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(57) Abstract: Various embodiments are described herein for a Radio-Therapy (RT) system and an associated method and in partic -
ular to an integrated radiation source with an MRI system featuring a variable imaging Field Of View (FOV). The FOV can be
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example, as well as for various imaging volumes of interest.
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TITLE: RADIOTHERAPY SYSTEM INTEGRATING A RADIATION SOURCE
WITH A MAGNETIC RESONANCE IMAGING APPARATUS WITH
MOVABLE MAGNET COMPONENTS

FIELD
[0001] The various embodiments described herein generally relate to
Radiotherapy systems and associated methods for generating MR images

with greater flexibility.

BACKGROUND
[0002] Each year 12.7 million people worldwide are diagnosed with

cancer and there are 7.6 million deaths from the disease." Radio-Therapy
(RT) plays a pivotal role in the management of various types of cancer, since
10 approximately 50% of all cancer cases being treated with this type of therapy.
RT consists of the planning and accurate delivery of lethal doses of X-ray
radiation to tumor tissues (i.e. within 1-2 mm) while sparing the surrounding
healthy tissues. One of the key components in achieving these objectives is
high quality imaging, as it is vital to visualize and localize the anatomy
15 embedding the disease site. Without pinpointing the extent of cancerous
tissues, the chances of hitting and killing the treatment targets are limited,

leading to poor patient outcomes.

[0003] In recent years, advanced Image Guided Radio-Therapy (IGRT)
techniques, aimed to guide the daily patient’s treatment setup, have been
20 proposed for clinical use. These IGRT techniques comprise: a) Cone-Beam
Computed Tomography (CBCT) combined with a linac, b) ultrasound imaging,
c) tomotherapy, d) portal image verification relying on transmission images of
bony anatomy or implanted fiducial markers, generated by the linac’s Mega-
Voltage (MV) beam, and e) Kilo-Voltage (kV) images produced by an X-ray
25 tube mounted on the linac gantry. All of these imaging modalities are used
separately except for kV and MV imaging which may be used together. The
main benefits of using such imaging modalities include the reduction of safety
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margins leading to higher local tumor control and reduced normal tissue

toxicity via safe dose escalation.

[0004] RT relies heavily on X-ray-based imaging for treatment
guidance. X-ray transmission-based images (kV or MV) show great bony
5 detail but are inherently limited in resolving soft-tissue organ structures. The
ideal imaging technique for RT would feature the ability to: a) cleariy
distinguish soft-tissue structures (i.e. tumor target and organs) from the
surrounding anatomical background, and b) capture and dynamically track
tumor target and internal organ motion manifested as the change in shape
10 and location of the organ volume (e.g., due to breathing). A prime candidate
with the potential of fulfilling these demanding requirements is Magnetic
Resonance Imaging (MR!). Due to its excellent soft-tissue contrast, MR} has
proven to be the preferred imaging modality for the delineation of anatomical
structures in RT. Other significant benefits of MRI include its capability for
15 multiplanar and fast imaging as well as its non-invasive technique for

generating images (i.e. no harmful radiation is defivered to patient).

SUMMARY OF VARIOUS EMBODIMENTS
[0005] in a broad aspect, at least one embodiment described herein

20 provides an MRI system for generating MR images of a volume of interest
from an object. The MRI system comprises an operator unit for controlling the
operation of the MRI system; and an MRI scanner coupled to the operator unit
and configured to perform MRI imaging of the volume of interest, the MRI
scanner including: interface circuitry for coupling to the operator unit; at least

25 one moveably adjustable magnetic component that can be moved to different
positions relative to the volume of interest for performing different MR imaging
of the volume of interest: and a magnet positioning assembly that is coupled
to the at least one moveably adjustable magnetic component to move the at
least one moveably adjustable magnetic component to one of the different

30 positions.
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[0006] In at least some embodiments, the magnet positioning assembly

may be configured to move the at least one movably adjustable magnet

component toward or away from the object to a first position for imaging a

Region 1 that is sufficient to perform single-slice imaging or multiple-slice
5 imaging with a reduced Field of View (FOV).

[0007] In at least some embodiments, the Region 1 has a reduced slab
volume with a homogeneous magnetic field produced by the MRI scanner at a

central axis.

[0008] In at least some embodiments, the magnet positioning assembly
10 may be configured to move the at least one movably adjustable magnet
component to a second position for imaging a Region 2 for increasing imaging

volume.

[0009] In at least some embodiments, the MRI scanner may comprise a
pair of upper magnet compenents, a pair of central magnet components and a
15  pair of lower magnet components with all of the pairs being disposed on either
side of the object, wherein at least one of the pairs of magnet components are

movably adjustable.

[0010] In at least some embodiments, the pairs of upper and lower

magnet components may be movably adjustable.

20 [0011] In at least some embodiments, the pair of central magnet

components may be movably adjustable.

[0012] In at least some embodiments, each pair of magnet components

may be movably adjustable.

[0013] In at least some embodiments, the FOV of the MRI scanner may
25 be extended for imaging the Region 2 by adjusting the position of the pairs of

upper and lower magnet components.

[0014] In at least some embodiments, the FOV of the MRI scanner may

be reduced for imaging the Region 1 by adjusting the position of the pair of

central magnet components.
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[0015] In at least some embodiments, the magnet positioning assembly
may comprise at least one moveable robotic arm for moving the at least one

adjustably moveable magnet companent.

[0016] In another aspect, at least one embodiment described herein

5 provides a Radio-Therapy (RT) system for at least one of radiation treatment,
patient setup verification, real-time tracking of organ motion during radiation
treatment delivery and MR imaging. The system comprises a radiation source
configured to generate a treatment beam for an object during use; and an MRI
scanner coupled to the radiation source, the MRI scanner being defined

10 according to any one of the preceding paragraphs with at least one movably
adjustable magnet component that is moveable between various positions to
image at least one region of the object before, during or after treatment with

the treatment beam.

[0017] In at least some embodiments, the RT system comprises a first
15 mode of operation in which certain movably adjustable magnet components of
the MRI scanner are moved away from the object to facilitate real-time
imaging during treatment delivery and a second mode of operation in which
certain movably adjustable magnet components of the MRI scanner are

moved closer to the object to generate larger imaging volumes.

20 [0018] In at least some embodiments, the RT system further comprises
a processor configured to perform single slice reconstruction on MR} imaging
data obtained for the object and assumes a uniform magnetic field is
generated by the MRI scanner.

[0019] In at least some embodiments, the processor is further

25 configured to perform image reconstruction based on assuming a non-uniform

magnetic field is generated by the MRI scanner and based on prior knowledge

of a spatial distribution of inhomogeneities of the magnetic field for the second
region.

[0020] In at least some embodiments, the radiation source is a linac

30 and the MRI scanner is coupled to a housing of the linac.



CA 02880312 2015-01-27

WO 2014/015421 PCT/CA2013/000673

-5-

[0021] In at least some embodiments, the radiation source is a linac

and the MRI scanner and the linac are mechanically coupled to a common
gantry.

[0022} In at least some embodiments, the MRI scanner is configured to
5 generate a magnetic field for imaging a single slice or a single slice and a

second region.

[0023] In at least some embodiments, the movably adjustable magnet
components are mounted such that the magnetic field in the imaging volume
is oriented in-line to the treatment beam thereby preserving the capability for
10 kV imaging, and the RT system further comprises kV imaging components
that are mounted and oriented at 90° with respect to the direction of the

treatment beam thereby allowing for dual MR! and X-ray kV imaging.

[0024] In at least some embodiments, the RT system is configured to
perform dual imaging including MRI and X-ray kV imaging during rotation of
15 the linac and magnet components of the MRI scanner around the object.

[0025] In at least some embodiments, the RT system further comprises
an x-ray megavoltage (MV) panel detector that is mounted to face the

treatment beam thereby allowing for dual MRI and X-ray MV imaging.

[0026] In at least some embodiments, the object comprises an

20 individual, a test subject, a patient, an animal specimen or a phantom.

{0027] In ancther aspect, at least one embodiment described herein
provides a method for performing MR imaging for a desired imaging volume of
an object using an MRI scanner having at least one moveably adjustable
magnet component. The method comprises determining the desired imaging
25 volume for the object; positioning the object for imaging by the MRI scanner;
moving the at least one moveable magnet of the MRI scanner closer to or
farther away from the desired imaging volume to position an actual imaging

volume at the desired imaging volume; and performing MR imaging of the

object.
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[0028] In at least some embodiments, the at least one movably
adjustable magnet component is moved toward or away from the object to a
first position for imaging a Region 1 that is sufficient to perform single-slice

imaging or multiple-slice imaging with a reduced Field of View (FOV).

5 [0029] In at least some embodiments, the Region 1 has a reduced slab
volume with a homogeneous magnetic field produced by the MRI scanner at a

central axis.

[0030] In at jeast some embodiments, the at least one movably
adjustable magnet component is moved to a second position for imaging a

10 Region 2 for increasing imaging volume.

[0031] In at least some embodiments, the MRI scanner comprises a
pair of upper magnet components, a pair of central magnet components and a
pair of lower magnet components with all of the pairs being disposed on either
side of the object, wherein the method comprises moving the position of at
15 least one of the pairs of magnet components closer to or farther away from

the desired imaging volume.

[0032] In at least some embodiments, the method comprises moving
the pairs of upper and lower magnet components closer to or farther away

from the volume of interest for MR imaging.

20 [0033] In at least some embodiments, the method comprises moving
the central magnet components closer to or farther away from the volume of
interest for MR imaging.

[0034] In at least some embodiments, the method comprises moving
each pair of magnet components closer to or farther away from the volume of

25 interest for MR imaging.

[0035] In at least some embodiments, the method comprises extending

the FOV of the MR! scanner for imaging the Region 2 by adjusting the

position of the pairs of upper and lower magnet components.
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[0036] In at least some embodiments, the method comprises reducing
the FOV of the MRI scanner for imaging the Region 1 by adjusting the

position of the pair of central magnet components.

[0037] In at least some embodiments, the method comprises using at
5 least one moveable robotic arm for moving the at least one adjustably

moveable magnet component.

[0038] In another aspect, at least one embodiment described herein
provides a method for performing at least one of radiation treatment, patient
setup verification, realtime tracking of organ motion during radiation
10 ftreatment delivery and MR imaging by using an MRI scanner and a radiation
source, the MRI scanner having at ieast one movably adjustable magnet with
an adjustable radial distance relative to a desired imaging volume for the
object. The method comprising performing patient setup for a treatment
location with respect to the radiation source; adjusting the position of the at
15 least one movably adjustable magnet of the MRI scanner to be closer to or
farther away from the desired imaging volume; obtaining MR images and
adjusting the patient setup based on the MR images; applying radiation
treatment to the object with simultaneous real-time MR imaging; and

performing further MR imaging for post-treatment assessment of the object.

20 [0039] In at least some embodiments, the method comprises operating
in a first mode of operation in which certain movably adjustable magnet
components of the MRI scanner are moved away from the object to facilitate
real-time imaging during treatment delivery and a second mode of operation
in which certain movably adjustable magnet components of the MRI scanner

25 are moved closer to the object to generate larger imaging volumes.

[0040] in at least some embodiments, the method further comprises
using a processor to perform single slice reconstruction on MRI imaging data
obtained for the object and assuming a uniform magnetic field is generated by

the MRI scanner.
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[0041] In at least some embodiments, the method further comprises
using the processor to perform image reccnstruction based on assuming a
non-uniform magnetic field is generated by the MRI scanner and based on
prior knowledge of a spatial distribution of inhomogeneities of the magnetic

5 field for the second region.

[0042] In at least some embodiments, the method further comprises
configuring the MRI scanner to generate a magnetic field for imaging a single

slice or a single slice and a second region.

[0043] In at least some embodiments, the movably adjustable magnet
10 components are mounted such that the magnetic field in the imaging volume
is oriented in-line to the treatment beam thereby preserving the capability for
kV imaging, and kV imaging components are mounted and oriented at S0°
with respect to the direction of the treatment beam and the method further

comprises performing dual MR and X-ray kV imaging.

15 [0044] In at least some embodiments, the method further comprises
performing dual imaging including MRI and X-ray kV imaging during rotation
of the radiation source and magnet components of the MRI scanner around

the object.

[0045] In at least some embodiments, an x-ray megavoltage (MV)
20 panel detector is mounted to face the treatment beam and the method further

comprises performing dual MRI and X-ray MV imaging.

[0046] In another aspect, at least one embodiment described herein
provides a computer readable medium comprising a plurality of instructions
that are executable on a processor of a system for adapting the system to
25 implement a method for performing MR imaging for a desired imaging volume
of an object using an MRI scanner having at least one moveably adjustable

magnet component, wherein the method is as defined above.

[0047] In another aspect, at least one embodiment described herein
provides a computer readable medium comprising a plurality of instructions

30 that are executable on a processor of a system for adapting the system to
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implement a method for performing MR imaging in combination with radiation
treatment by using an MRI scanner and a radiation source, the MRI scanner
having at least one movably adjustable magnet with an adjustable radial
distance relative to a desired imaging volume for the object, wherein the

5 method is as defined above.

[0048] Other features and advantages of the present application will
become apparent from the following detailed description taken together with
the accompanying drawings. It should be understood, however, that the
detailed description and the specific examples, while indicating preferred
10 embodiments of the application, are given by way of illustration only, since
various changes and modifications within the spirit and scope of the
application will become apparent to those skilied in the art from this detailed

description.

15 BRIEF DESCRIPTION OF THE DRAWINGS
[0049] For a better understanding of the various embodiments

described herein, and to show more clearly how these various embodiments
may be carried into effect, reference will be made, by way of example, to the
accompanying drawings which show at least one example embodiment and

20 the figures will now be briefly described.

[0050] FIGS. 1A-1C are perspective, (x,y)-plane and (y,z)-plane views,
respectively, depicting the spatial distribution of a Magnetic field (Bg)

generated by an arbitrary coil pair;

[0051] FIG. 2A shows an example embodiment of an MR magnet
25 optimization environment for a monopole MR magnet configuration that may

be used with an MR-linac system in accordance with the teachings herein;

[0052] FIG. 2B shows an example embodiment of a candidate coils
domain for a biplanar MR magnet configuration that may be used with an MR-

linac system in accordance with the teachings herein;
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[0053] FIG. 2C shows another example embodiment of a candidate
coils domain for a biplanar MR magnet configuration that may be used with an

MR-linac system in accordance with the teachings herein;

[0054] FIG. 3 shows an example embodiment of a monopole MR
S5 magnet configuration and an imaging volume that is derived from using the

candidate coils domain presented in FIG. 2A;

[0055] FIG. 4A shows an example embodiment of a first biplanar MR
magnet configuration and an imaging volume that is derived from using the

candidate coils domain presented in FIG. 2C;

10 [0056] FIG. 4B shows an example embodiment of a second biplanar
MR magnet configuration and an imaging volume that is derived from using

the candidate coils domain presented in FIG. 2C;

[0057] FIG. 5 shows an example embodiment of a third biplanar MR
magnet configuration and an imaging volume that is derived from using the

15 candidate coils domain presented in FIG. 2B;

[0058] FIG. 6A shows an example embodiment of an MR magnet

optimization environment for a complex MR with multiple non-coplanar

magnet poles;

[0059] FIG. 6B shows an example embodiment of an MR magnet
20 optimization environment for a complex MR with multiple non-coplanar

magnet poles;

[0060] FIGS. 7A-7C are conceptual drawings of various views of an

example embodiment of an MR-linac system in accordance with the teachings

herein;

25 [0061] FIG. 8A shows an example embodiment of a method for

operating an MR-linac system in accordance with the teachings herein;

[0062] FIG. 8B shows an example embodiment of a method for

operating an MR-linac system using a reduced FOV for MRI imaging;



CA 02880312 2015-01-27

WO 2014/015421 PCT/CA2013/000673

-11 -

[0063] FIG. 8C shows an example embodiment of a method for
operating an MR-linac system using MRI imaging and potentially another

imaging modality such as X-ray KV;

[0064] FIG. 8D shows another example embodiment of a method for
5 operating an MR-linac system using MRI imaging and potentially another

imaging modality such as X-ray MV;

[0065] FIG. 8E shows another example embodiment of a method for

operating an MR-linac system for combined imaging in two regions that may

be used for different purposes;

10 [0066] FIG. 9A shows an example of an image of with geometric

distortion due to a reduction in magnetic field homogeneity;

[0067] FIG. 9B shows an example of a distortion free image based on

taking the magnetic field distribution into account;

[0068] FIG. 10 shows a block diagram for an example embodiment of

15 an MR-linac system in accordance with the teachings herein; and

[0069] FIG. 11 shows a block diagram for an example embodiment of
an MRI system with at least one movably adjustable magnet component in

accordance with the teachings herein.

[0070] Further aspects and advantages of the embodiments described
20 herein will appear from the following description taken together with the

accompanying drawings.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0071] Various apparatuses or processes will be described below to

25 provide an example of at least one embodiment of the claimed subject matter.
No embodiment described below limits any claimed subject matter and any
claimed subject matter may cover processes, apparatuses, devices or
systems that differ from those described below. The claimed subject matter is

not limited to apparatuses, devices, systems or processes having all of the
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features of any one apparatus, device, system or process described below or
to features common to multiple or all of the apparatuses, devices, systems or
processes described below. It is possible that an apparatus, device, system
or process described below is not an embodiment of any claimed subject
5 matter. Any subject matter that is disclosed in an apparatus, device, system
or process described below that is not claimed in this document may be the
subject matter of another protective instrument, for example, a continuing
patent application, and the applicants, inventors or owners do not intend to
abandon, disclaim or dedicate to the public any such subject matter by its

10 disclosure in this document.

[0072] Furthermore, it will be appreciated that for simplicity and clarity
of illustration, where considered appropriate, reference numerals may be
repeated among the figures to indicate corresponding or analogous elements.
In addition, numerous specific details are set forth in order to provide a
15 thorough understanding of the embodiments described herein. However, it
will be understood by those of ordinary skill in the art that the embodiments
described herein may be practiced without these specific details. In other
instances, well-known methods, procedures and components have not been
described in detail so as not to obscure the embodiments described herein.
20 Also, the description is not to be considered as limiting the scope of the

embodiments described herein.

[0073] It should also be noted that the terms “coupled” or “coupling” as
used herein can have several different meanings depending in the context in
which the term is used. For example, the term coupling can have a
25 mechanical or electrical connotation. For example, as used herein, the terms
the terms “coupled” or “coupling” can indicates that two elements or devices
can be directly connected to one another or connected to one another through
one or more intermediate elements or devices via an electrical element,
electrical signal or a mechanical element such as but not limited to, a wire or

30 cable, for example, depending on the particular context.
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[0074] Furthermore, the term ‘“linac” used in the context of this
application means any radiation source such as, but not limited to, x-ray, Co-

60, protons, electrons, heavy ions, and the like, for example.

”ow

[0075] Furthermore, the terms “patients”, “subjects” and “individuals”:
5 may be used interchangeably herein as they basically refer to an individual
that is receiving radiation treatment from any of the MRI-linac systems
described herein or is being imaged by any of the MRI systems described

herein.

[0076] Furthermore, it should be noted that the radiation beam and/or
10 the various forms of imaging described herein can be applied to an object
which comprises an individual, a test subject, a patient, an animal specimen

or a phantom.

[0077] It should be noted that terms of degree such as "substantially",
"about" and "approximately” as used herein mean a reasonable amount of
15 deviation of the modified term such that the end result is not significantly
changed. These terms of degree should be construed as including a
deviation of the modified term if this deviation would not negate the meaning

of the term it modifies.

[0078] Furthermore, the recitation of any numerical ranges by
20 endpoints herein includes all numbers and fractions subsumed within that
range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.90, 4, and 5). Itis also to be
understood that all numbers and fractions thereof are presumed to be
modified by the term "about" which means a variation up to a certain amount
of the number to which reference is being made if the end result is not

25 significantly changed.

[0079] Recently, the concept of integrating an MRI scanner with a
therapy radiation source (e.g. a linac, a Co-60, etc.), emerged as a feasible
novel approach for MRI-guided Radiation Therapy (MRIgRT). The two main
configurations previously proposed consist of a) a coupled system consisting
30 of either a linac head® 3 or multiple Co-60 sources* ° rigidly attached to an
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MRI scanner (cylindrical bore® or bi-planar?® type) via a rotating gantry, and b)

a decoupled system consisting of a typical linac interacting with an MRI
scanner on rails, which travels in and out of the treatment room and is
capable of imaging in close proximity of the linac.® " All proposed MR-linac

5 systems feature MR scanners with all magnet components being in a fixed
and non-movable position relative to each other or relative to the imaging
volume. Thus, conventionally, the MR magnets can generate a single and
non-adaptive imaging volume (e.g. a sphere with a 40 cm diameter). Both
MRIgRT systems can be used for daily MRI-based patient setup verification.

10 However, only coupled MRIgRT systems are expected to be capable of real-
time tracking of soft-tissue tumor motion during radiation treatment delivery.*

9 The MRIGRT systems have the potential to significantly boost the ability to
perform Adaptive Radiation Therapy (ART). ART endeavors to improve the
treatment of each individual patient by considering the repeated optimization

15  of the patient’s treatment plan based on feedback from day-to-day image data
regarding anatomical changes (i.e., the tumor’s shape, size and location, for

example).

[0080] The MRIgRT systems relying on the integration of a linac with
an MRI scanner are known in the literature as MR-linac systems. For such a
20 system, the integration of the MRI scanner and the linac is a challenging task
due to the mutual interaction between the two integral components. To
operate independently, as well as in unison, any feasible MR-linac design

addresses certain technical challenges, specifically: a) magnetic field

1213 and ¢) dose

14-17

interference,’® ' b) Radio Frequency (RF) interference

25 deposition effects in the external magnetic field of the MRI scanner. In

8. 1% which are

addition, skin dose effects caused by electron contamination,
electrons that are produced in the linac head as well as in the air along the
radiation beam path and then focused by the fringe field of the MRI scanner
and directed towards the MR imaging volume, may also play an important role
30 if they are not accounted for. Another design consideration includes avoiding
the irradiation of MR coils, which may introduce a spurious signal interfering

with optimal operation for MR imaging.**** Furthermore, the irradiation of the
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MRI coils may lead in time to radiation damage of sub-components, which

may affect the overall performance of the imaging system.

[0081] The magnetic field interference refers to the MRI scanner’s
magnetic field induced effects on the optimal operation of the linac.

5 Specifically, the presence of a sufficiently strong external magnetic field may
perturb the trajectories of the electrons that are produced by the linac’s gun
and accelerated through the waveguide system towards the x-ray target.> '"
23,24 Thys, the linac waveguide and the gun are sufficiently shielded against

the MRI scanner fringe field to ensure that the behavior of the traveling

10 electrons is unaltered. As is known by those skilied in the art, the magnetic
fringe field can be minimized in the regions of interest by using at least one of:

a) passive shielding by using metallic components (such as, but not limited to,
steel or Mu-metal, for example),> % b) active shieiding by means of specially

designed coil configurations,® or ¢) a combination of a) and b).

15 [0082] The imaging performance of the MRI scanner is affected by the
RF generated by the linac since various sub-systems of the linac, e.g. a
Klystron/magnetron and a high voltage modulator, can generate sufficient RF
noise that would interfere with the operational frequencies employed in MR
imaging. To overcome such an impediment, one or more design dependent

20 technigues can be considered such as: a) the re-location of the main sources
of RF noise in adjacent rooms, b) the synchronization of the linac RF-signal
triggering and pulse shaping (e.g. each pulse is 7 ps in duration with a
frequency of 50 pulses/s) with the MR’s RF image sequence readout (e.g. for
a gradient echo sequence the pulse is less than 1 ms in duration and the

25 pulse frequency is 100 pulses/s), and c) the use of a Faraday cage (i.e. a fine

mesh of copper) to RF shield the linac waveguide.

[0083] The dosimetric effects refer to the change in the local behavior
of the secondary charged particles generated in a medium by radiation (e.g.,
X-ray) due to the presence of an externally applied magnetic field (i.e. the
30 magnetic field (Bo) of the MR scanner).™ ™ 17.26 Ag a consequence, the dose

deposition patterns in the medium are significantly modified as compared to
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the case where there is no magnetic field. The dosimetric effects are due to

the presence of a Lorentz force: F = gvxBy, where F is the force experienced

by a charge (g) travelling with a certain velocity (v) in an external magnetic

field (Bg). Specifically, the trajectories of the electrons between subsequent

5 collisions are modified (i.e. helical trajectory) depending on the electrons’
kinetic energy and the strength of the magnetic field (Bo). In particular, the
magnitude of this effect is enhanced at the interface of high-to-low electron
density materials. For example, in the case of a tissue-air interface, the exit
electrons travel a longer path in air than in tissue and can curl back and return

10 into the tissue under the influence of an external magnetic field."” ¥ As a
consequence, the tissue exit dose may increase compared to the case where
there is no magnetic field. Accordingly, the magnitude of the dosimetric effect

is dependent on the strength of the magnetic field, the electron velocities and

the sample geometry. The dosimetric effects are reduced to some extent

15 when the radiation beam is oriented in-line relative to the magnetic field (Bo)
rather than being orthogonal.'® In this case, the travelling electrons tend to be

re-focused along the direction of the treatment beam.

[0084] The various embodiments described herein generally relate to a
Radio-Therapy (RT) system and an associated method, and in particular to an
20 integrated radiation source with an MRI system featuring magnets that are
independently moveable with respect to the radiation source and the patient.
Accordingly, instead of moving the patient to obtain images of different
regions of interest (e.g. volumes) of the patient, as is conventionally done, the
magnets of the various embodiments described herein may be moved to
25 various positions with respect to the patient and the radiation source which
allows for increased imaging and treatment flexibility. The use of an MRI
system with moveable magnets also allows for a reduced and adjustable
imaging Field Of View (FOV) that can be tailored for various RT specific
applications such as, but not limited to, at least one of patient setup

30 verification and real-time tumor tracking, for example.
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Generation of the main magnetic field: general concepts and

configurations

[0085] Referring now to FIGS. 1A-1C, shown therein are perspective,
(x,y)-plane and (y,z)-plane views, respectively, of the spatial distribution of a
5 Magnetic field (Bo) that is generated by an arbitrary coil pair. In particular,
FIG. 1A shows a 3D view of the coils (in grey) and the corresponding

Magnetic field (Bo) in two orthogonal planes.

[0086] The magnetic field (By) can be time-independent. in FIGS 1A-
1C, the magnetic field lines are depicted by the white arrows, which run
10 parallel to each other in the uniform field regions and diverge as the local field
inhomogeneity increases. The spatial distribution of the magnetic field (By) is
modified by adjusting parameters such as the coil radii and spatial location as
well as the current and direction of the various coils. This concept can be
extended to build complex geometries. Considering the coil pair as being a
15 unit cell, MR magnets (that are resistive and superconductive) can be
designed to generate arbitrarily shaped homogeneous or inhomogeneous
magnetic field distributions (this design can be done by using numerical
simulations that use linear programming techniques and optimization
methods).?®3" In this approach, through several iterations, a coil space is
20 sampled to search for a global solution corresponding to the most optimal
ensemble of coils. The optimized coil configuration includes the generation of
the MR coil's main magnetic field as well as active shielding, which is required
to limit the extent of the fringe fields beyond the MR coils’ structure. In at
least one embodiment, the optimization process may be performed to also
25 minimize the power dissipated by the MR magnet coils, the coil volume, the

conductor mass and/or its physical footprint.

[0087] The concept of candidate coils is shown in FIGS. 2A-2C. Due to
axial symmetry, only half of the magnet space is depicted, using a cylindrical
system of coordinates. The candidate coil locations of an MR magnet may be
30 defined for any arbitrary imaging volume (e.g. a sphere, an ellipsoid, a

cylinder, etc.). Each square marker represents the cross-section center of a
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candidate coil, and the coils revolve around the z-axis. The square markers
do not represent the dimensions or the cross-sections of the coils, but rather
points located at the center of ideal current filaments, which can be translated
into realistic coils. The circular markers represent the optimization target
5 points on the surface of the MR imaging volume. These target points are
used in the optimization process to set a certain homogeneity tolerance for

the MR imaging volume (e.g. 10 parts per million or ppm).

foo8s] in the examples shown in FIGS. 2A-2C the imaging target
volume is given by an ellipsoid with the main axes being 40 cm (z and x-axes)
10 and 8 cm (y-axis). The coil domain is chosen in such a way that several
constrains are fulfilled: i) enough patient clearance (i.e. the distance from coils
to the MR isocenter should be large enough to fit a patient and a
treatment/imaging table), ii) sufficient separation to allow for additional
structures used for the operation of the MR such as the cryostat,
15 gradient/RF/shim coils, etc., iii) sufficient clearance to rotate the magnet
component(s) around the patient, iv) dimension of the entire coil ensemble
(i.e. lateral and depth extent of the candidate coil domain), and v)

achievement of realistic currents for an optimized coil configuration.

[0089] For a monopole MR magnet that can be used in a MR-linac
20 system, an example embodiment of the candidate coil domain, in other words
the MR magnet optimization environment, is shown in FIG. 2A. In this case,
the imaging volume corresponds to an ellipsoid, and the in-plane cross-
section is an ellipse. The candidate coil locations are located only on one
side of the ellipsoid imaging volume, which is defined by the optimization

25 target points.
[0090] In FIGS. 2A-2C, the MR imaging volume is defined by an

ellipsoid oriented with the larger axes (x,z)-plane in the BEV of the linac.

[0091] FIG. 2B shows an example embodiment of the candidate coils
domain for a biplanar MR magnet. In particular, FIG. 2B corresponds to the
30 MR-linac configuration with the MR magnetic field orthogonal to the linac

radiation beam (delivered from the left/right). The coils domain has a top and
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bottom component to depict the two opposed magnet poles. The target
imaging volume is an ellipsoid with the larger axis along the z-axis. This MR
configuration may be integrated with a linac head, which would deliver the
radiation beam in the horizontal plane (e.g. from left to right). This means that
5 the ellipsoid has the large circular cross-section (e.g. 40 cm diameter) in the

BEV of the linac beam or the coronal plane of the patient.

[0092] FIG. 2C shows another example embodiment of the candidate
coils domain for a biplanar MR magnet. In particular, FIG. 2C refers to an
MR-linac configuration where the MR magnetic field is oriented in-line with the
10 linac radiation beam. The candidate coils domain has a top and botiom
component to depict the two opposed magnet poles. Accordingly, in this
case, the linac beam is delivered from top to bottom or vice-versa, through the
open space at the coils of the MR magnet. Furthermore, the candidate coils
domain in FIG. 2C has a smaller lateral extent to allow for a coil opening
15 which can be utilized to deliver the linac beam. The target imaging volume is
an ellipsoid with the larger axis orthogonal to the z-axis. To achieve the
configuration shown in FIG. 2C, the candidate coil domain is not available in
the close vicinity of the z-axis. Thus, only coils with larger radii are allowed to

contribute to the magnetic field at the imaging target points.

20 [0093] The magnetic field at any target point is given by the

superposition of the fields generated by all the coils. In matrix form, this is

given by
B=AxI (1

The j-th coil, with radius 7; and location z; along the z-axis, contributes to the i-
25 th target point given by R; and Z; with a field described by the foliowing

equations™:

z 1 1z rf-R-(zi-7))"
4=ty X[K(k”)”’(k”)*(R]i—r,-)%(zi—z,-f] @

;f (Ri+Tj)Z+(Zl‘-ZJ')2

T]?-{'-RL?—(Z!'—Z]‘)Z

P RPN
(Ri—rj)2+(zi—2j)
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where Af; and Afj are the z-axis and radial components of the magnetic vector

potential, respectively. The coefficient k;; is given by:

kij = [__%_]1/2 (4)

(Rf+rj)2+(Zi—zj)2

Kand Erepresent elliptical integrals of the first and second kind, namely:

_ 72 ae
5 Kkij) =) = (5)
ki) = [PV~ kZsin?0d6 (6)
[0094] To generate an arbitrary coil configuration, an optimization

problem can be solved considering Equation 1.2 The coil configuration is
optimized by considering the power dissipated by the coils, the total volume of
10 the coils, the coif conductor mass and/or coil ensemble physical footprint. For

example, the volume of the coils is given by:
2
Veoils = Tj jyzl 7l (7)
where J. is the current density, and N is the total number of coils. The
optimization problem may be defined as follows®:
15 Minimize: X1, 731,
Subjectto: A =1 < By(1 + &)
Ax] < —By(1—-¢8) (8)
Il<gi=1N
where B, is the strength of the MR magnetic field, ¢ is the field homogeneity
20 tolerance factor for B, (€.g. 10 ppm), and t is a vector that is used to simplify

the optimization problem. Equations 8 represent a linear optimization problem

which may be solved by using numerical methods.

[0095] It should be noted that the locations of the movably adjustable
magnet components (e.g.. coils) are constrained by the candidate coils

25 domain in the optimization probtem. One can define any arbitrary spatial
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distribution of the magnet components (translation and rotation) for which the
optimization algorithm will solve to generate realistic solutions. Therefore,
theoretically, a solution can be reached given a desired magnet configuration
with an arbitrary large/small separation or travel of the movably adjustable
5 magnet components. The separation or travel of the magnet components is
custom to the targeted MR applications and desired imaging volumes, e.g.

large for pelvis patients, small for head/neck patients.

[0096] For a pre-defined imaging target volume and a candidate coil
domain, the optimization is performed to generate the best coil configuration
10 which minimizes the optimization objectives. In the case of a monopole
magnet configuration (e.g. FIG. 2A), bi-planar magnet configuration (e.g.
FIGS 2B and 2C), or a solenoid magnet configuration, the magnetic field used
for optimization is given by the z-component, see Equation (2). This
assumption is valid as the radial component is negligible. However, for a
15 magnet configuration with multiple non-coplanar magnet components (see
FIGS. 7A-7C), the optimization may be performed consideting both magnetic

field components as per Equations 2 and 3.

[0097] Referring now to FIG. 3, shown therein is an example
embodiment of a monopole MR magnet that is derived using the candidate
20 coils domain presented in FIG. 2A. The coil specifications are summarized in
Table 1. The imaging volume is an ellipsoid with a circular cross-section of 40
cm diameter in the (x,y)-plane and 8 cm axis along z-axis. This MR magnet
configuration may be integrated with a linac in such a way that the monopole
is mounted on a robotic arm to face the linac beam, and the ellipsoid imaging
25 volume has the larger circular cross-section (e.g. 40 cm diameter) in the linac
BEV. In this case, the magnetic field inside the ellipsoid imaging volume
would be in-line with the direction of the linac radiation beam. In this case,
four coils may be used to achieve a B, = 04T with a field homogeneity
tolerance of 100 ppm. The coil’s color represents the direction of the current

30 in the coil. Table 1 summarizes the characteristics of the coils.
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Table 1

r{ecm) | z(cm} I (kA)

Coil 1 18 34 -1225.2

Coil2 | 26 34 2200.1 |
Coil 3 44 34 -2756.0
| Coil4 | 68 | 34 2414.2
[0098] An example embodiment that may use the coil configuration of

FIG. 3 is an MRIgRT system that integrates a radiation source (i.e. a linac, a
Co-60, a proton source and the like) with an MR} scanner. This example
system will be referred to as MR-linac system 1 and has the following

features:

1a) The magnetic field (By) of the MRI scanner may feature a
single magnet pole (i.e. monopole), consisting of at least one
magnet component. The monopole may be a permanent
magnet, an electromagnet, a superconductor, or a combination
of any of these magnets. The monopole may be mounted via a
robotic arm on a typical linac gantry to replace the megavoltage
(MV) panel detector of the linac, for example. For a typical linac,
the MV detector is mounted opposite to the linac head and faces
the radiation beam. In this configuration, the monopole may be
moved to pre-defined locations behind the patient that is laid on
the treatment table to perform MR imaging. The monopole’s
imaging volume may be defined by a reduced FOV in the
coronal plane or the BEV of the linac beam, with a reduced sfab
magnetic field (Bp) at a central axis and in some cases the
imaging plane is in the coronal plane of the patient being
imaged. The monopole may rotate in unison with the linac
gantry, similar to an MV panel detector, and perform snapshot or
continuous (1D, 2D) MR imaging at any arbitrary gantry rotation

angle.
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1b) In some situations, the monopole may be integrated with the
MV panel detector to provide both MR and MV imaging prior and
during linac beam delivery.

1¢) In the scenarios described in 1a and 1b, the kilovoltage (kV)
capability of the linac, consisting of the KV x-ray source and
panel detector, may be preserved. For 1a the linac may provide
dual imaging from the MRI and the kV and for 1b the linac may
provide three on-board imaging modalities, specifically, MR}, kV
and MV,

{0099} FIGS. 4A-4B show example embodiments of two biplanar MR
magnet (i.e. coil} configurations with different optimization targets that are
derived using the candidate coils domain presented in FIG. 2C. The same
target imaging volume was assumed as in FIG. 3. The coil configurations in
FIGS. 4A and 4B were generated for By =0.5T and a field homogeneity
tolerance of 10 ppm and 100 ppm, respectively. The coil configurations
correspond to an MR-linac with the beam and B, being parallel to each other
and the radiation beam is oriented along the z-axis. In both configurations,
increasing the field homogeneity results in coil requirements that become

more demanding, i.e. higher cail currents.

[00100] For the biplanar MR magnet configuration of FIG. 4A, the coll
specifications are summarized in Table 2. This MR configuration can be
integrated with a finac, which would deliver the radiation beam along the z-
axis (e.g. from top to bottom). This means that the ellipsoid has the large
circular cross-section (e.g. 40 cm diameter) in the BEV of the linac beam (or
the coronal plane of the patient at 0° gantry angle rotation). In this case, the
magnetic field inside the ellipsoid imaging volume is in-line with the direction

of the linac radiation beam.
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Table 2

‘ [r(em) | z(cm) | 1(kA)
Coil 1 15 | 34 | 2649
Coil 2 23 34 -1366.2
Coil 3 29 40 | 19024

[00101] For the biplanar MR magnet configuration of FIG. 4B, , the coll
specifications are summarized in Table 3. Similar to the configuration of FIG.
5 4A, the magnetic field inside the ellipsoid imaging volume is in-line with the

direction of the linac radiation beam.

Table 3
1 ricm) [ z(cm) | 1(kA) |
| Coil 1 15 34 -674.45
' Coil2 [ 29 34 735.75
10 [00102] Referring now to FIG. 5, shown therein is an example

embodiment of a biplanar MR magnet configuration that is derived using the
candidate coils domain presented in FIG. 2B. The coil ensembie of FIG 5 was
optimized to generate a uniform field within an ellipsoid with a circular cross-
section in the (y,z)-plane with a diameter of 40 cm and an elliptical cross-
15 section in the (x,z)-plane with the smaller axis of 8 cm. The optimization
criterion also included achieving a homogeneous ellipsoid imaging volume
with a tolerance of 100 ppm. The MR magnet configuration of FIG. 5 can be
integrated with a linac, which would deliver the radiation beam orthogonal to
the z-axis. This means that the ellipsoid has the large circular cross-section
20 (e.g. 40 cm diameter) in the BEV of the linac beam (or the coronal plane of
the patient at 0° gantry angle rotation). In this case, the magnetic field inside
the ellipsoid imaging volume is orthogonal to the direction of the linac

radiation beam. The linac beam is oriented along the x-axis.

{00103] Similar to the MR magnetic configurations shown in FIGS. 4A,

25 4B and 5, more complex MR magnets can be designed. For example, the coil
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configurations for the MR scanner described with respect to FIGS. 7A-7C may
be defined as in FIGS. 6A and 6B for the in-line and orthogonal MR-linac

configurations, respectively.

[00104] FIG. 6A shows the MR magnet optimization environment for an
5 example embodiment of a complex MR with multiple non-coplanar magnet
poles. Due to axial symmetry only half of the magnet space is shown. The
square markers represent the location of the candidate coils. The circular
markers represent the optimization target points on the surface of the MR
imaging volume. The shape of the imaging volume can be arbitrary. In this
10 case, the volume corresponds to an ellipsoid, and the cross-section is an
ellipse. The candidate coils domain was chosen to generate a magnet with a
magnetic field in-line with the linac radiation beam. The concept is similar to
FIGS. 2C and 4A-4B. By modifying the focation of the non-coplanar coils

domain multiple imaging volumes can be generated.

15 [00105] FIG. 6B shows the MR magnet optimization environment for an
example embodiment of a complex MR with multiple non-coplanar magnet
poles. The schematic is similar to FIG. 6A, however, the magnetic field is
orthogonal to the direction of the linac beam. The imaging ellipsoid is set in
the coronal plane of the patient, or the linac BEV. The candidate coils domain

20 may also be used to generate realistic MR magnet configurations for the

example embodiments shown in FIGS. 7A-7C.

[00106] For the integration of a linac with a reduced FOV MRI scanner,
the magnetic field (Bg) may be generated by a structure having at least one
magnet component that is strategically placed in the proximity of the patient
25 anatomy that is exposed to radiation from the linac radiation beam during the
treatment delivery. The magnetic field (Bo) partly or fully encompasses the

irradiated volume for imaging purposes.

[00107] Referring now to FIGS. 7A-7C, shown therein are various views
of an example embodiment of an MR-linac system 10 in accordance with the
30 teachings described herein. This example embodiment shows the integration

of MR magnet components with a typical L-shaped linac configuration to



CA 02880312 2015-01-27

WO 2014/015421 PCT/CA2013/000673

- 26 -

achieve the MR-linac system 10. Multiple magnet components are mounted
on the linac's robotic arms at 90° with respect to the direction of the linac
beam. Using the analcgy with a typical linac, in at least one example
embodiment, the MR magnet components would replace the kilovoltage

5 source and panel detector. The robotic arms can be adjusted repeatedly, in a
reproducible manner, to achieve certain pre-defined magnetic field (By) spatial
distribution(s).

[00108] Referring now to FIG. 7A, shown therein are the main
components of the MR-linac system 10 including an MRI scanner 12 and a
10 linac 14. The MRI scanner 12 comprises a first set of magnets 12 having
magnet components 12a, 12b and 12c and a second set of magnets 12’
having magnet components 12a’, 12b’ and 12¢’. At least some of the magnet
components 12a, 12b, 12¢, 12a’, 12b’ and 12c’ may be adjustable for
placement at a desired location or angle with respect to the patient. The linac
15 14 comprises a linac head 14a and a gantry 14b. The MRI scanner 12 is
mounted to the linac 14 by robotic arms 16a and 16b. The MR-linac system
10 also includes a treatment table 18a having a table top 18b upon which a
patient is positioned in order to receive a treatment or radiation beam 20 from

the linac head 14a.

20 100109} FIG. 7B is a front view of the MR-linac system 10 depicting a
configuration in which the MR magnet components 12a-12¢’ (i.e. MR
elements) are adjusted to be in close proximity to the portion of the patient
that receives the radiation beam 20 and to allow for the generation of a larger
imaging FOV. In this example embodiment, the MR components comprise

25 top magnet components 12a and 12a side magnet components 12b and
12b’ and bottom magnet components 12c and 12¢’, at least some of which
are moveable so that they have an adjustable position relative to the patient.
For example in some embodiments, the top and bottom magnet components
12a, 12a’, 12c, and 12¢ may be movable while the center magnet

30 components 12b and 12b’ may be stationary in the proximity of the imaging

volume. In another embodiment, the center magnet components 12b and
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12b’ may also be movable, for example, the center magnet components 12b
and 12b" may be parked or moved away from the patient if MR imaging is not
required for a particular patient of treatment session. In other words, all
magnet components 12a to 12¢’ may be parked away from the patient in a
retracted position of the robotic arms. In other embodiments, other
combinations of magnet components may be used such as just top and
bottom magnet components, top and center magnet components or bottom
and center magnet components, in which at least some of the magnet

components have an adjustable position.

[00110] FIG. 7C shows a front view of the MR-linac system depicting the
top and bottom MR components 12a, 12a’, 12c¢ and 12¢’ in a retracted
position in which case the imaging is performed with only the center magnet
components 12b and 12b’, which may be used to track target/organ motion

during radiation treatment delivery.

[00111] The relative orientation of the magnetic field (By) with regard to
the direction of the linac radiation field may be either in-line (parallel) or
orthogonal to each other for the homogeneous region of the magnetic field.
For example, FIG. 5 shows a realistic coil configuration for an MR magnet
with a reduced imaging FOV, in the shape of an ellipsoid (see FIG. 4B and the
associated description). The larger cross-section of the ellipsoid is in the BEV
of the linac treatment beam, and the MR poles (i.e. center magnet
components 12b and 12b') are mounted on robotic arms similar to the
embodiment shown in FIGS. 7A-7C. In this configuration, the magnetic field
is orthogonal to the direction of the linac treatment beam. This system will be
referred to as MR-linac system 2. In another embodiment, additional magnet
components may be added to resemble the top and bottom magnet
components shown in FIGS. 6A-6B (i.e. non-coplanar candidate coils space).
For this configuration, the capability of a linac’s x-ray megavoltage (MV) panel
detector may be preserved, as the panel is mounted to face the linac
treatment beam. Thus, this example embodiment of an MR-linac system may

allow dual imaging: MRI and x-ray MV.
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[00112] In another example embodiment, the MR magnet configuration
from FIGS. 4A-4B may be mounted on the linac gantry 14b, but this time the
magnet poles are mounted such that the magnetic field is oriented in-line with

the linac treatment beam. This system will be referred to as MR-linac system

5 3. One magnet pole of the MR magnet configuration may be mounted on the
linac head 14a and the opposite magnet pole of the MR magnet configuration

may be mounted on an additional robotic arm (not shown in FIGS. TA-7C),
located opposite to the linac head, to replace the linac MV panel detector.
Thus, the linac treatment beam 20 passes through the opening of one of the

10 magnet poles, i.e. the apening of the circular coil ensemble at the central axis
or from top to bottom in FIGS 4A-4B. Similar to FIG. 5, the ellipsoid imaging
volume is in the BEV of the linac treatment beam. Similar to FIGS. 6A-6B and
7A-7B, the top and bottom magnet components may be added to generate
multiple MR imaging regions. Considering that the magnet components are

15 mounted such that the magnetic field in the imaging volume is oriented in-line
to the linac treatment beam, for this particular example configuration, the
capability for kV imaging may be preserved, for which the kV source (KVS)

and kV panel detector (KVD) are mounted on additional robotic arms and
oriented at 90° with respect to the direction of the linac treatment beam.

20 Thus, this example embodiment of a MR-linac system may be used to provide

dual imaging: MRI and x-ray kV.

[00113] In yet another example embodiment, a monopole magnet
component (see FIG. 3 for example) may be mounted on a robotic arm, with
the magnet pole facing the linac radiation beam and the ellipsoid imaging
25  volume in the BEV of the linac. This system will be referred to as MR-linac
system 4 which is a combination of MR-linac system 1 plus additional non-
coplanar magnet components. The monopole magnet component may be
moved to multiple locations behind the patient to perform imaging for i) patient
setup verification prior to treatment or i) real-time imaging (e.g. 1D, 2D)
30 during linac rotation and radiation treatment delivery. In this example

embodiment, additional non-coplanar magnet components may be added in
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the vicinity of the monopole to further shape the imaging volume or to house

the imaging gradient and RF transmit/receive coils. For this example

embaodiment of the MR-linac system, the linac’s x-ray KV imaging capabilities

may be preserved. Thus, this MR-linac system may be used to provide dual
5 MRl and x-ray kV imaging.

[00114] Another example embodiment comprises an MRIgRT system
that integrates a radiation source (i.e. a linac, a Co-60, a proton source and
the like) with an MRI scanner. This system will be referred to as MR-linac

system 5 and has the following features:

10 2a. The MRI scanner may generate a main magnetic field (By)
which is time-independent with an average spatial homogeneity
across the entire imaging volume that is lower compared to the

magnetic field (By) of a conventional MRI magnet.

2b. The magnetic field (By) of the MRI scanner may have two
15 main imaging regions: i) a Region 1 having a reduced slab
volume (e.g. a shape of an ellipsoid, cylinder) with a
homogeneous magnetic field (By) at a central axis (in at least
some embodiments, the imaging plane is in the coronal plane of
the imaged patient) and ii) a Region 2 (e.g. a sphere, cylinder,
20 ellipsoid, or arbitrary shape) that includes and extends beyond
Region 1, with a magnetic field (Bo) homogeneity that gradualily
decreases with distance. The MRI scanner's Region 1 stays
preferably orthogonal to the direction of the linac radiation beam
at any gantry angle rotation. [n other words, the sfab imaging
25 region is in the radiation beam’s eye view (BEV) plane of the
linac radiation field. This particular configuration facilitates 2D
cine real-time MR imaging as well as 1D MR imaging during

linac treatment beam delivery.

2¢. The MRI scanner may feature only imaging Region 1 (i.e. in
30 a single slice imaging operation mode) or both imaging Region 1

and Region 2.
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2d. Regarding the homogeneous region of the magnetic field
(Bp), the orientation of the magnetic field (By) relative to the
direction of the linac radiation field may be either in-line or
orthogonal. This means that the Lorentz force is either parallel
or orthogonal to the direction of secondary electrons, which are
generated when an x-ray interacts with the irradiated tissue (or
material). The distinction between these two orientations is
important as each orientation may lead to significantly different
dose deposition patterns in the patient's tissue under the
presence of the external magnetic field produced by the MR
scanner. The use of the in-line or orthogonal orientation is also
dictated by the configuration of the MR magnet components of
the MRI scanner relative to the orientation of the linac treatment

beam.

2e. The spatial distribution of the magnetic field (By) of the MRI
scanner is adjustable by strategically modifying the location of
certain MR components in the vicinity of the imaged patient or
an imaged subject. As per feature 2b, the adjustment of the MR
magnet components is performed by means of robotic parts
(e.g. robotic arms), to enable two main modes of operation: i) in
a first operation mode, certain magnet components are parked
away from the patient (i.e. the patient’s radiation treatment
target or volume) and imaging is performed for Region 1 only
(one purpose of this first operation mode is real-time imaging
during treatment delivery), and ii) in a second operation mode,
all magnet components are moved in the proximity of the
subject, in a pre-defined and reproducible configuration, to
generate larger imaging volumes, i.e. Region 2 (one purpose of
this second operation mode is patient setup verification prior to

each treatment fraction).
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2f. The MR image reconstruction process reliess on a
combination of two methodologies: i) single slice reconstruction
assuming a uniform magnetic field (By) for Region 1, and ii)
image reconstruction assuming a non-uniform magnetic field
(Bo) and prior knowledge of the spatial distribution of the field
inhomogeneities (which can be measured experimentally, e.g.

with a phantom or a linearity cbject) for Region 2.

2g. The MR magnet components and the linac are mechanically
coupled on 3 common gantry, which allows for independent as
well as in-unison imaging (MR) and radiation delivery (linac) at
any rotation angle around the imaged patient (the center point of
the gantry rotation coincides with both the MR magnet and linac

isocenters).

[00115] Another example embodiment of an MRIgRT system integrates
a radiation source (i.e. a linac, a Co-60, a proton source and the like) with an
MRI scanner. The system will be referred to as MR-linac system 6 and has

the following features:

3a. The magnetic field (By) of the MRI scanner may be highly
homogeneous for a volume of interest, which can be varied by

using movable magnet components (see FIGS. 7A and 7B).

3b. By moving the magnet components at different locations
relative to each other and the patient, multiple imaging volumes
(which may have different shapes, dimensions and spatial
locations) may be generated. For example, a large imaging
volume (e.g. a 40-50 cm sphere or any arbitrary shape) may be
desired for a prostate patient, when the entire patient anatomy
may be required for RT treatment planning, simulation and
delivery. In another example, for breast imaging, the imaging
volume that may be used may be smailer (e.g. a 20 cm sphere),
and asymmetrically located with respect to the magnet

components, to cover only the targeted breast anatomy, i.e. the
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imaging volume is moved closer to the magnet poles that are

facing the targeted breast tissue.

3c. The magnet components may be non-coplanar in order to
achieve at least one of small, large as well as asymmetric

5 imaging volumes.

3d. The MV x-ray panel detector of the linac, mounted opposite
to the linac head and facing the radiation beam, may also be
present. In this configuration, the MR-linac system may provide

dual imaging, i.e. MR and MV.

10 [00116] In at least one embodiment described herein, the MR magnet
may be designed to be compact and used to deliver mainly radiotherapy
specific functions such as imaging guidance for daily patient treatment setup
verification and real-time acquisition during patient treatment delivery. The
image quality should be sufficient to provide the spatial resolution, FOV

15 coverage, signal sensitivity and temporal resolution (1D as in a navigator echo
sequence and/or 2D as in a cine sequence) that are used for performing RT
image guidance, but not necessarily comparable to the image quality of
diagnostic MR. As a consequence, in this example embodiment, the MR-linac
system may operate with only a few imaging sequences without the need for

20 advanced modalities (e.g. MR spectroscopy).

[00117] At least one of the various MR-linac systems described herein
may be configured to operate in a first operation mode with the magnet
components in a certain pasition, as was shown in FIG. 7C in which the upper
and lower magnet components 12a, 12a’, 12c and 12¢’ are in a parked
25 position in which they are moved further away from the patient. The central
magnet components 12b and 12b’ may then be used to generate a limited
FOV homogeneous field (referred to herein as imaging in Region 1) that is
sufficient to perform single-slice imaging or multiple-slice imaging in a reduced
FOV that is orthogonal to the linac beam. For example, a single slice image
30 in the patient’s coronal plane at a 0° linac rotation (i.e. the BEV of the linac

beam) may be obtained. An example embodiment of the operational workflow
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that may be used in this case is described with respect to FIG. 8B. The
patient daily pre-treatment setup verification may be achieved by single slice
imaging in two orthogonal planes (e.g. gantry angle 0° and 90°), without the
need of the extra MR magnet components required to generate the imaging

5 Region 2 (this is also referred to as the second mode of operation herein).
During radiation treatment delivery 1D or 2D imaging may be performed to
acquire, information for real-time visualization and tracking of tumor and
adjacent organ motion. Considering the rigid coupling of the MR magnet
components and the linac, as the gantry rotates, MR imaging may be

10 continuously performed and data acquired at different cross-sections through
the patient, which are always orthogonal to the radiation beam. Therefore,

MR image data may be generated for the beam eye view (BEV) of the linac
radiation field at any gantry rotation angle. The anatomical information
retrieved in this plane, which is perpendicular to the linac beam during gantry

15  rotation, may be the minimum amount of information that is used to image
while providing radiation treatment.  An oblique, or any other plane
orientation, will use more anatomical information (i.e. more than one slice) to

achieve the same goal.

[00118] For at least some of the various MR-linac systems described
20 herein, the outer MR magnet components (for example, the upper and lower
magnet components 12a, 12a', 12c and 12¢’ shown in FIG. 7A) may be
retracted to minimize the exposure of the radiation sensitive MR components
to the direct linac beam or scattered radiation. In an alternative embodiment,
operating in the single slice mode, the MRI scanner may only have the central
25 magnet components without the upper and lower magnet components and the
central magnet components may be moveable closer 1o or farther away from

the volume of the individual being imaged.

[00119] At least one of the various MR-linac systems described herein
may be configured to operate in a second operation mode, in which the MRI
30 scanner's imaging FOV may be extended by adjusting the position of the
outer (e.g. upper and lower) MR magnet components, an example of which is
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shown in Fig. 7B, to generate a substantially larger imaging volume (referred

to herein as imaging for Region 2). The resulting magnetic field (By) may
feature a lower overall homogeneity across the imaging volume as compared

to the magnetic field (By) of a conventional MR magnet. Beyond Region 1,

5 the homogeneity of the magnetic field (By) in the imaging volume decreases
with distance. The degree of inhomogeneities defines the extent of the usable
imaging volume. An example embodiment of the workflow that may be used

for this second operation mode is described with respect to FIG. 8E. For the
second operation mode, the image reconstruction process may rely on a

10 composite approach consisting of: a) using standard image generation
methods assuming a uniform magnetic field (By) for the central slab FOV and

b) using an algorithm for the case of an inhomogeneous magnetic field (Bo)
(see below) which may be applied to regions located beyond the central slab
FOV. A larger imaging FOV is desirable for the patient daily setup verification

15 routine that is done prior to treatment delivery. However, one or two

orthogonal slices may be enough to perform this task accurately.

[00120] In an example embodiment, there is provided a method for
performing for performing at least one of radiation treatment, patient setup
verification, real-time tracking of organ motion during radiation treatment
20 delivery and MR imaging by using an MRI scanner and a radiation source
(e.g. a linac). The MRI scanner has at least one magnet component that is
moveable with respect to one of the linac and a desired imaging volume for an
individual receiving radiation treatment. The method generally comprises
performing patient setup for a treatment location with respect to the linac,
25 adjusting the position of at least one moveable magnet of the MRI scanner,
obtaining MR images and adjusting the patient setup based on the MR
images, applying radiation treatment to the individual with simultaneous real-

time MR imaging, and performing further MR imaging for post-treatment

assessment of the individual.

30 [00121] It should be noted that real-time MR imaging using the various

techniques described herein can be used for a variety of purposes including
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one or more of. 1. patient-setup verification prior to radiation treatment
delivery to ensure that the patient is in the correct treatment position every
day; 2. Real-time during radiation treatment (track organ motion to real-time
drive and adjust treatment beam parameters); and 3. Post-treatment imaging

5 to double-check that the patient did not move during delivery.

[00122] In another example embodiment, there is provided a method for
performing MR imaging for a desired imaging volume of an individual using an
MRI scanner having at least one moveable magnet. The method comprises
determining the desired imaging volume for the individual, positioning the
10 individual for imaging by the MRI scanner, adjusting at least one moveable
magnet of the MRI scanner to position an actual imaging volume at the

desired imaging volume and performing MR imaging of the individual.

{00123] In at least one embodiment, the MRI scanner comprises one
adjustably moveable magnet component for providing an adjustable

15 monopole with respect to a location of the individual.

[00124] In at least one embodiment, the MRI scanner comprises a pair
of adjustably moveable central magnet components that are generally
disposed across from one another on either side of the individual and the
method comprises moving the adjustably moveable centrally magnet

20 components closer to or farther away from the individual for MR imaging.

[00125] In at least one embodiment, the MRI scanner comprises a pair
of upper magnet components, a pair of central magnet components and a pair
of lower magnet components, in which each of the pair of magnet

components are disposed on either side of the individual.

25 [00126] In some cases, only the pairs of upper and lower magnet
components are moveably adjustable. In these cases, the method further
comprises moving the location of the upper and lower pair of magnet
components relative to the individual to obtain MR images of different imaging
volumes of the individual. It should be noted that the movably adjustable

30 magnet components in each pair as well as across different pairs can be
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configured to move in a symmetric fashion with respect to one another (i.e.
move by the same amount at the same time) or in an asymmetric fashion with
respect to one another (e.g. move by different amounts at the same or
different times). Movement in an asymmetric fashion allows for imaging
volumes to be generated such that they are located asymmetrically with

respect to the movably adjustable magnet components (e.g. in opposed pairs)

[00127] In some cases, the pairs of upper, central and lower magnet
components are all moveably adjustable. [n these cases, the method further
comprises moving the location of the upper, central and lower pair of magnet
components relative to the individual to obtain MR images of different imaging

volumes of the individual.

[00128] Referring now to FIG. 8A, shown therein is an example
embodiment of a method 100 for operating an MR-linac system in accordance

with the teachings herein.

[00129] At 102, method 100 comprises placing a patient on the

treatment table of a linac for a daily treatment fraction.

[00130] At 104, method 100 comprises moving the position of at least
one MR magnet component of the MR} scanner moved from a park position {0
an imaging position.

[060131] At 106, method 100 comprises performing MR imaging to
assess the daily patient anatomy and image data is then registered to
reference images (e.g. CT, MR, etc.) to determine if treatment table shifts

(e.g. translations, rotations) are needed.

[00132] At 108, method 100 comprises applying table shifts to the

patient setup to establish the correct daily setup based on the determination
made at 1086.

[00133] At 110, method 100 comprises delivering radiation treatment
from multiple angles while the gantry of the linac rotates during which MR

imaging (e.g. 1D and/or 2D) may also be performed to track organ motion in
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the linac’s BEV, for example. The MR imaging may be continuously

performed during radiation treatment.

[00134] At 112, method 100 comprises performing additional MR
imaging for post treatment assessment after the radiation treatment fraction is

5 completed. The post-treatment assessment may include various types of
information such as, but not limited to, patient setup, tumor/tissue response,
and the like.

[00135] At 114, the patient treatment session is completed.

[00136] Referring now to FIG. 8B, shown therein is an example
10 embodiment of a method 200 for operating an MR-linac system using a
reduced FOV for MRI imaging in accordance with the teachings herein. Acts
202, 208 and 212 of method 200 are similar to acts 102, 108 and 112

respectively of method 100 and therefore will not be discussed.

[00137] At 204, method 200 comprises positioning at least one of the
15 moveably adjustable MR magnet components for imaging in Region 1 (e.g. a
reduced FOQV).

[00138] At 206, method 200 comprises performing MR imaging in two
orthogonal planes to verify and adjust the daily patient setup to match the

treatment plan setup.

20 [00139] At 210, method 200 comprises an optional act of performing
additional MR imaging in Region 1 for post treaiment assessment. The post-
treatment assessment may include various types of information such as, but

not limited to, patient setup, tumor/tissue response, and the like.

[00140] For MR-linac systems that are capable of performing MR and x-
25 ray kV imaging, as per MR-linac systems 1, 3 and 4 described previously, the
patient setup verification and real-time tracking of organ motion during
treatment delivery may be achieved by utilizing either MR-only data or MR-kV
composite data. This is described in more detail with regards to the workflow
shown in FIG 8C. The MR data can be acquired in a fixed plane relative to

30 the linac beam (e.g. BEV of the linac), which rotates in unison with the system
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gantry. Thus, full volumetric data can be acquired during the rotation of the
MR-linac system. The acquisition may be i) a snapshot per angle of rotation
resulting in a 3D anatomical volume, or ii) a 2D-cine, which rapidly samples
(e.g. 4 Hz) the anatomical volume (e.g. organ motion) in a single plane at

5 each angle of gantry rotation. In other words, at each gantry angle multipie
images may be acquired to track the organ motion. Extending this concept for
multiple gantry angles, full volumetric data may be acquired which may be
processed to generate 4D data sets in which 4D refers to volume (3D) and
time dimension (1D). X-ray kV (cine or CBCT) is a common feature of a

10 typical linac. However, in the corresponding MR-linac systems described
herein, the x-ray kV may be combined via image registration with
corresponding MR data (1D, 2D, 3D, or 4D) to generate composite
representations of the daily patient anatomy. This may then be used to drive

the treatment delivery.

15 [00141] Referring now to FIG. 8C, shown therein is an example
embodiment of a method 300 for operating an MR-linac system using MRI
imaging and potentially another imaging modality such as X-ray KV, for
example, in accordance with the teachings herein. The MRI imaging may be
done with a reduced FOV. For example, for the MR-linac embodiments that

20 use both MR imaging and x-ray kV, the linac operation may be tailored to
utilize both imaging modalities for patient setup verification and real-time
tracking of organ/tumor target motion during radiation treatment delivery. Acts
302, 304, and 318 of method 300 are similar to acts 202, 204 and 212
respectively of method 200 and therefore will not be discussed.

25 [00142] At 306, method 300 comprises performing MR imaging in a
reduced FOV while the magnet components of the MRI scanner rotates
around the patient. A single slice may be acquired at each rotational angle to

reconstruct 3D patient data OR 2D-cine continuous acquisition may occur

during rotation to generate 4D MR data.

30 [00143] At 308, method 300 comprises performing X-ray kV imaging by
1) Conventional 3D cone-beam CT (CBCT) OR 2) 2D-cine continuous
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acquisition during rotation of the magnet components of the MRI scanner

around the patient to generate 4D CBCT data.

[00144] At 310, method 300 comprises registering MR data (3D or 4D)
to CBCT data (3D or 4D) to generate an MR-CBCT composite (3D/4D) data
5 set

[00145] At 312, method 300 comprises registering MR-CBCT composite
or MR-only data to reference MR/CT data to compute the daily treatment
shifts, which are then applied to set the patient in the correct treatment

position.

10 [00146] At 314, method 300 comprises delivering radiation treatment
from multiple angles while the gantry rotates. During radiation treatment
continuous MR imaging (1D/2D) may be performed in Region 1 to track organ
motion in the linac’'s BEV. In some cases, X-ray kV cine data may also be
acquired during radiation treatment to track organ motion to correlate to the

15 MR imaging data.

[00147) At 316, method 300 comprises performing MR and x-ray kV
imaging for post-treatment assessment. Act 316 may be optional in certain

cases and not performed.

[00148] Referring now to FIG. 8D, shown therein is an example
20 embodiment of a method 400 for operating an MR-linac system using MRI
imaging and potentially another imaging modality such as X-ray MV in
accordance with the teachings herein. For example, for the MR-linac
embodiments exhibiting both MR imaging and x-ray MV, the operation of the
linac may be adapted to utilize both imaging modalities for patient setup
25 verification and real-time tracking of organ/tumor target motion during
treatment delivery. Acts 402, 404, 406 and 418 of method 400 are similar to
acts 302, 304, 306 and 318 respectively of method 300 and therefore will not

be discussed.
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[00149] At 408, method 400 comprises performing X-ray MV imaging by
using Conventional 3D cone-beam CT (MV-CBCT) or using 2D-cine

continuous acquisition during rotation to generate 4D MV-CBCT data.

[00150]) At 410, method 400 comprises registering MR data (3D or 4D)
5 to MV-CBCT data (3D or 4D) to generate an MR-MVCBCT composite (3D0/4D)

data set.

[00151] At 412, method 400 comprises registering an MR-MVCBCT
composite or an MR-only data set to reference MR/CT to compute the daily
treatment shifts, which are then applied to set patient in the correct treatment

10 position.

[00152] At 414, method 400 comprises delivering radiation treatment
from multiple angles while the gantry rotates while continuous MR imaging
(1D/2D) is performed in Region 1 to track organ motion in the linac’'s BEV and
X-ray MV cine data may be acquired to track organ motion to correlate to the

15 MR acquired data.

[00153]) At 416, method 400 comprises performing MR and x-ray MV

imaging for post-treatment assessment. Act 416 is optional.

[00154] Referring now to FIG. 8E, shown therein is an example
embodiment of a method 500 for operating an MR-linac system for combined
20 imaging in Region 1 and Region 2. Region 1 may be used for organ motion
tracking during radiation delivery and Region 2 may be used for the
verification of the patient’s pre-treatment setup. Acts 502 and 514 of method
500 are similar to acts 102 and 114 respectively of method 100 and therefore

will not be discussed.

25 [00155] At 504, method 500 comprises adjusting the position of the MR

magnet components that are adjustable for imaging in Region 2.

[00156] At 506, method 500 comprises performing MR imaging to verify

and adjust daily patient setup to match treatment plan setup.
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[00157] At 508, method 500 comprises moving the outer (e.g. upper and
lower) MR magnet components away from (e.g. parked away from) the patient

prior to radiation delivery. Act 508 is optional.

[00158]) At 510, method 500 comprises delivering radiation treatment
5 from multiple angles while the gantry rotates. During this treatment,
continuous MR imaging (1D and/or 2D) may be performed in Region 1 to

track organ motion in the linac’'s BEV.

[00159] Referring now to FIG. 10, shown therein is a block diagram of an
example embodiment of an MR-linac system 600 in accordance with the
10 various teachings described herein. The MR-linac system 800 includes an
operator unit 602, an MRI scanner 628 and a linac 630. The MRI scanner
628 has magnetic components that are moveable relative to the treatment
beam of the linac 630 and/or the area of the individual that is to be imaged.
Various embodiments have been described herein for the MRI scanner 628
15 and the linac 630 and how these components interact with one another to

carry out one or more workflows.

[00160] The MR-linac system 600 is provided as an example and there
can be other embodiments of the MR-linac system 600 with different
components or a different configuration of the components described herein.
20 The MR-linac system 600 further includes several power supplies (not all
shown) connected to various components of the MR-linac system 600 as is
commonly known to those skilled in the art. A user or operator, which may be
a medical professional, interacts with the operator unit 602 to operate the MRI
scanner 628 in conjunction with the linac 630 according to any of the various
25 methods described herein. In some cases, there may be other operations

that may be performed as is known by those skilled in the art.

[00161] The operator unit 602 comprises a processing unit 604, a
display 606, a user interface 608, an interface unit 610, Input/Output (VO)
hardware 612, a wireless unit 614, a power unit 616 and a memory unit 618.
30  The memory unit 618 comprises software code for implementing an operating

system 620, various programs 622, an MR-linac module 624 and one or more
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databases 626. Many components of the operator unit 602 can be
implemented using a desktop computer, a laptop, a tablet, a mobile device
and the like.

[00162] The processing unit 604 controls the operation of the operator

5 unit 602 and can be any suitable processor, controller or digital signal
processor that can provide sufficient processing power processor depending

on the configuration, purposes and requirements of the MR-linac system 600

as is known by those skilled in the art. For example, the processing unit 604
may be a high performance general processor. In alternative embodiments,

10 the processing unit 604 can include more than one processor with each
processor being configured to perform different dedicated tasks. In alternative
embodiments, specialized hardware can be used to provide some of the

functions provided by the processing unit 604.

[00163] The display 606 can be any suitable display that provides visual

15 information depending on the configuration of the operator unit 602. For
instance, the display 606 can be a cathode ray tube, a flat-screen monitor and
the like if the operator unit 602 is a desktop computer. In other cases, the
display 606 can be a display suitable for a laptop, tablet or handheld device
such as an LCD-based display and the like.

20 [00164] The user interface 608 can include at least one of a mouse, a
keyboard, a touch screen, a thumbwheel, a track-pad, a track-ball, a card-
reader, voice recognition software and the like again depending on the
particular implementation of the operator unit 602. In some cases, some of

these components can be integrated with one another.

25 [00165] The interface unit 610 can be any interface that allows the
operator unit 602 to communicate with other devices or computers. In some
cases, the interface unit 610 can include at least one of a serial port, a parallel
port or a USB port that provides USB connectivity. The interface unit 610 can
also include at least one of an Internet, Local Area Network (LAN), Ethernet,

30  Firewire, modem or digital subscriber line connection. Various combinations

of these elements can be incorporated within the interface unit 610.
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[00166] The 1/0 hardware 612 is optional and can include, but is not

limited to, at least one of a microphone, a speaker and a printer, for example.

[00167] The wireless unit 614 is optional and can be a radio that
communicates utilizing CDMA, GSM, GPRS or Bluetooth protocol according
5 to standards such as |[EEE 802.11a, 802.11b, 802.11g, or 802.11n. The
wireless unit 614 can be used by the operator unit 602 to communicate with

other devices or computers.

[00168] The power unit 616 can be any suitable power source that
provides power to the operator unit 602 such as a power adaptor or a
10 rechargeable battery pack depending on the implementation of the operator

unit 602 as is known by those skilled in the art.

[00169] The memory unit 618 can include RAM, ROM, one or more hard
drives, one or more flash drives or some other suitable data storage elements
such as disk drives, etc. The memory unit 618 is used to store an operating
15 system 620 and programs 624 as is commonly known by those skilled in the
art.  For instance, the operating system 620 provides various basic
operational processes for the operator unit 602. The programs 622 include
various user programs so that a user can interact with the operator unit 602 to
perform various functions such as, but not limited to, viewing and

20 manipulating data as well as sending messages as the case may be.

[00170] The MR-linac module 624 is used to operate the MR scanner
628 in unison with the linac according to any of the various methods or
workflows described herein. The MR-linac module 628 can be implemented
as a single software module or as a collection of software modules that are
25 directed to the various functions that are performed during the operation of the

MR-linac system 600.

[00171] For example, the MR-linac module 628 comprises a plurality of
sub-routines, classes, objects or functions for operating the MRI scanner 628
and moving at least one of the moveably adjustable magnet components of

30 the MRI scanner 628 according to a particular MR imaging modality for a



CA 02880312 2015-01-27

WO 2014/015421 PCT/CA2013/000673

10

15

20

25

30

-44 -

given imaging volume of the individual 632 who is being scanned and/or
treated. For example, at least one of the moveably adjustable magnet
components of the MRI scanner 628 may be moved from a park position to an
imaging position to image a Region 1 or a Region 2 as described herein.
Alternatively, the MR-linac module 628 may control at least one of the
moveably adjustable magnet components to move to a park position away
from the treatment beam of the linac 630 to avoid irradiation by or reduce

exposure to the treatment beam.

[00172] The MR-linac module 624 further comprises a plurality of sub-
routines, classes, objects or functions for cperating the linac 630 in
accordance with any of the methods or workflows described herein for

providing desired radiation treatment to the individual 632.

[00173] The MR-linac module 624 may also comprise one or more sub-
routines or classes for testing and/or calibrating the MRI scanner 628 and the

finac 630 as is known by those skilled in the art.

[00174] The databases 626 can be used to store data for the MR-linac
system 600 such as system settings, parameter values, and calibration data.
The databases 626 can also store other information required for the operation
of the programs 622 or the operating system 620 such as dynamically linked
libraries and the like. The databases 626 can also be used to store at least
one of image data and treatment data that is recorded while providing
radiation treatment to the individual 632 or image data obtained when the

individual 632 is only imaged.

[00175] The operator unit 602 comprises at least one interface that the
processing unit 604 communicates with in order to receive or send
information. This interface can be the user interface 608, the interface unit
610 or the wireless unit 614. For instance, information for calibrating the MR-
linac system 600 for image correction or shimming can be inputted by
someone through the user interface 608 or it can be received through the
interface unit 610 from another computing device. The processing unit 604

can communicate with either one of these interfaces as well as the display
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606 or the I/O hardware 612 in order to output information related to at least
one of calibration, testing, MR imaging, other types of imaging, radiation
treatment and post-assessment information in accordance with the various
embodiments described herein. In addition, users of the operator unit 602
can communicate information across a network connection to a remote
system for storage and/or further analysis. This communication can also

include, but is not limited to, email communication, for example.

[00176] A user, such as a medical professional, can use the operator
unit 602 to perform at least one of calibration, testing, MR imaging, other
types of imaging, radiation treatment, and record post-assessment information
in accordance with the various embodiments described herein. The user can
also use the operator unit 602 to input information needed for system
parameters that are needed for proper operation of the MRI scanner 628 and
the linac 630 such as calibration information and system operating
parameters including scan type, scan length, magnetic field strength, the type
of sampling that is used, patient treatment protocols and various other
parameters and information that are known to those skilled in the art. Data
that is obtained during treatment, as well as parameters used for operation of
the MR-linac system 600, may be stored in the memory unit 618. The stored
data may include raw sampled data as well as processed image data such as

MRI image data.

[00177] It should be noted that using an MRI scanner which has
moveable magnet components relative to a linac or a volume of an individual
receiving treatment from the linac results in greater flexibility for MR imaging
and the generation of unique and arbitrary magnetic fields that may be
homogeneous or inhomogeneous. For example, the magnet components
shown in FIGS. 7A-7C can be moved to image various regions. For example,
the central magnet components can be moved toward or away from an
imaging volume of the individual being imaged such that a Region 1 may be
imaged as previously described. Alternatively, the upper, central and lower

magnet components may be moved relative to an imaging volume of the
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individual being imaged such that a Region 2 may be imaged as previously
described. Also, various magnet component configurations may be used to
have different orientations for the imaging volume as well as to orient the
imaging volume in different ways relative to the treatment beam from the linac

5 as was discussed with regards to FIGS. 2A 10 6B.

[00178] It should also be noted that a monopole configuration may be
used for the magnet components of the MRI scanner in which magnet
components are only position on one side of the individual being imaged and
possibly treated. This allows for slice imaging of a Region 1 with an ellipsoid
10 shape as described previously. The monopole magnet components can be
moved closer to or further away from the individual being imaged to image

different portions of the individual.

[00179) It should be noted that the MR-linac system 600 may be
modified so that the operator unit 602 is only coupled with the MRI scanner
15 628 and there is no linac. In this case the system is an MRI system which has
at least one movably adjustable magnet component to provide increased
flexibility for obtaining MR images of an individual. The MRI scanner
functions as described in the various embodiments of the MR-linac systems
and workflows/methods described herein except there is no radiation
20 treatment elements. It should be understood that the MRI scanner can still be
mounted on robotic arms or other elements that are moveable so that at least
one of the magnet components can be moved to different positions with

respect to a desired imaging volume for the individual 632.

[00180] Referring now to FIG. 11, shown therein is a block diagram for
25 an example embodiment of an MRl system 650 with at least one movably
adjustable magnet component in accordance with the teachings herein. The
MRI system 650 includes an operator unit 602' which is similar to the operator
unit 602 but has been modified to only provide MRI imaging and related
functions in accordance with one of the various embodiments described
30 herein related to using movably adjustable magnet components for increased
MR imaging flexibility. Accordingly, the MR-linac module 624 is replaced with
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the MRI imaging module 656, the MRI correction module 658 and the MRI
shimming module 660 Furthermore, an example embodiment of an MRI
scanner 628’ is shown although there can be other embodiments with
different components or a different configuration of the components described
5 herein as is known to those skilled in the art as long as the magnet positioning
assembly 678 is implemented to allow the magnet components to be moved
to various positions relative to a desired imaging volume of the individual 632
according to at least one of the MR-linac system and method/workflow

embodiments described herein.

10 [00181] The MRI imaging module 656 may be used to control the MRI
scanner 628’ to obtain MR images of a subject, a phantom or some other
object as is known by those skilled in the art. The MRI imaging module 656
may also be used to move at least one of the magnet components of the MRI
scanner 628; to various positions with respect to a desired imaging volume of

15 the individual in accordance with at least one of the MR-linac system and

associated method embodiments described herein.

[00182] The MRI correction module 658 may be used to measure,
characterize, and correct system-related geometric distortions. In at least
some embodiments, the MR! correction module 36 may also be configured to
20 perform Quality Assurance (i.e. QA) monitoring of the MR image quality.
Various techniques may be used for geometric distortion correction and

quality assurance as is known by those skilled in the art,

[00183] The MRI shimming module 660 may be used to correct for
inhomogeneities of the magnetic field (By) produced by the main magnet.
25 This correction is performed according to at least one of the various

embodiments described herein.

[00184] The MRI imaging module 656, the MRI correction module 658
and the MRI shimming module 660 are typically implemented using software,
but may be implemented using FPGA or application specific circuitry in some

30 cases.
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[00185] The MR} scanner 628’ includes an MR device 670 with
components for generating magnetic fields to magnetize and scan the
individual 632 using various magnet component positions for increased
imaging flexibility. The MRI device 670 includes a main magnet assembly
5 672, a gradient coil assembly 674, an RF coil assembly 676 and the magnet
positioning assembly 678 that can move at least one magnet component of
the MRI device 670 relative to the individual 632. The magnet positioning
assembly 672 may comprise one, two or more robotic arms or other
mechanical elements that can be used to move the position of at least one

10 magnet component.

[00186] The main magnet assembly 672 may be a resistive magnet or &
superconductive magnet which both require a power supply (not shown) for
operation. Alternatively, the main magnet assembly 672 may include a

permanent magnet.

15 [00187] A shim power supply (not shown) may also be used to energize
shim coils (not shown) that are used with the main magnet assembly 672 to
correct any non-uniformity in the main magnetic field that is generated by the

main magnet assembly 672.

[00188] In some embodiments, there may also be elements that provide
20 mechanical shimming either alone or in combination with the aforementioned
electrical shimming. For example, the mechanical shimming may comprise a
collection of segments of ferromagnetic material that can be placed in the
vicinity of the magnet elements. The ferromagnetic material may have
various shapes, sizes, and material/magnetic properties in order to correct for
25 non-uniformity in the magnetic field generated by the main magnet assembly
872.
[00189] Typically, the gradient coil assembly 674 and the RF cail

assembly 676 are co-located with the magnet positioning assembly 678 in

accordance with the various embodiments described herein for the MR-linac

30 systems.
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[00190] The gradient coil assembly 674 is energized to generate
magnetic field gradients Gx, Gy and Gz that are superimposed on the main

magnetic field B, that is produced by the main magnet assembly 672.

[00191] The RF coil assembly 674 may include one set of coils for
5 transmitting and receiving RF energy or separate transmit and receive coils
for separately transmitting and receiving RF energy, respectively. The RF coil
assembly 676 generates the RF excitation pulses which, in combination with
the magnetic field gradients Gx, Gy and Gz, encode spatial information into
the NMR signals generated by the region of the individual 632 being imaged.

10 The NMR signals are also sensed by the RF coil assembly 676.

[00192] The MRI scanner 628’ further comprises a device interface unit
654 that includes a control module 662, a signal generator module 664, and a
sampling module 666. The MRI scanner 628 further includes a gradient
amplifier unit 668 and an RF unit 669. The device interface unit 654, the
15 gradient amplifier unit 668 and the RF unit 669 may be referred to as interface

circuitry that interfaces the operator unit 602 to the MRI scanner 628’

[00193] The control module 662 receives instructions from the operator
unit 602’ to follow a particular MRI scan protocol for imaging the individual
632. The control module 662 instructs the magnet positioning assembly 678
20 to move at least one of the movably adjustable magnet components into the
proper position according to the MRI scan protocol and the desired imaging
volume. Depending on the type of magnet that is used in the main magnet
assembly 672, the control module 662 may also provide certain control
signals to the main magnet assembly 672 to control various parameters of the
25 main magnetic field By that is generated by the main magnet assembly 672.
The control module 662 also instructs the signal generator module 664 to
generate a particular gradient waveform sequence and pulse sequence that
will be applied to the gradient coil assembly 674 and the RF coil assembly
676 by the gradient amplifier unit 668 and the RF unit 669, respectively. The

30 control module 662 can also provide timing information to the sampling
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module 666, including the length and type of data acquisition that is used for

sampling data from the RF coil assembly 676 during use.

[00194] The signal generator module 664 produces the proper gradient
waveforms Gx, Gy and Gz as well as RF waveforms needed for a variety of

5 MRI scan protocols including spin echo, fast spin echo, and the like. The
signal generator module 664 receives control signals from the control module

662 to set the shape and timing of the magnetic field gradients that are
generated by the gradient coil assembly 674. Based on these control signals,

the signal generator module 664 also generates RF waveforms for setting the

10 amplitude, shape and timing of the RF pulses that are produced by the RF coil
assembly 676. Both of the sets of gradient and RF waveforms may be
created digitally and the signal generator module 664 may further include a
digital to analog converter (DAC) (not shown) that converts the digital
waveforms to corresponding analog waveforms. The signal generator module

15 664 may further include a switching device that connects the output of the
DAC to either the gradient amplifier unit 668 or the RF unit 669. Alternatively,
separate DACs may be used to send the gradient pulse waveforms and the

RF waveforms to the gradient amplifier unit 668 and the RF unit 669,
respectively. The signal generator module 664 may also generate timing

20 signals that are sent to the sampling module 664 so that the NMR signals are
correctly sampled depending on the type of gradient and RF waveforms that

are sent to the gradient coil assembly 674 and the RF coil assembly 676

respectively.

[00195] The gradient amplifier unit 668 typically includes three amplifiers
25 (not shown), i.e. one amplifier for each of the gradient pulse waveforms Gx,
Gy and Gz. The gradient amplifier unit 668 receives the analog version of the
gradient pulse waveforms, amplifies these waveforms and applies them to the
corresponding coils in the gradient coil assembly 674. In alternative
embodiments, the gradient amplifier unit 668 may receive digital waveforms
30 and can include a DAC for processing and applying these waveforms to the

corresponding coils.
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[00196] The RF unit 669 generally includes a transceiver, a transmit
amplifier, a receive amplifier and an analog to digital converter (ADC) (all not
shown) as is commonly known to those skilled in the art. The transceiver
receives the RF waveforms from the signal generator module 664 and
5 modulates these waveforms to generate RF excitation pulses. The transmit
amplifier receives and amplifies the RF excitation pulses and provides the
amplified RF excitation pulses to the RF coil assembly 676 which radiates
these pulses to the individual 632. After excitation, the NMR signals
generated by the individual 632 are sensed by the RF coil assembly 676. The
10 receive amplifier then receives the sensed NMR signals from the RF coil
assembly 676, amplifies the sensed NMR signals and provides the amplified
NMR signals to the transceiver. The transceiver then pre-processes the
amplified NMR signals by applying demodulation and filtering. The pre-
processed NMR signals are then sent to the sampling module 666 for

15 sampling.

[00197] The sampling module 666 receives and samples the pre-
processed NMR signals to produce raw k-space data. The k-space data
provides information about the MRI scan in the spatial frequency domain. In
some cases, the sampled k-space data may contain spatial data for each
20 imaging "slice" that is measured and thus can be arranged into a series of
two-dimensional (2D) arrays. One may interpret the k-space data in both the x
and y directions as the phase information of the nuclear magnetic spins, or
one may interpret the k-space data in both the x and y directions as the
spatial frequency information of the MR images. In addition, k-space data
25 along the negative x-axis and/or the negative y-axis are also typically
acquired, and the accumulated phase of the nuclear magnetic spins increases
as one moves away from the origin of the k-space domain. The center of the
2D k-space data array represents DC and the edges of the 2D k-space data
array correspond to high spatial frequencies. Alternatively, in some cases the
30 MR images are not necessarily acquired in a slice-by-slice fashion, and

various other techniques can be used as is known by those skilled in the art.
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[00198] The raw k-space data is sent to the control module 662 where it
may be further processed and/or sent to the processing unit 604 for
processing and staring in the memory unit 618. In both cases, processing
produces MRI image data from the raw k-space data. The MRI image data

5 may be displayed on the display 606. The MRI image data may also be
further image processed by either the control module 662 or the processing
unit 602'. Processing typically includes application of the inverse 2D Fourier
Transform to generate image data from a 2D k-space data set. Accordingly,
the control module 662 may further include dedicated processing circuitry

10 such as an array processor, as is well known to those skilled in the art, that
inverse Fourier transforms the raw k-space data. The array processor is used

to speed up numeric computation. Other types of algorithms may be applied

to the MRI image to improve the quality of the MRI images, as are described

herein.

15 [00199] Alternatively, in some embodiments, the sampling module 666
may also be connected to the main magnet assembly 672 to record data

about the main magnetizing/polarizing magnetic field.

[00200] In an alternative embodiment, the moveably adjustable MRI
scanner components (by a robotic elements for example) and the linac head
20 may be mechanically mounted on a common circular gantry, which replaces
the L-shaped structure depicted in FIGS. 7A-7C. The MR magnet component
may travel from the periphery of the gantry towards its inner volume to
generate imaging Regions 1 and 2. This configuration allows for a bore-like
opening inside the gantry opening, which is may be used for patient and
25 treatment table access for both imaging and treatment delivery purposes.
This alternative embodiment preserves the main functionality of the system

regarding the separate and in-unison operation of the MRI scanner and the
linac.

[00201] For at least one of the example embodiments described herein,

30 the MR magnet components may comprise permanent magnets.
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[00202] For at least one of the example embodiments described herein,
the MR magnet components may comprise copper wire wound and water-

cooled coils (or winding segments).

[00203] For at least one of the example embodiments described herein,
5 the MR magnet components may comprise superconducting magnetic cail

assemblies that are cooled with liquid He or Nitrogen.

[00204] For at least one of the example embodiments described herein,
the MR magnet components may comprise a hybrid combination of the
following elements: permanent magnets, copper wire wound and water-cooled
10 coil (or winding segments) and superconducting magnetic coil assemblies that

are cooled with liquid He or Nitrogen.

[00205] For at least one of the example embodiments described herein,
the magnetic field (B,) may also be designed to be adjustable as a function of
one, several of or all of the following parameters: i) the imaging task, such as
15 static or dynamic/real-time imaging, ii) the FOV dimension (e.g. small,
medium or large), i) the anatomical site (since different anatomical sites
require different levels of RF signal sensitivity), iv) the type of acquisition (e.g.

single-stice or multi-slice), or v) the image quality.

[00206] For at least one of the example embodiments described herein,
20 the magnetic field (B,) configuration may also be configured to take into
account the relative distribution and orientation of all magnet components with
regards to the linac radiation beam in order achieve at least one of: a)
minimizing the exposure of coils (e.g. RF transmit/receive coils, gradient coils,
magnet coils) to damaging radiation, b) minimizing the fringe field at the linac
25 waveguide to reduce efforts/costs for additional magnetic shielding (e.g.
passive and/or active), and ¢) minimizing the skin dose effects by deflecting

the stray electrons traveling toward the imaging volume.

[00207] For at least one of the example embodiments described herein
which use multiple magnet components, it is possible to generate a magnetic

30 field (By) with a certain spatially non-homogeneous distribution that minimizes
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the dosimetric effects due to the presence of the MR’'s magnetic field. For
example, a uniform magnetic field (B,) would tend to push the secondary
electrons towards one direction whereas a spatially non-uniform magnetic
field (Bg) would spread the electrons trajectories in multiple directions,

5 avoiding their focusing effects and the generation of dose deposited hot/cold
spots.

Imaging with a non-homogeneous main magnetic field
[00208] Local field inhomogeneities introduce additional dephasing of
10 the spins, which translates into an incorrect representation of the spatial
location where the signal resides. A conventional image reconstruction
algorithm can be used that performs Fourier transformations assuming an
ideally homogeneous magnetic field (Bo). As a consequence, any
perturbation of the signal will resuit in geometric distortions in the
15 reconstructed images. For example, Fig. 9A shows an example of an image
with the type of geometric distortion that can occur due to a reduction in
magnetic field homogeneity. In particular, image spatial integrity is affected
by the level of homogeneity of the magnetic field (By). Signal loss occurs at

the periphery of the imaging volume due to additional dephasing of the spins.

20 [00209] To account for the field inhomogeneities, the magnetic field (Bo)
may be mapped by using experimental measurements (e.g., Hall probe,
phantom), for example. By using the prior knowledge of the distribution of the
local magnetic field (By), Fourier transformations can be performed along the
iso-field lines (i.e. curved trajectories/planes featuring the same field strength)

26 and subsequently images can be reconstructed that are relatively free of
spatial distortions. For example, FIG. 9B shows an example of a distortion-

free image based on taking the magnetic field distribution into account.

[00210] In alternative embodiments, the image data can also be

reformatted and presented to the user in any arbitrary plane.
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[00211] Hardware components required for the imaging with a non-
homogeneous main magnetic field are discussed in the literature®*%

[00212] The various embodiments of the MR-linac systems described
herein may be constructed such that they provide at least one of the following
several advantages:

A. Low manufacturing cost: the cost is expected to be a fraction
of the cost of a conventional MR system due to a simpler

design. In addition, since there are less strict constraints on the
homogeneity of the magnetic field (Bo), this results in the use of
cheaper materials, cheaper maintenance, and cheaper
shimming requirements.

B. Compact design: the MR-linac systems described herein can
be built as a standalone apparatus or it can be integrated as an
add-on component for an existing RT platform such as: B1)
adding robotic arms on a linac to replace the CBCT (X-ray
based imaging) system for an external RT, B2) replace the MV
panel of a typical linac (facing the treatment MV beam) with an
MR monopole magnet, thus providing both kilovoltage (kV) and
MR imaging, B3) integrating the MR monopole with the MV
panel, thus providing three imaging modalities on a linac (i.e. x-
ray kV, MV and MRI); B4) integration with an existing robotic
linac system (e.g. Cyberknife™), or B5) integration with a
brachytherapy interventional suite for needle tracking (e.g. seed
implants, biopsies, etc.).

C. Adjustability: the magnet components generating the
magnetic field (B,) can be attached to robotic arms so that they
can be moved closer to or further away from the imaging volume
with a desired amount of patient proximity, which allows for
improved patient access and comfort (e.g. reduction of

claustrophobia).

Date Regue/Date Received 2020-08-20
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D. Low fringe fields: the footprint of the smaller magnet

components facilitates a simpler implementation for magnetic

decoupling (active or passive) between the MR and the linac.

For certain designs, magnetic decoupling may not be necessary
5 (e.g. an MRI scanner featuring imaging for Region 1 only).

E. System_fit in existing vaults: previously proposed MR-linac

systems may require a rotational clearance around the patient of
about 3-4 m, which leads to a significant and costly linac vault,
and this re-design may not be needed with at least one of the

10 various MR-linac embodiments described herein.

[00213] It should be noted that in the various embodiments described
herein of MR systems and MR-linac systems there can be embodiments in
which there is only one movably adjustable magnet component, such as the
monopole MR magnet, similar to what was described in conjunction with FIG.
15 2A. There are aiso other embodiments of MR systems and MR-linac systems
where there are additional magnets which may not be movably adjustable.
Furthermore, there are also other embodiments of MR systems and MR-linac
systems in which there are two or more movably adjustable magnet

components such as the embodiment shown in FIGS. 7A-7C, for example.

20 [00214] Furthermore, it should be understood that the movably
adjustable magnet components described herein are movable to different
positions which are different distances away from the desired imaging volume
of an object, and hence these moveably adjustable magnet components are
not just moved to rotate around the desired imaging volume at the same

25 distance, as is done conventionally.

[00215] At least some of the elements of the MR-linac system that are
implemented via software may be written in a high-level procedural language
such as object oriented programming or a scripting language. Accordingly,
the program code may be written in C, C*, SQL or any other suitable
30 programming language and may comprise modules or classes, as is known to

those skilled in object oriented programming. It should also be understood
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that at least some of the elements of the various MR-linac systems or MRI
systems described herein that are implemented via software may be written in
assembly language, machine language or firmware as needed. In either
case, the program code can be stored on a storage media or on a computer
5 readable medium that is readable by a general or special purpose
programmable computing device having a processor, an operating system
and the associated hardware and software that is necessary to implement the
functionality of at least one of the embodiments described herein. The
program code, when read by the computing device, configures the computing
10 device to operate in a new, specific and predefined manner in order to

perform at least one of the methods described herein.

[00216] Furthermore, at least some of the software components
described herein are capable of being distributed in a computer program
product comprising a computer readable medium that bears computer usable
15 instructions for one or more processors. The medium may be provided in
various forms, some of which are non-transitory in nature. The medium may
include, but is not limited to, various non-transitory elements such as one or
more diskettes, compact disks, tapes, chips, USB keys, external hard drives,
and magnetic and electronic storage media. In other cases, the medium may
20 include, but is not limited to, various transitory media such as wire-line
transmissions, satellite transmissions, Internet transmissions or downloads,
digital and analog signals, and the like. The computer useable instructions

may also be in various forms, including compiled and non-compiled code.

[00217] While the applicant's teachings described herein are in
25 conjunction with various example embodiments provided for illustrative
purposes, it is not intended that the applicant's teachings be limited to such
embodiments. On the contrary, the applicant's teachings described and
ilustrated herein encompass various alternatives, modifications, and

equivalents, without departing from the embodiments described herein.

30
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CLAIMS:

1. A Magnetic Resonance Imaging (MRI) system for generating Magnetic
Resonance (MR) images of an imaging target volume from an object, the MRI
system being for use with a radiation source that is coupled to a gantry and
configured to generate a radiation beam, the radiation beam having a radiation
beam direction from the radiation source to the object, and the gantry being
rotatable, wherein the MRI system comprises:
an operator unit for controlling operation of the MRI system; and
an MRI scanner coupled to the gantry and to the operator unit and
configured to perform MR imaging of the imaging target volume, the MRI
scanner including:
interface circuitry for coupling to the operator unit; and
at least two magnet components, each of the at least two
magnet components comprising two or more coils that
together form a coil ensemble that creates the imaging
target volume having an ellipsoidal shape with a first
elliptical cross-section in a first plane and a second
elliptical cross-section in a second plane orthogonal to the
first plane, the first elliptical cross-section having a first
major axis and a first minor axis and the second elliptical
cross-section having a second major axis and a second
minor axis, where the second minor axis is smaller than
both the first major axis and the first minor axis;
wherein the at least two magnet components are movable
around the object via rotation of the gantry to image at
least one region of the object within the imaging target
volume and positionable relative to the radiation source
such that the first elliptical cross-section of the imaging

target volume is orthogonal to the radiation beam direction.

2. The MRI system of claim 1, wherein the MRI scanner further includes a

magnet positioning assembly that is coupled to the at least two magnet
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components to move at least one of the at least two magnet components to one
or more different positions relative to the imaging target volume.

3. The MRI system of claim 2, wherein the magnet positioning assembly is
configured to move at least one of the at least two magnet components toward
or away from the object to a first position forimaging a Region 1 that is sufficient
to perform single-slice imaging or multiple-slice imaging with a reduced Field of
View (FOV).

4. The MRI system of claim 2 or claim 3, wherein the magnet positioning
assembly is configured to move at least one of the at least two magnet
components to a second position for imaging a Region 2 for increasing imaging

volume of the imaging target volume.

5. The MRI system of any one of claims 2 to 4, wherein the at least two
magnet components together form a pair of central magnet components and
the MRI scanner further comprises a pair of upper magnet components and a
pair of lower magnet components with all of the pairs being disposed on either
side of the object, wherein at least one of the pairs of magnet components is

movably adjustable.

6. The MRI system of claim 5, wherein the pairs of upper and lower magnet
components are movably adjustable.

7. The MRI system of claim 5 or claim 6, wherein the pair of central magnet
components is movably adjustable.

8. The MRI system of any one of claims 5 to 7, wherein each pair of magnet

components is movably adjustable.

9. The MRI system of claim 6 or claim 8, wherein the FOV of the MRI
scanner can be extended for imaging the Region 2 by adjusting the position of

the pairs of upper and lower magnet components.

Date Regue/Date Received 2020-08-20



-62 -

10. The MRI system of claim 7, wherein the FOV of the MRI scanner can be
reduced for imaging the Region 1 by adjusting the position of the pair of central

magnet components.

11. The MRI system of any one of claims 2 to 10, wherein the magnet
positioning assembly comprises at least one moveable robotic arm for moving

at least one of the at least two magnet components.

12. A Radio-Therapy (RT) system for radiation treatment and Magnetic
Resonance (MR) imaging, wherein the system comprises:

a gantry that is rotatable;

a radiation source coupled to the gantry and configured to
generate a treatment beam for an object during use, the treatment beam having
a treatment beam direction from the radiation source to the object; and

a Magnetic Resonance Imaging (MRI) scanner coupled to the
radiation source or the gantry, the MRI scanner being configured to perform the
MR imaging and including:

at least two magnet components, each of the at least two
magnet components comprising two or more coils that
together form a coil ensemble that creates an imaging
target volume that has an ellipsoidal shape with a first
elliptical cross-section in a first plane and a second
elliptical cross-section in a second plane orthogonal to the
first plane, the first elliptical cross-section having a first
major axis and a first minor axis and the second elliptical
cross-section having a second major axis and a second
minor axis, where the second minor axis is smaller than
both the first major axis and the first minor axis;
wherein the at least two magnet components are:
movable around the object via rotation of the gantry
to image at least one region of the object within the
imaging target volume before, during, or after

treatment with the treatment beam; and
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positionable relative to the treatment beam such
that the first elliptical cross-section of the imaging
target volume is orthogonal to the treatment beam
direction and in a beam’s eye view of the treatment
beam.

13. The RT system of claim 12, wherein at least one of the at least two
magnet components is movably adjustable and wherein the MRI scanner is
further configured to operate in a first operation mode, where the at least one
of the at least two magnet components is configured to move away from the
object to perform imaging with the imaging target volume and in a second
operation mode, where the at least one of the at least two magnet components
is configured to move closer to the object to perform imaging with a larger field

of view than that in the first operation mode.

14. The RT system of claim 12 or claim 13, wherein the RT system further
comprises a processor configured to perform single slice reconstruction on MR
imaging data obtained for the object and the processor is further configured to
perform image reconstruction based on assuming a non-uniform magnetic field
is generated by the MRI scanner and based on prior knowledge of a spatial
distribution of inhomogeneities of the magnetic field for the second region that
includes and extends beyond the at least one region of the object.

15. The RT system of any one of claims 12 to 14, wherein the radiation
source is a linear accelerator (linac) and the MRI scanner and the linac are

mechanically coupled to the gantry.

16. The RT system of any one of claims 12 to 15, wherein the at least two
magnet components are mounted such that a magnetic field in the imaging
volume is oriented in-line with the treatment beam thereby preserving a
capability for kV imaging, and the RT system further comprises kV imaging
components that are mounted and oriented at 90° with respect to the treatment

beam direction thereby allowing for dual MRI and X-ray kV imaging.
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17. The RT system of claim 16, wherein the RT system is configured to
perform the dual MRI and X-ray kV imaging during rotation of the linac and the

at least two magnet components around the object.

18. The RT system of any one of claims 12 to 15, wherein the RT system
further comprises an x-ray megavoltage (MV) panel detector that is mounted to

face the treatment beam during the dual MRI and X-ray MV imaging.

19. The RT system of claim 12, wherein the two or more coils of the coil
ensemble have radii and spatial locations that are selected for optimizing at
least one of coil power dissipation, total volume of the two or more coils, coil
conductor mass, and a physical footprint of the coil ensemble required to

generate the imaging target volume during use.

20. The RT system of claim 15, wherein the RT system further comprises a
processor configured to execute instructions to cause the MRI scanner to
perform multi-slice MR imaging for the object by rotating the MRI scanner in

unison with the gantry and obtaining multiple images at different gantry angles.

21. The RT system of claim 19, wherein the total volume of the two or more
coils is minimized subject to a condition that includes a field homogeneity

tolerance factor for a strength of an MR magnetic field during the MR imaging.

22. The RT system of claim 19, wherein the radii and spatial locations of the
two or more coils of a given coil ensemble are based on at least one of patient
clearance, a separation to allow for additional structures used for operating the

MRI scanner, and a clearance to rotate the at least two magnet components.

23. A method for performing Magnetic Resonance (MR) imaging for an
imaging target volume of an object using a Magnetic Resonance Imaging (MRI)
scanner coupled to a gantry that is rotatable or to a radiation source coupled to
the gantry, the radiation source being configured to generate a radiation beam,
the radiation beam having a radiation beam direction from the radiation source
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to the object, the MRI scanner being configured to perform the MR imaging and
including at least two magnet components, wherein the method comprises:

determining the imaging target volume for the object;

positioning the object for imaging by the MRI scanner,

moving the at least two magnet components around the object via
rotation of the gantry to image at least one region of the object within the
imaging target volume, the at least two magnet components comprising two or
more coils that together form a coil ensemble that creates the imaging target
volume having an ellipsoidal shape with a first elliptical cross-section in a first
plane and a second elliptical cross-section in a second plane orthogonal to the
first plane, the first elliptical cross-section having a first major axis and a first
minor axis and the second elliptical cross-section having a second major axis
and a second minor axis, where the second minor axis is smaller than both the
first major axis and the first minor axis, and positioning the at least two magnet
components relative to the radiation source such that the first elliptical cross-
section of the imaging target volume is orthogonal to the radiation beam
direction; and

performing MR imaging of the at least one region of the object.

24. The method of claim 23, wherein the MRI scanner further includes a
magnet positioning assembly that is coupled to the at least two magnet
components to move at least one of the at least two magnet components to one

or more different positions relative to the imaging target volume.

25. The method of claim 23, wherein at least one of the at least two magnet
components is moved toward or away from the object to a first position for
imaging a Region 1 that is sufficient to perform single-slice imaging or multiple-
slice imaging with a reduced Field of View (FOV).

26. The method of any one of claims 23 to 25, wherein at least one of the at
least two magnet components is moved to a second position for imaging a
Region 2 for increasing imaging volume of the imaging target volume.
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27. The method of any one of claims 23 to 26, wherein the at least two
magnet components together form a pair of central magnet components and
the MRI scanner further comprises a pair of upper magnet components and a
pair of lower magnet components with all of the pairs being disposed on either
side of the object, wherein the method comprises moving the position of at least
one of the pairs of magnet components closer to or farther away from the

imaging target volume.

28. The method of claim 27, wherein the method comprises moving the pairs
of upper and lower magnet components closer to or farther away from the

imaging target volume.

29. The method of claim 27 or claim 28, wherein the method comprises
moving the central magnet components closer to or farther away from the

imaging target volume.

30. The method of any one of claims 27 to 29, wherein the method
comprises moving each pair of magnet components closer to or farther away
from the imaging target volume.

31. The method of claim 28 or claim 30, wherein the method comprises
extending the FOV of the MRI scanner for imaging the Region 2 by adjusting
the position of the pairs of upper and lower magnet components.

32. The method of claim 29, wherein the method comprises reducing the
FOV of the MRI scanner for imaging the Region 1 by adjusting the position of

the pair of central magnet components.

33. The method of any one of claims 23 to 32, wherein the method
comprises using at least one moveable robotic arm for moving at least one of

the at least two magnet components.

34. The method of claim 23, wherein the method comprises selecting radii

and spatial locations for the two or more coils of the coil ensemble for optimizing
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at least one of coil power dissipation, total volume of the two or more coils, coil
conductor mass, and a physical footprint of the coil ensembile.

35. The method of claim 23, wherein the method further comprises
configuring a processor to execute instructions to cause the MRI scanner to
perform multi-slice MR imaging for the object by rotating the MRI scanner in

unison with the gantry and obtaining multiple images at different gantry angles.

36. The method of claim 34, wherein the total volume of the two or more
coils is minimized subject to a condition that includes a field homogeneity

tolerance factor for a strength of an MR magnetic field during MR imaging.

37. The method of claim 34, wherein the radii and spatial locations of the
two or more coils of a given coil ensemble are based on at least one of patient
clearance, a separation to allow for additional structures used for operating the
MRI scanner, and a clearance to rotate the at least two magnet components.

38. Use of a Magnetic Resonance Imaging (MRI) scanner with a radiation
source for performing at least one of radiation treatment, patient setup
verification, real-time tracking of organ motion during radiation treatment
delivery, post radiation delivery review and MR imaging wherein the MRI
scanner is coupled to the radiation source, is coupled to a gantry that is
rotatable and is configured to generate a radiation beam for an object during
use, the object being the patient, the radiation beam having a radiation beam
direction from the radiation source to the object, and the MRI scanner is
configured to perform the MR imaging and includes at least two magnet
components, wherein the use comprises:

performing patient setup for a radiation delivery location with
respect to the radiation source;

moving the at least two magnet components around the object via
rotation of the gantry to image at least one region of the object within an imaging
target volume before, during, or after radiation delivery, the at least two magnet

components comprising two or more coils that together form a coil ensemble

Date Regue/Date Received 2020-08-20



-68 -

that creates the imaging target volume having an ellipsoidal shape with a first
elliptical cross-section in a first plane and a second elliptical cross-section in a
second plane orthogonal to the first plane, the first elliptical cross-section
having a first major axis and a first minor axis and the second elliptical cross-
section having a second major axis and a second minor axis, where the second
minor axis is smaller than both the first major axis and the first minor axis;

positioning the at least two magnet components relative to the
radiation beam such that the first elliptical cross-section of the imaging target
volume is orthogonal to the radiation beam direction and in a beam’s eye view
of the radiation beam;

obtaining MR images using the MRI scanner prior to delivery of
the radiation beam; and

performing further MR imaging for the post radiation delivery

review.

39. The use of claim 38, wherein at least one of the at least two magnet
components is movably adjustable, and the use further comprises:

operating the MRI scanner in a first operation mode in which the
at least one of the at least two magnet components is moved away from the
object to perform imaging with the imaging target volume; and

operating the MRI scanner in a second operation mode in which
the at least one of the at least two magnet components is moved closer to the
object to perform imaging with a larger field of view than in the first operation

mode.

40. The use of claim 38 or claim 39, wherein the use further comprises using
a processor that is configured to perform single slice reconstruction on MRI
imaging data obtained for the object and assuming a non-uniform magnetic field
is generated by the MRI scanner and based on prior knowledge of a spatial
distribution of inhomogeneities of the magnetic field for a second region that
includes and extends beyond the at least one region of the object.

Date Regue/Date Received 2020-08-20



-69 -

41.  The use of any one of claims 38 to 40, wherein the at least two magnet
components are mounted such that a magnetic field in the imaging volume is
oriented in-line with the radiation beam direction thereby preserving the
capability for kV imaging, and kV imaging components are mounted and
oriented at 90° with respect to the radiation beam direction and the method

further comprises performing dual MRI and X-ray kV imaging.

42. The use of claim 41, wherein the use further comprises performing the
dual MRI and X-ray kV imaging during rotation of the radiation source and the

at least two magnet components around the object.

43. The use of any one of claims 39 to 41, wherein an x-ray megavoltage
(MV) panel detector is mounted to face the radiation beam during the dual MRI

and X-ray MV imaging.

44. A computer readable medium comprising a plurality of instructions that
are executable on a processor of a system for adapting the system to
implement a method for performing MR imaging for an imaging target volume
of an object using an MRI scanner having at least two magnet components,

wherein the method is defined according to any one of claims 23 to 33 or 35.
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