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1
METHOD, COMPUTER PROGRAM
PRODUCT AND COMPUTER SYSTEM FOR
PARTICLE-BASED RADIOTHERAPY
TREATMENT PLANNING

TECHNICAL FIELD

The present invention relates to a system and a method for
particle-based radiotherapy treatment planning and delivery
in particular to the planning of arc treatment.

BACKGROUND

In particle-based radiotherapy treatment, patients are irra-
diated with charged particles such as protons. The particles
are controlled in such a way that they will deposit most of
their energy at specific depths in the patient so that the whole
target will be covered. At the same time, some energy will
be deposited along the path towards the target. Each particle
will deposit most of its energy towards the end of its path,
in what is known as the Bragg peak. The depth of the Bragg
peak in the patient can be controlled by adjusting the kinetic
energy of the particles. The lateral position of the Bragg
peak can be controlled using electromagnets to deflect the
focused beam. This allows for the delivery of highly local-
ized doses at well-controlled positions in the patient. The
dose delivered from a certain combination of kinetic energy,
and lateral deflection of the beam is referred to as a spot. The
number of particles delivered to a spot is commonly referred
to as the spot weight. By providing spots in many different
locations in a three-dimensional space, the target volume can
be fully covered with the desired dose distribution. This
procedure is called active scanning ion beam therapy, also
known as pencil beam scanning.

The kinetic energies of the spots are often, but not
necessarily, distributed over a number of discrete energies.
A group of spots with the same kinetic energy, but different
lateral deflection is often referred to as an energy layer. To
cover a desired volume in a patient, different energy layers
are defined such that particles of a particular energy layer
will deposit their energy at a certain depth in the patient. The
energy layers are selected in such a way that the Bragg peaks
will be distributed over the volume to be treated.

The spot weights of all energy layers are determined in the
treatment planning system through optimization, and the
spot weights are iteratively varied to achieve desired objec-
tives or constraints related to dose levels or other relevant
quantities. The case where the spot weights are allowed to
vary freely over the beams is referred to as intensity-
modulated proton therapy (IMPT).

Proton arc therapy involves radiation in a sequence of a
large number of beams from different angles, for example 10
or more, 50 or more, or 100 or more angles, each having a
number of energy layers, for example up to 20 energy layers.
The adjustment between each energy layer, and between
each angle, takes time. The arc can be delivered either as
multiple separate beams or through a continuous moving
arc. In the latter case, the beams will serve as control points
as is known from photon arc therapy. Hereinafter, the terms
beam, beam direction or beam angle could equally well be
substituted by the term control point, if the arc is continuous.
The term energy layer in this document refers to a specific
energy level in a specific beam. If the same energy level is
used in two beams, this will be considered to constitute two
separate energy layers.

The selection of energy layers, including the selection of
beam angles, for the whole arc is crucial for achieving a
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high-quality plan. A high number of energy layers will often
enable a higher plan quality but will also increase the
delivery time to the patient and thereby the cost of the
resulting plan in terms of the risk of patient movement
within a fraction, patient discomfort during treatment, but
also clinical efficiency and economic considerations. There
is always a desire to reduce delivery time, while still
maintaining a high-quality plan which will ensure effective
treatment of the patient. Treatment planning should there-
fore strive for a selection of energy layers that will enable a
high-quality plan with a limited set of energy layers.

Published US patent application No. 2019/0091488 pro-
poses an iterative method for proton arc therapy including,
in each iteration, control point resampling, energy layer
redistribution, energy layer filtration, and energy layer resa-
mpling. Each control point corresponds to a beam angle. A
small number of control points are defined, each with a
number of energy layers, and the plan is optimized. After
optimization, one control point is selected at random, is split
and replaced with a pair of adjacent sub-control points,
located, for example 5 degrees to either side of the original
control point. The energy layers of the original control point
are either copied to both sub-control points or split between
the sub-control points, before optimizing the plan again.
Because the sub-control points are located at a small angle
from the original control point, it is assumed that the same
energy levels should be used. This may be repeated a
number of times, so that also a sub-control point may be
divided and replaced by two adjacent control points having
all or a subset of the same energy layers. Spots and/or energy
layers having a low weight may subsequently be filtered out
by conventional spot or energy layer filtering methods.

Co-pending European application No. 18165472.4 dis-
closes a treatment planning method for particle-based arc
treatment, starting with a set of energy layers, in which the
number of energy layers included in the plan may be reduced
as part of the optimization step by including in the optimi-
zation problem a penalty designed to limit the number of
energy layers. This allows the optimization of the number of
energy layers, and their positions in the same operation as
optimizing the treatment plan. The method only chooses
between energy layers already in the set and does not foresee
the addition of energy layers.

SUMMARY

It is an object of the present invention to provide a set of
energy layers on which to base arc radiotherapy treatment
planning, which will provide a high quality treatment plan
while also minimizing the computational effort required.

This object is achieved according to the present invention
by a method of radiotherapy treatment planning for creating
a plan for delivery of at least one particle-based arc to a
patient using an apparatus arranged to deliver radiation in
the form of charged particles from a number of different
directions, the method comprising the steps of

a. determining an initial set of candidate energy layers,

each layer involving a particular energy level at a
particular beam angle,

b. performing a calculation on the initial set,

¢. determining, based on the outcome of said calculation,

at least one additional energy layer to produce an
expanded candidate layer set, wherein the at least one
additional energy layer involves an energy level not
previously used in any of the energy layers,

d. adding the at least one additional energy to the initial

set, to produce an expanded candidate energy layer set



US 11,992,704 B2

3

e. optimizing a radiotherapy treatment plan based on the

expanded candidate layer set.

According to the present invention, therefore, the candi-
date set of energy layers may be expanded by adding energy
layers that will make a significant contribution to the result-
ing plan. Which energy layers to add is determined based on
the result of plan optimization or dose calculation. For
example, energy layers may be added in regions in which a
lot of energy is deposited, where it seems that another energy
layer would be useful. Alternatively, or in addition, energy
layers may be added to produce spots in regions lacking
coverage, to improve the coverage. Importantly, energy
levels not previously used by any of the energy layers may
be used, so that one or more of the energy layers that are
added will have an energy level that has not previously been
used by any of the energy layers. An energy layer having a
previously unused energy level may be added to an existing
beam angle or for a newly added beam angle.

In one embodiment, the calculation involves a dose cal-
culation and the determining at least one additional energy
layer is based on the result of the dose calculation, for
example identifying a region in which the Bragg peak
density is low and the additional energy layer is determined
to provide a Bragg peak in that area. This involves limited
calculating efforts and in particular enables the addition of
new energy layers without first performing an optimization.

In a preferred embodiment, the calculation involves a
treatment plan optimization based on an optimization prob-
lem and the determining at least one additional energy layer
is based on the resulting treatment plan. The optimization
requires more computational power but also yields a better
basis for determining the new energy layers in the best
possible way.

In preferred embodiments, the energy layer expansion
method is combined with method steps for discarding
energy layers. One such method involves optimizing the
plan using an optimization problem formulation designed to
produce a suitable dose distribution, in such a way that the
plan will use only subsets of beam angles and energy layers
from the set of beam angles and the set of energy layers,
respectively. This may be done using a greedy or reverse-
greedy method, both of which start with a candidate set of
energy layers. In a reverse-greedy method the full candidate
set is included from the start, and layers are discarded
according to a score based on their spot weights and/or their
gradients. After a first optimization the layers to be discarded
are determined. For example, the n layers having the lowest
score are discarded, n being an integer, for example 10% of
the candidate set. Alternatively, all layers having a score
below a threshold value may be discarded. The optimization
is then repeated and the m layers having the lowest sum of
spot weights are discarded, m being an integer equal t or
different from n. This may be repeated again until a specific
number of energy layers remain. A combination of the
greedy and reverse greedy approaches may be used, by first
using a greedy method to generate a subset and then refining
the subset using a reverse greedy method.

In a greedy method, the first optimization is based on a
subset of the candidate set. A score, based on gradient based
points, is determined. Based on the score, layers in the
candidate set that are not included in the subset may be
added to the subset and a new optimization may be per-
formed. For example, a fixed number of layers may be
added, or all layers having a score above a certain threshold
value may be added. This may be repeated until the specific
number of energy layers has been reached. In both the
greedy and the reverse greedy method the optimization may
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be repeated for example until a predetermined number of
energy layers or a certain fraction of the candidate set
remains, or until all remaining energy layers have a spot
weight sum above a threshold value. The energy layer
discarding step in the reverse greedy method, and the energy
layer including step in the greedy method, may be defined to
act on the entire arc or on one or more sub-sets of the arc,
each sub-set comprising one or more beams.

In preferred embodiments, the optimization is subject to
a penalty designed to limit the number of energy layers. This
will ensure that the best energy layers, that is, the ones that
contribute most effectively to the dose are kept while energy
layers resulting in low doses are discarded.

The penalty may be defined as one or more constraints or
terms in an objective function used in the optimization, or a
combination of the two.

The penalty may be expressed in terms of the number of
energy layers. Minimizing the number of energy layers used
reduces the plan delivery time because changing between
different energy layers is time consuming. Alternatively, the
penalty may be expressed in terms of the number of energy
layer changes between adjacent angles. This will enable, for
example, keeping the energy layer when changing beam
angles, thus saving time. It is also possible to express the
penalty in terms of both the number of energy layers and the
number of energy layer changes.

The penalty may be defined to act on the entire arc or on
one or more sub-sets of the arc, each sub-set comprising one
or more beams.

The invention also relates to a computer program product
for controlling a radiotherapy planning apparatus, preferably
stored on a carrier such as a non-transitory storage means,
said computer program product comprising computer read-
able code means which when run in a processor of a
radiotherapy planning apparatus will cause the apparatus to
perform the method as discussed above.

The invention also relates to a radiotherapy treatment
planning apparatus comprising a processor and a program
memory holding a computer program product according to
the above, arranged to be run in the processor to control the
radiotherapy treatment planning apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in more detail in the
following, by way of example and with reference to the
appended drawings, in which

FIG. 1 is a flow chart of a first embodiment of the method
according to invention

FIG. 2 is a flow chart of a second embodiment of the
method according to invention

FIG. 3 illustrates schematically a system in which the
invention may be implemented.

DETAILED DESCRIPTION

The method according to the invention is based on a
candidate set of energy layers that can be expanded accord-
ing to certain criteria.

In the simplest form, the method may be as shown in FIG.
1. In a first step S11, an initial set of energy layers is
obtained. As discussed above, an energy layer is an energy
level associated with a particular beam angle. In this
embodiment the initial set should preferably be small
enough that the initial dose calculation or optimization can
be done within a reasonable time frame. The set may consist
of, for example one or a few beam angles, each having a few
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energy layers. Next, in step S12, a calculation, for example,
a treatment plan optimization is performed based on the
initial set. In step S13 the result of the calculation is used to
determine at least one additional energy layer, in a new beam
angle or in a beam angle already included in the initial set.
The initial set of energy layers is then expanded in step S14
by adding the energy layer or layers from step S13 to create
an expanded set. The energy layers may be added for an
existing beam angle and/or one or more new beam angles
may be selected. This may be repeated one or more times,
by treating the expanded set as an initial set to be expanded
again and returning to step S11.

In one embodiment, the calculation in step S12 involves
a treatment plan optimization. In that case, information from
the resulting treatment plan may be used to determine the
additional energy layers in step S13. In other embodiments,
step S12 instead involves a simpler calculation, such as a
dose calculation for each energy layer in the initial set. In
step S13 in the latter case, the additional energy layer or
layers are determined based on the resulting doses calculated
for each energy layer. This will provide less information than
a treatment plan optimization but still provide information
such as Bragg peak positions, that may be used to determine
additional energy layers. For example, regions where the
density of Bragg peaks is low may be identified and the
additional energy layers may be determined so that new
Bragg peaks will be created in these regions, to ensure an
appropriate Bragg peak density across the target.

Step S15 is a decision step to decide if another expansion
of'the energy layer set should be performed. If yes, return to
step S12 performing the calculation of step S12 on the
expanded set. If no, perform an optimization in step S16
based on the expanded set to obtain an arc treatment plan.
Step S17 is an optional step in which spots having low spot
weights are filtered. Spot filtering can be performed both to
increase the treatment efficiency, but also because the
machine may have a physical limitation of how small spot
weights it is able to deliver. Typically, the spots are also
sorted, that is, the order in which they are to be irradiated is
determined to minimize the time required. Spot filtering and
spot sorting are known procedures, which may be performed
at any suitable point in the procedure.

In all embodiments, the selection in step S13, and in step
S23 below, should be performed in such a way as to add
energy layers that are likely to be useful in the plan, that is,
energy layers that will make a significant contribution to the
total dose. In practice, several different criteria can be
applied to achieve this.

For example, new energy layers may be added near
energy layers that result in high spot weights in a resulting
treatment plan. Alternatively, or in addition, the geometry of
the Bragg peak positions may be considered so that new
energy layers are added that will result in new Bragg peaks
in regions in which the density of Bragg peaks is low. A
further criterion may be that if there is a high amount of
radiation from one beam angle, or a group of adjacent beam
angles, new energy levels should be added in the vicinity of
those beam angles, preferably in the form of new beam
angles, each having a number of energy layers. New energy
layers may also be added near energy layers having a high
weight, in the same beam, to increase the energy level
density within a beam. The beam angles and energy layers
may be selected on the basis of what will make the most
useful contribution to the total dose, independently of the
beam angles and energy levels of existing energy layers, in
the sense that new energy layers can be added exactly as is
seen fit, with the possibility to use new energy levels not
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used originally. This means that for an existing beam angle,
one or more energy layers can be added where they are
deemed to be useful, without any regard to existing energy
layers in this or other beams. For a new beam angle, the
energy layers will be selected as the optimal ones for this
new beam angle, without any regard to the energy layers of
any existing beam angle.

After the desired number of iterations, the resulting
expanded set will be used in an optimization step for
treatment planning.

There may be a predefined candidate set of possible
energy layers, including possible beam angles, that may be
selected for addition to the initial set of energy layers, or it
may be possible to define new beam angles and associated
energy layers freely.

Preferably, the method also includes ways of reducing the
number of energy layers to ensure that energy layers that are
not important for the plan are discarded. This typically
means removing energy layers that contribute very little to
the overall dose, which enables the computational effort to
be reduced with a minimum effect on the plan quality. This
could be done by a simple method such as energy layer
filtering, in which energy layers for which the sum of the
layer’s spot weights is low are filtered out. According to
preferred embodiments, this is achieved by an optimization
problem that includes a penalty designed to reduce the
number of energy layers.

FIG. 2 illustrates such an embodiment, in which a
sequence of expansions and reductions of the set of energy
layer is performed iteratively.

In a first step S21 a set of potential energy layers is
defined. For pencil beam scanning treatment methods, a set
of spots for each layer is also defined. This may involve
obtaining an arc trajectory and specifying a number of beam
angles for the arc, and energy layers associated with each
beam angle.

In the next step S22, an optimization is performed, in
which the treatment plan is optimized based on the set of
potential energy layers defined in step S21. In the optimi-
zation problem, one or more penalties are set on the number
of'energy layers, and/or the number of energy layer changes,
and/or on the number of beams. In the following, the
singular form “penalty” is used, but it should be understood
that a number of penalties may be applied together. More
detail about this step is provided below. This optimization
will result in a reduced set of energy layers, which may be
used as an initial set of energy layers in the method of FIG.
1, or for creating the expanded set as described in the
following.

In the following steps, the reduced set of energy layers
from step S22 is expanded to create an expanded set. In step
S23 the result of the treatment plan optimization in step S22
is used to determine at least one additional energy layer, in
a new beam angle or in a beam angle already included in the
initial set. The initial set of energy layers is then expanded
in step S24 by adding the energy layer or layers from step
S23 to create an expanded set. The energy layers may be
added for an existing beam angle and/or one or more new
beam angles may be selected.

Step S25 is a decision step to decide if another expansion
of'the energy layer set should be performed. If yes, return to
step S22 performing the optimization of step S22 using the
expanded set as the new potential set. If no, perform an
optimization in step S26 based on the expanded set an using
the same type of optimization problem as discussed for step
S22, to obtain an arc treatment plan. Step S27 is an optional
step in which energy layers having low spot weights are
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filtered out in a conventional manner. As for the procedure
of FIG. 1, spot filtering and spot sorting may be performed
at any suitable point in the procedure.

In the steps S22 and S26, the optimization is performed
using an optimization problem including a penalty designed
to reduce the number of energy layers. The penalty may be
defined as a constraint, setting an absolute limit, or as terms
in the objective function, reflecting a desire to limit the
number of energy layers as much as possible. The penalty
may be defined in terms of limiting the number of energy
layers, of limiting the number of changes of energy layer
during the treatment, or in any other suitable way that will
ensure that the optimization algorithm will systematically
reduce the time that will have to be spent changing between
energy layers during treatment delivery. In step S22, the
optimization may start with the full initial set of beam angles
and energy layers, so that the optimization process will
reduce the number of beam angles and energy layers by
removing the ones that make the smallest contributions to
the plan. When an energy layer is removed, the spot weights
of that layer may be distributed to the remaining energy
layers, in order to minimize the perturbation to the solution
caused by the removal of the layer. How to do this is known
in the art and may involve constructing a three-dimensional
Delaunay triangulation of the Bragg peaks of the remaining
layers and distributing the weight of each spot to be removed
in accordance to its position in the triangulation. Alterna-
tively, the optimization may start with no beam angles and
energy layers and the optimization process will proceed to
add the ones that make the most useful contributions to the
plan. In both cases, the beam angles and energy layers
considered are the ones from the sets defined in steps S21.
Some more specific examples of both types of optimization
methods will be discussed below.

The penalty may be set to act on the entire arc, limiting
the number of energy layers per arc to a maximum value.
Alternatively, the penalty may be set to act on each angle
individually, to set a maximum number of energy layers per
beam. As a third option, sub-arcs, each containing a subset
of the arc, could be defined and the penalty may be set to
limit the number of energy layers for each sub-arc. The same
applies if the penalty is set in terms of an objective function.
A sub-arc could comprise any suitable number of consecu-
tive beams, for example, three or five, but a sub-arc could
also comprise only one beam. In particular, if the penalty is
specified to limit the number of energy layer changes, it will
be suitable to set the penalty to the whole arc or to sub-arcs
comprising more than one angle. This is because in this case
such a penalty can avoid changing the energy layer between
two beams by using the last energy layer in one beam as the
first energy layer in the next beam.

The energy layer selection penalty can be formulated
mathematically by introduction of a function y: R”—R” that
maps vectors of spot weights x&R™ (defined across all
energy layers and angles) to some measure of how much
each energy layer at each angle is used. The component
functions y, . . ., y, may preferably be defined such that that
y,(X) is positive if the combination of energy layer and angle
at index 1 has any spot with positive weight, and zero
otherwise. One possible formulation of a component func-
tion y, is as a norm |[x|| of a sub-vector X’ that is associated
with some energy layer and angle. A penalty on the maxi-
mum number of energy layers per arc may with this notation
be expressed as card(y)<b, where the cardinality operator
card(-) denotes the number of non-zero entries of a vector.
Constraints on sub-arcs or individual angles are similarly
formulated with respect to sub-vectors of y. The penalties
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will be referred to in the following as cardinality penalties.
The penalty term in the optimization function is based on a
continuous approximation method.

Such methods will start from the complete set of beams
and energy layers and remove some during optimization.
The cardinality operator is here approximated by a continu-
ous function, which removes the combinatorial aspect of the
problem. The resulting approximate problem can be solved
by some method for continuous optimization, such as an
interior-point method or a sequential quadratic programming
method. One possible reformulation of a problem with
cardinality penalties into continuous problem is to express
the cardinality operator as a sum of step functions s accord-
ing to card(y)=2,s(y,), where s evaluates to zero for non-
positive numbers and one otherwise, and then substitute a
continuous but approximate step function for the exact
function s. Examples of functions that could be used to
approximate s are the logistic function or the error function,
or simply the positive part function. The method could be
applied in steps, so that multiple optimizations are per-
formed and the accuracy of the approximation of the step
function is increased between optimizations until the result
is acceptable considering the cardinality penalty. If the
cardinality penalty is formulated as a constraint, this means
that the constraint is fulfilled. If the cardinality penalty is
formulated as a term in the objective function, the term is
minimized.

The objective functions and constraints in the optimiza-
tion problem should be able to optimize on different quan-
tities, most importantly dose and LET-related quantities,
such as LET and dose-weighted LET. The LET (Linear
Energy Transfer) could more efficiently be focused inside
the target using proton arcs than in normal IMPT, if con-
sidered in the optimization.

At any point of the optimization procedure, typically at
the end, as indicated by steps S17 and S27, spot filtering may
be applied to filter out spots that have a low weight assigned
to them. Preferably the weight of these filtered-out spots is
reassigned to other spots that are kept in the plan. Several
methods of doing this are known in the art and they will not
be discussed here in any detail.

If the number of spots in the initial set of energy layers is
so large that it is not feasible to calculate and store the doses
for all the spots, it is possible to preprocess it to remove
some of the energy levels before starting the procedure
according to the invention. This may be done in any suitable
way. For example, for two adjacent beam angles having the
same or similar energy levels, some energy levels could be
removed from each of the beam angles, in such a way that
the ones that were removed from one were kept in the other
and vice versa. The pre-processing method may remove
energy layers in a uniform fashion until the candidate set is
small enough to allow numerical calculations. It may also be
based on some rule, such a preference for distal layers over
proximal layers. The pre-processing could also be based on
Bragg peak positions, if an approximate and inexpensive
technique to calculate Bragg peak positions from spot posi-
tions and energies is available. For such a method, the
pre-processing may remove energy layers in a way that
strives to maintain a uniform spread of Bragg peaks over the
target volume.

FIG. 3 is an overview of a system for radiotherapy
treatment imaging and/or planning, adapted to provide
radiation to a patient from different directions. As will be
understood, such systems may be designed in any suitable
way and the design shown in FIG. 3 is only an example. A
patient 11 is positioned on a treatment couch 13. The system
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comprises a treatment unit 10 having a radiation source 15
mounted in a gantry 17 for emitting radiation towards the
patient positioned on the couch 13. Typically, the couch 13
and the gantry 17 are movable in several dimensions relative
to each other, to provide radiation to the patient as flexibly
and correctly as possible. In particular, the gantry can rotate
around the couch, either between certain angles or a full
360° rotation. Alternatively, the gantry can be fixed and the
couch carrying the patient can rotate instead. Another alter-
native is to have the patient in seated position in a chair. The
arc treatment in this case could be performed by changing
the beam directions or rotating the chair. These parts are well
known to the skilled person. The system also comprises a
computer 21 which may be used for radiotherapy treatment
planning and/or for controlling radiotherapy treatment. As
will be understood, the computer 21 may be a separate unit
not connected to the imaging unit.

The computer 21 comprises a processor 23, a data
memory 24, and a program memory 26. Preferably, one or
more user input means 28, 29 are also present, in the form
of'a keyboard, a mouse, a joystick, voice recognition means
or any other available user input means. The user input
means may also be arranged to receive data from an external
memory unit.

The data memory 24 comprises clinical data and/or other
information used to obtain a treatment plan, including a set
of clinical goals to be used for planning. The data memory
24 also comprises one or more dose maps for one or more
patients to be used in treatment planning according to
embodiments of the invention. The program memory 26
holds a computer program, known per se, arranged for
treatment plan optimization. The program memory 26 also
holds a computer program arranged to make the computer
control the treatment of a patient in accordance with the
invention.

As will be understood, the data memory 24 and the
program memory 26 are shown and discussed only sche-
matically. There may be several data memory units, each
holding one or more different types of data, or one data
memory holding all data in a suitably structured way, and the
same holds for the program memories. One or more memo-
ries may also be stored on other computers. For example, the
computer may only be arranged to perform one of the
methods, there being another computer for performing the
optimization.

To reduce the damage to surrounding tissue further, the
described optimization method could be combined with an
approach where the plan is set up of similar arcs delivered
on different treatment fractions delivered on different days.
The different arcs include different beam angles, so that the
target is covered in the same way, but the way through the
patient to the tumor is different for different fractions.

Radiotherapy using charged particles such as protons
enables the optimization of highly precise plans. This in turn
means that small errors, for example in the setup, can have
large consequences for the delivered dose. Therefore, the
optimization method used according to the invention should
preferably be a robust optimization method. This becomes
even more important when the number of energy layers are
reduced. The method should be robust with respect to
different uncertainties to ensure that plan quality is pre-
served even when there are uncertainties in the delivery (e.g.
range and setup uncertainties). As an alternative to robust
optimization methods, a method aiming at creating uniform
doses for each angle (compare SFUD (Single Field Uniform
Dose) in normal active scanning plan optimization) or for
each set of angles (each sub arc) would be suitable. If a low
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number of energy layers per angle is desired, the most
feasible solution is to aim at uniform doses for each sub arc.

The described methods could be employed for all types of
active scanning, including spot scanning, raster scanning,
and line scanning. Implementation of line scanning in con-
junction with proton arc therapy would be beneficial in
terms of delivery time. The methods are suitable for plan-
ning treatment of humans, but also of small animals, such as
mice, for preclinical trials. The described methods work
equally well for other light ions than protons, such as
helium, carbon and oxygen, as long as the different biologi-
cal effects of different ion types are accounted for in bio-
logical (RBE) models included in the optimization process.

The invention claimed is:

1. A method of radiotherapy treatment planning for cre-
ating a plan for delivery of at least one particle-based arc to
a patient using an apparatus arranged to deliver radiation in
the form of charged particles from a number of different
directions comprising the steps of

a. determining (S11; S21) an initial set of candidate
energy layers, each layer involving a particular energy
level at a particular beam angle,

b. performing a calculation on the initial set,

c. determining (S13; S23), based on the outcome of said
calculation, at least one additional energy layer to
produce an expanded candidate layer set, wherein the at
least one additional energy layer involves an energy
level not previously used in any of the energy layers,

d. adding (S14; S24) the at least one additional energy
layer to the initial set, to produce an expanded candi-
date energy layer set

e. optimizing (S16; S26) a radiotherapy treatment plan
based on the expanded candidate layer set.

2. A method according to claim 1, wherein the calculation
involves a dose calculation and the determining at least one
additional energy layer is based on the result of the dose
calculation, for example identifying a region in which the
Bragg peak density is low and the additional energy layer is
determined to provide a Bragg peak in that area.

3. A method according to claim 1, wherein the calculation
involves a treatment plan optimization based on an optimi-
zation problem and the determining at least one additional
energy layer is based on the resulting treatment plan.

4. A method according to claim 3, wherein the optimiza-
tion (S22, S26) is performed based on an optimization
problem formulation designed to produce a suitable dose
distribution, in such a way that the plan will use only a
subset of beam angles and/or a subset of energy layers from
the set of beam angles and the set of energy layers, respec-
tively.

5. A method according to claim 4, wherein a potential set
of energy layers is provided and the optimization includes a
first optimization procedure based on the whole potential
set, and a subsequent step of discarding a some of the energy
layers from the potential set based on their spot weights
and/or gradients, to create a reduced potential set and
performing a second optimization procedure (S26) based on
the reduced potential set.

6. A method according to claim 4, wherein a potential set
of energy layers is provided, and the optimization includes
a first optimization procedure based on a first subset of the
potential set, and a subsequent step of adding some of the
energy layers from the potential set not included in the
subset to the subset based on a calculation of the gradient of
the spot weights with respect to the optimization objective to
create an expanded subset, and performing a second opti-
mization procedure based on the expanded subset.
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7. A method according to claim 4, wherein the optimiza-
tion is designed to limit the number of energy layers.

8. A method according to claim 7, wherein the limitation
of the energy layers is achieved by means of a penalty
implemented as a constraint or a term in an objective
function used in the optimization.

9. A method according to claim 8, wherein the limitation
of the energy layers is achieved by means of a penalty
expressed in terms of the number of energy layers or the
number of energy layer changes.

10. A computer program product for controlling a radio-
therapy planning apparatus, preferably stored on a carrier
such as a non-transitory storage means, said computer
program product comprising computer readable code means
which when run in a processor of a radiotherapy planning
apparatus will cause the apparatus to perform the method
according to claim 1.

11. A radiotherapy treatment planning apparatus (10)
comprising a processor (23) and a program memory (26)
holding a computer program product according to claim 10,
arranged to be run in the processor to control the radio-
therapy treatment planning apparatus.
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