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Adaptive radiation therapy pi

FIELD OF THE INVENTION

The invention generally relates to a planning of an external beam radiation

therapy treatment of a patient. More specifically, the invention relates to a system, a method

and a computer program for generating a radiotherapy treatment plan for a patient.

BACKGROUND OF THE INVENTION

In external beam radiation therapy, ionizing radiation is applied to target

structures, such as tumors, within patients' bodies in order to control growth of or kill cancer

cells. The radiation treatment is usually delivered in plural sessions, which are also referred

to as treatment fractions in the art. In more advanced types of radiation therapy, such as so

called intensity-modulated radiation therapy (IMRT), precise doses of radiation are applied to

regions of the patient's body. In this respect, it is typically the goal to deliver a sufficiently

high radiation dose to the target structure and to spare sensitive structures, such as organs, in

the vicinity of the target structure as far as possible.

The treatment parameters for delivering the radiation and controlling the

radiation treatment device are defined in a treatment plan, which is generated in a planning

system. In particular, a so-called inverse planning procedure may be carried out by means of

the planning system. In such a procedure, the target structure and the surrounding structures

to be spared are identified and treatment goals are specified. Such treatment goals include

objectives which may specify requirements for the radiation dose delivered to certain regions

of the patient, which should be fulfilled, and/or constraints for the radiation doses delivered

to certain regions, which must be fulfilled. Then, an optimization process is carried out to

find the treatment plan which fulfills the specified treatment goals. This optimization process

is usually an operator-guided procedure in which an operator (e.g. a physician) reviews the

dose distribution resulting from the treatment plan in several steps and makes changes to the

treatment goals in order to find the optimal dose distribution.

Such an inverse planning procedure is normally carried out on the basis of a

stationary delineation of the target structure, which does not change during the radiation

treatment. However, the delineation of target structure does usually change during the



radiation treatment. So, a tumor changes due to its natural progression, which normally

results in a growth of the tumor, and, most notably, due to the effects of the radiation therapy,

which result in a (net) shrinkage of the tumor. More specifically, already the delivery of a

high-dose one treatment fraction of a hypo-fractioned regime (i.e. a radiation therapy

treatment delivered in a smaller number of fractions), the radiation therapy typically reduces

the number of active tumor cells by a factor of 2, and near the end of the radiation treatment

only a small number of active tumor cells typically remains.

If the original treatment plan generated on the basis of the (stationary)

delineation of the tumor or target structure is used after shrinkage of the target structure, there

is a high risk to affect healthy tissue by applying a high radiation dose to such tissue. This

can be avoided in so-called adaptive radiation therapy. In accordance with this approach

images of the target structure are captured during the course of the radiation therapy

(particularly between certain treatment fractions) in order to determine the changed

delineation of the target structure. Then, a re-planning procedure is carried out to adapt the

treatment plan to the changed delineation of the target structure.

One drawback of such an adaptive radiation therapy is an increased clinical

workload associated with the re-planning procedure, which is usually also made in an

operator-guided procedure similar to the generation of the original treatment plan. This can

even lead to delays in the delivery of the radiation treatment, which can compromise the

outcome of the radiation therapy, since the maximum impact of the therapy is only achieved

when it is delivered sufficiently quickly so that a repopulation of tumor cells is avoided.

WO 2010/094777 discloses a system for generating treatment plans for

irradiating a patient's treatment volume. In the system, a plurality of different treatment plans

is generated on the basis of deformation information regarding anticipated changes of the

treatment volume over time. In one embodiment, the deformation information is obtained

using calculations regarding physical changes of the treatment volume based upon elasticity

information objects within the treatment volume. Using such deformation information a

plurality of modified images is generated, and for each modified image, a treatment plan is

generated. In order to deliver the treatment, the system selects a treatment plan which

corresponds to the modified image that best matches to the patient data at the time of the

treatment.



SUMMARY OF THE INVENTION

It is an object of the invention to allow for a more efficient generation of a

treatment plan for a radiotherapy treatment, which takes into account changes of the

delineation of the target structure during the radiotherapy treatment.

According to a first aspect, the invention suggests a system for generating a

radiotherapy treatment plan for treating a target structure within a patient body, the treatment

plan comprising parameters for controlling a delivery of radiation to the target structure. The

system comprises (i) a modeling unit configured to determine a series of estimates of a

delineation of the target structure for consecutive points of time during the radiation therapy

treatment on the basis of a model quantifying changes of the delineation with time, and (ii) a

planning unit configured to determine the treatment plan on the basis of the series of

estimates of the delineation of the target structure.

By generating the treatment plan on the basis of the series of estimates of the

delineation of the target structure, a treatment plan taking account of changes of the

delineation of the target structure can already be determined in the initial planning phase

prior to the delivery of the treatment and it is no longer necessary to adapted the treatment to

such changes during the radiation treatment. Thus, the treatment plan can be generated more

efficiently. In particular, the clinical workload for generating the treatment plan can be

reduced and delays resulting from a re-planning during the treatment can be avoided.

For determining the estimates of the delineation of the target structure, the

modeling unit preferably also receives a reference image of the target structure, and it

preferably determines the series of estimates of the delineation on the basis of a reference

image. In particular, the modeling unit may estimate changes of the delineation of the target

structure starting from a delineation as shown in the reference image. Preferably, the

reference is image is a three-dimensional image of the target structure.

In one embodiment of the invention, the estimate of the delineation for a point

of time is determined on the basis of a radiation dose to be applied to the target structure prior

to the point in time in accordance with the treatment plan. Hereby, it is possible to take

changes of the delineation of the target structure into account, which result from the

application of radiation to the target structure during the radiotherapy treatment. Such

changes usually involve shrinkage of the target structure in the course of the treatment, and

this embodiment particularly allows for adapting the treatment plan to the changes in the

volume of the target structure in later phases of the radiotherapy treatment.



Prior to the radiotherapy treatment or during the radiotherapy treatment,

additional treatments, such as a chemotherapy treatment, may be applied to the target

structure. In this regard, one embodiment of the invention provides that the estimate of the

delineation for a point in time is determined on the basis of expected effects of one or more

treatments applied to the target structure in addition to the radiation treatment prior to the

point in time. Hereby, it is possible to also consider changes of the delineation of the target

structure resulting from additional treatment in the generation of the treatment plan. When

such an additional treatment is applied to the target structure prior to the radiotherapy

treatment, it is particularly possible to generate an adapted treatment plan already before the

application of the additional treatment so that scheduling of the planning procedure is

simplified. When the additional treatment is applied during the radiotherapy treatment, e.g.

between two treatment fractions, delays resulting from an adaptation of the treatment plan

during the treatment can be avoided.

Moreover, as said above, the delineation of the target structure does usually

also change due to the natural progression, particularly due to cell diffusion and/or

proliferation. In this regard, one embodiment of the invention provides that the estimate of

the delineation for a point in time is determined on the basis of expected changes of the target

structure, which are independent of external interventions. In particular, the estimate may be

determined on the basis of an expected diffusion and/or proliferation of tissue cells. In

addition or as an alternative, changes of structures surrounding the target structure may be

considered in order to determine the estimate. In such a way, the accuracy of the estimate of

the delineation for the point in time can be further improved.

In a further embodiment, the radiation is delivered to the target structure in a

plurality of successive treatment fractions and the points of time correspond to at least some

of the treatment fractions. In particular, the points in time may correspond to one selected

point in time during each relevant treatment fraction, where the points in time during the

relevant treatment fractions can, in principle, be selected arbitrarily. According to one

example, the points in time may correspond to the scheduled start times of the relevant

treatment fractions.

Moreover, the estimates of the delineation of the target structure determined

on the basis of the model may deviate from the actual delineation for the points in time, e.g.

because the model does not describe the changes of the delineation entirely accurately and/or

due to incorrect input parameters used for the model calculation.



In one embodiment, the modeling unit is therefore configured to estimate a

plurality of series of estimates of the delineation in accordance with different changes of the

delineation with time, and the planning unit is configured to determine a plurality of

treatment plans including one treatment plan for each series of estimates of the delineation.

In a related embodiment, the system further comprises an imaging unit for

capturing an image of the target structure in connection with the application of a treatment

fraction to the target structure and a monitoring unit configured for selecting a treatment plan

from the plurality of treatment plans on the basis of the delineation of the target structure as

shown in the image. The image may particularly be a three-dimensional image.

These embodiments allow for generating a collection of the treatment plans

prior to the delivery of the radiotherapy treatment, which includes treatment plans for

different series of estimates of the delineation of the target structure. If it is determined

during the delivery of the radiation treatment that the actual delineation of the target structure

deviates from one of the estimate, it is possible to change to another treatment plan generated

on the basis of estimate which better matches the actual delineation. Thus, it is particularly

not necessary to re-generate a treatment plan during the radiotherapy treatment in case of

deviations between the actual delineation of the target structure and the model-based estimate.

In a further related embodiment of the invention, monitoring unit is configured

to determine a value of at least one parameter of the delineation of the target structure as

shown in the image and to select the treatment plan assigned to a delineation having a value

of the least one parameter which most closely matches the determined value. The parameter

may correspond to a volume of the target structure and/or a diameter of the target structure,

particularly to a maximum diameter of the target structure. In a further embodiment, the

parameter is calculated on the basis of a distance between landmark points positioned on the

delineation and a predetermined point. The predetermined point may particularly correspond

to an estimated center of the target structure. Likewise, other parameters may be used.

Moreover, one embodiment of the invention includes that the monitoring unit

is configured to compare a value of at least one parameter of the delineation of the target

structure as shown in the image with a value of the parameter for a delineation of the target

structure included the series of estimates of the delineation to which the currently selected

treatment plan is assigned and the selection unit is further configured to select another

treatment plan if a difference between the values of the parameter exceeds a predetermined

threshold. It is an advantage of this embodiment that monitoring unit does not have to search

for a better treatment plan each time an image of the target structure is captured. Rather, this



search - which may involve some computational complexity - is only made in case of larger

deviations between the estimate of the delineation of the target structure and the actual

delineation as shown in the images.

According to a further aspect of the invention, a method for generating a

radiotherapy treatment plan for treating a target structure within a patient body is suggested,

the treatment plan comprising parameters for controlling a delivery of radiation to the target

structure. The method comprises:

determining a series of estimates of a delineation of the target structure for

consecutive points of time during the radiation therapy treatment on the basis of a model

quantifying changes of the delineation with time, and

determining the treatment plan on the basis of the series of estimates of the

delineation of the target structure.

According to a further aspect, the invention suggests a computer program

executable in a processing unit of a system for generating a radiotherapy treatment plan for

treating a target structure within a patient body, the treatment plan comprising parameters for

controlling a delivery of radiation to the target structure. The computer program comprises

program code means for causing the processing unit to carry out the aforementioned method.

It shall be understood that the system of claim 1, the method of claim 14 and the computer

program of claim 15 have similar and/or identical preferred embodiments, in particular, as

defined in the dependent claims.

It shall be understood that a preferred embodiment of the present invention can

also be any combination of the dependent claims or above embodiments with the respective

independent claim.

These and other aspects of the invention will be apparent from and elucidated

with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following drawings:

Fig. 1 schematically and exemplarily shows a radiation therapy system

including a planning for generating a treatment plan,

Fig. 2 schematically and exemplarily shows examples of tumor progression

with time during and after radiation therapy, and



Fig. 3 schematically and exemplarily shows two series of estimates of the

delineation of the target structure and corresponding treatment plans and a series of actual

delineations of the target structure.

DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1 schematically and exemplarily illustrates an embodiment of a radiation

therapy system for delivering radiation treatments to structures within a human or animal

patient body. In particular, the system may be used to treat tumors within certain structures of

the body. One example of such a structure is the lung as it is known that radiation therapy,

particularly so-called stereotactic ablative radiation therapy (SBART), is especially suitable

for treating lung cancer. It has been observed that particularly SBART treatment of lung

tumors results in noticeable changes of the tumor volume in each treatment fraction. Such

changes and similar changes in other radiotherapy treatments can be taken account of by

adapting the treatment plan for the radiation therapy treatment as explained herein below.

In the illustrated embodiment, the radiation therapy system comprises a

radiation source 1, which can be operated to emit ionizing radiation to be delivered to a

tumor or another diseased target structure within a human or animal body positioned in a

treatment zone 2 of the system on a support, which may be configured as a patient table. The

relative position and orientation of the radiation source 1 with respect to the body or target

structure can be varied over a certain range of positions and orientations. For this purpose,

the radiation source 1 may be mounted on rotatable gantry 3 so that the radiation source 1 can

be rotated around the treatment zone or body within a certain angular range, which may be

360° or less. In addition, the gantry 3 and/or the patient table may be movable back and forth

in a direction parallel to the rotation axis of the gantry 3 . Further, it may also be possible to

rotate the patient table around an axis perpendicular to the rotation axis of the gantry 3 .

The radiation source 1 may include an x-ray tube or a linear particle

accelerator for producing one ionizing radiation beam; in further embodiments, the radiation

system may produce several radiation beams in a similar way. The radiation source 1 is

controllable in order to vary the intensity and/or energy of the radiation beam. Further, the

radiation source 1 may be provided with a collimator 4 for shaping the radiation beam. The

collimator 4 may particularly allow varying the radiation intensity across the radiation beam

in a defined way. For this purpose, the collimator 4 may be configured as a so-called multi-

leaf collimator. During delivery of the radiation treatment, the configuration of the



collimator 4 is usually changed based on the treatment plan so that the radiation beam is

delivered with a time-varying shape.

In one implementation, the radiation treatment is delivered in accordance with

successive so-called segments, where each segment corresponds to a certain collimator

configuration or beam shape and to certain (emitted) radiation dose, which may be specified

in monitor units (MU). In between two segments, the collimator configuration is changed

from the configuration of the first of the segments to the configuration of the second of the

segments. During this period, the radiation beam may be turned off (this is usually also

referred to as step-and-shoot approach). Likewise, it is possible to continuously change the

collimator configuration and/or the emitted dose in accordance with the segments without

interrupting the radiation beam, as it is the case in volume modulated arc therapy (VMAT),

for example.

For controlling the radiation source 1, the collimator 4 and the patient table (if

moveable) during the treatment (particularly for controlling the modifiable parameters of the

radiation source 1, the collimator 4 and the patient table), the system includes a control unit 5 .

During a radiation therapy treatment, the control unit 5 controls the relative position and

orientation of the radiation source 1 and the body by positioning the gantry 3 and/or the

patient table. Further, the control unit 5 controls the intensity and energy of the radiation

beam and the radiation beam shape. Preferably, the control unit 5 is implemented in a

processor unit including a microprocessor for executing a control program comprising the

control routines carried out by the control unit 5.

In addition, the radiation therapy system preferably comprises an imaging unit

6 for capturing images of the structure to be treated within the patient body. In different

embodiments, the imaging unit 6 may comprise an ultrasound device, a computed

tomography (CT) device (particularly a cone-beam computed tomography (CBCT) device), a

magnetic resonance imaging (MRI) device or a fluoroscopy imaging unit, for example. Such

devices are known to a person skilled in the art as such and, thus, they are not described in

greater detail herein. By means of such a device, the imaging unit 6 produces two-

dimensional or three-dimensional images of the body region including the structure to be

treated. The imaging unit 6 may be arranged in the vicinity of the treatment zone 2 so that

images of the relevant body region can be captured when the patient is located in the

treatment zone 2, particularly during the radiation treatment or when a fraction of the

radiation treatment is prepared. For this purpose, the imaging unit 6 and the radiation source



1 may be integrated into one device, or the imaging unit 6 may be a separate and possibly

movable device which is arranged in the vicinity of the treatment zone 2 .

The radiation treatment of the structure within the body may be performed

during a plurality of fractions, where the fractions may be delivered to the structure on

consecutive days or in another cycle. In order to deliver one fraction to the structure within

the body, the body is positioned in the treatment zone 2 of the radiation therapy system at a

defined position relative to the radiation source 1. Upon having positioned the body in

treatment zone, the control unit 5 controls the delivery of radiation to the structure to be

treated. In so doing, the control unit 5 aligns the radiation source 1 and controls the further

parameters of the radiation source 1 and the collimator 4 in accordance with a treatment plan

stored in the control unit 5 for the treatment of the specific patient.

The treatment plan defines the irradiation parameters for the radiation

treatment of the structure. These parameters include the alignment of the radiation source 1

relative to the target region within the patient body, the collimator configurations to be used

during the treatment and the radiation intensities.

For generating the treatment plan, the radiation therapy system comprises a

planning unit 7 . The planning unit 7 may be configured as a computer device, such as, for

example a personal computer, which executes a treatment planning software for generating

treatment plans which are then used by the control unit 5 for controlling the execution of the

treatment fractions. In one embodiment, the planning unit 7 may be located in the vicinity of

the control unit 5 and may be directly connected to the control unit 5, where the treatment

plan may be transmitted from the planning unit 5 to the control unit 4 via this connection. In

further embodiments, the planning unit 7 may be connected to the control unit 5 through one

or more data networks, and the treatment plan may be transmitted via the network connection.

Alternatively, the planning unit 7 may store the treatment plan in a suitable data recording

means, and this data recording means may be transported to the control unit 5 which may

then read the treatment plan from the data recording means. In the latter embodiments, the

planning unit 7 may also be located remote from the control unit 5 .

In the planning unit 7, the treatment plan may be generated using an inverse

planning procedure. In such procedure, an operator of the planning unit 7, which may be a

physician, specifies treatment goals, and the planning unit 7 produces a treatment plan that

fulfills the treatment goals. The treatment goals particularly includes the objective that a

certain radiation dose specified by the operator of the planning unit 7 is delivered to the target

structure during the treatment fractions of the radiation therapy treatment. Further treatment



goals may additionally relate to certain critical body regions, such as organs, which are

located in the vicinity of the target structure and which are also referred to as structures at a

risk hearing. In accordance with the treatment goals, these structures at risk are to receive no

radiation or a lower radiation does than the target structure during the radiation therapy in

order to prevent radiation-induced damages of the structures at risk.

The treatment goals particularly specify the delineations or volume of the

target structure and the structures at risk, and specifications for the radiation dose to be

delivered to the target structure and the structure at risk. On the basis of these input data, the

planning unit may generate the treatment plan in accordance with an automatic procedure. As

an alternative, the treatment plan may be generated in an iterative user-guided process. In

each step of this process, the planning unit 7 may estimate a treatment plan on the basis of the

treatment goals and may estimate a dose distribution resulting from the treatment plan. Then,

the operator of the planning unit 7 may review the dose distribution and may change the

treatment goals in case he/she is not satisfied with the dose distribution. In this manner, the

treatment plan may be generated in a sequence of iterative steps.

The delineations of the target structure and the structures at risk are

determined on the basis of a preferably three-dimensional reference image of the target

structure and its surrounding. The reference image may be captured using the imaging unit 6

of the radiation therapy system, or the reference image may be captured using another

imaging unit. In the reference image, a pattern recognition algorithm may automatically

identify the target structure and the structures at risk and the boundaries or delineations of

these structures. As an alternative, the target structure and the structures at risk may be

manually delineated by the operator of the planning unit 7, or the delineations of the target

structure and the structures at risk may be determined in a semi-automatic procedure, in

which a pattern recognition algorithm automatically suggests the structures and their

boundaries and in which the operator of the planning unit 7 can make manual changes to the

automatically identified delineations.

In conventional inverse planning procedures, the delineation of the target

structure (and of the structures at risk) is considered to be stationary and the treatment plan is

generated on the basis of the assumption that the delineations of the target structure do not

change until the end of the radiation therapy treatment. However, this assumption is often not

correct since the delineation of the target structure usually changes within typical time

periods of the treatment, which maybe several days or weeks. In particular, the volume of a

tumor changes due to natural processes (i.e. independent of external interventions such as



medical treatments), such as proliferation and diffusion of tumor cells. These processes

usually result in a growth of the tumor. Further, the volume of the tumor changes due to

external interventions. These interventions include the radiation therapy treatment and may

also include further interventions, such as, for example, a chemotherapy treatment preceding

the radiation therapy treatment. Such external interventions result in shrinkage of the tumor.

In order to efficiently account for such changes of the delineation of the target

structure during the radiation therapy treatment, the radiation therapy system is capable of

estimating the changes on the basis of a model calculation and to generate one or more

treatment plans based on a dynamic delineation of the target structure that changes during the

radiation therapy treatment. For this purpose, the radiation therapy system particularly

includes a modeling unit 8 which is configured to perform model calculations of the changes

of the delineation of the target structure. The modeling unit 8 may be coupled to the planning

unit 7 and may be configured as a software program module which is executed on the same

computer device as the planning unit 7 . As an alternative, the modeling unit 8 may also be

implemented in a separate computer device coupled to the planning unit 7 .

The modeling unit 8 calculates estimates for the delineation of the target

structure for a series of consecutive points in time during the radiation treatment of the target

structure. In one embodiment, the points in time correspond to the treatment fractions as will

also be assumed herein below. More specifically, an estimate may be calculated for one point

in time of each treatment fraction. However, this point in time can be arbitrarily selected

since any changes of the volume of the target structure during one treatment fraction are

usually small.

In the calculation of the estimates of the delineation of the target structure, the

modeling unit 8 preferably takes "natural" changes of the delineation into account (i.e.

changes which area independent of external treatment options). Further, the modeling unit 8

is configured to calculate the estimate of the delineation of the target structure for one

treatment fraction on the basis of the radiation dose delivered to the target structure in the

preceding treatment fractions (if any). In addition, changes may be taken into account, which

result from other treatments of the target structure between the capturing of the reference

image and the radiation treatment. An example of such an additional treatment is a

chemotherapy applied to the patient prior to the radiation therapy. Thus, in addition to the

natural changes of the delineation of the target structure (which usually result in a tumor

growth), changes of the target structure resulting from the application of external treatment



options (which usually result are taken into consideration when generating the treatment plan

on the basis of the estimated delineations of the target structure.

In Fig. 2 typical changes of tumor volumes GTV with time t are schematically

and exemplarily illustrated. The figure includes curves 21-24, each showing the changes of a

tumor volume during a multi-fraction radiotherapy treatment (time period Ti) and after

completion of the radiation therapy.

In order to calculate the estimates of the delineation of the target structure, the

modeling unit 8 uses a tumor progression model. Such models are known to the person

skilled in the art as such and, in principle, any known tumor progression model may be

applied in the modeling unit 8.

In one embodiment, a tumor progression model is used in which the natural

changes of the target structure are estimated independent of the changes resulting from the

external interventions and in which the net changes of the delineation of the target structure

are determined as the sum of the natural changes and the changes resulting from the external

interventions.

In view of the natural changes of the delineation of the target structure, it has

been found that tumors change due to the proliferation of tumor cells and due to the diffusion

of tumor cells. In order to model the diffusion of the tumor cells, it can be assumed that the

flux due to the diffusion is proportional to the gradient of tumor cell density. With respect to

cell proliferation a linear relationship in the tumor cell density may be assumed, resulting in

an exponential growth of the tumor. This usually provides an accurate description of tumor

growth on time scales that are short in comparison to the expectancy after initial tumor

development. Under these assumptions, the tumor cell density changes according to

=ν -{ ν η) + µη{ - η/ η ) (1)
dt

where n denotes the tumor cell density, D denotes the diffusivity of the tumor cells, µ denotes

the cell proliferation rate, n o denotes a reference tumor cell density and t is a time variable.

On the basis of this equation, the change of the tumor cell density within a region of interest

can be calculated, and based on the result of this calculation, the changes of the delineation of

the target structure resulting from the natural development can be determined.

The effects of radiation therapy and other external interventions may be

modeled on the basis of an estimated probability that a tumor cell survives the intervention or

on the basis of an estimated proportion of the tumor cells surviving the external intervention.

With respect to radiation therapy, these parameters depend on the radiation dose applied to



the tumor and also on how the body of the patient biologically receives the applied radiation.

Therefore, the parameters may be calculated on the basis of the radiation dose applied during

the radiation treatment (before the point of time for which the calculation is made) and on the

basis of the so-called biologically effective dose (BED), which indicates quantitatively the

biological effect of the radiotherapy treatment. The net estimated change of the tumor cell

density resulting from external interventions may be added to the right side of equation (1) so

that the overall change of tumor cell density is given by the model equation

— = V ·(DV«)+ µη(\ - n/n ) +f(n,x,t) (2)
dt

where the function/ incorporates the net decay (or growth) of the tumor cell density imposed

by external interventions. As indicated in equation (2), this function generally depends on

time t, on location x and on the tumor cell density n . On this of this equation or a similar

equation, changes of the tumor cell density can be calculated and from these changes, the

changes of the volume or the delineation of the tumor can be determined.

The parameters of the model may be measured or estimated for the specific

patient or they may be derived from previous patient data. In particular, tumor progression

may be monitored for a larger number of patients and the model may be fitted to the observed

tumor progressions in order to estimate the parameters. In such a way the model may be

"trained" on the basis of previous patient data.

With respect to brain tumors, a similar model for tumor progression is also

explained in S. Nawrocki, B. Zubik-Kowal, "Clinical study and numerical simulation of brain

cancer dynamics under radiotherapy", Commun Nonlinear Sci Numer Simulat 22 (2015)

564-573 (doi: 10.1016/j.cnsns.2014.08.001). This publication describes one specific model

calculation, which may also be performed in the modeling unit 8 in order to calculate

estimates of the delineation of the target structure. Further tumor progression models, which

are also suitable to take into account the effects of a chemotherapy treatment prior to the

radiotherapy treatment and which may be applied in the modeling unit 8 are described in G.

G. Powathil et al., "Towards Predicting the Response of a Solid Tumour to Chemotherapy

and Radiotherapy Treatments: Clinical Insights from a Computational Model", PLoS Comput

Biol 9(7): el003120 (doi:10.1371/journal.pcbi.l003120), and in Y. Liu et al, "Patient

Specific Tumor Growth Prediction Using Multimodal Images", Med Image Anal. 2014 April;

18(3): 555-566 (doi: 10.1016/j.media.2014.02.005). further suitable tumor progression

models are disclosed in A. D. Yock et al., "Forecasting longitudinal changes in

oropharyngeal tumor morphology throughout the course of head and neck radiation therapy",



Medical Physics, 2014 41(8): 119-129. The models used in this publication forecasts

longitudinal trends in changing tumor morphology. In particular, the modeling unit 8 may use

the linear model described in this publication.

Using a suitable tumor progression model, such as, for example, one of the

aforementioned tumor progression models, the modeling unit 8 calculates the estimates for

the delineation of the target structures for the points in time during the radiotherapy treatment.

The calculation is made starting from the delineation of the target structure as shown in the

reference image. Moreover, patient-specific biological parameters, which are used in the

model calculation, such as, for example, the tumor cell diffusivity, the cell proliferation rate

and the parameters specifying how the patient body receives radiation, may be estimated on

the basis of suitable medical examinations of the patient and/or on the basis of general

medical data. Further, the modeling unit 8 calculates the estimates of the delineation of the

target structure for a certain treatment fraction on the basis of the radiation doses to be

delivered to the target structure prior to the treatment fraction (i.e. in preceding treatment

fractions).

In addition to the changes of the delineation of the target structure, also the

delineation of the structures at risk in the vicinity of the target structure change. Such changes

result from the volume change of the target structure and may also result from inherent

dynamics of the structures at risk. In this regard, the modeling unit 8 may also determine

estimates for the delineations of structures at risk and may consider (inherent) changes of the

structures at risk when estimating the delineations of the target structure. The estimates for

the structures at risk may particularly be determined on the basis of a priori knowledge about

the response of the structures at risk to changes of the volume of the target structure or tumor

within a certain body region, and, in addition, the modeling unit 8 may also use a model for

the inherent dynamics of the structures at risk.

The dynamics of the structures at risk may be modeled on the basis of the

changes of the target structure. So, a reduced volume of the target structure usually leads to a

smaller compression of the structure at risk and, as a result, the structure at risk may move

and/or its volume may change. In order to estimate such movements and/or volume changes

patient data may be used. In particular, changes of both the target structure and the

surrounding structures at risk may be monitored for a number of patients and the changes

may be statistically evaluated in order to create a model of the changes of the structures at

risk with the changes of the target structure. Using such a model, the modeling unit 8 may



estimate changes of the delineations of the structures at risk on the basis of the estimated

changes of the target structure.

In the following description of the planning process, the estimates of

delineations of structures at risk are not always explicitly referred to. Rather, it is only

referred to the estimates of the delineation of the target structure. However, it is to be

understood that each single estimate of the delineation of the target structure can be

accompanied by a corresponding estimate of the delineations of structures at risk and that

also these estimates are used in the generation of the treatment plan.

On the basis of the estimates of the delineation of the target structure (and, as

said above, also on the basis of the estimates of structure at risk, if present), the planning unit

7 generates one or more treatment plans. In this process, treatment parameters and estimates

of the delineation of the target structure may be exchanged between the planning unit 7 and

the modeling unit 8. In particular, the treatment plan(s) may be generated in an iterative

process in which the planning unit 7 determines treatment parameters for certain treatment

fractions. On the basis of these treatment parameters, particularly on the basis of the resulting

radiation dose applied the target structure, the modeling unit 8 may then determine an

estimate of the delineation of the target structure for one or more subsequent treatment

fractions, and estimate may be used by the planning unit 7 in order to determine treatment

parameters for the subsequent treatment fraction(s). In such a way, the treatment parameters

for all treatment fractions may be determined on the basis of the estimates of the delineation

of the target structure.

In one related embodiment, the planning unit 7 may calculate a first treatment

plan on the basis of the reference image in a conventional inverse planning procedure (i.e.

without considering changes of the delineation of the target structure). In this treatment plan,

the treatment parameters for the first treatment fraction will be maintained in the final

treatment plan, while the treatment parameters for the other treatment fractions may be r e

calculated on the basis of the estimates of the delineation of the target structure determined in

the modeling unit 8. More specifically, the modeling unit 8 may calculate an estimate of the

delineation of the target structure for the second treatment fraction on the basis of the

radiation delivered to the target structure during the first treatment fraction in accordance

with the treatment plan. On the basis of this estimate, the planning unit 7 may then re

calculate the treatment parameters for the second and the subsequent treatment fractions in an

inverse planning procedure. From the resulting treatment plan, the treatment parameters are

maintained for the second treatment fraction The treatment parameters for the third and the



subsequent treatment fractions may then be determined in a similar way as the treatment

parameters for the second treatment fraction on the basis of corresponding estimates of the

delineation of the target structure determined in the modeling unit 8.

The aforementioned approach does in principle correspond to a conventional

adaptive treatment planning. It differs from such conventional adaptive treatment planning in

that the adaptations of the treatment plan are not made on the basis of images of the target

structure captured during the radiation treatment but on the basis of the estimates of the

delineation of the target structure determined in the modeling unit 8 in the planning phase

prior to the treatment.

In the way explained above, the planning unit 7 can generate a treatment plan

for the radiotherapy treatment of a patient which takes into account the estimates changes of

the delineation of the target structure. This treatment plan may be provided to the control unit

5 of the radiation therapy system, and the control unit 5 may control the delivery of the

radiotherapy treatment to the patient using the treatment plan.

As explained above, the estimates of the delineation of the target structure as

determined in the modeling unit 8 depend on input parameters relating to biological

characteristics of the patient. In some cases, these parameters cannot be accurately

determined for a patient. In addition, the model calculation itself does usually not consider all

relevant factors influencing the changes of the delineation of the target structure. In particular

for these reasons, the actual changes of the delineation of the target structure will in some

cases differ from the estimates calculated in the modeling unit 8.

In view of such deviations between the estimates of the delineation of the

target structure and the actual delineation, images of the target structure may be captured

using the imaging unit 6 . In particular, an image may be captured in the preparation of each

or some of the treatment fractions. However, it is likewise possible that images of the target

structure are acquired during the delivery of the radiotherapy treatment. The images of the

target structure are provided to a monitoring unit 9 of the radiation therapy system, which

may be integrated into the control unit 5, for example, and which also obtains from the

modeling unit 8 the estimates of the delineation of the target structure or the assigned

parameters as explained below. The monitoring unit 9 compares each image with the

corresponding estimate of the delineation of the target structure, i.e. the estimate for the

treatment fraction for which the image is captured using the imaging unit 6 . On the basis of

the comparison, the monitoring unit 8 determines detects possible deviations between the

estimate of the delineation of the target structure and the actual delineation as show in the



image. For this purpose, the comparison may be made on the basis of any suitable criterion.

In particular, the monitoring unit 9 may determine values of one or more parameters of the

delineation of the target structure and compare them with corresponding parameter values of

the estimate.

Examples of such parameters are the maximum diameter of the target structure

and the volume of the target structure. In a further embodiment, corresponding landmarks

are assigned to the target structure as shown in the image and to the estimate of the target

structure and the positions of the landmark patterns are compared with each other. For this

purpose, a similarity parameter may be calculated for the landmark pattern for the target

structure as shown in the image and this similarity measure may be compared with the

corresponding similarity parameter determined for the estimated delineation of the target

structure. In one implementation of this procedure, the target structure and preferably also the

structures at risk are provided with surface landmarks in the three-dimensional captured

image of the relevant body region. Further, this image is registered to the corresponding

estimated picture of the target structure and structures at risk on the basis of which the

treatment plan has been generated. In this registration process, the image and the included

landmark pattern is deformed and the deformed landmark pattern is used as the landmark

pattern for the estimated delineation of the target structure and possibly of the structures at

risk. Then, a feature vector may be calculated on the basis of the landmark pattern in the

image and the landmark pattern for the estimate, respectively. For the target structure and

optionally for each structure at risk, the feature vector may include for each landmark the

distance between the landmark and the center of a structure. Moreover, the feature vector

may include the aforementioned parameters for the target structure and each relevant

structure at risk. The similarity parameter may then be computed as a function of the

components of the feature vector, which may include different weights for the components

relating to the target structure and the components relating to different structures at risk.

When the monitoring unit 9 determines that the difference between the

similarity parameters for the actual delineation and the estimate exceeds one or more

predetermined thresholds, the treatment plan is preferably no longer used for controlling the

delivery of the radiation therapy treatment to the patient. In one embodiment, the planning

unit 7 may generate a new treatment plan in the way described above in this case, where the

image may be used as the reference image for the generation of the new treatment plan and

where the treatment goals (particularly specifying the radiation dose to be delivered to the

target structure) are adapted to the preceding delivery of the radiation treatment.



In a further embodiment, the modeling unit 8 calculates several series of

estimates of the delineation of the target structure and for each series a treatment plan is

generated in the planning unit 7 during the planning phase prior to the initiation of the

radiotherapy treatment. In this embodiment, the different series of estimates of the

delineation may be calculated in the modeling unit 8 on the basis of different values for the

biological parameters of the patient, where each series may be calculated on the basis of one

parameter set including a particular value for each relevant parameter. One set of parameter

values may correspond to the values of the relevant parameters measured for the patient

and/or estimated on the basis of measurements. Other sets of parameter values may

correspond to values in the vicinity of the values derived from the measurements. In addition

or as an alternative, the different series of estimates of the delineation of the target structure

may be calculated using different models. The models may differ in the values of certain

model parameters, or structurally different models may be used.

For each series of estimates of the delineation of the target structure, a

treatment plan is generated on the basis of the estimates in a similar way described above.

These treatment plans preferably provide for the delivery of the same overall radiation dose

to the target structure. However, the treatment plans may particularly differ with respect to

the radiation dose applied to the structures at risk.

Thus, the planning unit 7 generates a collection of treatment plans and each

treatment plan is associated with one series of estimates of the delineation of the target

structure. Then, the collection of treatment plans is provided to the control unit 5 and the

series of estimates or the relevant parameter values for the estimates are provided to the

monitoring unit 9 . Then, the radiotherapy treatment of the patient may be started using one

the treatment plans of the collection. For instance, this may be the treatment plan generated

using the series of estimates calculated on the basis of measured parameter values, if the

different series of estimates are generated using different sets of parameter values. In case

parameter values are derived from patient data and/or structurally different models are used,

the treatment may be started using the treatment plan generated using the series of estimates

calculated on the basis of a model or parameter set which best describes the tumor

progression for a larger number of patients. During the radiation treatment and/or in the

process of preparing treatment fractions, the imaging unit 6 acquires images of the target

structure, and the monitoring unit 9 compares the delineation of the target structure as shown

in the images with the estimates of the delineation of the target structure associated with the

selected treatment plan. This comparison may be made on the basis of one or more similarity



parameters of the target structure as explained above. If the monitoring unit 9 determines

that the difference(s) between the parameter values of the actual delineation and the estimate

exceeds a predetermined threshold, the monitoring unit 9 accesses the series of estimates of

the delineation of the target structure, which are associated with the other treatment plans of

the collection of the treatment plans. From these series, the monitoring unit 9 selects the

estimate of the delineation, which corresponds to the same treatment fraction as the acquired

image and which has values of the relevant similarity parameters which have the smallest

difference to the parameter values of the actual delineation. Further, the monitoring unit may

check whether the already administered radiation dose correspond to the radiation dose that

would have been administered in case the selected new treatment plan was used. If the

difference between both doses is smaller than a threshold, the selected new treatment plan

can successfully account for the changes of the target structure, and monitoring unit 9 may

instruct the control unit 5 to switch to this treatment plan.

In a further embodiment, the monitoring unit 8 does also take into account

estimates of delineations of structures at risk and actual delineations of these structures.

These delineations may particularly be considered in the calculation of the similarity

parameters, for example in the way described above. In this embodiment, the monitoring unit

8 determines the estimate of the delineation of the target structure and the accompanying

estimates of delineations of structure at risk, which best match the captured image showing

the target structure and the structure at risk in accordance with predefined matching criteria.

In some cases, this may lead to a different selection than in case only the estimated and the

actual delineation of the target structure are considered.

Upon having selected an estimate of the delineation of the target structure as

described above, the monitoring unit 9 instructs the control unit 5 to use the treatment plan

associated with the selected estimate for further controlling the radiation treatment of the

patient. Upon this instruction, the control unit 5 activates the new treatment plan and uses this

treatment plan for the further control of the radiation treatment. In so doing, the control unit 5

accesses the portions of the new treatment plan which correspond to the current treatment

fraction and the subsequent treatment fractions.

In the further course of the radiation treatment, the monitoring unit 9

preferably continues to compare the actual delineations of the target structure (as shown in

the images acquired by the imaging unit 9) and the estimate of the delineation associated with

the activated treatment plan and instructs the control unit 5 to change to a new treatment plan,



when it determines that deviation between the actual delineation and the estimate becomes

too large.

Thus, in the aforementioned embodiment, it is particularly possible to correct

inaccuracies of the model calculation of the delineation of the target structure by providing a

collection of treatment plans associated with different series of estimates of the delineation of

the target structure and by using the treatment plan associated with a series of estimates that

best matches the actual delineation at a certain point in time.

This is also exemplarily and schematically illustrated in Figure 3 . This figure

schematically shows four estimates 31a-31d of the delineation of the target structure for

different points in time which are included in a first series of estimates and four estimates

32a-32d of the delineation of the target structure for the same points in time included in a

second series of estimates. The first series of estimates of the delineation of the target

structure corresponds to a first treatment plan 33 and the second series corresponds to a

second treatment plan 34. In addition, Figure 3 shows actual delineations 35a-35d of the

target structure as shown in images captured at the relevant points in time (which may

correspond to treatment fractions as explained above).

In the situation exemplarily illustrated in Fig. 3, the first treatment plan 33 is

used for controlling the radiotherapy treatment upon the first and second points in time. At

the third point in time, the deviation between the corresponding estimate 3l c of the

delineation of the target structure (associated with the first treatment plan 33) and the actual

delineation 25c of the target structure becomes larger, and the estimate 32c of the delineation

of the target structure (associated with the second treatment plan 34) does better correspond

to the actual delineation 35c of the target structure. Therefore, the first treatment plan 33 is no

longer upon the third point in time. Rather, the radiation treatment is controlled in accordance

with the second treatment plan 34 upon the third point in time.

In the embodiments explained above, treatment plans are generated which take

account of changes of the volume of the target structure and the structure at risk. In addition,

it also possible to take account of positions changes of the target structure and preferably also

of the structures at risk. For this purpose, each of the aforementioned treatment plans may be

replaced by a set of treatment plans, where each treatment plan of this set is generated for a

different position of the target structure. If multiple series of estimates of the delineation of

the target structure and corresponding collections of treatment plans are determined as

explained above, one of such sets may be used for each treatment plan included in the



collections. The different positions may correspond to grid points of a regular grid

surrounding the actual position of the target structure in the reference image, for example.

In this embodiment, the monitoring unit 9 does may also determine the actual

positions of the target structure and optionally of the structures and may select a new

treatment plan, in case the actual position deviates from the position assumed when

generating the currently used treatment plan. Particularly in case multiple series of estimates

of the delineation of the target structure and corresponding collections of treatment plans are

determined, the positions of the target structure and the structures at risk may also be

considered when calculating the similarity parameters for the captured images and the

estimates (including estimates for different positions in this embodiment). This may be done

by including the center position of each relevant structure in the feature vector described

above.

Other variations to the disclosed embodiments can be understood and effected

by those skilled in the art in practicing the claimed invention, from a study of the drawings,

the disclosure, and the appended claims.

In the claims, the word "comprising" does not exclude other elements or steps,

and the indefinite article "a" or "an" does not exclude a plurality. A single unit or device may

fulfill the functions of several items recited in the claims. The mere fact that certain measures

are recited in mutually different dependent claims does not indicate that a combination of

these measures cannot be used to advantage.

A computer program may be stored/distributed on a suitable medium, such as

an optical storage medium or a solid-state medium, supplied together with or as part of other

hardware, but may also be distributed in other forms, such as via the Internet or other wired

or wireless telecommunication systems.

Any reference signs in the claims should not be construed as limiting the scope.



CLAIMS:

1. A system for generating a radiotherapy treatment plan (33; 34) for treating a

target structure within a patient body, the treatment plan comprising parameters for

controlling a delivery of radiation to the target structure , the system comprising:

a modeling unit (8) configured to determine a series of estimates (3 la-d; 32a-d)

of a delineation of the target structure for consecutive points of time during the radiation

therapy treatment on the basis of a model quantifying changes of the delineation with time,

and

a planning unit (7) configured to determine the treatment plan (33; 34) on the

basis of the series of estimates (3 la-d; 32a-d) of the delineation of the target structure.

2 . The system as defined in claim 1, wherein the modeling unit (8) is configured

to receive a reference image of the target structure and to determine the series of estimates

(3 la-d; 32a-d) of the delineation on the basis of a reference image.

3. The system as defined in claim 1, wherein the estimate (3 1a-d; 32a-d) of the

delineation for a point of time is determined on the basis of a radiation dose to be applied to

the target structure prior to the point in time in accordance with the treatment plan (33; 34).

4 . The system as defined in claim 1, wherein the estimate (3 la-d; 32a-d) of the

delineation for a point in time is determined on the basis of expected effects of one or more

treatments applied to the target structure in addition to the radiation treatment prior to the

point in time.

5 . The system as defined in claim 1, wherein the estimate (3 la-d; 32a-d) of the

delineation for a point in time is determined on the basis of expected changes of the target

structure, which are independent of external interventions.



6 . The system as defined in claim 1, wherein the radiation is delivered to the

target structure in a plurality of successive treatment fractions and wherein the points of time

correspond to at least some of the treatment fractions.

7 . The system as defined in claim 1, wherein the modeling unit (8) is configured

to estimate a plurality of series of estimates (31a-d; 32a-d) of the delineation in accordance

with different changes of the delineation with time, and wherein the planning unit (7) is

configured to determine a plurality of treatment plans (33, 34) including one treatment plan

for each series of estimates of the delineation.

8. The system as defined in claim 7, further comprising an imaging unit (6) for

capturing an image of the target structure in connection with the application of a treatment

fraction to the target structure and a monitoring unit (9) configured for selecting a treatment

plan (33; 34) from the plurality of treatment plans (33; 34) on the basis of the delineation of

the target structure (35a-35b) as shown in the image.

9 . The system as defined in claim 8, wherein the image is a three-dimensional

image.

10. The system as defined in claim 8, wherein the monitoring unit (9) is

configured to determine a value of at least one parameter of the delineation of the target

structure (35a-d) as shown in the image and to select the treatment plan (33, 34) assigned to a

delineation having a value of the least one parameter which most closely matches the

determined value.

11. The system as defined in claim 8, wherein the monitoring unit (9) is

configured to compare a value of at least one parameter of the delineation of the target

structure (35a-d) as shown in the image with a value of the parameter for a delineation of the

target structure included the series of estimates (31a-d; 32a-d) of the delineation to which the

currently selected treatment plan (33; 34) is assigned and wherein the monitoring unit (9) is

further configured to select another treatment plan (33; 34) if a difference between the values

of the parameter exceeds a predetermined threshold.



12. The system as defined in claim 10 or 11, wherein the parameter corresponds to

a volume of the target structure and/or a diameter of the target structure, particularly to a

maximum diameter of the target structure.

13. The system as defined in claim 10 or 11, wherein the parameter is calculated

on the basis of a distance between landmark points positioned on the delineation and a

predetermined point, the predetermined point particularly corresponding to an estimated

center of the target structure.

14. A method for generating a radiotherapy treatment plan (33; 34) for treating a

target structure within a patient body, the treatment plan (33; 34) comprising parameters for

controlling a delivery of radiation to the target structure, the method comprising:

determining a series of estimates (3 la-d; 32a-d) of a delineation of the target

structure for consecutive points of time during the radiation therapy treatment on the basis of

a model quantifying changes of the delineation with time, and

determining the treatment plan on the basis of the series of estimates of the

delineation of the target structure.

15. A computer program executable in a processing unit of a system for

generating a radiotherapy treatment plan for treating a target structure within a patient body,

the treatment plan comprising parameters for controlling a delivery of radiation to the target

structure, the computer program comprising program code means for causing the processing

unit to carry out a method as defined in claim 14.
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