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GANTRY IMAGE GUIDED RADIOTHERAPY
SYSTEM AND RELATED TREATMENT
DELIVERY METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 15/078,553, filed Mar. 23, 2016, which
is a divisional application of U.S. patent application Ser. No.
14/548,095, filed on Nov. 19, 2014, which is a divisional
application of U.S. patent application Ser. No. 13/033,584,
filed on Feb. 23, 2011, now U.S. Pat. No. 8,934,605, issued
on Jan. 13, 2015, which claims the benefit of U.S. Provi-
sional Ser. No. 61/307,847 filed Feb. 24, 2010, and U.S.
Provisional Ser. No. 61/371,732 filed Aug. 8, 2010, each of
which is incorporated by reference herein. The subject
matter of this patent specification is also related to the
subject matter of the following commonly assigned appli-
cations, each of which is incorporated by reference herein:
International Application Ser. No. PCT/US11/25936 filed
Feb. 23, 2011; U.S. Provisional Ser. No. 61/352,637 filed
Jun. 8, 2010; U.S. Provisional Ser. No. 61/371,733 filed
Aug. 8, 2010; U.S. Provisional Ser. No. 61/371,737 filed
Aug. 8,2010; and U.S. Provisional Ser. No. 61/371,737 filed
Jan. 20, 2011.

FIELD

[0002] This patent specification relates to the use of radia-
tion for medical treatment purposes. More particularly, this
provisional patent specification relates to radiation treatment
systems.

BACKGROUND

[0003] Pathological anatomies such as tumors and lesions
can be treated with an invasive procedure, such as surgery,
which can be harmful and full of risks for the patient. A
non-invasive method to treat a pathological anatomy (e.g.,
tumor, lesion, vascular malformation, nerve disorder, etc.) is
external beam radiation therapy, which typically uses a
therapeutic radiation source, such as a linear accelerator
(LINAC), to generate radiation beams, such as x-rays. In one
type of external beam radiation therapy, a therapeutic radia-
tion source directs a sequence of x-ray beams at a tumor site
from multiple co-planar angles, with the patient positioned
so the tumor is at the center of rotation (isocenter) of the
beam. As the angle of the therapeutic radiation source
changes, every beam passes through the tumor site, but
passes through a different area of healthy tissue on its way
to and from the tumor. As a result, the cumulative radiation
dose at the tumor is high and that to healthy tissue is
relatively low.

[0004] The term “radiosurgery” refers to a procedure in
which radiation is applied to a target region at doses suffi-
cient to necrotize a pathology in fewer treatment sessions or
fractions than with delivery of lower doses per fraction in a
larger number of fractions. Radiosurgery is typically char-
acterized, as distinguished from radiotherapy, by relatively
high radiation doses per fraction (e.g., 500-2000 centiGray),
extended treatment times per fraction (e.g., 30-60 minutes
per treatment), and hypo-fractionation (e.g., one to five
fractions or treatment days). Radiotherapy is typically char-
acterized by a low dose per fraction (e.g., 100-200 centiG-
ray), shorter fraction times (e.g., 10 to 30 minutes per
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treatment) and hyper-fractionation (e.g., 30 to 45 fractions).
For convenience, the term “radiation treatment” is used
herein to mean radiosurgery and/or radiotherapy unless
otherwise noted.

[0005] Image-guided radiation therapy (IGRT) systems
include gantry-based systems and robotic arm-based sys-
tems. In gantry-based systems, a gantry rotates the thera-
peutic radiation source around an axis passing through the
isocenter. Gantry-based systems include C-arm gantries, in
which the therapeutic radiation source is mounted, in a
cantilever-like manner, over and rotates about the axis
passing through the isocenter. Gantry-based systems further
include ring gantries having generally toroidal shapes in
which the patient’s body extends through a bore of the
ring/toroid, and the therapeutic radiation source is mounted
on the perimeter of the ring and rotates about the axis
passing through the isocenter. Traditional gantry systems
(ring or C-arm) deliver therapeutic radiation in single plane
(i.e., co-planar) defined by the rotational trajectory of the
radiation source. Examples of C-arm systems are manufac-
tured by Siemens of Germany and Varian Medical Systems
of California. In robotic arm-based systems, the therapeutic
radiation source is mounted on an articulated robotic arm
that extends over and around the patient, the robotic arm
being configured to provide at least five degrees of freedom.
Robotic arm-based systems provide the capability to deliver
therapeutic radiation from multiple out-of-plane directions,
i.e., are capable of non-coplanar delivery. Accuray Incorpo-
rated of California manufactures a system with a radiation
source mounted on a robotic arm for non-coplanar delivery
of radiation beams.

[0006] Associated with each radiation therapy system is an
imaging system to provide in-treatment images that are used
to set up and, in some examples, guide the radiation delivery
procedure and track in-treatment target motion. Portal imag-
ing systems place a detector opposite the therapeutic source
to image the patient for setup and in-treatment images, while
other approaches utilize distinct, independent image radia-
tion source(s) and detector(s) for the patient set-up and
in-treatment images. Target or target volume tracking during
treatment is accomplished by comparing in-treatment
images to pre-treatment image information. Pre-treatment
image information may comprise, for example, computed
tomography (CT) data, cone-beam CT data, magnetic reso-
nance imaging (MRI) data, positron emission tomography
(PET) data or 3D rotational angiography (3DRA) data, and
any information obtained from these imaging modalities (for
example and without limitation digitally reconstructed
radiographs or DRRs).

[0007] In one common scenario, the therapeutic source is
a linear accelerator (LINAC) producing therapeutic radia-
tion (which can be termed an “MV source”) and the imaging
system comprises one or more independent X-ray imaging
sources producing relatively low intensity lower energy
imaging radiation (each of which can be termed a “kV
source”). In-treatment images can comprise one or more
(preferably two) two-dimensional images (typically x-ray)
acquired at one or more different points of view (e.g.,
stereoscopic X-ray images), and are compared with two-
dimensional DRRs derived from the three dimensional pre-
treatment image information. A DRR is a synthetic x-ray
image generated by casting hypothetical x-rays through the
3D imaging data, where the direction and orientation of the
hypothetical x-rays simulate the geometry of the in-treat-
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ment x-ray imaging system. The resulting DRR then has
approximately the same scale and point of view as the
in-treatment x-ray imaging system, and can be compared
with the in-treatment x-ray images to determine the position
and orientation of the target, which is then used to guide
delivery of radiation to the target.

[0008] There are two general goals in radiation therapy: (i)
to deliver a highly conformal dose distribution to the target
volume; and (ii) to deliver treatment beams with high
accuracy throughout every treatment fraction. A third goal is
to accomplish the two general goals in as little time per
fraction as possible. Delivering an increased conformal dose
distribution requires, for example, the ability to deliver
non-coplanar beams. Delivering treatment beams accurately
requires the ability to track the location of the target volume
intrafraction. The ability to increase delivery speed requires
the ability to accurately, precisely, and quickly move the
radiation source without hitting other objects in the room or
the patient, or violating regulatory agency speed limitations.
[0009] One or more issues arise with respect to known
radiation therapy systems that are at least partially addressed
by one or more of the preferred embodiments described
further hereinbelow. Generally speaking, these issues are
brought about by a tension in known radiation therapy
systems between mechanical stability and system versatility,
a tension that becomes more pronounced as the desired use
of radiation therapy expands from head-only applications to
applications throughout the body, such as (without limita-
tion) the lungs, liver, and prostate. Robot arm-based systems
tend to allow for larger ranges of radiation beam angles for
different body parts than ring or C-arm gantry-based sys-
tems, especially when it is desired to keep the patient couch
motionless during the radiation therapy session. Accord-
ingly, robot arm-based systems generally tend to allow for
more versatility in the kinds of therapy plans that may be
available to the patient in comparison to C-arm and ring
gantry-based systems. Further in view of the very heavy
nature of most therapeutic radiations sources, which can
weigh hundreds of kilograms, systems based on mounting of
the therapeutic radiation source on a C-arm gantry suffer
from undesired in-treatment deformation of the mount struc-
tures, which deformation is difficult to model or predict and
leads to beam delivery errors and/or increased therapy
planning margins due to the inability to precisely and
accurately identify where the beam is pointed in three-
dimensional space.

[0010] Ring gantry-based systems, on the other hand, tend
to exhibit relatively high mechanical stability, i.e., less of the
deformation problems exhibited by C-arm gantry-based
systems, and thus can reproducibly and accurately position
the radiation source, including doing so at relatively high
mechanical drive speeds. However, as discussed above,
gantry-based systems (like C-arm systems) tend to provide
a lesser range of achievable angles for the introduction of
therapeutic radiation into different body parts and, therefore,
provide a narrower array of radiation treatment options as
compared to robot arm-based systems.

[0011] X-ray tomosynthesis refers to the process of acquir-
ing a number of two-dimensional x-ray projection images of
a target volume using x-rays that are incident upon the target
volume at a respective number of different angles, followed
by the mathematical processing of the two-dimensional
X-ray projection images to yield a set of one or more
tomosynthesis reconstructed images representative of one or
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more respective slices of the target volume, wherein the
number of x-ray projection images is less than that in a set
that would be required for CT image reconstruction, and/or
the number or range of incident radiation angles is less than
would be used in a CT imaging procedure. Commonly, a
plurality of tomosynthesis reconstructed images are gener-
ated, each being representative of a different slice of the
target volume, and therefore a set of tomosynthesis recon-
structed images is sometimes referred to as a tomosynthesis
volume. As used herein, the term tomosynthesis projection
image refers to one of the two-dimensional x-ray projection
images acquired during the tomosynthesis imaging process.

[0012] For purposes of the above terminology, for some
preferred embodiments, a set of images that is required for
CT image reconstruction is considered to include images
(e.g., 300 or more) generated over a range of incident angles
that is 180 degrees plus the fan beam angle. For some
preferred embodiments, the x-ray projection images for
constructing a tomosynthesis image are taken over an angu-
lar range between 1 degree and an angular range value that
is less than that needed for a complete projection set for CT
imaging (e.g., 180 degrees plus the fan angle), wherein the
number of projection images generated in this range is a
value that is between 2 and 1000. In other preferred embodi-
ments, the x-ray projection images for constructing a tomo-
synthesis image are taken over an angular range of between
5 degrees and 45 degrees, wherein the number of projection
images generated in this range is between 5 and 100.

[0013] X-ray tomosynthesis has been proposed as an in-
treatment kV imaging modality for use in conjunction with
radiation treatment systems. In U.S. Pat. No. 7,532,705B2 it
is proposed to process the three-dimensional pre-treatment
image information (e.g., a planning CT image volume) to
generate digital tomosynthesis (DTS) reference image data
of a target located within or on a patient, such as by
simulating x-ray cone-beam projections through the plan-
ning CT image volume. Subsequently, with the patient on
the treatment bed, DTS verification images are generated by
acquiring a number of x-ray cone beam images at different
angles. Target localization is then performed by comparing
landmarks, such as bony structures, soft-tissue anatomy,
implanted targets, and skin contours in the DTS reference
image data and DTS verification image data. In U.S. Pat. No.
7,711,087B2 it is proposed to acquire tomosynthesis image
data during a treatment session. For purposes of movement
tracking during the treatment session, tomosynthesis recon-
structed slices are processed directly in conjunction with
reference CT data in a process that searches for a tomosyn-
thesis reconstructed image that best matches a selected
reference CT slice. The identity of the particular tomosyn-
thesis reconstructed image that yields a maximum degree of
match, together with the amount of spatial offset required for
that tomosynthesis reconstructed image to achieve the peak
match, is used to localize the target in three-dimensional
space. The commonly assigned U.S. Pat. No. 6,778,850,
which is incorporated by reference herein, also discloses the
use of x-ray tomosynthesis images (more particularly, the
use of relatively low clarity intra-treatment 3D images of the
target region synthesized from a plurality of 2D diagnostic
images acquired at different angles) of as an in-treatment kV
imaging modality.

[0014] Cone beam CT (CBCT) has also been proposed as
an in-treatment imaging modality for use in conjunction
with radiation treatment systems, in some cases as a kV
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imaging modality and in other cases as an MV (portal)
imaging modality. Whereas conventional CT imaging recon-
structs 2D slices from 1D projections through a target
volume, the 2D slices then being stacked to form a 3D
volumetric image, CBCT imaging directly constructs a 3D
volumetric image from 2D projections of the target volume.
As known in the art, CBCT offers the ability to form a 3D
image volume from a single gantry rotation (more specifi-
cally, a rotation of at least 180 degrees plus a fan beam
angle) about the target volume, whereas conventional CT
requires one rotation per slice (for single-row detectors) or
1/M rotations per slice (for newer quasi-linear multi-row
detectors having M rows). CBCT also provides for a more
isotropic spatial resolution, whereas conventional CT limits
the spatial resolution in the longitudinal direction to the slice
thickness. However, because conventional CT systems usu-
ally offer a substantially higher degree of collimation near
their linear or quasi-linear row detectors than can usually be
afforded by CBCT systems near their two-dimensional
detectors, scattering noise and artifacts are more of a prob-
lem for CBCT systems than for conventional CT systems.

[0015] In U.S. Pat. No. 7,471,765B2 it is proposed to use
a CBCT imaging system including a kV x-ray tube and a
flat-panel imaging detector mounted on a LINAC gantry
such that the kV radiation is approximately orthogonal to the
MYV treatment radiation from the LINAC. Prior to treatment,
a CBCT planning image is acquired for treatment planning.
Subsequently, before each treatment fraction, a CBCT image
is acquired and compared to the CBCT pre-treatment plan-
ning image, and the results of the comparison are used to
modify the treatment plan for that treatment fraction to
compensate for interfraction setup errors and/or interfraction
organ motion. Due to limitations in permissible gantry
rotation speeds (e.g., one rotation per minute) which cause
the CBCT acquisition time to be slow compared to breathing
(or other physiological cycles) of the patient, a gating
scheme synchronized to patient breathing (or other physi-
ological cycles) is used during CBCT acquisition to reduce
the deleterious effects of organ motion in the reconstructed
images. Also due to the relatively slow CBCT acquisition
time, the CBCT volume data is generally useful only for
patient set-up before each treatment fraction, and not for
intra-fraction motion correction.

[0016] X-ray source arrays such as field emission “cold
cathode” x-ray source arrays represent a promising advance
in medical imaging and offer potential advantages over
conventional x-ray tube sources in several respects. A con-
ventional x-ray tube usually comprises a tungsten, tantalum
or rhenium cathode that is heated to approximately 2000° C.
to cause el ectrons to be emitted thermionically, the free
electrons then being accelerated toward an anode by a high
electrical potential such as 120 kV. X-ray radiation usable
for imaging is created when the thermionically generated
electrons strike an anode, usually made of tungsten, molyb-
denum, or copper, at a focal spot of the x-ray tube, the
collision causing the emission of x-ray photons. While
historically being the only practical and cost-effective way
to provide imaging x-ray radiation in medical imaging
environments, conventional x-ray tube sources can bring
about many design compromises in view of their relatively
large size and weight, high operating temperatures, high
power consumption, relatively modest temporal resolution
(e.g., on/off switching times), and their minimal amenability
to miniaturization or formation into closely spaced arrays.
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[0017] As an alternative to conventional x-ray tube tech-
nology in which free electrons are generated by thermionic
emission, alternative technologies have been introduced in
which the free electrons are generated by field emission. In
a field emission source, free electrons are emitted upon the
application of a voltage to a material having a high emission
density, such as certain carbon nanotube (CNT) materials.
Because field emission of electrons is produced by a high
electric field, no heating is necessary. Field emission sources
are thus often referred to as cold cathode sources. Advan-
tageously, the electron beams emitted by such materials may
have low divergence and thus provide ease of focusing onto
a focal spot. Moreover, the virtually instantaneous response
of'the source offers time gating capabilities that may even be
on the order of nanoseconds. Because they can be made
exceedingly small, field emission x-ray sources are highly
amenable to formation into arrays. According to U.S. Ser.
No. 07/505,562B2, which is incorporated by reference
herein, devices having 1000 pixels per meter (i.e., 1000
individual x-ray sources per meter) with pulse repetition
rates on the order of 10 MHz can be envisioned using
technology within the current state of the art.

[0018] As used herein, the term x-ray source array refers
to a source of x-rays comprising a plurality of spatially
distinct, electronically activatible x-ray emitters or emission
spots (focal spots) that are addressable on at least one of an
individual and groupwise basis. Although most x-ray source
arrays suitable for use with one or more of the preferred
embodiments will commonly be of the field emission “cold
cathode” type, the scope of the present teachings is not so
limited. By way of example, other types of x-ray source
arrays that may be suitable for use with one or more of the
preferred embodiments include scanning-beam array X-ray
sources in which an electron beam digitally scans across a
tungsten transmission target thirty times per second, sequen-
tially producing ten thousand individually collimated X-ray
beams, as reported by Triple Ring Technologies, Inc., of
Newark, Calif.

[0019] X-ray source arrays have been proposed for use in
kV imaging systems associated with radiation treatment
systems, such as in US20090296886A1. However, it is
believed that substantial advances in the configuration,
operation, and/or manner of integration of x-ray source
arrays into IGRT systems, such as those provided by one or
more of the preferred embodiments herein, are needed in
order to achieve clinical practicality, effectiveness, and
market acceptance. It is to be appreciated the although
particularly advantageous in the context of IGRT systems,
one or more of the preferred embodiments is also applicable
to a wide variety of other medical imaging applications
outside the realm of image-guided radiation treatment.
[0020] More generally, one or more issues arises with
respect to known medical imaging and/or radiation treat-
ment systems that is at least partially addressed by one or
more of the preferred embodiments described further here-
inbelow. Other issues arise as would be apparent to a person
skilled in the art in view of the present teachings.

SUMMARY

[0021] Provided according to one preferred embodiment is
a method for image guided radiation treatment (IGRT) of a
body part, comprising providing an IGRT apparatus includ-
ing a rotatable gantry structure, a radiation treatment head,
and a treatment guidance imaging system including a first
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x-ray cone beam imaging source mounted to and rotatable
with the rotatable gantry structure, the treatment guidance
imaging system further including a first imaging detector. A
pre-acquired image data set of the body part acquired in a
reference frame generally independent of a reference frame
of the IGRT apparatus is received. During a patient setup
interval, the body part is positioned into an initial treatment
position relative to the IGRT apparatus, the initial treatment
position being along an axis of rotation of the rotatable
gantry structure. The rotatable gantry structure is rotated
through a range of gantry angles. Subsequent to the patient
setup interval, the first x-ray cone beam imaging source and
the first imaging detector are operated to acquire a first
population of x-ray cone beam projection images of the
body part for a respective first population of gantry angles
and acquisition times. The first population of x-ray cone
beam projection images is processed to compute therefrom
a time sequence of sliding-window tomosynthesis recon-
structed image volumes characterized in that each subse-
quent member of the time sequence is computed using at
least one same x-ray cone beam projection image as used in
computing at least one previous member of the time
sequence. The radiation treatment head is operated to deliver
treatment radiation to the body part based at least in part on
a comparison between each of the time sequence of sliding-
window tomosynthesis reconstructed image volumes and
the pre-acquired image data set.

[0022] Provided according to another preferred embodi-
ment is a method for IGRT of a body part, comprising
providing an IGRT apparatus including a rotatable gantry
structure, a radiation treatment head, and a treatment guid-
ance imaging system including a first x-ray cone beam
imaging source mounted to and rotatable with the rotatable
gantry structure, the treatment guidance imaging system
further including a first imaging detector. A pre-acquired
image data set of the body part acquired in a reference frame
generally independent of a reference frame of the IGRT
apparatus is received. During a patient setup interval, the
body part is positioned into an initial treatment position
relative to the IGRT apparatus, the initial treatment position
being along an axis of rotation of the rotatable gantry
structure. The rotatable gantry structure is rotated through a
range of gantry angles greater than 180 degrees plus a fan
beam angle of the first x-ray cone beam imaging source.
Subsequent to the patient setup interval, the first x-ray cone
beam imaging source and the first imaging detector are
operated to acquire a first population of x-ray cone beam
projection images of the body part for a respective first
population of gantry angles and acquisition times. The first
population of x-ray cone beam projection images is pro-
cessed to compute therefrom a time sequence of sliding-
window cone beam CT (CBCT) volumes characterized in
that each subsequent member of the time sequence is
computed using at least one same x-ray cone beam projec-
tion image as used in computing at least one previous
member of the time sequence. The radiation treatment head
is operated to deliver treatment radiation to the body part
based at least in part on a comparison between each of the
time sequence of sliding-window CBCT volumes and the
pre-acquired image data set.

[0023] Provided according to another preferred embodi-
ment is a method for IGRT of a body part, comprising
providing an IGRT apparatus having a rotatable gantry
structure, a radiation treatment head, and a treatment guid-
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ance imaging system including a first x-ray source array
mounted to and rotatable with the rotatable gantry structure.
The first x-ray source array has a number of x-ray sources
positioned thereacross. The treatment guidance imaging
system further including a first digital detector array. A
pre-acquired image data set of the body part acquired in a
reference frame generally independent of a reference frame
of the IGRT apparatus is received. During a patient setup
interval, the body part is positioned into an initial treatment
position relative to the IGRT apparatus, the initial treatment
position being along an axis of rotation of said rotatable
gantry structure. The rotatable gantry structure is rotated
through a range of gantry angles including a first gantry
angle. Subsequent to the patient setup interval and with the
rotatable gantry structure at the first gantry angle, the first
x-ray source array and the first digital detector array are
operated to acquire a first population of x-ray cone beam
projection images of the body part. The first population of
x-ray cone beam projection images are processed to com-
pute therefrom a first tomosynthesis image volume. The
radiation treatment head is operated to deliver treatment
radiation to the body part based at least in part on a
comparison between the first tomosynthesis image volume
and the pre-acquired image data set.

[0024] Provided according to one or more preferred
embodiments are systems, methods, and related computer
program products for image-guided radiation treatment
(IGRT), including an image-guided radiation therapy
(IGRT) system that provides both high mechanical stability
and radiation delivery and target tracking versatility. The
IGRT system is robust against deformation even in cases of
relatively swift movement of its therapeutic radiation
source, while at the same time providing for a wide range of
achievable angles for the introduction of therapeutic radia-
tion into different body parts and providing for a wide range
of imaging options for locating and tracking a target region.
Therefore, IGRT systems according to one or more of the
preferred embodiments provide for a wider array of radia-
tion treatment options in relatively faster treatment times. In
one or more preferred embodiments, the IGRT system
further includes a highly versatile yet stable in-therapy
imaging system for further enhancing overall system adapt-
ability, precision, and performance. In other preferred
embodiments, related methods for radiation treatment deliv-
ery are provided, including a method for conical non-
coplanar rotational arc therapy and cono-helical non-copla-
nar rotational arc therapy.

[0025] Further provided according to one or more pre-
ferred embodiments are methods for intra-fraction target
tracking in a gantry-style IGRT system, the methods being
based on comparisons between a pre-acquired planning
image and intrafraction x-ray tomosynthesis images and/or
intrafraction cone beam CT (CBCT) images. The intrafrac-
tion tomosynthesis images and/or CBCT images, which can
be acquired using single x-ray point sources or X-ray source
arrays, such X-ray sources optionally being provided in
stereoscopic and/or dual-energy or multi-energy configura-
tions, can be compared with the pre-acquired planning
image in accordance with one or more preferred embodi-
ments that provide for one or more of streamlined intrafrac-
tion computation, reduced patient x-ray dose, and reduced
treatment delivery margins, as is described further herein-
below.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 illustrates a radiation treatment environment
according to a preferred embodiment;

[0027] FIGS. 2A-2B illustrate axial and side cut-away
views, respectively, of an image-guided radiation treatment
(IGRT) system according to a preferred embodiment;
[0028] FIG. 2C illustrates a perspective view of the IGRT
system of FIGS. 2A-2B and a schematic diagram of a
computer system integral therewith and/or coupled thereto
according to a preferred embodiment;

[0029] FIG. 2D illustrates a side cut-away view of an
IGRT system according to a preferred embodiment;

[0030] FIG. 3A illustrates a side cut-away view of an
IGRT system according to a preferred embodiment;

[0031] FIG. 3B illustrates a perspective view of a rotatable
gantry structure of the IGRT system of FIG. 3A;

[0032] FIGS. 4A-4D illustrate radiation treatment head
pivoting capability in an IGRT system according to a pre-
ferred embodiment;

[0033] FIGS. 5A-5B illustrate axial and side cut-away
views, respectively, of an IGRT system according to a
preferred embodiment;

[0034] FIGS. 6A-6B illustrate axial and side cut-away
views, respectively, of an IGRT system according to a
preferred embodiment;

[0035] FIG. 6C illustrates a perspective view of a rotatable
gantry structure of the IGRT system of FIGS. 6A-6B;
[0036] FIG. 7 illustrates an alternative embodiment of the
IGRT system 600 of FIGS. 6A-6C;

[0037] FIGS. 8A-8B illustrate axial and side cut-away
views, respectively, of an IGRT system according to a
preferred embodiment;

[0038] FIG. 8C illustrates a perspective view of plural
rotatable gantry structures of the IGRT system of FIGS.
8A-8B;

[0039] FIGS. 9A-9C illustrate conical non-coplanar rota-
tional arc therapy and cono-helical rotational arc therapy
using an IGRT system according to a preferred embodiment;
[0040] FIG. 10 illustrates non-isocentric radiation beam
delivery using an IGRT system according to a preferred
embodiment;

[0041] FIG. 11 illustrates non-isocentric radiation beam
delivery including a couch kick using an IGRT system
according to a preferred embodiment;

[0042] FIG. 12 illustrates image guided radiation treat-
ment according to a preferred embodiment;

[0043] FIGS. 13A-13B each illustrate front, top, and axial
views of an IGRT system including one or more x-ray source
arrays according to a preferred embodiment;

[0044] FIGS. 14-15 each illustrate front, top, and axial
views of an IGRT system having one or more x-ray source
arrays according to a preferred embodiment;

[0045] FIG. 16 illustrate an axial view of an IGRT system
having one or more X-ray source arrays according to a
preferred embodiment;

[0046] FIG. 17 illustrates a conceptual diagram of an
example of sliding-window tomosynthesis imaging or slid-
ing-window CBCT imaging according to one or more pre-
ferred embodiments; and

[0047] FIGS. 18-20 each illustrate image guided radiation
treatment according to one or more preferred embodiments.
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DETAILED DESCRIPTION

[0048] FIG. 1illustrates a radiation treatment environment
100 within which one or more of the preferred embodiments
is advantageously applied. The radiation treatment environ-
ment 100 includes a reference imaging system 102 and an
IGRT system 104. Reference imaging system 102 usually
comprises a high precision volumetric imaging system such
as a computed tomography (CT) system or a nuclear mag-
netic resonance imaging (MRI) system. In view of cost and
workflow considerations in many clinical environments, the
reference imaging system 102 is often a general purpose tool
used for a variety of different purposes in the clinic or
hospital environment, and is not specifically dedicated to the
IGRT system 104. Rather, the reference imaging system 102
is often located in its own separate room or vault and is
purchased, installed, and/or maintained on a separate and
more generalized basis than the IGRT system 104. Accord-
ingly, for the example of FIG. 1, the reference imaging
system 102 is illustrated as being distinct from the IGRT
system 104. Notably, for other radiation treatment environ-
ments that are not outside the scope of the present teachings,
the reference imaging system 102 can be considered as an
integral component of the IGRT system 104.

[0049] IGRT system 104 comprises a radiation treatment
(MV) source 108 that selectively applies high-energy x-ray
treatment radiation to a target volume of a patient P posi-
tioned on a treatment couch TC. The MV source 108 applies
the treatment radiation under the control of a system con-
troller 114, and more particularly a treatment radiation
control subsystem 128 thereof. System controller 114 further
comprises processing circuitry 120, a detector controller
122, a couch position controller 124, and a kV radiation
controller 126 each programmed and configured to achieve
one or more of the functionalities described further herein.
One or more imaging (kV) radiation sources 110 selectively
emit relatively low-energy x-ray imaging radiation under the
control of kV radiation controller 126, the imaging radiation
being captured by one or more imaging detectors 112. In
alternative preferred embodiments, one or more of the
imaging detectors 112 can be a so-called portal imaging
detector that captures high-energy x-ray treatment radiation
from MV source 108 that has propagated through the target
volume.

[0050] For one preferred embodiment, the kV imaging
radiation sources 110 include both a two-dimensional ste-
reotactic x-ray imaging system and a tomosynthesis imaging
system. For other preferred embodiments, only a two-
dimensional stereotactic X-ray imaging system is provided,
while for still other preferred embodiments only a tomos-
ynthesis imaging system is provided. Preferably, each of the
stereotactic x-ray imaging system and the tomosynthesis
imaging system are characterized by either (a) a fixed,
predetermined, nonmoving geometry relative to the (X, y, z)
coordinate system of the treatment room, or (b) a precisely
measurable and/or precisely determinable geometry relative
to the (X, y, z) coordinate system of the treatment room in the
event they are dynamically moveable. The MV radiation
source 108 should also, of course, have a precisely measur-
able and/or precisely determinable geometry relative to the
(X, y, z) coordinate system of the treatment room.

[0051] A couch positioner 130 is actuated by the couch
position controller 124 to position the couch TC. A non-x-
ray based position sensing system 134 senses position and/or
movement of external marker(s) strategically affixed to the
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patient, and/or senses position and/or movement of the
patient skin surface itself, using one or more methods that do
not involve ionizing radiation, such as optically based or
ultrasonically based methods. In one example, IGRT system
104 can be similar to a CYBERKNIFE® robotic radiosur-
gery system available from Accuray Incorporated of Sunny-
vale, Calif., and the position sensing system 134 can be
similar to relevant sensing components of the Accuray
Incorporated SYNCHRONY® respiratory tracking system.
IGRT system 104 further includes an operator workstation
116 and a treatment planning system 118.

[0052] In common clinical practice, treatment planning is
performed on a pre-acquired treatment planning image 106
generated by the reference imaging system 102. The pre-
acquired treatment planning image 106 is often a high
resolution three-dimensional CT image acquired substan-
tially in advance (e.g., one to two days in advance) of the one
or more radiation treatment fractions that the patient will
undergo. As indicated in FIG. 1 by the illustration of an (i,
Jj» k) coordinate system for the pre-acquired treatment plan-
ning image 106, which is in contrast to the (X, y, z) treatment
room coordinate system illustrated for the treatment room of
the IGRT system 104, there is generally no pre-existing or
intrinsic alignment or registration between the treatment
planning image 106 coordinate system and the treatment
room coordinate system. During the treatment planning
process, a physician establishes a coordinate system (e.g., i,
Jj, k in treatment planning image 106) within the treatment
planning image, which may also be referred to herein as the
planning image coordinate system or planning image refer-
ence frame. A radiation treatment plan is developed in the
planning image coordinate system that dictates the various
orientations, sizes, durations, etc., of the high-energy treat-
ment radiation beams to be applied by the MV source 108
during each treatment fraction. Accurate delivery of thera-
peutic radiation to a target requires aligning the planning
image coordinate system with the treatment room coordinate
system, as the entire delivery and tracking system (if pres-
ent) is calibrated to the treatment room coordinate system. It
will be appreciated that this alignment does not need to be
exact and further appreciated that couch adjustment or beam
delivery adjustment can be used to account for offsets in the
alignment between the two coordinate systems.

[0053] Thus, immediately prior to each treatment fraction,
under a precise image guidance of the kV imaging radiation
sources 110, according to one or more of the embodiments
described further hereinbelow, the patient is physically posi-
tioned such that the planning image coordinate system
(defined, for example and not by way of limitation, by a
physician while creating a treatment plan on a CT image or
planning image) is positioned into an initial alignment with
the treatment room coordinate system, hereinafter termed an
initial treatment alignment or initial treatment position. This
alignment is commonly referred to as patient set up.
Depending on the location of the target volume, the target
volume can vary in position and orientation and/or can
undergo volumetric deformations due to patient movement
and/or physiological cycles such as respiration. As used
herein, the term in-treatment alignment variation or in-
treatment position variation is used to refer to the variations
in position, orientation, and/or volumetric shape by which
the current state of the target volume differs from the initial
treatment alignment. By virtue of a known relationship
between the treatment planning coordinate system and the
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treatment room coordinate system, the term in-treatment
alignment variation can also be used to refer to the variations
in position, orientation, or volumetric shape by which the
current state of the target volume differs from that in the
treatment planning coordinate system. More generally, the
term initial treatment alignment or initial treatment position
refers herein to the particular physical pose or disposition
(including position, orientation and volumetric shape) of the
body part of the patient upon patient setup at the outset of the
treatment fraction.

[0054] A non x-ray based position sensing system 134
may also be provided. This non x-ray based position sensing
system 134 may include, by way of example and without
limitation, external markers affixed in some manner to a
patient’s chest which move in response to respiration (other
mechanisms for monitoring respiration may be used), and
include a mono or stereoscopic x-ray imaging system, which
as described above can precisely determine target location.
System 134 correlates motion of the external markers with
target motion, as determined from (for example) the mono or
stereoscopic X-ray projections. Non x-ray based position
sensing system 134, therefore, permits system controller 114
to monitor external marker motion, use the correlation
model to precisely predict where the target will be located in
real time (e.g., —60 Hz), and direct the treatment beam to the
target. As treatment of the moving target progresses addi-
tional x-ray images may be obtained and used to verify and
update the correlation model.

[0055] According to a preferred embodiment, system con-
troller 114 including processing circuitry 120 is configured
and programmed to receive information from the non-x-ray
based position sensing system 134 and the imaging detector
(s) 112 or just from the imaging detector(s) 112 when
treating a relatively stationary target volume (for example
and without limitation a brain, spine or prostate tumor),
compute an in-treatment alignment variation therefrom, and
control the treatment radiation source 108 in a manner that
compensates for the in-treatment alignment variation on a
continual basis. In the case where the target volume moves
due to respiration, the more information-rich x-ray-based
data from the imaging detectors 112 is updated at a relatively
slow rate compared to the breathing cycle of the patient (for
example, once every 15 seconds) to maintain reasonably low
x-ray imaging dose levels, the less information-rich data
from the non-x-ray based position sensing system 134 can
be updated in substantially real-time (for example, 30 times
per second). Using methods such as those described in the
commonly assigned U.S. Pat. No. 6,501,981B1, a correla-
tion model between one or more x-ray-sensed internal target
volume (with our without fiducials) and one or more non-
x-ray-sensed external markers is used to ascertain the in-
treatment alignment variations on a real-time basis, the
correlation model being updated (corrected) at each x-ray
imaging interval. Advantageously, judicious x-ray/tomosyn-
thesis imaging source collimation strategies according to
one or more of the preferred embodiments described further
infra can be advantageously used to improve determination
of in-treatment alignment variations or target tracking by
virtue of one or more of higher x-ray/tomosynthesis imaging
quality, reduced x-ray radiation dose, and higher x-ray/
tomosynthesis imaging data acquisition rates.

[0056] It is to be appreciated that the use of a non-x-ray
based position sensing system 134 such as the SYN-
CHRONY® respiratory tracking system represents an
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option that, while advantageous in the radiation treatment of
certain tumors within the lung or chest area, is not required
for radiation treatments in many other body parts, such as
the prostate, spine or brain. Whereas x-ray dosage concerns
provide limits on the number of kV x-ray images that should
be acquired in any particular intrafraction time interval (for
example, no more than one kV image every 15 seconds,
every 30 seconds, or every 60 seconds), tumors within the
chest area, liver or pancreas can move at substantially faster
periodic rates due to respiration, therefore giving rise to the
need for the non-x-ray based position sensing system 134.
However, tumors in other parts of the body, such as the
prostate, spine or brain, will generally experience motion on
a much slower time scale, wherein the dose-limited kV x-ray
imaging rate will be still be sufficiently high to effectively
guide the radiation treatment. The prostate, for example,
may experience movement due to an accumulation of urine
in the nearby urinary bladder, an event for which one kV
x-ray image every 60 seconds should be sufficient to track
resultant movement. Accordingly, for the many other parts
of'the anatomy for which kV imaging rates are sufficient, the
non-x-ray based position sensing system 134 and the asso-
ciated “real time” tracking (i.e., tracking at a rate faster than
the kV imaging rate) is not required.

[0057] It is to be appreciated that the exemplary radiation
treatment environment of FIG. 1 is presented by way of
example and not by way of limitation, that the preferred
embodiments are applicable in a variety of other radiation
treatment environment configurations, and that one or more
of the preferred embodiments is applicable to general medi-
cal imaging environments outside the particular context of
radiation treatment systems. Thus, for example, while one or
more of the preferred embodiments is particularly advanta-
geous when applied in the context of a radiation treatment
environment in which the reference imaging system 102 is
physically separated from, has no common coordinate sys-
tem with, and/or has no other intrinsic means of volumetric
image registration with the IGRT delivery system 104, the
scope of the present teachings is not so limited. Rather, the
one or more preferred embodiments can also be advanta-
geously applied in the context of radiation treatment envi-
ronments in which the reference imaging system is physi-
cally integral with radiation treatment delivery system or has
other intrinsic linkages, such as a rail-based patient move-
ment system, with the radiation treatment delivery system.

[0058] As used herein, “registration” of medical images
refers to the determination of a mathematical relationship
between corresponding anatomical or other (e.g. fiducial)
features appearing in those medical images. Registration can
include, but is not limited to, the determination of one or
more spatial transformations that, when applied to one or
both of the medical images, would cause an overlay of the
corresponding anatomical features. The spatial transforma-
tions can include rigid-body transformations and/or deform-
able transformations and can, if the medical images are from
different coordinate systems or reference frames, account for
differences in those coordinate systems or reference frames.
For cases in which the medical images are not acquired
using the same imaging system and are not acquired at the
same time, the registration process can include, but is not
limited to, the determination of a first transformation that
accounts for differences between the imaging modalities,
imaging geometries, and/or frames of reference of the dif-
ferent imaging systems, together with the determination of
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a second transformation that accounts for underlying ana-
tomical differences in the body part that may have taken
place (e.g., positioning differences, overall movement, rela-
tive movement between different structures within the body
part, overall deformations, localized deformations within the
body part, and so forth) between acquisition times.

[0059] FIGS. 2A-2C illustrate an IGRT system 200 that is
capable of carrying out the functionalities described above
with respect to the IGRT system 104 of FIG. 1 according to
one or more preferred embodiments. Included in FIG. 2C is
a diagram of a computer system 250 integrated with the
IGRT system 200, the computer system 250 being omitted
from FIGS. 2A-2B for clarity of description. IGRT system
200 comprises a gantry frame 202 within which is disposed
a rotatable gantry structure 204 configured to rotate around
a rotation axis 214 that passes through an isocenter 216.
Associated with the IGRT system 200 is an imaginary plane,
termed herein a transverse isocentric plane 217, that is
orthogonal to the rotation axis 214 and passes through the
isocenter 216. The gantry frame 202, the isocenter 216, the
rotation axis 214, and the transverse isocentric plane 217 are
preferably fixed and motionless relative to a treatment vault
(not shown) in which the IGRT system 200 is installed. As
used herein, isocenter or machine isocenter is a physical
point in a treatment room (treatment vault). A treatment
center is a point within the target volume defined by a
physician during treatment planning, normally based within
the pretreatment CT image reference frame. For isocentric
treatment the treatment center is aligned with the machine
isocenter during the set up procedure described above.

[0060] The rotatable gantry structure 204 includes one or
more beam members 206 that each extend between first and
second ring members 208 and 209 disposed on opposite
sides of the transverse isocentric plane 217. The first ring
member 208 corresponds generally to a first end of the
rotatable gantry structure 204 (toward the left side of FIG.
2B), while the second ring member 209 corresponds gen-
erally to a second, opposite end of the rotatable gantry
structure 204 (toward the right side of FIG. 2B). The first and
second ring members 208 and 209 are supported at their
respective ends of the rotatable gantry structure 204 by
corresponding ends of the gantry frame 202 in a manner that
allows and facilitates rotation of the rotatable gantry struc-
ture 204 around the rotation axis 214 while keeping the
rotation axis 214 highly stable and stationary. The skilled
artisan will appreciate that any of a variety of different
mechanical support schemes that allow such rotation can be
used (e.g., anti-friction sleeves, slip bearings, roller bear-
ings, etc.). The skilled artisan will appreciate that the gantry
frame 202 can be made substantially thicker or otherwise
reinforced at its respective ends than is indicated schemati-
cally in FIG. 2B, in accordance with the particular materials
being used and other design considerations, for ensuring
such mechanical stability. Without loss of generality, the
rotatable gantry structure 204 contains two beam members
206 separated by 180 degrees around the rotation axis 214,
which is useful (for example and without limitation) for
facilitating rotational balancing (e.g. by applying appropri-
ate balancing weights to the opposing beam members 206).
The skilled artisan will appreciate that the term beam
member as used herein can encompass a wide variety of
different types of structural members (e.g., solid rods, hol-
low rods, assemblies of parallel or concentric rods, truss-
type structures, etc.) that can structurally extend from one
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place to another and along which one or more physical items
(e.g., LINACs, LINAC assemblies, imaging sources, imag-
ing detectors, and so forth) can be fixably or movably
mounted or positioned.

[0061] Movably mounted on one of the beam members
206 is a therapeutic radiation head 210, such as and without
limitation a linear accelerator (LINAC) or a compact proton
source, which includes thereon an end collimator 212, such
as a multi-leaf collimator (MLC), and which provides a
therapeutic radiation beam 203. The therapeutic radiation
head 210 can alternatively be termed a radiation treatment
head and is designated as such in one or more sections
hereinbelow. The therapeutic radiation head 210 is mounted
to the beam member 206 by a coupling device 207 that is
configured and adapted to achieve the translational and
rotational functionalities described further hereinbelow. The
rotatable gantry structure 204 and therapeutic radiation head
210 are dimensioned so as to allow a central bore 218 to
exist, that is, an opening sufficient to allow a patient P to be
positioned therethrough without the possibility of being
incidentally contacted by the therapeutic radiation head 210
or other mechanical components as the gantry rotates radia-
tion head 210 about patient P. A patient couch 222 is
provided for supporting the patient P, the patient couch 222
preferably being coupled to an automated patient positioning
system (not shown) for moving the patient P into a therapy
position and manipulating the patient with three or more
degrees of freedom (e.g., three orthogonal translations, one
parallel to the rotation axis 214, two orthogonal to rotation
axis 214, plus optionally one or more rotations). The skilled
artisan will appreciate that many couches can be used in
accordance with embodiments of the present invention.

[0062] According to one preferred embodiment, a cylin-
drically shaped bore shield 220 is provided to line the
boundary of the central bore 218. In addition to preventing
unexpected movement of the patient’s hands or other body
part into collision with moving parts, the bore shield 220 can
reduce the sense of intimidation that the patient might feel
in view of the large moving parts in the device. The bore
shield 220 provides the ability to maximize the rotation
speed of the gantry, while still meeting all regulatory safety
requirements. The bore shield 220 should be formed of a
material that is substantially transparent to the therapeutic
and imaging radiation, and optionally can be visibly opaque
as well. Also according to a preferred embodiment, the
gantry frame 202 is configured and dimensioned such that a
conical tapering 221 is provided at one or both ends of the
central bore 218. At a given end of the central bore 218 (e.g.,
the left end in FIG. 2B), the conical tapering 221 can extend
from the bore opening to the ring member 208. Depending
on the particular body part being treated, patient visibility
into the surrounding room can be enhanced to provide a less
claustrophobic experience for the patient. In combination, or
alternatively, bore shield 220 could be a structural support-
ing cylinder or hub to which frame 202 is mechanically
connected at approximately opposite ends of the supporting
cylinder or hub. In such an embodiment the hub will provide
additional or alternative structural support in addition to or
in lieu of frame 202. In another embodiment the hub
(whether or not made from radiolucent material) and/or the
bore shield 220 has a longitudinal slit parallel to rotation axis
214 to allow radiation to pass therethrough unimpeded,
thereby reducing the possibility of the so-called skin effect
or to maximize skin sparing. As will be appreciated, the bore
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shield 220 could still line the structural cylinder and need not
necessarily possess the slit, thereby fully closing off patient
view and access to the rotating radiation source. The slit, if
viewable by a patient, could be constructed so as to mini-
mize potential access to the rotating radiation source, and the
patient would likely only see the rotating radiation source
when it is at or near the top of the ring pointing approxi-
mately vertically down. As will be appreciated, the hub will
rotate in approximate unison with the radiation head. Stated
in a different way, as an additional option, the bore shield
220 can be coupled such that it rotates with the rotatable
gantry structure 204. This provides an option of leaving an
open slit within the bore shield 220 through which the
therapeutic radiation beam 203 can pass, which could be
used to maximize skin sparing. This obscures the patient’s
view of most of the moving parts (indeed, unless the beam
is somewhere above them they will only see the inside of the
bore shield) and allows a free beam path that might be
important to minimize skin dose, particularly if only a few
beams are used. Optionally, to maintain moving components
behind a fixed surface covering as much as possible in view
of skin sparing issues, a removable cover can be provided to
“plug” the slit, which would be fitted for rotational therapy
treatment. For treatments using just a few (1-4) static beams,
where build up is most critical but rotation speed between
beams is not, then the slit is kept open. For rotational arc
therapy treatments where build up is not critical (because
skin dose is smeared out over so many beam directions) but
rotation speed is critical, then the plug is fitted into the slit.
This can be achieved manually in pre-treatment which a
totally removable plug, or alternatively there is provided a
mechanically sliding system on the bore shield 220 that can
cover and uncover the slit under control and/or actuation of
the treatment technician.

[0063] According to a preferred embodiment, the thera-
peutic radiation head 210 is mounted to the beam member
206 in a manner that allows and facilitates (i) translation of
the therapeutic radiation head 210 along the beam member
206 (i.e., in an end-to-end manner between first ring member
208 and second ring member 209), (ii) pivoting of the
therapeutic radiation head 210 around a first pivot axis M1,
termed herein a primary pivot axis, and (iii) pivoting of the
therapeutic radiation head 210 around a second axis M2,
termed herein a secondary pivot axis, located at a right angle
to M1. Preferably, the axes M1 and M2 each pass through
the center of mass (CoM) of the therapeutic radiation head
210, and the center of mass lies along the axis of the
therapeutic radiation beam 203 Collectively, the primary
pivoting around axis M1 and the secondary pivoting around
axis M2 can be considered as a gimbal or gimballing motion
of the therapeutic radiation head 210. For clarity of descrip-
tion, the primary pivoting around axis M1 may be referenced
hereinbelow by the term “M1 pivot” or “M1 pivoting,” and
the secondary pivoting around axis M2 may be referenced
hereinbelow by the term “M2 pivot” or “M2 pivoting.”
Notably, the terms primary/M1 and secondary/M?2 are used
herein for identification purposes and are not indicative of
any particular imaging-related or treatment-related relative
rankings. For the preferred embodiment of FIGS. 2A-2C,
the beam member 206 upon which the therapeutic radiation
head 210 is mounted is concavely shaped relative to the
rotation axis 214 such that the source-axis distance (SAD)
remains approximately fixed for the range of translation
distances of the therapeutic radiation head 210 along beam
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member 206. Preferably, the axes M1 and M2 pass through
the center of mass (CoM) of the therapeutic radiation head,
which is also coincident with the radiation source (e.g., focal
spot in a LINAC). This makes treatment planning simpler
and minimizes SAD variation with gimballing during track-
ing. Thus, there are three possibilities, each being within the
scope of the present teachings, with regard to that which the
axes M1 and M2 pass through: CoM of the therapeutic
radiation head 210 for mechanical advantage; the axis of the
therapeutic radiation source for advantage in treatment plan-
ning and providing minimal SAD variation with gimballing
during tracking advantage; or both. By way of example,
achieving both for a LINAC could include the use of
balancing weights.

[0064] The skilled artisan will appreciate that the IGRT
system 200 further includes a plurality of actuators of
various types (not shown) for achieving the mechanical
functionalities described hereinabove and hereinbelow in
the instant disclosure. Thus, for example, the IGRT system
200 includes respective actuation devices (not shown) to
achieve the rotation of the rotatable gantry structure 204
around the rotation axis 214, the axial translation of the
therapeutic radiation head 210 along the beam member 206,
the M1 pivoting of the therapeutic radiation head 210, and
the M2 pivoting of the therapeutic radiation head 210. The
IGRT system 200 further includes one or more processing
and/or control units, such as may be implemented on one or
more programmable computers, for controlling the various
actuators and sending signals to and from the various recited
radiation sources and detectors as necessary to achieve the
functionalities described hereinabove and hereinbelow in
the instant disclosure. In view of the present disclosure,
those skilled in the art would be able to configure such
actuation devices, processing and/or control units, program-
mable computers, etc., and operate the described IGRT
systems without undue experimentation.

[0065] Included in FIG. 2C is a schematic diagram of a
computer system 250 integrated with and/or coupled to the
IGRT system 200 using one or more busses, networks, or
other communications systems 260, including wired and/or
wireless communications systems, and being capable in
conjunction therewith of implementing the methods of one
or more of the preferred embodiments. Methods of image
guided radiation treatment in accordance with one or more
of the preferred embodiments may be implemented in
machine readable code (i.e., software or computer program
product) and performed on computer systems such as, but
not limited to, the computer system 250, wherein a central
processing unit (CPU) 251 including a microprocessor 252,
random access memory 253, and nonvolatile memory 254
(e.g., electromechanical hard drive, solid state drive) is
operated in conjunction with various input/output devices,
such as a display monitor 255, a mouse 261, a keyboard 263,
and other I/O devices 256 capable of reading and writing
data and instructions from machine readable media 258 such
as tape, compact disk (CD), digital versatile disk (DVD),
blu-ray disk (BD), and so forth. In addition, there may be
connections via the one or more busses, networks, or other
communications systems 260 to other computers and
devices, such as may exist on a network of such devices,
e.g., the Internet 259. Software to control the image guided
radiation treatment steps described herein may be imple-
mented as a program product and stored on a tangible
storage device such as the machine readable medium 258, an
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external nonvolatile memory device 262, or other tangible
storage medium. For clarity of presentation, the computer
system 250 of FIG. 2C is omitted from further drawings
and/or descriptions hereinbelow. Methods for configuring
and programming the computer system 250 for achieving
the functionalities described herein would be apparent to a
person skilled in the art in view of the present disclosure.
[0066] Advantageously, by virtue of the possibilities pro-
vided by the combination of axial translation of the thera-
peutic radiation head 210, M1 pivoting, and M2 pivoting, a
rich variety of radiation treatment delivery plans are facili-
tated by the IGRT system 100, as will be discussed further
infra. At the same time, by virtue of a ring-style mechanical
nature of the rotatable gantry structure 204 (which could be
more particularly referenced as a “barrel-style” mechanical
nature), a greater degree of mechanical stability may be
provided in comparison to approaches in which therapeutic
radiation head support is of a cantilever-like nature. Gener-
ally speaking, in addition to positively affecting the range of
achievable tilt angles (i.e., the angle between the therapeutic
radiation beam 203 and the transverse isocentric plane 217
when the therapeutic radiation beam is isocentric, see FIG.
4A), increased end-to-end distance between the ring mem-
bers 108 and 109 will have an impact on the mechanical
stability of the device. The selection of the end-to-end
distance between the ring members 108 and 109 will also
have an impact on the end-to-end length of the central bore
118, which should not get too long, and the overall height of
the gantry frame 202, which should not get too high so that
the system may fit within most existing radiation treatment
vaults.

[0067] FIG. 2D illustrates an IGRT system 280 according
to another preferred embodiment, comprising a gantry frame
282, a rotatable gantry structure 284 including beam mem-
bers 286 and ring members 288 and 289, and a therapeutic
radiation head 290 including an end collimator 292. The
IGRT system 280 is similar to the IGRT system 200 of FIGS.
2A-2C except that the beam member 286 upon which the
therapeutic radiation head 290 is mounted is convexly
shaped relative to the rotation axis 214. The convexity of the
beam member 286 accommodates a physically larger end
collimator 292, which for certain MLC designs can have a
rather large width. Advantageously, the larger end collimator
292 is accommodated while also maintaining a required
minimum diameter for a central bore 298, and while also
providing a desirably lesser SAD as the therapeutic radiation
head 290 approaches the transverse isocentric plane 217,
whereas the SAD is greater near the ends of the beam
member 286 in order to maintain the diameter of central bore
298.

[0068] FIGS. 3A-3B illustrate an IGRT system 300
according to a preferred embodiment, comprising a gantry
frame 302, a rotatable gantry structure 304 including beam
members 306 and ring members 308 and 309, and a thera-
peutic radiation head 310 including an end collimator 312.
The IGRT system 300 is similar to the IGRT system 200 of
FIGS. 2A-2C except that the beam member 306 upon which
the therapeutic radiation head 310 is mounted is approxi-
mately linear and oriented approximately horizontally. A
lesser SAD is provided for therapeutic radiation head 310 at
locations nearer the transverse isocentric plane 217 than for
locations nearer the ends of the beam member 306.

[0069] FIGS. 4A-4D are presented to provide definitions
for the functional geometry of an IGRT system according to
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the preferred embodiments, and are presented by way of a
nonlimiting example with respect to the IGRT system 300 of
FIGS. 3A-3B. With reference to FIG. 4A, an axial transla-
tion distance Dx is defined as a translation distance of the
therapeutic radiation head 310 along the beam member 306
relative to an arbitrary reference point therealong, which can
be set at the transverse isocentric plane 217 as in FIG. 4A or
at another fixed location along beam members 306. A tilt
angle 0, is defined as the arc between the therapeutic
radiation beam 203 and the transverse isocentric plane 217
when the therapeutic radiation beam 203 is at isocenter. For
any fixed position of the therapeutic radiation head 310
along the beam member 306, the tilt angle 0, is fixed. A
primary pivot angle 0,,,, also termed an M1 pivot angle, is
defined as the net amount the therapeutic radiation head 310
has been rotated around its M1 axis relative to an arbitrary
starting orientation therearound, which can be set at parallel
to the transverse isocentric plane 217 as in FIG. 4A or at
some other fixed starting orientation. For the particular case
of a straight beam member 306 that is approximately hori-
zontal, as in FIG. 4A, the primary pivot angle 0,,, is equal
to the tilt angle 6, when the therapeutic radiation beam 203
is at isocenter. Illustrated in FIG. 4B is a scenario in which
the primary pivot angle 0, ,, has changed by a small amount
A0, ,, relative to the configuration of FIG. 4A, which has
caused the therapeutic radiation beam 203 to become off-
isocenter.

[0070] With reference to FIG. 4C, a gantry angle 0 is
defined as the net amount the rotatable gantry structure 304
has been rotated around the rotation axis 214 relative to an
arbitrary starting orientation therearound, which is illus-
trated by a vertical line 488 in FIG. 4C. With reference to
FIG. 4D, a secondary pivot angle 0,,,, also termed an M2
pivot angle, is defined as the net amount the therapeutic
radiation head 310 has been rotated around its M2 axis
relative to an arbitrary starting orientation therearound,
which can correspond to a starting case (see FIG. 4C) in
which the therapeutic radiation beam 203 is at isocenter.
Iustrated in FIG. 4D is a scenario in which the secondary
pivot angle 0,,, has been moved to a value other than zero,
which has caused the therapeutic radiation beam 203 to
become off-isocenter. In one preferred embodiment, the M1
and M2 pivot angles are dynamically varied during treat-
ment to compensate for target volume motions (caused by,
e.g., breathing motions or patient movement) while the
patient couch 222 remains stationary, thereby facilitating
increased treatment effectiveness against patient movement
while also allowing the patient to be more comfortable and
at-ease as compared to configurations in which the patient
couch 222 is moved. In another preferred embodiment, the
M1 and M2 pivot angles are varied to deliver radiation
beams non-isocentrically, which can for example allow the
treatment of targets that are larger than the collimator field
size without moving the patient couch 222.

[0071] FIGS. 5A-5B illustrate an IGRT system 500
according to a preferred embodiment that is similar to the
preferred embodiment of FIGS. 3A-3B, but with the addi-
tion of in-treatment stereoscopic x-ray imaging sources (“kV
sources”) 552 and detectors (“kV detectors™) 554. The kV
sources 552 and kV detectors 554 are positioned in fixed,
non-moving positions relative to the gantry frame 302 at
locations designed to keep them out of contact with the
therapeutic radiation head 310 during treatment. The kV
sources 552 and kV detectors 554 are coplanar with the
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transverse isocentric plane 217. Shown in FIGS. 5A-5B are
arrows labeled S,,,; that are representative of the imaging
radiation passing from each kV source 552 to its associated
kV detector 554. For clarity of description herein, each kV
source/detector pairing is referenced as a “kV imaging
system.” Although in the example of FIGS. 5A and 5B the
kV imaging systems are coplanar with the transverse iso-
centric plane 217, in other preferred embodiments one or
more of the kV imaging systems can be positioned out of the
transverse isocentric plane 217. In one preferred embodi-
ment, multiple kV imaging systems can be mounted to
define one or more planes that are coincident with the
rotation axis 214.

[0072] FIGS. 6A-6C illustrate an IGRT system 600
according to a preferred embodiment, comprising a gantry
frame 602, a rotatable gantry structure 604 including beam
members 606 and ring members 608 and 609, and a thera-
peutic radiation head 610. The IGRT system 600 is similar
to the IGRT system 300 of FIGS. 3A-3B except that the
rotatable gantry structure 604 is further provided with addi-
tional beam members 660 extending between ring members
608 and 609. The additional beam members 660 are each
provided with one (or more) kV source(s) 652 and/or one (or
more) kV detectors 654, and are configured such that each
kV source 652 is paired with an associated kV detector 654
opposite the isocenter. Each kV source 652 is coupled to its
respective beam member 606 by a respective coupling
device 656, and each kV detector 654 is coupled to its
respective beam member 606 by a respective coupling
device 658, the coupling devices 656 and 658 being con-
figured and adapted to achieve the functionalities (e.g.,
fixed, translational, and/or rotational) described further
herein. For the preferred embodiment of FIGS. 6 A-6C, there
are four beam members 660 that establish two kV imaging
systems. (FIG. 6C omits one of the kV imaging systems and
its associated beam members for clarity of presentation.) In
other preferred embodiments, there may only be a single kV
imaging system provided, or more than two kV imaging
systems provided. The beam members 660 are disposed at
suitable angles relative to each other and to the therapeutic
radiation head 610 to achieve the desired kV imaging
functionality, which can include stereoscopic imaging or CT
imaging (e.g., cone beam CT or CBCT imaging) when
combined with rotation of the kV imaging system about the
patient.

[0073] FIG. 7 illustrates the IGRT system 600 of FIGS.
6A-6C as provided with an optional additional functionality
in which the kV source(s) 652 and kV detector(s) 654 are
axially translatable along their respective beam members.
The kV source(s) 652 (and, optionally, the kV detectors 654)
are also provided with pivoting or gimballing ability. As
illustrated in FIG. 7, the kV imaging systems have the ability
to depart from the transverse isocentric plane 217 in a
variety of different ways. For the preferred embodiment of
FIGS. 6A-6C and FIG. 7, the kV imaging systems rotate
around the rotation axis 214 in unison with the therapeutic
radiation head 610.

[0074] FIGS. 8A-8C illustrate an IGRT system 800
according to a preferred embodiment in which the kV
imaging system(s) rotate independently of the therapeutic
radiation head around the rotation axis. IGRT system 800
comprises a gantry frame 802, a first rotatable gantry struc-
ture 804 including beam members 806 and ring members
808 and 809, and a therapeutic radiation head 810. IGRT
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system 800 further comprises a second rotatable gantry
structure 874 including beam members 860 extending
between a first ring member 878 and a second ring member
879, the second rotatable gantry structure 874 being con-
figured and adapted to rotate concentrically with, and inde-
pendently of, the first rotatable gantry structure 874 around
the rotation axis 214. The IGRT system 800 comprises kV
source(s) 852 each coupled to their respective beam member
806 by a respective coupling device 856, and kV detector(s)
854 each coupled to their respective beam member 806 by
a respective coupling device 858, the coupling devices 856
and 858 being configured and adapted to achieve fixed,
translational, and/or rotational functionalities between the
kV source(s) 852/kV detector(s) 854 and their respective
beam members 860. (FIG. 8C omits one of the kV imaging
systems and its associated beam members for clarity of
presentation.) Advantageously, because the kV imaging sys-
tem(s) can rotate independently of the therapeutic radiation
head around the rotation axis, a wide variety of setup and
in-treatment imaging options are provided, for accommo-
dating a rich variety of radiation therapy profiles and strat-
egies. With regard to the orientation angles between respec-
tive kV imaging systems, 60 degrees or more is desirable for
stereoscopic localization, while a full 90 degrees is optimal.
For the preferred embodiment of FIGS. 5A-5B (static kV
imaging system) and the preferred embodiment of FIGS.
8A-8C (fully decoupled from the therapeutic radiation head
rotation), the choice of distances from the rotation axis 214
is somewhat limited, while for the preferred embodiment of
FIGS. 6A-6C, in which the kV imaging systems rotate
rigidly with the therapeutic radiation head rotation, that
choice of distances is more flexible, for example, there is the
ability to use a smaller kV detector and reduce the distance
from the rotation axis 214.

[0075] FIGS. 9A-9C illustrate methods for non-coplanar
rotational arc therapy using, by way of nonlimiting example,
the IGRT system 800 of FIGS. 8A-8C, a simplified version
of' which is reproduced in FIG. 9A. In one preferred embodi-
ment referenced herein as conical non-coplanar rotational
arc therapy, the therapeutic radiation head 810 is axially
translated along the beam member 806 in discrete steps, with
a gantry rotation occurring at each step. There can be
discrete firings of the therapeutic radiation beam at respec-
tive discrete gantry angles, or there can be continuous firings
of the therapeutic radiation beam as the gantry angle is
continuously changed, each of which are within the scope of
the present teachings. FIG. 9B illustrates a cross-section of
the resultant delivery profile for conical non-coplanar rota-
tional arc therapy, with each discrete cone shape 1-5 corre-
sponding to a different translational step of the therapeutic
radiation head 810. In another preferred embodiment refer-
enced herein as cono-helical non-coplanar rotational arc
therapy, the therapeutic radiation head 810 is translated
along the beam member 806 as the gantry is rotated. There
can be discrete firings of the therapeutic radiation beam at
respective discrete gantry angles (and correspondingly dis-
crete translational advances of the therapeutic radiation head
810), or there can be continuous firings of the therapeutic
radiation beam as the gantry angle is continuously changed
(and correspondingly continuous translational advances of
the therapeutic radiation head 810), each of which are within
the scope of the present teachings. FIG. 9C illustrates a
cross-section of the resultant delivery profile for cono-
helical non-coplanar rotational arc therapy, which spans the
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same conical three-dimensional volume as conical non-
coplanar rotational arc therapy, but which does so in a
continuous or helical manner.

[0076] Although certain examples in the discussion above
and below are made with respect to the IGRT system 800 of
FIGS. 8A-8C, which is particularly versatile, other of the
preferred IGRT systems described hereinabove could also
achieve various ones of the functionalities discussed herein
as would be apparent to a person skilled in the art. Thus, it
is to be appreciated that references in the discussion above
and below to the IGRT system 800 of FIGS. 8A-8C are set
forth by way of example and not my way of limitation.

[0077] As illustrated by the examples of FIGS. 9A-9C
above, a rich variety of radiation therapy profiles and
strategies can be accommodated using the IGRT system 800.
Such possibilities include, but are not limited to: single or
parallel opposed static beams with rectangular field shaping
and 1D (wedge or virtual wedge using MLC) intensity
modulation; static beams with rectangular field shaping and
1D modulation; coplanar rotational treatments (“arc
therapy”) with rectangular field shaping and 1D modulation;
coplanar or non-coplanar beams with irregular field shaping
and 1D modulation (“conformal radiation therapy” or CRT);
coplanar or non-coplanar beams with irregular field shaping
and 2D modulation (“intensity modulated radiation therapy”
or IMRT); and tomotherapy (helical or sequential) with
coplanar rotation using a narrow beam in combination with
couch movement and 2D modulation. Such possibilities
further include rotational arc therapy, also called intensity
modulated arc therapy (IMAT), including one or more
coplanar rotations, irregular field shaping, and 2D modula-
tion, with gantry rotation speed, dose rate, MLLC positions,
and in some cases collimator angles being varied during
rotation, and including multiple rotations that increase the
achievable degree of intensity modulation in view of prac-
tical constraints on MLC motion during treatment.

[0078] One of the benefits of the IGRT system 800 is
achieving rotational arc therapy with multiple non-coplanar
rotations in order to maximize the number of beam posi-
tions, the solid angle covered by these positions, and the
degree of intensity or fluence modulation of the therapeutic
radiation beam in order to achieve the highest possible
treatment plan quality. Another of the benefits of the IGRT
system 800 is accurate delivery of treatment plans using
image guidance for patient set up and intra-fraction motion
tracking and correction. Another of the benefits of the IGRT
system 800 is increased rigidity, which enables higher
rotation speeds, higher delivery accuracy (less error in
radiation beam position and orientation), and higher 3D
reconstructed image quality (less error in imaging system
geometry during rotation).

[0079] For one preferred embodiment, the therapeutic
radiation head 810 comprises a compact lightweight
LINAC, such as an X-band or C-band LINAC in a compact
configuration without a bending magnet. This allows a
compact system design in which all moving components are
behind a fixed surface covering (see bore shield 820), thus
eliminating the risk of collision with the patient and enabling
higher rotation speeds (there is a U.S. regulatory standard
that does not allow rotation speeds higher than one rotation
per minute if there is a risk of collision with the patient). In
other alternative embodiment, the compact accelerator can
include a bending magnet.
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[0080] By way of example and not by way of limitation,
the central bore 818 could have a diameter of 85 cm. This
will accommodate the vast majority of patients. The thera-
peutic radiation head 810 could be a LINAC having a
distance from the radiation source target to the distal face of
the end collimator 812 of 40 cm. In this case the SAD is
approximately 82.5 cm (40 cm plus half of 85 cm) when the
therapeutic radiation head 810 is in the transverse isocentric
plane 217 (zero tilt angle). When the LINAC is tilted off axis
by 30 degrees, the SAD is approximately 89.1 cm assuming
negligible collimator size. The LINAC could have a length
of approximately 214 cm. The outer diameter of the gantry
frame 802 would then be approximately 3.1 m, which will
fit within most existing treatment vaults. When the LINAC
is tilted off axis by 30 degrees, the SAD will be larger than
89.1 cm with an actual collimator in order to keep the
collimator outside the gantry bore. The SAD will increase
with collimator size.

[0081] For one embodiment, external cables could be run
to the therapeutic radiation head 810, the kV imaging
systems, and the relevant actuators to provide electrical
power and signals. This would require gantry rotations in
alternating directions in order to wind and unwind the
cables. More preferably, the rotatable gantry structure 804
and rotatable gantry structure 874 are configured with slip-
ring technology, as known to the skilled artisan, for provid-
ing power and signals to these devices.

[0082] The therapeutic radiation head 810 could be a
LINAC configured with different secondary collimation
systems, including fixed cones, a variable aperture collima-
tor such as the Iris Variable Aperture Collimator (Accuray
Incorporated, Sunnyvale, Calif.), a binary (tomotherapy)
collimator, or an MLC. The LINAC could optionally be
configured with rectangular jaws.

[0083] In the discussion that follows, the therapeutic
radiation head 810 is assumed to be a LINAC by way of
example only and not by way of limitation, and the phrases
“rotating the gantry” or “gantry rotation” refer to rotation of
the rotatable gantry structure 804. Advantageously, there are
many possible modes of operation for the IGRT system 800.
The LINAC can rotate about the patient without tilting off
axis. In this case it could treat at a discrete set of fixed gantry
rotation angles (coplanar beams) with or without irregular
field shaping and with or without modulation, thus enabling
coplanar static beams, CRT, and IMRT. For each fixed
gantry rotation angle, the LINAC can be tilted off axis at a
tilt angle, thus enabling non-coplanar CRT and IMRT.
Alternatively, the LINAC could be configured with a binary
collimator or an MLC and deliver radiation while continu-
ously rotating without tilting off axis. By combining the
LINAC rotation with patient movement through the central
bore 818, which can be accomplished for example by linear
translation of the patient couch 222, sequential or helical
tomotherapy is enabled. Alternatively, the LINAC could be
configured with a MLLC and deliver radiation while rotating
the gantry without tilting off axis. The gantry rotation speed,
dose rate, ML.C shapes, and collimator angle could be varied
during gantry rotation, thus also enabling conventional
coplanar rotational arc therapy. By also tilting the LINAC
off axis as the gantry angle is varied, it is possible to deliver
rotational arc therapy with multiple non-coplanar rotations
in order to maximize the number of beam positions, the solid
angle covered by these positions, and the degree of intensity
or fluence modulation in order to achieve the highest pos-
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sible treatment plan quality. In one approach, the tilt angle
is held constant while the gantry angle is varied. In another
approach, the tilt angle is varied while the gantry angle is
also varied (see FIGS. 9A-9C, conical non-coplanar rota-
tional arc therapy and cono-helical rotational arc therapy).
This approach could be combined with movement of the
patient couch 222 during gantry rotation to provide what is
termed herein conical non-coplanar tomotherapy or cono-
helical non-coplanar tomotherapy. Because of the ability to
achieve many orientations using gantry rotation (between 0
and 360 degrees) and moving the source out of plane by
varying the tilt angle (within the maximum limits of the
system, which could for example be -30 to +30 degrees, or
-45 to +45 degrees), breast treatments with parallel opposed
fields could be easily and quickly performed by setting the
appropriate gantry rotation and tilt angles.

[0084] With one kV imaging system or less preferably
with a portal imaging system, the system can acquire X-ray
images during gantry rotation. The sequence of X-ray
images can be used to reconstruct a cone beam CT (CBCT)
image with many images acquired over at least 180 degrees
of rotation. With fewer images acquired during a rotation of
less than 180 degrees, the images can be used to reconstruct
a tomosynthesis image. A CBCT image with a longer axial
field of view can be reconstructed from a sequence of X-ray
images acquired while moving the patient couch during
gantry rotation. A CBCT image can be used for patient set
up for example by registration of the CBCT to the planning
CT image and aligning the target volume with isocenter in
accordance with information obtained from the image reg-
istrations by adjusting the position of patient couch 222. The
patient couch 222 could be used to correct for translation
offsets and some or all rotation offsets between the CBCT
image and the planning, pre-treatment CT image. Because of
the ability to achieve any orientation defined by a gantry
rotation angle and a tilt angle, all rotation offsets can be
handled by adjusting the rotation and tilt angles appropri-
ately. With two (or more) kV imaging systems, the system
can acquire stereo X-ray images simultaneously or closely in
time. The two (or more) X-ray images can be used for
patient set up for example by registration of the X-ray
images to digitally reconstructed radiographs (DRRs) gen-
erated from the planning CT image. With two kV imaging
systems, it is possible to acquire X-ray images from both
systems during gantry rotation. The images can be acquired
simultaneously or interleaved to reduce scatter. If the imag-
ing systems are mounted perpendicular to each other, it is
possible to acquire all X-ray images required for CBCT
image reconstruction with 90 degrees of gantry rotation
rather than 180 degrees.

[0085] The ability to generate intra-treatment stereoscopic
images or CBCT images allows for intra-fraction target
motion tracking. Intra-fraction motion tracking and correc-
tion helps enable better treatment plans and the accurate
delivery of those treatment plans. A system for correlating
target motion with motion of an anatomical feature of the
body (for example and without limitation external chest wall
or a moving boney structure) can also be included in
embodiments of the present invention. For example, a lung
tumor will move periodically with respiration, and the tumor
location can be correlated with (for example and without
limitation) motion of the chest wall as the patient breaths
(Accuray’s Synchrony® System works in this manner). A
camera can be fixed inside the bore shield 820 to monitor the
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motion of beacons placed on the external chest wall, which
motion is correlated to the motion of the target due to
respiration. Furthermore automated control of the M1 and
M2 pivot angles during the fraction can be used to continu-
ously aim the radiation beam at the desired location of a
moving target. Other ways of moving the radiation beam to
track with the moving target using the embodiments of the
present invention will be appreciated by the skilled artisan.

[0086] With two or more kV imaging systems, the system
can acquire stereo X-ray images simultaneously at any
gantry rotation angle. With one kV imaging system, the
system can acquire stereo X-ray images non-simultaneously
at different gantry rotation angles (separated for example by
90 degrees). Advantageously, a compact design is provided
in which all moving components are behind a fixed surface
covering, thus eliminating the risk of collision with the
patient and enabling higher rotation speeds than with con-
ventional C-arm gantry systems. A higher gantry rotation
speed allows the time between the sequential images to be
reduced and for some applications this may provide suffi-
ciently accurate tracking results.

[0087] Advantageously, also provided by the IGRT system
800 is a capability for sliding CBCT reconstruction. For one
preferred embodiment, the rotatable gantry structure 874 can
rotate synchronously with the rotatable gantry structure 804
(or, alternatively, the IGRT system of FIGS. 6A-6C can be
employed). A CBCT can be reconstructed from a set of
X-ray images acquired by the kV imaging system(s) during
gantry rotation. One approach is to acquire X-ray images
during gantry rotation, reconstruct the CBCT image, register
it to the planning CT image, adjust the patient position as
necessary, then begin treatment delivery. As rotation con-
tinues, additional X-ray images are acquired, and a continu-
ously sliding window of the last N images (where N is
variable, and can for example be the number of images
corresponding to 180 degrees of rotation) is used to recon-
struct a sequence of CBCT images, or alternatively a suffi-
cient number of images are obtained to construct a new
CBCT image. The newer images may replace older images
at similar gantry angles, thereby updating the CBCT with
newer images. Alternatively, when sufficient images become
available a new CBCT can be generated to replace the
previous CBCT. These CBCT images can be used for
tracking and also for dose reconstruction. In other preferred
embodiments, the rotatable gantry structure 874 can rotate
independently of the rotatable gantry structure 804 for
providing the CBCT images. Particularly where the
decoupled rotatable gantry structure 874 is rotated at a
relatively high rotation speed, which can advantageously be
achieved in a stable manner by the IGRT system 800, a rich
variety of new applications facilitated by real-time or quasi-
real-time CBCT imaging are made possible including, but
not limited to, cardiac applications.

[0088] FIG. 10 illustrates non-isocentric beam delivery
according to a preferred embodiment. It is an illustration of
treatment with a treatment center T not at isocenter C. It is
a method of increasing the tilt angle beyond what is other-
wise possible for isocentric treatment. This can be especially
useful for cranial applications but is also potentially useful
for many extracranial applications. If the treatment center is
moved along the rotation axis 214, then the therapeutic
radiation beam can be made to go through the treatment
center for all gantry rotation angles using an appropriate and
fixed pivot about the M1 axis. Thus, advantageously, radia-
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tion treatment can be effectively provided for treatment
centers not at isocenter. For a treatment center on the
rotation axis 214, the radiation beam can be made to go
through the treatment center with a fixed pivot about M1
axis.

[0089] FIG. 11 illustrates using a so-called “couch kick”
(moving the patient couch) in another mode of operation
particularly useful for cranial treatments. This, in combina-
tion with the concepts above and in FIG. 10 for which a
treatment center is not at isocenter, increases the available
orientations for radiation beams going through the head.
[0090] According to another preferred embodiment (not
shown) and described with respect to FIGS. 2A-2C above,
there is provided a system in which the beam member 206
can be actuably moved outward and inward relative to the
axis of rotation 214. For such preferred embodiment, the
ends of the gantry frame 202 are preferably not tapered as in
FIGS. 2A-2C, but rather are straight (planar) for easier
mechanical implementation. The ring members 208 are also
straight (planar) and made with a larger outer radius to
accommodate different beam distances from the rotation
axis 214. By such actuation the therapeutic radiation head
210 can be moved closer or further from the rotation axis
214, changing the SAD, even at a fixed translation distance
along the beam member 206. Another advantage, in com-
bination with the concepts for FIGS. 10 and 11, is an ability
to keep the LINAC closer to the head (smaller SAD) for
intracranial treatments and yet make the IGRT system ver-
satile enough for other body parts.

[0091] FIG. 12 illustrates image guided radiation treat-
ment using sliding-window tomosynthesis imaging accord-
ing to a preferred embodiment. The method of FIG. 12 is
preferably carried out using a gantry-style IGRT apparatus
having a rotatable gantry structure and a treatment guidance
imaging system, the treatment guidance imaging system
being mounted to and rotatable with the rotatable gantry
structure and having an x-ray cone beam projection imaging
capability. At step 1202, a pre-acquired image data set is
received, such as the 3D reference image 106 discussed
supra with respect to FIG. 1, and which can alternatively be
termed a planning image data set or reference image data set.
The pre-acquired image data set, as that term is used herein,
can refer not only to a particular 3D image volume that was
acquired, but can alternatively refer to any expression or
abstraction of that same information, such as DRRs or DRTs
(digitally reconstructed tomographs) generated from that 3D
image volume.

[0092] FIGS. 13A-16 illustrate selected examples of IGRT
systems that can be used in carrying out the method of FIG.
12, as well as the methods of FIGS. 18-20 that are discussed
further infra. It is to be appreciated that FIGS. 13A-16 are
but a few examples of the many different IGRT system
configurations that can be used in conjunction with the
disclosed methods, and are disclosed by way of example
only and not by way of limitation.

[0093] FIG. 13A illustrates, in an orthographic projection
format (i.e., including front, top, and side views), an IGRT
system 1300 that is similar in certain respects to the IGRT
system of FIGS. 6A-6C, supra. The IGRT system 1300
comprises a barrel-style rotatable gantry structure G includ-
ing beam members gl-g3 that rotate in unison around an axis
of rotation through a range of gantry angles 0. A radiation
treatment head (therapeutic radiation source) “MV” is
mounted to the beam member g2, an x-ray source array
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“XSA” is mounted to the beam member gl, and a digital
detector array “D” is mounted to the beam member g3. For
one preferred embodiment, the x-ray source array XSA
comprises a computer-steerable electron beam and a spatial
arrangement of metallic targets, each metallic target becom-
ing an active x-ray focal spot when the electron beam is
steered onto it, such as one or more such devices developed
by Triple Ring Technologies, supra. However, other types of
x-ray source arrays, such as cold-cathode source arrays, can
alternatively be used. In other preferred embodiments, a
conventional x-ray point source can be used instead of the
source array XSA. More generally, for each of the illustra-
tions of FIGS. 13A-16 there is an alternative preferred
embodiment that is also within the scope of the present
teachings in which one or more of the source arrays XSA is
replaced by a conventional x-ray point source.

[0094] The x-ray source array XSA comprises a number of
individual x-ray sources that are individually activatible,
each individual x-ray source emitting x-ray radiation that is
collimated, such as by an integral collimation device or an
external collimation device (not shown) placed between that
source and the target, into an x-ray cone beam that is
projected through the body part and onto the digital detector
array D. Any or all of the radiation treatment head MV, x-ray
source array XSA, and digital detector array D can be
pivotably and/or slidably mounted to the rotatable gantry
structure G and correspondingly actuable under computer-
ized control. Although digital detector arrays D are illus-
trated in the examples of FIGS. 13A-16 as being mounted on
gantry beams opposite the x-ray source arrays, it is to be
appreciated that the scope of the present teachings is not so
limited, and that in other preferred embodiments one or
more of the digital detector arrays D can be statically
positioned (for example, immediately beneath the patient
couch, or at selected floor or ceiling locations), or attached
to the rotatable gantry structure in other suitable imaging
configurations.

[0095] By virtue of a population of x-ray cone beam
projection images acquired by operation of the x-ray source
array XSA and digital detector array D, either or both of a
tomosynthesis imaging capability and cone beam CT
(CBCT) capability can be provided. Where a sufficient
population of x-ray cone beam projection images is acquired
over an imaging arc of at least 180 degrees plus a fan beam
angle associated with the x-ray sources (termed herein a
“minimum CBCT arc”), a three-dimensional CBCT recon-
struction algorithm can be used to generate a CBCT volume,
which is a “true” three-dimensional representation of the
imaged volume. As known in the art, CBCT imaging can be
differentiated from conventional CT imaging in that there is
generally no collimation taking place at the detector,
whereas conventional CT imaging involves a high degree of
collimation at the detector, and therefore a CBCT volume
will typically have an appreciably greater amount of noise
due to scattering than a conventional CT volume. However,
as also known in the art, CBCT imaging is generally faster
and more easily implemented than conventional CT and
represents a more realistic in-treatment imaging modality
than conventional CT.

[0096] For cases in which the imaging arc is less than 180
degrees plus the fan beam angle (the minimum CBCT arc),
a tomosynthesis reconstruction algorithm can be used to
generate a tomosynthesis reconstructed volume. As known
in the art, a tomosynthesis reconstructed image volume is
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less than “true” in that any particular slice therein will
contain contributions from anatomical structures lying
throughout the imaged volume, albeit in blurred form for
structures lying outside that particular slice location.
Although tomosynthesis reconstructed image volumes are
generally of lesser quality and are more artifact-laden than
CBCT images, tomosynthesis imaging provides an advan-
tage that it is substantially faster to implement and, particu-
larly for lesser imaging arcs, can be performed in near-real
time or even real time, which is especially useful for
in-treatment image guidance. According to one preferred
embodiment, resolution loss associated with limited imaging
arc, which is particularly heavy along an axis leading away
from the x-ray source, is at least partially remedied by the
use of stereoscopic tomosynthesis imaging.

[0097] FIG. 13B illustrates an IGRT system 1350 that is
similar to the IGRT system 1300 of FIG. 13A, except with
the addition of a stereoscopic tomosynthesis imaging capa-
bility. In particular, dual x-ray source arrays XSA1l and
XSA2 and their associated digital detector arrays D1 and D2
are disposed in a stereoscopic imaging configuration relative
to the treatment volume. For the example of FIG. 13B, the
x-ray source arrays XSA1l and XSA2 are mounted on the
same gantry beam g2, therefore being at a common rota-
tional offset with respect to the axis of rotation of the
rotatable gantry structure, and are positioned at different
longitudinal positions therealong to define the stereoscopic
imaging angle. For one preferred embodiment the stereo-
scopic imaging angle (i.e., the separation in incidence angle
between the two “channels” of the stereoscopic configura-
tion) is about 90 degrees, in other preferred embodiments is
between 75 and 105 degrees, in still other preferred embodi-
ments is between 45 and 135 degrees, and in still other
preferred embodiments is between 25 and 155 degrees. For
one preferred embodiment, respective tomosynthesis recon-
structed image volumes based on the image data from the
two stereo “channels” can be combined into a single tomo-
synthesis reconstructed volume, which is then processed
according to the method of FIG. 12. Alternatively, the
respective tomosynthesis reconstructed image volumes can
be processed separately according to one or more of the
steps of FIG. 12 and the results subsequently combined.

[0098] FIG. 14 illustrates an IGRT system 1400 that is
similar to the IGRT system 1300 of FIG. 13A, except that a
cantilever-style rotatable gantry structure is used rather than
a barrel-style rotatable gantry structure. In other preferred
embodiments, a ring-style rotatable gantry structure (not
shown) can be used in conjunction with the methods of FIG.
12 and FIGS. 18-20. A variety of other rotating-gantry
structures having at least one x-ray cone beam source
mounted thereon are also within the scope of the present
teachings.

[0099] FIG. 15 illustrates yet another non-limiting
example of an IGRT delivery architecture that can be used
in conjunction with the described methods. FIG. 15 illus-
trates an IGRT system 1500 including a barrel-style gantry
G having beam members gl-g5, a radiation treatment head
MYV, and dual source-detector pairs XSA1-D1 and XSA2-D2
configured in a stereoscopic imaging configuration. How-
ever, unlike the stereoscopic configuration of FIG. 13B, the
source-detector pairs are mounted at a common longitudinal
position along the rotatable gantry structure and positioned
at different rotational offsets with respect to the axis of
rotation to define the stereoscopic imaging configuration. A
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variety of different combinations of the longitudinal-offset
configuration of FIG. 13B and the rotational-offset configu-
ration of FIG. 15 to define the stereoscopic imaging con-
figuration are also within the scope of the present teachings.

[0100] FIG. 16 illustrates yet another non-limiting
example of an IGRT delivery architecture that can be used
in conjunction with the described methods. FIG. 16 illus-
trates an IGRT system 1600 (side view only) that is similar
to the IGRT system 1500 of FIG. 15, except that the
stereoscopic tomosynthesis imaging hardware is mounted
on a first rotatable gantry structure (having beam members
g1-g5) and the radiation treatment head MV is mounted on
a second rotatable gantry structure (having beam member
h1). The second rotatable gantry structure rotates concen-
trically with, and independently of, the first rotatable gantry
structure.

[0101] By way of example and not by way of limitation,
the method of FIG. 12 is discussed further hereinbelow with
respect to the exemplary IGRT system 1300 of FIG. 13A. At
step 1204, during a patient setup interval, the patient is
positioned into an initial treatment position relative to the
IGRT system under the guidance of the treatment guidance
imaging system. Without limitation, the source-detector pair
XSA-D of the treatment guidance imaging system can be
used to guide the patient setup process (using, for example,
tomosynthesis, CBCT, or stereo x-ray imaging guidance) or,
alternatively, a separate component of the treatment guid-
ance imaging system, such as a separate on-board CBCT,
ultrasound, tomosynthesis, or stereo x-ray imaging system,
can be used to guide the patient setup process. At step 1206,
after the beginning of radiation treatment delivery, the x-ray
cone beam imaging source (e.g., X-ray source array XSA)
and the imaging detector (e.g., the digital detector array D)
are operated to acquire a first population of x-ray cone beam
projection images of the body part for a respective first
population of gantry angles and acquisition times. At step
1208, the first population of x-ray cone beam projection
images is processed to compute therefrom a time sequence
of sliding-window tomosynthesis reconstructed image vol-
umes. The time sequence of sliding-window tomosynthesis
reconstructed image volumes is characterized in that each
subsequent member of the sequence is computed using at
least one same x-ray cone beam projection image that was
used in computing at least one previous member of the time
sequence.

[0102] FIG. 17 illustrates a conceptual plot 1701 of gantry
angle 0, versus time “t” during a treatment fraction.
Although for clarity of disclosure the gantry angle trajectory
is shown as a straight line in FIG. 17, which is indicative of
a scenario in which the rotatable gantry structure rotates in
the same direction at a constant rate, the described methods
are applicable for a wide variety of different gantry angle
trajectory scenarios in which the rotatable gantry structure
can accelerate, decelerate, stop, reverse direction, and so
forth, as would be apparent to a person skilled in the art in
view of the present disclosure. Shown conceptually in FIG.
17 by points small circles “p” are x-ray cone beam projec-
tion images acquired during the treatment fraction. Each
small circle “p” can represent a single x-ray cone beam
projection image as may be acquired by a point source or a
single member of an x-ray source array, or can alternatively
represent many different x-ray cone beam projection images
acquired at very closely spaced points in time. As illustrated
in FIG. 17, respective overlapping subsets of x-ray cone
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beam projection images 1702, 1704, and 1706 (a “sliding
window”) are used to compute respective members tomo
(t,_1), tomo(t,), and tomo(t,,,;) of a time sequence of
tomosynthesis reconstructed images. For one preferred
embodiment, at least 50% of the x-ray cone beam projection
images used to compute one member of the sequence of
tomosynthesis reconstructed images are also used (more
specifically, “re-used”) to compute the next member of the
sequence.

[0103] With reference again to FIG. 12, at step 1210
treatment radiation is delivered to the body part based at
least in part on a comparison between each of the time
sequence of sliding-window tomosynthesis reconstructed
image volumes and the pre-acquired image data set. The use
of sliding-window tomosynthesis reconstructed image vol-
umes (and sliding-window CBCT volumes, see FIG. 19
infra) has been found advantageous in that an at least
partially morphable or morphing characteristic or quality is
imparted thereto that facilitates improved object identifica-
tion and object tracking over time. The use of sliding-
window tomosynthesis reconstructed image volumes (and
sliding-window CBCT volumes) has also been found advan-
tageous in that a beneficial balance is provided among the
competing requirements of angular sufficiency of the data
set, timewise newness of the data set, and anatomical
similarity of adjacent members of the time sequence of
reconstructed volumes. Another advantage is that, upon
computation of one tomosynthesis reconstructed image vol-
ume, selected linear mathematical combinations among the
re-used x-ray cone beam projection images (when there are
a plurality of such re-used images) that were performed for
the one tomosynthesis reconstructed image volume do not
require recomputation for the next tomosynthesis recon-
structed image volume in the sequence, thereby making the
overall computational process more efficient.

[0104] FIG. 18 illustrates a method for advantageous
multipurpose use of a population of x-ray cone beam pro-
jection images that can be optionally integrated into the
method of FIG. 12, supra, wherein a common population of
x-ray cone beam projection images is used in creating both
an initial CBCT volume and selected initial tomosynthesis
volumes for facilitating treatment guidance in an image
guided radiation treatment system. At step 1802, with the
body part in an initial treatment position (or alternatively at
some other starting point in time during setup, upon setup,
or near a beginning of the treatment delivery, termed herein
an initial time), an initial population of x-ray cone beam
projection images sufficient for creating a CBCT volume
(i.e., extending over the minimum CBCT arc) is acquired.
For preferred embodiments in which an x-ray source array
is used, the CBCT volume will be what is termed herein an
x-ray source array CBCT (XSA-CBCT) volume. At step
1804, an initial CBCT volume CBCT(0) is computed from
the initial population x-ray cone beam projection images,
and at step 1806 a first registration is computed between
CBCT(0) and the pre-acquired image volume. At step 1808
(which corresponds generally to steps 1206-1208 of FIG. 12,
supra) intrafraction x-ray cone beam projection images are
acquired and processed to form a tomosynthesis volume
tomo(t).

[0105] As with any tomosynthesis imaging process, there
will be a certain tomosynthesis imaging arc (i.e., a set of
angles of incident x-ray radiation upon the subject volume)
associated with the particular subset of intrafraction x-ray
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cone beam projection images that were used to compute
tomo(t) at step 1808. By way of explanation, let this tomo-
synthesis imaging arc be represented by the range (0,,,/(t),
0,,45(D). For a scenario in which a single x-ray point source
is used, the range (0,,,/(t), 0,,,5(1)) will be defined accord-
ing to the range of gantry angles traversed when acquiring
the subset of x-ray cone beam projection images. For a
scenario in which an x-ray source array is used and the
gantry is not rotating during the particular acquisition inter-
val in question, the range (0,,,(1t), 0,,,:(t)) will be defined
according to the imaging angles subtended by the different
x-ray point sources as determined by their respective posi-
tions on the surface of the source array. For a scenario in
which an x-ray source array is used and the gantry is indeed
rotating during the particular acquisition interval in ques-
tion, the range (0,,,(t), 0,,,()) will be defined according
to a combination of the gantry angle traversed and the range
of imaging angles subtended across the surface of the array.
According to a preferred embodiment, at step 1810, for any
particular intrafraction tomosynthesis volume tomo(t), there
is identified a subset of the initial population of x-ray cone
beam projection images used to construct CBCT(0) that
correspond in tomosynthesis imaging arc to the tomosyn-
thesis imaging arc for tomo(t), i.e., that correspond to the
incidence range (0,,,A1), 0,,,:(1)).

[0106] At step 1812, the subset of the initial population of
x-ray cone beam projection images identified at step 1810 is
then processed to form a separate tomosynthesis volume,
which is referenced herein as an arc-matched tomosynthesis
volume tomo,,  rcprpe(0). Advantageously, there will be
an intrinsic, inherent registration between t0mMO, . rerzpey
(0) and CBCT(0) because they are computed using the same
set of x-ray cone beam projection images. Therefore, the first
registration between CBCT(0) and the pre-acquired image
volume (e.g., planning CT) that was computed at step 1806
can be re-used to serve as the registration between tomo-
aarcrepe(0) and the pre-acquired image volume. At step
1814, a second registration between the intrafraction tomo-
synthesis volume tomo(t) and the arc-matched tomosynthe-
sis volume t0mMO,47ezrzp(0) 1s computed. Finally, at step
1816, a registration between tomo(t) and the pre-acquired
image volume is computed based on (i) the first registration
between CBCT(0) and the pre-acquired image volume, (ii)
the inherent registration between tOMO,,rcpmp(0) and
CBCT(0), and (iii) the second registration between tomo(t)
and tomo,, rezrepe(0). Treatment radiation is then deliv-
ered to the body part based at least in part on the results of
the registration performed at step 1816.

[0107] Advantageously, the method of FIG. 18 provides
the speed advantages associated with tomosynthesis-based
image guidance during the intrafraction time frame, while
also providing the precision advantages associated with the
use of a full CBCT volume when performing the registration
to the pre-acquired image volume (e.g., planning CT image).
The latter aspect is particularly advantageous since regis-
tration between image volumes acquired using different
imaging systems having different frames of reference—a
process that could be called a “bridging” registration—can
be a particularly difficult and error-prone process, and there-
fore it is advantageous to base the “bridging” registration on
a higher quality CBCT image volume rather than a lower
quality tomosynthesis volume. At the same time, the method
of FIG. 18 only requires that the “bridging” registration be
performed one time, upon acquisition of CBCT(0), and
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preferably prior to the onset of radiation delivery when time
constraints are not critical. These same high-quality regis-
tration results can then be re-used during the radiation
delivery period, when time constraints are more crucial to
effective intrafraction target tracking. Advantageously, dur-
ing the radiation delivery period when the time constraints
are indeed more crucial, there are only “non-bridging”
registrations required between tomo(t) and tomo,,rcpzne
(0), which can be quickly and reliably performed since those
volumes were acquired using the same set of imaging
hardware having a common frame of reference.

[0108] Image-guided radiation treatment according to the
method of FIG. 12, which can optionally include the method
of FIG. 18, will usually involve repetition of steps 1206-
1210 throughout the treatment fraction, including the com-
putation of a latest (i.e., most recent) member of the time
sequence of sliding-window tomosynthesis reconstructed
image volumes, comparing that latest member with the
pre-acquired image data set, and delivering treatment radia-
tion to the body part based on the results of that comparison.
As used herein, the term latest gantry angle refers to the
gantry angle associated with the most recent x-ray cone
beam projection image used to form the latest member of the
sequence of sliding-window tomosynthesis volumes. For
one preferred embodiment, computation of the latest mem-
ber of the sequence comprises receiving a first parameter
indicative of a desired tomosynthesis reconstruction cover-
age arc, identifying from the acquired population of x-ray
cone beam projection images a first subset thereof having
corresponding gantry angles that are within the desired
tomosynthesis reconstruction coverage arc of the latest
gantry angle, and computing the latest member of the
sequence of sliding-window tomosynthesis volumes based
on that first subset. The tomosynthesis coverage arc will
usually be about 6 degrees at a minimum and 180 degrees at
a maximum, although the scope of the preferred embodi-
ments is not so limited. As used herein, latest acquisition
time refers to the time of acquisition of the most recent x-ray
cone beam projection image used to form the latest member
of the sequence of sliding-window tomosynthesis volumes.
For one preferred embodiment, computation of the latest
member of the sequence comprises receiving a second
parameter indicative of a desired data aging threshold,
identifying from the first subset of x-ray cone beam projec-
tion images a second subset thereof having corresponding
acquisition times that are within the desired data aging
threshold of the latest acquisition time, and computing the
latest member using only that second subset of x-ray cone
beam projection images.

[0109] The method can further comprise evaluating the
percentage of x-ray cone beam projection images that are
being re-used between the latest member of the time
sequence of sliding-window tomosynthesis image volumes
and the immediately preceding member of the sequence, this
percentage being termed herein a window overlap ratio. The
method can further comprise receiving a third parameter
indicative of a desired window overlap ratio, and then
adjusting one or more parameters of the IGRT system such
that the actual window overlap ratio becomes closer to the
desired window overlap ratio for future members of the time
sequence. The one or more parameters can include, for
example, the tomosynthesis reconstruction coverage arc(s),
the data aging threshold, an acquisition rate of the x-ray cone
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beam projection images, and the time separation between
future adjacent members of the time sequence.

[0110] One or more aspects of the method of FIG. 12, as
well as one or more aspects of the methods of FIG. 18 and
FIGS. 19-20 infra, can be carried out according to one or
more of the methods described in one or more of the
commonly assigned applications incorporated by reference
above. For one preferred embodiment, comparing the latest
member of the time sequence of sliding-window tomosyn-
thesis reconstructed image volumes with the pre-acquired
image data set comprises computing a digitally recon-
structed tomosynthesis (DRT) image data set from the
pre-acquired 3D image volume, processing the DRT image
data set to compute a DRT image volume, and computing a
registration between the latest member and the DRT image
volume. Where the latest member of the intrafraction time
sequence of tomosynthesis reconstructed image volumes is
computed from a first subset of the population of x-ray cone
beam projection images, the DRT image data set is com-
puted from the pre-acquired 3D image volume using a
virtual projection process, wherein each virtual projection is
preferably based on the imaging geometry associated with a
respective corresponding one of the first subset of the x-ray
cone beam projection images.

[0111] For one preferred embodiment in which the treat-
ment guidance imaging system uses tomosynthesis imaging
for both setup and in-treatment imaging, an initial popula-
tion of x-ray cone beam projection images is acquired, and
a first registration between the initial tomosynthesis volume
and the DRT image volume is carried out. The initial
population of x-ray cone beam projection images is prefer-
ably acquired with the body part in an initial treatment
position, or alternatively at some other starting point in time
during setup, upon setup, or near a beginning of the treat-
ment delivery, termed herein an initial time. Computation of
the registration between the latest member of the time
sequence of sliding-window tomosynthesis reconstructed
image volumes and the DRT image volume is based upon (i)
the first registration between the initial tomosynthesis image
data set and the DRT image volume, and (ii) a second
registration between the latest member and the initial tomo-
synthesis volume. For another preferred embodiment, com-
parison of the latest member of the time sequence of
sliding-window tomosynthesis reconstructed image vol-
umes with the pre-acquired image data set comprises a direct
3D-3D registration between the tomosynthesis reconstructed
image volume and the complete 3D pre-acquired image
volume.

[0112] FIG. 19 illustrates image guided radiation treat-
ment using sliding-window CBCT imaging according to a
preferred embodiment. The method of FIG. 19 is analogous
in many respects to the method of FIG. 12, except that the
imaging arc over which the population of x-ray cone beam
projection images is acquired is at least 180 degrees plus the
fan beam angle of the x-ray cone beam source, i.c., the
minimum CBCT arc. Any of the systems of FIGS. 13A-16
can be used in conjunction with the method of FIG. 19, and
the conceptual diagram of FIG. 17 is likewise applicable
provided that a minimum CBCT arc is traversed in acquiring
the subject subset of x-ray cone beam projection images.
Stereo CBCT imaging can be likewise incorporated, with the
configuration of FIG. 13B being particularly advantageous.
[0113] By way of example and not by way of limitation,
the method of FIG. 19 is discussed further hereinbelow with
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respect to the exemplary IGRT system 1300 of FIG. 13A. At
step 1902, a pre-acquired image data set is received. At step
1904, during a patient setup interval, the patient is posi-
tioned into an initial treatment position relative to the IGRT
system. At step 1906, a first population of x-ray cone beam
projection images of the body part for a respective first
population of gantry angles and acquisition times is
acquired, the first population of gantry angles extending at
least over a minimum CBCT arc. At step 1908, the first
population of x-ray cone beam projection images is pro-
cessed to compute therefrom a time sequence of sliding-
window CBCT reconstructed image volumes characterized
in that each subsequent member of the time sequence is
computed using at least one same x-ray cone beam projec-
tion image that was used in computing at least one previous
member of the time sequence. At step 1910 treatment
radiation is delivered to the body part based at least in part
on a comparison between each of the time sequence of
sliding-window CBCT volumes and the pre-acquired image
data set.

[0114] Image-guided radiation treatment according to the
method of FIG. 19, will usually involve repetition of steps
1906-1910 throughout the treatment fraction, including the
computation of a latest (i.e., most recent) member of the
time sequence of sliding-window CBCT volumes, compar-
ing that latest member with the pre-acquired image data set,
and delivering treatment radiation to the body part based on
the results of that comparison. As used herein, the term latest
gantry angle refers to the gantry angle associated with the
most recent X-ray cone beam projection image used to form
the latest member of the sequence of sliding-window CBCT
volumes. For one preferred embodiment, computation of the
latest member of the sequence comprises identifying from
the acquired population of x-ray cone beam projection
images a subset thereof having corresponding gantry angles
that are between the minimum CBCT arc and 360 degrees
away from the latest gantry angle, and computing the latest
member based on that first subset.

[0115] For another preferred embodiment, computation of
the latest member of the sequence of CBCT volumes com-
prises receiving a first parameter indicative of a desired
CBCT coverage arc, which must of course be greater than or
equal to the minimum CBCT arc, identifying from the
acquired population of x-ray cone beam projection images a
first subset thereof having corresponding gantry angles that
are within the desired CBCT coverage arc of the latest
gantry angle, and computing the latest member based on that
first subset. The CBCT coverage arc will usually be between
the minimum CBCT arc and 360 degrees. As used herein,
latest acquisition time refers to the time of acquisition of the
most recent X-ray cone beam projection image used to form
the latest member of the sequence of sliding-window CBCT
volumes. For one preferred embodiment, computation of the
latest member of the sequence comprises receiving a second
parameter indicative of a desired data aging threshold,
identifying from the first subset of x-ray cone beam projec-
tion images a second subset thereof having corresponding
acquisition times that are within the desired data aging
threshold of the latest acquisition time, and computing the
latest member using only that second subset of x-ray cone
beam projection images.

[0116] As with the tomosynthesis-based method supra, the
method of FIG. 19 can further comprise evaluating the
percentage of x-ray ray cone beam projection images that
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are being re-used between the latest member of the time
sequence of sliding-window CBCT volumes and the imme-
diately preceding member of the sequence (window overlap
ratio), and then adjusting one or more parameters of the
IGRT system such that the actual window overlap ratio
becomes closer to the desired window overlap ratio for
future members of the time sequence. The one or more
parameters can include, for example, the CBCT coverage
arc(s), the data aging threshold, an acquisition rate of the
x-ray cone beam projection images, and the time separation
between future adjacent members of the time sequence.

[0117] For one preferred embodiment, comparing the lat-
est member of the time sequence of sliding-window CBCT
image volumes, which is referenced herein as CBCT(t), with
the pre-acquired image data set comprises computing a
direct 3D-3D registration between CBCT(t) and the pre-
acquired 3D image volume. However, as with the tomos-
ynthesis-based method supra, the method of FIG. 19 can
alternatively leverage the advantages of a preferred regis-
tration scheme in which a “bridging” registration between
image volumes acquired with different acquisition systems
having different frames of reference only needs to be com-
puted once per treatment fraction, and in which only “non-
bridging” registrations need to be performed during the
treatment fraction after the beginning of radiation delivery.
Thus, for one preferred embodiment in which the treatment
guidance imaging system uses CBCT imaging for both setup
and in-treatment imaging, an initial population of x-ray cone
beam projection images is acquired, an initial CBCT volume
CBCT(0) is formed, and a first registration between CBCT
(0) and the pre-acquired image volume is carried out.
Subsequently, comparison of CBCT(t) against the pre-ac-
quired image data set can be carried out by computing a
second registration between CBCT(t) and CBCT(0), and
then registering CBCT(t) to the pre-acquired image data set
based on (i) the first registration between CBCT(0) and the
pre-acquired 3D image volume, and (ii) the second regis-
tration between CBCT(t) and CBCT(0).

[0118] FIG. 20 illustrates image guided radiation treat-
ment using x-ray source arrays according to a preferred
embodiment. Any of the systems of FIGS. 13A-16 can be
used in conjunction with the method of FIG. 20, provided
there is at least one x-ray source array (XSA) included.
Although not required for all cases, it is preferable that the
x-ray source array XSA be dimensioned and configured
within the imaging geometry of the treatment guidance
imaging system such a tomosynthesis imaging arc of at least
about 6 degrees can be provided by virtue of the spatial
distribution of the x-ray point sources thereon, without
requiring any rotation of the rotatable gantry structure. At
step 2002, a pre-acquired image data set is received. At step
2004, during a patient setup interval, the patient is posi-
tioned into an initial treatment position relative to the IGRT
system. At step 2006, at a first gantry angle, the x-ray source
array XSA is operated to acquire a population of x-ray cone
beam projection images of the body part. At step 2008, the
first population of x-ray cone beam projection images is
processed to compute a tomosynthesis reconstructed image
volume. At step 2010, treatment radiation is delivered to the
body part based at least in part on a comparison between the
tomosynthesis reconstructed image volume and the pre-
acquired image data set. Advantageously, meaningful
3D-based image guidance can be provided even where the
rotatable gantry structure is stationary. This may be particu-
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larly useful in scenarios in which the treatment guidance
system is attached to the same rotatable gantry structure as
the radiation treatment head, and in which the radiation
treatment plan requires the rotatable gantry structure to
remain stationary for a period of time.

[0119] One or more aspects of the method of FIG. 20 can
be carried out according to one or more of the methods
described in the commonly assigned and concurrently filed
Atty. Docket No. AR-004A-PROYV, supra. For one preferred
embodiment, comparing the intrafraction tomosynthesis
reconstructed image, designated hereinbelow as tomo(t),
with the pre-acquired image data set comprises computing a
digitally reconstructed DRT image data set from the pre-
acquired 3D image volume, processing the DRT image data
set to compute a DRT image volume, and computing a
registration between tomo(t) and the DRT image volume.
Preferably, the DRT image data set is computed from the
pre-acquired 3D image volume using virtual projections
based on the same imaging geometry for which tomo(t) was
acquired.

[0120] For one preferred embodiment in which the treat-
ment guidance imaging system uses tomosynthesis imaging
for both setup and in-treatment imaging, an initial tomos-
ynthesis image volume tomo(0) is acquired, and a first
registration between tomo(0) and a DRT image volume
based on the pre-acquired image data set is carried out. The
x-ray cone beam projection images from which tomo(0) is
reconstructed are preferably acquired with the body part in
an initial treatment position, or alternatively at some other
starting point in time during setup, upon setup, or near a
beginning of the treatment delivery, termed herein an initial
time. Computation of the registration between tomo(t) and
the DRT image volume is then based upon (i) the first
registration between tomo(0) and the DRT image volume,
and (ii) a second registration between tomo(t) and tomo(0).
[0121] For another preferred embodiment, comparison of
tomo(t) to the pre-acquired image data set comprises a direct
3D-3D registration between tomo(t) and the pre-acquired
image volume. For another preferred embodiment, the
method of FIG. 18 can be used in conjunction with the
method of FIG. 20, wherein an initial population of x-ray
cone beam projection images is acquired at an initial time
and used to construct an initial CBCT volume CBCT(0). A
first registration is then performed between CBCT(0) and
the pre-acquired image data set. During radiation delivery,
for the most recent tomosynthesis volume tomo(t), there is
identified a subset of the initial population of x-ray cone
beam projection images that were used to construct CBCT
(0) that correspond in tomosynthesis imaging arc to the
tomosynthesis imaging arc for tomo(t), and an arc-matched
tomosynthesis volume oMo, rcpEp(0) is computed
therefrom. A second registration between tomo(t) and tomo-
wmarcrEpe(0) 18 computed, and then the desired registration
between tomo(t) and the pre-acquired image volume is
computed based on (i) the first registration between CBCT
(0) and the pre-acquired image volume, (ii) the inherent
registration between t0omo,,, rcpzn(,(0) and CBCT(0), and
(iii) the second registration between tomo(t) and tomo-
MATCHED(t)(O)'

[0122] According to yet another preferred embodiment
that can be used in conjunction with one or more of the
above-described preferred embodiments, an IGRT system
having dynamic switching capability between sliding-win-
dow tomosynthesis-based treatment guidance and sliding-
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window CBCT-based treatment guidance is provided. Sub-
sequent to a patient setup interval, an X-ray cone beam
imaging source and it associated detector are operated to
acquire a population of x-ray cone beam projection images
of the body part for a respective population of gantry angles
and acquisition times. First information is received that is
indicative of a selection between a tomosynthesis-based
treatment guidance mode of operation and a CBCT-based
treatment guidance mode. The first population of x-ray cone
beam projection images is processed to compute therefrom
a time sequence of sliding-window tomographic image
volumes characterized in that each subsequent member of
the time sequence is computed using at least one same x-ray
cone beam projection image as used in computing at least
one previous member of that time sequence, wherein the
sliding-window tomographic image volume comprises one
of (i) a tomosynthesis reconstructed image volume if the first
information indicates the tomosynthesis-based treatment
guidance mode, and (ii) a CBCT image volume if the first
information indicates the CBCT-based treatment guidance
mode. The radiation treatment head is operated to deliver
treatment radiation to the body part based at least in part on
a comparison between each of the time sequence of sliding-
window tomographic image volumes and the pre-acquired
image data set.

[0123] Optionally, the selection between tomosynthesis-
based mode and CBCT-based mode is automatically and
dynamically determined during radiation treatment delivery.
A selection algorithm can be provided that makes the
selection based upon one or more of: a data aging threshold;
an acquisition rate of the x-ray cone beam projection
images; a time separation between adjacent members of the
time sequence; a rotational movement pattern of the rotat-
able gantry structure; an available number of x-ray cone
beam projection images acquired within the data aging
threshold of a most recent x-ray cone beam projection image
acquisition; and a gantry angle distribution associated with
the available number of x-ray cone beam projection images
acquired within the data aging threshold of the most recent
x-ray cone beam projection image acquisition. User inputs
indicative of certain thresholds to be used in the decision
process and/or operator overrides can optionally be pro-
vided.

[0124] Whereas many alterations and modifications of the
present invention will no doubt become apparent to a person
of ordinary skill in the art after having read the foregoing
description, it is to be understood that the particular embodi-
ments shown and described by way of illustration are in no
way intended to be considered limiting. By way of example,
although one or more preferred embodiments are described
above in which the in-therapy imaging sources are distinct
from the therapeutic radiation source, in other preferred
embodiments the imaging system can be provided as a portal
imaging system, in which an imaging detector is provided
opposite the therapeutic radiation source relative to the
isocenter.

[0125] By way of further example, with nonlimiting
exemplary reference to FIG. 3B, supra, while the beam
members 306 of the rotatable gantry structure 304 are
described as extending between ring members 308 and 309
that are on opposite sides of the isocentric transverse plane
217, it is not outside the scope of the present teachings to
provide a system in which the opposing ring members are on
the same side of the isocentric transverse plane. In such
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cases, the opposing ring members would be separated by an
amount sufficient to ensure mechanical stability (for
example, lIm—2m depending on the choice of materials or
other design criteria), while the isocenter could be posi-
tioned slightly outside the end of the central bore, which
could potentially be useful for some therapy scenarios now
known or hereinafter developed.

[0126] By way of still further example, the above-de-
scribed teaching in which two kV imaging systems are
mounted perpendicular to each other and acquire all of the
X-ray images required for CBCT image reconstruction with
only a 90 degree rotation, rather than a 180 degree rotation,
of a rotatable structure on which they are mounted can be
used on systems with a variety of different overall mechani-
cal architectures, and therefore is within the scope of the
present teachings as applied to a variety of different suitable
overall architectures other than the particularly suitable
mechanical architectures described hereinabove. By way of
even further example, the teachings above relating to sliding
CBCT reconstruction can be used on systems with a variety
of different overall suitable mechanical architectures, and
therefore is within the scope of the present teachings as
applied to a variety of different overall suitable architectures
other than the particularly suitable mechanical architectures
described hereinabove. Therefore, reference to the details of
the embodiments are not intended to limit their scope, which
is limited only by the scope of the claims set forth below.

What is claimed is:

1. A radiation treatment apparatus, comprising:

a gantry structure; and

a radiation treatment head movably mounted to the gantry

structure to allow gimballing of the radiation treatment
head relative to the gantry structure, the gimballing
comprising pivotable movement in at least one inde-
pendent pivot direction defined with respect to the
gantry structure; and

a patient couch operatively coupled with the radiation

treatment head to provide movement of the patient
couch relative to the radiation treatment head.

2. The radiation treatment apparatus of claim 1, wherein
the patient couch and the radiation treatment head are
movable to provide non-coplanar radiation treatment of a
tissue volume.

3. The radiation treatment apparatus of claim 2, further
comprising a controller operatively coupled with the patient
couch and the radiation treatment head, where to provide
non-coplanar radiation treatment of a tissue volume the
controller configured to control movement of the patient
couch and gimbaling of the radiation treatment head to
position a radiation beam generated by the radiation treat-
ment head at the tissue volume.

4. The radiation treatment apparatus of claim 1, wherein
the patient couch is configured to manipulate the patient
couch with three or more degrees of freedom.

5. The radiation treatment apparatus of claim 4, where the
three or more degrees of freedom comprise three orthogonal
translations and one rotation.

6. The radiation treatment apparatus of claim 1, wherein
the radiation treatment head has pivotable movement to a
maximum angle of approximately +/-30 degrees.

7. The radiation treatment apparatus of claim 1, wherein
the radiation treatment head has pivotable movement in a
maximum angle range of +/-30 degrees to +/-45 degrees.
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8. The radiation treatment apparatus of claim 1, where a
transverse isocentric plane being defined that passes through
the isocenter in a direction orthogonal to the rotation axis,
wherein the at least two independent pivot directions include
a first pivot direction around a first pivot axis generally
parallel to the transverse isocentric plane and a second pivot
direction around a second pivot axis nonparallel to the first
pivot axis.

9. The radiation treatment apparatus of claim 1, wherein
the gantry structure is a rotatable gantry structure.

10. The radiation treatment apparatus of claim 1, wherein
the gimballing comprises pivotable movement in at least two
independent pivot directions defined with respect to the
beam member.

11. A method of operating a radiation treatment apparatus,
comprising:

translating a radiation treatment head movably mounted

to a gantry structure;

gimballing, by a processing unit, the radiation treatment

head relative to the gantry structure, the gimballing
comprising pivotably moving the radiation treatment
head in at least one independent pivot direction defined
with respect to the gantry structure; and

moving, by the processing unit, a patient couch relative to

the radiation treatment head.

12. The method of claim 11, wherein moving the patient
couch and gimballing the radiation treatment head enable
non-coplanar radiation treatment of a tissue volume posi-
tioned near or around an isocenter of the radiation treatment
apparatus.

13. The method of claim 11, wherein moving the patient
couch comprises manipulating the patient couch with three
or more degrees of freedom.
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14. The method of claim 13, where the three or more
degrees of freedom comprise three orthogonal translations
and one rotation.
15. The method of claim 11, further comprising rotating
the radiation treatment head relative to the gantry structure.
16. The method of claim 11, wherein gimballing com-
prises pivotably moving the radiation treatment head in at
least two independent pivot directions defined with respect
to the gantry structure.
17. The method of claim 11, where gimballing comprises
pivotably moving the radiation treatment head with a maxi-
mum angle of approximately +/-30 degrees.
18. A non-transitory machine readable medium that, when
executed by a processing unit, cause the processing unit to:
translate a radiation treatment head movably mounted to
a beam member of a gantry structure;

gimbal, by the processing unit, the radiation treatment
head relative to the gantry structure, the gimballing
comprising pivotably moving the radiation treatment
head in at least one independent pivot direction defined
with respect to the gantry structure; and

move a patient couch relative to the radiation treatment

head.

19. The non-transitory machine readable medium of claim
18, wherein the processing unit to manipulate the patient
couch with three or more degrees of freedom.

20. The non-transitory machine readable medium of claim
18, wherein the processing unit further to rotate the radiation
treatment head relative to the beam member.

21. The non-transitory machine readable medium of claim
18, wherein the processing unit further to gimbal the radia-
tion treatment head with a maximum angle of approximately
+/-30 degrees.



