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(57) ABSTRACT

Methods and systems using magnetic resonance and ultra-
sound for tracking anatomical targets for radiation therapy
guidance are provided. One system includes a patient trans-
port configured to move a patient between and into a
magnetic resonance (MR) system and a radiation therapy
(RT) system. An ultrasound transducer is also provided that
is hands-free and electronically steerable, securely attached
to the patient, such that the ultrasound transducer is config-
ured to acquire four-dimensional (4D) ultrasound images
concurrently with one of an MR acquisition or an RT
radiation therapy session. The system also includes a con-
troller having a processor configured to use the 4D ultra-
sound images and MR images from the MR system to
control at least one of a photon beam spatial distribution or
intensity modulation generated by the RT system. The
system determines the previously-acquired correct MR
images that represent a specific motion state at some time,
t, by a plurality of transformations that allow the represen-
tation of the position of fiducial markers in the correspond-
ing ultrasound images to match that of a prior ultrasound
acquisition.
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METHODS AND SYSTEMS TO DETERMINE
RESPIRATORY PHASE AND MOTION STATE
DURING GUIDED RADIATION THERAPY

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Non-provisional patent application Ser. No. 13/797,395,
entitled “Methods and Systems Using Magnetic Resonance
and Ultrasound for Tracking Anatomical Targets for Radia-
tion Therapy Guidance”, filed Mar. 12, 2013, which is herein
incorporated.

BACKGROUND

[0002] Inradiation therapy, the planning treatment volume
(PTV) is usually set to be much larger than the clinical tumor
volume (CTV). This is due to the fact that during respiration,
the tumor target can move (e.g., as much as 3 centimeters
(cm)).

[0003] Typically, the PTV is set to be much larger than that
of the CTV in order to provide effective dose delivery to the
tumor. With respect to the gross tumor volume (GTV), CTV,
internal target volume (ITV), and PTV, GTV is less than
CTV, PTV. In conventional systems, the CTV defines the
target volume that includes a margin to account for complete
treatment of the tumor based on physiological information
and also on clinical treatment experience. Moreover, the [TV
is typically set much larger than the CTV to account for
uncertainties in the disposition of the anatomy, such as from
respiration. When perform radiation therapy, the PTV is set
to the volume to deliver the prescribed radiation dose to the
CTV accounting for the different beam treatment angles and
also the different geometries.

[0004] Accordingly, in conventional systems, this larger
ITV region results in substantial damage to a much larger
volume of healthy tissue, which can include a nearby critical
organ. Thus, conventional radiation therapy systems have
this undesirable side-effect, with the collateral damage to
healthy tissue having an even greater impact when critical
organs are in proximity to the tumor volume. An example of
this adverse effect is in the treatment of prostate cancer
where the colon, bladder and rectum may not be involved in
the treatment, but may suffer significant radiation damage
from the therapy. This radiation damage can result in loss of
normal function of the organs and can negatively affect the
quality of life.

[0005] Real-time guidance is desirable to either “gate” the
radiation beam such that it is switched off when the tumor
target moves away from the treatment volume that was
already pre-prescribed or the PTV is dynamically altered
during the treatment in response to the physical movement
and deformation (if any) of the tumor volume.

[0006] There are a number of known systems and methods
that include integrating x-ray computed tomography (CT)
with a linear accelerator (LINAC), the device that delivers
the radiation dose. There are also other known systems and
methods that integrate a LINAC with an MR scanner.
However, all these conventional approaches have disadvan-
tages of increased radiation dose to healthy tissue, poor soft
tissue and tumor margin delineation, and/or have significant
technological challenges or cost, for example the combina-
tion of a LINAC and MR scanner. Therefore, a need exists
to determine the determine the position of a tumor target or
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treatment volume in response to physical movement and
deformation. In addition, the determination of position
would beneficially take into account physical movement or
deformation of the tumor target or treatment volume as
attributed to autonomous nervous system function such as
respiration.

BRIEF DESCRIPTION

[0007] In accordance with various embodiments, a system
is provided that includes a patient transport configured to
move a patient between and into a magnetic resonance (MR)
system and a radiation therapy (RT) system and an ultra-
sound transducer coupled to the patient or the patient
transport, wherein the ultrasound transducer is configured to
acquire four-dimensional (4D) ultrasound images concur-
rently with an MR acquisition session and a separate RT
radiation therapy session. The system also includes a con-
troller having a processor configured to use the 4D ultra-
sound images and MR images from the MR system to
control at least one of a photon beam spatial distribution or
intensity modulation generated by the RT system. In one
embodiment, specific separate patient transports may be
utilized that have the same characteristic pertinent to a
radiation therapy treatment (such as a flat table-top), but can
operate in an MR system and an RT system.

[0008] In accordance with other various embodiments, a
method for tracking anatomy for radiation therapy treatment
is provided. The method includes acquiring, using an ultra-
sound device attached to a patient or coupled to a patient
support, real-time four-dimensional (4D) ultrasound images
during a treatment phase for radiation therapy and using the
acquired real-time 4D ultrasound images to indirectly obtain
higher spatial resolution magnetic resonance (MR) images
of a tumor using 4D ultrasound images acquired during a
pre-treatment phase using the ultrasound device. The higher
spatial resolution MR images have a higher spatial resolu-
tion than the 4D ultrasound images; and the higher spatial
resolution MR images acquired during the pre-treatment
phase are correlated to the 4D ultrasound images. The
method also includes controlling at least one of a photon
beam spatial distribution or intensity modulation generated
by a radiation therapy (RT) system using the higher spatial
resolution MR images.

[0009] The method for tracking anatomy for radiation
therapy treatment relies on using the MR images during
radiation therapy that were acquired at a different time
during the pre-treatment phase. The MR images can be used
to account for physical movement such as during respira-
tion, or deformation of the tumor target or treatment volume
during respiration or other autonomous nervous system
functional movement. In reference to respiratory motion, the
4D ultrasound images are used to determine the respiratory
phase or the motion state of the patient, and do not register
to the MR images. The ultrasound images do not utilize
physical registration to the MR images to determine the
respiratory or motion state, but rather the respiratory motion
state for the MR images is determined using index matching
of the representations of the 4D ultrasound images acquired
previously and also during therapy. The physical frame-of-
reference of the MR images are referenced to the radiation
therapy system frame-of-reference so that the position of the
treatment volume relative to the radiation therapy beam is
determined.
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[0010] In one embodiment, a system comprises one or
more patient transports to move a patient into a magnetic
resonance (MR) system and to a radiation therapy (RT)
system; an ultrasound transducer attached to a patient, the
ultrasound transducer mobile, hands-free, and electronically
steerable, the ultrasound transducer configured to acquire
four-dimensional (4D) images. A plurality of targets within
the 4D volumes at each instance in time, at time point, t, can
be identified by fiducial markers. The system thus comprises
a controller having a processor configured to acquire acqui-
sitions of real-time three-dimensional (3D) MR images (M(

T, 1)) over time to produce 4D MR images, and real-time 3D

ultrasound images (U(T, t)) over time to produce 4D
ultrasound images, the acquisitions temporally synchronized
to a designated time point; and to generate a series of
real-time transformation functions to identify fiducial mark-

ers from one or more of the 4D ultrasound images, U(?, 1),
at each time point (t), wherein the fiducial markers represent
a unique respiration or motion state, R, (1), and link the

corresponding 4D MR images, M(T, 1), to the respective
unique respiration or motion state.

[0011] Inoneaspect, the 4D images of the MR images link
to a list of positions of the fiducial markers, the list of which
represents different respiration or motion states as deter-
mined by the 4D ultrasound images. The system further
comprises one or more secondary ultrasound images
acquired during a radiation therapy (RT) procedure, wherein
the respiration or motion states are matched to the 4D MR
images during the RT procedure to determine a real-time
designated respiration or motion state in the secondary
ultrasound images. The system comprises a list of positions

is represented by the equation: R,(t): U(?, t)%(?, 1),
wherein R, (t) represents a collection of the positions of
fiducial markers identified in the 4D ultrasound images at
time, t, corresponding to a respective 4D MR image.
[0012] In embodiments of the system, the collection is a
set of unique identifiers associated with different respiration
or motion states as determined by the positions of the
fiducial markers. In one aspect, the fiducial markers include
one or more anatomical markers. In another aspect, the 4D
MR images and the 4D ultrasound images are acquired
asynchronously.

[0013] Embodiments further encompass a method for
tracking a target during radiation therapy comprising the
steps of: acquiring magnetic resonance (MR) images over
time during a pre-treatment phase to account for respiratory
motion or patient movement; acquiring, using an ultrasound
device coupled to a patient, real-time three-dimensional
(3D) ultrasound images over time to produce four-dimen-
sional (4D) ultrasound images during a treatment phase for
radiation therapy; temporally synchronizing the MR images
and the 4D ultrasound images to an imaging time point; and
generating a series of real-time transformation functions to
identify one or more fiducial markers from one or more of
the 4D ultrasound images at each time point, t, wherein the
fiducial markers represent a respiratory or motion state,
R, (1), and link one or more corresponding MR images, M(

T, 1), to the respiratory or motion state at the imaging time
point. The MR images link to a list of positions of the
fiducial markers in the 4D ultrasound images, the list of
which represents different respiratory or motion states in the
4D ultrasound images. A step of acquiring secondary ultra-
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sound images during an interval of the radiation therapy can
determine a procedural motion state.

[0014] In one embodiment, the procedural motion state is
converted to a set of numbers such that matching the set of
numbers to the one or more fiducial markers selects out the
MR image in real-time and determines the respiratory or
motion states. The MR images are referenced to a radiation
therapy system frame-of-reference to determine a position of
a treatment volume relative to a radiation therapy beam. The
real-time 4D ultrasound image identifies and labels each of
the imaging time points and associates the imaging time
point with the respiratory state or a selected motion state,
and in view of corresponding soft tissue and tumor delin-
eation in at least one of the MR images. In one aspect, the
MR images and the real-time 4D ultrasound images are
linked to related time points via image reconstruction meth-
ods.

[0015] Embodiments also include an integrated radiation
therapy (RT) system comprising: one or more patient trans-
ports to move a patient into a magnetic resonance (MR)
system and to a radiation therapy (RT) system; an ultrasound
transducer attached to a patient, the ultrasound transducer
mobile and electronically steerable; a controller having a
processor configured to: acquire one or more real-time MR
acquisitions and one or more real-time ultrasound acquisi-
tions; temporally synchronize the one or more real-time MR
acquisitions and the one or more real-time ultrasound acqui-
sitions to a designated time point to provide one or more 4D
MR images and one or more 4D ultrasound images, respec-
tively; and generate a series of real-time transformation
functions to identify fiducial markers from the one or more

4D ultrasound images, U(?, 1), at each time point (t),
wherein the fiducial markers represent a specific respiration
or motion state, R, (1), and link one or more of the 4D MR

images, M(?, 1), to the specific respiration or motion state.

[0016] Aspects of the invention further comprise an acqui-
sition of secondary ultrasound images obtained during a
radiation therapy procedure, wherein the fiducial markers
synchronize with the 4D MR images to determine a real-
time respiration or motion state. The real-time MR acqui-
sitions or the real-time ultrasound images can be a series of
two-dimensional (2D) images acquired over time to obtain
a 4D volume, or three-dimensional (3D) images acquired
over time, to create the 4D MR images or the 4D ultrasound
images, respectively. In one embodiment, the respiration or
motion states in the 4D ultrasound images determines an
MR-matched respiration or motion state by using index
matching.

[0017] Embodiments of the invention, thus described, can
be varied and reconfigured as desired to determine respira-
tory or other motion states, patient movement, environmen-
tal motion, or otherwise. Moreover, fusing the MR and
ultrasound images assist in defining a unique respiratory
state, the unique identifier of the respiration state derived
from the procedural ultrasound images. Details are provided
as follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a diagram illustrating an anatomical
tracking system in accordance with various embodiments.
[0019] FIG. 2 are images illustrating modulation of a
therapy beam in accordance with various embodiments.
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[0020] FIG. 3 is a diagram illustrating a device configu-
ration in accordance with an embodiment.

[0021] FIG. 4 is a block diagram illustrating a motion
correction module in accordance with various embodiments.
[0022] FIG. 5 is a diagram illustrating a collimator
arrangement in accordance with one embodiment.

[0023] FIG. 6 is flowchart of a method in accordance with
an embodiment.

[0024] FIG. 7 is a flowchart of a method in accordance
with another embodiment.

[0025] FIG. 8 is a diagram illustrating therapy modulation
in accordance with an embodiment.

[0026] FIG. 9 is a block diagram of an ultrasound system
in accordance with an embodiment.

[0027] FIG.10is a block diagram of a magnetic resonance
imaging (MRI) system in accordance with an embodiment.

DETAILED DESCRIPTION

[0028] The following detailed description of certain
embodiments will be better understood when read in con-
junction with the appended drawings. As used herein, an
element or step recited in the singular and proceeded with
the word “a” or “an” should be understood as not excluding
plural of said elements or steps, unless such exclusion is
explicitly stated. Furthermore, references to “one embodi-
ment” are not intended to be interpreted as excluding the
existence of additional embodiments that also incorporate
the recited features. Moreover, unless explicitly stated to the
contrary, embodiments “comprising” or “having” an ele-
ment or a plurality of elements having a particular property
may include additional elements not having that property.

[0029] Although the various embodiments may be
described herein within a particular operating environment,
for example a particular imaging system, such as a particular
magnetic resonance (MR) or ultrasound system, it should be
appreciated that one or more embodiments are equally
applicable for use with other configurations and systems.

[0030] Various embodiments provide systems and meth-
ods for using MR and ultrasound for tracking, such as
real-time tracking (e.g., tracking while performing radiation
therapy) of anatomical targets and correction of a radiation
therapy treatment volume for respiration. In particular, vari-
ous embodiments use the real-time imaging of ultrasound to
identify and label each imaging time point and associate the
designated time point with a respiratory state or selected
motion state, with the soft tissue and tumor delineation of
MR imaging. The ultrasound images and the MR images are
linked to the same points in time via image reconstruction
methods of interpolation or down-sampling such that MR

images, M(?, t), at the same time point, t, as the corre-

sponding ultrasound images, U(?, 1), represent images
acquired at a given respiration or motion state at time t. At
least one technical effect of various embodiments is reduced
likelihood of radiation exposure to healthy tissue. By prac-
ticing various embodiments, a low-cost, easy-to-use system
for tracking anatomical targets to reduce the likelihood of
exposure to healthy tissue, including critical organs, during
radiation therapy (e.g., tumor radiation therapy) may be
provided.

[0031] In one embodiment, as illustrated in the system 20
shown in FIG. 1, a patient 22 undergoing radiation therapy,
first undergoes a combined MR and ultrasound study that
generates four-dimensional (4D) (three-dimensional space
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and time) MR and ultrasound images, which is referred to
herein as the pre-treatment phase. The 4D MR images,

represented by U(T, 1), are acquired such that the image also
may be used for radiation treatment planning. In particular,
an MR system 24 in combination with an ultrasound system

26 are used to acquire MR images, represented by M(?, 1),
and ultrasound images of the patient 22, prior to radiation
therapy treatment delivery. It should be noted that the
positioning and relative location of the MR system 24 and
the ultrasound 26 are shown merely for ease of illustration
and simplicity, and the various components may be arranged
different and may be combined or coupled differently in
some embodiments.

[0032] The patient 22 is supported in a patient transport
28, such as a moving table or stretcher. In operation, after
acquiring MR and ultrasound data, which may be used for
calibration and correction of radiation therapy as described
in more detail herein, the patient transport 28 is configured
to move the patient 22 to a radiation therapy (RT) system 30
that in various embodiments includes a linear accelerator 33
(LINAC) for performing radiation therapy. In one embodi-
ment, the patient transport 28, as shown, reduces and mini-
mizes the variation of the patient’s body habitus in moving
between the MR scanner and the radiation therapy device
(e.g., the LINAC). In practice, the pre-treatment acquisition
in the MR system 24 could occur on a different day from the
treatment phase on a radiation therapy (RT) system 30. In
such a case, the patient transport used for the MR system 24
and the radiation therapy (RT) system may differ while
sharing similar characteristics to minimize variations in
organ displacement between systems. An example of such is
a flat table-top. Variations are contemplated, such as a
conformal patient bed that constrains the body habitus to the
same form in both the MR scanner and radiation therapy
device. In FIG. 1, the RT system 30 may include a gantry 32
that moves or controls a radiation source 34, which gener-
ates an x-ray beam towards a region of interest of the patient
22 (e.g., a region within the patient that includes a tumor).
It should be noted that any suitable linear accelerator, such
as one for external-beam radiation therapy may be used. In
addition, it should also be noted that various embodiments
including the methods described herein for image-guided
radiation therapy are also applicable to therapy modes where
energy beams other than x-ray are used. For example,
various embodiments may be implemented in with particle
(such as electron and proton beams) and/or heavy ion beam
therapies.

[0033] In various embodiments, an ultrasound system 26,
or a portion of the ultrasound system 26, is coupled or
integrated into the patient transport 28, such as within or
under a patient table. In some embodiments, the ultrasound
system 26 is configured to allow operation in an MR and
radiation environment, such that the ultrasound system 26 is
shielded, for example, so as to not be affected by or to affect
the operation of the MR or radiation systems. In one
embodiment, an integrated ultrasound scanner or probe,
which in one embodiment is a transducer array 38, is
integrated or coupled with the patient transport 28. The
transducer array 38 may have one or more different geom-
etries as described in more detail herein and in various
embodiments is configured to acquire ultrasound data of the
patient 22 to generate 4D images, namely 3D images over
time (i.e., 4D) that are used for radiation treatment planning
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for the radiation treatment system 30. In one embodiment,
an integrated ultrasound transducer array 38 is electronically
steerable to generate 4D images and can be secured to the
patient via straps or suitable wraps.

[0034] More particularly, in various embodiments the
patient transport 28 is a MR and radiation therapy compat-
ible table. For example, in one embodiment, the patient
transport 28 has the properties that the table-top and support
structure forming the patient transport 28 are compatible
with high magnetic fields (e.g., MR-compatible), in addition
to being radio-translucent. The latter property allows photon
beams to pass through the patient transport 28 without
significant attenuation and scatter, which allows for accurate
treatment planning and also reduces the radiation exposure
to the patient 22 from scattering of the photon beam. It
should be noted that in some embodiments (where additional
radiation attenuation is desired) additional attenuation of the
table structures may be accounted for in the treatment
planning process, similar to attenuation correction in the
reconstruction of positron emission tomography (PET)
images. In one aspect, the patient transport used for the MR
system 24 and the radiation therapy (RT) system are differ-
ent but shares similar characteristics to minimize variations
in organ displacement between systems; an example of such
is a flat table-top. In such a case, the pre-treatment and
radiation therapy phase can occur at different times so that
the patient need not be transported between systems on the
same patient transport, and can be repositioned on different
transports.

[0035] The ultrasound transducer array 38 is also capable
of operation in an MR environment as well as a high
radiation environment. The transducer array 38 in some
embodiments is a two-dimensional array capable of gener-
ating 4D images that allows real-time 3D images (i.e., 4D)
to be generated electronically. In some embodiments, the
transducer array 38 is configured to be less sensitive to
high-energy photons (e.g., between 1-8 MeV) and can
operate in an MR environment. In some embodiments, the
transducer array 38 may be a one-dimensional array.
[0036] In various embodiments, a controller 40 that
includes a processor 42 is provided. The controller 40 is
configured to control the operation of the various compo-
nents described herein, such as to perform real-time tracking
and correction of a radiation treatment volume for respira-
tion. A general description of the operations and configura-
tions of the controller 40 will first be described followed by
a more detailed description. In various embodiments, the
controller 40 is configured to acquire and temporally syn-
chronize the simultaneous acquisition of real-time 3D MR

images (M(T, 1)) over time, as well as real-time 3D ultra-
sound images (U(T, t)) over time (4D images), to the same
or similar time points. The 4D ultrasound (U(T, 1)) and 4D

MR images (M(?, t)) synchronized to the same time points,
t, represent the different respiratory or motion states specific
at each time point, t. The controller 40 is also configured to
generate a series of real-time transformation functions to

identify fiducial markers from the ultrasound image, U(?,
t), at each time point, t. The fiducial marker positions then
represent a unique respiration or motion state, R, (t), and link

the corresponding MR images, M(T, 1), to the same respi-
ration or motion state by virtue that the MR images are
synchronized to the same time point, t. In particular, this
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setup, pre-treatment, calibration or training step to first
identify the appropriate anatomical markers in the ultra-
sound image can be used as fiducials, and then used to
generate a list of points that corresponds to the ultrasound
image at time, t. Because the ultrasound and MR images are
synchronized in time, the corresponding MR image at time,
t, links to a list of marker positions that represent different
respiration or motion states that are previously determined
from the ultrasound image. This list of system components
can be represented by:

R():UF n—=M(7 1) Eq. 1

where R, (t) represents the collection of the position of
anatomical markers identified in the ultrasound images at
time, t corresponding to the MR image, and the collection is
a set of unique identifiers (e.g., a set of numbers or indices)
for different respiration or motion states. Each respiration or
motion state may be represented by a plurality of unique
identifiers, with each identifier determined from the position
of one or more anatomical (fiducial) markers. Hence, for
each respiration or motion state, R (t), as determined from

the ultrasound images, U(T, t), the corresponding MR
images, M(r, t), that depict that respiration or motion state

can be easily identified as U(T, t) and M(T, t), and are
temporally linked. Note that no image spatial registration
between ultrasound and MR images is needed to determine

the MR images M(T, t) that correspond to a specific
respiration or motion state, R,(t). To determine the MR
images corresponding to a specific respiration or motion

state, R, (t), the MR image set, M(?, 1), is thus indexed to
a specific time point, t.

[0037] The unique identifiers, R,(t), that represent the
respiration or motion state is determined from the positions
of one or more anatomical markers (i.e., fiducial markers).
The multi-dimensional nature of the anatomical markers
used to determine the unique identifiers, R,(t), can be any
suitable method or algorithm that either matches or reduces
positional variation to an index (e.g., numbers) or a set of
indices (e.g., a set of numbers) that are unique to the position
of the anatomical markers. It is assumed that each respira-
tory state or motion state is associated with a set of unique
identifiers. In this manner, images acquired at a previous
time that correspond to the respiratory state or motion state
at some present time can be displayed and represent the
current respiration or motion state.

[0038] If the MR and ultrasound images are acquired
asynchronously, R (t) in Equation 1 can still be determined,

but a prior step of temporally synchronizing (U (?, t)) and

(M(T, t%)) is performed, where t and t* represent the
ultrasound and MR images acquired at different times. The

MR (M(T, t*)) and ultrasound (U(T, t)) images can be
temporally synchronized using temporal interpolation or
down-sampling, individually or in combination, to linked
image sets in Equation 1. It should be noted that the
ultrasound images may also be acquired outside of the MR
scanner if a prior step of fusing the asynchronously acquired
MR and ultrasound images is performed. However, this adds
complexity and uncertainty to the process as there needs to
be high confidence and minimal error in the image fusion
process, which can affect the time-varving spatial maps of
the anatomical targets.
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[0039] The controller 40 is also configured to control
radiation treatment planning for each of the real-time MR
images to deliver the prescribed dose to the target tumor.
This is represented by:

M7 H—=PIV($) Eq.2

where ¢ represents the angle of the gantry 32 (shown in FIG.
1) to deliver the prescribed dose to the target tumor volume
accounting for the geometry and location of the tumor. It
should be noted that there may be a series of angles, ¢,
depending on the treatment plan and target dose to the tumor.
It also should be noted that this control step may be
performed in real-time if the computational capabilities are
available. It also should be noted that in this embodiment,
the PTV may vary in time as the position of the CTV, CTV

(T, 1) changes with patient respiration or motion. In which

case, the MR images, M(T, t), that are representative of the
respiratory state or motion state, R (1), are used to determine
the PTV or if the CTV is within the treatment beam. Note
that the objective of ensuring that MR image guidance is
used to better control radiation therapy delivery to the tumor
target or CTV is facilitated without utilizing the step of
image fusion between MR and ultrasound images.

[0040] In various embodiments, the ultrasound transducer
array 38 (shown in FIG. 1) acquires images in real-time and
continuously while the photon beam therapy is occurring
simultaneously. These images can be represented by (U, _(

d . . ‘e
r, t)). In various embodiments, the positions of the ana-
tomical markers or fiducials, R,(t*) are identified from

(U,..(T, t%). In particular, by matching R,(t*) with R (t*),

the corresponding MR image, M(?, t), that was previously
acquired can be displayed in real-time. In this manner, the
MR images that represent the respiration or motion state
given by R,(t*), can be display in a rapid manner by simple
matching of R,(t*) with the pre-acquired respiration or
motion states, R, (t*), without utilizing physical image reg-
istration of ultrasound-to-ultrasound images or ultrasound-
to-MR images. This is because the unique identifier of the
respiration or motion state indicated by R,(t¥) is directly
compared to the set of unique identifiers of respiration or
motion state R,(t), as acquired during the pre-treatment

phase to determine the MR images, M(T, t), that most
closely resembles the respiration or motion state at time t*
during the radiation (or photon beam) therapy phase. By
matching the respiration or motion state at time t* with that
of the pre-acquired, pre-treatment MR images, the tumor
volume, critical organs, and other anatomical structures are
identified and accessible without concurrent real-time MR
scanning. In one aspect, the ultrasound images in both the
pre-treatment acquisition and during radiation therapy are
used for the determination of the respiration and motion
state. In some embodiments, the ultrasound images may
provide images of the tumor target or treatment volume.
However, due to the poor soft tissue contrast of ultrasound
images compared to MR images, the MR images are pre-
ferred to provide the imaging guidance during radiation
therapy to identify the tumor target or treatment volume.
Either may be utilized, however, as desired.

[0041]
CTv (?, t) is indirectly determined from R,(t*) as described
above. For a static PTV, if CTV (T, t) departs significantly

In various embodiments, the position of the CTV,
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from the static PTV, a control signal is sent to the linear
actuator 33 (shown in FIG. 1) to modulate the photon

therapy beam off. Once the CTV (T, 1) returns to the PTV
location or volume, the photon therapy beam is modulated
on. This control provides a therapy beam such that the
radiation dose is delivered preferentially to the CTV rather
than to healthy tissue or critical organs. In general, the
control also tracks the amount of time the photon therapy
beam is on for that specific treatment geometry angle, ¢, to
provide adequate dose delivery to the tumor target, which is
illustrated in FIG. 2.

[0042] For example, FIG. 2 shows the modulation of a
photon therapy beam (XR) 60 for a fixed PTV on MR
images 50, 52, 54 and 56 at different points in time. In the
illustrated example, XR is on for images 50 and 56 and off
for images 52 and 54. The circles 62 in each of the images
50, 52, 54 and 56 indicate representative anatomical markers

corresponding to the MR images at time t, M( , t), while the
regions 64 represent the CTV, which as can be seen, varies

in shape and size over time. By relating M(?, 1) with R,(t*)
that was determined from the real-time ultrasound images

U, d(?, t*), a determination can be made as to whether the
CTV is within the static PTV. Accordingly, as shown in FIG.
2, during a time period (corresponding to the images 50 and
56), when the CTV is within the static PTV, XR is turned on
and during a time period (corresponding to the images 52
and 54), when the CTV is not within the static PTV, for
example, a least a portion (e.g., any portion or a define
amount) of the CTV is not within the static PTV, the XR is
turned off. In some embodiments, XR is turned or modulated
off only when there are significant deviations of the CTV
from the PTV.

[0043] To perform the above-mentioned function of deter-
mining if the CTV is within the static PTV, the physical
coordinates of the MR images are determined and synchro-
nized with the physical coordinates of the radiation therapy
system prior to commencing therapy through procedures
that are currently used in the radiation therapy protocol. For
example, the usual practice is to use an X-ray image to
match treatment planning image coordinate system with the
physical coordinate system of the radiation therapy system.

[0044] In another embodiment, the PTV (t, ¢) is indirectly
determined, in real-time from the measured R,(t*) points by
the matching process described above. This is the PTV that

corresponds to the positional variation of the CTV (T, t). In
various embodiments, the commands to the linear actuator
33 are transmitted (e.g., by the controller through a wired or
wireless link) to adjust a collimator (e.g., a multi-leaf
collimator (MLC) of the RT system 30) to generate a
dynamic PTV (t, ¢). This process provides for the correct
radiation dose to be delivered to the CTV and reduces the
likelihood or avoids additional radiation damage to healthy
tissue. Additionally, the PTV may be positioned closer to the
CTV, such as closer than in conventional systems. Addition-
ally, this process is expedient as the photon therapy beam is
always on, also reducing or minimizing the overall treatment
time per radiation dose partition. This set up also allows the
operator or clinician to monitor the changes in the PTV in
relation to the changing position of the tumor target in
real-time.

[0045] With respect to workflow, the patient 22 will first
be imaged by the MR system 24 (which includes an MR
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scanner 72 in various embodiments as shown in FIG. 3) on
the radiation-therapy compatible patient transport 28 with
the ultrasound scanner 38. In operation, real-time MR
images are acquired simultaneously with the real-time ultra-
sound images. The patient 22 is then moved to the RT
system 30 for therapy. It should be noted that treatment
planning can occur at any time after the MR images are
acquired. As such, the patient transport 28 used in the MR
system 24 may be different than that utilized in the therapy
system 30 but shares some physical characteristics, such as
having a flat table-top. One embodiment of a configuration
for a room set-up 70 and patient transition is shown in FIG.
3, wherein the patient transition is illustrated by the arrow.
As can be seen, the patient 22 is maintained on the patient
transport 28 and in this embodiment movement of the
patient transport 28 is generally linearly from the MR
scanner 72 to the RT system 30. However, it should be
appreciated that the patient transport 28 may be moved
transversely, such as to an angle with respect to the arrow,
for example, based on the positioning of the RT system 30,
which may not be able to be in line with the scanner 72 in
some embodiments as a result of the room dimensions or
size. It should also be noted that various embodiments may
be implemented in other therapy protocols. For example, a
therapy protocol where the patient is moved more than once
between the MR scanner and the radiation therapy device to
reposition the PTV or to assess tissue changes after radiation
therapy to better determine treatment efficacy.

[0046] The room set-up 70 is one example of a configu-
ration that provides image guided radiation therapy. It
should be noted that the patient 22 in some embodiments
may be moved between different rooms. In the illustrated
embodiment, the MR scan is first performed to identify the
tumor(s) margins and determine the PTV. The patient is then
transported to the RT system 30 using the same patient
transport 28 having the transducer array 38 or other ultra-
sound scanner or probe that is capable of 4D imaging is
some embodiments. Thus, soft tissue contrast images
acquired using the transducer array 38 in real-time may be
used to guide the definition of radiation therapy treatment
volumes, such as the photon beam definition (e.g., photon
beam shape or profile).

[0047] As should be appreciated, in accordance with vari-
ous embodiments, both the MR system 24 and the RT system
30 are not modified except that that the patient transport 28
includes or has integrated therewith ultrasound capability.

[0048] As should be appreciated, in accordance with vari-
ous embodiments, the patient transport 28 for the MR
system 24 and the RT system 30 may not be necessarily
identical but need to share the same characteristics, such as
a flat table-top, or some other feature that allows the internal
organs to maintain the same relative positions between
systems. Such additional characteristic could also be a
conformal, custom body mold, in one embodiment.

[0049] Various embodiments use real-time ultrasound to
indirectly obtain high spatial resolution images of the tumor
(s) without incurring additional radiation risk or cost. In
particular, the higher resolution MR images acquired during
the pre-treatment phase are correlated to the 4D ultrasound
images acquired during the treatment phase. During the
treatment phase, 4D ultrasound images are acquired and are
then mapped into the pre-treatment 4D ultrasound images,
through matching the unique identifiers between R,(t*)
during treatment, and the unique identifiers, R,(t), deter-
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mined during the pre-treatment. There is a correlation
between the pre-treatment 4D ultrasound images, u(r, 1),

and the higher resolution MR images, M( T , t), because both
are synchronized in time. Hence, by mapping or matching

the treatment 4D ultrasound images, U, (T, t*), to the

pre-treatment 4D ultrasound images, U(T, 1), using the
unique identifiers, R,(t*) to R, (t), the treatment respiration
or motion state at time t* can be indirectly correlated to
higher resolution MR images that reflect the same spatial
disposition of the critical organs and tissue in the treatment
target area. Hence, the treatment real-time 4D ultrasound
images indirectly “obtains™ or “acquires” higher resolution
MR images that reflect the same spatial position of the
anatomy at a specific time point using a method of matching
unique respiration or motion state identifiers rather than
image registration, which is a much more rapid and time-
efficient process.

[0050] It should be noted that in various embodiments,
real-time refers to obtaining information or performing
tracking while performing radiation therapy. In some
embodiments, as described in more detail herein, a 4D
ultrasound imaging platform may be used during the treat-
ment planning (MR) phase to calibrate the range of motion
of the RT system 30 over time and then use the same
ultrasound imaging platform to provide real-time tracking
and guidance during radiation therapy by the RT system 30.
By having high definition images of the tumor in real-time
(e.g., higher resolution than ultrasound images), the PTV
can be modified dynamically and/or in real-time to adapt the
treatment volume to track or map the tumor volume as the
volume changes position or deforms during respiration.

[0051] Insome embodiments, a motion correction module
80 as shown in FIG. 4 may be provided. The motion
correction module 80 may be implemented in hardware,
software or a combination thereof, and may be provided as
part of or accessed by the controller 40 (shown in FIG. 1).
The motion correction module also may include a calibra-
tion sub-module 82 to perform calibration operations as
described herein.

[0052] In operation, from the prior MR-ultrasound pre-
treatment study (acquisition of MR and ultrasound images),
transformation-relationship tables 84 are computed to cor-
relate the ultrasound images 86 with the MR 4D images 88.
Using these transformation tables 84, the ultrasound only
real-time 4D images acquired during the radiation therapy
procedure will produce accurate, corresponding high spatial
resolution MR images. The transformation-relationship
tables 84 are computed using the unique identifiers deter-
mined in R,(t*) and R, (t), representing pre-treatment and
treatment respiration or motion states. The MR and ultra-
sound images are linked as they are temporally synchronized
to the same time points, t. These images can be used
dynamically and/or in real-time to enable/disable the radia-
tion beam if the CTV is deviates from the PTV. Additionally,
various embodiments may also, in real-time, re-compute and
modulate the PTV in response to changing location and/or
shape of the CTV as a result of respiration. For example, as
shown in FIG. 5, in some embodiments, the RT system 30
includes a collimator 90 positioned adjacent the radiation
source 34 and a MLC 92 positioned adjacent the collimator
90. It should be noted that adjacent may refer to in physical
contact or separated by a gap.
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[0053] The MLC 92 includes movable segments 94 that be
adjusted, as illustrated by the arrows to adjust the collima-
tion of the beam 36. For example, the ML.C 92 may be used
to control the PTV shape for intensity modulated radiation
therapy (IMRT). The MLC 92 can be reconfigured in some
embodiments, for example, in as little as 120 ms. Hence,
real-time control over the PTV may be provided to perform
real-time radiation planning.

[0054] In accordance with various embodiments, during
radiation treatment planning, the PTV size is reduced or
made smaller and positioned closer to the CTV in order to
reduce or avoid radiation damage to healthy tissue. The PTV
accounts for changes in the target tumor from respiration and
also accounts for differences in geometry. In various
embodiments, maximum radiation dose is increased or
maximized to the tumor volume (CTV) while reducing or
minimizing radiation dose to healthy tissue and also to
nearby critical organs. Various embodiments provide MR-
like or MR images without constructing a combined MR-RT
system.

[0055] Various embodiments use ultrasound to provide
real-time images of anatomical landmarks and to map those
landmarks to a corresponding MR image that has been
pre-acquired. Accordingly, real-time MR images can be
indirectly generated to provide real-time image guidance for
control of the radiation therapy treatment volume.

[0056]

images acquired during radiation therapy, U, (T, t*), the
unique identifiers, R,(t*) are determined from positions of
anatomical markers. The unique identifiers are then com-
pared and matched to the set of unique identifiers, R, (t), that
were acquired in the pre-treatment phase of the therapy
procedure as diagrammatically illustrated in FIG. 1. The

In one embodiment, from the real-time ultrasound

corresponding MR images, M(?, t*) that were previously
acquired that correspond to the respiration or motion state at
time t* are identified. That is, if unique identifiers R, (t)

matches R,(t*), then the pre-acquired MR images, M(T, 1),
with the time index, t, provides a high-spatial resolution
image that most closely matches the physical respiration or
motion state at that time, t*, during the treatment phase.
From this identification, the target clinical tumor volume,
CTV (t) is determined in real-time. If a fixed planning
treatment volume, PTV, is used, then if CTV(t)ePTV is
within 9, where 8 is a tolerance factor, then the radiation
therapy beam is modulated on. If not, the beam is modulated
off. FIG. 6 is a flowchart 90 illustrating a method for
real-time image guided radiation therapy for a fixed plan-
ning treatment volume CTV, wherein, if the identified target
tumor volume(s), CTV(t) falls outside of the PTV, subject to
the tolerance factor 9, the radiation beam is modulated off.
The flowchart 90 will be described in more detail below.

[0057]

sound images acquired during radiation therapy, U, d(?, t¥),
the unique identifiers, R,(t*) are determined. These markers
are then compared and matched to the set of unique iden-
tifiers, R,(t), that were acquired and determined in the
pre-treatment phase of the therapy procedure. The corre-

In another embodiment, from the real-time ultra-

sponding previously acquired MR images, M(?, t), with the
time index, t, that most closely matches the physical respi-
ration or motion state at that time, t*, during the treatment
phase are identified in real-time. From this identification, the
target clinical tumor volume, CTV(t), as well as the planning
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treatment volume, PTV(t) for this time point, t* is identified,

in real-time. The MR images, M(r, t*), with the tumor
volume as an overlay can be displayed in real-time. As the
corresponding planning treatment volume is also known for
that time point, PTV (t¥), control signals may be sent to the
RT system 30 to modulate the radiation therapy beam
intensity (for that particular beam geometry, ¢, and also to
control the MLC 92 (shown in FIG. 5) to adjust the radiation
field to give the correct PTV for that given geometry during
a radiation therapy session. For example, FIG. 7 illustrates
a flowchart of a method 130 for real-time image guided
radiation therapy in accordance with an embodiment that
adapts the planning treatment volume, PTV(t), as a function
of time in response to the changing position and shape of the
target volume, CTV(t). In this embodiment, control signals
may be sent to the RT system 30 to change the beam shape
and modulate the intensity of the radiation for the given
treatment geometry.

[0058] In particular, and with reference now to the method
90 shown in FIG. 6, at 92, pre-treatment MR+ultrasound is
performed. For example, as described herein, real-time MR
and ultrasound images of the patient may be acquired
concurrently at 94 using the MR system 24 and ultrasound
system 26. Thereafter, the unique identifiers are determined
at 96 from the ultrasound images and the tumor volume is
segmented out at 98 from the MR images. For example, any
suitable segmentation process may be used to identify the
tumor including using automated or semi-automated meth-
ods in the art. Using the segmented tumor volume, a
treatment plan volume is computed at 100. At this point, the
patient may be moved to the RT system 30. Note that at 96
and 98, the ultrasound and MR images, respectively, are
linked by virtue of being synchronized in time.

[0059] Radiation therapy, which includes linear move-
ment of the radiation source+ultrasound, may be performed
at 101. This process includes acquiring real-time ultrasound
images at 102 and determining the unique identifiers at 104
that represent or depict the respiration or motion state. Then
at 106, the unique identifiers at 104 are compared to the
unique identifiers from the calibration set, namely the ana-
tomical markers identified at 96. Using this comparison,
matched MR images may be identified at 108, such as based
on images having the closest aligned marker positions or set
of unique identifiers. The target tumor volume is then
identified at 110 and a determination made at 112 as to
whether the target tumor volume is within the static treat-
ment plan volume. If the target tumor volume is not within
the static treatment plan volume, then the radiation beam is
modulated off at 114. If the target volume is within the static
treatment plan volume, then the radiation beam is modulated
on at 116. The radiation beam is repeatedly applied until the
desired dose is delivered, which includes returning to step
102 after each beam application or periodically.

[0060] With reference now to the method 130 shown in
FIG. 7, at 132, pre-treatment MR+ultrasound is performed.
For example, as described herein, real-time MR and ultra-
sound images of the patient may be acquired concurrently at
134 using the MR system 24 and ultrasound system 26.
Thereafter, unique identifiers are determined at 136 and the
tumor volume is segmented out at 138. For example, any
suitable segmentation process may be used to identify the
tumor including using automated or semi-automated meth-
ods in the art. Using the segmented tumor volume, a
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treatment plan volume is computed at 140. At this point, the
patient may be moved to the RT system 30.

[0061] Radiation therapy, which includes linear move-
ment of the radiation source+ultrasound, may be performed
at 142. This process includes acquiring real-time ultrasound
images at 144 and determining unique identifiers at 146.
Then, at 148, the unique identifiers at 146 are compared to
the unique identifiers from the calibration (pre-treatment)
set, namely the unique identifiers at 136. A match then
correctly identifies the calibration (pre-treatment) images
that most closely corresponds to the current respiration or
motion state. Using this comparison, matched MR images
may be identified and extracted at 150, such as based on
images having the closest aligned marker positions or set of
unique identifiers. The target tumor volume and treatment
plan volume are then identified at 152 and the collimator of
the RT system 30, for example, the MLC 92 is adjusted to
adjust the treatment volume and/or the beam intensity 153
according to the treatment plan volume. The radiation beam
is repeatedly applied until the desired dose is delivered 154,
which includes returning to step 144 after each beam appli-
cation or periodically.

[0062] Thus, for example, as illustrated in FIG. 8, when
the patient is not breathing, the beams 160a-c are applied to
the tumor 162. However, when the patient breathes, in some
embodiments the beams are modulated off or some of the
beams are modulated off, which in FIG. 8 illustrates apply-
ing beam 160a and then waiting to apply beams 1605 and
160c until the patient stops breathing (wherein the dashed
lines represents movement of the patient due to breathing,

[0063] Thus, various embodiments provide a method for
real-time tracking of the anatomy and anatomical targets in
a system that includes an MR and high energy x-ray com-
patible table and patient transport capable of moving a
patient into both an MR scanner and a LINAC and an MR
and high energy x-ray compatible ultrasound transducer
integrated into a patient transport capable of producing
real-time 4D ultrasound images concurrently or simultane-
ously with either an MR real-time image acquisition or
during radiation therapy from the LINAC. The system may
also have separate patient transports that are unique to the
MR and LINAC systems, respectively. The system also
includes a platform that integrates image information from
ultrasound and MR imaging systems and is able to control
the photon beam definition (e.g., distribution) and intensity
modulation in the LINAC. In some embodiments, concur-
rent or simultaneous acquisition of real-time 4D MR and
ultrasound images are provided during a pre-treatment phase
and the acquisition of the real-time 4D MR and ultrasound
images are temporally synchronized such that there is a
one-to-one temporal correspondence between the MR and

ultrasound images. The MR images are denoted as M(T, 1)

and the ultrasound images are denoted as U(T, 1), with the
MR and ultrasound images representing the patient respira-
tion or motion state at time, t. Aspects of the invention refer
to motion state as representative of any motion of the
patient, including, without limitation, autonomous nervous
system functions that regulate internal organs such as the
heart, stomach, intestines, and some musculatory functions,
among others.

[0064] In some embodiments, anatomical or fiducial
markers are identified in the ultrasound image as a function
of time and the MR images as a function of time, wherein
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the ultrasound and MR anatomical markers in a calibration
segment in the pre-treatment phase are correlated. Also, a
mathematical relationship, R,(t), may be derived to allow

mapping of the ultrasound images, U(?, 1), to the corre-

sponding MR images, M(T, 1), wherein R, (t) may represent
a collection of anatomical markers or fiducials converted

into a unique identifier set in the ultrasound image, U(T, 1)
and the identification of R (t) allows the indirect linkage to

the corresponding MR image, M(?, t) through the ultra-

sound image, U(?, t), alone, as the ultrasound and MR
images are temporally linked to the same time point, t.

[0065] Additionally, in the treatment phase when the
patient is in the RT system 30, the integrated ultrasound

transducer may produce real-time images U,,, (T , t*), where
t* 1s the time reference frame when the patient is undergoing
therapy on the RT system 30. During the treatment phase,
when the patient is in RT system 30, anatomical or fiducial

marker positions in U, (T, t*) may be determined and
represented by a set of unique identifiers, R,(t*). Also, in the
treatment phase, the anatomical or fiducial marker positions
are determined and represented by a set of unique identifiers,
R,(t*), that have been identified and may be compared to
that in the calibration or pre-treatment phase, R, (t). During
the treatment phase, it should be noted that the comparisons
between R, (t*) to R, (1) yield the correct identification of the

MR image, M(T. t) that corresponds to the current respi-
ration or motion state at time, t¥, using the real-time ultra-

sound image, U, (T, t*). The corresponding, high spatial

resolution and high contrast definition MR image, M(T, 1)
that represents the anatomy at time t=t* may be displayed
and utilized in controlling the radiation therapy beam.

[0066] Inthe treatment phase, the target tumor volume that
was previously segmented in the pre-treatment phase from

the MR images. M( T, t) may be displayed in real-time from
the correct identification of the MR image that corresponds
to the current respiration or motion state at time, t*, using the
mapping, or matching of the set of unique identifiers, of
R,(t*) to R,(t). Also, in the treatment phase, where the
treatment planning volume (PTV) is computed in real-time
to conform, with adequate margins, to the clinical treatment
volume of the identified tumor, control sequence commands
may be communicated to the RT system 30 to control both
the intensity and spatial distribution of the applied radiation
treatment beam to the tumor volume.

[0067] In the treatment phase, where the treatment plan-
ning volume (PTV) was computed prior to the treatment
phase and is unique in time, PTV(t) and corresponds to the

prior MR images, M(T, t) and where the planning treatment
volume, PTV (t), varies with the changes in the tumor

volume that is reflected in M(T, t) and conforms with
adequate margins, to the clinical treatment volume of the
identified tumor, control sequence commands may be trans-
mitted to the RT system 30 to control both the intensity and
spatial distribution of the applied radiation treatment beam
to the tumor volume.

[0068] Further, in the treatment phase, having a fixed
treatment planning volume (PTV), as an alternative treat-
ment embodiment, is to compare the position of the tumor

volume in M(r, t) as indirectly determined from U, (1, 1)
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(via the matching of unique identifiers, R,(t*) to R,(t)) to
determine if the target tumor volume is within the volume of
the fixed PTV and control sequence commands may be
transmitted to the RT system 30 to modulate the applied
radiation therapy beam on or off depending on if the target
tumor volume is within or not completely within the fixed
PTV (using a defined or pre-determined criteria), respec-
tively.

[0069] It should be noted that the MR system 24, the
ultrasound system 26, and the RT system 30 may be pro-
vided in different configurations. For example, FIG. 9 illus-
trates an embodiment of an ultrasound system 200 that may
be used and, for example, be embodied as the ultrasound
system 26.

[0070] The ultrasound system 200 is capable of electrical
or mechanical steering of a soundbeam (such as in 3D space)
and is configurable to acquire information (e.g., image
slices) corresponding to a plurality of 2D or 3D represen-
tations or images of a region of interest (ROI) in a subject
or patient, which may be defined or adjusted as described in
more detail herein and acquired over time (4D). The ultra-
sound system 200 is also configurable to acquire 2D images
in one or more planes of orientation.

[0071] The ultrasound system 200 includes a transmitter
202 that, under the guidance of a beamformer 204, drives an
array of elements (e.g., piezoelectric elements), which may
be embodied as the transducer array 38, to emit pulsed
ultrasonic signals, i.e. sound waves, into a body. In some
embodiments, a probe may be utilized as the ultrasound
transducer. A variety of geometries may be used. As shown
in FIG. 10, the transducer array 38 may be coupled to the
transmitter 212 via the system cable 206 (which may include
an interface). The sound waves are reflected from structures
in the body to produce echoes that return to the elements of
the transducer array 38. The echoes are received by a
receiver 208. The received echoes are passed through the
beamformer 2-4, which performs receive beamforming and
outputs an RF signal. The RF signal then passes through an
RF processor 210. Optionally, the RF processor 201 may
include a complex demodulator (not shown) that demodu-
lates the RF signal to form IQ data pairs representative of the
echo signals. The RF or IQ signal data may then be routed
directly to a buffer 212 for storage.

[0072] In the above-described embodiment, the beam-
former 204 operates as a transmit and receive beamformer.
Optionally, the transducer array 38 may include a 2D array
with sub-aperture receive beamforming. The beamformer
204 may delay, apodize and/or sum each electrical signal
with other electrical signals received from the transducer
array 38. The summed signals represent echoes from the
ultrasound beams or lines. The summed signals are output
from the beamformer 204 to the RF processor 210. The RF
processor 210 may generate different data types, e.g.
B-mode, color Doppler (velocity/power/variance), tissue
Doppler (velocity), and Doppler energy, for multiple scan
planes or different scanning patterns. The RF processor 210
gathers the information (e.g. FQ, B-mode, color Doppler,
tissue Doppler, and Doppler energy information) related to
multiple data slices and stores the data information, which
may include time stamp and orientation/rotation informa-
tion, in the buffer 212.

[0073] The ultrasound system 200 also includes a proces-
sor 214 (the processor 214 may be embodied as the proces-
sor 42 shown in FIG. 1 or may be separate from or coupled
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thereto) to process the acquired ultrasound information (e.g.,
RF signal data or 1Q data pairs) and prepare frames of
ultrasound information for display on a display 216. The
processor 214 is adapted to perform one or more processing
operations according to a plurality of selectable ultrasound
modalities on the acquired ultrasound data. Acquired ultra-
sound data may be processed and displayed in real-time
during a scanning session as the echo signals are received.
In another aspect, the ultrasound data may be stored tem-
porarily in the buffer 212 during a scanning session and then
processed and displayed in an off-line operation.

[0074] The processor 214 is connected to a user interface
218 that may control operation of the processor 214 as
explained below in more detail. The display 216 may
include one or more monitors that present patient informa-
tion, including diagnostic ultrasound images to the user for
diagnosis and analysis. The buffer 212 and/or a memory 219
may store 2D or 3D data sets of the ultrasound data acquired
over time (i.e., 4D data), where such 2D and 3D data sets are
accessed to present 2D (and/or 3D images or 4D images).
The images may be modified and the display settings of the
display 216 may also be manually adjusted using the user
interface 218.

[0075] FIG. 10 illustrates an embodiment of an Mill
system 220 that may be used and, for example, be embodied
as the MR system 24. However, in some embodiments, the
Mill system 220 may be replaced by the MR system 24. In
the exemplary embodiment, the MRI system 220 includes a
superconducting magnet 222 formed from magnetic coils
that may be supported on a magnet coil support structure.
However, in other embodiments, different types of magnets
may be used, such as permanent magnets or electromagnets.
A vessel 224 (also referred to as a cryostat) surrounds the
superconducting magnet 222 and is filled with liquid helium
to cool the coils of the superconducting magnet 222. A
thermal insulation 226 is provided surrounding the outer
surface of the vessel 224 and the inner surface of the
superconducting magnet 222. A plurality of magnetic gra-
dient coils 228 are provided within the superconducting
magnet 222 and a transmitter, for example, an RF transmit
coil 230 is provided within the plurality of magnetic gradient
coils 228. In some embodiments the RF transmit coil 230
may be replaced with a transmit and receive coil defining a
transmitter and receiver.

[0076] The components described above are located
within a gantry 232 and generally form an imaging portion
234. Tt should be noted that although the superconducting
magnet 222 is a cylindrical shaped, other shapes of magnets
can be used.

[0077] A processing portion 240 generally includes a
controller 242, a main magnetic field control 244, a gradient
field control 246, a display device 248, a transmit-receive
(T-R) switch 250, an RF transmitter 252 and a receiver 254.
In the exemplary embodiment, motion correction module
260, which may be implemented as a tangible non-transitory
computer readable medium, is programmed to perform one
or more embodiments as described in more detail herein.

[0078] In operation, a patient is inserted into a bore 236 of
the MM system 220. The superconducting magnet 222
produces an approximately uniform and static main mag-
netic field B, across the bore 236. The strength of the
electromagnetic field in the bore 236 and correspondingly in
the patient, is controlled by the controller 242 via the main
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magnetic field control 244, which also controls a supply of
energizing current to the superconducting magnet 222.

[0079] The magnetic gradient coils 228, which include
one or more gradient coil elements, are provided so that a
magnetic gradient can be imposed on the magnetic field B,
in the bore 236 within the superconducting magnet 222 in
any one or more of three orthogonal directions x, y, and z.
The magnetic gradient coils 228 are energized by the gra-
dient field control 246 and are also controlled by the
controller 242.

[0080] The RF transmit coil 230, which may include a
plurality of coils (e.g., resonant surface coils), is arranged to
transmit magnetic pulses and/or optionally simultaneously
detect MR signals from the patient if receivers, such as
receive coil elements are also provided, such as a surface
coil (not shown) configured as an RF receive coil. The RF
transmit coil 230 and the receive surface coil are selectably
interconnected to one of the RF transmitter 252 or the
receiver 254, respectively, by the T-R switch 250. The RF
transmitter 252 and T-R switch 250 are controlled by the
controller 242 such that RF field pulses or signals are
generated by the RF transmitter 252 and selectively applied
to the patient for excitation of magnetic resonance in the
patient.

[0081] Following application of the RF pulses, the T-R
switch 250 is again actuated to decouple the RF transmit coil
230 from the RF transmitter 252. The detected MR signals
are in turn communicated to the controller 242. The detected
signals are then utilized to determine electrical properties of
the object (e.g., patient) being imaged. The processed sig-
nals representative of an image are also transmitted to the
display device 248 to provide a visual display of the image.

[0082] It should be noted that the various embodiments
may be implemented in hardware, software or a combination
thereof. The various embodiments and/or components, for
example, the modules, or components and controllers
therein, also may be implemented as part of one or more
computers or processors. The computer or processor may
include a computing device, an input device, a display unit
and an interface, for example, for accessing the Internet. The
computer or processor may include a microprocessor. The
microprocessor may be connected to a communication bus.
The computer or processor may also include a memory. The
memory may include Random Access Memory (RAM) and
Read Only Memory (ROM). The computer or processor
further may include a storage device, which may be a hard
disk drive or a removable storage drive such as a solid state
drive, optical disk drive, and the like. The storage device
may also be other similar means for loading computer
programs or other instructions into the computer or proces-
SOr.

[0083] As used herein, the term “computer” or “module”
may include any processor-hased or microprocessor-based
system including systems using microcontrollers, reduced
instruction set computers (RISC), ASICs, logic circuits, and
any other circuit or processor capable of executing the
functions described herein. The above examples are exem-
plary only, and are thus not intended to limit in any way the
definition and/or meaning of the term “computer”.

[0084] The computer or processor executes a set of
instructions that are stored in one or more storage elements,
in order to process input data. The storage elements may also
store data or other information as desired or needed. The
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storage element may be in the form of an information source
or a physical memory element within a processing machine.
[0085] The set of instructions may include various com-
mands that instruct the computer or processor as a process-
ing machine to perform specific operations such as the
methods and processes of the various embodiments. The set
of instructions may be in the form of a software program.
The software may be in various forms such as system
software or application software and which may be embod-
ied as a tangible and/or non-transitory computer readable
medium. Further, the software may be in the form of a
collection of separate programs or modules, a program
module within a larger program or a portion of a program
module. The software also may include modular program-
ming in the form of object-oriented programming. The
processing of input data by the processing machine may be
in response to operator commands, or in response to results
of previous processing, or in response to a request made by
another processing machine.

[0086] As used herein, the terms “software” and “firm-
ware” are interchangeable, and include any computer pro-
gram stored in memory for execution by a computer, includ-
ing RAM memory, ROM memory, EPROM memory,
EEPROM memory, and non-volatile RAM (NVRAM)
memory. The above memory types are exemplary only, and
are thus not limiting as to the types of memory usable for
storage of a computer program.

[0087] It is to be understood that the above description is
intended to be illustrative, and not restrictive. For example,
the above-described embodiments (and/or aspects thereof)
may be used in combination with each other. In addition,
many modifications may be made to adapt a particular
situation or material to the teachings of the various embodi-
ments without departing from their scope. While the dimen-
sions and types of materials described herein are intended to
define the parameters of the various embodiments, the
embodiments are by no means limiting and are exemplary
embodiments. Many other embodiments will be apparent to
those of skill in the art upon reviewing the above descrip-
tion. The scope of the various embodiments should, there-
fore, be determined with reference to the appended claims,
along with the full scope of equivalents to which such claims
are entitled. In the appended claims, the terms “including”
and “in which” are used as the plain-English equivalents of
the respective terms “comprising” and “wherein.” More-
ovet, in the following claims, the terms “first,” “second,”
and “third,” etc. are used merely as labels, and are not
intended to impose numerical requirements on their objects.
Further, the limitations of the following claims are not
written in means-plus-function format and are not intended
to be interpreted based on 35 U.S.C. §112, sixth paragraph,
unless and until such claim limitations expressly use the
phrase “means for” followed by a statement of function void
of further structure.

[0088] This written description uses examples to disclose
the various embodiments, including the best mode, and also
to enable any person skilled in the art to practice the various
embodiments, including making and using any devices or
systems and performing any incorporated methods. The
patentable scope of the various embodiments is defined by
the claims, and may include other examples that occur to
those skilled in the art. Such other examples are intended to
be within the scope of the claims if the examples have
structural elements that do not differ from the literal lan-
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guage of the claims, or if the examples include equivalent
structural elements with insubstantial differences from the
literal languages of the claims.
What is claimed is:
1. A system comprising:
one or more patient transports to move a patient into a
magnetic resonance (MR) system and to a radiation
therapy (RT) system;
an ultrasound transducer attached to a patient, the ultra-
sound transducer mobile and electronically steerable,
the ultrasound transducer configured to acquire four-
dimensional (4D) images;
a controller having a processor configured to:
acquire acquisitions of real-time three-dimensional

(3D) MR images (M(T, t)) over time to produce 4D
MR images, and real-time 3D ultrasound images (U(

— . .
r, t)) over time to produce 4D ultrasound images,
the acquisitions temporally synchronized to a desig-
nated time point; and

generate a series of real-time transformation functions
to identify fiducial markers from one or more of the

4D ultrasound images, U(T, 1), at each time point (1),
wherein the fiducial markers represent a unique
respiration or motion state, R, (t), and link the cor-

responding 4D MR images, M(?, t), to the respec-
tive unique respiration or motion state.

2. The system of claim 1, wherein the 4D images of the
MR images link to a list of positions of the fiducial markers,
the list of which represents different respiration or motion
states as determined by the 4D ultrasound images.

3. The system of claim 1, further comprising one or more
secondary ultrasound images acquired during a radiation
therapy (RT) procedure, wherein the respiration or motion
states are matched to the 4D MR images during the RT
procedure to determine a real-time designated respiration or
motion state in the secondary ultrasound images.

4. The system of claim 1, wherein the list of positions is
represented by:

R(0O:UCF . D—~M(¥.1)

wherein R, (t) represents a collection of the positions of
fiducial markers identified in the 4D ultrasound images
at time, t, corresponding to a respective 4D MR image.
5. The system of claim 4, wherein the collection is a set
of unique identifiers associated with different respiration or
motion states as determined by the positions of the fiducial
markers.
6. The system of claim 1, wherein the fiducial markers
include one or more anatomical markers.
7. The system of claim 1, wherein 4D MR images and the
4D ultrasound images are acquired asynchronously.
8. A method for tracking a target during radiation therapy
comprising the steps of:
acquiring magnetic resonance (MR) images over time
during a pre-treatment phase to account for respiratory
motion or patient movement;
acquiring, using an ultrasound device coupled to a patient,
real-time three-dimensional (3D) ultrasound images
over time to produce four-dimensional (4D) ultrasound
images during a treatment phase for radiation therapy;
temporally synchronizing the MR images and the 4D
ultrasound images to an imaging time point; and
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generating a series of real-time transformation functions
to identify one or more fiducial markers from one or
more of the 4D ultrasound images at each time point,
t, wherein the fiducial markers represent a respiratory
or motion state, R, (t), and link one or more correspond-

ing MR images, M(?, t), to the respiratory or motion
state at the imaging time point.

9. The method of claim 8, wherein the MR images link to
a list of positions of the fiducial markers in the 4D ultra-
sound images, the list of which represents different respira-
tory or motion states in the 4D ultrasound images.

10. The method of claim 8, further comprising a step of
acquiring secondary ultrasound images during an interval of
the radiation therapy to determine a procedural motion state.

11. The method of claim 10, further comprising a step of
converting the procedural motion state to a set of numbers
and matching the set of numbers to the one or more fiducial
markers to select out the MR image in real-time and deter-
mine the respiratory or motion states.

12. The method of claim 8, wherein the MR images are
referenced to a radiation therapy system frame-of-reference
to determine a position of a treatment volume relative to a
radiation therapy beam.

13. The method of claim 8, wherein the real-time 4D
ultrasound image identifies and labels each of the imaging
time points and associates the imaging time point with the
respiratory state or a selected motion state, and in view of
corresponding soft tissue and tumor delineation in at least
one of the MR images.

14. The method of claim 8, wherein the MR images and
the real-time 4D ultrasound images are linked to related time
points via image reconstruction methods.

15. An integrated radiation therapy (RT) system compris-
ing:

one or more patient transports to move a patient into a

magnetic resonance (MR) system and to a radiation
therapy (RT) system;

an ultrasound transducer attached to a patient, the ultra-

sound transducer mobile and electronically steerable;

a controller having a processor configured to:

acquire one or more real-time MR acquisitions and one
or more real-time ultrasound acquisitions;

temporally synchronize the one or more real-time MR
acquisitions and the one or more real-time ultrasound
acquisitions to a designated time point to provide one
or more 4D MR images and one or more 4D ultra-
sound images, respectively; and

generate a series of real-time transformation functions
to identify fiducial markers from the one or more 4D

ultrasound images, U(T, 1), at each time point (1),
wherein the fiducial markers represent a specific
respiration or motion state, R (t), and link one or

more of the 4D MR images, M(?, t), to the specific
respiration or motion state.

16. The integrated RT system of claim 13, further com-
prising an acquisition of secondary ultrasound images
obtained during a radiation therapy procedure, wherein the
fiducial markers synchronize with the 4D MR images to
determine a real-time respiration or motion state.

17. The integrated RT system of claim 13, wherein the
real-time MR acquisitions or the real-time ultrasound
images are a series of two-dimensional (2D) images
acquired over time to obtain a 4D volume, or three-dimen-
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sional (3D) images acquired over time, to create the 4D MR
images or the 4D ultrasound images, respectively.

18. The integrated RT system of claim 13, wherein the
respiration or motion states in the 4D ultrasound images
determines an MR-matched respiration or motion state by
using index matching.
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