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ADAPTIVE RADIOTHERAPY TREATMENT USING ULTRASOUND

Cross-Reference to Related Applications

[0001] This application claims priority to provisional patent application serial number
61/224,582, entitled “Adaptive Radiotherapy Treatment Using Ultrasound” filed on July

10, 2009, the entire contents of which are incorporated herein by reference.

Technical Field

[0002] This invention relates to methods and systems for monitoring therapy treatments,
and more specifically to observing the effects of radiation and anatomical changes during

radiotherapy treatment fractions.

Background Information

[0003] While a patient undergoes radiotherapy treatment, the location, arrangement or
shape of anatomical structures or organs can vary relative to the treatment coordinate
system being used to delivery the therapy. This is especially true with respect to a
planning stage, when a treatment plan is initially devised, and when they are set up for
each treatment fraction (commonly referred to as interfractional motion). Furthermore,
the anatomy can change during the actually treatment delivery, commonly referred to as
intrafractional motion. Having the target tissue move or change shape relative to the
treatment plan can cause a deterioration of the actual delivered dose to the target organs

and risks exposing surrounding sensitive structures to unwanted radiation.

[0004] Due to its excellent soft-tissue contrast, ultrasound imaging is a commonly-used
method to obtain images of patient anatomy throughout an entire radiotherapy process.
For example, three-dimensional ultrasound (3DUS) images acquired in conjunction with
a CT simulation may be used to enhance contouring of structures for planning by fused
CT/3DUS images and to form an initial reference image of the internal anatomy for
subsequent image guidance. Similarly, 3DUS images acquired in the treatment room,
prior to each fraction, may be compared to reference 3DUS images to identify
interfractional changes in internal anatomy. These 3DUS images acquired are generated

by manually sweeping a 2DUS probe over a region of interest while detecting the
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position and orientation of the 2DUS probe. A freehand-3DUS image is then constructed
relative to a room coordinate system is the imaging or therapy room. The position and
orientation of the probe throughout the sweep are commonly found by detection of

infrared markers affixed to the probe handle by a calibrated optical camera system.

[0005] Although freehand-3DUS imaging is useful for both planning and measuring
interfractional motion, there are benefits to leaving the probe in place once the patient is
set up in the treatment room, and acquiring either 2DUS or 3DUS images using a non-
freehand 3DUS probe using, for example, a mechanically sweeping probe or matrix
probe. Images can then be acquired at will, independent of the radiation therapist,
without user variability. Multiple images can be acquired before, during, and after
treatment to detect intrafractional motion, and changes in target location or shape can be
compensated for during delivery of the current treatment fraction and/or in subsequent

treatment fractions.

[0006] However, due to various constraints these techniques are not technically feasible.
One constraint arises from the geometry of treatment and imaging apparatus; an
ultrasound probe, for example, generally must maintain contact with the patient while the
radiation is being delivered, but in most cases, the probe sits in the path of commonly
used beam angles. This will affect the radiation dose distribution inside the patient, which

in turn cannot be compensated for standard radiotherapy beams.

[0007] Moreover, radiation beams are typically directed at the patient from multiple
intersecting directions, and the probe must not be in the path of the radiation beam, which
would cause attenuation of the radiation, and potentially increase the skin dose to the
patient. Furthermore, a user cannot remain in the radiation room to operate the ultrasound
device while the beam is on due to radiation safety concerns. What is needed, therefore,
are methods, systems and apparatus that facilitate the use of ultrasound imaging for
planning, inter and intrafractional imaging of a patient undergoing radiotherapy treatment
while not interfering with the radiation beam and permitting operation without a user in
the treatment room, thus allowing for appropriate adjustments to be implemented during
treatment delivery, for changes to patient positioning, or in some cases, to halt treatment

altogether.



WO 2011/003202 PCT/CA2010/001079

Summary of the Invention

[0008] Embodiments of the invention permit simultaneous use of radiation therapy
devices (e.g., a LINAC) and ultrasound imaging probes. To avoid the constraints
described above, the radiation and imaging entry points are maintained in mutually
exclusive spaces and, in some cases, travel along mutually exclusive paths to the target
tissue. In this way, the ultrasound probe can acquire a temporally distinct set of two-
dimensional and/or three-dimensional images while the radiation beam is active and
administering radiotherapy, in addition to just prior to and after a fraction. This approach
to detecting and compensating for intra- and interfractional motion before, during, and
after radiotherapy fractions allows for the real-time adaptation of a radiation treatment
plan without risking mechanical or electromagnetic interference between the radiotherapy
device and the diagnostic imaging device, and avoids potential radiation damage to the
ultrasound probe. As a result, it is possible to plan and/or correct for interfractional
motion, and particularly intrafractional motion while the probe remains stationary,

allowing technicians to remain outside the radiation delivery room.

[0009] More specifically, corrections may be implemented by detecting the location and
movement of target tissue and surrounding sensitive structures at many points in time
before, during and after treatment with little or no direct involvement by a human. As a
result, physicians, technicians and radiobiologists can safely and quickly review the
effectiveness of radiotherapy or other treatments to determine if treatment modifications
are warranted, as well as to document and understand the relationship between dosages
and in-vivo damage to diseased cells and surrounding healthy tissue. Deviations from the
original plan can be compensated, for example, by moving the treatment couch, stopping
the beam if the organ positions are out of tolerance, or modifying the beam delivery
parameters such as beam apertures and angles in real time or at various discrete time
points throughout the treatment. Compensations can be made during the fraction itself or

can be carried out by modifying the treatment plan for subsequent fractions.

[0010] In a first aspect of the invention, a method of monitoring radiation treatment being
delivered to a patient includes positioning the patient such that a radiation beam is

delivered to a lesion within the patient along a beam-delivery path; securing a diagnostic
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imaging device about the patient such that the diagnostic imaging device does not
intersect the beam-delivery path; and simultaneously administering radiation therapy

along the beam-delivery path and obtaining diagnostic images using the imaging device.

[0011] The diagnostic imaging device may be a two-dimensional ultrasound imaging
device, in which case the images reflect changes within the two-dimensional plane being
acquired. In some cases, the diagnostic imaging device is a three-dimensional ultrasound
imaging device, which can capture fully-formed three-dimensional images, or, in some
cases, multiple two-dimensional slices from varying angles or positions. These slices
may then be reconstructed into three-dimensional images. In either case, the ultrasound
imaging device may include one or more tracking devices (typically reflectors or emitters
attached to the handle or head of the device) which allow for real-time positional tracking
of the device. By tracking the device over time, the multiple temporally-displaced, three-
dimensional ultrasound images may be used to create a “four-dimensional” ultrasound

image.

[0012] In some embodiments, the diagnostic imaging device can be secured into a brace,
thereby ensuring that the diagnostic imaging device does not intersect the beam-delivery
path, and/or the sonifications emitted by the diagnostic imaging device do not
substantially interfere with the beam-delivery path. For example, the lesion may be a
prostate tumor, in which case the diagnostic imaging device is positioned transperineally.
In some implementations, a comparison of diagnostic images taken during the delivery of
radiation therapy may indicate the need for an adjustment of certain radiation treatment
parameters such as the beam angle, beam isocenter, couch position, beam apertures, beam
delivery, focal point, energy level, or duration of the fraction. In certain cases, a baseline
diagnostic image of the lesion (i.e., an image taken prior to the delivery of radiation
therapy or during the treatment planning stage) is also used in the comparison process.
The baseline images may be ultrasound images and/or CT images. Additional diagnostic
images may also be obtained just prior to and/or immediately after delivery of radiation,

but while the patient remains in the treatment position.

[0013] In another aspect of the invention, an apparatus for monitoring the delivery of

radiation treatment being delivered to a patient includes an imaging device (e.g., a two or
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three-dimensional ultrasound imaging device) and a brace for holding the device. The
brace includes a housing for accepting the imaging device and may be secured to a
patient support platform (e.g., a table) such that the brace and the diagnostic imaging
device remain outside of a radiation treatment beam as radiation treatment is delivered to
the patient. As a result, the diagnostic imaging device obtains images during, but without

interfering with, the delivery of radiation to the patient.

[0014] The ultrasound imaging device may also include one or more optical tracking
devices which facilitate real-time positional tracking of the imaging device by a room-
based laser tracking system, for example. As the diagnostic images are obtained and
analyzed, adjustments to certain radiation treatment parameters (e.g., the beam angle,
entry point, focal point, energy level, etc.) may be implemented. The position of the
brace may be adjustable (either manually or automatically) in response to the changes in

the parameters.

[0015] In another aspect, a system for monitoring the delivery of radiation therapy
includes a diagnostic imaging device for obtaining diagnostic images as radiotherapy
treatment is delivered to a patient, a register for storing the images, and a processor. The
processor is configured to compare two or more of the diagnostic images and determine
adjustments to radiation treatment parameters based on the comparison. The comparison
may be done by automatically segmenting the target anatomy and other nearby critical
structures in each image, or, in some instances, by comparing grayscale values to identify

differences in a patient’s anatomy over time.

[0016] The system may also include a brace that ensures the diagnostic imaging device
does not interfere with a beam-delivery path of the radiotherapy treatment. A controller
may be used to cause the brace to move according to the new radiation treatment
parameters, such as if a new beam angle and/or entry point are to be used. A monitor
may be used to display the radiation treatment parameters and, in some cases, the
diagnostic images. A baseline diagnostic scan may also be used (and, in some cases,

stored in the register) as input into the comparison process.

[0017] In another aspect, the invention provides software in computer-readable form for

performing the methods described herein.
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Brief Description of Figures

[0018] [n the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention.

[0019] FIG. 1 is a schematic diagram illustrating the use of a diagnostic imaging device
to obtain images of a lesion during the administration of radiation therapy in accordance

with one embodiment of the invention.

[0020] FIG. 2 is a schematic diagram of a hand-held imaging device including tracking
markers to facilitate obtaining positional information in accordance with one embodiment

of the invention.

[0021] FIG. 3 is a schematic diagram illustrating the use of a hand-held imaging device
in a transperineal application to obtain images of a lesion during the administration of
radiotherapy to a lesion near the prostate gland in accordance with one embodiment of

the invention.

[0022] FIG. 4 is an illustration of a treatment room in which the invention may be

implemented and used.
[0023] FIG. 5 is an illustration of a brace according to one embodiment of the invention.

[0024] FIG. 6 is a schematic illustration of an adaptive radiotherapy treatment monitoring

system according to an embodiment of the invention.
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Detailed Description

[0025] Throughout the following descriptions and examples, the invention is described in
the context of monitoring changes to patient anatomy during treatment delivery, and/or
monitoring and measuring the effects of radiotherapy as administered to a lesion or
tumor. However, it is to be understood that the present invention may be applied to
monitoring various physical and/or biological attributes of virtually any mass within or
on a patient in response to and/or during any form of treatment. For example, the therapy

can include one or more of radiation, cryotherapy, or any other treatment method.

[0026] Referring to FIG. 1, one or more ultrasound scans are acquired during the delivery
of radiotherapy treatment, which is typically given in many fractions over an extended
period of time. For example, an ultrasound scan is taken of a target organ or lesion 105
within the illustrated region R of the patient. Radiotherapy treatment is administered to
the lesion 105 using, for example, an external single-beam conformal radiation device
110 that can be rotated around the patient to deliver radiation 115 from various angles. In
other embodiments, a multi-beam device may be used. The scans can be taken in one,
two, or three dimensions to obtain ultrasonic data, using, for example, a hand-held
ultrasonic scanning device 120. Unlike conventional techniques where the scanning is
limited to just following the administration of a new radiotherapy fraction, just prior to a
fraction, or at some other time between fractions, the scans in accordance herewith may

also be taken at the same time the radiation is being delivered to the lesion 105.

[0027] However, in order to ensure accuracy of the scan(s), proper administration of the
radiation, and safety of the operators, the scanning device is positioned in a manner that
does not interfere with the beam angle (including the beam entry point) while still
providing clear, accurate and consistent images of the lesion. Further, in some
implementations, tracking markers (e.g., reflectors, emitters or other devices) may be
placed about the scanning device to locate and track the device with respect to one or
more coordinate systems. For example, FIG. 2 illustrates three markers 210 placed atop
an ultrasound device, which may be used in conjunction with a conventional marker-

based, optical, magnetic and/or audio tracking system.
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[0028] By sensing signals transmitted from the emitters 210 located about the device
120, the tracking system may calculate (using standard triangulation methods) and record
the location of the portable device 120 as its position moves with respect to the signal-
receiving unit of the tracking system. This position data may be communicated to the
operator of the portable device, thus allowing the operator to accurately locate the
portable device at any position with respect to the receiver of the tracking system.
Alternatively, position data may be provided to a controller that automatically adjusts the
position of the device 120. The position data may be communicated through a visual
display, audio signal, or combination of the two. The emitters 210 may be permanently

attached to the device 120, and/or releasably attached to the portable device.

[0029] In one particular implementation, the tracking system is located at a fixed location
within or surrounding a separate defined coordinate system. For example, the tracking
system may include one or more receiving units placed on or mounted to the walls of a
room, with a coordinate system defined by the walls of the room. As such, the tracking
system can convert the detected position of the portable device from a location in the
tracking system’s coordinate system to a location in the room coordinates (or, in some
cases, a treatment-device based coordinate system). This allows the device 120 to be
accurately positioned and oriented with respect to any tracked location within the room

and/or the patient.

[0030] The tracking system and/or the room may be defined by a Cartesian coordinate
system, a cylindrical coordinate system, and/or a spherical coordinate system. For
example, in one embodiment of the invention, the tracking system calculates the location
of the portable device with respect to a receiving unit in spherical coordinates, and then
converts this position into a location within a room defined by Cartesian coordinates.
The (x, y, z) axes of the room-based Cartesian coordinate system may correspond, for
example, to the floor and walls of the room, to a coordinate system whose center (i.e., the
(0, 0, 0) location) is positioned either at a corner of the room or at some other point
within the room. In one embodiment, the center of a treatment room-based Cartesian
coordinate system is located at the isocenter of the linear accelerator, which is the point
about which radiation beams from all directions intersect and is located at a known fixed

position in the room. Thus, the tracking system can allow a user to position a portable



WO 2011/003202 PCT/CA2010/001079

device accurately with respect to the treatment isocenter, allowing for improved medical

diagnosis and treatment using portable devices.

[0031] While the discussions above and following describe the use of an ultrasound
imaging apparatus during the delivery of radiotherapy, similar techniques and systems
may also be used in conjunction with other imaging modalities, such as in a CT scanning
room. Such uses may include applications during a treatment simulation and/or treatment
planning, wherein the ultrasound device does not interfere with potential virtual treatment
beams which will be planned based on the CT images. As a result, a baseline, planning-
stage image may be acquired for future use in the treatment room. Moreover, an
ultrasound image may be captured immediately during CT scanning, either by
synchronizing ultrasound acquisition with the CT, or in the alternative, using a radiation-
sensing device that senses when the CT beam is on and triggers the capture of ultrasound
images. In some embodiments, multiple ultrasound images can be acquired throughout
the CT imaging session (as opposed to a radiotherapy treatment session) to quantify
internal motion during the session. Alternatively, the acquisition of ultrasound images
can be correlated with 4DCT images such that a temporal series of CT and ultrasound
images correspond to each throughout the imaging session. In either case, the apparatus
and techniques described herein allow for real-time or near-real time imaging in instances
in which the operator cannot be in the treatment or CT imaging room to adjust or hold the

ultrasound device.

[0032] In general, the methods, apparatuses, and systems described herein may be
implemented at various stages of radiation treatment. For example, during the planning
stage, 3DUS or 4D ultrasound may be fused with other imaging data (e.g., CT scan data)
to provide enhanced radiation treatment planning images. More specifically, a non-
ultrasound imaging device may be used to provide a first set of imaging data that is
associated with a specific, fixed frame of reference. Typically, this would be either a
coordinate system associated with the imaging device itself, or, in other cases, the room

itself.

[0033] The ultrasound device is then used to capture a second set of imaging data. This

second set may include a series of 2D image slices acquired at a different positions
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relative to the patient. The image different positions may be achieved using a single
probe rotatably mounted within a probe casing such that the entire assembly can rotate
about an axis, or, in some cases, the probe can sweep along one access within the casing
to obtain images from different directions. In some instances the probe may be moveable
relative to the patient, allowing a single 2D probe to be used to acquire multiple image
slices. As described above, the probe may also be mounted on a moveable brace which
maintains the probe position such that it does not interfere with the CT imaging process.

The 2D image slices may then be used to construct a 3D image volume.

[0034] During the ultrasound imaging process, position data is captured for each 2D
image slice as it is acquired. In implementations in which the ultrasound probe is
encased in a housing, the position of the housing is determined, and registered with the

position of the probe within the housing.

[0035] Using the housing position data, the mechanical position data of the 2D image
slices within the housing, and the ultrasound imaging data, a 3D volumetric ultrasound
image is constructed relative to a second fixed frame of reference, corresponding to a
converted set of image data in the second fixed frame of reference. The converted image
data is then combined with at least some of the first set of imaging data, using both the
first and second fixed frames of reference to provide a composite set of imaging data to
be used in developing a treatment plan. In some instances the two frames of references

may be the same coordinate system, but in many implementations they are distinct.

[0036] Similar techniques may also be used to compare images acquired just prior to
treatment delivery to images taken during the planning stage. In such implementations,
reference structures are identified in the composite imaging data and a third set of images
is captured. As with in the planning stage, an ultrasound device may be used to capture a
series of 2D image slices, each being acquired at different mechanical positions. These
images, taken using the same imaging modality and using the same imaging technique,
can then be compared to each other to determine shifts and movement of the target
anatomy that may have occurred between the planning process and just prior to treatment
delivery. More specifically, the reference structures may be identified in the images

taken just prior to treatment and compared to the corresponding structures in the planning

10
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stage images. Based on any changes, the treatment plan may be modified (e.g., adjust the
couch position, change the beam angles, etc.) immediately prior to delivery of radiation

treatment.

[0037] In yet another implementation, embodiments of the invention may be used during
delivery of radiation therapy. In these cases, the third set of images described above are
acquired at the same time that radiation is delivered to the patient. As described above,
position data is determined for the casing corresponding to each 2D image slice as it is
acquired, and using the position data, the mechanical position data of the probe within the
casing, the location of the structures within the 2D data (or, in some cased, reconstructed
3D data) can be determined at discrete points in time throughout treatment. The locations
of the structures in the third image set can be compared to the locations in the images
taken during treatment planning, just prior to treatment delivery, and/or prior images
taken during the treatment to determine to identify structure motion during treatment,

modify the treatment plan in real-time, or in some cases, halt treatment altogether.

[0038] The techniques and system described herein may be used in conjunction with the
planning and administration of radiation treatment therapy to any number of anatomical

locations. Two specific applications are described in greater detail below.

[0039] In FIG. 3, the lesion 105 is located in or near the prostate gland of patient P. In
radiology, the prostate is typically imaged trans-rectally. This approach, however, is not
preferred for image-guided radiotherapy (IGRT) because it can deform the prostate and is
not practical for many treatment sessions. Furthermore, the proximity of the diagnostic
device to the prostate may also affect the distribution of the radiation about the treatment
area. Moreover, while interfractional IGRT uses transabdominal imaging, this approach
places the probe in the path of the radiation beam. In order to properly treat the prostate,
the radiotherapy 115 is delivered while the patient P lies on a table and the treatment
device (typically an external, single-beam conformal radiation device, or in some cases a
multi-beam device) rotates about the patient’s frontal anatomy. In doing so, the entire
area above the patient is effectively “off limits” to any other devices (and certainly to any
personnel who operate such devices). As such, the diagnostic device 120 may be placed

in a transperineal position between the patient’s legs and directed towards the lesion 105.

11
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In positioning the device in this manner, the device itself, and, does not interfere with the
radiation beam as it travels to the lesion 105. This allows diagnostic images to be
obtained at the same time the radiation therapy is delivered, meaning organ movement
occurring within or around the lesion and/or cell damage can be monitored during

treatment, and real-time or quasi-real-time intrafraction adjustments may be made.

[0040] For example, if, during a treatment session, the prostate shifts in position (due, for
example to the filling of the bladder, breathing, flatulence, or other patient movement) the
new location will be indicated on the diagnostic images. The beam shape, entry point,
intensity level, focal point, beam isocenter, couch position, beam apertures, beam
delivery or other parameter may then be adjusted accordingly. In other instances the
target make change shape, such as the uterus changing shape as the bladder fills, which
may also require new treatment parameters. In some embodiments, a baseline (e.g., pre-
fraction) scan may be obtained and used in conjunction with the intrafractional images to
determine the necessary parameter adjustments. Further adjustments may be based on

comparisons with images taken just prior to and/or following treatment delivery.

[0041] In another example, the diagnostic imaging probe may be placed on one quadrant
of a breast to obtain images of a lumpectomy cavity therein, while the radiation beam is
directed to enter from an adjacent quadrant, thus not interfering with the probe. In some
instances where multiple beam angles are necessary, the treatment may be stopped so that
the probe can be moved to another quadrant, and the radiation beam can then be delivered
from a new adjacent quadrant. These steps may be repeated as many times as necessary

to deliver the prescribed radiation dosage.

[0042] In certain cases, the diagnostic probe may require a suitable mechanical structure
(i.e., a brace) to hold it in place during use. This allows the user to be outside of the
radiation treatment room while the radiation beam is in use, which is important for safety
reasons. Referring to FIG. 4 as an example, a brace 405 may be fastened or otherwise
connected to a stationary structure (e.g., the floor, a bracket, the wall, etc.) or, in some
cases, attached to a patient support device S such as a bed or examination table. The
brace 405 may include a housing 410 having a cooperating, mating structure for

accepting the imaging device such that the probe remains locked into place during use.

12
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In some instances, the brace 405 includes one or more hinges or other joints that permit
the movement of the brace around the patient. For example, the brace may be rotatably
attached to the bed and include joints that, together, allow for six degrees of movement
freedom. In some instances, the brace may be automatically and/or remotely controlled
such that the imaging probe can be moved about the patient without requiring an operator
to be physically present (e.g., the operator may be in an adjacent room, shielded from the
radiation). In other instances, the housing itself may rotate in one or two directions, thus
allowing the probe to “sweep” across the patient, thus acquiring images from different

angles.

[0043] In some embodiments, the brace may be used to secure the ultrasound probe
during a treatment planning session to acquire images during the treatment planning
session from approximately the same direction that the probe will be located when used
during treatment delivery. These images may be used for planning purposes as an initial
reference for future images acquired in the treatment room. Although no radiation is
delivered during the planning session, it is beneficial to maintain the same imaging setup
from planning to treatment, and to have the probe remain out of the beam path while
secured in approximately the same position during treatment delivery. In other instances,
the brace may be used during treatment sessions but not at the same time as radiation is
delivered to the patient. This allows the probe to remain in a known, stable position
outside the beam throughout an entire fraction without needing adjustment by a

technician.

[0044] FIG. 5 illustrates one embodiment of a brace which is particularly useful for
transperineal imaging of the prostate. A probe 500, preferably a 3DUS probe, has a
handle 505 with infrared markers affixed in such a way as to be visible by an optical
camera 510. The brace 515 is affixed to the treatment couch 518 and adjustable such that
the angle 8 of the probe as well as its height (illustrated as the x axis) with respect to the
table can be easily adjusted to obtain a good view of the prostate and surrounding
structures through the perineum. The location and/or position of the probe can also be
adjusted with respect to the patient (illustrated as the y axis) so the probe touches the
patient’s perineum with sufficient contact to achieve accurate imaging but without

exerting too much pressure. As such, the brace allows movement of the probe according

13



WO 2011/003202 PCT/CA2010/001079

to one, two or three degrees of freedom with respect to the patient. In some
embodiments, a handle 520 aids the user in adjusting the probe in the x, y and/or 6
directions without touching the patient or the probe itself. The probe position can be
locked into place once all adjustments are made with the brace using a latch, clip, pin, or
other securing means. In some embodiments, the x, y and 6 parameters can be adjusted
remotely without human contact using a remotely-controlled motor or actuator assembly,
based either on visual inspection of the image or by a priori knowledge of the prostate

position.

[0045] In some cases, the ultrasound images are fully formed “b-mode” images that
include pixel values related to the anatomy and boundaries, which may be used to
monitor geometric organ motion. In other cases, the ultrasound signal itself (sometimes
referred to as “RF data”) may also be used to monitor characteristics of the organ being
treated. For example, features of the RF data can be extracted from the signal to
characterize tissue types (e.g., bone, fat, muscle, etc.) and/or determine tissue damage
caused by radiation, in some cases even while the treatment is being delivered. More
specifically, by calculating the power spectrum of the RF data reflected from a region of
interest (or, in some cases, on a pixel by pixel basis), spectrum features such as the slope
and intercept can be used as an indicator of tissue type and whether the region of interest
contains cancerous cells. When comparing to an initial baseline from a previous image,
changes in the RF data characteristics can provide an indication as to the effectiveness of

treatment.

[0046] The technique is applicable not only to radiation therapy but to any other therapy
which leads to tissue damage, e.g., the immediate or eventual killing of cells. Such
therapies can include, for example, chemotherapy, cryotherapy, single-fraction
radiosurgery, hyperthermia, or brachytherapy, or any combination of these treatment
methods. Comparisons among scans taken during the delivery of tissue-damaging
therapy provide a direct measurement of the effectiveness of the treatment in both time

and space, allowing the physician to adapt the treatment based on the results.

[0047] Referring to FIG. 6, one embodiment of a system 600 for performing the

techniques described above includes a register 605 or other volatile or non-volatile
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storage device that receives image data from an imaging device 120 (such as an
ultrasound device) via a cord or wire, or in some embodiments via wireless
communications. The system also includes a processor 610 that, based on the image data
and comparisons among the images, uses the techniques described above to adjust and
implement new radiation parameters in real-time as the radiation is being delivered to the
patient. In some embodiments, the system also includes a controller 615 that, based on
the results of the comparisons, implements positional adjustments to the brace. A display
630 and an associated user interface (not shown) may also be included, thus allowing a
user to view and manipulate the diagnostic images and/or treatment parameters. The
display 630 and user interface can be provided as one integral unit or separate units (as
shown) and may also include one or more user input devices 640 such as a keyboard
and/or mouse. The display 630 can be passive (e.g., a “dumb” CRT or LCD screen) or in
some cases interactive, facilitating direct user interaction with the images and models
through touch-screens (using, for example, the physician’s finger as an input device)
and/or various other input devices such as a stylus, light pen, or pointer. The display 630
and input devices 640 may be in location different from that of the register 605 and/or
processor 610, thus allowing users to receive, view, and manipulate images in remote
locations using, for example, wireless devices, handheld personal data assistants,

notebook computers, among others.

[0048] In various embodiments the register 605 and/or processor 610 may be provided as
either software, hardware, or some combination thereof. For example, the system may be
implemented on one or more server-class computers, such as a PC having a CPU board
containing one or more processors such as the Pentium or Celeron family of processors
manufactured by Intel Corporation of Santa Clara, Calif., the 680x0 and POWER PC
family of processors manufactured by Motorola Corporation of Schaumburg, Il1., and/or
the ATHLON line of processors manufactured by Advanced Micro Devices, Inc., of
Sunnyvale, Calif. The processor may also include a main memory unit for storing
programs and/or data relating to the methods described above. The memory may include
random access memory (RAM), read only memory (ROM), and/or FLASH memory
residing on commonly available hardware such as one or more application specific

integrated circuits (ASIC), field programmable gate arrays (FPGA), electrically erasable
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programmable read-only memories (EEPROM), programmable read-only memories
(PROM), programmable logic devices (PLD), or read-only memory devices (ROM). In
some embodiments, the programs may be provided using external RAM and/or ROM

such as optical disks, magnetic disks, as well as other commonly storage devices.

[0049] For embodiments in which the invention is provided as a software program, the
program may be written in any one of a number of high level languages such as
FORTRAN, PASCAL, JAVA, C, C*, C*, LISP, PERL, BASIC or any suitable
programming language. Additionally, the software can be implemented in an assembly
language and/or machine language directed to the microprocessor resident on a target

device.

[0050] It will therefore be seen that the foregoing represents an improved method and
supporting system for monitoring the biological effects of radiotherapy and natural
anatomical changes over the course of a treatment regimen. The terms and expressions
employed herein are used as terms of description and not of limitation, and there is no
intention, in the use of such terms and expressions, of excluding any equivalents of the
features shown and described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention claimed. Moreover, although
the above-listed text and drawings contain titles headings, it is to be understood that these
title and headings do not, and are not intended to limit the present invention, but rather,

they serve merely as titles and headings of convenience.
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CLAIMS

A method of monitoring radiation treatment being delivered to a patient, the
method comprising the steps of:

a. delivering radiation to a lesion within the patient along at least one
beam-delivery path;

b. positioning a diagnostic imaging device with respect to the patient
such that the diagnostic imaging device does not intersect the at least one beam-
delivery path; and

c. simultaneously administering radiation therapy along at least one
beam-delivery path and obtaining one or more diagnostic images using the

imaging device.

The method of claim [ wherein the diagnostic imaging device comprises a two-

dimensional ultrasound imaging device.

The method of claim 1 wherein the diagnostic imaging device comprises a three-

dimensional ultrasound imaging device.

The method of claim 3 wherein the three-dimensional ultrasound imaging device
further comprises one or more tracking devices, thereby facilitating real-time

positional tracking of the ultrasound imaging device.

The method of claim 4 further comprising combining a plurality of temporally-
displaced three-dimensional ultrasound images to create a four-dimensional

ultrasound image.
The method of claim 1 wherein the diagnostic imaging device is movable within

an envelope to obtain diagnostic images from different locations, and further

wherein the envelope does not intersect the beam-delivery path.
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7. The method of claim 1 wherein the lesion comprises a prostate tumor and the

diagnostic imaging device is positioned transperineally.

8. The method of claim 6 wherein the diagnostic imaging is attached to a brace

having a range of movement confined to the envelope.

9. The method of claim 8 further comprising adjusting the position of the brace in

response to the changes in radiation treatment parameters.

10. The method of claim 8 further comprising rotating the brace such that the
radiation treatment device sweeps across an area of the patient during delivery of

the radiation treatment.

11. The method of claim 1 wherein the diagnostic imaging device is movable within
an envelope such that sonications emitted by the diagnostic imaging device do not
substantially interfere with radiation delivered along the at least one beam-

delivery path.

12. The method of claim 1 further comprising comparing two or more of the
diagnostic images taken during the delivery of radiation therapy and adjusting one

or more radiation treatment parameters based thereon.

13. The method of claim 12 further comprising obtaining one or more baseline
diagnostic images of the lesion prior to the delivery of radiation therapy and
including the baseline images in the comparison to the diagnostic images taken

during the delivery of radiation therapy.

14. The method of claim 13 wherein the baseline diagnostic images comprise one or

more of an ultrasound image or a CT image.
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15.

16.

17.

18.

19.

20

21.

The method of claim 1 further comprising comparing one or more of the
diagnostic images taken during the delivery of radiation therapy to a diagnostic
image acquired during treatment and prior to the delivery of radiation therapy and

adjusting one or more radiation treatment parameters based thereon.

The method of claim 15 wherein the diagnostic image acquired during treatment

and prior to delivery of radiation therapy comprises an ultrasound image

The method of claim 1 further comprising obtaining one or more diagnostic

images immediately prior to administration of radiation to the patient.

The method of claim 1 further comprising obtaining one or more diagnostic

images immediately after to administration of radiation to the patient.

An apparatus for monitoring the delivery of radiation treatment being delivered to
a patient, the apparatus comprising:

a. a diagnostic imaging device;

b. a brace for accepting the imaging device and secured to a patient-
support platform, the brace facilitating movement of the imaging device
according to multiple degrees of freedom relative to the patient and within an
envelope outside one or more beam-delivery paths so as to avoid interference with

radiation treatment during delivery thereof.

. The apparatus of claim 19 wherein the diagnostic imaging device comprises an

ultrasound imaging device.
The apparatus of claim 20 wherein the ultrasound imaging device comprises one

or more optical tracking devices, thereby facilitating real-time positional tracking

of the ultrasound imaging device.
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22.

23.

24.

25.

26.

27.

28.

The apparatus of claim 19 wherein the brace rotates to facilitate sweeping the

diagnostic imaging device about an area of the patient.

A system for monitoring the delivery of radiation therapy to a patient, the system
comprising:

a. a diagnostic imaging device for obtaining one or more diagnostic
images as radiotherapy treatment is delivered to the patient;

b. a register for storing the images; and

c. a processor for (i) comparing two or more of the diagnostic images
and (ii) determining adjustments to one or more radiation treatment parameters

based on the results of the comparison.

The system of claim 23 further comprising a brace for accepting the diagnostic
imaging device and movable within an envelope outside one or more beam-

delivery paths of the radiation therapy treatment.

The system of claim 24 further comprising a controller operably connected to the
processor and the brace, the controller being configured to cause positional
adjustments to the brace in response to the adjustments of the treatment

parameters.

The system of claim 23 further comprising a monitor for displaying the radiation

treatment parameters and the diagnostic images.

The system of claim 23 wherein the register is further configured to store a

baseline diagnostic scan.

The system of claim 27 wherein the processor is further configured to compare
the baseline diagnostic scan to one or more of the diagnostic images and adjust
one or more of the radiation treatment parameters based on the results of the

comparison.
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1 29. The system of claim 28 wherein the baseline diagnostic scan comprises one of an

2 ultrasound scan or a CT scan.
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