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SYSTEM AND METHOD OF DELIVERING RADIATION THERAPY 
TO A MOVING REGION OF INTEREST 

RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Patent Application No.  

60/701,541; titled SYSTEM AND METHOD OF DELIVERING RADIATION THERAPY 

TO A MOVING TARGET; filed on July 22, 2005; and the benefit of U.S. Provisional Patent 

Application No. 60/701,580; filed July 22, 2005; titled SYSTEM AND METHOD FOR 

FEEDBACK GUIDED QUALITY ASSURANCE AND ADAPTATIONS TO RADIATION 

THERAPY TREATMENT; all of which are incorporated herein by reference.  

BACKGROUND 

[0002] Recently, radiation therapy practice has incorporated improvements in computers 

and networking, radiation therapy treatment planning software, and medical imaging 

modalities (such as, computed tomography ("CT"), magnetic resonance imaging ("MRI"), 

ultrasound ("US"), and positron emission tomography ("PET")). In some cases, techniques 

are used for the planning and delivery of radiation therapy. For example, a method of 

treating a moving target, such as a tumor of a lung, can include "gating," or delivering 

radiation only when the target is within a specified window of trajectory. This method is 

inefficient because the target is only being irradiated for periodic intervals of time.  

[0003] Another method of treating a moving target is referred to as breathing 

synchronized delivery ("BSD"). This technique utilizes an anticipated track, or path of 

motion, for a target to follow during treatment. To do so, a plan is developed that assumes 

the target will remain on the anticipated track, which has an anticipated period and phase 

throughout the entire treatment plan. Audio and visual guidance can be used to prompt a 

patient to follow the rigidly defined track. However, following a strictly defined pattern may 

be difficult for a large portion of radiation therapy patients.  

SUMMARY 

[0004] Radiation can be delivered to a moving region of interest (e.g., a target) without 

relying upon a priori knowledge of the region's location, period, and phase. Dynamic 

switching between a plurality of plans, or developing plans "on the fly" can be used to reflect 

changes in a patient's anatomical motion and apply a radiation treatment more effectively.  
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[0005] In one embodiment, the invention provides a method of delivering radiation 

therapy to a moving target. The method comprises the acts of generating a plurality of 

treatment plans, acquiring data related to movement of the target, determining which 

treatment plan corresponds to the data, and delivering the selected treatment plan.  

[0006] In another embodiment, the invention provides a method of delivering radiation 

therapy to a moving target. The method comprises the acts of generating a plurality of 

treatment plans, acquiring data related to movement of the target, selecting a treatment plan 

that corresponds to a portion of the data, and switching between the selected treatment plans 

as the portion of the data changes.  

[0007] In another embodiment, the invention provides a method of delivering radiation 

therapy to a patient when a region of interest is moving. The method comprises the acts of 

generating a plurality of treatment plans for delivering radiation therapy, delivering radiation 

therapy to the patient by following one of the plurality of treatment plans, monitoring the 

patient during the delivering radiation therapy, and changing to another treatment plan during 

the delivering radiation therapy based at least in part on the monitoring the patient.  

[0008] In another embodiment the invention provides a method of delivering radiation 

therapy to a patient when a region of interest is moving. The radiation therapy is delivered by 

a radiation therapy system having a multi-leaf collimator. The method comprises the acts of 

generating a treatment plan for delivering radiation therapy, delivering radiation therapy to 

the patient by following the treatment plan, monitoring the patient during the delivering 

radiation therapy, and changing a leaf pattern of the multi-leaf collimator during the 

delivering radiation therapy based at least in part on the monitoring the patient.  

[0009] In another embodiment, the invention provides a method of delivering radiation 

therapy to a patient when a region of interest is moving. The method comprises the acts of 

generating a treatment plan for delivering radiation therapy, delivering radiation therapy to 

the patient by following the treatment plan, monitoring the patient during the delivering 

radiation therapy, and changing a treatment parameter during the delivering radiation therapy 

based at least in part on the monitoring the patient.  

[0010] Other aspects of the invention will become apparent by consideration of the 

detailed description and accompanying drawings.  
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] Fig. 1 is a partial perspective view, partial schematic illustration of a radiation 

therapy treatment system.  

[0012] Fig. 2 is a partial perspective view, partial schematic illustration of a multi-leaf 

collimator that can be used in the radiation therapy treatment system illustrated in Fig. 1.  

[0013] Fig. 3 is a schematic illustration of the radiation therapy treatment system of Fig.  

1.  

[0014] Fig. 4 is a block diagram of a software program that can be used in the radiation 

therapy treatment system of Fig. 1.  

[0015] Fig. 5 is a graphical representation of a motion track.  

[0016] Fig. 6 is a graphical representation of a plurality of motion tracks.  

[0017] Fig. 7 is a graphical representation of a plurality of motion tracks and a 

representation of a patient's motion track.  

[0018] Fig. 8 is a graphical representation of a motion track.  

[0019] Fig. 9 is a flow chart of a method of delivering radiation therapy treatment to a 

moving region of interest according to one embodiment of the invention.  

[0020] Fig. 10 is a flow chart of a method of delivering radiation therapy treatment to a 

moving region of interest according to one embodiment of the invention.  

[0021] Fig. 11 is a graphical representation of a transversal motion correction.  

[0022] Fig. 12 is a graphical representation of a static plan in the case of a moving region 

of interest.  

[0023] Fig. 13 is a graphical representation of a BSD plan in the case of a moving region 

of interest.  
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DETAILED DESCRIPTION 

[0024] Before any embodiments of the invention are explained in detail, it is to be 

understood that the invention is not limited in its application to the details of construction and 

the arrangement of components set forth in the following description or illustrated in the 

following drawings. The invention is capable of other embodiments and of being practiced 

or of being carried out in various ways. Also, it is to be understood that the phraseology and 

terminology used herein is for the purpose of description and should not be regarded as 

limiting. The use of "including," "comprising," or "having" and variations thereof herein is 

meant to encompass the items listed thereafter and equivalents thereof as well as additional 

items. Unless specified or limited otherwise, the tens "mounted," "connected," 
"supported," and "coupled" and variations thereof herein are used broadly and encompass 

both direct and indirect mountings, connections, supports, and couplings. Further, 
"connected" and "coupled" are not restricted to physical or mechanical connections or 

couplings.  

[0025] Although directional references, such as upper, lower, downward, upward, 

rearward, bottom, front, rear, etc., may be made herein in describing the drawings, these 

references are made relative to the drawings (as normally viewed) for convenience. These 

directions are not intended to be taken literally or limit the invention in any form. In 

addition, terms such as "first", "second", and "third" are used herein for purposes of 

description and are not intended to indicate or imply relative importance or significance.  

[0026] In addition, it should be understood that embodiments of the invention include 

both hardware, software, and electronic components or modules that, for purposes of 

discussion, may be illustrated and described as if the majority of the components were 

implemented solely in hardware. However, one of ordinary skill in the art, and based on a 

reading of this detailed description, would recognize that, in at least one embodiment, the 

electronic based aspects of the invention may be implemented in software. As such, it should 

be noted that a plurality of hardware and software based devices, as well as a plurality of 

different structural components may be utilized to implement the invention. Furthermore, 

and as described in subsequent paragraphs, the specific mechanical configurations illustrated 

in the drawings are intended to exemplify embodiments of the invention and that other 

alternative mechanical configurations are possible.  
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[0027] Fig. 1 illustrates a radiation therapy treatment system 10 that can provide radiation 

therapy to a patient 14. The radiation therapy treatment can include photon-based radiation 

therapy, brachytherapy, electron beam therapy, proton, neutron, or particle therapy, or other 

types of treatment therapy. The radiation therapy treatment system 10 includes a radiation 

therapy device 18 having a gantry 22. Though the gantry 22 shown in the drawings is a ring 

gantry, i.e., it extends through a full 3600 arc to create a complete ring or circle, other types 

of mounting arrangements may also be employed. For example, a C-type, partial ring gantry, 

or robotic arm could be used.  

[0028] The gantry 22 can support a radiation module, having a radiation source 26 and a 

linear accelerator 30 operable to generate a beam 34 of photon radiation. The radiation 

module can also include a modulation device 42 operable to modify or modulate the radiation 

beam 34. The modulation device 42 provides the modulation of the radiation beam 34 and 

directs the radiation beam 34 toward the patient 14. Specifically, the radiation beam 34 is 

directed toward a portion of the patient. Broadly speaking, the portion may include the entire 

body, but is generally smaller than the entire body and can be defined by a two-dimensional 

area and/or a three-dimensional volume. A portion desired to receive the radiation, which 

may be referred to as a target or target region (shown as 54), is an example of a region of 

interest. Another type of region of interest is a region at risk. If a portion includes a region at 

risk, the radiation beam is preferably diverted from the region at risk. The patient 14 may 

have more than one target region 54 that needs to receive radiation therapy. Such modulation 

is sometimes referred to as intensity modulated radiation therapy ("IMRT").  

[0029] Other frameworks capable of positioning the radiation module at various 

rotational and/or axial positions relative to the patient 14 may also be employed. In addition, 

the radiation module may travel in path that does not follow the shape of the gantry 22. For 

example, the radiation module may travel in a non-circular path even though the illustrated 

gantry 22 is generally circular-shaped.  

[0030] In one construction, and illustrated in Fig. 2, the modulation device 42 includes a 

collimation device. The collimation device includes the primary collimator 38 having a set of 

jaws. The jaws define and adjust the size of an aperture through which the radiation beam 

may pass. The collimation device further includes a multi-leaf collimator (MLC), which 

includes a plurality of interlaced leaves 50 operable to move from position to position, to 

provide intensity modulation. It is also noted that the leaves 50 can be moved to a position 
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anywhere between a minimally and maximally-open position. The plurality of interlaced 

leaves 50 modulate the strength, size, and shape of the radiation beam 34 before the radiation 

beam 34 reaches the target 54 on the patient 14. Each of the leaves 50 is independently 

controlled by an actuator 58, such as a motor or an air valve, so that the leaf 50 can open and 

close quickly to permit or block the passage of radiation. The actuators 58 can be controlled 

by a computer 62 and/or controller.  

[0031] The radiation therapy treatment system 10 can also include a detector 66, e.g., a 

kilovoltage or a megavoltage detector, operable to receive a radiation beam from the radiation 

module or from a separate radiation source. The radiation module and the detector 66 can 

potentially operate as a computed tomography (CT) system to generate CT images of the 

patient 14. The radiation module emits the radiation beam 34 toward the target 54 in the 

patient 14. The CT images can be acquired with a radiation beam 34 that has a fan-shaped 

geometry, a multi-slice geometry, or a cone-beam geometry. In addition, the CT images can 

be acquired with the linear accelerator 30 delivering megavoltage energies or kilovoltage 

energies. The target 54 and surrounding tissues absorb some of the radiation.  

[0032] The radiation therapy treatment system 10 can also include a patient support, such 

as a couch 70 (illustrated in Fig. 1), which supports the patient 14. The couch 70 moves 

along at least one axis in the x, y, or z directions. In other constructions, the patient support 

can be a device that is adapted to support any portion of the patient's body, and is not limited 

to having to support the entire patient's body. The system 10 also can include a drive system 

74 operable to manipulate the position of the couch 70. The drive system 74 can be 

controlled by the computer 62.  

[0033] The computer 62 includes an operating system for running various software 

programs and/or communication applications. In particular, the computer 62 can include a 

software program 78 operable to communicate with the radiation therapy device 18. The 

computer 62 can include any suitable input/output device adapted to be accessed by medical 

personnel. The computer 62 can include hardware such as a processor, I/O interfaces, and 

storage devices or memory. The computer 62 can also include input devices such as a 

keyboard and a mouse. The computer 62 can further include output devices, such as a 

monitor. In addition, the computer 62 can include peripherals, such as a printer and a 

scanner.  
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[0034] The radiation therapy device 18 communicates directly with the computer 62, 

and/or via a network 82, as illustrated in Fig. 3. The radiation therapy device 18 also can 

communicate with other radiation therapy devices 18 via the network 82. Likewise, the 

computer 62 of each radiation therapy device 18 can communicate with a computer 62 of 

another radiation therapy device 18. The computers 62 and radiation therapy devices 18 can 

also communicate with a database 86 and a server 90. A plurality of databases 86 and servers 

90 can also communicate with the network 82. It is noted that the software program 78 could 

also reside on the server 90.  

[0035] The network 82 can be built according to any networking technology or topology 

or combinations of technologies and topologies and can include multiple sub-networks.  

Connections between the computers 62 and device 18 shown in FIG. 3 can be made through 

local area networks ("LANs"), wide area networks (" WANs"), public switched telephone 

networks ("PSTNs"), wireless networks, Intranets, the Internet, or any other suitable 

networks. In a hospital or medical care facility, communication between the computers 62 

and device 18 shown in FIG. 3 can be made through the Health Level Seven ("HL7") 

protocol or other protocols with any version and/or other required protocol. HL7 is a 

standard protocol which specifies the implementation of interfaces between two computer 

applications (sender and receiver) from different vendors for electronic data exchange in 

health care environments. HL7 can allow health care institutions to exchange key sets of data 

from different application systems. Specifically, HL7 can define the data to be exchanged, 

the timing of the interchange, and the communication of errors to the application. The 

formats are generally generic in nature and can be configured to meet the needs of the 

applications involved.  

[0036] Communication between the computers 62 and radiation therapy devices 18 

shown in Fig. 3 can also occur through the Digital Imaging and Communications in Medicine 

("DICOM") protocol with any version and/or other required protocol. DICOM is an 

international communications standard developed by the National Electrical Manufacturers 

Association ("NEMA"), which defines the format used to transfer medical image-related data 

between different pieces of medical equipment. DICOM RT refers to the standards that are 

specific to radiation therapy data.  

[0037] The two-way arrows in Fig. 3 generally represent two-way communication and 

information transfer between the network 82 and any one of the computers 62, the radiation 
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therapy devices 18, and other components shown in Fig. 3. However, for some medical 

equipment, only one-way communication and information transfer may be necessary.  

[0038] The multi-leaf collimator, as described above, can provide intensity modulation of 

the radiation beam 34 to accommodate varying conditions and regions of interest. More 

specifically, the intensity of the radiation beam 34 can be increased or decreased by moving 

the leaves 50 of the multi-leaf collimator 46. However, a target 54 that is in motion (e.g., a 

tumor of a lung, a heart, a digestive track, etc.) is difficult to treat with a continuous beam 34 

because it does not often move in a repeated pattern.  

[0039] The software program 78 can accommodate a moving region of interest by 

varying the amount of radiation that is delivered to the patient 14 in accordance with the 

actual movement of the region of interest, as described below. An exemplary software 

program 78 is schematically illustrated in Fig. 4 according to one embodiment of the 

invention. The software program presents a class of solutions for delivering radiation to a 

region of interest without relying upon a priori knowledge of the location, period, and phase 

of the region of interest. One method utilizes the pre-generation of a family of delivery plans, 

and the dynamic switching between the plans to reflect changes in a patient's anatomical 

motion.  

[0040] One implementation is to begin by optimizing a BSD-type treatment, which 

assumes a target trajectory, breathing phase, and period throughout the treatment. However, 

in addition to optimizing that one plan, an additional set of plans can be optimized, each 

potentially with a different period, breathing phase, or other parameter varying with respect 

to the base BSD plan. Then, during treatment the patient begins by attempting to follow the 

target trace indicated in the BSD plan. However, if the patient's breathing deviates from this 

plan by more than a specified threshold, then the plan automatically switches to one of the 

alternate plans better matching the current region parameters. The delivery for an arbitrary 

patient breathing trace is illustrated by the thick line in Fig. 7. Thus, one benefit of this 

method is the enabling of a BSD-quality delivery with automatic error correction, and 

reduced motion-reproducibility requirements imposed on the patient.  

[0041] In another implementation, rather than following a base four-dimensional ("4D") 

plan, the plans automatically switch as the patient breathes freely through the delivery. If 

desired, particularly erratic breathing, such as coughing, can be identified and the treatment 
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may temporarily delay until the breathing again falls within specified tolerances. Similarly, if 

there are phases of breathing or regions of motion where the position of the region of interest 

is not well-defined, then treatment could be intentionally avoided during those phases. Such 

a decision may be made during planning, but can also be made dynamically, based upon 

perceived changes in the patient's anatomy of physiology.  

[0042] A series of plans is generated with different possible criteria. All the plans, or 

many possible combinations of them, are maintained on the system 10 to be delivered 

whenever necessary. The breathing pattern is evaluated by an adequate evaluation device and 

based on real time decisions, potentially in conjunction with prior evaluation, based upon 

anticipated breathing scenarios. The system 10 evaluates and selects a plan or plan 

combination to be delivered. The selected plan can be accumulated with the previous 

fractions or part of the treatment previously delivered. As the plan is delivered, information 

can be recorded (or used for instance in conjunction with real time dose reconstruction) and 

potentially used to refine any plans for delivering future radiation (either during the current 

session or future sessions).  

[0043] Fig. 4 discloses various modules that can be used with the software program 78.  

The modules include an optimization module 95, a plan selection module 142, an acquisition 

module 94, a delivery module 97, a patient feedback module 100, and a quality assurance 

module 146. Various implementations for the modules are described below. However, it 

should be understood that not all of the modules are required in all constructions of the 

system 10, and other modules not shown in Fig. 4 can be used with the software program 78.  

It should also be apparent that the modules can be combined into a lesser number of modules 

shown, that each module can include additional material not disclosed in the description 

herein, and that the names of the modules are for ease of description.  

[0044] A. Optimization module 

[0045] One method for optimization, as mentioned above, is to optimize sets of 4D plans, 

each representing a different phase of motion (or period, etc.) Breathing cycles can be 

described and/or approximated by an infinite or finite Fourier expansion. In one possible 

implementation of the optimization module 95, a particular breathing cycle is described as a 

function of time of a linear combination of sine and cosine type functions having different 

frequency, amplitude, phases, etc. that evolves on time (See, e.g., Fig. 7). Under this 
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condition, the optimization module 95 generates a set of plans, each of which represent an 

acceptable plan for delivery at a particular time. By having the plans or combinations of 

plans available, deliveries for more complex "regular" or "irregular" breathing patterns can 

be generated.  

[0046] In another implementation of the optimization module 95, the plans need not each 

represent a complete 4D plan for a given parameter (e.g. period or trajectory), but the set of 

plans each represent a static delivery appropriate for a single phase of the motion cycle. The 

plans would automatically switch as the region of interest moves through its different motion 

phases. It is similarly possible to interpolate between phases in order to generate more 

images, optimize a larger number of phase-plans, and/or select a phase-specific plan.  

[0047] Furthermore, it is possible to have multiple plans available for any given phase or 

set of parameters that utilize different optimization criteria. For example, rather than 

optimizing just one plan for each breathing phase, it is possible to optimize multiple sets of 

plans. This might entail having one plan for each breathing phase with a tight margin, and 

other plans for each breathing phase with wider margins (or with other constraints changing).  

As the treatment proceeds, the plan can be dynamically chosen based both on the region's of 

interest position, period, and/or phase, but also based upon its speed, uncertainty, and/or 

deformation. In cases where the target 54 is well-defined, plans from the narrow-margin set 

may be dynamically selected; whereas in cases of less certainty, larger margin plans may be 

selected.  

[0048] One method of optimizing doses across multiple phase images is for the 

optimization module 95 to calculate dose beamlets for each phase, and then deform the 

beamlets in accordance with image deformation maps that relate the images. Although this 

method can be applied, it is not necessary, as doses can be calculated for each phase, and then 

added using deformation, such that deformation-adjusted beamlets are not required.  

[0049] B. Plan selection module 

[0050] The method for selecting the plan can be based upon a number of possible criteria.  

In one implementation of the plan selection module 142, the plan is based on criteria 

discussed above, such as the region's of interest position, period, and/or phase, each of which 

can be acquired by a motion detection device 89 and the acquisition module 94. Likewise, 

uncertainty and/or anatomical information can also be incorporated. The measurements are 

10



WO 2007/014106 PCT/US2006/028554 

obtained from an applicable device, such as, but not limited to, camera systems, laser 

systems, X-Ray or fluoro systems, CT, MRI, PET, single photon emission computed 

tomography ("SPECT"), on-line CT, cone-beam CT, implanted markers, radiofrequency 

("RF") localizers, ultrasound, breathing belts or cuffs, implanted X-Ray sources, acoustic 

sensors, strain gauges, RF emitters, and electrode based impedance measurements.  

[0051] In another implementation, the plan selection module 142 selects plans based 

upon dosimetric characteristics. More specifically, a desired dose distribution is defined for 

each optimized plan section. Then during treatment, the plan selection module 142 

determines which of the available plans would best match the planned dose given the 

patient's current anatomy and target information. This calculation can involve real-time dose 

calculations, but can be approximated by simplified or pre-computed calculations.  

[0052] In yet another implementation, the plan selection module incorporates 

deformation with pre-computed calculations. This implementation relates dose in physical 

space to dose in specific tissues/targets. By incorporating deformation, it is easier to select 

plans that match the intended dose distributions in specific regions. Example deformation 

techniques and calculations are described in U.S. Provisional Patent Application No.  

60/701,580; filed July 22, 2005; titled SYSTEM AND METHOD FOR FEEDBACK 

GUIDED QUALITY ASSURANCE AND ADAPTATIONS TO RADIATION THERAPY 

TREATMENT, the entire content of which is incorporated herein by reference.  

[0053] In another implementation that may also entail deformation, the desired dose is 

not only attempted to match the planned dose, but the plan selection module 142 

simultaneously seeks to remedy any dose discrepancies from previous fractions or earlier in 

the fraction being delivered.  

[0054] In another implementation of the plan selection module 142, the dynamic plan 

selection is not based solely upon matching the dose distribution (or cumulative dose 

distribution, deformed dose distribution, or deformed cumulative dose distribution), but also 

uses other criteria, such as target dose, sensitive structure dose, or dose-volume histograms 

("DVHs"). Similarly, the plan selection is also based upon achieving a given biological 

outcome. And in this implementation, biological estimators are incorporated into the dose 

accumulation and/or plan selection process. The plan selection module 142 can also 

incorporate biological and clinical feedback regarding the patient, to facilitate the use of more 
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aggressive plans in regions, times, or patients, where these plans might be better tolerated, 

and more conservative plans in more sensitive locations, times, or patients.  

[0055] The dynamic plan selection of the plan selection module also need not be based 

solely on the patient's current information, but can use past information to account for lags in 

measurement and deliver a plan with appropriate anticipation of anatomical changes and 

compensating for delays in measurement and processing.  

[0056] In another implementation of the software program 78, some or all of the 

dynamically selectable plans are not optimized in advance. With a fast optimizer, some of 

these plans are generated during the application of radiation therapy. Similarly, existing 

plans are modified during the application of radiation therapy to reflect physiological or 

anatomical changes. In other words, the optimization module 95 and the plan selection 

module 142 can closely interact (or be integrated) to provide a fast optimizer and selection 

module.  

[0057] C. Acquisition module including a mechanical tracking sub-module 

[0058] The tracking of the patient's breathing phase or motion status can be performed 

with many of the numerous motion detection devices and related acquisition software for 

tracking patient physiology. The acquisition module 94 can include a motion or mechanical 

tracking sub-module 96. Example motion detection devices include, but not limited to, 

spirometers, camera systems, stereoscopic cameras, laser systems, fluoroscopy, X-Ray 

systems, CT, implanted markers, RF markers, MRI, strain gauges, and electrode impedance 

measurements.  

[0059] In one implementation of the acquisition module 94, instead of or addition to the 

just-describe tracking methods, the tracking is also performed with data collected during the 

delivery, such as through a megavoltage CT, a kilovoltage CT, or a cone-beam CT system.  

The mechanical tracking module 96 processes the data from these systems to identify the 

location, phase, and position of the region of interest, and also the patient's breathing phase 

and anatomical changes. The information is extracted either from the reconstructed images, 

from the projection data, or from a hybrid of reconstructions and projection data. This 

implementation may also incorporate a priori information from previous or generic images or 

projection data sets.  
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[0060] For example, a 4D model of tumor trajectory is established from the planning 

images, and this model is verified with the projection data, as well as identifying the patient's 

present breathing phase. Sinograms are checked for the presence and location of the 

structures or markers of interest. This information identifies the current or recent patient 

breathing phases, the location of the tumor, whether the tumor is off any predicted geographic 

or temporal track and what other plans might be useful for delivering dose in the present or 

future anatomy. This information can also be used to detect locations, via magnification, in 

single or orthogonal portal/CT projections.  

[0061] In another implementation, the mechanical tracking sub-module 96 uses the 

information to analyze various delays (measuring position, measuring couch, etc.) that can be 

accounted for in the plan selection. This information can also verify that an anticipated target 

54 (or region of interest) trajectory remains valid, and can distinguish low-frequency (base 

motion) from high-frequency (noise, irregularities) to estimate appropriate amounts of 

compensation. In some implementations of the mechanical tracking sub-module 96, the 

compensation is partially achieved through dynamic couch corrections.  

[0062] When using transmitted radiation for detection of phase and/or position, it is 

preferable to minimize unnecessary radiation. For this reason, one implementation of the 

acquisition module 94 uses the radiation being delivered as part of the treatment. The data is 

generally limited in scope, as the treatments are typically intended only to deliver radiation to 

target regions 54. However, the amount of obtained data may be adequate for identifying the 

necessary features, positions, or phases of the region of interest.  

[0063] In another implementation, the acquisition module 94 acquires additional 

information obtained from briefly "flashing" additional MLC leaves open to create 

transmission data for a larger region of the patient. This can be done more often, or with a 

larger number of leaves, when more data is needed; or it can be done less frequently, or with 

fewer leaves, providing less information, but sparing dose and verifying as necessary. When 

using fewer leaves, or reduced frequency, it may be that localizations are better known, other 

devices are also being used, the treatment quality is less dependent on the changes being 

verified, or for other reasons.  

[0064] The principle of reduced dose can also be applied to imaging systems without 

MLCs attached. For example, if an additional source (such as an X-Ray source) and a 
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detector are being used for verification, it is known in the art that such a system is used to 

track motion, and phase in some cases, by running the system in fluoroscopic mode.  

However, this contributes a very high dose to the patient. Thus, in another implementation, 

the mechanical tracking sub-module 96 detects and verifies phase and/or position information 

with a very slow or discrete fluoroscopy use, as opposed to continuous use. For example, 

rather than using continuous tracking, fluoroscopy frames are taken at specific times to 

determine or corroborate a target (or region of interest) position or phase. These times may 

be equally spaced, or they may be spaced based upon other patient feedback, or spaced based 

on anticipated motion phases or locations. As such, this implementation can be used for 

independent measurement, or can be used to corroborate external or surrogate-based 

verification devices with low-dose internal images.  

[0065] 1. Real-time respiratory motion monitoring via intensity modulated 

radiation therapy ("IMRT") 

[0066] Real time tracking of tumor position or monitoring motion of internal organs is 

important for extending radiation therapy from three dimensional ("3D") to four dimensional 

("4D"). All 4D radiotherapy techniques, whether based on gating, tracking, BSD, or the free

breathing delivery ("FBD") technique, require the real time knowledge of the breathing 

states, or at least the tumor position. Some available respiratory monitoring techniques 

include marker methods and airflow methods. Both methods indirectly monitor respiratory 

motion by some kind of surrogate. The marker methods use external or internal markers as 

the surrogate. Cameras (for external markers) or fluoroscopy devices (for internal markers) 

are used to track these markers. The airflow methods use a pyrometer to measure the airflow 

during breathing, and the airflow is used as the surrogate for respiratory motion. The 

disadvantages of these surrogate methods include: 1) how well the surrogate correlates to the 

internal respiratory motion and what kind of correlation are doubtful; 2) the respiratory 

motion is a complicated 4D deformation process, therefore, a surrogate with one or few 

parameters have very limited representation for the respiratory motion of a large body 

section; and 3) there exist (potentially unstable) delays between the surrogate and the 

respiratory motion.  

[0067] One alternative method includes a direct method to monitor the respiratory 

motion. The method directly monitors the internal organ motion with respect to the treatment 

beam. The method can be implemented directly in the system 10 with a detector system. An 
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example of a detector system is the HI-ART brand radiation therapy system offered by 

TomoTherapy, Inc. with a web site at www.tomotherapy.com. No additional devices, such as 

a camera, a spirometer, or a fluoroscopy device, are required. No extra radiation is necessary.  

[0068] For example, a radiation therapy treatment system may have a complete set of 3D 

images, each 3D image being a snapshot of the patient at certain breathing states (or phases).  

A planning fluence map (or sinogram) is typically available before the treatment. Based on a 

3D representation of the patient, for each projection (line) of the planning sinogram, the 

computer 62 calculates the detector response (output signal) by direct ray tracing or Monte

Carlo simulation. Therefore, for all N phases of the 4D image, the system precalculates N 

output signals for each projection. After doing the precalculation, the monitoring of 

respiratory motion is straightforward. The system need only to compare the real detector 

signal with the precalculated N detector signals, the one with the largest similarity measure 

gives the breathing phase at that time. A simple correlation could be used as the similarity 

measure. The correlation can be defined as: 

[el] =2(si - -)(s - ) ; where i[el] c si §2 + ls _ _w2 

s, is the precalculated detected signal corresponding to the i th phase, 

s is the measured detected signal, 
1"N 

" is the mean of N phase detector signals S = - si , and 
Si=1 

wherein the detector signal states for a vector of the signals from all detectors.  

[0069] D. Delivery module including a mechanical control sub-module 

[0070] In some constructions, mechanical methods can be used for correcting the free

breathing techniques described above, or used with conventional plans (e.g. static plans, 

breath-hold plans, etc.). For example, the primary collimator 38 can follow the motion of the 

regions of interest along with the modulation device 42 modulating the beam. As another 

example, the couch 70 can be used to facilitate dynamic repositioning.  

[0071] In one construction, the mechanical tracking module 96 continuously determines 

the patient phase throughout the delivery. The offset of any relevant structures from the 

planning position is determined by a mechanical control sub-module 99 of the delivery 
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module 97. The sub-module 99 decomposes the offset into a transversal component and a 

longitudinal component. A target 54 affected by motions on the inferior-superior direction 

during treatment (the more common) is accounted by moving the primary collimator 38. The 

primary collimator 38 can include a set of jaws before the modulation device 42. The jaws 

define and adjust the size of an aperture through which the radiation beam may pass.  

Alternatively, a segmented primary collimation allows creating shapes that follow the target 

54 and the beam is modulated by the modulation device 42. Couch motion can also be used 

in combination to either create other motions or extend the degree of motion.  

[0072] A difference with other mechanical techniques to correct motion is that the one 

presented here does not use the modulation device 42 to account for motion on the inferior

superior direction. The primary collimator 38 is used to follow the motion on this direction, 

alone or in combination with the couch 70. One of the advantages is that, in principle, no 

plan changes are necessary to correct for this motion (except for a few adjustments on the 

output for different directions). However, this technique can also be incorporated into the 

dynamic plan modification or switching methods described herein. In addition, dynamic 

plans can be optimized for different collimator positions to incorporate any beam changes 

relevant to the different jaw locations. In another implementation, the mechanical control 

sub-module 99 models changes without separate plans.  

[0073] Corrections for motions in other (non inferior-superior) directions can also be 

accounted for. Corrections in the beam direction are corrected either with the couch 70 or by 

a simple change of the MLC modulation time accounted for inverse square corrections.  

Couch motion can also be used to account for this motion alone or in conjunction with MLC 

time changes.  

[0074] Motions on the plane perpendicular to the beam (i.e., not the inferior-superior 

direction) can be accounted for by either changing the leaf pattern or by a combination of leaf 

pattern and couch motion. It should be noted that mechanical motions, such as collimator 

motion, can be either incorporated into the planning process, or performed in response to 

detected motion. That is, in some cases, the collimator motion is pre-programmed based 

upon the anticipated patient breathing trace. Yet, either the collimator motion or plan is 

dynamically altered if the patient's motion does not follow the anticipated trace. In other 

cases, motion of the collimator 38 is a purely compensatory method for patient motion 

deviations. Under these conditions, the target 54 and sensitive structure motions are 
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accounted for in real time. It is envisioned that changing the motion of the collimator 38 or 

changing the leaf pattern may result in a reordering of the treatment plan or scaling of the 

treatment plan.  

[0075] E. Patient feedback module 

[0076] Although various techniques described herein are designed to free a patient from 

the constraint of a required breathing pattern, this does not require that a patient breathe 

without any assistance from a guidance system, or without any "target" breathing traces.  

Instead, in some constructions of the system 100, even if a patient deviates from an intended 

breathing track, the treatment dynamically adjusts accordingly.  

[0077] To this extent, a patient feedback module 100 can provide the patient with 

feedback on their motion control, and potentially guidance signals. This can be performed 

using a goggle system, a video projection inside or visible from the gantry (potentially visible 

through mirror glasses or an auxiliary device), audio feedback, or the like.  

[0078] A patient feedback module 100 can also assist patient motion by having the 

patient willfully breathe under assistance by a respirator. A respirator helps standardize the 

patient on a more reproducible breathing pattern, but deviations would ideally still be handled 

through the use of multiple plans and dynamic plan switching. In some cases, it may also be 

that the patient's active breathing in conjunction with a ventilator are adequate to deliver a 

three-dimensional ("3D") plan.  

[0079] F. Quality Assurance Module 

[0080] Another aspect of some constructions of the system 10 is the provision of various 

techniques for quality assurance and verification. For example, one such technique for the 

quality assurance module 146 applicable to validation in phantoms is to develop plans that 

are intentionally different, such that the plan being delivered is readily determined with 

external measurement devices, such as ion chambers, scintillation fluid, film, 

thermoluminescent dosimeters ("TLDs"), diode detectors, flat-panel imagers, or other 

radiation detectors or monitors. Then by changing the motion-response curve, the system 

verifies how quickly and appropriately the plan change responds.  
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[0081] In another implementation, the quality assurance module 146 performs validation 

that can be applied to both patients and phantoms by dose recalculation in a 4D image set 

based upon the recorded motion trace from the treatment. The dose accumulated across the 

4D images provides the net delivered dose, ideally adjusted for deformation. This dose is 

compared to doses measured at points inside, on, or separate from the patient to validate the 

net dosimetric effect and that both moving and non-moving regions are handled correctly.  

This aspect of 4D dose calculation based upon a measured motion pattern can likewise be 

applied to other deliveries besides the free-breathing adjusted deliveries described herein.  

[0082] Detailed Examples 

[0083] Fig. 9 illustrates a flow chart of a method of delivering radiation therapy to a 

moving region of interst according to one embodiment of the invention. The software 

program 78 generates (block 174) a plurality of tracks 102-130 (Figs. 5 and 6) that represent 

anticipated motion (e.g., the patient's breathing pattern). The treatment plans are optimized 

(block 178) by the optimization module 95 to correspond to the tracks 102-130. For 

example, each treatment plan can be optimized to correspond to one of the tracks 102-130.  

As another example, a plurality of treatment plans can be optimized and then combined to 

correspond to one of the tracks 102-130. The patient 14 attempts (block 182) to follow one 

of the tracks 102-130. While the treatment is being delivered, the acquisition module 94 

acquires (block 186) motion data, which relates to movement of the region of interest (e.g., 

target 54). The mechanical tracking module 96 receives (block 190) the motion data (shown 

as motion track 138) from the motion detection device 89. The plan selection module 142 

determines (block 194) if the motion data deviates from the selected track that the patient 14 

is following. The plan selection module 142 can compare the deviation to a range to 

determine if the deviation is greater than a specified threshold. The plan selection module 

142 determines (block 198) which track 102-130 the motion most closely, presently 

corresponds. The plan selection module 142 selects (block 202) the treatment plan that 

corresponds to the identified track 102-130. The patient's treatment can include delivery of 

portions of a plurality of treatment plans as the selected plan can automatically switch to 

correspond to the patient's actual motion. This is best shown as line 134 of Fig. 7. As the 

line 134, changes to a different motion track 102-130, the corresponding plan is selected.  

Patient feedback can be provided to the patient from the patient feedback module 100 to 

promote a more consistent track 134.  
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[0084] Fig. 10 illustrates a flow chart of processes that can be included in the 

administration of radiation therapy treatment. The process begins with plan generation 

(block 300). As described above, plans and phases can be determined using mathematical 

models, deformation models, and physiological models. After a plurality of plans (blocks 

304) are generated, they can be loaded into the radiation therapy device 18 (block 308).  

More specifically, the plans can be loaded into the computer 62, which has the ability to 

control the components and operation of the radiation therapy device 18 (e.g., via the delivery 

module 97).  

[0085] After the treatment plans have been stored in the radiation therapy device 18 (or 

computer 62), radiation therapy treatment of the patient 14 can begin. In the first stage of 

treatment, movement patterns are monitored and evaluated (block 312). As described above, 

the movement patterns can be measured using the movement detection devices 89 and the 

acquisition module 94, for example. After monitoring the patterns of motion, a list of 

potential treatment plans can be generated based on the motion pattern (block 316). A 

treatment plan can be evaluated according to the time and spatial relationships between the 

plan and the motion pattern of the patient 14. After the list of potential treatment plans is 

determined, a treatment plan or a combination of treatment plans can be selected (block 320).  

The treatment plans can be chosen automatically according to the computer 62, or manually 

by a doctor or other professional. The plan or combination of plans that most closely 

matches the motion of the region of interest is generally selected. After selecting a treatment 

plan, it can be evaluated (block 324). Evaluation parameters can include information relating 

to the position of the region of interest, the deformation of the region of interest, the dose 

being administered, or a combination thereof. In some embodiments, if the plan that is 

selected in block 320 is evaluated (e.g., by the quality assurance module 146) and it is not 

deemed to be an effective treatment, the process can return to block 316 to re-evaluate 

potential treatments plans to deliver.  

[0086] If, however, the treatment plan is evaluated and it is projected to have the intended 

result, it can be delivered by the radiation therapy device 18 (block 328). During delivery of 

the plan, the process can return, and the subsequent acts can be repeated. In other 

implementations, after a plan is delivered it is verified (block 332). Delivery verification can 

be used to determine the dose of radiation that was actually delivered to the patient 14 as well 

as the deformation that occurred. As described above, the dose and deformation information 
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can have an impact on which plans are subsequently implemented. After the delivery of the 

plan is verified, the process can return to the plan generation stage at block 300, and the 

process can be repeated. In other implementations, the process is returned to the motion 

evaluation block 312, and the remainder of the process is repeated.  

[0087] 1. Detailed example: Delivery of helical coplanar IMRT beams for moving a 

target 

[0088] As previously stated, an example radiation therapy treatment system capable of 
incorporating the invention is the HI-ART brand radiation therapy treatment system offered 

by TomoTherapy, Inc. with a website at www.tomotherapy.com. The TOMOTHERAPY HI
ART brand system is an example of a helical radiation therapy treatment system, which is 
superior to a conventional IMRT in many aspects. The delivery of helical coplanar intensity 
modulated beams is one example advantage. In one embodiment, the helical delivery system 

typically has the following features: 1. fixed jaw width, 2. fixed jaw position and orientation, 
3. constant couch speed, 4. constant gantry rotation speed, and 5) one dimensional (ID) 

binary MLCs for intensity modulation.  

[0089] But on the other hand, such simplicity in the delivery system also posts some 

limitations in the situation of a moving region of interest (e.g., target motion results from 
respiratory motion). Conventional gating and tracking techniques for the moving region of 

interest may not be easily implemented in the helical system. For example, gating technique 
requires stopping gantry rotation or couch movement. The tracking technique requires real 

time jaw tilting. BSD is attractive if the patient follows the planned breathing pattern at all 

times. But it is hard for the helical system to correct any out-of-phase-breathing.  

[0090] For one construction of a modified helical system, the system assumes the 

following: 1. the target position can be real time determined; 2. the target motion is rigid 

body motion, the deformation, if any, is negligible compared to the rigid body motion; and 3.  
the target motion within one projection is negligible. Assumption 1 is feasible through the 

combination of a 4D representation of the pre-treatment patient body (such as 4D CT), and 

real time phase detennination techniques (such as using camera, spirometer or treatment 

beam as presented above). Assumption 2 is reasonable for most cases. This is also the basic 

assumption for the tracking technique used in conventional IMRT. Assumption 3 is actually 
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the time resolution of some delivery systems, such as the HI-ART system provided by 

TomoTherapy, Inc..  

[0091] The helical delivery, in some constructions, is projection-wised. Each projection 

is indicated by three parameters: 

k is the rotation index (k is an integer number); 

0 is the gantry angel (0 e [0,27); and 

pis the MLC leaf index pE ' .  

The pair (k, 0) is composed of the projection index. The time t is linearly proportional to 

projection index t = t(k, 0).  

[0092] Let AZ be the couch proceeding per rotation. Then couch position is 

[e2] Z(k,) = (k + )AZ 
27r 

[0093] Let I = I(k, , p) be the planning sinogram. The function value I(k,4, p) 

represents the beam-on time for leaf p at projection (k, ) . The planning itself can be based 

on a static patient model (3D plan) or BSD model (4D plan).  

[0094] Let I'= I'(k,o,p) be the delivery sinogram. One objective of this subsection is to 

determine the I'= I'(k, , p) in case of the moving target.  

[0095] Let: 

x = x(k, ): the planning target position at projection (k, b). The planning itself can 

be based on static patient model (3D planning) or BSD model (4D planning).  

x = (x,y,z).  

x'= x'(k, ) : the delivery target position at projection (k, ) . This is determined 

according to assumption 1.  

u= u(k, 0) = x'(k, 0) - x(k, ) : the target displacement between the delivery and the 

planning; u=(ux,u,u z) .  
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[0096] One can further decompose the transversal target displacement to a perpendicular

to-beam direction (parallel to MLC line) component u, and to a parallel-to-beam direction 

component u,,. The result is: 

[e3] uz(k,#) = ux(k, 0)cos0 +uy(k,#)sin# 

[e4] ul(k, 0)= ux(k, 0)sin #+uy(k, 0)cos 0 

[0097] For the parallel-to-beam direction motion component uo, one needs inverse square 

correction and attenuation correction. Let the correction factor be r 

[e5] r(k, 0) = r (k, #)r(k, ) 

where i (k, 0) is inverse square correction. Let s(k, 0) be the planning source to target 

distance, 

[s(k, 0) + u,, (k, )]2 [e6] r(k,#)=. sk) 2 

s(k, p) 

And let ir2 (k, 0) be the attenuation correction: 

s(k, ) 

exp(- f pdt) 

[e7] r2(k , ) = s k )+ s(k,¢)+u// 

exp(- p udt) 
0 

Equation [e7] is feasible only if the system has 4D CT, otherwise, the system has to use some 

other approximations.  

[0098] The in plane perpendicular-to-beam direction motion component u, is correctable 

by shifting the MLC pattern. That is 

[eS] p'(k, ) = p(k, ) + u (k, ) 
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[0099] To correct the z component motion, one needs to shift the projection. Also, one 

has to keep the same gantry angle as planning sinogram so that the RAR has the optimal 

spacing as planned. Therefore, we only need to change the rotation index k 

[e9] k'= k + round( z ) 
AZ 

[elo0] #'=O 

[00100] It is also possible that due to arbitrary motion pattern, several projections will map 

to the same projection and some projections are not mapped at all. One has to consider 

letting the maximum achievable beam on time for each projection be Imax, such that the 

delivery strategy for an arbitrary moving target 54 is as illustrated by following pseudo code.  

[00101] Let I(k, f, p) be the planning sinogram 
While B(k, 4,p) such that I(k, 4,p) > 0 

ForEach rotation index k 
ForEach gantry 4 

Get planning target position x 
Determine real target position x' 
Calculate displacement u = x - x 
Calculate ul, and u1 as in [e3] to [e4] 
Calculate in plane parallel motion correction factor r as in 
[e5] to [e6] 

Calculate k' = k +round( u) 
AZ 

ForEach MLC index p 
Calculate p'= p + u 
Calculate I'(k, , p)= min(I(k', , p'),Imax) 

Let I(k, 4, p) = I(k, , p) - I'(k, 0, p) 
Apply correction I'(k, , p) = rl'(k, 0, p) 

Deliver I'(k, #, p) 
EndFor 

EndFor 
EndFor 

End While 

[0100] Fig. 11 is a representation of a transversal motion correction. The dashed line is 

the planning target position and beam intensity, the solid line is the delivered target position 

and beam intensity.  
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[0101] Fig. 12 is an illustration of a helical system delivering a static plan for a moving 

target 54. The solid line is the planning target position for each projection. The dashed line 

is the real target position during delivery. The square indicates the planed projection, and the 

triangle indicates the real target when the gantry and the couch are at that position. The circle 

indicates which projection needs to be delivered at that moment. The circle is usually located 

between two rotations. An interpolation method typically needs to be used to determine the 

beam intensity.  

[0102] Fig. 13 is similar to Fig. 12, except that a certain pattern of breathing motion is 

planned (BSD plan, solid line), while the real target position (dashed line) is different from 

the BSD plan. The square indicates the planed projection, and the triangle indicates the real 

target when the gantry and the couch are at that position. The circle indicates which 

projection needs to be delivered at that moment. The circle is usually located between two 

rotations. An interpolation method needs to be used to determine the beam intensity.  

[0103] Thus, the invention provides, among other things, new and useful systems and 

methods of delivering radiation therapy to a moving region of interest. Various features and 

advantages of the invention are set forth in the following claims.  

24



WO 2007/014106 PCT/US2006/028554 

CLAIMS 

1. A method of delivering radiation therapy to a patient when a region of interest is 

moving, the method comprising: 

generating a plurality of treatment plans for delivering radiation therapy; 

delivering radiation therapy to the patient by following one of the plurality of 

treatment plans; 

monitoring the patient during the delivering radiation therapy; and 

changing to another treatment plan during the delivering radiation therapy based at 

least in part on the monitoring the patient.  

2. A method as set forth in claim 1 wherein at least two of the plurality of treatment 

plans correlate to a specific patient breathing phase.  

3. A method as set forth in claim 1 wherein at least two of the plurality of treatment 

plans begin at a different breathing phase.  

4. A method as set forth in claim 1 and further comprising, prior to the changing the 

treatment plan, anticipating that the patient proceeds to a different breathing phase.  

5. A method as set forth in claim 4 wherein the changing to another treatment plan is 

further based on the anticipating act.  

6. A method as set forth in claim 1 and further comprising, prior to the changing the 

treatment plan, determnnining that the patient proceeds to a different breathing phase.  

7. A method as set forth in claim 6 wherein the changing to another treatment plan is 

further based on the detennrmining act.  

8. A method as set forth in claim 1 wherein at least two of the plurality of treatment 

plans are based on a predetermnnined patient breathing track.  
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9. A method as set forth in claim 8 and further comprising, prior to changing the 

treatment plan, determining that a portion of the patient breathing pattern better matches a 

different predetermined breathing track.  

10. A method as set forth in claim 9 wherein the changing to another treatment plan is 

further based on the determining act.  

11. A method as set forth in claim 8 and further comprising, prior to changing the 

treatment plan, anticipating that an upcoming portion of the patient breathing pattern will be 

better matched to a different predetermined breathing track.  

12. A method as set forth in claim 11 wherein the changing to another treatment plan is 

further based on the anticipating act.  

13. A method as set forth in claim 1 wherein at least two of the plurality of treatment 

plans are based at least in part on margins of the regions of interest.  

14. A method as set forth in claim 1 wherein at least two of the plurality of treatment 

plans are based at least in part on probability distribution functions of the region of interest.  

15. A method as set forth in claim 1, wherein the changing to another treatment plan 

includes selecting the another treatment plan based on a likelihood a region of interest better 

matches the another treatment plan.  

16. A method as set forth in claim 1, further comprising determining a consistency of the 

movement of the region of interest, and wherein changing to another treatment plan includes 

selecting the another treatment plan based on the consistency of the movement.  

17. A method as set forth in claim 1, further comprising determining an erratic event for 

the movement of the region of interest, and pausing the system based on the erratic event.  

18. A method as set forth in claim 1 wherein the changing the treatment plan includes 

dynamically changing the treatment plan during the monitoring the patient.  
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19. A method as set forth in claim 1 wherein the treatment plan includes an anticipated 

movement path for the patient, wherein the method further comprises instructing the patient 

to follow the movement path.  

20. A method as set forth in claim 19 wherein the instructing the patient includes 

providing feedback to the patient.  

21. A method as set forth in claim 1 wherein the monitoring the patient includes 

evaluating a delivery of the radiation therapy to the patient, and wherein the changing to 

another treatment plan includes changing the treatment plan based on the evaluating a 

delivery.  

22. A method as set forth in claim 1 and further comprising optimizing the another 

treatment plan based at least in part on deformation with the previous plan.  

23. A method as set forth in claim 1 wherein the changing to another treatment plan 

includes selecting the another plan based at least in part on dosimetric information.  

24. A method as set forth in claim 23 wherein the dosimetric information comprises at 

least one of an accumulated dose for a current session and an accumulated dose for all 

sessions.  

25. A method as set forth in claim 1 wherein the changing to another treatment plan 

includes selecting the another plan based at least in part on correcting previous delivery 

discrepancies.  

26. A method as set forth in claim 1 and further comprising wherein the changing to 

another treatment plan includes selecting the another plan based at least in part on 

deformation of the plurality of treatment plans.  

27. A method as set forth in claim 1 and further comprising wherein the changing to 

another treatment plan includes selecting the another plan based at least in part on biological 

criteria.  
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28. A method as set forth in claim 1 further comprising monitoring a movement of the 

patient and evaluating a delivered dose based at least in part on a four-dimensional image of 

the patient and the monitored movement.  

29. A method as set forth in claim 1 wherein each of the plurality of plans can vary based 

at least in part on a parameter of a mechanical device of a radiation system delivering the 

radiation therapy.  
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30. A method of delivering radiation therapy to a patient when a region of interest is 

moving, the radiation therapy being delivered by a radiation therapy system including a 

multi-leaf collimator, the method comprising: 

generating a treatment plan for delivering radiation therapy; 

delivering radiation therapy to the patient by following the treatment plan; 

monitoring the patient during the delivering radiation therapy; and 

changing a leaf pattern of the multi-leaf collimator during the delivering radiation 

therapy based at least in part on the monitoring the patient.  

31. A method as set forth in claim 30 wherein the changing a leaf pattern includes 

reordering the treatment plan.  

32. A method as set forth in claim 30 wherein the changing a leaf pattern includes scaling 

the treatment plan.  

33. A method as set forth in claim 30 wherein the changing a leaf pattern includes 

dynamically optimizing the treatment plan.  

34. A method as set forth in claim 30 wherein the changing a leaf pattern is further based 

on dosimetric information.  

35. A method as set forth in claim 34 wherein the dosimetric information comprises at 

least one of an accumulated dose for a current session and an accumulated dose for all 

sessions.  

36. A method as set forth in claim 34 wherein the changing a leaf pattern includes 

performing deformation with the treatment plan.  
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37. A method of delivering radiation therapy to a patient when a region of interest is 

moving, the radiation therapy being delivered by a radiation therapy system, the method 

comprising: 

generating a treatment plan for delivering radiation therapy; 

delivering radiation therapy to the patient by following the treatment plan; 

monitoring the patient during the delivering radiation therapy; and 

changing a treatment parameter during the delivering radiation therapy based at least 

in part on the monitoring the patient.  

38. A method as set forth in claim 37 wherein the radiation therapy is delivered by a 

radiation therapy system including a multi-leaf collimator (MLC), and wherein the changing 

a treatment parameter includes changing a MLC parameter.  

39. A method as set forth in claim 38 wherein the MLC parameter includes at least one of 

a MLC pattern and a MLC timing.  

40. A method as set forth in claim 37 wherein the radiation therapy is delivered by a 

radiation therapy system including a gantry, and wherein the changing a treatment parameter 

includes changing a gantry parameter.  

41. A method as set forth in claim 40 wherein the gantry parameter includes at least one 

of a gantry speed and a gantry direction.  

42. A method as set forth in claim 37 wherein the radiation therapy is delivered by a 

radiation therapy system including a patient support, and wherein the changing a treatment 

parameter includes changing a patient-support parameter.  

43. A method as set forth in claim 42 wherein the patient-support parameter includes at 

least one of a patient-support speed and a patient-support direction.  

44. A method as set forth in claim 37 wherein the radiation therapy is delivered by a 

radiation therapy system including a radiation module having a jaw, and wherein the 

changing a treatment parameter includes changing a jaw parameter.  
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45. A method as set forth in claim 44 wherein the jaw parameter includes at least one of a 

jaw position and a jaw direction.  

46. A method as set forth in claim 37 wherein the radiation therapy is delivered by a 

radiation therapy system including a radiation module, and wherein the changing a treatment 

parameter includes changing a radiation-module parameter.  

47. A method as set forth in claim 46 wherein the radiation-module parameter includes a 

radiation-module output.  
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