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(57) Abstract: Systems, methods, and apparatuses are provided for targeting diseased tissue with a radiation beam. Functional mod -
els can be used to accurately obtain a location of specific tissue using sensors at identifiable locations of the patient's body. Using the
relative distances between the identifiable sensor locations can allow a patient to be in various positions. The functional models can
be prepared using accurate pre-treatment scans, which can be taken at various body positions (e.g., rotations and/or translations).
The trajectory of the beam can be measured efficiently and accurately using beam sensors attached to a beam assembly, where a
model maps the beam sensor locations to a trajectory of the beam. Further, a motion model can use measurements made during treat -
ment to obtain a time-dependent functions of the movement of the specific tissue, the change of an optimal beam trajectory over
time, or the change in input commands to a beam positioner.
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TRACKING OF TUMOR LOCATION FOR TARGETED RADIATION
TREATMENT

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] The present application claims priority from and is a non-provisional application of
U.S. Provisional Application No. 61/435,195, entitled “Non-Invasive Tracking of Tumor
Location for Targeted Radiation Treatment” filed January 21, 2011, the entire contents of which

are herein incorporated by reference for all purposes.

BACKGROUND

[0002] The present invention relates to targeted radiation treatment (also called radiosurgery),
and more specifically to techniques of determining a location of a tumor or other diseased tissue

for determining a trajectory of a radiation beam.

[0003] Radiation beams have been used to kill diseased tissue (e.g. a tumor). However, the
radiation beam can also kill healthy tissue. Thus, methods have been used to determine a
location of a tumor so that the radiation beam can be focused on the tumor. For example, the
radiation beam can move over time to minimize exposure of healthy tissue while staying focused
on the tumor. An x-ray can be taken at the beginning of the treatment to identify fiducials
(marking objects) that have been surgically placed on the tumor, thereby providing the location

of the tumor. This invasive method is costly and can be dangerous to the patient.

[0004] Some methods restrict a patient to a specified position for the duration of a treatment so
that the position of the tumor stays known. Such restriction can be quite uncomfortable for the
patient, and errors can occur due to imperfect restriction. Methods can take repeated x-rays of
internal markers to update the position of the tumor while breathing, but such methods expose
the patient to a large amount of radiation via the numerous x-rays and require the motion to be
periodic. Methods can omit the implantation of fiducials by correlating a location of certain
bones, which tend not to move during treatment, to the tumor location. But, the patient is still
restricted to a particular position, or at least a particular orientation (e.g. lying flat on one’s
back). These methods also still suffer from numerous x-rays if the location of the tumor is to be

updated.
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[0005] U.S. patent publication 2008/0212737 omits the numerous x-rays during treatment and
the implantation of fiducials while still accounting for the movement due to breathing; however,
the patient is still restricted to certain positions. For example, the patient is restricted to lying on
his/her back on a special table while being held in place. A scan is performed at different times
during the breathing cycle, with each time in the breathing cycle corresponding to a distance in
positions of sensors on the patient’s chest compared to a sensor in the special table. The scans
can then be used to determine a location of the tumors during radiation beam treatment, but the
location is accurate only when the person is in the same exact location as when the scans were
taken. Thus, although procedure is non-invasive and limits excessive radiation scans during
treatment, the person is still confined and uncomfortable during treatment. Furthermore, this
application only handles small periodic motion such as breathing. Different positions of the

patient are not allowed.

[0006] Additionally, the equipment for creating the radiation beam must be precisely
calibrated so that a control input corresponds to the exact location where the tumor is determined
to be. The equipment must be made with very high tolerance so that the control inputs
correspond the proper beam placement. Thus, the beam equipment can be very expensive.

Additionally, current techniques do not properly handle beam positioning error.

[0007] Therefore it is desirable to have improved systems and methods for providing targeted
radiation treatment that can variously allow a patient freedom of movement without excessive

radiation, are easy to use, do not require difficult calibration, are non-invasive, allow movement
beyond simply breathing, and compensate for beam positing error and other systematic errors in

the system.

BRIEF SUMMARY

[0008] Some embodiments can provide freedom of movement to a patient undergoing
radiation beam treatment. For example, prior to a treatment session, one or more scans (¢.g.
MRI or CT) of a patient can be taken to determine a location of a tumor relative to markers of a
patient’s body. A mapping model can be built from the various relative positions of the markers
to obtain an output of the tumor location, which can be done without complicated image
reconstruction during treatment. As the markers (sensors) are attached to the patient’s body, the
patient is not restricted to any particular position or orientation. Thus, scans can be made for

different positions of the patient, such as standing up, sitting, and lying down (e.g. on back or
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side), which can be incorporated in the mapping model. Thus, in one aspect, the patient can
choose a natural position specific to that patient. A mapping model can also use scans from
other patient’s with similar body characteristics to decrease the amount of time and scans to
build a model for a patient. Also, a pre-treatment image (e.g., using CT or MRI) can be
transformed to a treatment coordinate system, and a best-fit process can be used to map the
corrected pre-treatment image onto a treatment image (e.g., obtained from the sensors during

treatment). Thus, a patient does not have to be fixed to a specific location.

[0009] Other embodiments can provide for accurate determination of the trajectory of a
radiation beam, ¢.g., by obtaining feedback of a beam position using sensors on a beam
assembly. In one aspect, a beam assembly using sensor feedback can be less expensive since the
control input for positioning of the beam does not need to correspond exactly to the desired
trajectory (such precision instruments are expensive and are time consuming to calibrate). For
example, the control input can be changed until the sensors indicate that the desired trajectory
has been achieved. Such feedback can also provide and maintain greater accuracy relative to

instruments that rely on a static relationship between control input and trajectory.

[0010] Additionally, embodiments can account for motion of the tissue by creating a time-
dependent model based on data taken during treatment. In this manner, the patient can be
allowed in other ways besides predetermined types of movement, such as breathing.
Additionally, embodiment can address errors in beam positioning. Errors may arise from delays
in detecting positions of markers, calculating tumor locations from the marker positions,
determining an optimal beam trajectory, and moving the radiation beam to an optimal location.
The errors can be handled in various ways. For example, a time offset for computing a next
position of tissue can be used to adjust for the delays. Such a time offset can be computed in an
open-loop fashion or with a feedback of measured errors. As another example, a model can be
used to predict a time-dependent function of the input commands, where the function can be

adjusted based on feedback in errors of the actual beam trajectory over time.

[0011] Other embodiments are directed to systems, apparatuses, and computer readable media

associated with methods described herein.

[0012] Reference to the remaining portions of the specification, including the drawings and
claims, will realize other features and advantages of the present invention. Further features and

advantages of the present invention, as well as the structure and operation of various
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embodiments of the present invention, are described in detail below with respect to the
accompanying drawings. In the drawings, like reference numbers can indicate identical or

functionally similar elements.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1A shows a diagram of a patient 100 undergoing radiation beam treatment

according to embodiments of the present invention.

[0014] FIG. 1B shows a diagram of a patient 100 undergoing an imaging scan according to

embodiments of the present invention.

[0015] FIG. 2A is a flowchart of a method 200 for determining a location of diseased tissue

(e.g. a tumor) according to embodiments of the present invention.

[0016] FIG. 2B shows a treatment enclosure 280 according to embodiments of the present

invention.

[0017] FIGS. 3A shows a patient 300 with markers 320 according to embodiments of the

present invention.

[0018] FIG. 3B shows the relative coordinates of markers 320 compared to tumor 310

according to embodiments of the present invention.

[0019] FIGS. 3C and 3D show a reference object 370 that may be used during a scan of a

patient according to embodiments of the present invention.

[0020] FIG. 4 shows a diagram of a patient undergoing treatment according to embodiments of

the present invention.

[0021] FIG. 5 shows an origin sensor 535 from which the relative positions of the sensors are

determined according to embodiments of the present invention.

[0022] FIGS. 6A-6C shows the relative coordinates of the sensors being used to determine the

location of the tumor location according to embodiments of the present invention.

[0023] FIG. 7 shows a system for positioning a trajectory of a radiation beam from a beam

assembly 720 according to embodiments of the present invention.
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[0024] FIG. 8A shows an intermittent error in beam positioning due to movement of a tumor
810 according to embodiments of the present invention. FIG. 8B shows an example of a
prediction of a location of a tumor between sampling times according to embodiments of the

present invention.

[0025] FIG. 9A shows a constant error in beam positioning due to movement of a tumor 910
according to embodiments of the present invention. FIG. 9B shows an example of a prediction
of a location of a tumor between sampling times where the prediction accounts for a delay

between sampling and positioning of a beam according to embodiments of the present invention.

[0026] FIG. 10 is a flowchart illustrating a method 1000 for tracking motion of tissue and
determining an optimal beam position based on the motion according to embodiments of the

present invention.

[0027] FIG. 11 is a flowchart illustrating a method 1100 for determining an optimal beam

position based on feedback error according to embodiments of the present invention.

[0028] FIG. 12 shows a block diagram of an example computer system 1200 usable with

system and methods according to embodiments of the present invention.

DETAILED DESCRIPTION
I. INTRODUCTION

[0029] FIG. 1 shows a diagram of a patient 100 undergoing radiation beam treatment
according to embodiments of the present invention. The patient 100 is shown as laying down on
his/her back, but other body positions and orientations are allowed. A beam assembly 120 is
shown in a particular orientation to provide a radiation beam 130 that is focused on a tumor 110
inside patient 100. Beam assembly 120 can be connected to a movement mechanism that allows
beam assembly 120 to be moved. For example, beam assembly 120 can be part of a robotic

mechanism that sits on a floor of a room, is attached to a wall, or hangs from a ceiling.

[0030] In one embodiment, beam assembly 120 may be moved during treatment so that
healthy tissue is not irradiated for too long. For example, if the beam always had the same
trajectory, the tissue above the tumor 110 would continuously be exposed to radiation. If the
beam assembly moved while staying focused, the same healthy tissue would not be continuously

exposed.
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[0031] In order to stay focused on the tumor 110, the location of tumor 110 needs to be known.
This is true regardless of whether beam assembly 120 moves during treatment or not.
Embodiments can provide non-invasive techniques for determining a location of tumor 110
while allowing a patient to be in different physical positions. For example, some embodiments

perform an imaging scan prior to treatment.

[0032] FIG. 1B shows a diagram of the patient 100 undergoing an imaging scan according to
embodiments of the present invention. FIG. 1B is shown on the left of the page to illustrate that
this imaging is performed before the treatment. The scan can be in a different room and be done
on a different patient visit than the treatment. In another embodiment, the room for scanning can
also be used for treatment, and the patient visit can be on the same day. In the embodiment
shown, a computed tomography (CT) scan is used, but other suitable scans may be used, such as
magnetic resonance imaging (MRI). These accurate scan(s) of the patient and tumor can provide
coordinates of the tumor relative to markers attached to the patient’s body. Such a method is

now described.
II. USING MAPPING MODEL

[0033] FIG. 2A is a flowchart of a method 200 for determining a location of diseased tissue
(e.g. a tumor) according to embodiments of the present invention. In one aspect, method 200
uses imaging scans (such as MRI or CT) to develop a 3D model of the location of the tumor for
different physical positions of the patient. The physical positions of the patient can be defined
using markers at a surface of the patient’s body. Sensors at these marker positions (or at a
defined position relative to the marker positions) can be used to determine the physical position

of the patient’s body during treatment.

[0034] In step 210, a plurality of markers are placed at a surface of the patient’s body. The
markers may be any object (e.g. ink, sensor, pellet, tag, etc.) whose position can be detected
during a scan of the patient. In one embodiment, the mechanism for detecting the marker
position can be the same mechanism for the scan of the tissue (e.g. MRI), and thus the
coordinates of the markers are in the same reference frame as the coordinates of the various
tissue that is obtained in the scan. For example, the markers can show up in the image scan. In
another embodiment, some other mechanism (e.g. an RF signal or an optical signal) can be used

to determine the coordinates of the markers, and the two coordinate systems of the scanned tissue
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and the markers can be merged such that relative positions between the markers and the various

tissues can be determined.

[0035] FIG. 3A shows a patient 300 with markers 320 at a surface of the patient’s body. The
markers 320 can be on the front or back of the patient, head, appendages, or at any other surface
of the patient’s body. In some embodiments, only one or two markers may be sufficient. In
other embodiments, a larger number of markers may be used. The markers can be attached or
otherwise put on the patient via any suitable manner, such as adhesives, mechanical attachment
to or at a surface of the skin, or just as a layer that binds to the skin. The different makers 320
can be distinguished based on the known locations where the markers were placed, by a unique

signature that identifies the marker in a scan, or in any other suitable manner.

[0036] The markers can also be identifiable features of a person’s body, such as an elbow, a
nose (even just the tip), a nipple, belly button, shoulder, etc. The markers can be identified using
cameras, such as a typical camera operating with visible light, or other ranges may be used in
addition or instead, ¢.g., infra-red and/or ultraviolet. Thus, artificial markers do not have to be
placed on the body, since natural body markers can be used. Natural and artificial markers can

be used in combination.

[0037] In addition to the identifiable markers on a surface of a body, internal markers could be
used, as long as the locations of the markers could be accurately and efficiently identified during
treatment. For example, x-rays or ultrasound could detect a position of a particular location on,
for example, the spine or femur for the leg, or even soft tissue (which could include the tumor).
However, such methods could present difficulties in resolving precise locations of a bone. Such
internal markers may provide supplementary information to the positions of the external
markers, €.g., in order to refine the mapping model during treatment. For imaging soft tissue
during treatment, the accuracy may be low, but some rough values (e.g. located by with larger
margins of accuracy than a sensor location) can be obtained. A distance or distance range of the
tissue from the sensors (which can be internal markers) can then be compared to the mapping
model to ensure that the mapping model is accurate, and to possibly update the mapping model
(e.g. using a best fit algorithm). The best fit can determine the maximum likelihood of the tumor
location based on the additional scan (i.e. the scan during treatment), which can provide a
location of clear internal markers (such as bones), external markers, and a fuzzy location of any

one or more soft tissue (which can include the tumor or healthy tissue), along with information
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from the more accurate pre-treatment scans. In one aspect, the update may be performed when

the mapping model is shown to be inaccurate from the best fit model that incorporates

[0038] In step 220, the patient is scanned to determine the positions of tissue (diseased or
healthy) relative to the markers. For example, the absolute positions of the tissue and the
markers can be determined in a particular reference frame. Scans can choose any coordinate
system (e.g. Euclidean, spherical, etc) with an arbitrary origin. The absolute coordinates of the
tissue and the markers can then be determined in this coordinate system. For example, the

coordinates of tumor 310 and of markers 320 can be determined.

[0039] In some embodiments, multiple scans can be performed at different body positions, as
is described in more detail below. Each scan can provide a different set of relative coordinates.
A set of relative coordinates for a particular scan can provide a multi-dimensional point defining
a location of tumor 310 for a particular physical position of the patient during a scan. The
various physical positions can include sitting upright, laying down, standing, and sitting in a

reclined position.

[0040] In step 230, the relative coordinates from the one or more scans are used to determine a
functional model that maps marker locations to a tumor location for a physical position of the
patient. In one embodiment, the functional model receives information for the relative
coordinates of the markers as input and provides an output of the location of the tumor. The
input locations are not restricted to the relative locations in the one or more scans that were
performed, but can be other relative locations that correspond to other physical positions of the
patient. For example, intermediate positions may be between laying on a side and laying on a
back. The functional model can be created in various ways. In one embodiment, the functional
model can have constraints, e.g., some physical positions (relative coordinates) may be rejected
if they appear to deviate drastically from normal physical positions (e.g., a rejection of a

contortionist body position).

[0041] FIG. 3B shows the relative coordinates of markers 320 compared to tumor 310. In
various embodiments, the relative coordinates can be to a center of mass of the tumor, center of
volume of the tumor, or each to a particular point on a surface of the tumor (e.g. the closest point
on the surface relative to a particular marker). The relative coordinates of the markers to each
other can be determined from the relative to the tumor, or from the absolute coordinates of the

markers themselves.
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[0042] Other objects besides the markers may also be placed at the surface of the patient’s
body. FIGS. 3C and 3D show a reference object 370 that may be used during a scan of a patient
according to embodiments of the present invention. The reference object 370 is shown as a
triangle but any shape may be used. The reference object is of a known dimension and its
position can be determined in the same manner as the markers. With the known dimension, the
distances between the markers can be verified, calibrated, and/or corrected. For example, a
length on the image can be obtained from the object, and this length can then be used to obtain
the proper scale in the image, which would provide the accurate length between two markers. In
one aspect, the relative coordinates would be scaled based on the reference scale provide by the
reference object to provide more accurate relative coordinates and relative vectors between the

markers.

[0043] In other embodiments, a distance of the markers can be measured by hand or some
separate mechanism to provide the reference distance. Thus, the reference object could include
the markers, e.g., a specific set of markers whose pair-wise distances can be measured. The
reference object could also include other marks whose relative distance to the tumor is not used,
but whose positions are measured to provide a reference scale for the image. The reference
object can be made up of any number of pairs of such marks to provide a reference scale in

numerous directions, which can account for variable distortion along different directions.

[0044] In some embodiments, more than one reference object may be used. The different
reference objects can be used to provide a reference scale in multiple directions. For example, a
reference object could be placed on the patients side, thereby providing a reference scale for
depth, which can provide corrections that are different than the corrections obtained from a

reference object on the patient’s torso (which may just provide a reference scale for width and

height).

[0045] In step 240, sensors are attached to the patient’s body and positions of sensors are
determined. For example, the sensors can be placed at a surface of the patient’s body, or
possibly surgically implanted within the patient’s body for some embodiments. The positions of
the sensors can be determined with respect to a reference point having a known spatial
relationship to a radiation beam assembly (e.g. beam assembly 120), which is configured to
provide a radiation beam. The sensors may be wireless (e.g. optical, infrared, Wi-Fi, etc.), or be

wired. In other embodiments, natural markers (such as facial features, or even bone features, as
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is described herein) may be used as the sensors, and thus new artificial sensors do not need to be

attached.

[0046] The position of the sensors can be determined (e.g. sampled) at periodic intervals to
track movement of the patient from one position to another position. In one embodiment, the
sensors can be at a same location as markers, or simply be the markers. In another embodiment,

a sensor can be at a location that is at a predetermined offset from the location of a marker.

[0047] In one embodiment, the sensors are placed on a surface of the patient. In another
embodiment, the sensors are placed slightly below a surface of the patient’s body. Both
locations correspond to being at a surface. Similarly, the markers can be placed at a surface of
the patient. The sensors can be placed at a same location as the markers. In one implementation,
this can be accomplished with a semi-permanent mark (which can be the marker) so that the
location of the sensor can be known. The semi-permanent marker can be made to last for the

duration of the treatment, which can be anywhere from a day to one week or a month, or longer.

[0048] FIG. 4 shows a diagram of a patient undergoing treatment according to embodiments of
the present invention. Wireless sensors 430 are at a surface of the patient’s body. The positions
of the wireless sensors 430 can be determined from detectors 440, which may be connected to a
computer system. The wireless sensors can implement any suitable technology, such as zigby,
wi-fi, Bluetooth, optical/laser technology etc. For optical sensors, their position can be
determined from a reflection of radiation (e.g. visible light) off of the sensor. An optical sensor
can even be a particular body feature, e.g., as identified by a recognition algorithm that analyzes
a picture of the patient, which may be performed using two or more digital cameras. The pixel
positions of the optical sensor on the images from the cameras can be correlated to a particular 3-
dimensional spatial coordinate, ¢.g., using triangulation. The correlation (mapping) may be
performed using a best fit algorithm. The mapping can be calibrated with known objects (which
may be of known shape) at known distances, ¢.g., within a treatment enclosure. Such known
objects could be flashing or include an active sensor, which may be used to independently
confirm or calculate the location of the known object. Thus, the sensor can be the marker used in

step 210, including internal markers.

[0049] The detectors 440 can be used to triangulate the positions of the sensors relative to an
origin of the room. For example, the detectors 440 can each be at a known position, and thus at

known positions relative to each other. The signals from each detector can then be compared to

10



10

15

20

25

WO 2012/100270 PCT/US2012/022274

determine the position of a sensor. Again, any coordinate system can be chosen, and the origin is
arbitrary. In one implementation, the detectors 440 can be calibrated by measuring the relative

distances of sensors that have a known spatial relationship.

[0050] Embodiments can use various methods to determine the positions of the sensors, such
as GPS positioning technology, optical imaging of the sensor locations, and passive or active
wireless communication devices. In one embodiment, the sensors could receive signals and then
transmit location. In another embodiment, the sensors could transmit signals and detectors can
determine the location. In one implementation, the sensors each have a unique signal so that the

sensors can be distinguished.

[0051] In step 250, positions of the sensors relative to each other are determined from the
determined positions of the sensors in the treatment room. In one embodiment, the relative
coordinates can be defined with respect to one of the sensors, which can be taken as the origin in
the relative coordinate system. Thus, in one embodiment with N sensors in a 3-dimensional
environment, N-1 relative positions (each with 3 coordinates) can be determined, where the
positions are relative to the origin sensor. In this case, 3*(N-1) relative coordinates would be
determined. For example, since there are N-1 sensors besides the origin sensor, there will be N-1

relative positions, and 3*(N-1) relative coordinates.

[0052] FIG. 5 shows an origin sensor 535 from which the relative positions of the sensors are
determined according to embodiments of the present invention. Note that the relative marker
positions can also be measured from an origin marker, and thus the sets of relative positions of
sensors can be used as input to the functional model. Beam assembly 520 and detectors 540 can

function as described herein.

[0053] In step 260, the relative coordinates are input into the mapping model to determine the
tumor location. In one embodiment, the tumor location can be defined relative to an origin
sensor. A position relative to the origin sensor can then be translated to an absolute position in
the treatment enclosure (e.g., the room or smaller containment unit that is meant to house the
body), given the location of the origin sensor. For example, the position of the origin sensor can
be with respect to a reference point (e.g., an origin of the treatment enclosure). Thus, absolute

position can be obtained, where the absolute position is with respect to the reference point.
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[0054] FIGS. 6A-6C shows the relative coordinates of the sensors being used to determine the
location of the tumor according to embodiments of the present invention. FIG. 6A shows the
relative coordinates of the sensors 630 at a particular instant in time. The arrows show a vector
defining the relative coordinates. Only two relative coordinates are shown, purely for illustration

purposes.

[0055] The relative coordinates are fed into the mapping function to provide the location of the
tumor 610 as defined from the origin sensor. FIG. 6B shows the resulting relative coordinate
vector providing the tumor location relative to the origin sensor 635. FIG. 6C shows the position
the tumor location relative to an origin 660 of the treatment enclosure (e.g. a room). As shown,
the tumor location is obtained as a combination of position of the origin sensor and the relative
coordinate of the tumor. Thus, in some embodiments, the tumor location can be determined just
from the sensors, and without prior knowledge of the location of the tumor in the room or

relative to a stationary object in the room.

[0056] In step 270, the position and orientation of the beam assembly is determined based on
the location of tumor. The coordinate position and orientation (e.g. angular orientation) of the
beam assembly can define the trajectory a radiation beam being emitted from the beam
assembly. Since the position of the beam assembly with respect to the reference point is known,
and the position of the tumor with respect to the reference point is known, one can determine the
position and orientation of the beam assembly that directs the radiation beam to be focused on
the tumor. Other factors, such as the location of healthy tissue, can be used to select an optimal
position and orientation, such that the beam follows an optimal path. In one embodiment, the
wireless sensors (which may be optical sensors) can be used to determine the position and
orientation of beam assembly so that the beam stays focused on the tumor, even while the beam

assembly is moving so as not to burn healthy tissue.

[0057] In one embodiment, locations of healthy tissue are also determined. For example, it
may be desired to provide none or minimal radiation to certain organs, ¢.g., the heart. The
locations of these particular organs that can receive none or minimal radiation may be used to

determine the proper beam trajectory.

[0058] The radiation treatment may be provided in any suitable treatment enclosure, such as a
room or a self-contained module. For instance, a capsule (e.g., cylindrical or rectangular) can

include the beam assembly and a mechanism to move the beam assembly. For example, the
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treatment enclosure can have a vertical or horizontal orientation, with the beam assembly being
on a support (e.g. a bar) along the long axis. The bar can then rotate around the patient, for
example, to provide a cylindrical coverage of the patient. The beam assembly can also have
angular degrees of freedom, e.g., the beam can be tilted up and down and side to side. Multiple
beam assemblies could be provided on a same support, and there can be multiple supports with
different beam assemblies. A small treatment enclosure (particularly if it is self-contained with
the beam assembly and detectors, such as cameras or an x-ray device) can facilitate calibration
and provide greater accuracy. In one embodiment, the treatment enclosure can also be used in
pre-treatment scanning to create the mapping model, or to supplement a previously obtained

mapping model.

[0059] FIG. 2B shows a treatment enclosure 280 according to embodiments of the present
invention. The enclosure 280 can be of any shape, and may surround only part of the patient,
e.g., just a torso. As shown, the patient is standing, but the patient may be in any position (e.g.
leaning against a central object, sitting, or lying down). When lying down, enclosure 280 can
have the long axis horizontal. Enclosure 280 can be made with a door for a patient to walk
through, or in a horizontal mode a bed can slide in and out from one end of the enclosure. Beam
assemblies 281a and 281b can be mounted to supports 282a and 282b. As shown, there are two
supports, but other embodiments can have one support or more than two supports. The supports
282 can move on a track 283, which can be near cither or both ends of enclosure 280. As shown,
track 283 is circular, thereby allowing the supports to rotate. The beam assemblies 281 can
rotate, and are shown rotated from horizontal (up and down) and rotated from vertical (left and
right). In addition to the beam assemblies, imaging devices 284a and 284b may be attached to
supports 282 or to other support structures, such as an inner wall of enclosure 280. These
imaging devices can include, for example, x-ray machines, optical cameras (e.g., in the visible
and/or infrared spectrum), radio frequency receivers to receive signals from active sensors, or

any other suitable imaging device.
HI. USING MULTIPLE SCANS OF SAME PATIENT

[0060] As mentioned above, the patient can be scanned prior to treatment, in order to
determine a function that maps marker positions to the location of certain tissue (diseased and/or
healthy). In some embodiments, multiple scans of the same patient can be used to determine the

mapping function.
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[0061] In one embodiment, cach scan corresponds to a different physical position of the body.
Each scan can provide the positions of the markers and of the particular tissue (e.g. a tumor).
Thus, for N markers, each scan can provide 3*(N +1) values, which can be considered as a
multi-dimensional data point. An analogy to a simple two dimensional data point (X,Y) as
determined by a function Y=f(x) is that the coordinates of the markers are the input values X,

and the location of the tumor is the output Y.

[0062] In some embodiments, coordinates of the markers can be measured from any origin,
¢.g. a marker can be considered the origin. Thus, 3*N values may define the multi-dimensional
data point in the relative coordinate system, with 3*(N-1) values for the non-origin markers and
3 for the tumor location relative to the origin marker. In one embodiment, certain markers may
be discarded if the dependence of the tumor location on the marker position is flat. For example,
a change in the marker position would not affect the tumor location. In this manner, the best or

most informative markers can be used.

[0063] In one embodiment, the data points can be interpolated, curve fit, etc. to determine a
surface that maps the relative coordinates of the markers (e.g. relative to the origin marker) to the
relative coordinate of the tumor. In various embodiments, the relative coordinate of the tumor

can be defined as a center of mass, center of volume, or other average value related to the tumor.

[0064] In another embodiment, the shape of the tumor, as determined from scan(s), can be
superimposed onto the tumor coordinate. In one implementation, changes in the shape or
orientation of the tumor can also be determined as outputs to a functional model. For example,
the orientation can be computed as a separate mapping, as defined by one or more parameters,

such as the three Euler angles.
IV. USING ONE SCAN OF CURRENT PATIENT

[0065] In some embodiments, only one scan (or just a few) of the patient may be required.
The problem becomes how to obtain changes in the tumor location with changes in physical
position when only one physical position is obtained. In one embodiment, specific scans or scan
information from other patients are used. The functional model can then be obtained using a
combination of the one scan for the specific patient and the scan information from one or more
other patients, ¢.g., having similar body shape, height, width and/or body mass. In this manner,

the number of scans for a particular patient can be reduced, and the scans from other patients can
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be re-used, thereby reducing a total number of scans needed, and potentially providing even

greater accuracy.

[0066] In one embodiment, markers are placed at the same locations for control patient(s). In

one embodiment, the location are defined with respect to certain body parts, e.g., at belly button,
between eyes, top of spinal cord, etc.. As an alternative, body parts that have a fixed relationship
to each other can have substituted for placement of a marker. The markers can then be placed at

a same location on the current patient.

[0067] In one embodiment, the control patients are the same body type as a current patient.
For example, control patients of various types may be used, with information from patients with

a similar body type being used in combination with the scan of the current patient.

[0068] In one implementation, a mapping function can be determined for each control patient.
The mappings for different control patients can then be averaged together. In another
implementation, the various scans can define data points across patients, and a single mapping
can be determined. In one aspect, the data points can be grouped by the patient and then scaled
prior to combining to form the single mapping. Accordingly, in one embodiment, a general
mapping function is determined from the control patients. If body type (e.g., male, female,
overweight, athletic, pear-shaped, muscular, etc.) is accounted for, embodiments can have
different mapping function for each body type. Control groups can also be organized by the

location of tumor, e.g., which organ has the tumor.

[0069] The single scan for the current patient can be used as a scalar on the mapping from the
control group. For example, the size of the mapped surface (i.c. a surface that defines the tumor
location in the multi-dimensional space for the data points of the scans) can be increased or
decreased a certain percentage based on the scalar. Thus, if a person has a same body type but is
smaller or larger, a scalar can be used. Different dimensions can have different scalars, ¢.g., a
different scalar for X, Y, and Z, or a different one for R, theta, and phi for spherical coordinates.
Thus, a shape of the surface can also be modified. Other transformations besides a simple scalar

can also be used.

[0070] In one embodiment, a reference object (e.g., reference object 370) can be used in
determining how the mapping function from the control group is to be scaled. For example, the

reference object can be used to scale the relative coordinates from the one scan, thereby altering
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the scalar for the control mapping determined from the scan. As another example, the reference
object’s position relative to features of the patient’s body (e.g., eyes, shoulder, etc) can be used,

at least partly, to determine the scaling function to be applies to the control mapping.

[0071] In another embodiment, multiple scans can be used to determine how a general
mapping function (e.g. as determined from one or more control patients) should be modified for
the particular patient. In another embodiment, the few scans can be used to determine a first
model, which then is modified based on the more general mapping function, e.g., higher
frequency changes of the multi-dimensional surface can be obtained from the general mapping

function as more scans may have been used to determine it.
V. POSITIONING OF BEAM ASSEMBLY

[0072] Embodiments can also be used to position the radiation beam. In various aspects, the
positioning can be accurate and the beam assembly can be relatively inexpensive compared to
current beam assemblies. In one embodiment, such positioning can be achieved using sensors on

the beam assembly.

[0073] FIG. 7 shows a system for positioning a trajectory of a radiation beam from a beam
assembly 720 according to embodiments of the present invention. Sensors 730 are placed on the
beam assembly 720. The positions of the sensors can provide a location and an angular
orientation of the beam assembly, thereby providing a trajectory of the radiation beam. The

detectors can be connected with a computer system that determines the trajectory.

[0074] In one embodiment, the sensors are wireless (e.g. optical) and detectors 740 can be used
to determine the positions, e.g., by receiving radiation transmitted from or reflected off of the
sensors. The sensors can function in a similar manner to any of the embodiments described for

the sensors on the patient.

[0075] In one embodiment, the system can be calibrated by knowing the exact placement of
the sensors on the beam assembly. With such knowledge, the position of the sensors can have a
static relationship to the trajectory of the beam. For example, the beam assembly can be built
with a certain tolerance that the trajectory will essentially be the same relative to the position and
orientation of the beam assembly (which is known from the sensors). The location of the sensors
in the room can be calibrated in a separate step, which may be the same step as the calibration for

the sensors on the patient.
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[0076] In another embodiment, the system can be calibrated by detecting the positions of the
sensors and then detecting a trajectory of the radiation beam. In one aspect, the beam can be
detected at two points to determine the trajectory. The beam can be measured at a particular
point in a variety of ways, such as with detectors that are situated on the other side of the patient
from the beam assembly. The detectors can have an array of elements having a known position,
where the radiation beam activates an element. Some radiation may be absorbed by an element,

but some radiation will pass through to activate an element of another detector.

[0077] The beam assembly can then be moved to a variety of positions, and the measurement
performed again. Each set of sensor positions can define a trajectory, with these values defining
a data point for the position of the beam assembly. Therefore, a functional relationship between
sensor position and trajectory can be obtained. Not every possible sensor position need to be
explored as a functional approximation can provide intermediate values. Also, changes in the
trajectory for rotations (e.g. around a single axis) for a particular location can be assumed to

provide similar changes in trajectory for the same rotations at a different location of the sensors.

[0078] In yet another embodiment, detectors could be used to track the radiation beam during
treatment to provide another layer of feedback information. In one aspect, such tracking can
happen at a coarser level of refinement, such that the trajectory of the beam is determined by the
sensors on the beam assembly more often, but the function of the sensor position to trajectory is

updated based on the detection of the beam at larger intervals.

[0079] A beam assembly 720 that uses any one or more of the feedback mechanisms can be
made cheaper (e.g. expensive stepper motor may not be required) and/or lighter. With these
advancements, or even otherwise, two beam assemblies can be used to provide treatment within
a shorter period of time. In one aspect, using two or more beams can help to provide a quicker
reduction of the diseased tissue than even half the time required for one beam. For example, the
amount of heating of the tumor can be greater than double with two beams than just one beam.

In another embodiment, each beam can be lower power when used in combination.

[0080] In one embodiment, when a location of the tumor is known, a computer can determine a
particular trajectory of the radiation beam (e.g., as part of a particular path over time). The beam
assembly can be moved and when the desired trajectory is achieved, the radiation beam can be

turned on.
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VI. MOVEMENT OF PATIENT

[0081] As mentioned above, embodiments can sample the locations of the sensors on the
patient at various intervals during treatment. If the patient moves between samples, then the
radiation beam may become unfocused from the tumor (or other diseased tissue), or hit vital
healthy tissue. The system can sample the sensor locations quite often in order to minimize such
an error. However, if the motion is fast (e.g. relative to the sampling frequency of sensor
location) and over a relatively large distance (e.g. as compared to the size of the tumor) so that

the motion is not a simple vibration, then errors can persist.

[0082] Some embodiments can account for patient movement during treatment, including
movement that is relatively fast. Various responses to the movement can depend on the type of
movement and can depend on the equipment and functional response of the beam assembly (e.g.,
the speed at which a beam assembly is positioned). The embodiments described below can be
used with embodiments described above (e.g. using relative coordinates) as well as other

techniques, e.g., where sensors are attached to the tumor itself.
A. Predicting Location Between Samples Of Position

[0083] FIG. 8A shows an intermittent error in beam positioning due to movement of a tumor
810 according to embodiments of the present invention. At time 0 seconds, the beam 820 is
focused on the tumor 810. The sampling frequency of the sensors is 0.2 seconds. At time 0.1s,
the tumor 810 has moved (e.g., due to the patient moving), and the beam 820 is no longer
focused on the tumor. If the movement was small, then the beam might simply be focused on an
edge of the tumor. But, as shown, the movement was relatively fast, and thus the beam is no
longer focused on the tumor. Such an example may be an extreme example, but is used to better

illustrate embodiments of the present invention.

[0084] At time 0.2s, the beam 820 is again focused on the tumor 810. Given that the sensors
were sampled at 0.2s, the location of the tumor was deduced, for example, from the relative
coordinates of the sensors using a model as described in any of the embodiments described
herein. This example assumes that the beam was focused instantly when the sensor locations
were read; however, a delay can occur, which embodiments can also account for, as is described
below. At time 0.3 s, the tumor 810 again has moved (e.g., with approximately a constant

velocity or acceleration), and thus the beam 820 is again not focused on the tumor 810.
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[0085] Some embodiments can identify that motion is occurring, and use information about the
motion to focus the beam in between sampling of sensor locations (and thus between times when
the tumor location is known). Such embodiments can predict where the tumor will be, and thus
predict a particular trajectory of the tumor between samples. For example, the position of the
tumor at several times can be used to calculate an acceleration and or time. Thus, for linear
motion, the equation (position (x) = 0.5*acceleration*time” + velocity*time + initial position)
can be used to predict where the tumor location will be at any time between the sampling times.
In one embodiment, the values of acceleration, velocity and initial position can be considered
three dimensional vector parameters for the equation of motion. The variables of acceleration
and velocity can be computed using simple algorithms (e.g. using two data points for velocity or
three for acceleration), or many data points, which can involve optimization of a cost function.
Other functional forms for law of motion can include simple harmonic motion, which may be

linear or circular.

[0086] Besides models that are based on laws of motion, time-dependent functions for
predicting the a next location of the tissue at a future time period can have other functional
forms. For example, Fourier functions (such as sine and cosine) Legendre polynomials,
spherical harmonics, or any other basis functions can be used to approximate the data points
obtained from measuring the location of the tissue over time. The variables (e.g. linear
coefficients) can be determined via an optimization algorithm that minimizes a cost function,
e.g., a difference in the time-dependent function and the measured locations of the tissue, a
difference in the variables from one optimization (e.g. at a first time) to another optimization
(c.g., at a later time). The other time-dependent functions can be implemented in a same way as
the laws of motion to determine where the beam should be pointing between samples or at a
point in time that is later than the time of a position measurement. As each new data point of the
measured location of the tissue is obtained, the time-dependent functions can be updated through

a new optimization of the cost function, which has changed due to the new data point.

[0087] FIG. 8B shows an example of a prediction of a location of a tumor between sampling
times according to embodiments of the present invention. In FIG. 8B, the location of the beam
830 is the same as beam 820 at times 0 seconds, 0.1 seconds and 0.2 seconds. Given that there is
data for three sampling times, a velocity and acceleration of the tumor can be determined. This

acceleration and velocity can be used to move the beam 830 to be focused on the tumor 810 at
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time 0.3 seconds, and potentially any time between 0.2 seconds and 0.3 seconds. Thus, the

update of the beam position can be more often than the sampling frequency of the sensors.

[0088] In one embodiment, a minimum number of sampling locations can be required before
the movement of the tumor is predicted, and the predicted location used to position the beam
between sampling times. Such a requirement can ensure that the equations of motion are
accurate and that the motion of the patient is consistent enough to determine a predictive

equation.

[0089] In other embodiments, other equations of motion can be used. For example, circular
motion could be detected, or other curvilinear motion. In one embodiment, a computer system
can have a predetermined number of equations for various types of motion. Each type of motion
can be associated with a particular equation. Once the location information is matched to a type
of motion (e.g. linear, curvilinear, rotational) then the corresponding equation can be chosen and
parameters of the corresponding equation chosen. Other types of motion, such as periodic, can
provide combinations to determined the equation. For example, a particular equations can exist
for periodic linear motion and a different equation for regular linear motion. In some
implementations, one type of motion can be initially identified, and subsequently, a new type of
motion can be identified (e.g., linear first and then periodic linear subsequently). In one
implementation, the parameters for each possible equation can be calculated at each sampling
time, and a type of motion can be determined for that sampling time, with the corresponding
equation being used to predict the tumor location until the next sampling time. In another
implementation, the decision of which type of motion and which equations of motion to use can
be performed at every Nth sampling time, where N is greater than one. The determination for
which equation (model) is to be used can be determined by comparing a best fit of the
parameters of each model to the location information and selecting the model that provides the
best fit. The best fit can be determined by calculating an error for each model, e.g., an error

between the model and the determined locations of the diseased tissue.
B. Predicting Location with Delay in Beam Positioning

[0090] A delay can exist between the time that the locations of the sensors are determined and
the time that a new tumor location is determined from coordinates of the sensors (e.g. relative
coordinates of the sensors). There can also be a delay between the time that the new tumor

location is provided to a beam positioning mechanism and the time that the beam is positioned at
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the input tumor location. After these delays, the tumor may have already moved to a new
location. For example, in FIG. 8A or 8B after a sampling at 0.2 s, the beam may not be re-
positioned until 0.21 seconds, and thus the tumor would have moved to a new location based on
a particular acceleration and velocity during the intervening 0.01 seconds. In addition, any
healthy tissue, which is sought to be avoided, can also have moved thereby causing the beam to
hit vital healthy tissue (e.g. the heart). Such a problem could be even worse if these delays are

greater than the sampling frequency.

[0091] Some embodiments can reduce a beam positioning error due to a time lag between the
time a set of position samples are electronically measured and the time required to (i) record the
measurements, (ii) process the measurements, (iii) use the measurements to calculate where the
beam should ideally point, and then (iv) cause the beam assembly to move to the new pointing
position. By knowing how long the lag is for this sequence of measurement, processing and
positioning steps, the beam can be positioned according to an estimate of where the beam should
ideally be positioned at the end of the time lag, rather than using an estimate of where the beam
would have been ideally positioned at the time the measurements were sampled (at the beginning
of the time lag) under the assumption the tumor (and possibly the undesired tissue) are

stationary.

[0092] FIG. 9A shows a constant error in beam positioning due to movement of a tumor 910
according to embodiments of the present invention. In this example, the sampling frequency is
0.1 seconds, but there is a delay of 0.1 seconds from the time the sensor location are detected and
the re-positioning of the beam. At time 0.0, the beam 920 is focused on the tumor 910 (e.g.
because the tumor 910 has been stationary). From time 0.0 to 0.1 seconds, the tumor 910 moves
and the new sensor locations are detected. However, the beam 920 has not been re-positioned

yet, so there is an error.

[0093] At time 0.2 seconds, the beam is updated to have the position of where the tumor 910
was at time 0.1 s, but now the tumor 910 has moved to a new position. Thus, there is still an
error. Accordingly, the positioning may always lag behind the actual tumor location if the tumor

continues to move faster than the system can re-position.

[0094] FIG. 9B shows an example of a prediction of a location of a tumor between sampling
times where the prediction accounts for a delay between sampling and positioning of a beam

according to embodiments of the present invention. At time 0.1, the beam 920 is still not
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focused on the tumor 910 since the system is still processing the new position information.
However, for time 0.2 seconds, the system can use the position information at time 0.1 seconds
to predict where the tumor will be at 0.2 seconds since that is the time the system knows
corresponds to the delay. For example, once the system receives the sampled location
information about the sensors at time 0.1 s, the system can calculate the predicted tumor location
at 0.2 s (and just skip over any calculation of the tumor location at time0.1s since the beam
cannot be positioned quick enough anyway). The delay for a particular system can be

determined during a calibration process.

[0095] For time 0.3 s, the system can use the position information from times 0.1 s and 0.2 s,
to calculate the tumor location at time 0.3 s. In one aspect, the tumor location of at time 0.3 s is
fed into the beam positioning system prior to the time of 0.3 s. For example, assume that the
delay to calculate the tumor location is 0.02 seconds and the delay to re-position the beam is 0.08
seconds, then the new tumor location is computed for 0.3 seconds (using the position information
at times 0.1 s and 0.2 s) and is provided to the beam positioning system at 2.2 seconds, so that
when the beam is re-positioned at time 0.3 seconds, the beam will approximately be at where the

tumor is actually located at 0.3 seconds.

[0096] In some embodiments, a delta A (e.g. 0.1 s) can be added to the time of the prediction
equation so that the position that is fed into the positioning system to position the beam is always
0.1 seconds greater than when the sensor locations were last sampled. For example, a velocity
can be determined from the position of the tumor 910 at time 0.1 s and the location at time 0.0.
Then assuming linear motion, this velocity can then be used in equation (position (x) =
velocity*(time+ A) + initial position). Once further data points are obtained, more complex
equations can be used with the time offset. Thus, in one embodiment, the computing system
does not use the current time in the equations of motion, but uses the current time plus a time

offset by A.

[0097] Embodiments for handling the various delays can be combined. Thus, the beam’s
position can be updated more often than the sampling points, based on equations of motion
derived from recent location measurements (i.c. sensor locations and subsequent calculation of
tumor location). And, the equations of motion for the updates can use a time offset so that the
position is the expected tumor location at the end of the re-positioning process. For example, if

sampling of sensor locations is done every 0.2 s, a prediction engine can receive a new tumor
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location every 0.2 s; but the tumor location can be old by 0.02 seconds under the above example,
where the delay of calculating the tumor location from sensor locations is 0.02. The prediction
engine can predict the tumor location at a time of a current time 0.22 s (i.e. 0.02 seconds after the
sampling time, in this example) plus a time offset of 0.08 s (the delay in the positioning
mechanism) to obtain a predicted tumor location at 0.3s. Assuming the prediction engine
computes a predicted tumor location every 0.1 s (which can be more often than the sampled
sensor locations are received), the prediction engine would compute the next tumor location (e.g.
using the same equations of motion used for the calculation at time 0.22 s) at time 0.32 s with an

offset of 0.08 s to provide a predicted tumor location at 0.4 s.

[0098] Besides using a fixed offset A for computing the next position, the time-dependent
functions to predict tumor position (and possibly undesired tissue position) can be used in
combination with the response of the beam assembly positioning as a function of time. The
response time to position the beam may change over time, ¢.g., the response time may be longer
when the tissue is moving faster and the beam assembly must move faster to keep up, thereby
resulting in more time lag. As another example, different delays can be encountered depending
on the last position of the beam and what the new commands are. Such different delays can be
due to different total distances that the beam assembly needs to be moved. The beam assembly
can be made to move faster when the distance to be moved is more, but in general, the movement
speed of the beam assembly should correlate to the time step for the new position (i.c. related to
the average velocity of the tissue and/or beam over the time period) so that the beam assembly

would be focused on the tissue during the movement of the beam.

[0099] The response time can be measured for each new set of input commands for changing
the position of the radiation beam, thus a function G of the response time that approximates these
data points can be determined (e.g., by computing coefficients of basis functions that minimize a
cost function). The cost function can include contributions from a difference in the time-
response function G from the measured response time. The function G could also be determined
from the values of the time-dependent function for the tissue. For example, the response time
could be estimated from the acceleration of the tissue, or from higher order terms (such as the
change in the acceleration). The time-response function G can be pre-computed during a

calibration process, and may be updated during treatment.

C. Determining Beam Position from Tissue Position
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[0100] Using the embodiments described above, one can calculate the position of tumor and/or
healthy tissue at a given time. A number of different positions can be obtained for each time.
The different positions can include multiple positions on a surface of a tumor, positions of
multiple tumors, and multiple positions for various healthy tissues. All of these positions can be
used to determine an optimal beam position, as well as any other beam properties, such as beam

intensity, beam width, etc.

[0101] The optimal beam can be computed by optimizing a cost function. For example, the
optimal position can minimize the cost function, which can have contributions due to tumor and
healthy tissue. The cost function can decrease when there is more overlap of the beam with the
tumor (i.e. the beam is hitting the tumor), but increase if there is more overlap with healthy tissue
(c.g. a penalty is paid for hitting healthy tissue). The cost function can be tailored such that the
penalty for hitting healthy tissue is high (and also may vary depending on the exact healthy tissue
that would be hit, such as the heart) relative to the benefit (i.e. reduction in the cost function) for

more overlap for the diseased tissue.
D. Method Of Predicting Location Of Tissue

[0102] FIG. 10 is a flowchart illustrating a method 1000 for tracking motion of tissue and
determining an optimal beam position based on the motion according to embodiments of the
present invention. Method 1000 uses time-dependent functions to predict motion of tissue and

an estimate of delay in the system to account for various system errors.

[0103] In step 1010, one or more locations of tumor and/or healthy tissue are measured at a
plurality of times. The measurement may be made as described above, for example, combining a
less precise method during treatment (e.g., using locations of fiducials) with a model for
mapping the less precise measurements to more precise measurements. The less precise
measurement could be internal measurement, e.g., using standard x-ray, or external
measurement, €.g., using wireless sensors (as described above) or imaging techniques. The times

may be the N most recent measurements, or all of the measurements within a prescribed time.

[0104] In step 1020, time-dependent function(s) for motion of the tissues are calculated based
on the measured locations. Each different tissue can have its own time-dependent function, and
even multiple locations on each tissue can have a separate time-dependent function. Each

location can be broken up into separate dimensions (e.g. Cartesian coordinates, spherical,
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cylindrical, and so on), and thus each location have three different time-dependent functions, one

for each dimension.

[0105] The time-dependent function can be determined in a variety of ways. For example, one
may use a set of basis functions (e.g. polynomials in time t), and determine the coefficients that
best approximate the motion defined by the measurements from step 1010. Thus, the time-
dependent functions could be of the form a+bt+ct’, with a being the initial offset, b being
velocity, and ¢ being an acceleration term (e.g. proportional to acceleration). Higher order
polynomials can be used, as well as other basis functions. The coefficients of the basis functions
can be determined by optimizing a cost function, ¢.g., mean square difference or worst square
difference between the time-dependent function and the measured data points from step 1010.
Non-linear variables can also exist within the basis functions, but such inclusion can make their

calculation more difficult.

[0106] Accordingly, a time-dependent function can have the generic form of X; ;(t)=F(C,t),
where X is a matrix with one dimension (e.g. I) being three and the other dimension (e.g. J)
being the number of locations whose motion is being modeled, and where Cpyy is a 3™-rank
tensor (or simply an array with three dimensions) of the coefficients that are determined via the
optimization step. The index M can run over the number of variables defining the time-
dependent function for the particular coordinate I of location J of a tissue. Then, C can be
determined by optimizing a cost function E(C,t,Y), where Y is the measured data points from

step 1010.

[0107] In one embodiment, E can equal 2 (Y-F)z, where the sum is over each time point,
number of coordinates, and number of locations of tissue being tracked. Note that each time-
dependent function can be treated as a separate function. Alternatively, the motion for different
coordinates locations can be dependent on each other, ¢.g., the locations on a surface of a tumor
would have some correlation with each other. Additionally, the variables for the location(s) of
different tissue can be calculated with different accuracy. This may be achieved using different
weightings in the cost function E. For example, the sum of the least square errors for a particular
location(s) of an object (tissue) can be multiplied by a larger factor in order to give more

importance to obtaining accurate values of C for the object.

[0108] The function F can be re-calculated for each new data point, or every Nth data point,

where N is grater than one. The calculation of F can be independent from how often a new
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command is given to the apparatus for positioning the beam. For example, F can be re-
calculated every 0.5 seconds, but a new command can be sent to the beam positioner (also called
a movement mechanism) every 0.1 seconds. Thus, the last F can be re-used to determine new

positions for the beam.

[0109] In step 1030, the delay At for positioning the beam is estimated. In one embodiment,
At could be chosen as a fixed value. For example, the system could assume that from the time of
computing the locations (which could include or not include determining the time-dependent
function F), including the time to compute the optimal beam position, until the beam is
positioned at its new designated position (i.e. as designated by the commands given to the
positioner) is a constant. In another embodiment, the value of At can be different. For example,
if the tissue is moving faster, it will take longer for the beam assembly to move into the correct
position. Thus, At can be larger. Note that if At was large enough, the beam may not reach its

final designated location by the time a new command is given to the positioner.

[0110] For a variable delay At, the time may be estimated based on the values of C. For
example, the maximum coefficient for the velocity or acceleration can be used to determine At,
as that acceleration can dictate how long it will take to position the beam. In yet another

embodiment, the value of At can vary for each location being tracked.

[0111] In other embodiments, At can be determined from any combination of distance traveled
for last time step, error of predicted position from actual position of tissue, and a beam error of
actual trajectory of the beam from an optimal trajectory of the beam. Using the feedback of the
beam error can allow for machine learning, e.g., via optimization algorithms to determine better
input commands into a beam assembly for moving the beam. The actual trajectory can be

computed, e.g., as described in section V above.

[0112] In step 1040, the position of each location J of tissue is determined at time t+ Aty, where
t is the current time. The result is that the location of the tissue is computed for a future time.
Since the beam is expected to take Aty to move to the position at t+ Aty, the beam is expected to
move along a similar trajectory that that the tissue is moving. Thus, the error is reduced

compared to using the position of the tissue at the current time.

[0113] In step 1050, the optimal beam position can be determined, ¢.g., as described above.

For instance, a cost function that uses locations of tumor tissue and healthy tissue can be used to
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find a beam trajectory that reduces risk to vital organs while providing radiation to the tumor. In
some cases, the radiation beam could be turned off if the certain criteria cannot be met (e.g., the
cost function is above a certain value, which can indicate that healthy organs would be
damaged). Once an optimal beam position is determined commands for a beam positioner can

be determined. In one aspect, the optimal beam position can be a command.

[0114] In step 1060, the command for the new position is sent to the beam positioner. The
commands may be analog or digital signals. The beam positioner may be a stepping motor. In
one embodiment, the commands may be high level commands that specify a position of the beam
assembly or a particular trajectory. The beam positioner can include a processor that receives the
high level position commands and determines the specific signals to send to actuators for moving

the radiation beam.

[0115] Regarding the calculation of the time-dependent functions, some embodiments can use
certain information to determine what kind of motion is occurring. For example, which sensors
are moving can be used to predict how the patient’s body is moving. If the sensors on the
patient’s torso are moving rotationally, then the person’s whole body is likely turning. If the
tumor is located within the torso, the motion of the tumor is likely around an axis within the
patient’s body. Thus, rotating motion can be assumed, and the corresponding equations can be
used. Certain criteria can be used to classify the type of motion, and then use equations
corresponding to that type of motion. Other implementations can use a single more general

equation for multiple types of motion.

[0116] As another example, the sensors could identify that the patient is moving his/her arm or
leg. If the tumor is within the arm or leg, then the motion can be constrained by knowledge of
the patient’s body, such as length of the arm or leg and knowledge that only certain types of
motions are possible (e.g. hinge-like motion for the elbow or knee). Thus, the knowledge of the
type of motion and the physical constraints of what motions are possible can be used to

accurately predict where a tumor may be.

[0117] In one embodiment, the beam can be turned off if the movement of the patient is
measured (via the sensors on the patient) to be faster than a threshold value, and/or erratic
enough that a prediction is deemed not to be accurate within a threshold. The threshold may be

determined based on how fast the system can determine the tumor location and change the beam
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trajectory, e.g., a latency of the system. This threshold for the rate of acceptable movement can

be determined during a calibration procedure, e.g., using a dummy instead of a real patient.
VII. DETERMINING TRAJECTORY OF OPTIMAL BEAM POSITION

[0118] In the last section, the position of the tumor as a function of time was determined.
Based on this predicted motion, an optimal beam position was determined for a particular time.
In the embodiments of this section, the position of the tumor as a function of time need not be
determined. Instead, a beam trajectory can be determined as a time-dependent function of beam
position (e.g., 3-dimensional location and 2-dimenional angle). The beam trajectory can be
determined to minimize an error between an actual beam position (e.g., as measured) and an
optimal beam position at a set of times. The optimal beam position at a particular instant in time
can be determined based on a determination of a position of a tumor and/or healthy tissue at the

particular instant in time (e.g. via a measurement made at that instant in time).
A. Method Using Feedback Error

[0119] FIG. 11 is a flowchart illustrating a method 1100 for determining an optimal beam
trajectory based on feedback error according to embodiments of the present invention. Method
1100 uses time-dependent functions that account for the motion of the tissue. The time-
dependent functions could be used to predict the motion of the tissue, or used to predict the

change over time of an optimal beam trajectory or inputs to a beam positioner.

[0120] In step 1110, location(s) of tumor and/or healthy tissue is measured at an instant in
time. The location can be performed using methods described herein, e.g., using a mapping
model obtained from pre-treatment scans. The locations of the tissue could also be obtained
directly with fiducials attached to the tissue. Any suitable method for measuring the location

may be used.

[0121] In step 1120, an optimal beam trajectory can be determined based on the location(s) of
the tissue(s) at the instant in time. For a given location of tumor and/or healthy tissue, an optimal
trajectory can be chosen. The term optimal as used herein does not require the best trajectory
possible, but a value that is determined optimal within a specific criteria (e.g., a cost function is
below a certain value). Accordingly, the optimal trajectory could hit some healthy tissue, but the

amount would be within specific parameters.
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[0122] In step 1130, the actual beam trajectory is measured at the instant in time. The actual
beam trajectory can be measured as described herein. For example, the radiation beam may hit
detectors, which can identify a particular location of the disturbance of the detectors. As another
example, beam sensors (e.g. as described in FIG. 7) can be used to determine the beam trajectory

at the particular instant in time.

[0123] In step 1140, an error between the actual beam trajectory and the optimal beam
trajectory at the instant in time can then be determined. The error can result from various factors
as described herein. An error can be computed for each degree of freedom of the beam
trajectory, e.g., three spatial coordinates and two angular coordinates. The measurements of the
actual beam trajectory can be determined on a continuous basis, and stored with a time stamp.
Once the tumor location is determined, the time t, can also be stored, so that the corresponding
optimal beam trajectory at time ty can be compared to the actual beam trajectory at time to. In
one embodiment, the error for different degrees of freedom can be weighted differently, e.g., the
angular degrees of freedom can be weighted higher as they may have more of an impact on the

change of the cost function for a beam trajectory.

[0124] In step 1150, a time-dependent function for obtaining beam trajectory parameters is
updated based on any one or more of the values obtained in steps 1110-1140. In various
embodiments, the time-dependent functions can specify the motion of the tissue, the change in
the optimal beam trajectory over time, and the change in input commands to a beam positioner.
The update can include changing a time offset for determining the next input command (e.g.
providing a command for a future point in time to account for delays in the system) or
parameters that affect the actual next input command (which could be any parameter for any of

the time-dependent functions).

[0125] In step 1160, one or more commands are sent to a beam positioner. The input
commands provided at a time t, could be for a different beam trajectory than the optimal beam
trajectory at time to. For example, the input could be for a greater position than the optimal
position at time to, but due to time lag A, the actual beam position at time to+A will be or
approximately be the optimal beam position for time to+ A. Thus, the input commands can be
determined to reduce the error between the actual and optimal beam trajectory for a set of

measurements at different times.
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[0126] In some embodiments, the beam assembly can have a continuous motion as opposed to
discrete movements to new positions. For example, commands can provide parameters for
equations of motion of the beam assembly, as described herein. Such parameters can include
velocity and acceleration, or other variables for any suitable time-dependent function. The
positioning system can then move the beam assembly according to those equations, whose
parameters are based on the positions of the sensors. Such embodiments can take in account
present or past beam assembly velocity and/or present or past beam assembly acceleration. For
example, changes in velocity or acceleration to new values can have different delay based on
what the current or previous values were. A time-response function G to predict delays in
positioning the radiation beam can be computed as described above. This time-response function
can be calibrated and recorded. The time-response function G can then be used to estimate the
ideal beam position commands (e.g. by determining the proper time offset at a given instant in

time) or simply changing the variables to account for any delays.
B. Updating time-dependent function for beam position parameters

[0127] The feedback of the errors in the actual beam position and the optimal beam position
can be used to various ways to update the time-dependent functions of the beam position
parameters. For example, a time-dependent function can be determined for the optimal beam
trajectory, and the beam error from step 1140 can be used to determine a time offset (e.g. due to
lag), in a similar manner as explained for method 1000. As another example, a time-dependent
function can be determined for the beam position parameters. This time-dependent function
would typically not be the same as for the optimal beam trajectory, and thus can incorporate any

lag in the system into the function itself without using a time offset.
Update At

[0128] The time-dependent function for the optimal beam trajectory can be calculated from the
optimal beam position determines at a plurality of times. Each position of the beam can have a
separate time-dependent function. As the beam can have two angular degrees of freedom, along
with the three-dimensional spatial coordinates, five time-dependent functions could be used. The
functions can have an assumed functional form (basis functions), such as polynomial, which
could be of the form a+bt+ct” or of higher order, as mentioned above. But, other basis functions
suitable for periodic motion can be used. A cost function, such as least square error, can be used

to determine the variables defining the functions.
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[0129] Even if the time-dependent function was of such precision to exactly predict the next
optimal beam position, there can still be an error due to the imprecision of the positioning
mechanism for the beam, or any time lags in the calculations and the positioning. Thus, an beam
error determined in step 1140 can be non-zero. To account for such errors, a time-offset At can
be used in a similar manner as described above. A single time-offset At can be used for all of the
time-dependent functions, or the time-offset At can vary between the different time-dependent
functions. Thus, each degree of freedom can have its own value for At. The value of At can be
determined in a similar manner as mentioned above. For example, At can be determined from
the beam error, the variables of the time-dependent functions (e.g. a coefficient corresponding to
velocity and/or acceleration), and the change in position of the tissue being tracked between

sampling times.

[0130] In one embodiment, the beam error can be used as feedback to increase or decrease the
value of At. For example, if the error is a result of an overshoot (i.e. the beam was moved past
the optimal location), the value of At can be reduced for the next determination of the beam
position. The exact amount of reduction can be determined via an optimization algorithm that
uses previous errors and the corresponding At values. For an undershoot, the value of At can be
increased. If the error is zero or almost zero (e.g. within a threshold of zero), then the value of At
can remain unchanged. As a beam error can be computed for each degree of freedom of the
beam position, a different value of At and change to At can be used for respective time-
dependent functions corresponding to the different degrees of freedom. As the value of At is
being updated, the time-dependent function of the optimal trajectory can be re-calculated for

cach new data point of the optimal beam position.
Update coefficients for time-dependent function of beam parameters

[0131] In another embodiment, a time-dependent function(s) of the optimal trajectory is not
calculated, but instead a time-dependent function(s) of the input positions (commands) into the
beam assembly for positioning the beam. In this manner, the time-dependent function is not
necessarily related to any particular movement, but can be computed as the function that
minimizes the beam error. However, input values for one or more previous positions of the

tissue may be used.

[0132] The initial values for the variables of the time-dependent functions can be computed in

a similar manner as for the optimal beam trajectory. For example, a function approximating the
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data points of the optimal beam trajectory can be computed. In another embodiment, the error at
a particular instant in time can be paired with a particular input to the beam assembly, thereby
providing an error in the initial values for the variables. Combining the error with the actual
input values (e.g., input position), one can determine an estimated value for the optimal input
values. The time-dependent functions for the input positions can then be computed in a similar
manner as any of the functions mentioned above. One can also compute the time-dependent
function as delta value for how the beam assembly should move based on a most recent value for
the beam position. This delta value in the change of the function value can itself vary over time,

e.g., as computed based on an optimization of a cost function using previous errors.

[0133] Once the variables of the time-dependent function(s) for the input positions are
determined, the variables themselves can be updated based on the measured beam error. The
variables can be updated in various ways. For example, the variables can be updated as each
new error point is received. The direction of change can be computed in a similar manner as for
At. As another example, the variables can be updated by combining the error with the actual

input values, as is described above.

[0134] In practice, the combining the error with the actual input values can involve
optimization algorithms, such as conjugate gradient (with the error being the gradient) or quasi-
Newton methods, or other types of machine learning. The basis functions for the time-dependent
functions can include neural networks and delta functions (e.g., simply vector values at different
instances in time), as well as others mentioned above. The new values for the variables defining
the time-dependent function(s) would then be chosen so as to minimize (or at least reduce) the
measured beam error. The cost function for the optimization would involve the beam error(s)
(e.g., one for each degree of freedon), and could simply be a sum of the beam errors at the times
being used, or some other function. The various beam errors could be given different
weightings, e.g., if reducing the error for angle is more important than a spatial placement of the
beam assembly itself, or vice versa. The use of a value of At can also be combined with this

method.
VIII. TRANSFORMING PRE-TREATMENT IMAGE

[0135] As mentioned above, a digital pre-treatment body image of a patient can be created
using various techniques (such as CT, MRI, and ultrasound). The pre-treatment body image can

include a characterization of the spatial characteristics of one or more first components (e.g.
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tumor and/or healthy tissue) of the body anatomy relative to one or more markers. As detailed
above, the markers may be natural features of the patient’s body (e.g., particular locations on
bones, a nose, belly button) or artificial markers that are added to the patient’s body (e.g. on the
surface or internally). The digital pre-treatment body image can be created using one imaging
technique (e.g. the markers also are imaged with the same technique as the tumor tissue) and two
techniques are used (e.g. the marker locations are determined with optical or radio frequency

signals).

[0136] The pre-treatment body image may not be consistent with a treatment coordinate
system. An embodiment can determine whether the pre-treatment body image is consistent with
the treatment coordinate system. If the pre-treatment body image is not consistent with a
treatment coordinate system, the pre-treatment body image can be mapped into a corrected pre-
treatment body image that has a coordinate system that is consistent with the treatment
coordinate system. The treatment coordinate system can enable the location and/or orientation of
the one or more first components of the body anatomy with respect to a location and/or a
pointing angle of a radiation treatment apparatus (e.g. a beam trajectory). For example, the pre-
treatment body image can be scaled to the resolution (e.g. by altering the number of pixels in the
image) of the detectors used during treatment to detect the sensors and position the beam,
thereby allowing a unified coordinate system. This mapping can be performed before treatment
begins. If the pre-treatment body image is consistent with a treatment coordinate system, then no
correction may be necessary, and the corrected pre-treatment body image would be the pre-

treatment body image.

[0137] During treatment, a digital treatment body image can be created. The digital treatment
body image is consistent with the treatment coordinate system. The sensors can be located as
key features on the treatment body image in the treatment coordinate system. The positions of
the sensors can be obtained in various ways (such as x-rays, MRI, optical imaging, or
ultrasound). For example, an x-ray scan can provide an image with identifiable locations of
bones, fiducials, or other sensors that provide a signal to detectors. As another example, optical
imaging using video or still pictures (or other wireless communication) can be used to detect
natural body features or artificially added sensors. Any of these and other suitable techniques
can provide a digital treatment body image. In one embodiment, the pre-treatment body image is

created in a different apparatus than where the treatment body image is created.
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[0138] A best-fit process (e.g. using optimization techniques described herein) can be used to
map information (e.g. positions of tissue and sensors) from the corrected pre-treatment body
image to the treatment body image to create an enhanced treatment body image, which is
consistent with the treatment coordinate system. The best-fit mapping can determine a position
offset and/or a rotation offset to apply to the entire corrected pre-treatment body image, to
respective sections of the corrected pre-treatment body image (e.g., if the body has a twist or is
bent), or different offsets for different components (e.g. sensors and tissue) to re-position the
corrected pre-treatment body image. For example, the offsets can minimize a position difference
as measured in the treatment coordinate system between a set of one or more common features
(e.g. sensors and tumor tissue) in the re-positioned corrected pre-treatment body image and the
same set of common features in the treatment body image. The optimization can be constrained
so that the offsets reflect possible distances between the two different features (e.g., a hip joint

may only have a certain range of possible distances from a nearby tumor).

[0139] The enhanced treatment body image can be used to identify a feature (e.g. a sensor) in
the image and to determine a desired radiation target (e.g. the tumor tissue) within the treatment
coordinate system. Identified features can also be used to determine undesirable radiation targets
(e.g. healthy tissue) that is not to be radiated. A control processor can determine a pointing
location and/or pointing angle of the radiation treatment apparatus (e.g. a beam assembly) that
will cause a radiation beam to hit the desired radiation target (e.g. beam has an optimal beam
trajectory). Commands can be provided to the radiation treatment apparatus to cause the
radiation treatment apparatus to move to the pointing location and/or pointing angle and deliver a

radiation dose.

[0140] The treatment body image may be body points identified by markers (sensors) placed
on the body. In one embodiment, the markers can be located with wireless position finding
techniques, and the treatment apparatus can include detectors to locate the markers in the
treatment coordinate system. In another embodiment, the markers can be located with video or
still camera imaging techniques, and the treatment apparatus can includes video or still cameras
to locate the markers in the treatment coordinate system. The placement of the markers on the
body during treatment imaging can be the same, or within a tolerance, as the placement of pre-
treatment markers placed on the body during pre-treatment imaging. The treatment markers and
the pre-treatment markers can have the same image properties for pre-treatment imaging and

treatment imaging. The markers can have an image property that provides enhanced marker
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location during treatment imaging (e.g. relative to other features in the image) and the pre-
treatment markers have an image property that provides enhanced marker location during pre-
treatment imaging. In yet another embodiment, the markers (e.g. internal markers) can be
located with x-ray techniques, and the treatment apparatus can include x-ray apparatus to locate

the markers in the treatment coordinate system.

[0141] The treatment apparatus used to locate the markers in the treatment coordinate system
can be calibrated prior to treatment by capturing an estimated position in the treatment
coordinate system of a test marker of known location in the treatment coordinate system and
applying a correction factor to the estimated position so that it correctly maps to the known

position in the treatment coordinate system.

[0142] In one embodiment, the enhanced treatment body image is used to: (i) enhance one or
more image properties and/or one or more location estimates of a first set of image features (e.g.
healthy tissue) in the treatment image, or (i1) add one or more image features (e.g. the diseased
tissue) in a second set of image features to the treatment body image, where the second set of
image features are identifiable in the re-positioned corrected pre-treatment image and are not
identifiable in the treatment image. In one embodiment, the one or more first set of features can
include image features resulting from markers placed on or near the body. In another
embodiment, the one or more first set of features can include body features or anatomy elements
identified by a body anatomy identification algorithm applied to the image. The one or more

second set of features can include body features or anatomy elements.

[0143] Mapping the pre-treatment body image the treatment coordinate system can be
accomplished by calibrating the apparatus used to create the pre-treatment body image so that an
absolute measure of dimensions is obtainable from the pre-treatment body image information.
The mapping to a corrected pre-treatment body image can then be based on the known absolute
dimension information available in the pre-treatment body image. Mapping the pre-treatment
body image into the treatment coordinate system can be accomplished by inserting calibration
markers of known absolute geometry placed on or near the body during the pre-treatment
imaging process. The known absolute geometry of the calibration markers can be used to adjust
the pre-treatment body image so that the corrected geometry of the calibration markers in the

corrected pre-treatment body image is consistent with their known absolute geometries.
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[0144] In one implementation, the location and/or a pointing angle of a radiation treatment
apparatus can be determined by a pre-treatment calibration procedure wherein a position and/or
pointing angle command is provided to the radiation treatment apparatus. The resulting position
and/or pointing angle of a radiation beam can be measured with respect to the treatment
coordinate system. The process may be repeated until a characterization of multiple position
and/or pointing angle commands and the resulting position and/or pointing angle measured in the
treatment coordinate system is sufficient to achieve the required accuracy during treatment. In
another implementation, the location and/or a pointing angle of a radiation treatment apparatus
can also determined by placing markers on the treatment apparatus elements that direct a
radiation beam, locating the position of the markers in the treatment coordinate system, and
applying a mapping of the location of the markers in the coordinate system to the location and/or

a pointing angle of a radiation treatment apparatus in the treatment coordinate system.

[0145] Determining a pointing location and/or pointing angle of the radiation treatment
apparatus that will cause a radiation beam to hit the desired radiation target can include using one
or more past positions of the desired radiation target and an estimate of motion dynamics of the
desired radiation target to improve the accuracy of the pointing location and/or pointing angle
with respect to the actual real time location of the desired radiation target, ¢.g., as described
above. The enhanced treatment body image may further utilized to identify one or more
undesired radiation features in the image and use the one or more undesired image features to
determine one or more undesired radiation targets within the treatment coordinate system.
Determining a pointing location and/or pointing angle of the radiation treatment apparatus may
not only be based on the location of the desired present state radiation target, but also based on
the one or more undesired present state radiation targets that are desired to be avoided when
determining the present pointing location and/or pointing angle of the radiation treatment
apparatus in the treatment coordinate system. The desired treatment path can include a series of
future pointing locations and/or pointing angles that will result in more exposure to the desired
radiation target than is delivered to other body features including the one or more undesired
radiation targets. As time progresses, cach of the future pointing locations and/or pointing angles

may be used to assist in deriving a present state pointing location and/or pointing angle.

[0146] In one embodiment, the best-fit process to create an enhanced treatment body image
can include identifying a first set of body model reference features in the treatment image,

determining a body-model orientation based on the relative position of the body-model reference
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features in the treatment body image, utilizing the body-model orientation to obtain a body-
model enhanced version of the corrected pre-treatment body image, and then applying the
position offset and a rotation offset to the body-model enhanced corrected pre-treatment body
image to create the re-positioned corrected pre-treatment body image. The body model may be a
mathematical model that determines an enhanced location estimate for a second set of body
features based on the relative position of the body-model reference features in the treatment body
image. The second set of body features may be features that are not available, or have poor

quality or resolution in the treatment image.

[0147] In another embodiment, the best-fit process to create an enhanced treatment body image
can include identifying a first set of body model reference features in the treatment image,
identifying from a plurality of secondary pre-treatment images a subset of two or more closest fit
images wherein the relative position of the body-model reference features in the closest fit
secondary pre-treatment images is close to the relative position of the body-model reference
features in the treatment image, applying an interpolation algorithm to two or more secondary
pre-treatment images to create an improved interpolated closest fit pre-treatment body image,
and then applying the position offset and a rotation offset to the improved interpolated closest fit
corrected pre-treatment body image to create the re-positioned corrected pre-treatment body

image.
IX. COMPUTER SYSTEM

[0148] Any of the computer systems mentioned herein may utilize any suitable number of
subsystems. Examples of such subsystems are shown in FIG. 12 in computer apparatus 1200.
In some embodiments, a computer system includes a single computer apparatus, where the
subsystems can be the components of the computer apparatus. In other embodiments, a
computer system can include multiple computer apparatuses, cach being a subsystem, with

internal components.

[0149] The subsystems shown in FIG. 12 are interconnected via a system bus 1275.

Additional subsystems such as a printer 1274, keyboard 1278, fixed disk 1279, monitor 1276,
which is coupled to display adapter 1282, and others are shown. Peripherals and input/output
(I/0) devices, which couple to I/O controller 1271, can be connected to the computer system by
any number of means known in the art, such as serial port 1277. For example, serial port 1277 or

external interface 1281 can be used to connect computer system 1200 to a wide area network
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such as the Internet, a mouse input device, or a scanner. The interconnection via system bus
1275 allows the central processor 1273 to communicate with each subsystem and to control the
execution of instructions from system memory 1272 or the fixed disk 1279, as well as the
exchange of information between subsystems. The system memory 1272 and/or the fixed disk
1279 may embody a computer readable medium. Any of the values mentioned herein can be

output from one component to another component and can be output to the user.

[0150] A computer system can include a plurality of the same components or subsystems, ¢.g.,
connected together by external interface 1281 or by an internal interface. In some embodiments,
computer systems, subsystem, or apparatuses can communicate over a network. In such
instances, one computer can be considered a client and another computer a server, where each
can be part of a same computer system. A client and a server can each include multiple systems,

subsystems, or components.

[0151] It should be understood that any of the embodiments of the present invention can be
implemented in the form of control logic using hardware and/or using computer software in a
modular or integrated manner. Based on the disclosure and teachings provided herein, a person
of ordinary skill in the art will know and appreciate other ways and/or methods to implement
embodiments of the present invention using hardware and a combination of hardware and

software.

[0152] Any of the software components or functions described in this application may be
implemented as software code to be executed by a processor using any suitable computer
language such as, for example, Java, C++ or Perl using, for example, conventional or object-
oriented techniques. The software code may be stored as a series of instructions or commands
on a computer readable medium for storage and/or transmission, suitable media include random
access memory (RAM), a read only memory (ROM), a magnetic medium such as a hard-drive or
a floppy disk, or an optical medium such as a compact disk (CD) or DVD (digital versatile disk),
flash memory, and the like. The computer readable medium may be any combination of such

storage or transmission devices.

[0153] Such programs may also be encoded and transmitted using carrier signals adapted for
transmission via wired, optical, and/or wireless networks conforming to a variety of protocols,
including the Internet. As such, a computer readable medium according to an embodiment of the

present invention may be created using a data signal encoded with such programs. Computer
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readable media encoded with the program code may be packaged with a compatible device or
provided separately from other devices (e.g., via Internet download). Any such computer
readable medium may reside on or within a single computer program product (e.g. a hard drive, a
CD, or an entire computer system), and may be present on or within different computer program
products within a system or network. A computer system may include a monitor, printer, or

other suitable display for providing any of the results mentioned herein to a user.

[0154] Any of the methods described herein may be totally or partially performed with a
computer system including a processor, which can be configured to perform the steps. Thus,
embodiments can be directed to computer systems configured to perform the steps of any of the
methods described herein, potentially with different components performing a respective steps or
a respective group of steps. Although presented as numbered steps, steps of methods herein can
be performed at a same time or in a different order. Additionally, portions of these steps may be
used with portions of other steps from other methods. Also, all or portions of a step may be
optional. Additionally, any of the steps of any of the methods can be performed with modules,

circuits, or other means for performing these steps.

[0155] The specific details of particular embodiments may be combined in any suitable
manner without departing from the spirit and scope of embodiments of the invention. However,
other embodiments of the invention may be directed to specific embodiments relating to each

individual aspect, or specific combinations of these individual aspects.

[0156] The above description of exemplary embodiments of the invention has been presented
for the purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible in
light of the teaching above. The embodiments were chosen and described in order to best
explain the principles of the invention and its practical applications to thereby enable others
skilled in the art to best utilize the invention in various embodiments and with various

modifications as are suited to the particular use contemplated.
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WHAT IS CLAIMED I8S:

1. A method for providing radiation treatment to a patient, the method
comprising:

detecting a position of each of a plurality of sensors of the patient’s body, the
positions of the sensors being determined with respect to a reference point having a known
spatial relationship to a radiation beam assembly, the radiation beam assembly configured to
provide a radiation beam;

determining relative positions of the sensors with respect to each other;

accessing a first mapping model that maps the relative positions of the sensors to
determine a relative location of diseased tissue of the patient, the relative location of the diseased
tissue being relative to the positions of the sensors; and

using the positions of the sensors and the relative location of the diseased tissue to

direct a radiation beam of the radiation beam assembly to the diseased tissue.

2. The method of claim 1, wherein the radiations beam assembly operates in
a treatment coordinate system, the method further comprising:
obtaining a digital pre-treatment body image that includes the sensors and the
diseased tissue;
mapping the pre-treatment body image into a corrected pre-treatment body image
having a coordinate system that is consistent with the treatment coordinate system;
using the sensor positions to create a digital treatment body image in the treatment
coordinate system;
creating an enhanced treatment body image by:
performing an optimization to map the sensors from the corrected pre-
treatment body image onto the digital treatment body image, the optimized mapping using a
position offset and/or a rotation offset to minimize a position difference between a common

feature in the corrected pre-treatment body image and the treatment body image.

3. The method of claim 2, wherein the pre-treatment body image is created in

a different apparatus than where the treatment body image is created.

4. The method of claim 1, wherein the plurality of sensors includes at least

three sensors, and wherein at least one of the sensors are internal to the patient’s body.
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5. The method of claim 1, wherein detecting a position of a sensor at the
surface of a patient’s body includes triangulating a signal detected from the sensor using at least

two sensor detectors.

6. The method of claim 1, further comprising:

accessing a second mapping model that maps the relative positions of the sensors
to a location of healthy tissue of the patient, the location of the healthy tissue being near the
discased tissue; and

using the location of the healthy tissue to direct the radiation beam away from the

healthy tissue.

7. The method of claim 1, further comprising determining the first mapping
model by:

taking scans of a first patient in a plurality of physical positions, wherein each
physical position is different and involves a translation and/or a rotation of one or more selected
from the first patient’s head, torso, and appendages relative to another position, wherein the first
patient has a plurality of first markers attached to the first patient’s body;

for each scan, determining relative positions of the first markers with respect to
cach other and with respect to the diseased tissue; and

using the relative positions of the first markers at each of the plurality of positions
to calculate the functional model, wherein the functional model provides an approximate location
of the diseased tissue for an input of relative positions of the first markers for new physical

positions of the first patient.

8. The method of claim 1, further comprising determining the first mapping
model by:

performing at least one scan of the patient to detect a location of the diseased
tissue of the patient; and

correlating the location of the diseased tissue to positions of markers at a surface
of the patient’s body, wherein the positions of the markers have a predetermined spatial

relationship with the positions of the sensors.

9. The method of claim 8, further comprising:
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performing at least one additional scan of the patient during the radiation
treatment;

identifying locations of the diseased tissue in the scan and sensors in the at least
one additional scan; and

updating the mapping model based on the identified locations in the at least one

additional scan.

10. The method of claim 9, wherein the sensors in the at least one additional

scan include at least one internal sensor that is internal to the patient’s body.

11.  The method of claim 8, further comprising:
identifying, in an output of a scan, a reference object of known size; and
scaling the positions of the markers based on at least one known length obtained

from the reference object.

12.  The method of claim &, wherein the first mapping model is determined by
using the correlation to modify a mapping model built from a plurality of scans of one or more

other patients.

13. The method of claim 8, wherein the sensors are placed at the same

positions as the markers.

14.  The method of claim &, wherein the sensors are placed at a known position

relative to the positions of the markers.

15.  The method of claim 8, wherein the at least one scan includes magnetic

resonance imaging (MRI) and/or computed tomography (CT).

16.  The method of claim 8, wherein a plurality of scans are performed, and

wherein the patient is in a different physical position for each of the plurality of scans.

17.  The method of claim 16, wherein a difference in physical position of the

patient includes a rotation of the patient’s body.
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18.  The method of claim 16, wherein each scan provides a multi-dimensional
data point comprising the location of the discased tissue and the positions of the markers, further
comprising:

calculating a function that approximates the functional behavior of the plurality of
multi-dimensional data points, wherein the function provides the first mapping of the location of
the diseased tissue to positions of the sensors that do not correspond directly with the positions of

the markers during the plurality of scans.

19. The method of claim 18, wherein location of the tumor is defined by a

position and one or more angles defining an orientation of a shape of the diseased tissue.

20.  The method of claim 18, wherein the functional approximation is
determined by a constrained optimization with constraints defined by a model of body

movement.

21 .  The method of claim 20, wherein the constraints are dependent on a body

type of the patient.

22.  The method of claim 1, further comprising:
determining a body type of the patient from among a plurality of possible body

types, wherein the first mapping model corresponds to the determined body type.

23. The method of claim 1, further comprising:

detecting a first position of cach of a set of beam sensors at a first time, where a
beam sensor is attached to a beam assembly that is configured to provide a radiation beam;

determining a trajectory of the radiation beam from the first positions of the beam
sensors; and

using the determined trajectory at the first time to move the beam assembly such

that the trajectory of the radiation beam is focused at a location of diseased tissue of a patient.

24.  The method of claim 23, further comprising calibrating the beam assembly
by:
for each of a plurality of positions of the set of beam sensors, detecting a

trajectory of the radiation beam; and
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based on the positions of the beam sensors and the respective trajectories,
calculating a trajectory function that approximates the relationship between the positions of the
beam sensors and the trajectory of the beam assembly,

wherein the trajectory function is used to determine a trajectory of the radiation

beam from the first positions of the beam sensors.

25.  The method of claim 23, further comprising:

using the location of the diseased tissue to direct a second radiation beam to the
diseased tissue, wherein a trajectory of the second radiation beam is determined based on a
second trajectory function and beam sensors on a second beam assembly that provides the

second radiation beam.

26.  The method of claim 1, further comprising:

detecting a plurality of locations of the diseased tissue using at least one sensor,
cach location being detected at a different time during treatment with the radiation beam,;

based on the plurality of locations, determining one or more parameters for a
time-dependent motion model that accounts for a motion of the disecased tissue;

using the motion model to determine a new trajectory for the radiation beam;

providing the new trajectory to a beam positioning system; and

the beam positioning system adjusting the radiation beam to have the new

trajectory.

27. The method of claim 1, further comprising:

tracking movement of the sensors; and

shutting off the radiation beam when the movement is faster than a threshold
value.

28.  The method of claim 27, wherein the threshold value is determined by

how fast a trajectory of the radiation beam can be changed to account for the movement.
29. The method of claim 1, wherein the sensors are wireless sensors.
30.  The method of claim 29, wherein the wireless sensors are optical sensors.

31. The method of claim 1, further comprising:
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using the location of the diseased tissue to direct two or more radiation beams to

the diseased tissue.

32.  The method of claim 31, further comprising:
using the two or more radiation beams to provide lower power radiation beams as

compared to power required when using one radiation beam.

33 .  The method of claim 31, wherein the two or more radiation beams are
configured to provide radiation to a larger surface area of the diseased tissue compared to one

radiation beam.

34, The method of claim 31, wherein the two or more radiation beams are
optimized to reduce damage to surrounding healthy tissue while providing radiation to the

diseased tissue.

35. A computer product comprising a tangible computer readable medium
storing a plurality of instructions for controlling a processor to perform an operation, the
instructions comprising;:

detecting a position of each of a plurality of sensors of the patient’s body, the
positions of the sensors being determined with respect to a reference point having a known
spatial relationship to a radiation beam assembly, the radiation beam assembly configured to
provide a radiation beam;

determining relative positions of the sensors with respect to each other;

accessing a first mapping model that maps the relative positions of the sensors to
determine a relative location of diseased tissue of the patient, the relative location of the diseased
tissue being relative to the positions of the sensors; and

using the positions of the sensors and the relative location of the diseased tissue to

direct a radiation beam of the radiation beam assembly to the diseased tissue.

36. A system for providing radiation treatment to a patient, the system
comprising:

one or more beam assemblies, each configured to emit a radiation beam,;

a plurality of detectors configured to receive signals from a plurality of sensors of

the patient’s body;
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one or more processors that are in communication with the one or more beam
assemblies and the plurality of detectors and that are configured to:

detect a position of each of the sensors using the signals received from the
sensors, the positions of the sensors being determined with respect to a reference point
having a known spatial relationship to the one or more beam assemblies;

determine relative positions of the sensors with respect to each other;

access a first mapping model that maps the relative positions of the sensors to
determine a relative location of diseased tissue of the patient, the relative location of the
diseased tissue being relative to the positions of the sensors; and

use the positions of the sensors and the relative location of the diseased tissue

to direct a radiation beam of the radiation beam assembly to the diseased tissue.

37. A method for providing radiation treatment to a patient, the method
comprising:

detecting a first position of cach of a set of beam sensors at a first time, where a
beam sensor is attached to a beam assembly that is configured to provide a radiation beam;

determining a trajectory of the radiation beam from the first positions of the beam
sensors; and

using the determined trajectory at the first time to move the beam assembly such

that the trajectory of the radiation beam is focused at a location of diseased tissue of the patient.

38.  The method of claim 37, further comprising:

detecting positions of each of the set of beam sensors at a plurality of times while
the beam assembly is moved;

using the detected positions to track the trajectory of the radiation beam as the
beam assembly is moved; and

stopping the movement of the beam assembly when a desired beam trajectory is

achieved.

39.  The method of claim 37, further comprising:
sending movement commands to the beam assembly to move the beam assembly,
wherein the movement commands are determined using the determined trajectory at the first

time.
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40.  The method of claim 39, further comprising:

calculating a beam error between the trajectory determined using the first
positions of the set of beam sensors and an expected trajectory, the expected trajectory being
determined from movement commands provided to the beam assembly before the first time;

using the beam error to obtain new movement commands; and

sending the new movement commands to the beam assembly as part of a process

of focusing the radiation beam at the location of the diseased tissue of the patient.

41. The method of claim 40, further comprising:

detecting positions of each of the set of beam sensors at a plurality of times while
the beam assembly is moved, the plurality of times including the first time;

calculating an error between the trajectory determined using positions of the set of
beam sensors at the plurality of times; and

determining the new movement commands based on an optimization of a cost

function that includes the errors.

42. The method of claim 37, wherein the set of beam sensors are wireless

SCNSOrs.

43.  The method of claim 37, wherein the beam assembly has a plurality of
degrees of freedom, including two angular degrees of freedom and at least two positional degrees

of freedom.

44.  The method of claim 37, wherein determining the trajectory of the
radiation beam from the first positions of the beam sensors is accomplished using a first function
that defines a trajectory for a given set of positions of the beam sensors, further comprising:

calculating the first function by:

detecting the positions of the beam sensors at a plurality of positions and
orientations of the beam assembly;

for each combination of position and orientation, determining an actual
trajectory of the radiation beam by measuring the radiation beam at a plurality of locations;

and
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defining the first function to provide an output for a given set of positions of

the beam sensors that approximately matches the corresponding actual trajectory.

45.  The method of claim 44, wherein measuring the radiation beam at a
plurality of locations is accomplished with N detectors, N being greater than one, and where N-1

detectors allow some radiation of the beam to pass through the detector.

46.  The method of claim 44, wherein defining the first function to provide an
output for a given set of positions of the beam sensors that approximately matches the
corresponding actual trajectory includes:

optimizing variables of the first function by optimizing a cost function that
includes a difference in the output of the first function for a given set of positions of the beam

sensors and the corresponding actual trajectory.

47.  The method of claim 44, wherein the first function is calculated during a

calibration process performed before treatment of the patient.

48, The method of claim 47, wherein a calculation of the first function is
updated during treatment of the patient, and wherein the update calculation uses one or more
errors between a trajectory determined using the first function and an actual trajectory

determined by measuring the radiation beam at a plurality of locations.

49.  The method of claim 37, further comprising:

detecting a first position of each of a second set of beam sensors at the first time,
where the second set of beam sensors are attached to a second beam assembly that is configured
to provide a second radiation beam;

determining a second trajectory of the second radiation beam from the first
positions of the second set of beam sensors; and

using the determined second trajectory at the first time to move the second beam
assembly such that the second trajectory of the second radiation beam is focused at the location

of diseased tissue of a patient.

50. A system for providing radiation treatment to a patient, the system
comprising:

one or more beam assemblies, each configured to emit a radiation beam,;
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a plurality of detectors configured to receive signals from a set of beam sensors
attached to the beam assemblies;
one or more processors that are in communication with the one or more beam
assemblies and the plurality of detectors and that are configured to:
detecting a first position of cach of the set of beam sensors at a first time,
determining a trajectory of the radiation beam from the first positions of the
beam sensors; and
using the determined trajectory at the first time to move the beam assembly
such that the trajectory of the radiation beam is focused at a location of diseased tissue of the

patient.

51. A method of creating a functional model that predicts a location of
diseased tissue of a first patient, the first patient having a body including a head, a torso, and
appendages, the method comprising:

taking scans of a first patient in a plurality of physical positions, wherein each
physical position is different and involves a translation and/or a rotation of one or more selected
from the first patient’s head, torso, and appendages relative to another position, wherein the first
patient has a plurality of first markers attached to the first patient’s body;

for each scan, determining relative positions of the first markers with respect to
cach other and with respect to the diseased tissue; and

using the relative positions of the first markers at each of the plurality of positions
to calculate the functional model, wherein the functional model provides an approximate location
of the diseased tissue for an input of relative positions of the first markers for new physical

positions of the first patient.

52. The method of claim 51, wherein the first markers are attached to tissue

within the first patient’s body.

53. The method of claim 51, wherein the first markers are attached to a

surface of the first patient’s body.

54, The method of claim 51, wherein the functional model has a defined set of

allowable relative positions of markers, the method further comprising;:
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providing an error message when relative positions of markers outside of the

defined set of allowable relative positions are input to the functional model.

55.  The method of claim 54, further comprising:
determining the defined set of allowable relative positions of markers based on a

normal range of motion for a human.

56.  The method of claim 56, wherein the normal range of motion is scaled

based on proportions of the first patient.

57.  The method of claim 51, further comprising:

taking a scan of a second patient, wherein the second patient has a plurality of
second markers attached to the second patient’s body, the second markers being attached at
locations substantially the same as the first markers attached to the first patient’s body; and

using the functional model obtained from the scans of the first patient and the

scan of the second patient to compute a second functional model for the second patient.

58. The method of claim 57, wherein the locations of attachment for the first

and second markers are defined with respect to one or more body parts.

59.  The method of claim 58, wherein the one or more body parts include at

least one of a belly button, a central point between the eyes, and a top of the spinal cord.

60.  The method of claim 57, wherein the first patient and the second patient

have one or more shared body characteristics.

61. The method of claim 60, wherein the shared characteristics include at least

one of body shape, height, width, and body mass.

62.  The method of claim 60, further comprising:
scaling the scans of the second patient or the functional model to account for a

difference in proportions of the first patient’s body relative to the second patient’s body.

63. A method of directing a radiation beam to a location of discased tissue of a

patient that is moving, the method comprising:
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detecting a plurality of locations of the diseased tissue using at least one sensor,
cach location being detected at a different time during treatment with the radiation beam,;

based on the plurality of locations, determining one or more parameters for a
time-dependent motion model that accounts for a motion of the disecased tissue;

using the motion model to determine a new trajectory for the radiation beam;

providing the new trajectory to a beam positioning system; and

the beam positioning system adjusting the radiation beam to have the new

trajectory.

64. The method of claim 63, wherein the motion model has the form a+bt+ct?,

where the one or more parameters include the coefficient a, b, and c.

65.  The method of claim 63, wherein the parameters include a time offset At
that accounts for a delay of the beam positioning system to move the radiation beam to a new

position.

66.  The method of claim 65, wherein the new trajectory is calculated at a

current time t using a time of t + At.

67.  The method of claim 66, the method further comprising:

determining the time offset At based on at least one of a change in a parameter of
the motion model compared to a value of the parameter at a previous time, a change in the
location of the diseased tissue from one time to another, and a value for a parameter of the

motion model.

68.  The method of claim 66, the method further comprising:

measuring a beam trajectory at one or more of the times at which the location of
the diseased tissue is detected;

determining an optimal beam trajectory at one or more of the times at which the
location of the diseased tissue is detected;

computing one or more beam errors between the measured beam trajectory and
the optimal beam trajectory; and

determining the time offset At based on the one or more beam errors.
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69.  The method of claim 63, wherein the radiation beam’s position is updated

more frequently than the detection of the location of the discased tissue.

70.  The method of claim 63, further comprising:
selecting the motion model from a plurality of available motion models based on

an analysis of the plurality of detected locations.

71. The method of claim 70, further comprising:
determining one or more parameters for the plurality of available models;
calculating an error in each model from the plurality of detected locations; and

selecting the available model with the lowest error.

72. The method of claim 63, further comprising:
determining a change in at least one of the parameters between two times;
comparing the change to a threshold; and

stopping the radiation beam when the change exceeds the threshold.

73.  The method of claim 63, wherein the motion model predicts a motion of
the diseased tissue, the method further comprising:

using the motion model to predict a location of the diseased tissue at a second
time subsequent to a most recent detected location; and

determining the new trajectory based on the predicted location of the diseased

tissue.

74. The method of claim 73, wherein the radiation beam is moved to the

predicted location at approximately the second time.

75.  The method of claim 73, further comprising:

calculating a value indicating an amount of movement of the patient based on at
least a portion of the detected locations;

comparing the value to a threshold; and

stopping the radiation beam when the value exceeds the threshold.

76.  The method of claim 73, wherein detecting a location of the diseased

tissue using at least one sensor includes:
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detecting locations of a plurality of sensors; and
using a mapping model to determine the location of the diseased tissue based on

an input of the detected locations of the sensors.

77.  The method of claim 63, wherein the motion model predicts a motion of
an optimal beam trajectory, the method further comprising:

determining an optimal beam trajectory at cach of the times for the detected
locations of the diseased tissue; and

using the motion model to predict a new optimal beam trajectory at a second time
subsequent to a most recent detected location of the diseased tissue; and

providing the new optima beam trajectory to a beam positioning system.

78.  The method of claim 77, wherein the one or more parameters are variables
incorporated into one or more basis functions, and wherein determining the one or more
parameters for the motion model is accomplished by determining values for the variables that
optimize a cost function, the cost function including a difference of the motion model and the
determined optimal beam trajectory at each of the times for the detected locations of the diseased

tissue.

79.  The method of claim 63, wherein the motion model predicts a change in
an optimal input to the beam positioning system as a function of time, the method further
comprising:

measuring a beam trajectory at a first time at which the location of the diseased
tissue is detected;

determining an optimal beam trajectory at the first time;

computing a beam error between the measured beam trajectory and the optimal
beam trajectory; and

updating at least one of the parameters of the motion model based on the error.

80.  The method of claim 79, further comprising:
determining a plurality of beam errors at a plurality of times, wherein a new value
for the at least one of the parameters is determined by optimizing a cost function that includes

the plurality of errors.
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81. A system for directing a radiation beam to a location of diseased tissue of
a patient that is moving, the system comprising:
a beam assembly configured to emit a radiation beam;
one or more detectors configured to receive a signal from at least one sensor;
one or more processors that are in communication with the beam assembly and
the one or more detectors and that are configured to:
detect a plurality of locations of the diseased tissue using the at least one
sensor, each location being detected at a different time during treatment with the radiation
beam,;
based on the plurality of locations, determine one or more parameters for a
time-dependent motion model that accounts for a motion of the disecased tissue;
use the motion model to determine a new trajectory for the one or more
radiation beams; and

adjust the beam assembly such that the radiation beam has the new trajectory.

82. A computer product comprising a tangible computer readable medium
storing a plurality of instructions for controlling a processor to perform an operation, the

instructions comprising any of the methods claimed above.

83. A system comprising:

one or more processors configured to perform any of the methods claimed above.

84.  The system of claim 83, further comprising:

one or more beam assemblies coupled to the one or more processors.

85.  The system of claim 83, further comprising:

detectors for detecting sensors on the patient’s body.
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