerable to damage from the therapeutic beam) or ma-
terials. The method includes preparatory steps per-
formed prior to the procedure of interest, as well as steps
executed during the procedure. In afirst preparatory step
200, a series of images of an anatomical region including
the target is acquired during motion thereof. Each image
typically corresponds to a different stage of motion, and
the series collectively covers the anticipated range of mo-
tion. For example, the series of images may be taken at
regular intervals during a complete cycle of a periodic
respiratory motion or a non-periodic motion. As another
example, the region of interest, e.g. the anatomical region
of interest within a patient may be monitored for a certain
time period to capture a range of positions resulting from
inadvertent sporadic motions. In MRI-based methods,
acquiring the images typically involves, first, acquiring
raw k-space MR signals (step 202), and then reconstruct-
ing real-space images from the raw data (step 204). Both
k-space and real-space image data are complex-valued
(i.e., have a magnitude and phase or, expressed differ-
ently, real and imaginary parts). Optionally, in some em-
bodiments, complementary information (e.g., additional
image-related and/or motion-related information as fur-
ther described below) may be acquired during acquisition
of the raw k-space image data 202. The complementary
information may be compared with the complementary
information acquired during treatment to resolve ambi-
guity resulting from image comparison using partial data,
and thereby correctly identify the reference image best
matching the partial raw data and/or sub-image acquired
during treatment.

[0031] Inthe next step 206, the real-space images are
processed to determine coordinates associated with the
target, such as the target coordinates themselves and/or
coordinates of anatomical landmarks located at known
(e.g., fixed) positions relative to the target. This step may
be performed by any of a number of feature-detection or
tracking methods known to those of skill in the art. In
some embodiments, the target and/or landmark location
is determined for each image separately in absolute co-
ordinates within the image frame (e.g., in terms of row
and column numbers) or generally in a coordinate system
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of the imaging system using, e.g., edge detection or blob
detection. In other embodiments, relative changes in the
target and/or landmark locations (expressed, e.g., in co-
ordinate differences or translation/motion vectors) be-
tween differentimages are determined. For example, the
location of the target in the first image of the series may
arbitrarily be designated as the origin, and the location
of the target in subsequent images may be measured
relative to that origin. Motion vectors can be obtained by
pixel-based ("direct") methods such as block-matching
algorithms, phase-correlation and frequency-domain
methods, pixel recursive algorithms, Bayesian estima-
tors (e.g., a maximum a posteriori probability (MAP) es-
timate or a Markov random field model), and/or optical
flow methods, as well as by feature-based ("indirect")
methods that match corresponding features (such as,
e.g., Harris corners) between images. Block-matching
algorithms, for instance, involve computationally shifting
a portion (or "block") of the first image by a large number
of known vectors and correlating the resulting copies of
the block against the subsequent image to identify the
best match. Importantly, the computational cost associ-
ated with determining the target location is of reduced
importance in selecting an appropriate method because
the image-processing step 206 is generally carried out
before, not concurrently with, target tracking in real time.
[0032] The method may comprise MRI scanning to ac-
quire the reference images and treatment images and
the imaging apparatus may be configured to carry out
MRI scanning. Typically, during MRI scanning, the k-
space datais acquired in arow-by-row manner. Referring
to FIG. 3, for example, in one reference image (e.g., xt
image) of the library, the top two rows of the k-space
image data may be acquired during a single shot or during
the first two shots of an MRI procedure (labeled as region
A) during a time period of to-ti, the next two rows of data
(labeled as region B) can be acquired during the next two
shots during a time period of t4-t,, image data in a region
labeled as C can be acquired by the following two shots
during a period of t,-t3, and finally the last two shots can
acquire image data in a region labeled as D during a
period of t3-t,. Similarly, in the next reference image (e.g.,
(x+1)t image), the k-space image data is acquired in a
sequential order from region A to region D. The locational
information of the target derived from the two reference
images represents the location of the target at the median
or average time during data acquisition (i.e., t, in xth im-
age and tzin the (x+1)thimages, respectively). In instanc-
es where the target's movement is continuous and
steady, it may be possible to interpolate the target’s lo-
cations at an acquisition time between t, and tg. For ex-
ample, as depicted, ifone coordinate of the target location
is determined to have a value of 30 (e.g. in mm or pixels)
in the xt" reference image and 70 in the (x+1)th reference
image, the value of the target’s coordinate when acquir-
ing image data in the regions C and D of the xth image
may be interpolated as 35 and 45, respectively. Likewise,
the value of the target’s coordinate when acquiring data
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in regions A and B of the (x+1)t reference image may
be interpolated as 55 and 65, respectively. The interpo-
lation process may be performed on various regions of
the reference images throughout the library such that
each region of the k-space data in each reference image
has its associated target location. This interpolation ap-
proach may advantageously provide a more accurate tar-
get information when partial k-space image data is ac-
quired during treatment as further described below. Note
that each region of the reference image may have the
same amount or different amounts of k-space image da-
ta, and the interpolation is computed based on the length
of time required for acquiring the image data in each re-
gion. In addition, the regions may overlap.

[0033] The entire k-space image data and/or real-
space image data of each acquired reference image may
be stored in the reference library. Alternatively, it is pos-
sible to store only a portion of the acquired k-space image
data (i.e., a sub-image matrix) and/or a portion of the
real-space image data (i.e., a sub-image) relating to the
object of interest to reduce the storage requirement. The
stored reference images may have less spatial resolution
and/or a smaller image frame size than the reference
images initially acquired (or reconstructed) in steps 202,
204. As used herein, the term "entire k-space data" or
"k-space data initially acquired in step 200" connotes a
data matrix of, for example, 1616, 32Xx32, 64X64,
128x128, 128x256, 192x256, or 256256 obtained
using a standard MRI scanning procedure, and the term
"partial k-space data" connotes any matrix (i.e., ordered
arrangement of data) having dimensions less than the
"entire k-space data."

[0034] In one embodiment, some raw data in the
phase-encoding direction (i.e., rows) and/or in the fre-
quency-encoding direction (i.e., columns) in k-space is
omitted and not stored in the reference library. For ex-
ample, referring to FIG. 4A, the library may include raw
data located in every other row while including raw data
in every single column; this may resultin a 50% reduction
of the frame size (sub-image) in the vertical direction of
the real-space image reconstructed therefrom. In some
embodiments, the sub-images are stored in the reference
library as well. Although the reference library built using
this approach includes sub-images, the spatial resolution
of the sub-images is uncompromised - i.e., the sub-im-
ages have the same resolution as the images recon-
structed from the initially acquired raw data.

[0035] Inanotherembodiment, the raw datainthe most
peripheral scanning lines (or "outer region") in k-space
is truncated, and only the data in a portion close to the
k-space center (or "center region") is stored. For exam-
ple, referring to FIG. 4B, the library may store only 50%
of the raw data close to the k-space center region in the
phase-encoding direction, and the remaining 50% of raw
data in the outer region is discarded. Advantages of this
approach include, for example, retaining the frame size
of the real-space image. However, because the data at
high spatial frequencies is omitted, information about

10

15

20

25

30

35

45

50

55

edges and fine details in the real-space images may be
lost; therefore, this approach may result in a resolution
decrease in the reconstructed real-space images. As
used herein, the "center region" may include all raw k-
space data except the sequence of raw data forming the
periphery in k-space. Alternatively, the "center region"
may include only a fraction of the radial extent - e.g.,
10%, 20%, 50%, etc. The "outer region" typically includes
all raw data outside the center region.

[0036] To determine whether to store the entire raw
image data or only a portion thereof in the library, it is
necessary to evaluate various factors, including the stor-
age capacity, the shape and size of the object of interest,
the required minimal resolution of the images, etc. For
example, if the object of interest has an asymmetric
shape in its length and width (e.g., a rectangular or ellip-
tical shape) and/or the spatial resolution thereof is of an
important concern, it may be suitable to store partial data
in the phase-encoding direction and entire data in the
frequency-encoding direction as depicted in FIG. 4A. If,
however, the object of interest has comparable sizes in
its length and width, and/or the detail thereof is of less
importance, the reference library may store a portion of
the raw data closer to the k-space center as depicted in
FIG. 4B.

[0037] Referring again to FIG. 2, in a step 208, the
locational information derived from the images in step
206 (including the interpolated target location associated
with each region of the k-space data) and/or the comple-
mentary information acquired during acquisition of the
raw k-space image data may be stored along and in as-
sociation with respective (k-space and/or real-space) im-
ages in the reference library. For example, each refer-
ence image may be combined with its associated loca-
tional information into a reference record (which may in-
clude one or more data files). Alternatively, the reference
images and the locational information may be stored in
different data structures and/or at different memory loca-
tions, and an additional database may link each image
with the associated locational information.

[0038] The reference library built in the preparatory
steps 200-208 is used subsequently during the proce-
dure of interest for real-time target tracking. This means,
in some embodiments, that the preparatory steps are
completed before treatment of the target commences. In
other embodiments, the preparatory steps for a particular
treatment sequence are taken during an earlier treatment
sequence. For example, focused-ultrasound ablation of
a tumor may be carried out in two or more phases: a first
phase during which the central region of the tumor is
targeted, and one or more subsequent phases in which
the peripheral regions of the tumor are exposed to ultra-
sound. Since the risk to healthy tissue surrounding the
tumor increases as treatment progresses, so may the
need for accurate, real-time imaging. Therefore, motion
tracking during the first phase may proceed at an imaging
rate low enough to permit target localization by conven-
tional means (i.e., means that do not rely on a reference
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library), and motion tracking during the later phase(s)
may utilize the treatment images from the first phase as
reference images to enable much higher imaging rates.
In general, if treatment involves multiple discrete treat-
ment sequences, the same reference library may be used
for all sequences, or the reference library may be reset
for each sequence using images obtained during one or
more previous sequence as the new reference images.
Further, in some embodiments, only a subset of the ac-
quired reference images (e.g., every other image taken
during a respiratory cycle) is processed prior to the treat-
mentsequence of interest and used as aninitial reference
library for target tracking, and the remaining reference
images are processed subsequently, during the treat-
ment sequence of interest, to refine the reference library.
[0039] Invarious embodiments,during treatment of the
target, the anatomical region of interest is imaged repeat-
edly (step 210), e.g., every 100 ms to create a treatment
image sequence. In various embodiments, only partial
raw k-space image data (or a "sub-image matrix", as op-
posed to the entire k-space image data acquired in step
202)is acquired during treatment for reducing the image
acquisition time. The position of the (generally moving)
object of interest in each image frame is determined by
comparing the partial raw image data acquired during
treatment against a corresponding portion of the image
data stored in the reference library, and a closest
matched reference image is identified using a suitable
metric of image similarity (step 212). For example, refer-
ring to FIGS. 5A-5B, the k-space data in regions A, B, C,
and D of the treatment image may be compared against
the k-space image data in regions A, B, C, and D, re-
spectively, of the reference images (as shown in FIG. 3)
in the reference library.

[0040] Similarly, if the comparison is performed on the
real-space images, the treatment sub-image may be
compared with only a corresponding fraction of each of
the real-space images stored in the reference images.
Alternatively, an image analysis (e.g., pattern matching)
may be performed to compute the similarity between the
treatment sub-image or partial raw data and various por-
tions within areference image (since the reference image
may have a larger frame size than the treatment sub-
image) in order to identify a region that best matches the
treatment sub-image or partial raw data within each im-
age. Subsequently, the best-matching reference image
is selected based on the similarity of the best-matching
portion therein.

[0041] The image comparison may be based, for ex-
ample, on k-space or real-space image data, i.e., it may
involve, but does not necessarily require, the reconstruc-
tion of real-space treatment sub-images from the partial
raw data acquired during treatment. Typically, the com-
parison is performed on a pixel-by-pixel basis, where a
"pixel" refers to an element of the image data array, which
generally stores amplitude and phase values as a func-
tion of real-space coordinates or k-space coordinates,
respectively. Suitable similarity metrics include, for ex-
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ample, cross-correlation coefficients, the sum of squared
intensity differences, mutual information (as the term is
used in probability and information theory), ratio-image
uniformity (i.e., the normalized standard deviation of the
ratio of corresponding pixel values), the mean squared
error, the sum of absolute differences, the sum of squared
errors, the sum of absolute transformed differences
(which uses a Hadamard or other frequency transform
of the differences between corresponding pixels in the
two images), or complex cross-correlation (for complex
images, such as MRI images), and other techniques fa-
miliar, to those of skill in the art, in connection with image
registration.

[0042] In some embodiments, the similarity between
the treatment sub-image (or partial raw data) and the
closest reference image, as measured by the chosen
similarity metric, is compared against a (metric-specific)
similarity threshold, and only if the level of similarity sur-
passes that of the threshold (which typically means, for
metrics that measure the differences, i.e., the dissimilar-
ity, between images, that the value of the metric falls
below the threshold value) is the reference image con-
sidered a match for the treatment sub-image. In other
embodiments, the reference image most similar to the
treatment image is deemed a match regardless of the
absolute degree of similarity.

[0043] Referring again to FIGS. 5A-5D, during treat-
ment, the k-space may be divided into multiple regions,
e.g., regions A-D. Upon acquisition of image data in re-
gion A, a matching process (i.e., comparing the acquired
image data against the corresponding image data - that
is, the image data in region A - of the reference images
stored in the library) is substantially simultaneously per-
formed to identify one or more reference images that
"match" the acquired treatmentimage data. Ifthe number
of identified reference image(s) is below a pre-deter-
mined threshold (e.g., less than 5 reference images are
identified as matching treatmentimage), complementary
information (e.g., additional image-related and/or mo-
tion-related information) as further described below may
be provided to determine one reference image that best
matches the treatment image. If, however, the number
of identified reference images exceeds the pre-deter-
mined threshold, the data-acquisition process - i.e., ac-
quiring the image data in region B - continues. The data-
acquisition process may further continue (e.g., acquiring
data in region C as shown in FIG. 5C followed by acquir-
ing datain region D as shown in FIG. 5D) until the number
of reference images identified to match the treatment im-
age data falls below the pre-determined threshold. It
should be stressed, of course, that the exemplary se-
quences for k-space data acquisition depicted in FIGS.
5A-5D are for illustrative purposes only, and that any ac-
quisition sequence may be used in order to optimize the
quality of treatment image and reduce the data-acquisi-
tion time.

[0044] In addition, the size of each region in the treat-
ment image may include one or more rows of data and
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may dynamically vary. For example, if a preceding treat-
ment image requires acquisition of image data in regions
A and B in order to reduce the number of "matching"
reference images to be less than the pre-determined
threshold, the area of region A in the current treatment
image may expand to include half the area of region B
in the preceding treatment image. If, however, image da-
ta in region A of the preceding treatment image is suffi-
cient to identify a number of reference image(s) that is
less than the pre-determined threshold, the area of region
A in the current image may be reduced to half the size
of that in region A of the preceding treatment image. Fur-
ther, image data acquisition and processing may be per-
formed sequentially or simultaneously. For example,
while the image data in region A is processed to identify
reference image(s) in the library, image data in region B
may be acquired simultaneously.

[0045] FIG. 6is a flow chart 600 illustrating acquisition
and process of image data in a treatment image in ac-
cordance with various embodiments. In a first step 602,
k-space image data in a first region is acquired during
treatment. In a second step 604, the acquired image data
(in k-space or real-space) is substantially simultaneously
processed to identify one or more matching reference
images. If the number of identified reference image(s) is
below a pre-determined threshold, complementary infor-
mation is provided to determine one reference image that
best matches the treatmentimage (in a step 606). If, how-
ever, the number of identified reference images exceeds
the pre-determined threshold, the data-acquisition proc-
ess continues - i.e., acquiring image data in the next re-
gion (in astep 608). Steps 602, 604, 608 can beiteratively
implemented until the number of reference images iden-
tified in step 604 falls below the pre-determined thresh-
old. Again, the amount and locations of raw k-space data
in each region acquired during treatment may vary dy-
namically.

[0046] Because acquisition of k-space image datais a
relatively long process compared with computing the sim-
ilarity between two image matrices, this approach advan-
tageously allows the image acquisition time (for tracking)
during treatment to be reduced by acquiring only partial
k-space image data while identifying the reference image
that best matches the acquired treatment data, thereby
providing the location of the object(s) of interest in the
current treatment image from the matching reference im-
age as further described below.

[0047] Generally, as described above, the reference
library stores the entire raw data initially acquired in step
200, but only partial k-space data is required for tracking
during treatment. In some embodiments, the reference
library stores partial raw data, and during treatment, the
raw k-space data is acquired based on the partial data
stored in the reference library. Regardless of the amount
of image data stored in the reference library, various ap-
proaches may be implemented to acquire partial k-space
data during treatment. For example, referring to FIG. 7A,
the k-space image data used for tracking may be ac-
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quired with fewer scanning lines in the phase-encoding
direction (e.g., acquired every other row) while data in
the frequency-encoding direction is acquired in every col-
umn to reduce the image-acquisition time. The frame size
of the real-space image reconstructed from the reduced
amount of raw data decreases 50% in the vertical direc-
tion, but the spatial resolution of the real-space image is
the same as that ofimages having image data from every
row. Therefore, this approach is suitable for imaging an
anatomical region having an asymmetric shape (i.e., hav-
ing a length differing significantly from the width). Note,
however, that it is possible to acquire partial raw data
using this approach even when the anatomical region
has a comparable length and width. In instances where
the anatomical region has a width larger than the vertical
field of view of the image, a foldover artifact may appear.
In various embodiments, this artifact is eliminated (or at
least reduced) using any suitable technique (such as ap-
plying MRI sequence that selectively saturates the areas
surrounding the region of interest).

[0048] Inanotherembodiment, a percentage of the im-
aging scanning is reduced - i.e., only a portion of k-space
is scanned to reduce the image-acquisition time during
treatment. For example, referring to FIG. 7B, only data
points located in the center region of k-space in the
phase-encoding direction are acquired while the remain-
ing datalocated in the outerregionin the phase-encoding
direction is not acquired. Although this approach may
result in lower resolution in the real-space images due
to omission of the data at high spatial frequencies, the
frame size of the real-space image advantageously re-
mains unchanged (corresponding to that of images in-
cluding both high- and low-frequency data).

[0049] Referring to FIG. 7C, in still another embodi-
ment, the k-space image data is acquired using a com-
bination of the approaches described in FIGS. 7A and
7B -i.e., only data located in the center region of k-space
is acquired and the data in the center region is acquired
with fewer scanning lines in the phase-encoding direction
while data in the frequency-encoding direction is ac-
quired in every column.

[0050] Because every data point in the k-space matrix
contains a portion of the information necessary to recon-
structa complete real-space image, reducing the k-space
data may result in less spatial resolution and/or a smaller
frame size of the real-space images. For example, ac-
quiring less k-space data at high spatial frequencies may
cause the reconstructed image to have less information
regarding the borders and contours as well as structure
detail, whereas acquiring less k-space data at low spatial
frequencies may resultin less image contrast. If the treat-
ment images have less resolution and/or smaller frame
size, the result may be ambiguity when attempting to
identify the best-matching reference image - i.e., more
than one reference image may be identified.

[0051] For example, referring to FIG. 8, the reference
library may include a series of reference images 802 of
an anatomical region of interest obtained at time-sepa-
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rated intervals during a respiratory cycle, including an
exhalation stage 804 and an inhalation stage 806. If a
sub-image or an image with less resolution 808 is ac-
quired during treatment, there may be two reference im-
ages-e.g.,oneimage 810 obtained during the exhalation
stage 804 and another image 812 obtained during the
inhalation stage 806 - found to have high and relatively
equivalent similarity to the treatment image.

[0052] Referring again to FIG. 2, in various embodi-
ments, the object of interest is tracked by other means
substantially simultaneously during acquisition of the
treatment image in order to provide complementary in-
formation (such as image-related and/or motion-related
information), which can resolve ambiguity among the ref-
erence images (step 214). In one embodiment, a com-
plementary tracking system 120 is implemented in the
MRl apparatus 100 oris attached to the patient (as shown
in FIG. 1) to provide the complementary information. For
example, a motion sensor (e.g, a respiration monitor belt)
may be strapped around the patient’s chest to provide
information about the stage of respiration cycle; this in-
formation is then used to select the best-matching refer-
ence image among the multiple reference images iden-
tified in previous steps 210, 212 (step 216). For example,
if the respiration monitor belt indicates that the patient is
in the inhaling stage, the image 812 in FIG. 8 is deter-
mined to be the reference image that best matches the
treatment image. This may be achieved, for example, by
including metadata with the images indicating when dur-
ing the respiratory cycle it was obtained. In other embod-
iments, the complementary information acquired during
treatment is compared against the complementary infor-
mation stored in the reference library. Based on the com-
parison of the complementary information and the image
similarity, the reference image that best matches the par-
tial raw data (and/or sub-image) and the complementary
information acquired during treatment is identified.
[0053] Alternatively, the complementary information
may be provided by the target's movement identified in
the preceding images. For example, if analysis of the
preceding few treatment images indicates that the target
isinhaling, the matching reference image is selected from
the images corresponding to (e.g., marked with metadata
specifying) the inhalation stage only. Thus, in the situa-
tion of FIG. 8, the ambiguity is resolved and reference
image 812 is determined to be the best-matching refer-
ence image.

[0054] In instances where there is still more than one
reference image identified to be matching the current
treatment image even after taking the complementary
information into account, the treatment procedure may,
in some embodiments, continue for a brief period (e.g.,
for one or two image frames), and if matching reference
images are identified for subsequently acquired treat-
ment images, delays in the procedure are avoided. Dur-
ing that time, the ultrasound beam may stay stationary
or be directed (e.g., by predictive algorithm) based on
recent resolved tracking points. However, if it is unsafe
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to skip an image, or if too many successive procedure
images cannot be matched against any of the reference-
library images, the procedure is either aborted or inter-
rupted until the target location has been ascertained
(e.g., by conventional, computationally more expensive
means) and resumed thereafter.

[0055] With reference to FIG. 9A, typically during MRI
scanning, the k-space data is acquired in a continuous,
row-by-row manner; this acquisition sequence, however,
may not be efficient to track a moving anatomical object
of interest in real time. In various embodiments, the se-
quence of data acquisition in k-space during treatment
is determined based on the types of information encoded
in each k-space location. For example, referring to FIG.
9B, in one embodiment, the k-space image data is ac-
quired alternately in the large phase-encoding region and
small phase-encoding region. In another embodiment,
referring to FIG. 9C, the k-space image data is acquired
alternately in the high-frequency region and low-frequen-
cy region in a row-by-row (or any other suitable) manner.
[0056] In various embodiments, and with reference to
FIG. 9D, the k-space data is acquired in a spiral manner.
Acquisition of partial k-space data during treatment as
described above may apply to this scanning approach
as well. For example, image data acquired from the first
shot may be compared against the corresponding image
data (i.e., image data located on the same spiral trajec-
tory) stored in the reference library to identify one or more
matching reference images. In addition, the number and
locations of the scanning shots may vary in order to re-
duce delay of data acquisition while allowing the location
of the treatment target or other objects of interest to be
tracked in real time.

[0057] Referring again to FIG. 2, once a matching ref-
erence image has been identified, the location of the tar-
get can be readily inferred from the previously deter-
mined locational information associated with that refer-
ence image (step 218). For example, if the stored loca-
tional information includes or consists of the target coor-
dinates themselves, these coordinates are taken to be
the coordinates of the target in the current treatment im-
age. Thus, the target can be tracked in real time without
the need to identify the target or other landmark in recon-
structed treatment images. Further, in some embodi-
ments, treatment-image reconstruction itselfis unneces-
sary if each treatment image is correlated to one of the
reference images based on the raw data of both images,
or a portion thereof. Forexample, referring again to FIGS.
3 and 5A, if the k-space data in region A of the (x+1)th
image (as shown in FIG. 3) is identified to best match the
image data in region A of the treatmentimage (as shown
in FIG. 5), the coordinates of the target location in the
treatment image are inferred from the coordinates of the
target location associated with region A in the (x+1)th
reference image. Therefore, one coordinate of the target
location in the treatment image of FIG. 5A has a value
of 55 that is associated with region A of the (x+1)th ref-
erence image. The interpolation approach may thus ad-
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vantageously allows the target location to be more accu-
rately identified during treatment, especially when only
partial k-space data is acquired and used for comparison
against the partial raw data in the reference library.
[0058] Based on the tracked target coordinates, the
ultrasound (or other therapeutic energy) beam may be
steered during the treatment procedure to compensate
for any target motion (step 220). Similarly, if non-target
organs or tissues are tracked, their coordinates may be
used to steer and/or shape the ultrasound (or other en-
ergy) beam so as to avoid or minimize their exposure of
to the therapeutic energy. Particularly, organs vulnerable
to damage from the acoustic beam are often of high in-
terest, and the positions of such organs can be taken into
account during beam-forming such that the energy beam
is shaped so as to heat the target while avoiding damage
to sensitive adjacent organs as they move.

[0059] In some embodiments, the reference library is
extended based on images obtained in real time during
a procedure. For example, if a newly acquired image re-
veals the position of the target (or other object of interest)
to be outside the region collectively represented in the
initial reference library, the newly acquired image may
be analyzed to determine the location of the target, and
added to the reference library along with the locational
information. Optionally, treatment may be paused during
the image processing and resumed once the image anal-
ysis is complete. In extreme cases, the reference library
may even be empty at the beginning of a procedure, and
reference images may be added successively as the pro-
cedure is carried out. This facilitates a design trade-off
between accuracy at the expense of computational over-
head (where the library is large, for example, and con-
tains images from previous sessions) or computational
efficiency when the reduction in accuracy is clinically ac-
ceptable (e.g., where reference images from previous
sessions are unlikely to be relevantto a current treatment
sequence, in which case the reference library is built up
during the current sequence).

[0060] In applications where the tracked target motion
is periodic (such as during a respiratory cycle), reference
images are typically taken sequentially during the cycle
of motion, and tracking accuracy during the treatment
procedure can, thus, be improved by filtering the tracking
results against the reference library. For example, the
curve that describes target motion over time during treat-
ment may be compared against and smoothed based on
the target motion over time during acquisition of the ref-
erence library. Furthermore, target motion as reflected
in images of the reference library can serve to detect
faulty trackingresults, e.g., when, at certain points in time,
the tracked target seems to move against the trend of
motion during that period in the cycle.

[0061] In some embodiments, imaging during a proce-
dure is simultaneously used to quantitatively monitor in
vivo temperatures. This is particularly useful in MR-guid-
ed thermal therapy (e.g., MRgFUS treatment), where the
temperature of a treatment area (e.g., a tumor to be de-
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stroyed by heat) should be continuously monitored in or-
der to assess the progress of treatment and correct for
local differences in heat conduction and energy absorp-
tion to avoid damage to tissues surrounding the treatment
area. The monitoring (e.g., measurement and/or map-
ping) of temperature with MR imaging is generally re-
ferred to as MR thermometry or MR thermal imaging.
[0062] Among various methods available for MR ther-
mometry, the proton resonance frequency (PRF) shift
method is often the method of choice due to its excellent
linearity with respect to temperature change, near-inde-
pendence from tissue type, and temperature map acqui-
sition with high spatial and temporal resolution. The PRF
shift method is based on the phenomenon that the MR
resonance frequency of protons in water molecules
changes linearly with temperature (with a constant of pro-
portionality that, advantageously, is relatively constant
between tissue types). Since the frequency change with
temperature is small, only - 0.01 ppm/°C for bulk water
and approximately -0.0096 to -0.013 ppm/°C in tissue,
the PREF shift is typically detected with a phase-sensitive
imaging method in which the imaging is performed twice:
first to acquire a baseline PRF phase image prior to a
temperature change and then to acquire a second phase
image after the temperature change - i.e., a treatment
image - thereby capturing a small phase change that is
proportional to the change in temperature. A map of tem-
perature changes may then be computed from the (re-
constructed, i.e., real-space) images by determining, on
a pixel-by-pixel basis, phase differences between the
baseline image and the treatmentimage, and converting
the phase differences into temperature differences
based on the PRF temperature dependence while taking
into account imaging parameters such as the strength of
the static magnetic field and echo time (TE) (e.g., of a
gradient-recalled echo).

[0063] If the temperature distribution in the imaged ar-
ea at the time of acquisition of the baseline image is
known, the temperature-difference map can be added to
that baseline temperature in order to obtain the absolute
temperature distribution corresponding to the treatment
image. In some embodiments, the baseline temperature
is simply uniform body temperature throughout the im-
aging region. More complicated baseline temperature
distributions are, in some embodiments, determined prior
to treatment by direct temperature-measurements in var-
ious locations in combination with interpolation and/or
extrapolation based on a mathematicalfit (e.g., a smooth,
polynomial fit).

[0064] Inthe contextof MR thermometry, motion track-
ing can be accomplished by obtaining a library of refer-
ence images, as described above, that covers the antic-
ipated range of a periodic or a non-periodic motion and
provides baseline phase maps corresponding to the tem-
perature in the anatomical region prior to treatment. To
determine the temperature map for a treatment image,
a spatially aligned baseline image is identified (using any
of the methods listed above), and the selected baseline
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and treatment images are then processed to determine
the change in temperature. This method is often referred
to as multi-baseline thermometry. In its conventional im-
plementation, which is illustrated in FIG. 10A, multibase-
line thermometry involves acquiring a library of (real-
space) baseline images prior to the sonication or other
temperature-affecting treatment (steps 1000, 1002), per-
forming the sonication (step 1004), acquiring raw image
data for the treatment region and reconstructing real-
space images therefrom (steps 1006, 1008), selecting a
suitable reference image from the baseline library (step
1010), e.g., based on an image-similarity criterion and/or
complementary information provided by other tracking
means, and computing the thermal map from the treat-
ment and reference images (step 1012). If no baseline
image sufficiently matches the treatmentimage, e.g., be-
cause the target has moved outside the region covered
by the images, the process is aborted (step 1014) or al-
ternatively, the process of library extension is initiated as
described above. Otherwise, the temperature can con-
tinue to be monitored by repeated image acquisition, ref-
erence selection, and processing.

[0065] FIG. 10B illustrates a method that combines
motion tracking for the purpose of beam adjustment and
thermometry in accordance with an embodiment of the
present invention. Again, a library of reference/baseline
images that covers the anticipated range of a periodic or
a non-periodic motion is created prior to treatment by
acquiring raw image data during different stages of mo-
tion (step 1020) and optionally reconstructing the real-
space reference/baseline images therefrom (step 1022).
The target (and/or other anatomical object or feature of
interest) is tracked in these images (step 1024), e.g., rel-
ative to areadily identifiable anatomical landmark, by way
of image correlation against computationally shifted cop-
ies of priorimages, complementary information provided
by other tracking means, or by any of the methods de-
scribed above. The identified target location (e.g., row
and column numbers within the image or coordinates in
some other coordinate system) is stored along or in as-
sociation with each respective reference image (e.g., in
a joint data record, or in a separate database whose en-
tries are linked to the reference images). During the treat-
ment, image data is acquired for the treatment region
(step 1028), and a reference/baseline image is selected
based on similarity (step 1030). As shown, the image
data used for comparison with the baseline library need
not constitute reconstructed real-space images. Rather,
and more typically, raw (k-space) data (of both the treat-
ment image and the baseline images) may be used to
identify a suitable reference image. In some embodi-
ments, it is not necessary to collect a complete k-space
image; instead, partial raw data is used for the purpose
of reference selection.

[0066] Based on the selected reference image and the
target coordinates associated therewith, the sonication
or other treatment procedure may start or be adjusted
(step 1032), e.g., by beam shaping and/or beam steering,
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to ensure that the beam focus remains on the target.
Further, to facilitate thermometry, the acquisition of raw
image data for the treatment region may be completed
(step 1034) (if has not been done already), and the real-
space image may be reconstructed (step 1036) and fur-
ther processed in a manner known to those of skill in the
art to yield a temperature map (step 1038). In addition,
the data acquired in step 1034 can be used to provide
additional information for more-updated tracking. The im-
aging and temperature-mapping process may then be
repeated for the same or another sub-sonication (i.e.,
one of a sequence of sonications within the overall son-
ication procedure). As illustrated, itis possible to reshape
or redirect the therapeutic energy beam (step 1032) prior
to reconstruction of the real-space image (step 1036).
This way, treatment (e.g., sonication), imaging, and im-
age processing can be performed in parallel, reducing
the overall treatment time.

[0067] Motion-tracking methods in accordance here-
with can be implemented using an (otherwise conven-
tional)image-guided treatment system, such as the MRg-
FUS system 100 depicted in FIG. 1, in conjunction with
a complementary tracking system 120 and a suitable im-
age-processing and control facility (e.g., integrated with
computation unit 112) in communication with the treat-
mentapparatus (e.g., the beam former setting the phases
and amplitudes of an ultrasound transducer array) and
the imaging apparatus. The image-processing and con-
trol facility may be implemented in any suitable combi-
nation of hardware, software, firmware, or hardwiring.
FIG. 11 illustrates an exemplary embodiment where the
facility is provided by a suitably programmed general-
purpose computer 1100. The computerincludes a central
processing unit (CPU) 1102, system memory 1104, and
non-volatile mass storage devices 1106 (such as, e.g.,
one or more hard disks and/or optical storage units). The
computer 1100 further includes a bidirectional system
bus 1108 over which the CPU 1102, memory 1104, and
storage devices 1106 communicate with each other and
with internal or external input/output devices, such as
traditional user interface components 1110 (including,
e.g., a screen, a keyboard, and a mouse) as well as the
treatment apparatus 1112, the imaging apparatus 1114,
the complementary tracking system 1116, and (option-
ally) any temperature sensors 1118 facilitating absolute-
temperature measurements.

[0068] The system memory 1104 contains instruc-
tions, conceptually illustrated as a group of modules, that
control the operation of CPU 1102 and its interaction with
the other hardware components. An operating system
1120 directs the execution of low-level, basic system
functions such as memory allocation, file management
and operation of mass storage devices 1106. At a higher
level, one or more service applications provide the com-
putational functionality required for image-processing,
motion tracking, and (optionally) thermometry. For ex-
ample, as illustrated, the system may include an image-
reconstruction module 1122 for reconstructing real-
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space images from raw image data received from the
imaging apparatus 1114, a similarity-measuring module
1124 for measuring similarity between treatment and ref-
erence images (whether raw or reconstructed images),
and a reference-selection module 1126 for selecting suit-
able reference images based on the measured similarity
and optionally the complementary information received
from the complementary tracking system 1116 and/or
locational and/or stage information provided by animage
analysis module 1128. The image analysis module 1126
extracts locational and/or stage information of the target
and/or other object(s) of interest from the reconstructed
reference images. In addition, the system may include a
beam-adjustment module 1130 for computing phase
shifts or other parameters of the treatment apparatus to
compensate for any detected motion, and a thermal-map
module 1132 that subtracts reference from treatmentim-
ages to obtain a temperature difference map and, if the
absolute temperature corresponding to the selected ref-
erence baseline is known, an absolute-temperature map
for the treatment image. The various modules may be
programmed in any suitable programming language, in-
cluding, without limitation, high-level languages such as
C, C++, C#, Ada, Basic, Cobra, Fortran, Java, Lisp, Perl,
Python, Ruby, or Object Pascal, or low-level assembly
languages; in some embodiments, different modules are
programmed in different languages.

[0069] Although the present invention has been de-
scribed with reference to establishing the reference li-
brary prior to treatment, acquiring a new image sequence
during treatment, and tracking a moving anatomical ob-
ject by performing imaging matching between the treat-
ment image and the reference images stored in the li-
brary, it is not intended that the motion tracking of the
anatomical object should be performed during treatment
only. Rather, the above-described approaches may be
implemented in any application for tracking a moving tar-
get when two stages of procedures are involved - the
reference library may be built in one stage where an im-
age rate is of less or no concern and the new image
sequence is acquired in another stage where a real-time
image rate is preferred.

Claims

1. A methodfortracking atleastone moving anatomical
object during a treatment sequence, the method
comprising:

(a) prior to the treatment sequence, (i) acquiring
(200) a series of reference images of an ana-
tomical region comprising the anatomical object
during motion thereof, each reference image
corresponding to a different stage of the motion,
and (ii) processing the images to determine, for
each image, a location associated with the ob-
ject; and
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(b) during the treatment sequence, (i) acquiring
treatment images of the anatomical region, the
treatment images containing less information
than the reference images, (ii) acquiring com-
plementary information (214) during acquisition
of the treatment images, (iii) correlating at least
one of the treatment images to a corresponding
reference image based on similarity therebe-
tween and the complementary information, and
(iv) tracking the object in the at least one of the
treatment images based at least in part on the
location associated with the object in the corre-
sponding reference image,

wherein the complementary information is utilized
(606) to identify the reference image that best match-
es the at least one of the treatment images.

A system for tracking at least one moving anatomical
object during a treatment sequence, the system
comprising:

(a) an imaging apparatus, operable in conjunc-
tion with a treatment apparatus, for (i) acquiring,
prior to the treatment sequence, a series of ref-
erence images of an anatomical region compris-
ing the object during motion thereof, each refer-
ence image corresponding to a different stage
of the motion, and (ii) acquiring treatment imag-
es of the anatomical region during the treatment
sequence;

(b) means for acquiring complementary informa-
tion (214) during acquisition of the treatment im-
ages; and

(c) a computation unit configured to (i) receive
complementary information, (ii) process the ref-
erence images to determine, for each reference
image, a location associated with the object, (iii)
correlate at least one of the treatment images
to a corresponding reference image based on
similarity therebetween and the received com-
plementary information, and (iii) track the object
inthe atleast one of the treatment images based
at least in part on the location associated with
the objectin the corresponding reference image,

wherein the complementary information is utilized
(606) to identify the reference image that best match-
es the at least one of the treatment images.

The system of claim 2, wherein the means for ac-
quiring complementary information comprises at
leastone ofaninputdevice forreceiving image meta-
data, a motion sensor, or a computational module
for extracting information associated with preceding
treatment images or extrapolating information of a
stage of the motion associated with a current treat-
ment image.
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The system of claim 2, wherein the imaging appara-
tus comprises an MRI apparatus, and the computa-
tion unit is further configured to determine an acqui-
sition sequence of k-space data associated with the
treatment images based on types of information en-
coded in each k-space location,

optionally wherein the computation unitis configured
to acquire the k-space data alternatively in a high-
frequency region and a low-frequency region alter-
nately.

The system of claim 2, wherein the treatment appa-
ratus comprises an ultrasound transducer,
optionally wherein the computation unit is further
configured to focus an ultrasound beam generated
by the transducer onto the object based on the track-
ing,

optionally wherein the treatment sequence compris-
es treatment of a target other than the anatomical
object, the computation unit further being configured
to shape an ultrasound beam generated by the trans-
ducer so as to avoid the object based on the tracking.

The system of claim 2, wherein the treatment se-
quence is part of a treatment procedure comprising
a plurality of time-separated treatment sequences
each comprising at least one exposure of an ana-
tomical target to therapeutic energy, the computation
unit being configured to use a treatment image ob-
tained during a first one of the treatment sequences
as a reference image for a subsequent second one
of the treatment sequences.

The system of claim 2, wherein the computation unit
is further configured to perform one of the following
steps:

(i) monitor a temperature in the anatomical re-
gion by performing baseline subtraction be-
tween the treatment images and the corre-
sponding reference images;

(i) correlate the treatment images against the
reference images based on raw image data;
(iii) add a treatment image to the series of ref-
erence images;

(iv) compare motion of the tracked object against
the series of reference images and, based ther-
eon, smooth the tracked motion;

(iv) compare motion of the tracked object against
the series of reference images and, based ther-
eon, detect a tracking error;

(v) acquire the complementary information dur-
ing acquisition of the reference images.

The system of claim 2, wherein the computation unit
is further configured to identify at least one anatom-
ical landmark in each of the reference images, the
location associated with the object being a location
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of the at least one anatomical landmark, the location
of the atleast one anatomical landmark being known
relative to a location of the object,

optionally wherein the computation unit is further
configured to track the target by inferring the location
of the target from the location of the anatomical land-
mark in the corresponding reference image.

The system of claim 2, wherein each reference im-
age comprises a plurality of regions, the computation
unit is further configured to, prior to the treatment
sequence, process the reference images to deter-
mine, for each region, a location associated with the
object.

The system of claim 9, wherein each treatment im-
age comprises at least one region, and the compu-
tation unit is further configured to compare the at
least one region against a corresponding region in
the reference images to determine similarity there-
between.

optionally wherein the computation unit is further
configured to determine the locations of the object
in the treatment images based at least in part on the
locations associated with the object in the corre-
sponding regions in the corresponding reference im-
ages.

Patentanspriiche

1.

Verfahren zum Verfolgen mindestens eines sich be-
wegenden anatomischen Objekts wahrend einer Be-
handlungssequenz, wobei das Verfahren umfasst:

(a) vor der Behandlungssequenz, (i) Erfassen
(200) einer Serie von Referenzbildern eines
anatomischen Bereichs, der das anatomische
Objekt wahrend seiner Bewegung umfasst, wo-
bei jedes Referenzbild einem anderen Stadium
der Bewegung entspricht, und (ii) Verarbeiten
der Bilder zum Bestimmen einer dem Objekt zu-
geordneten Position fir jedes Bild; und

(b) wahrend der Behandlungssequenz, (i) Er-
fassen von Behandlungsbildern des anatomi-
schen Bereichs, wobei die Behandlungsbilder
weniger Informationen als die Referenzbilder
enthalten, (ii) Erfassen von ergéanzenden Infor-
mationen (214) wahrend der Erfassung der Be-
handlungsbilder, (iii) Korrelieren mindestens ei-
nes der Behandlungsbilder mit einem entspre-
chenden Referenzbild basierend auf Ahnlichkeit
dazwischen und den ergéanzenden Information
und (iv) Verfolgen des Objekts in dem mindes-
tens einen der Behandlungsbilder mindestens
teilweise basierend auf der Position, die in dem
entsprechenden Referenzbild dem Objekt zu-
geordnet ist,
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wobei die erganzenden Informationen zum Identifi-
zieren des Referenzbilds verwendet werden (606),
das am besten mit dem mindestens einen der Be-
handlungsbilder lbereinstimmt.

System zum Verfolgen mindestens eines sich bewe-
genden anatomischen Objekts wahrend einer Be-
handlungssequenz, wobei das System umfasst:

(a) eine Bildgebungsvorrichtung, die in Verbin-
dung mit einer Behandlungsvorrichtung betreib-
bar ist, um (i) vor der Behandlungssequenz eine
Serie von Referenzbildern eines anatomischen
Bereichs zu erfassen, der das Objekt wahrend
seiner Bewegung umfasst, wobei jedes Refe-
renzbild einem anderen Stadium der Bewegung
entspricht, und (ii) wahrend der Behandlungs-
sequenz Behandlungsbilder des anatomischen
Bereichs zu erfassen;

(b) Mittel zum Erfassen von ergdnzenden Infor-
mationen (214) wahrend der Erfassung der Be-
handlungsbilder; und

(c) eine Berechnungseinheit, die konfiguriert ist
zum (i) Empfangen von ergdnzende Informati-
onen, (ii) Verarbeiten der Referenzbilder zum
Bestimmen einer dem Objekt zugeordneten Po-
sition fur jedes Referenzbild, (iii) Korrelieren
mindestens eines der Behandlungsbilder mit ei-
nem entsprechenden Referenzbild basierend
auf Ahnlichkeit dazwischen und den ergénzen-
den Information und (iii) Verfolgen des Objekts
in dem mindestens einen der Behandlungsbil-
der mindestens teilweise basierend auf der Po-
sition, die in dem entsprechenden Referenzbild
dem Objekt zugeordnet ist,

wobei die erganzenden Informationen zum Identifi-
zieren des Referenzbilds verwendet werden (606),
das am besten mit dem mindestens einen der Be-
handlungsbilder tbereinstimmt.

System nach Anspruch 2, wobei das Mittel zum Er-
fassen von erganzenden Informationen mindestens
eines von einer Eingabevorrichtung zum Empfangen
von Bildmetadaten, einem Bewegungssensor oder
einem Berechnungsmodul zum Extrahieren der In-
formationen, die den vorhergehenden Behand-
lungsbildern zugeordnet sind oder zum Extrapolie-
ren von Informationen uber ein Stadium einer Bewe-
gung, die einem aktuellen Behandlungsbild zuge-
ordnet ist.

System nach Anspruch 2, wobei die Bildgebungs-
vorrichtung eine MRT-Vorrichtung umfasst und die
Berechnungseinheit ferner zum Bestimmen einer
Erfassungssequenz von k-Raum-Daten konfiguriert
ist, die basierend auf codierten Informationstypen in
jeder k-Raum-Position den Behandlungsbildern zu-
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geordnet sind,

wobei optional die Berechnungseinheit alternativ
zum alternierenden Erfassen der k-Raum-Daten in
einem Hochfrequenzbereich und einem Niederfre-
quenzbereich konfiguriert ist.

System nach Anspruch 2, wobei die Behandlungs-
vorrichtung einen Ultraschallwandler umfasst,
wobei optional die Berechnungseinheit ferner zum
Fokussieren eines vom Wandler erzeugten Ultra-
schallstrahl auf das Objekt basierend auf der Verfol-
gung konfiguriert ist,

wobei optional die Behandlungssequenz die Be-
handlung eines anderen Ziels als des anatomischen
Objekts umfasst, wobei die Berechnungseinheit fer-
ner zum Formen eines vom Wandler erzeugten Ul-
traschallstrahls konfiguriert ist, sodass das Objekt
basierend auf der Verfolgung vermieden wird.

System nach Anspruch 2, wobei die Behandlungs-
sequenz Teil einer Behandlungsprozedur ist, die ei-
ne Vielzahl von zeitlich getrennten Behandlungsse-
quenzen umfasst, die jeweils mindestens eine Ex-
position eines anatomischen Ziels mit therapeuti-
scher Energie umfasst, wobei die Berechnungsein-
heit zum Verwenden eines wahrend einer ersten der
Behandlungssequenzen erhaltenen Behandlungs-
bilds als Referenzbild firr eine nachfolgende zweite
der Behandlungssequenzen konfiguriert ist.

System nach Anspruch 2, wobei die Berechnungs-
einheit ferner zum Durchflihren eines der folgenden
Schritte konfiguriert ist:

(i) Uberwachen einer Temperatur im anatomi-
schen Bereich durch Durchfihren einer Baseli-
ne-Subtraktion zwischen den Behandlungsbil-
dern und den entsprechenden Referenzbildern;
(ii) Korrelieren der Behandlungsbilder mit den
Referenzbildern basierend auf Rohbilddaten;
(iii) Hinzufiigen eines Behandlungsbilds zu der
Serie von Referenzbildern;

(iv) Vergleichen der Bewegung des verfolgten
Objekts mit der Serie von Referenzbildern und
darauf basierend Glatten der verfolgten Bewe-
gung;

(iv) Vergleichen des verfolgten Objekts mit der
Serie von Referenzbildern und daraufbasierend
Erkennen eines Verfolgungsfehlers;

(v) Erfassen der ergénzenden Informationen
wahrend der Erfassung der Referenzbilder.

System nach Anspruch 2, wobei die Berechnungs-
einheit ferner zum Identifizieren mindestens eines
anatomischen Orientierungspunkts in jedem der Re-
ferenzbilder konfiguriert ist, wobei die dem Objekt
zugeordnete Position eine Position des mindestens
einen anatomischen Orientierungspunkts ist, wobei
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die Position des mindestens einen anatomischen
Orientierungspunkts bezogen auf eine Position des
Objekts bekannt ist,

wobei optional die Berechnungseinheit ferner zum
Verfolgen des Ziels durch Ableiten der Position des
Ziels von der Position des anatomischen Orientie-
rungspunkts in dem entsprechenden Referenzbild
konfiguriert ist.

System nach Anspruch 2, wobei jedes Referenzbild
eine Vielzahl von Bereichen umfasstund die Berech-
nungseinheit ferner zum Verarbeiten der Referenz-
bilder vor der Behandlungssequenz konfiguriert ist,
um fir jeden Bereich eine dem Objekt zugeordnete
Position zu bestimmen.

System nach Anspruch 9, wobei jedes Behand-
lungsbild mindestens einen Bereich umfasst und die
Berechnungseinheit ferner zum Vergleichen des
mindestens einen Bereichs mit einem entsprechen-
den Bereich in den Referenzbildern konfiguriert ist,
um Ahnlichkeit dazwischen zu bestimmen

wobei optional die Berechnungseinheit ferner zum
Bestimmen der Positionen des Objekts in den Be-
handlungsbildern mindestens teilweise basierend
auf den Positionen, die dem Objekt in den entspre-
chenden Bereichen in den entsprechenden Refe-
renzbildern zugeordnet sind.

Revendications

1.

Procédé pour suivre au moins un objet anatomique
en mouvement pendant une séquence de traite-
ment, le procédé comprenant :

(a) avant la séquence de traitement, (i) 'acqui-
sition (200) d’'une série d'images de référence
d'une région anatomique comprenant l'objet
anatomique pendant son mouvement, chaque
image de référence correspondant a un stade
différent du mouvement, et (ii) le traitement des
images pour déterminer, pour chaque image, un
emplacement associé a I'objet ; et

(b) pendant la séquence de traitement, (i) I'ac-
quisition d'images de traitement de la région
anatomique, lesimages de traitement contenant
moins d’informations que les images de référen-
ce, (ii) I'acquisition d’informations complémen-
taires (214) lors de I'acquisition des images de
traitement, (iii) la corrélation d’au moins une des
images de traitement a une image de référence
correspondante sur la base d’'une similitude en-
tre elles et des informations complémentaires
et (iv) le suivi de I'objet dans I'au moins une des
images de traitement sur la base, au moins en
partie, de 'emplacement associé a I'objet dans
'image de référence correspondante,
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dans lequel les informations complémentaires sont
utilisées (606) pour identifier 'image de référence
qui correspond le mieux a I'au moins une des images
de traitement.

Systéme pour suivre au moins un objet anatomique
en mouvement pendant une séquence de traite-
ment, le systéme comprenant :

(a) un appareil d'imagerie, utilisable conjointe-
ment avec un appareil de traitement, pour (i) ac-
quérir, avant la séquence de traitement, une sé-
rie d'images de référence d’une région anato-
mique comprenant I'objet pendant son mouve-
ment, chaque image de référence correspon-
dant a un stade différent du mouvement et (ii)
I'acquisition d'images de traitement de la région
anatomique pendant la séquence de
traitement ;

(b) des moyens pour acquérir des informations
complémentaires (214) lors de 'acquisition des
images de traitement ; et

(c) une unité de calcul configurée pour (i) rece-
voir des informations complémentaires, (ii) trai-
ter les images de référence pour déterminer,
pour chaque image de référence, un emplace-
ment associé al’'objet, (iii) corréler au moins une
des images de traitement a une image de réfé-
rence correspondante sur la base de la similitu-
de entre elles et des informations complémen-
taires regues et (iii) suivre I'objet dans I'au moins
une des images de traitement sur la base, au
moins en partie, de I'emplacement associé a
I'objet dans I'image de référence correspondan-
te,

dans lequel les informations complémentaires sont
utilisées (606) pour identifier 'image de référence
qui correspond le mieux a I'au moins une des images
de traitement.

Systéme selon la revendication 2, dans lequel les
moyens pour acquérir des informations complémen-
taires comprennent au moins un élément parmi un
dispositif d’entrée pour recevoir des métadonnées
d’'image, un capteur de mouvement ou un module
de calcul pour extraire des informations associées
aux images de traitement précédentes ou extrapoler
des informations d’'un stade du mouvement associé
a une image de traitement actuelle.

Systéme selon la revendication 2, dans lequel I'ap-
pareil d’imagerie comprend un appareil d'IRM et
I'unité de calcul est en outre configurée pour déter-
miner une séquence d’acquisition de données d’es-
pace k associées aux images de traitement sur la
base de types d’informations codées dans chaque
emplacement d’espace Kk,
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éventuellement dans lequel I'unité de calcul est con-
figurée pour acquérir les données d’espace k en al-
ternance dans une région haute fréquence et une
région basse fréquence, I'une apres l'autre.

Systeme selon la revendication 2, dans lequel I'ap-
pareil de traitement comprend un transducteur a ul-
trasons,

éventuellement dans lequel I'unité de calcul est en
outre configurée pour focaliser un faisceau d’ultra-
sons produit par le transducteur sur I'objet, sur la
base du suivi,

éventuellement dans lequel la séquence de traite-
ment comprend un traitement d’'une cible autre que
I'objet anatomique, I'unité de calcul étant en outre
configurée pour fagonner un faisceau d’ultrasons
produit par le transducteur, de maniere a éviter I'ob-
jet, sur la base du suivi.

Systeme selon la revendication 2, dans lequel la sé-
quence de traitement fait partie d’'une procédure de
traitement comprenant une pluralité de séquences
de traitement séparées dans le temps, chacune
comprenant au moins une exposition d’'une cible
anatomique a une énergie thérapeutique, l'unité de
calcul étant configurée pour utiliser une image de
traitement obtenue pendant une premiére séquence
parmi les séquences de traitement en tant qu’'image
de référence pour une seconde séquence suivante
parmi les séquences de traitement.

Systeme selon la revendication 2, dans lequel I'unité
de calcul est en outre configurée pour effectuer 'une
des étapes suivantes :

(i) la surveillance d’'une température dans la ré-
gion anatomique en effectuant une soustraction
de base entre les images de traitement et les
images de référence correspondantes ;

(ii) la corrélation des images de traitement avec
les images de référence sur la base de données
d’'images brutes ;

(iii) 'ajout d’une image de traitement a la série
d’'images de référence ;

(iv) la comparaison du mouvementde I'objet sui-
vi a la série d'images de référence et, sur cette
base, le lissage du mouvement suivi ;

(iv) la comparaison du mouvementde I'objet sui-
vi a la série d'images de référence et, sur cette
base, la détection d’une erreur de suivi ;

(v) 'acquisition des informations complémentai-
res lors de I'acquisition des images de référen-
ce.

Systeme selon la revendication 2, dans lequel I'unité
de calcul est en outre configurée pour identifier au
moins un point de repére anatomique dans chacune
des images de référence, 'emplacement associé a
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I'objet étant un emplacement de I’'au moins un point
de repére anatomique, 'emplacement de I'au moins
un point de repére anatomique étant connu par rap-
port a un emplacement de I'objet,

éventuellement dans lequel I'unité de calcul est en
outre configurée pour suivre la cible en déduisant
I’emplacement de la cible a partir de I'emplacement
du point de repére anatomique dans I'image de ré-
férence correspondante.

Systéme selon la revendication 2, dans lequel cha-
que image de référence comprend une pluralité de
régions, I'unité de calcul est en outre configurée
pour, avant la séquence de traitement, traiter les
images de référence afin de déterminer, pour cha-
que région, un emplacement associé a I'objet.

Systéme selon la revendication 9, dans lequel cha-
que image de traitement comprend au moins une
région et l'unité de calcul est en outre configurée
pour comparer I'au moins une région a une région
correspondante dans les images de référence afin
de déterminer la similitude entre elles ;

éventuellement dans lequel I'unité de calcul est en
outre configurée pour déterminer les emplacements
de I'objet dans les images de traitement sur la base,
au moins en partie, des emplacements associés a
I'objet dans les régions correspondantes dans les
images de référence correspondantes.



EP 3 469 390 B1

l "Old

19



900 COMPLEMENTARY INFORMATION)!

206

EP 3 469 390 B1

ACQUIRE SERIES OF REFERENCE IMAGES

ACQUIRE RAW IMAGE DATA
202 (AND OPTIONALLY

5
204 RECONSTRUCT REAL E

SPACE IMAGE

TARGET LOCATION

PROCESS IMAGES TO IDENTIFY E

STORE LOCATIONAL INFORMATION

208 (AND OPTIONALLY COMPLEMENTARY

210\

INFORMATION) IN ASSOCIATION WITH
IMAGES

, PREPARATORY
STEPS

IMAGE ANATOMICAL REGION OF

212

SELECT REFERENCE IMAGE(S) BASED
ON IMAGE SEMELARETY

g INTEREST E

MORE THAN
ONE REFERENCE
IMAGE SELECTED?

YES NO

¥
~214 218
{

ACQUIRE
COMPLEMENTARY 'NFER TARGET

INFORMATION

| . INFORMATION

SELECTONE | STORED WITH

REFERENCE REFERENCE
IMAGE IMAGE

LOCATION FROM

\
216

220

ADJUST BEAM TO COMPENSATE FOR
TARGET MOTION

}TREATMENT
PROCEDURE

FIG. 2

20



EP 3 469 390 B1

COORDINATE OF
TARGET LOCATION

K-SPACE

ONNONEORRONEONEONRS.

O 0 0 OO O O O

A {
’Ew"’i;z{

f-t

O O ¢ O O O

B

ONNONEORRONEONEONRS.

O 0 O O O O O

O O ¢ O O O

Yih IMAGE

C

fy-t3

0 O 0 O O O

D

{344

O 0 0 OO O O O

|

I

3

O 0 O O O O O

C O O ¢ O O O

A
.

-t

O 0 O O O O O

O 0 O O O O O

|
g

B

te-dg

O O O O O O

C

O 0 O O 0 O O

t

O 0 O O O O O

C O O O O O O

(+1), IMAGE

D

tr-15

FIG. 3

21



EP 3 469 390 B1

PHASE ENCODING

P o U - U -

- FREQUENCY
ENCODING

L

P - U U U

e STORED
<= OMMITED |

&

Fan)
NS

PN o U - U .

4
Yo

A
Solf

Fan)
NS

PN o U - U .

FIG. 4A

PHASE ENCODING

W S N SN W A W S

FREQUENCY
~ ENCODING

P

P o U U T =

- - < L) S

2

>
Yo x0

P
o

e
i

PN
N

L O A W A W A W

%
Ry

Fan)
N

PN o U o T o

AN
R

£ ot LW Rous’

FIG. 4B

22



EP 3 469 390 B1

PHASE ENCODING

P N . W . W o WY .}
LNV S W A NV S W B W

W e NN . SNV . WO . SN .
L AR W A N A W S

FREQUENCY
- ENCODING

.

e 1€
oy

-
oy

-
LY

e
e

&
an
NS

PN . N o W
LN A W S W A W

£
S

o N 0. WOV . WY .
NS NN

FIG. 5A

PHASE ENCODING

P T o W . U o T .
LW A W A W A O A

PN o Y . N o S .
O A N A N W
oo

FREQUENCY
- ENCODING

o

LS

ACQUIRED
-=---== NOT ACQUIRED

oo

S

O O
O O
© O
O O
© O
© O
© O
© O©
O O

|

PN
N

P N o WO . S .
| NP O A N A W

£
S

VT . Y . N .
LV N W A

L

o
P
P

FIG. 5B

23



EP 3 469 390 B1

PHASE ENCODING

P N . W . W o WY .}
LNV S W A NV S W B W

W e NN . SNV . WO . SN .
L AR W A N A W S

L N o WY . S i WY
L0 S W A WY A N S W

P o S . W o W
N A W A O A A W

FREQUENCY
- ENCODING

.

P N s WY s W . WY o
| Y% S U S N A U S W

P N . W . W 0 WY .\
LN AR Y s NV A N S W

&
an
NS

PN . N o W
LN A W S W A W

£
S

o N 0. WOV . WY .
NS NN

Fany
NS

000 YR . WY s, WY 00
LA W A

P
S

N NN
N A N A W A

FaRY
S

P S o W . WY
LN A N A N A

FaARY
N

P N 0. WY s WY .
LU A W L W e W

{

FIG. 5C

PHASE ENCODING

P Y U o
LN S N A N S W S W
P . Y . U . S .\
A A A

P T o W . U o T .
LW A W A W A O A

P U o U o Y . S )
L W L W A W S W

FREQUENCY
- ENCODING

o

Y . W . W . WY .
L S U S W S W S W

o N 40 WY . VY 40 WY 4.
LW Zs v A W A W A

TR £ foee foe et
Ly 7 Ly Ly S
[0 WO o WOURY 00 VOSNUY o WONHOY
L 7 Ly S R

ACQUIRED
-=---== NOT ACQUIRED

S

Fan)
oA
Vi Y
Ay

P N . WY . WY .
LU A N A N A W
. Y e WY . WY .\
L A N A W A

|

PN
N

P N o WO . S .
| NP O A N A W

£
S

VT . Y . N .
LV N W A

)
AN

L N . W . W .
| N S W A

£
Sofd

P Y 0. N 0, Y 4. Y
FTRITTTRTTTRT

e
A7
£y
37

. Y . Y 40 WY A
TGRS
NN N Y
LU W W

!

FIG. 5D

24



EP 3 469 390 B1

. ACQUIRE K-SPACE IMAGE DATAIN 509
1 AFIRST REGION DURING TREATMENT

3

y

IDENTIFY ONE OR MORE REFERENCE |
IMAGES THAT "MATCH” THE TREATMENT [~
IMAGE DATA

- 604

THE NUMBER OF IDENTIFIED
REFERENCE IMAGE(S) IS BELOW
A PRE-DETERMINED THRESHOLD?

NO | | vES
DATA ACQUISITION UTILIZE
PROCESS COMPLEMENTARY
CONTINUES INFORMATION TO
DETERMINE THE
BEST MATCHING
608 REFERENCE IMAGE

606

FIG. 6

25



EP 3 469 390 B1

PHASE ENCODING

N . W . S o WY .
LN A NP A W A U A W

- FREQUENCY
ENCODING

L

e WY . WY . WY . WY |
| N W A N W A

Vi S . WY o WY o WY
LN L U A W L UV A N

e ACCUUIRED
mmmeee NOT ACQUIRED

&

Fan)
NS

P N o WY . WY 0.

N R TTTTT

4
Yo

A
Solf

P Y o T o T .
L7 S W A W S

Fan)
NS

PN o N . U o

LN A N S N W

FIG. 7A

PHASE ENCODING

i W i, WY <. WY s, WY
| N JA W AR N S W A W

Vi W . WY oo WY . WY .}
L N S W SN W R W A

FREQUENCY
~ ENCODING

P

P W o WY s WO o, WY .
| N A W At NI A N S W

PN o U o Y o U .
LN A N S W S W S W)

P N . S oo W . U .
A W A A

2

>
Yo x0

P
o

e
i

P Y . W o WY 0. Y
L A N A W S

PN
N

L. Y . Y o W .
L A W A N W

%
Ry

S . W . W .
LN A U A W A

Fan)
N

o Y o, WY . WY o
| O AR Y0 At N A W

AN
R

N . WY . WY 0. Y
L A N A WV A

FIG. 7B

26



EP 3 469 390 B1

PHASE ENCODING

P ~ P % o LS oo, o o o
E\ .9) E\p} ﬂ\m) E'Q ..9) i\ &3 gud‘ ga., 4’2 (m d': (a..t’i i‘q &3

SN N & ™ Vb oFn ELS o, o Ko -, o "y

O O S N " S Y W

o~ & o T #f L) - LY ooy o

i‘huf E‘\ .;) ﬁ‘e." E\m) e\ .’} e...; u#s iu.. 49! nis («.#’B

o V%) s, b TN i) s o Fa) oo

Nt oo Rt B S Bt S B S Rt

A & ™ * & P o, AN LN oF e LN

AR L L )

£ ) Fan.Y o FanY s & P Y P 2 FREQUENCY
B Rt S p— A4 Yo Ly S Yl S T ENCODING
P £ P FLY o - o oy S o -

E'o. -» H%. 4 E\. .} E"a 4 5\. a} g‘n 4 {\, &; {m \j (oc ti gc., oj

) ) Lo ) £ Fan) o s o s

S A S N Sbe N St Youd Ky Noud

o~ Pied P P e ooy o oy Ll iy

!*h . ﬁ‘\ ~ G‘«: .f; E"n rd i\: d} ) d’s gﬁx w} {h. ﬂ*s o p“i (‘\ 1"3

i g s P kne oo, - oy -, ooy

l% .,ﬁ) E\ ,»} u%. .,-) E‘\. a} iﬂa, .a) g&, a} {‘Q sj (s, #; {'., w’ i‘\: IB

e o T o I dad - - - L -

E'\ ,9) E\. .»} ﬁ‘& .a) E&. ,m} ﬁ\ .o) €~.. ‘} (s. 4’3 {». fg {w. »’s i'-. a‘a

FIG. 7C

27

e ACQUIRED ?
,,,,,, NOT ACQUIRED ¢




INHALAT

ON g,
¢

aaeo—i

8121 €

EP 3 469 390 B1

808
¢

TREATMENT
IMAGE

FIG. 8

28

EXHALATION

802
S

T\SOA

~810




SHOT 1

SHOT 2

SHOT 3

SHOT 4

SHOT &

SHOT 6

SHOT7

SHOT 8

SHOTS

SHOT 10

EP 3 469 390 B1

PHASE ENCODING

&

O

FIG.

9A

29

FREQUENCY

" ENCODING



SHOT 1

SHOT 2

SHOT 4

SHOT 3

EP 3 469 390 B1

PHASE ENCODING

&

R, S
LA VIR S 7 T N
R, A A
[NV AR R N A
£ o LI 4 O
L W AN P A W

.. FREQUENCY

RN S,
[NUVZRE IV IR ¥ A VI )
TV Ty T Ty
Rof N LF RESL N T RS

FIG. 9B

30

~ ENCODING




ENCODING

B

P

. FREQUENCY

&

EP 3 469 390 B1
PHASE ENCODING

P
-

SHOTS O

~

s
e
e

SHOTS G

e
Tl
-
xZ
(¢p]

SHOT 1
SHOT 2
SHOT 4
SHOT G

%
~t

onon

o

>

s
P

o

SHOT10

e ACQUIRED
~=~-=~ NOT ACQUIRED

31

FIG. 9C



FIG. 9D



EP 3 469 390 B1

ACQUIRING RAW DATA

BASELINE
LIBRARY

|
;

10007 FOR BASELINE IMAGE E
oo RECONSTRUCT
BASELINE IMAGE
PERFORM
1041 soNICATION E
1006 ACQUIRE RAW DATA
FOR TREATMENT IMAGE
108 RECONSTRUCT
TREATMENT IMAGE
SELECT BASELINE
1010 IMAGE
COMPUTE
1271 THERWAL MAP E

FIG. 10A

33

ABORT E’\1Q14




EP 3 469 390 B1

ACQUIRING RAW DATA FOR|
1020 BASELINE/REFERENCE |
IMAGES %
E
: 4 by
RECONSTRUCT | [ BASELINE/
1022 BASELINE/REFERENCE |———| REFERENCE
IMAGES AN LEB??*RY y
f (" LOCATIONAL )
QNFOR;AHON \
ACQUIRE RAWDATA | | | TRACK TARGET |
10281 FORTREATMENT IMAGE | ™| LOCATION |
! S
1030+ SELECT BASELINE/ 1024
REFERENCE IMAGE
ABORT
. E N
1034 COMPLETE RAWDATA | oo | START SONICATION(S)
ACQUISITION OR ADJUST BEAM TO
E . COMPENSATE FOR
RECONSTRUCT | MOTION

10364 TREATMENT IMAGE

e COMPUTE
038 TEMPERATURE MAP

FIG. 10B

34



EP 3 469 390 B1

81l
SHOSN3S
FUNLYSIdNL

91l

W3LSAS
ONIMOVYHL
AYVININTTdNOD

1412
J4VMAHVH
SNLvyvddy

ONIOVII

&

¥

&

¥

2

¥

Ll Ol

il
SNLYYYddY
INJFNLYIAL

0LLl
J4VMJEVYH
JOV443LNI

d3SN

&

¥

&

¥

SNA W3LSAS

0011

J1NAONW dVIN-TVINETH L

3TNAOW LNJFWLSNrav-Av3d

F1NAONW SISATYNY JOVIAI

3TNAOW NOILOF13S-3ONTd343

F1NAOW DONIFNSYIN-ALIFAVTINIS

J1NAOW NOILONYLSNODOFd FOVAI

AHOWIN W3 LSAS

35



EP 3 469 390 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.
Non-patent literature cited in the description
* MOUGENOT C. et al. Proceedings of the Interna-

tional Society for Magnetic Resonance in Medicine,
2007, 1127 [0009]

36



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A
RAAN

IPCH %S

CPCH¥S

RIEHAI(IF)
£ A

H AT 3R
ShERaEsE

BEG®)

ERFBFRHEMIERAETERT , AR TUTREENREATT

BN EMBRNBNRNET : (i) BTERESERGENLR , &
MBECTENEE , HEHTLELRE B H i

MEEEFNME , R (i) ZEEREIHNRBXHITEEE.

BT 2B BIRE

patsnap

IER MRS BRI A9 IZ 3 R BR

EP3469390B1 ASHUN = 2020-02-26
EP2017739685 Fi5 A 2017-06-05
ARZRERLA

InSightecky B PR Al

InSightecky. , LTD.

LEVY YOAV

LEVY, YOAV

G01R33/563 G01R33/48 G01R33/565 A61B5/00 A61N5/10 A61N7/02 A61B5/113 A61B5/055 A61B34
/20 A61B90/00

A61B5/055 A61B5/113 A61B5/4836 A61B5/7292 A61B2034/2065 A61B2090/364 A61N7/02 A61N2005
/1055 A61N5/1037 GO1R33/4808 GO1R33/4814 G01R33/4824 G01R33/56308 GO1R33/56509 A61B5
/0036 GO1R33/307 GO6T7/0016 GO6T7/20 GO6T11/003 G06T2207/10088 G06T2207/20056 GO6T2207
/30096 G06T2211/428

REZBEMHE
15/179181 2016-06-10 US

EP3469390A1

Espacenet

FIG. 1



https://share-analytics.zhihuiya.com/view/f296c6fc-932c-4b08-9d19-d86fd6d6cb50
https://worldwide.espacenet.com/patent/search/family/059337725/publication/EP3469390B1?q=EP3469390B1

