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(57) ABSTRACT

A system and method for producing an intensity modulated
arc therapy (“IMAT”) treatment plan are provided. A plurality
of segmentations are generated, from which the IMAT treat-
ment plan is determined. Apertures within each segmentation
are ordered by minimizing the total leaf movement between
pairs of segmentations in adjacent angles, during which cor-
responding minimum total leaf movement values between
such pairs are calculated. From these segmentations, a net-
work model is used to select those segmentations to be used in
the IMAT treatment plan. The apertures in the selected seg-
mentations are then modified by minimizing total leaf move-
ment relative to the selected segmentations, and subject to
physical constraints such as a maximum leaf movement con-
straint or interdigitation constraint. Segmentation errors in
the modified segmentations are then locally minimized using
a network model and a row-non-convexity measure to deter-
mine the order in which apertures are to be optimized.

15 Claims, 5 Drawing Sheets
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1
SYSTEM AND METHOD FOR INTENSITY
MODULATED ARC THERAPY TREATMENT
PLANNING

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
CA130814 awarded by the National Institutes of Health and
FA9550-07-1-0389 awarded by the USAF/AFOSR. The gov-
ernment has certain rights in the invention.

BACKGROUND OF THE INVENTION

The field of the invention is systems and methods for radia-
tion therapy. More particularly, the invention relates to sys-
tems and methods for designing a radiation treatment plan for
aradiation therapy system, such as an intensity modulated arc
therapy system (“IMAT™).

In practice, intensity modulated radiation therapy
(“IMRT”) can be delivered in two ways: via a fixed gantry and
via a rotatable gantry. Fixed-gantry IMRT is achieved by
delivering overlapping fields from a small number of fixed
beam directions. Rotational IMRT is achieved by dynami-
cally changing collimator aperture shapes as the gantry
moves around the patient in one or more sweeps along an arc
during radiation delivery. Intensity-modulated arc therapy
(“IMAT”), a rotational IMRT delivery technique, was first
proposed as an alternative to tomotherapy. In tomotherapy, a
narrow multileaf collimator (“MLC”) is used to control aper-
ture shapes as the radiation source rotates about the patient. At
the same time, the couch on which the patient rests is trans-
lated. In contrast, IMAT is performed with a conventional
linear accelerator, and the large set of tungsten leaves of the
MLC is used to change the “shape” of the aperture as the
gantry rotates during delivery.

In IMAT, the treatment is delivered along arcs with a single
sweep or multiple sweeps, each with a start and stop position,
and the patient remains stationary during the delivery pro-
cess. The MLC field shape changes continuously during gan-
try rotation between a collection of specified apertures. Typi-
cally, apertures are specified at a set of equally-spaced angles
that may be referred to as an “angle grid.” An estimate of the
radiation delivered to the patient can then be made by sum-
ming the radiation delivered from the angle grid. Note that
multiple overlapping arcs provide multiple apertures at each
angle and, thereby, yield a modulated intensity distribution
from each delivery angle. Thus, an approach to IMAT treat-
ment planning that reflects procedures typically used in
IMRT treatment planning is to compute a collection of ideal-
ized real-valued fluence matrices over the angle grid, and then
approximate these matrices by weighted sums of binary
matrices corresponding to the collection of apertures at each
angle. These weights and apertures are typically chosen to
minimize the approximation error subject to delivery con-
straints.

A key advantage of IMAT is that the delivery is achieved
using a conventional linear accelerator and a conventional
MLC. Therefore, IMAT treatments can be delivered using
existing equipment in most radiation oncology departments.
However, it should be noted that to deliver IMAT plans, the
linear accelerator must be equipped with the capability for
dynamic delivery. Elekta volumetric arc therapy (“VMAT™)
and Varian Medical Systems rapid arc VMAT are two com-
mercially available IMAT systems that, generally, use only a
single sweep through one arc for treatment delivery. In some
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instances, additional sweeps may be used to treat cases
involving complex geometries.

Traditionally, IMRT treatment plans are generated with
either a two-step process, or a direct aperture optimization
(“DAO”) process. In two-step processes, the matrices of
beamlet (also called pencil beam) intensities for the set of
specified beam directions are optimized. The resulting opti-
mized intensity matrices or maps are then sent to a leaf-
sequencer that determines, via the solution of segmentation
problems, the set of deliverable MLC shapes and intensities
that are combined to approximate each optimized intensity
map. It is in this step where any delivery constraints of the
treatment unit are enforced. The output of the two-step pro-
cedure is a set of ML.C aperture shapes and their correspond-
ing weights (known clinically as monitor units) that are
referred to as a “segmentation.” In contrast, DAO methods do
not utilize optimized intensity maps, but instead generate sets
of apertures that are appropriate for each angle and then seek
to weight, and sometimes modity, these apertures in order to
obtain a desirable dose distribution.

SUMMARY OF THE INVENTION

A system and method for producing an intensity modulated
arc therapy (“IMAT”) treatment plan are provided. A plurality
of segmentations are generated for each delivery angle, from
which the IMAT treatment plan is determined. Apertures
within each segmentation are ordered by minimizing the total
leaf movement between sets of aperture shapes correspond-
ing to adjacent delivery angles. From these segmentations, a
network model is used to select those segmentations to be
used in the IMAT treatment plan. The selected segmentations
may be modified to minimize total leat movement relative to
apertures in the selected segmentations while satisfying
physical constraints, such as a maximum leaf movement or
interdigitation constraint. Segmentation errors are then
locally minimized using a network model and, for example, a
row-non-convexity measure, which is used to determine the
order in which the apertures will be selected for modification.
For example, apertures may be modified one at a time using
the aforementioned network model and in an order related to
the row-non-convexity measure.

The foregoing and other aspects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying drawings
which form a part hereof, and in which there is shown by way
of'illustration a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
the invention, however, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graphic illustration of an example of a radiation
treatment plan for intensity-modulated arc therapy
(“IMAT™), in which three sweeps are used;

FIG. 2 is a pictorial representation of an example of an
intensity map that forms a part of an IMAT treatment plan;

FIG. 3 is a pictorial representation of an example of aper-
ture shapes that may be used to produce the intensity map of
FIG. 2;

FIG. 4 is a graphic illustration of an example of a multileaf
collimator (“MLC”) having an aperture shape representative
of the example aperture A,°! illustrated in FIG. 3;

FIG. 5 is a pictorial representation of an example of a
network model for determining segmentations to be included
in an IMAT treatment plan;
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FIG. 6 is a pictorial representation of an example of a
network model for minimizing segmentation errors in an
IMAT treatment plan;

FIG. 7 is a flowchart setting forth the steps of an example of
a method for designing an IMAT treatment plan; and

FIG. 8 is a block diagram of an example of an IMAT
system.

DETAILED DESCRIPTION OF THE INVENTION

A system and method for designing a radiation treatment
plan for an intensity-modulated arc therapy (“IMAT”) system
is provided. An efficient network-based approach is utilized
to find an IMAT treatment plan with a small number of arcs
and, hence, a small number of apertures per beam angle. The
treatment plan is designed to well approximate desired inten-
sity map fluences on a given angle grid. Such an approach
requires a complex leaf-sequencing algorithm that takes into
account constraints between the aperture shapes at consecu-
tive angles resulting from mechanical limitations on leaf
movement. This constraint is referred to as a maximum leaf
movement limit, and is discussed below.

With reference to FIG. 1, an IMAT treatment plan is gen-
erally delivered along a set of K arcs by specifying apertures,
A, and intensities, I, on an angle grid of control points. Such
an angle grid contains P, usually equally-spaced, angles,
0, ..., 0 that span the arcs. The illustration in FIG. 1
includes a delivery through three arcs (K=3).

By way of example, a set of P intensity maps can be
expressed as:

(695

where i=1, 2, . . ., P, and each intensity map, 1%, is an mxn
non-negative real matrix that represents the beamlet fluences
that would be delivered in total over the K sweeps at the
control point, 0,. To approximate these ideal fluences, for
each angle in the angle grid, a segmentation of K aperture
shapes for a given intensity map, 1%, is generated. That is, the
following set of intensity-aperture pairs is generated:

SO ={(a, 2 4,%):k=1, .. ., K} @

where ak® represents the beam-on-time, or intensity,
through the aperture, A,%. By way of example, o, is
assumed to be non-negative. The intensity map, 1%, may be
approximated via the sum:

i x Z w,fiA,fi; 3

ke[K]

where [K] is the following set:

[K7={1,2,..., K} (4).

The aperture, A,%, may be represented by a binary matrix
whose elements have a value of one if that beamlet is part of
the shape. An exemplary intensity map is illustrated in FIG. 2,
and the corresponding apertures whose weighted sum results
in the intensity map are illustrated in FIG. 3.

Because the set of open beamlets in each row of the colli-
mator is determined by the separation of a pair of opposing
leaves of a multileaf collimator, any nonzero row of an
achievable shape contains a single interval of ones. This prop-
erty is called the single-interval constraint, which will be
described in further detail below. Another common constraint
that will be described below in further details, and that is
advantageous when used for forming a deliverable aperture
shape, is the interdigitation constraint, which does not allow
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opposing adjacent leaves to cross each other. The interdigita-
tion constraint is not present in all multileaf collimators, but is
present in several widely-used machines.

Unlike fixed gantry intensity-modulated radiation therapy,
IMAT segmentations have to satisty a maximum leaf move-
ment constraint that forces the segmentations corresponding
to two adjacent angles in an arc to have pairs of fairly closely
overlapping apertures. This constraint arises from physical
constraints on the speed at which aleaf can change its position
and, thus, the overall aperture shape of the multileaf collima-
tor. Thus, in IMAT, it is desirable to produce a segmentation
with K apertures shapes that approximates the intensity
matrices, 1%, and that also adheres to leaf movement con-
straints between aperture shapes on adjacent angles.

Such highly constrained segmentations often resultin large
approximation errors; thus, generating segmentations that
yield close to the minimum possible error is a very challeng-
ing problem. In practice, relatively few sweeps (K is typically
between 1 and 6) will be performed, so it may be advanta-
geous to select segmentations with a relatively small number
of aperture shapes.

By way of example, and for purposes of designing an
IMAT radiation treatment plan, at each given angle, 0,, a
selected number, Q, of possible segmentations, Sjef, is avail-
able to choose from as indicated by:

50 jefQ] ®).

Itis therefore desirable to determine which segmentations,
Sjef, to use at a given angle, 0,, from among the Q choices.
Note that, having chosen this segmentation, a collection of K
aperture shapes at each angle, 0,, exists. Each of these aper-
ture shapes is then assigned to a particular sweep.

As will be described below in detail, the general approach
of the present invention is to solve the sweep assignment
problem using a framework that uses a network approach that,
given two successive angles and their corresponding segmen-
tations, determines which aperture shape should be assigned
to which sweep. Because this approach is very inexpensive
computationally, it is applied at all angles, 6,, and for all
segmentations, Sjef. Using the results from this step as input
data, another network model is used to determine the optimal
combination of segmentations over the set of angles. A fea-
sibility step is employed next in order to modify apertures as
needed to enforce maximum leaf motion constraints and any
additional mechanical constraints that may be present.
Finally, a local improvement procedure is applied to optimize
over arbitrary feasible apertures, rather than considering only
fixed apertures from the pre-determined segmentations.

As noted above, the general segmentation problem is to
determine deliverable aperture shape matrices, {A,%: k=
1,...,K}, along with beam intensities, {c,%: k=1, ..., K},
that approximate a given mxn nonnegative intensity map, 1.
Deliverable can mean different things for different treatment
systems. The two common physical constraints mentioned
above, the single-interval constraint and interdigitation con-
straint, are now presented in more particular detail. With
reference to FIG. 4, an exemplary multileaf collimator having
seven rows of leaves is illustrated. For an aperture shape, A,%,
the binary variables 1,[q,t] and r,[q.t], with qe[m] and te[n],
may be defined as being set to values of one to indicate
beamlets [q,t] covered by the left leaf in the q” row of a
multileaf collimator, and the right leaf in the g row of a
multileaf collimator, respectively. For the q” row of the aper-
ture shape A,”, the single-interval constraint can be formu-
lated as:
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D klg.d+ ) nlg.d=n,

teln] te[n]

©

Llg, 11 = Llg. t+1],

rilg, 1= nlg, r+1];

where for the constraints, 1,[q,t]=],[q,t+1] and r,[q,t]<r,[q,
t+1], te[n-1]. For the q” and (q+')” rows of the aperture
shape A%, the interdigitation constraint can be formulated as:

o

Dl hlg, 0+ Y nlg+ L =n,

teln] te[n]

Dl hlg+1. a0+ ) nlg=mn

refn] 1eln]

subject also to the constraints 1,[q,t]=],[q,t+1] and r,[q,t]
=r,[q,t+1], for te[n—1]. For a given mxn intensity map, 1%, and
a nonnegative real number e<1, a projection map, P (1%), can
be defined as an mxn binary matrix where the (i, j)* entry of
P_(I%) is equal to one if and only if the (i, j)* entry of the
intensity map, a,, is greater than e-max;, {a,;}. The projection,
P_(1%), is called row-convex if it satisfies the single-interval
constraint. The intensity map, 1%, is called row-convex if
P_(1%) is row-convex for all e<0; otherwise, it is called row-
non-convex.

Thus, an aperture shape matrix, A%, that satisfies the
single-interval constraint is an example of a row-convex
intensity map, 1%, It can be intuitively seen that row-non-
convexity of I% results in higher segmentation errors in fea-
sible IMAT solutions because the solution components,
which are the aperture shapes, themselves must be row-con-
vex. A row-non-convexity measure, p(I1%), that may be used to
identify the amount of row-non-convexity of an intensity map
is now defined. The prior knowledge of arc-segments that
contain row-non-convex intensity maps helps focus compu-
tational effort on difficult-to-approximate intensity maps.

In order to define the row-non-convexity measure, p(1%),
the relative error measure that is used for a given segmenta-
tion, S,%={(0,,*,A,*):ke[K]}, is first described as:

®

3 8 8
- o A]

kelK] 1+
176 ’

err(lgi s Sf-i ) =

where,

llell« = (Zl |x;|);

)

denotes the 1*-norm of a matrix that is viewed as a single
vector, X, that contains all of the components of the matrix.

For a given intensity matrix, 1%, and a positive integer, K, it
is desirable to find a segmentation, Sjef, that minimizes the
relative error over the set of apertures that satisfy the machine
specific constraints. This minimization can be formulated as
follows:

min{err(lgi, S?" )} such that Sf-i = {(oz,fi s A,fi): ke [K}}; 10

bi
5i
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where A,%eFA and a,%=0. Here, the term FA represents the
set of binary matrices that satisfy the machine specific con-
straints. Note that the variables of this problem are the ¢,® and
A% This problem is called unconstrained if FA is taken as the
set of all mxn binary matrices, B.

Let:

- an
1% _ wzlAzl
kelK]
1%«

i

ulg(e) = min . A,fi eB

be the unconstrained solution, and let:

(12)
&

bi 46
- D, Al Al

kelK]
176

i

Ix(e) = min A% e A

be the constrained solution.
Furthermore, let F' be all the binary matrices that satisfy the
single-interval constraint, and let:

a3

" 8 6
Fi- ol a]

kelK]
11811, «

Ii(e) = min A% e

be the single-interval constrained solution.

The row-non-convexity measure, p(I%), of the intensity
map, I%, can then be defined by comparing the single-sweep,
single-interval constrained solution to the unconstrained
solution as follows:

pU%) = () —uly (&) (14)

. ) 8 16 . NN
min ||19‘ —oz,/(‘A,/(‘ . — min ||19‘ -l A
) ) 1 ; )
alicr ol Aol
& 3 & (
[0S

1%

Because ' B, it can be shown that O=p(I%)=1.

The provided systems and methods for designing an opti-
mal IMAT radiation treatment plan utilize a unique frame-
work that operates on a plurality of segmentations, Sjef, that
may be provided to the framework from any number of dif-
ferent algorithms for generating such segmentations. Gener-
ally, the framework includes the use of three network models.
The first network model addresses the issue of ordering the
apertures for segmentations in terms of sweep assignment.
The second network model is used to identify the segmenta-
tion, Sjef, which is a collection of K intensities and apertures,
to use at each angle, 0,. The third network model locally
optimizes the aperture shapes to reduce segmentation errors
of a given feasible IMAT solution. A description of each of
these three network models is now given in detail.

The first network model is concerned with the problem of
morphing one collection of aperture shapes into another as
the collimator is moved along the sweeps, and can therefore
be referred to as an aperture ordering network model. To do
this, the total leaf movement required to morph one aperture
shape, A, into another aperture shape, A', is considered. By
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way of example, let 1(j) be the amount of the j* left leaf
movement between aperture shape A and A', and let 1(j) be the
amount of the j* right leaf movement between the two aper-
ture shapes. Then the total leaf movement, TL.M, between the
two aperture shapes may be given by:

TLM(A, A) = 3" U+ r(j). (13

Jjelm]

Provided that open beamlets overlap, the total leaf move-
ment is the sum of the absolute differences between the binary
matrices for the aperture shapes, A and A'. Because this prob-
lem does not depend on intensities, o,,%, but simply on the
apertures, the dependence of the segmentations on the inten-
sities can be removed for ease of presentation.

Given two angles 0 and ¢ with given segmentations:

59={4,%:ke KT} (16);

and

SP={4,%ke[K]} a7

each aperture shape A, is uniquely assigned to an aperture
shape A,° in order to minimize the total overall leaf move-
ment between all pairs of aperture shapes. This ordering
problem may be solved as the following assignment problem:

min > xw TLM(AL, AD); (18)

x
kelK} 1 e[K]
subject to:

> x =1 fork e [Kl; 19

ke[K]

Z X =1 for k e [K]; @)
k’e[l(]

and

X €10, 1), oI}

Given the solution of the assignment problem, it can be
shown that if x,, =1, then for a particular sweep, if aperture k
is used at angle 0, then aperture k' should be used at angle ¢.
In the discussion below, an aperture k' determined in this
manner is referred to as the optimal successor of aperture k
with respect to the segmentation pair S°, S?.

Typically, the angle ¢ is the next angle in a given sweep.
The TLM minimum value from the above assignment prob-
lem to morph from Sjef to Sjef+1 is denoted by cjjef), and will be
used in the objective function of the second network model,
which determines which segmentation to use at each angle.

In practice, minimizing total leaf movement between two
consecutive aperture shapes is a surrogate for the physical
constraint on the maximum leaf movement between two con-
secutive aperture shapes. Formally, given two aperture shapes
A, and A, this is defined as:

MLM(4,;,4,)=max{maxmove(i)lie/m]} (22);
where:
maxmove(i)=max{l(i),7(i)} (23).
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In experiments using MLLM as an objective measure in the
aperture ordering problem instead of TLM, the assignments
produced did not generally satisfy the MLLM constraint and
did not generally differentiate between solutions with the
same MLM, but radically different TLM values. Thus, it is
contemplated that this alternative objective is less accurate. A
composite objective of MLM+u-TLM for appropriate values
of umay, however, be an advantageous choice of objective for
the aperture ordering problem.

For the second network model, which is concerned with the
selection of segmentations and can therefore be referred to as
a segmentation selection network model, it is assumed that at
each angle, 6,, a collection of Q segmentations, Sjef, with
j€e[Ql, exists. In practice, it is supposed that at each angle, 0,,
Q different segmentation algorithms can be applied to gener-
ate these segmentations. In general, the second network
model chooses the segmentation, Sjef, to be used at each
angle. The following information is typically used as an input
to the second network model. First, the TLM minimum val-
ues, cjjef, for each angle, 0,, and each angle-adjacent pair of
segmentations, S jjef, are input. Additionally, the segmentation
error at each angle, 0,, for each segmentation, Sjef, can be
supplied to the second network model. This segmentation
error may be calculated according to:

eij:err(lef,Sjef) (24);

where 1%, represents the intensity matrix at the angle, 6,.

The second network model is constructed with nodes (i, j)
corresponding to angles 0, and segmentations Sjef for ie[P]
and je[Q]. An exemplary network for the second network
model is illustrated in FIG. 5.

A cost for each arc is assigned as follows. The cost of the
arc between the node (i, j) and the node (i+1, j") is equal to:

1 5 (25)
z(eij +eny )+ YCys

where y is a nonnegative constant. Additionally, the cost of
the arc between source and node (1, j) is:

1 26)

zelj;
and the cost of the arc between node (P, j) and sink is

1 @n

epj.
2 4

To illustrate this approach, consider a simple case in which
there are three angles (P=3) and only two segmentations at
each angle (Q=2). In this example, there are eight feasible
solutions to this problem, corresponding to the eight paths
between the supply and demand nodes. Suppose that the
optimal path involves the nodes (1,2), (2,1), and (3,2). This
means segmentation S, will be used at angle 0,, segmenta-
tion S,% will be used at angle 6,, and segmentation S,% will
be used at angle 0,. Note that the number of sweeps, K, does
not appear in this data. However, the optimal path dictates the
sweep composition. Because the optimal path goes from (1,2)
to (2,1), the calculation of the cost, ¢,,®!, assigns a successor
aperture shape to each aperture in S,°. Thus, in sweep k=1,
the first aperture of segmentation S, is used at angle 0 ; its
optimal successor aperture, k', from segmentation S, as
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determined by the assignment solution from the first network
model, is used at angle 0,; and the appropriate optimal suc-
cessor of aperture k' from segmentation S, is used at angle
0;. Analogous observations apply to sweep k=2. The second
sweep starts with the second aperture of segmentation S,%,
and then uses its optimal successor from segmentation S, % at
angle 6,, and so on.

Note that the solutions produced by solving problems asso-
ciated with this network may not be feasible with respect to
maximum leaf movement constraints. As will be described
below, an optimization procedure for obtaining such a fea-
sible solution is achievable by modifying the solution of a
problem associated with the aforementioned network model.
This feasible solution may be input to the third network
model, described below, which locally optimizes segmenta-
tion error.

In the third network model, which is concerned with opti-
mizing segmentation error and can therefore be referred to as
a segmentation error network model, a feasible IMAT treat-
ment plan with K sweeps, and for which the maximum leaf
movement is at most D between consecutive angles, is used as
input. For example, the aperture ordering and segmentations
identified using the first and second network models can be
modified to form a feasible IMAT treatment plan for inputting
into the third network model.

The third network model seeks to modify the aperture that
is found on the k™ sweep at angle 0, within the segmentation
S,% to reduce the error measure, err1%,S ). The constraints
relevant to such an aperture shape are the machine specific
constraints, AeFA, and the maximum leaf movement con-
straints between the current aperture shape and the previous
and next aperture shapes in the sweep.

More particularly, the third network model is used to find
the aperture, A, that solves the following error minimization
problem:

mgn{err(lgi s S?" )}, (28)
subject to the following:

SP={(a,4,): a,=0,% 4,45 g=k o=0,% 4,=4} 29);
where:

AeFA (30);
MLM(4,%7\ 4)<D (31);
and

MLM(4,4,%)=D (32).

The network is built as follows. For the aperture shape,
A%, let L, 1(r) denote the end of the left leaf for a row aperture
opening, r; and R, ,(r) denote the end of the right leaf for a row
aperture opening, r. For notational simplicity, the construc-
tion of the network is illustrated for the special case in which
the aperture at the second angle has been selected for optimi-
zation, so that the apertures at the adjacent first and third
angles are fixed and determine the maximum leaf movement
constraints for the second angle. The set of nodes is defined as
a supply node (source), a demand node (sink), and:
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(r, 11, 1) :max(Ly g (r), Lax (r) — (33)
D= n=< min(Llyk (r), L3,k (r)) +D .
max(Lyx(r), Rsx(r) =D < 1, < min(Ry 4 (1), Lg (M) + D |

O<n=<np=n+l

Note that for each r between 1, . . . , m, there exists at least
one node due to the feasibility of the starting IMAT treatment
plan solution, and the node (r, t,, t,) represents an r” row
aperture opening with the set of beamlets {[r,t]:t=t, } covered
by the r” left leaf, and the set of beamlets {[r,t]:t=t,} covered
by the r” right leaf. There is an arc between nodes (1, 1,, t,) and
(r+1, t5, t,) if the combination of the corresponding aperture
openings for those two nodes forms a feasible aperture for the
machine specific constraints, such as for the interdigitation
constraint, where t;<t, and t;<t,. There are arcs defined
between the supply node and all the nodes in the first row, and
all the nodes in the m” row and the demand node.

A cost for each defined arc is assigned as follows. The cost
of'the arc between the nodes (r, 1, 1,) and (r+1, t5, t,,) is equal
to:

(B4
3 (€rty 0y +€relizy )

where e, , , is an error parameter defined as the absolute
change in the segmentation error of 1%, when the aperture
opening of the r* row of A,% is replaced by the opening
corresponding to the node (r, t,, t,). Thus, the cost of the arc

between source and (1, t,, t,) is equal to:

@

1 (35
zel,ra,rb;

and the cost of the arc between (1, t,, t,) and sink is equal

to:

1 (36)
z Emig ity

The supply at source is +1 and the demand at sink is -1, and
the problem can be viewed as a shortest path problem that
minimizes:

. &D
Pi-ofA - o Al
qelK].q#k

1% 1]+

It

5

err(l%,5) =

for IMAT feasible apertures, A.

As a simple example, consider an IMAT case where D=2,
k=1, and A, and A |® are 3x6 aperture shapes as follows:

010000
A :[111000];

110000

(38)
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-continued
000100
AP =| 000011
011110

(B39

Table 1 shows the parameters to build the aforementioned
network model to optimize A,®? with respect to the segmen-
tation error and FIG. 6 shows the corresponding network

model.
TABLE 1
T Ly Ryy@ Ly® Ry t t
1 1 3 3 5 1,2,3 3,45
2 0 4 4 7 2 5,6
3 0 3 1 6  0,1,2 45

Referring particularly now to FIG. 7, a method for design-
ing a radiation treatment plan for an intensity modulated arc
therapy (“IMAT”) system in accordance with some embodi-
ments of the invention is illustrated. The method generally
begins with the generation of a set of segmentations from
which the treatment plan will be designed, as indicated at step
702. Known methods for generating such segmentations exist
and any suitable method can be employed. For example,
segmentation methods may include modified difference
matrix metaheuristic algorithms, greedy error reduction seg-
mentation algorithms, left-right segmentation algorithms,
near-optimal segmentation algorithms, and the like. It is an
advantage of the present invention that more than one seg-
mentation algorithm can be employed and that segmentations
generated from different segmentation algorithms can be
combined in the resulting treatment plan. By way of example,
a number, Q, of segmentations, each having a number, K, of
aperture shapes for each angle, 0,, is generated. It is advanta-
geous to use segmentations that produce relatively small
errors and that are not substantially similar to each other.

After the desired number of segmentations has been gen-
erated, an approximate solution to the IMAT aperture order-
ing optimization problem is found by minimizing total leaf
movement between segmentation pairs at adjacent angles, as
indicated at step 704. Then, as indicated at step 706, a selec-
tion, j(6,), is made of one segmentation S, 9 of the intensity
map 1% for each angle, 0,, with ie[P]. These selections are
referred to as:

=S (40).

By way of example, each selection is identified by building
a segmentation selection network model, such as the second
network model discussed above in detail, using the ordering
of'the segments at each angle determined by the solutions of
the assignment problems solved using the aperture ordering
network model, such as the first network model discussed
above in detail. The shortest path of the segmentation selec-
tion network model is then solved via linear programming or
any other suitable optimization method. By way of example,
these problems may be solved in less than one second for
Q=<10. Then, the segmentations, S%, of 1% that liec on the
resulting flow path are then selected as the identified segmen-
tations.

Next, afeasible IMAT treatment plan is generated by modi-
fying apertures as needed to minimize the total leaf move-
ment relative to the apertures using physical constraints, as
indicated at step 708. The segmentations identified in step
706 are used as the input for this step. In this step, a feasible
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IMAT treatment plan solution that satisfies, for example, the
maximum leaf movement constraint and the interdigitation
constraint is developed. For example, minimum changes are
made to the set of feasible shapes S that are produced in step
706 to obtain a set of shapes S. Thus, the segmentations
selected by the second network model, Se of 1%, for ie[P], are
used to produce a set of segmentations, for Se for 1%, ie[P],
where:

SO={(0,%, 4,7 ke (KT}
satisfies the maximum leaf movement constraint, MLM
(Ak , A,%)=D, and 1nterdlgltat10n constraint. By way of
example, the segmentations S® may be determined by solving
the following problem:

(41);

G g 42)
m%ZBZ:nMMﬂAm}
ie[P} ke[K]
subject to the maximum leaf movement constraint:
MLM(4,% 4,%=D (43);

for ie[P-1] and ke[K], and also subject to interdigitation
constraints for the given nonnegative integer, D. It is noted
that this is a mixed-integer programming problem and, there-
fore, does not directly take into account segmentation errors;
however, these segmentation errors are subsequently
addressed, as indicated at step 710.

As noted, segmentatlon errors that may be present in the set
of segmentations, S ", generated in step 708 are minimized in
step 710. By way of example, a locally optimal IMAT treat-
ment plan solution that minimizes segmentation errors may
be found by moditfying aperture shapes in the set of segmen-
tations one at a time, with adJacent aperture shapes being
fixed. Thus, the segmentations, S® for I%, ie[P], that are pro-
duced in step 708 may be used to produce segmentations, $%
for I, ie[P], in which segmentations errors are substantially
reduced. Generally, the third network model discussed above
may be used to minimize the segmentation errors and to
generate the aperture shapes A,® in the segmentations gjef.

First, a sweep, k, is selected and the third network model,
such as the segmentation error network model discussed
above in detail, is applied to each angle in the sweep in
descending order of the row-non-convexity measures, p(I%).
In this manner, the more difficult angles can be identified and
processed accordingly. The aperture shape, Ake, is then
replaced with the aperture shape, A,® given by the solution of
the third network model to iteratively generate the segmen-
tations, §%. This process is repeated for each sweep. If there
are no improvements in segmentation errors, which are given

by:

err(1%,5%)

then the algorithm stops. Otherwise, the third network
model is applied using the angles from left to right; that is,
i€[P]. Left-to-right iterations are repeated until there are no
improvements in segmentation errors. Finally, the weights
o, ke[K] are optimized to get the minimum segmentation
error for each angle, 0,, as indicated at step 712.

It is noted that smaller-than-needed values for leaf move-
ment limit, D, can be used in step 708 while then relaxing this
parameter back to its true value in step 710. This approach
initially forces the apertures closer together and, thus, allows
more flexibility for adjusting the “in-between” apertures in
step 710.

(44);
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Referring to FIG. 8, an example of an intensity-modulated
arc therapy (“IMAT”) system 800 that may be used when
practicing the present invention includes a radiation source
802, such as an x-ray source, that is housed at an end of a
rotatable gantry 804 that rotates about a rotation axis 806. The
rotatable gantry 804 allows the radiation source 802 to be
aligned in a desired manner with respect to a target volume
808 in a subject 810 positioned on a patient table 812. A
control mechanism 814 controls the rotation of the gantry 804
and the delivery of radiation from the radiation source 802 to
the target volume 808. The IMAT system 800 includes a
computer 816 that receives commands and scanning param-
eters from an operator via a console 818, or from a memory or
other suitable storage medium. An associated display 820
allows the operator to observe data from the computer 816,
including images of the subject 810 that may be used to
review or modify the treatment plan, and to position the
subject 810 by way of appropriately adjusting the position of
the patient table 812. The operator supplied commands and
parameters may also be used by the computer 816 to provide
control signals and information to the control mechanism
814.

The radiation source 802 produces a radiation beam 822, or
“field,” that is modulated by a collimator 824. The collimator
824 may include a multileaf collimator that is composed of a
plurality of independently adjustable collimator leaves. In
such a configuration, each leaf in the collimator 824 is com-
posed of an appropriate material that inhibits the transmission
of radiation, such as a dense radioopaque material, and may
include lead, tungsten, cerium, tantalum, or related alloys.

The radiation source 802 is mounted on a rotatable gantry
804 that rotates about a rotation axis 806 so that the radiation
beam 822 may irradiate the target volume 808 in the subject
810 from a variety of gantry angles, 0,. The radiation source
802 is controlled by a radiation controller 826 that forms a
part of the control mechanism 814, and which provides power
and timing signals to the radiation source 802.

A collimator controller 828, which forms a part of the
control mechanism 814, controls the movement of each of the
collimator leaves in and out of its corresponding sleeve. The
collimator controller 828 moves the collimator leaves rapidly
between their open and closed states to adjust the aperture
shape of the collimator 824 and, therefore, the shape and
fluence of the radiation beam 822. The collimator controller
828 receives instructions from the computer 816 to allow
program control of the collimator 824.

A gantry controller 830, which forms a part of the control
mechanism 814, provides the signals necessary to rotate the
gantry 804 and, hence, to change the position of the radiation
source 802 and the gantry angle, 0,, of the radiation beam 822
for the radiation therapy. The gantry controller 830 connects
with the computer 816 so that the gantry 804 may be rotated
under computer control, and also to provide the computer 816
with a signals indicating the gantry angle, 0,, to assist in that
control. The position of the patient table 812 may also be
adjusted to change the position of the target volume 808 with
respect to the radiation source 802 by way of a table motion
controller 832, which is in communication with the computer
816.

During operation of the IMAT system 800, the collimator
controller 828 receives, from the computer 816, segmentation
information indicating the aperture shape to be used for each
gantry angle, 0,, during each sweep of the radiation source
802. The segmentations describe the intensity of the radiation
beam 822 that is desired for each gantry angle, 6,.

The present invention has been described in terms of one or
more preferred embodiments, and it should be appreciated
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that many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

The invention claimed is:

1. A method for producing a radiation therapy plan for
intensity modulated arc therapy, in which a radiation source
delivers radiation to a target volume in a subject while the
radiation source traverses a plurality of delivery angles in at
least one arc, the method comprising the steps of:

a) generating a plurality of segmentations, each segmenta-
tion defining an intensity of radiation to be delivered
from the radiation source to the target volume in the
subject at one of the plurality of delivery angles of the
radiation source;

b) ordering apertures within each of the plurality of seg-
mentations generated in step a) by minimizing total leaf
movement between segmentations corresponding to
adjacent delivery angles, and thereby calculating corre-
sponding minimum total leaf movement values between
such segmentations;

¢) selecting from the plurality of segmentations, a segmen-
tation to be used at each of the plurality of delivery
angles of the radiation source using the minimum total
leaf movement values calculated in step b) and a network
model having nodes that each correspond to both the
plurality of delivery angles and the plurality of segmen-
tations;

d) generating apertures from the segmentations selected in
step ¢) by minimizing total leaf movement relative to the
segmentations selected in step ¢) subject to a maximum
leaf movement constraint; and

e) modifying the apertures generated in step d) by reducing
segmentation errors using a network model having
nodes corresponding to rows of each aperture in the
segmentations generated in step d) and positions of
leaves in each row of each aperture to modify one aper-
ture at a time.

2. The method as recited in claim 1 in which step c)

includes determining a shortest path of the network model.

3. The method as recited in claim 1 in which the minimi-
zation of total leaf movement in step d) is also subject to an
interdigitation constraint.

4. The method as recited in claim 1 in which step e)
includes calculating a row-non-convexity measure for each of
a plurality of intensity maps defined by the apertures in the
plurality of segmentations generated in step a), and using the
calculated row-non-convexity measure to determine an order
in which apertures generated in step d) are to be processed
while reducing the segmentation errors.

5. The method as recited in claim 4 in which the row-non-
convexity measure includes a measure of a minimum relative
segmentation error over a set of apertures in a given segmen-
tation.

6. The method as recited in claim 5 in which the row-non-
convexity measure includes a difference between a con-
strained solution to the minimum relative segmentation error
and an unconstrained solution to the minimum relative seg-
mentation error.

7. The method as recited in claim 6 in which the con-
strained solution is constrained by a single-interval con-
straint.

8. An intensity modulated arc therapy system comprising:

a rotatable gantry;

a radiation source coupled to the rotatable gantry and con-
figured to rotate the radiation source about a target vol-
ume through a plurality of delivery angles;
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a processor configured to:
generate a plurality of segmentations, each segmenta-
tion defining an intensity of radiation to be delivered
from the radiation source to the target volume at one
of the plurality of delivery angles;
order apertures within each of the plurality of segmen-
tations by minimizing total leaf movement between
pairs of segmentations in adjacent angles, and thereby
calculate corresponding minimum total leaf move-
ment values between such pairs of segmentations;
select from the plurality of segmentations, a segmenta-
tion to be used at each of the plurality of delivery
angles of the radiation source using the calculated
minimum total leaf movement values and a segmen-
tation selection network model having nodes that
each correspond to both the plurality of delivery
angles and the plurality of segmentations;
generate apertures from the selected segmentations by
minimizing total leaf movement relative to the
selected segmentations subject to a maximum leaf
movement constraint;
produce a radiation delivery plan by modifying the gen-
erated apertures by reducing segmentation errors one
aperture at a time using a network model having nodes
corresponding to rows of each aperture in the gener-
ated segmentations and positions of leaves in each
row of each aperture; and
direct the rotatable gantry to rotate about the target vol-
ume and to direct the radiation source to deliver radia-
tion to the target volume at each delivery angle in
accordance with the produced radiation delivery plan.
9. The intensity modulated arc therapy system as recited in
claim 8 in which the processor is further configured to select
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segmentations by determining a shortest path of the segmen-
tation selection network model.

10. The intensity modulated arc therapy system as recited
in claim 8 in which the processor is further configured to
generate the apertures from the selected segmentations by
minimizing total leaf movement subject also to an interdigi-
tation constraint.

11. The intensity modulated arc therapy system as recited
in claim 8 in which the processor is further configured to
minimize segmentation errors by calculating a row-non-con-
vexity measure for each of a plurality of intensity maps that
are defined by the apertures in the generated plurality of
segmentations and using the calculated row-non-convexity
measure to determine an order in which apertures generated
from the selected segmentations are to be processed while
minimizing the segmentation errors.

12. The intensity modulated arc therapy system as recited
in claim 11 in which the row-non-convexity measure includes
ameasure of aminimum relative segmentation error over a set
of apertures in a given segmentation.

13. The intensity modulated arc therapy system as recited
in claim 12 in which the row-non-convexity measure includes
a difference between a constrained solution to a minimum
relative segmentation error problem and an unconstrained
solution to a minimum relative segmentation error problem.

14. The intensity modulated arc therapy system as recited
in claim 13 in which the constrained solution is constrained
by a single-interval constraint.

15. The intensity modulated arc therapy system as recited
in claim 8 in which the processor is further configured to
re-optimize weights associated with the modified apertures
that form a part of the produced radiation delivery plan.

#* #* #* #* #*
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