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MOTION TRACKING DURING
NON-INVASIVE THERAPY

TECHNICAL FIELD

[0001] The present invention relates, in general, to track-
ing 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 tissue or
non-invasively by using, for example, thermal ablation.
Both approaches may effectively treat certain localized
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 physiological function, surgery
may not be appropriate for conditions in which diseased
tissue is integrated within healthy tissue.

[0003] Thermal ablation, as may be accomplished using
focused ultrasound, has particular appeal for treating dis-
eased 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 wavelengths (e.g., as
small as 1.5 millimeters (mm) in cross-section at one Mega-
hertz (1 MHz)). Moreover, because acoustic energy gener-
ally 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 target in order to ablate diseased tissue without
significantly damaging surrounding healthy tissue.

[0004] An ultrasound focusing system generally utilizes
an acoustic transducer surface, or an array of transducer
surfaces, to generate an ultrasound beam. The transducer
may be geometrically shaped and positioned to focus the
ultrasonic energy at a “focal zone” corresponding to the
target tissue mass within the patient. During wave propaga-
tion through the tissue, a portion of the ultrasound energy is
absorbed, leading to increased temperature 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 typically individually controllable, i.e.,
their phases and/or amplitudes can be set independently 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.

[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. Compensation for motion is thus
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necessary to ensure that the ultrasound beam remains
focused on the target and does not damage the surrounding
healthy tissues.

[0006] Accordingly, an imaging modality, such as mag-
netic resonance imaging (MRI), may be used in conjunction
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 depicted
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). (In some embodi-
ments, 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 homo-
geneous magnetic field over the patient. Time-variable mag-
netic field gradients generated by the gradient-field coils 104
are superposed with the static magnetic field. The RF
transmitter 106 transmits 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 receiver 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 be interpreted as the value of the
Fourier transform of the position-dependent local magneti-
zation at a particular point in k-space (i.e.. wavevector
space), where the wavevector k is a function of the time
development of the gradient fields. Thus, by Fourier-trans-
forming the time series of the response signal, the compu-
tation unit 112 can reconstruct a real-space image of the
tissue (i.e., an image showing the measured magnetization-
affecting tissue properties as a function of spatial coordi-
nates) from the raw data. The real-space magnetic-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 during the procedure. For
example, MRI may be used to image an anatomical region,
locate the target tissue (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] In image-guided systems, such as MRI-guided
focused-ultrasound (MRgFUS) systems), motion compen-
sation is generally accomplished by tracking the target
(directly or indirectly) in the images and steering the ultra-
sound beam based on the tracked position. One approach to
target tracking involves determining the coordinates of a set
of one or more identifiable features, or “anatomical land-
marks,” that can be located in each image; and computing
the motion of the target, which is presumed to be at a known
location relative to the landmarks, based on these coordi-
nates. In an alternative approach, the relative shifts between
suiccessive images are determined by correlating one image
with a large number of computationally shifted copies of the
other image, and selecting the shifted image that provides
the best match. In either case, significant image-processing
time is expended to determine the target location, reducing
the effective imaging rate and often impeding real-time
motion compensation. In some cases, delays in recognizing
and quantifying target motion cause beam-targeting inaccu-
racies within a tolerable range. Often, however, it becomes
necessary to stop the treatment process and correct for any
misalignment due to displacement of the target tissue or
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organ before treatment can be resumed. This results in
significant inefficiencies in the treatment process, and may
cause inconvenient delays.

[0008] Accordingly, there is a need for improved motion-
tracking approaches that facilitate tracking the target, and
compensating for its motion, in real time during treatment.

SUMMARY

[0009] The present invention provides systems and meth-
ods for tracking the motion of a target or other objects of
interest in a region of interest in real time during an
image-guided treatment procedure or during calibration of
an image guided treatment system. In particular, the present
invention provides systems and methods 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 pro-
cessed to (directly or indirectly) 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 image data.

[0010] During treatment or calibration, in order to track
motion of the region of interest (for example an anatomical
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 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 substantially same
portion of the k-space) in the reference library to determine
image similarity therebetween. Alternatively or additionally,
the sub-image matrix may be used to reconstruct a real-
space sub-image having a reduced 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 identifi-
cation purposes obviously reduces acquisition and process-
ing time, but can result in ambiguity: in some instances,
more than one image may match the partial raw data (or its
reconstructed real-space image). Accordingly, if a suffi-
ciently closely matching reference image is identified with-
out ambiguity (i.e., only one reference image is identified),
the location of each object of interest in that reference image
1s 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-related and/or motion-
related information—may be utilized to identify the refer-
ence 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).

[0011] 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 location
of the respective object in the treatment sub-image. Thus,
compared with conventional tracking approaches, the cur-
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rent 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 object(s) of interest with limited
delay. In addition, complementary 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 treatment.

[0012] In some embodiments, unlike conventional
approaches 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 alternately
acquired in a low frequency region and in a high frequency
region. The acquired image data is substantially simultane-
ously processed to compare against the image data stored in
the library upon acquisition and determine whether any
reference image(s) are candidate matches. If the number of
identified reference image(s) is below a pre-determined
threshold (e.g., less than five reference images), comple-
mentary information is provided to determine whether one
and only one reference image 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 process continues—i.e., alternately
acquiring next image data in the low-frequency and high-
frequency regions. This step can be iteratively implemented
until only one reference image is identified as the image best
matching the treatment sub-image. The treatment image data
acquired 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 acquir-
ing the entire data to fill in the k-space. Therefore, the
present approach can achieve reduced delay in imaging
acquisition and significant savings in imaging processing
time during treatment.

[0013] Accordingly, in one aspect, the invention provides
a method for tracking one or more (generally moving)
objects of interest (including anatomical objects of interest,
for example; a treatment target and/or a non-treatment
target) during a treatment sequence. In various embodi-
ments, 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 corresponding to a different stage of
the motion) and/or acquiring the complementary informa-
tion during acquisition of the reference images, and pro-
cessing the images to determine, for each image, a location
therein that is associated with the object of interest. Option-
ally, complementary information, such as a stage of the
motion, motion-sensor data, and/or information associated
with preceding images (e.g., metadata specifying when
during a respiratory cycle the images were obtained) may be
acquired during acquisition of the reference images. The
method further includes, during the treatment sequence,
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acquiring treatment images of the anatomical region and
acquiring complementary information during acquisition of
the treatment images; generally, the treatment images con-
tain less information (e.g., less image data) than the refer-
ence images do. One or more of the treatment images are
then correlated to the reference image(s) based on similarity
therebetween and the complementary information, and sub-
sequently, the object of interest is tracked in the treatment
image(s) based at least in part on the location(s) associated
with the object in the corresponding reference image(s). As
used herein, the term “acquiring” includes obtaining data
from sensors or imagers, retrieving data from sources such
as reference libraries or treatment images, and computing or
deriving new information from existing data. In various
embodiments, the method further includes monitoring a
temperature in the anatomical region by performing baseline
subtraction between the treatment images and the corre-
sponding reference images.

[0014] Throughout the disclosure of the present applica-
tion a “treatment sequence” may be a sequence whereby
treatment (for example ultrasound treatment) is carried out
or the “treatment sequence” may refer to carrying 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”.

[0015] Accordingly, the method optionally does not
include 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 alternately.

[0016] The treatment sequence may include treatment of
the anatomical object by, for example, steering a focused
ultrasound beam onto the object based on the tracking.
Alternatively, the treatment sequence may include treatment
of a target other than the anatomical object; 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 having one or more exposures of
an anatomical target to therapeutic energy; one or more of
the acquired reference images used during a treatment
sequence may be the treatment image(s) obtained during a
previous treatment sequence. In one embodiment, each
exposure is subjection of the anatomical target to acoustic
energy.

[0017] In some embodiments, the reference images are
processed 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 landmark(s) is known relative to
the location of the object. The location of the target is then
inferred from the location of the anatomical landmark in the
corresponding reference image.

[0018] The location associated with the object may be a
location of the object; and the similarity may be determined
based on raw image data. The image series may include one
image or more images. In addition, the method may further
include, during the treatment sequence, adding a treatment
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image to the series of reference images. In one embodiment,
the method includes comparing motion of the tracked object
against the series of reference images and, based thereon,
smoothing the tracked motion and/or detecting a tracking
error.

[0019] In various embodiments, each reference image
includes multiple regions, and the method further includes,
prior to the treatment sequence, processing the reference
images to determine, for each region, a location 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 reference 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 associated with the object in the correspond-
ing regions in the corresponding reference images.

[0020] In another aspect, the invention is directed to a
system for tracking one or more moving objects (including
a treatment target and/or a non-treatment target) during a
treatment sequence. In various embodiments, the system
includes an imaging apparatus (e.g., an MRI apparatus),
operable in conjunction with a treatment apparatus (e.g., an
ultrasound transducer), adapted to (i) acquire 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 treatment images of the anatomi-
cal region during the treatment sequence. In addition, the
system includes means for acquiring complementary infor-
mation during acquisition of the treatment images and/or
reference images and a computation unit configured to (i)
receive complementary information, (ii) process the refer-
ence images to determine, for each reference image, a
location associated with the object, (iii) correlate one or
more of the treatment images to corresponding reference
image(s) based on similarity therebetween 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 embodiment, the computation unit is fur-
ther configured to acquire the complementary information
during acquisition of the reference images.

[0021] The means for acquiring complementary informa-
tion may include an input device for receiving image meta-
data, a motion sensor, and/or a computational module for
extracting information associated with preceding treatment
(or reference) images or extrapolating information 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 sequence of k-space data associ-
ated with the treatment images based on types of informa-
tion 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 alternately.

[0022] 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 sequence
may include treatment of a target other than the anatomical
object; the computation unit is further configured to shape an
ultrasound beam generated by the transducer so as to avoid
the object based on the tracking. In some embodiments, the
treatment sequence is part of a treatment procedure includ-
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ing multiple time-separated treatment sequences, each
including one or more exposures of an anatomical target to
therapeutic energy; the computation unit is further config-
ured to use a treatment image obtained during a first one of
the treatment sequences as a reference image for a subse-
quent second one of the treatment sequences.

[0023] 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 images. 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
alocation of the anatomical landmark(s), and the location of
the anatomical landmark(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
corresponding reference image.

[0024] The computation unit may be configured to corre-
late the treatment images 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 config-
ured to compare motion of the tracked object against the
series of reference images and, based thereon, smooth the
tracked motion and/or detect a tracking error. In various
embodiments, each reference image includes multiple
regions and the computation unit is configured to process the
reference images to determine, for each region, a location
associated with the object prior to the treatment sequence.
Each treatment image includes one or more regions, and the
computation unit is further configured to compare the region
(s) against a corresponding region in the reference images to
determine similarity therebetween and subsequently deter-
mine 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
reference images.

[0025] 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 images
of an anatomical region having the anatomical object during
motion thereof (each reference image corresponding to a
different stage of the motion) and processing 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 complemen-
tary information associated with the anatomical object dur-
ing acquisition of the image data; (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 reference image(s) based on the similarity and the
complementary information, and inferring a location of the
anatomical object from the location associated with the
anatomical 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
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object based on the pre-determined scanning sequence and
repeating steps (ii), (iil) and (iv).

[0026] As wused herein, the term “substantially”
mean=10%, and in some embodiments, +5%. Reference
throughout this specification to “one example,” “an
example,” “one embodiment,” or “an embodiment” means
that a particular feature, structure, or characteristic described
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 example,” “one
embodiment,” or “an embodiment” in various places
throughout this specification are not necessarily all referring
to the same example. Furthermore, the particular features,
structures, routines, steps, or characteristics may be com-
bined in any suitable manner in one or more examples of the
technology. The headings provided herein are for conve-
nience only and are not intended to limit or interpret the
scope or meaning of the claimed technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] In the drawings, like reference characters generally
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 prin-
ciples of the invention. In the following description, various
embodiments of the present invention are described with
reference to the following drawings, in which:

[0028] FIG. 1 illustrates an MRI-guided focused ultra-
sound system in accordance with various embodiments;
[0029] FIG. 2 is a flow chart illustrating a tracking method
in accordance with various embodiments;

[0030] FIG. 3 depicts associating target locations with
various parts of k-space image data using an interpolation
approach in accordance with various embodiments;

[0031] FIGS. 4A and 4B depict storing partial k-space
image data in a reference library in accordance with various
embodiments;

[0032] FIGS. 5A-5D illustrate a sequence for acquiring
k-space data during treatment in accordance with various
embodiments;

[0033] FIG. 6 is a flow chart depicting a method of
identifying a reference image that matches image data
acquired during treatment in accordance with various
embodiments;

[0034] FIGS. 7A-7C depict acquiring partial k-space
image data during treatment in accordance with various
embodiments;

[0035] FIG. 8 depicts a treatment image and the reference
images in a library in accordance with various embodiments;
[0036] FIG. 9A depicts a conventional method of acquir-
ing k-space image data;

[0037] FIGS. 9B and 9C illustrate various sequences for
acquiring k-space data during treatment in accordance with
various embodiments;

[0038] FIG. 9D depicts another conventional method of
acquiring k-space image data;

[0039] FIG. 10A is a flow chart illustrating a conventional
thermometry method;

[0040] FIG. 10B is a flow chart illustrating a method for
thermometry in conjunction with target tracking in accor-
dance with various embodiments; and

[0041] FIG. 11 is a block diagram illustrating an image-
processing and control facility in accordance with various
embodiments.
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DETAILED DESCRIPTION

[0042] The present invention provides systems and meth-
ods for tracking the motion of an object of interest, e.g., a
treatment target, in real time during an image-guided pro-
cedure. The procedure may, for example, involve the appli-
cation 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 destroy the tissue if it is, e.g.,
cancerous, or for non-destructive treatments such as pain
amelioration or the controlled 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
modalities such as cryoablation. Motion tracking in various
treatment procedures may serve to guide the therapeutic
energy beam onto the target and/or around other, non-target
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. MRI is a widely used technique for such
image-based motion tracking. However, other imaging tech-
niques, including, e.g., X-ray imaging, X-ray computed
tomography (CT), or ultrasound imaging, may also be used
and are within the scope of the present invention. In addi-
tion, 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 accor-
dance 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.

[0043] 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 materials. The
method includes preparatory steps performed prior to the
procedure of interest, as well as steps executed during the
procedure. In a first 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 motion. 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 moni-
tored 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
reconstructing 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
differently, real and imaginary parts). Optionally, in some
embodiments, complementary information (e.g., additional
image-related and/or motion-related information as further
described below) may be acquired during acquisition of the
raw k-space image data 202. The complementary informa-
tion may be compared with the complementary information
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acquired during treatment to 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 treatment.

[0044] In the 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 deter-
mined for each image separately in absolute coordinates
within the image frame (e.g., in terms of row and column
numbers) or generally in a coordinate system 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 coordinate differences or trans-
lation/motion vectors) between different images are deter-
mined. 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 fre-
quency-domain methods, pixel recursive algorithms, Bayes-
ian estimators (e.g., a maximum a posteriori probability
(MAP) estimate or a Markov random field model), and/or
optical flow methods, as well as by feature-based (“indi-
rect”) methods that match corresponding features (such as,
e.g., Harris corners) between images. Block-matching algo-
rithms, 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 associated with
determining the target location is of reduced importance in
selecting an appropriate method because the image-process-
ing step 206 is generally carried out before, not concurrently
with, target tracking in real time.

[0045] The method may comprise MRI scanning to
acquire the reference images and treatment images and the
imaging apparatus may be configured to carry out Mill
scanning. Typically, during MRI scanning, the k-space data
is acquired in a row-by-row manner. Referring to FIG. 3, for
example, in one reference image (e.g., x” 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 t,-t;, the next two rows of data (labeled as region B) can
be acquired during the next two shots during a time period
of t;-t,, image data in a region labeled as C can be acquired
by the following two shots during a period of t,-t;, and
finally the last two shots can acquire image data in a region
labeled as D during a period of t5-t,. Similarly, in the next
reference image (e.g., (x+1) 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 x”
image and t; in the (x+1)* images, respectively). In
instances where the target’s movement is continuous and
steady, it may be possible to interpolate the target’s locations
at an acquisition time between t, and ts. For example, as
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depicted, if one coordinate of the target location is deter-
mined to have a value of 30 (e.g. in mm or pixels) in the x*
reference image and 70 in the (x+1)” reference image, the
value of the target’s coordinate when acquiring image data
in the regions C and D of the x™ image may be interpolated
as 35 and 45, respectively. Likewise, the value of the target’s
coordinate when acquiring data in regions A and B of the
(x+1)" reference image may be interpolated as 55 and 65,
respectively. The interpolation 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 approach may advantageously provide a more
accurate target information when partial k-space image data
is acquired 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 data,
and the interpolation is computed based on the length of time
required for acquiring the image data in each region. In
addition, the regions may overlap.

[0046] 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 possible 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, 16x16,
32x32, 64x64, 128128, 128%256, 192x256, or 256x256
obtained using a standard MRI scanning procedure, and the
term “partial k-space data” comnotes any matrix (i.e.,
ordered arrangement of data) having dimensions less than
the “entire k-space data.”

[0047] In one embodiment, some raw data in the phase-
encoding direction (i.e., rows) and/or in the frequency-
encoding direction (i.e., columns) in k-space is omitted and
not stored in the reference library. For example, 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 result in 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-images have the same reso-
lution as the images reconstructed from the initially acquired
raw data.

[0048] In another embodiment, the raw data in the 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 example, 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 edges and fine details in the
real-space images may be lost; therefore, this approach may
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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.

[0049] 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 storage 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 elliptical 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.

[0050] 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 complementary
information acquired during acquisition of the raw k-space
image data may be stored along and in association with
respective (k-space and/or real-space) images in the refer-
ence library. For example, each reference image may be
combined with its associated locational information into a
reference record (which may include one or more data files).
Alternatively, the reference images and the locational infor-
mation may be stored in different data structures and/or at
different memory locations, and an additional database may
link each image with the associated locational information.

[0051] The reference library built in the preparatory steps
200-208 is used subsequently during the procedure of inter-
est for real-time target tracking. This means, in some
embodiments, that the preparatory steps are completed
before treatment of the target commences. In other embodi-
ments, 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 ultrasound. Since the risk to healthy
tissue surrounding the tumor increases as treatment pro-
gresses, so may the need for accurate, real-time imaging.
Therefore, motion tracking during the first phase may pro-
ceed at an imaging rate low enough to permit target local-
ization by conventional means (i.e., means that do not rely
on a reference 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
treatment 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 acquired reference
images (e.g., every other image taken during a respiratory
cycle) is processed prior to the treatment sequence of
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interest and used as an initial reference library for target
tracking, and the remaining reference images are processed
subsequently, during the treatment sequence of interest, to
refine the reference library.

[0052] In various embodiments, during treatment of the
target, the anatomical region of interest is imaged repeatedly
(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 opposed 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 corre-
sponding portion of the image data stored in the reference
library, and a closest matched reference image 1s identified
using a suitable metric of image similarity (step 212). For
example, referring 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, respectively, of the reference images (as shown in
FIG. 3) in the reference library.

[0053] Similarly, if the comparison is performed on the
real-space images, the treatment sub-image may be com-
pared with only a corresponding fraction of each of the
real-space images stored in the reference images. Alterna-
tively, 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 portions within a
reference 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 image. Subsequently, the
best-matching reference image is selected based on the
similarity of the best-matching portion therein.

[0054] The image comparison may be based, for example,
on k-space or real-space image data, i.e., it may involve, but
does not necessarily require, the reconstruction of real-space
treatment sub-images from the partial raw data acquired
during treatment. Typically, the comparison 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 function of real-space coordinates or
k-space coordinates, respectively. Suitable similarity metrics
include, for example, cross-correlation coeflicients, 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 dif-
ferences between corresponding pixels in the two images),
or complex cross-correlation (for complex images, such as
MRI images), and other techniques familiar, to those of skill
in the art, in connection with image registration.

[0055] 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 surpasses that of
the threshold (which typically means, for metrics that mea-
sure the differences, i.e., the dissimilarity, between images,
that the value of the metric falls below the threshold value)
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is the reference image considered 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.

[0056] Referring again to FIGS. 5A-5D, during treatment,
the k-space may be divided into multiple regions, e.g.,
regions A-D. Upon acquisition of image data in region 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 performed to iden-
tify one or more reference images that “match” the acquired
treatment image data. If the number of identified reference
image(s) is below a pre-determined threshold (e.g., less than
5 reference images are identified as matching treatment
image), complementary information (e.g., additional image-
related and/or motion-related information) as further
described below may be provided to determine one refer-
ence image that best matches the treatment image. If,
however, the number of identified reference images exceeds
the pre-determined threshold, the data-acquisition process—
i.e., acquiring the image data in region B—continues. The
data-acquisition process may further continue (e.g., acquir-
ing data in region C as shown in FIG. 5C followed by
acquiring data in region D as shown in FIG. 5D) until the
number of reference images identified to match the treat-
ment image data falls below the pre-determined threshold. It
should be stressed, of course, that the exemplary sequences
for k-space data acquisition depicted in FIGS. SA-5D are for
illustrative purposes only, and that any acquisition sequence
may be used in order to optimize the quality of treatment
image and reduce the data-acquisition time.

[0057] In addition, the size of each region in the treatment
image may include one or more rows of data and may
dynamically vary. For example, if a preceding treatment
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 data in region A of the preceding
treatment image is sufficient to identify a number of refer-
ence 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. Further, image data acquisition and processing may
be performed 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.

[0058] FIG. 6 is a flow chart 600 illustrating acquisition
and process of image data in a treatment image in accor-
dance 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 information is pro-
vided to determine one reference image that best matches
the treatment image (in a step 606). If, however, the number
of identified reference images exceeds the pre-determined
threshold, the data-acquisition process continues—i.e.,
acquiring image data in the next region (in a step 608). Steps
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602, 604, 608 can be iteratively implemented until the
number of reference images identified in step 604 falls
below the pre-determined threshold. Again, the amount and
locations of raw k-space data in each region acquired during
treatment may vary dynamically.

[0059] Because acquisition of k-space image data is a
relatively long process compared with computing the simi-
larity between two image matrices, this approach advanta-
geously 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 pro-
viding the location of the object(s) of interest in the current
treatment image from the matching reference image as
further described below.

[0060] 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 approaches 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 acquired 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 column 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 direction, but the spatial resolution of the real-space
image is the same as that of images having image data from
every row. Therefore, this approach is suitable for imaging
an anatomical region having an asymmetric shape (i.e.,
having 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 com-
parable 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 embodi-
ments, this artifact is eliminated (or at least reduced) using
any suitable technique (such as applying MRI sequence that
selectively saturates the areas surrounding the region of
interest).

[0061] In another embodiment, a percentage of the imag-
ing scanning is reduced—i.e., only a portion of k-space is
scanned to reduce the image-acquisition time during treat-
ment. 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 remaining data located in
the outer region in the phase-encoding direction is not
acquired. Although this approach may result in lower reso-
lution in the real-space images due to omission of the data
at high spatial frequencies, the frame size of the real-space
image advantageously remains unchanged (corresponding to
that of images including both high- and low-frequency data).
[0062] Referring to FIG. 7C, in still another embodiment,
the k-space image data is acquired using a combination 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 acquired in every column.
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[0063] Because every data point in the k-space matrix
contains a portion of the information necessary to recon-
struct a 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, acquiring
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
result in less image contrast. If the treatment 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.

[0064] 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-separated
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 acquired during treatment,
there may be two reference images—e.g., one image 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.

[0065] Referring again to FI1G. 2, in various embodiments,
the object of interest s tracked by other means substantially
simultaneously during acquisition of the treatment image in
order to provide complementary information (such as
image-related and/or motion-related information), which
can resolve ambiguity among the reference images (step
214). In one embodiment, a complementary tracking system
120 is implemented in the MRI apparatus 100 or is attached
to the patient (as shown in FIG. 1) to provide the comple-
mentary 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 information is then used to select the
best-matching reference image among the multiple refer-
ence images identified 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
determined 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 during
the respiratory cycle it was obtained. In other embodiments,
the complementary information acquired during treatment is
compared against the complementary information stored in
the reference library. Based on the comparison of the
complementary information and the image similarity, the
reference image that best matches the partial raw data
(and/or sub-image) and the complementary information
acquired during treatment is identified.

[0066] 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 is inhaling, the
matching reference image is selected from the images cor-
responding to (e.g., marked with metadata specifying) the
inhalation stage only. Thus, in the situation of FIG. 8, the
ambiguity is resolved and reference image 812 is determined
to be the best-matching reference image.

[0067] In instances where there is still more than one
reference image identified to be matching the current treat-
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ment image even after taking the complementary informa-
tion 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 treatment images,
delays in the procedure are avoided. During 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 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 interrupted until the target location has
been ascertained (e.g., by conventional, computationally
more expensive means) and resumed thereafter.

[0068] 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 eflicient to track a moving anatomical object of
interest in real time. In various embodiments, the sequence
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 embodi-
ment, the k-space image data is acquired 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-frequency region in a row-by-row
(or any other suitable) manner.

[0069] 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 trajectory) 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 reduce delay of data
acquisition while allowing the location of the treatment
target or other objects of interest to be tracked in real time.

[0070] Referring again to FIG. 2, once a matching refer-
ence image has been identified, the location of the target can
be readily inferred from the previously determined loca-
tional information associated with that reference image (step
218). For example, if the stored locational information
includes or consists of the target coordinates themselves,
these coordinates are taken to be the coordinates of the target
in the current treatment image. Thus, the target can be
tracked in real time without the need to identify the target or
other landmark in reconstructed treatment images. Further,
in some embodiments, treatment-image reconstruction itself
is unnecessary if each treatment image is correlated to one
of the reference images based on the raw data of both
images, or a portion thereof. For example, referring again to
FIGS. 3 and 5A, if the k-space data in region A of the (x+1)
image (as shown in FIG. 3) is identified to best match the
image data in region A of the treatment image (as shown in
FIG. 5), the coordinates of the target location in the treat-
ment image are inferred from the coordinates of the target
location associated with region A in the (x+1)” 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)” reference image. The
interpolation approach may thus advantageously allows the
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target location to be more accurately identified during treat-
ment, especially when only partial k-space data is acquired
and used for comparison against the partial raw data in the
reference library.

[0071] Based on the tracked target coordinates, the ultra-
sound (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 energy) 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 interest, 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.

[0072] 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 reveals
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 analysis is com-
plete. 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 procedure is carried out.
This facilitates a design trade-off between accuracy at the
expense of computational overhead (where the library is
large, for example, and contains images from previous
sessions) or computational efficiency when the reduction in
accuracy is clinically acceptable (e.g., where reference
images from previous sessions are unlikely to be relevant to
a current treatment sequence, in which case the reference
library is built up during the current sequence).

[0073] 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 proce-
dure can, thus, be improved by filtering the tracking results
against the reference library. For example, the curve that
describes target motion over time during treatment may be
compared against and smoothed based on the target motion
over time during acquisition of the reference library. Fur-
thermore, target motion as reflected in images of the refer-
ence library can serve to detect faulty tracking results, 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.

[0074] Insome embodiments, imaging during a procedure
is simultaneously used to quantitatively monitor in vivo
temperatures. This is particularly useful in MR-guided ther-
mal therapy (e.g., MRgFUS treatment), where the tempera-
ture of a treatment area (e.g., a tumor to be destroyed by
heat) should be continuously monitored in order to assess
the progress of treatment and correct for local differences in
heat conduction and energy absorption to avoid damage to
tissues surrounding the treatment area. The monitoring (e.g,,
measurement and/or mapping) of temperature with MR
imaging is generally referred to as MR thermometry or MR
thermal imaging.
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[0075] 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-indepen-
dence from tissue type, and temperature map acquisition
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 proportionality that,
advantageously, is relatively constant between tissue types).
Since the frequency change with temperature is small, only
-0.01 ppny/® C. for bulk water and approximately —0.0096
to -0.013 ppm/® C. in tissue, the PRF 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 tempera-
ture. A map of temperature changes may then be computed
from the (reconstructed, i.e., real-space) images by deter-
mining, on a pixel-by-pixel basis, phase differences between
the baseline image and the treatment image, 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 mag-
netic field and echo time (TE) (e.g., of a gradient-recalled
echo).

[0076] Ifthe temperature distribution in the imaged area 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 imaging region. More
complicated baseline temperature distributions are, in some
embodiments, determined prior to treatment by direct tem-
perature-measurements in various locations in combination
with interpolation and/or extrapolation based on a math-
ematical fit (e.g., a smooth, polynomial fit).

[0077] Inthe contextof MR thermometry, motion tracking
can be accomplished by obtaining a library of reference
images, as described above, that covers the anticipated range
of a periodic or a non-periodic motion and provides baseline
phase maps corresponding to the temperature in the ana-
tomical region prior to treatment. To determine the tempera-
ture map for a treatment image, a spatially aligned baseline
image is identified (using any of the methods listed above),
and the selected baseline 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 implementation, which is illustrated in FIG.
10A, multibaseline thermometry involves acquiring a library
of (real-space) baseline images prior to the sonication or
other temperature-affecting treatment (steps 1000, 1002),
performing 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 complemen-
tary information provided by other tracking means, and
computing the thermal map from the treatment and reference
images (step 1012). If no baseline image sufficiently
matches the treatment image, e.g., because the target has
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moved outside the region covered by the images, the process
is aborted (step 1014) or alternatively, the process of library
extension is initiated as described above. Otherwise, the
temperature can continue to be monitored by repeated image
acquisition, reference selection, and processing.

[0078] 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 acquir-
ing raw image data during different stages of motion (step
1020) and optionally reconstructing the real-space refer-
ence/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., relative to a readily
identifiable anatomical landmark, by way of image correla-
tion against computationally shifted copies of prior images,
complementary information provided by other tracking
means, or by any of the methods described 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 association with each respective
reference image (e.g., in a joint data record, or in a separate
database whose entries are linked to the reference images).
During the treatment, image data is acquired for the treat-
ment 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 treatment
image and the baseline images) may be used to identify a
suitable reference image. In some embodiments, it is not
necessary to collect a complete k-space image; instead,
partial raw data is used for the purpose of reference selec-
tion.

[0079] 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, 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 further 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 imaging 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
sonication procedure). As illustrated, it is 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 image processing
can be performed in parallel, reducing the overall treatment
time.

[0080] Motion-tracking methods in accordance herewith
can be implemented using an (otherwise conventional)
image-guided treatment system, such as the MRgFUS sys-
tem 100 depicted in FIG. 1, in conjunction with a comple-
mentary tracking system 120 and a suitable image-process-
ing and control facility (e.g., integrated with computation
unit 112) in communication with the treatment apparatus
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(e.g., the beam former setting the phases and amplitudes of
an ultrasound transducer array) and the imaging apparatus.
The image-processing and control facility may be imple-
mented in any suitable combination 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 computer
includes 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 tra-
ditional 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 comple-
mentary tracking system 1116, and (optionally) any tem-
perature sensors 1118 facilitating absolute-temperature mea-
surements.

[0081] The system memory 1104 contains instructions,
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 computational functionality
required for image-processing, motion tracking, and (op-
tionally) thermometry. For example, as illustrated, the sys-
tem may include an image-reconstruction module 1122 for
reconstructing real-space images from raw image data
received from the imaging apparatus 1114, a similarity-
measuring module 1124 for measuring similarity between
treatment and reference images (whether raw or recon-
structed images), and a reference-selection module 1126 for
selecting suitable 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 an
image 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 recon-
structed 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 treatment images
to obtain a temperature difference map and, if the absolute
temperature corresponding to the selected reference baseline
is known, an absolute-temperature map for the treatment
image. The various modules may be programmed in any
suitable programming language, including, without limita-
tion, 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 embodi-
ments, different modules are programmed in different lan-
guages.

[0082] Although the present invention has been described
with reference to establishing the reference library prior to
treatment, acquiring a new image sequence during treat-
ment, and tracking a moving anatomical object by perform-
ing imaging matching between the treatment image and the
reference images stored in the library, it is not intended that
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the motion tracking of the anatomical object should be
performed during treatment only. Rather, the above-de-
scribed approaches may be implemented in any application
for tracking a moving target when two stages of procedures
are involved—the reference library may be built in one stage
where an image 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.

[0083] The terms and expressions employed herein are
used as terms and expressions of description and not of
limitation, and there is no intention, in the use of such terms
and expressions, of excluding any equivalents of the features
shown and described or portions thereof. In addition, having
described certain embodiments of the invention, it will be
apparent to those of ordinary skill in the art that other
embodiments incorporating the concepts disclosed herein
may be used without departing from the spirit and scope of
the invention. Accordingly, the described embodiments are
to be considered in all respects as only illustrative and not
restrictive.

What is claimed is:

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

(a) prior to the treatment sequence, (i) acquiring a series

of reference images of an anatomical 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 object;
and

(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 complementary information during
acquisition of the treatment images, (iii) correlating at
least one of the treatment images to a corresponding
reference image based on similarity therebetween and
the complementary information, and (iv) tracking the
object in the at least one treatment image based at least
in part on the location associated with the object in the
corresponding reference image.

2. The method of claim 1, wherein the complementary
information comprises at least one of a stage of the motion,
motion-sensor data, or information associated with preced-
ing images.

3. The method of claim 2, wherein the information
associated with preceding treatment images is metadata
specifying when during a respiratory cycle the images were
obtained.

4. The method of claim 1, wherein 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.

5. The method of claim 4, wherein the k-space data
associated with the treatment images is acquired in a high-
frequency region and a low-frequency region alternately.

6. The method of claim 1, wherein the treatment sequence
comprises treatment of the anatomical object.

7. The method of claim 1, wherein the treatment sequence
comprises steering a focused ultrasound beam onto the
object based on the tracking.

8. The method of claim 1, wherein the treatment sequence
comprises treatment of a target other than the anatomical
object.
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9. The method of claim 8, further comprising, during the
treatment, shaping a focused ultrasound beam onto the target
s0 as to avoid the anatomical object based on the tracking.

10. The method of claim 1, wherein the at least one
anatomical object comprises a treatment target and a non-
treatment target.

11. The method of claim 1, wherein the treatment
sequence is part of a treatment procedure comprising a
plurality of time-separated treatment sequences each com-
prising at least one exposure of an anatomical target to
therapeutic energy, wherein at least one of the acquired
reference images used during a treatment sequence is a
treatment image obtained during a previous treatment
sequence.

12. The method of claim 11, wherein each exposure is
subjection of the anatomical target to acoustic energy.

13. The method of claim 1, further comprising monitoring
a temperature in the anatomical region by performing base-
line subtraction between the treatment images and the cor-
responding reference images.

14. The method of claim 1, wherein processing the
reference images comprises identifying at least one anatomi-
cal landmark in each of the reference images, the location
associated with the object being a location of the at least one
anatomical landmark, the location of the at least one ana-
tomical landmark being known relative to a location of the
object.

15. The method of claim 14, wherein tracking the target
comprises inferring the location of the target from the
location of the anatomical landmark in the corresponding
reference image.

16. The method of claim 1 wherein the location associated
with the object is a location of the object.

17. The method of claim 16, wherein similarity is deter-
mined based on raw image data.

18. The method of claim 1, wherein the series comprises
at least one image.

19. The method of claim 18, wherein the series comprises
a plurality of images.

20. The method of claim 1, further comprising, during the
treatment sequence, adding a treatment image to the series
of reference images.

21. The method of claim 1, further comprising comparing
motion of the tracked object against the series of reference
images and, based thereon, smoothing the tracked motion.

22. The method of claim 1, further comprising comparing
motion of the tracked object against the series of reference
images and, based thereon, detecting a tracking error.

23. The method of claim 1, wherein each reference image
comprises a plurality of regions, the method further com-
prising, prior to the treatment sequence, processing the
reference images to determine, for each region, a location
associated with the object.

24. The method of claim 23, wherein each treatment
image comprises at least one region, and the at least one
region is compared against a corresponding region in the
reference images to determine similarity therebetween.

25. The method of claim 24, wherein the locations of the
object in the treatment images are determined based at least
in part on the locations associated with the object in the
corresponding regions in the corresponding reference
images.
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26. The method of claim 1, further comprising acquiring
the complementary information during acquisition of the
reference images.

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

(a) an imaging apparatus, operable in conjunction with a

treatment apparatus, for (i) acquiring, prior to the
treatment sequence, a series of reference images of an
anatomical region comprising the object during motion
thereof, each reference image corresponding to a dif-
ferent stage of the motion, and (ii) acquiring treatment
images of the anatomical region during the treatment
sequence;

(b) means for acquiring complementary information dur-

ing acquisition of the treatment images; and

(b) a computation unit configured to (i) receive comple-

mentary information, (ii) process the reference images
to determine, for each reference image, a location
associated with the object, (iii) correlate at least one of
the treatment image to a corresponding reference image
based on similarity therebetween and the received
complementary information, and (iii) track the object in
the at least one treatment image based at least in part on
the location associated with the object in the corre-
sponding reference image.

28. The system of claim 27, wherein the means for
acquiring complementary information comprises at least one
of an input device for receiving image metadata, a motion
sensor, or a computational module for extracting informa-
tion associated with preceding treatment images or extrapo-
lating information of a stage of the motion associated with
a current treatment image.

29. The system of claim 27, wherein the imaging appa-
ratus comprises an MRI apparatus, and the computation unit
1s further configured to determine an acquisition sequence of
k-space data associated with the treatment images based on
types of information encoded in each k-space location.

30. The system of claim 29, wherein the computation unit
is configured to acquire the k-space data alternatively in a
high-frequency region and a low-frequency region alter-
nately.

31. The system of claim 27, wherein the treatment appa-
ratus comprises an ultrasound transducer.

32. The system of claim 31, wherein the computation unit
is further configured to focus an ultrasound beam generated
by the transducer onto the object based on the tracking.

33. The system of claim 31, wherein the treatment
sequence comprises treatment of a target other than the
anatomical object, the computation unit further being con-
figured to shape an ultrasound beam generated by the
transducer so as to avoid the object based on the tracking.

34. The system of claim 27, wherein the treatment
sequence is part of a treatment procedure comprising a
plurality of time-separated treatment sequences each com-
prising at least one exposure of an anatomical target to
therapeutic energy, the computation unit being configured to
use a treatment image obtained during a first one of the
treatment sequences as a reference image for a subsequent
second one of the treatment sequences.

35. The system of claim 27, wherein the computation unit
is further configured to monitor a temperature in the ana-
tomical region by performing baseline subtraction between
the treatment images and the corresponding reference
images.



US 2017/0358095 A1l

36. The system of claim 27, wherein the computation unit
is further configured to identify at least one anatomical
landmark in each of the reference images, the location
associated with the object being a location of the at least one
anatomical landmark, the location of the at least one ana-
tomical landmark being known relative to a location of the
object.

37. The system of claim 36, wherein the computation unit
is further configured to track the target by inferring the
location of the target from the location of the anatomical
landmark in the corresponding reference image.

38. The system of claim 27, wherein the computation unit
is configured to correlate the treatment images against the
reference images based on raw image data.

39. The system of claim 27, wherein the computation unit
is further configured to add a treatment image to the series
of reference images.

40. The system of claim 27, wherein the computation unit
is further configured to compare motion of the tracked object
against the series of reference images and, based thereon,
smooth the tracked motion.

41. The system of claim 27, wherein the computation unit
is further configured to compare motion of the tracked object
against the series of reference images and, based thereon,
detect a tracking error.

42. The system of claim 27, wherein each reference image
comprises a plurality of regions, the computation unit is
further configured to, prior to the treatment sequence, pro-
cess the reference images to determine, for each region, a
location associated with the object.

43. The system of claim 42, wherein each treatment image
comprises at least one region, and the computation unit is
further configured to compare the at least one region against
a corresponding region in the reference images to determine
similarity therebetween.

44. The system of claim 43, 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
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associated with the object in the corresponding regions in
the corresponding reference images.

45. The system of claim 27, wherein the computation unit
is further configured to acquire the complementary infor-
mation during acquisition of the reference images.

46. A method for tracking a moving anatomical object
during treatment, the method comprising;

(a) prior to the treatment,

(i) acquiring a series of reference images of an ana-
tomical region comprising the anatomical object
during motion thereof, each reference image corre-
sponding to a different stage of the motion; and

(i1) processing the images to determine, for each image,
a location associated with the object; and

(b) during the treatment,

(i) performing a scanning sequence to acquire image
data associated with the anatomical object, the scan-
ning sequence comprising a plurality of scanning
lines;

(ii) acquiring complementary information associated
with the anatomical object during acquisition of the
image data;

(iii) computing similarity between the acquired image
data and the reference images to identify at least one
matching reference image;

(iv) determining whether a number of the matching
reference images is below a threshold; and

if so, selecting one of the matching reference images
based on the similarity and the complementary infor-
mation, and inferring a location of the anatomical
object from the location associated with the anatomi-
cal object in the selected reference image;

if not, based on the pre-determined scanning sequence,
performing the scanning sequence in a next scanning
line to acquire the image data of the anatomical
object and repeating steps (ii), (i) and (iv).
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