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RADIATION TREATMENT PLANNING
METHOD AND APPARATUS

FIELD OF THE INVENTION

This invention relates generally to radiation therapy
equipment for the treatment of tumors, or the like, and
specifically to a computerized method for determining the
intensity of multiple x-ray beams so as to accurately place
radiation dose in a patient.

BACKGROUND OF THE INVENTION

Medical equipment for radiation therapy treats tumorous
tissue with high-energy radiation. The amount of radiation
and its placement must be accurately controlled to ensure
both that the tumor receives sufficient radiation to be
destroyed, and that the damage to the surrounding and
adjacent non-tumorous tissue is minimized.

External source radiation therapy uses a radiation source
external to the patient to treat internal tumors. The source of
high-energy radiation may be x-rays, or electrons from
linear accelerators in the range of 2 to 25 MeV, or gamma
rays from highly focused radioisotopes such as a Co®
source having an energy of 1.25 MeV.

The external source is normally collimated to direct a
beam only to the tumorous site. Typically, the tumor will be
treated from several different angles with the intensity and
shape of the beam adjusted appropriately. Using multiple
beams which converge on the site of the tumor reduces the
dose to particular areas of the surrounding tissue. The angles
at which the tumor is irradiated may be further selected to
avoid the irradiation of radiation sensitive structures near the
tumor site.

A highly accurate method of controlling the dose to a
patient employs a radiation source that produces a fan beam
composed of many individual rays whose intensity may be
independently controlled. The fan beam orbits the patient
within a slice plane illuminating a slice of the patient while
the intensity of each ray of the fan beam is changed as a
function of that angle. By properly selecting the beam
intensities at different angles, complex regions within the
slice may be accurately irradiated. U.S. Pat. No. 5,317,616,
issued May 31, 1994 and assigned to the same assignee as
the present application, describes the construction of one
such machine and one method of calculating the necessary
beam intensities as a function of angle. .

As mentioned, with such machines, the dose at any given
volume within the patient will be derived from a number of
different beams irradiating that volume at different angles.
Each beam passes both through the tumor and through tissue
on either side of the area to be irradiated. Beams which pass
through tissue flanking the tumor and highly sensitive to
radiation, are decreased in intensity. Other beams passing
through less sensitive tissue are increased in intensity to
maintain the dose to the tumor.

Determining beam weights for a desired dose pattern is
normally done by an iterative technique, where particular
beam weightings are evaluated by mathematically modeling
the expected dose. The beam weights are then adjusted and
the model is evaluated to see if it is closer to the desired
dose. This process is repeated many times until the com-
puted dose pattern closely approximates the desired dose
pattern. The resulting beam weights are recorded and used
for the radiation therapy. Generally, the changes in the beam
weights between iterations are random and hence the pro-
cess may be broadly characterized as stochastic.
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In a “simulated annealing” stochastic technique, (so-
called because of its mathematical similarity to the process
of annealing metal) a new set of beam weights is always
adopted, in the iterative process, if it results in an improve-
ment in the computed dose distribution d as measured by a
figure of merit of the computed dose f(d) called the “objec-
tive function”. On the other hand, a new set of beam weights
which results in a worse computed dose than the previous
result may be adopted with a small probability. This prob-
ability is expressed by the function exp(—Af(a)/T), where
Af(a) is the change in the objective function from one
iteration to the next, and T, called the “temperature” is
progressively reduced as the number of iterations increases,
thereby reducing the probability of accepting worse solu-
tions as measured by the objective function. The purpose of
probabilistically accepting worse solutions is to allow the
iterative procedure to escape from “local minima” of the
objective function space, (corresponding to locally optimal
solutions) and to continue onward toward determining the
best possible solution associated with the smallest objective
function, commonly referred to as the “global minimum”.
See, generally, Webb, S. Optimization by Simulation Anneal-
ing of Three Dimensional Conformal Treatment planning for
Radiation Fields Defined by a Multi-Leaf Collimator, Phys.
Med. Biol. 36 1201-26, 1991.

Another stochastic technique is the so-called “genetic
algorithm”. During each iteration, the genctic algorithm
samples a population of solutions from which a subpopula-
tion of best solutions is chosen based on the match between
the computed dose and the desired dose. A new population
of solutions is bred from random pairs of members of the
subpopulation using techniques called “cross over” and
“mutation.” The population of solutions rapidly “evolves”
towards one whose members, although not necessarily
identical, share many characteristics of the globally optimal
solution. See, generally, Goldberg, D. E., Genetic Algo-
rithms in Search, Optimization and Machine Learning,
Addison Wesley (1989).

Millions of iterations may be required to reach acceptable
solutions with these techniques. As a result, the radiation
planning process is delayed and the planning physician is
discouraged from varying the initially selected dose pattern
by the lengthy time needed for a recalculation.

SUMMARY OF THE INVENTION

The present invention exploits the practical inability of
radiation therapy equipment to provide more than a rela-
tively small set of discrete intensity values. By incorporating
a “discretization” of the intensity values of the radiation
beams used in the iterations, the number of iterations
required may be reduced and any errors produced by after-
the-fact truncation of a continuous solution to discrete
values are eliminated. For example, if the radiation therapy
equipment can provide only six intensity values for each
beam, then the present invention examines only combina-
tions of these discrete beam intensity values.

The present invention, in selecting beam weightings to be
evaluated in the iterative process, concentrates changes in
the beam weights to beams that have the most effect on the
objective function that is being optimized. The changes are
also biased toward larger increments of beam intensity. Thus
a completely random selection of beam weightings is
avoided.

To further speed the determination of an optimal set of
beam weights, the present invention also pre-computes the
radiation scattered by each beam. In this way, during the



5,647,663

3

iterative process, computed dose may be rapidly determined
by a simple scaling and superposition rapidly performed by
current electronic computers.

Specifically, then, the method allows treatment planning
for a general radiation therapy machine providing a plurality
of individually controllable radiation beams directed
through a treatment volume. In a first step of the method, the
user defines a limited set of discrete intensity values to
which each beam will conform. The user then provides an
objective function of the computed dose which mathemati-
cally describes the clinical objectives of the treatment which
one is trying to achieve. From an initial weight for each
beam, a computed dose map is then computed and the
objective function value is determined for the computed
dose map. This value of the objective function is compared
to the previous objective function value. Based on this
comparison, the initial weights of the beams are adjusted,
but only to different ones of the discrete intensity values. The
process is repeated until the change in the objective function
is within an acceptably small tolerance defined by the user
or the computed dose falls within acceptable limits defined
by the user.

Thus, it is a first object of the invention to take into
account actual or effective limitations in the radiation
therapy equipment that limit the number of different inten-
sities it can produce. By limiting the optimization B process
to previously determined discrete vatues (rather than trun-
cate the answer to those values) the number of iterations
needed to produce a solution may be reduced and errors
which might result from a truncation of an optimized set of
beam weights to the discrete values are avoided.

The method may include the additional steps of deter-
mining at least one beam or a subset of beams having the
greatest effect on the objective function. In the adjustment of
the initial weight of the beams, the beam or beams having
the greatest effect on the objective function is given prefer-
€nce.

Thus, it is another object of the invention to improve upon
a strictly random examination of solution space such as is
provided by some stochastic methods. The determination of
the beam having the greatest effect on the objective function
is a simple process and may be used to either adjust that
beam first or to statistically bias the adjustment process
toward adjusting that beam instead of the other beams, thus
reducing the number of iterations necessary to find an
optimal solution.

In the method, the adjustment of the initial beam weights
to the discrete intensity values may prefer adjustments that
cause greater change to the beam weight.

Thus, it is another object of the invention to improve over
a strictly random selection of adjustment amounts in seeking
a solution. By biasing the selection of adjustment amounts
(between the discrete values) to larger amounts, rapid con-
vergence on a solution may be obtained. A normal “tem-
perature” factor, which decreases with increasing iterations,
is used to prevent the large changes from disrupting the
solution pear the end of the iteration cycle.

The determination of the computed dose may be per-
formed by separately pre-computing a reference dose map
for a plurality of the volume elements within the treatment
volume for each individual beam with the beams assumed to
have a predetermined normal beam intensity. The reference
dose maps indicate the radiation scatter pattern for each
beam. As the initial weights for each beam are changed, the
pre-computed dose map for each beam is scaled, and the
scaled dose maps are summed together to produce a com-
puted dose map.
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Thus, it is another object of the invention to improve the
speed of the iterative process as executed on a standard
electronic computer.

The foregoing and other objects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying draw-
ings 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 must
be made therefore to the claims herein for interpreting the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified perspective view of a radiotherapy
machine producing a plurality of pencil beams of radiation
independently controllable by an electronic computer as
may be used with the present invention;

FIG. 2 is a block diagram of the steps performed by the
electronic computer of FIG. 1 in determining the intensities
of the pencil beams for a desired dose map and objective
function;

FIG. 3 is a representation of an array stored in computer
memory defining the dose and scatter of a single pencil beam
of normal intensity for an example two dimensional treat-
ment area;

FIG. 4 is a schematic representation of the summing
together of scaled values from a number of arrays such as
that shown in FIG. 3 to rapidly determine dose from multiple
pencil beams; and

FIG. 5 is a figure similar to that of FIG. 4 showing the
identification of the beam having the most effect on the
objective function.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

System Hardware

Referring now to FIG. 1, an example radiation therapy
system 10, such as can be used with the present method,
provides a radiation source 12 directing a fan beam 16,
composed of a plurality of adjacent “pencil” beams 14,
through a treatment volume 18 and a radiation transparent
table 20 supporting the treatment volume 18. The individual
beams 14 passing through the treatment volume 18 and table
20 are received by a stop 22 generally opposite the radiation
source 12 with respect to the treatment volume 18.

The treatment volume 18 is typically a “slice” of a patient;
however, the table 20 may be moved along its longitudinal
axis 26 so that multiple slices of a patient can be irradiated
to treat an arbitrary volume of the patient. The treatment
volume 18 may be thought of as divided into a number of
generally rectangular volume elements (“voxels”) 24 which,
for convenience, are substantially the width of one beam 14
and the thickness of one slice.

The radiation source 12 and stop 22 are mounted on a
gantry 28 which may rotate to move the radiation source 12
and stop 22 in opposition to orbit the treatment volume 18
so that the fan beam 16 may irradiate the treatment volume
18 at a variety of different angles. The dose of radiation
received by each voxel 24 is the sum of the doses received
by the voxel at each angle of the gantry 28.

As the gantry 28 rotates, the intensity of each pencil beam
14 of the fan beam 16 may be independently controlled. One
method of controlling the intensity of such beams is
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described in U.S. Pat. No. 5,317,616 described above and
hereby incorporated by reference. In this method, radio-
opaque shutters are inserted in the path of the pencil beams
14 for varying durations of time to control the intensity of
each beam.

By controlling the intensities of the beams 14 (“the beam
weights”) at different angles of the gantry 28, the summing
together of the doses produced by beams 14 at the different
gantry angles can produce accurate and complex cumulative
radiation doses within the treatment volume 18. An elec-
tronic computer 32 controls the radiation source 12 to
provide the necessary beam weights and controls the rota-
tion of the gantry 28 and movement of the table 20. The
computer 32 includes a display 34 together with a keyboard
(not shown) providing for user input and output and a
processing unit 36 for performing the necessary calculation
to be described.

Planning Method Overview

Referring now to FIG. 2, a radiation planning session
begins as indicated by block 38 with a user entering param-
eters defining the desired distribution of dose within the
patient volume 18 and an objective function, f(d), which
quantifies how good a particular dose pattern is, and is
generally a function of the computed dose d,.

Objective functions may be placed broadly into two
classes: (1) physical objective functions, for example, one
minimizing the least square error between a computed dose
distribution and a desired dose distribution and (2) so-called
biological objective functions that minimize the probability
of normal tissue complications (as opposed to actual dose)
while maximizing the probability of tumor control. Biologi-
cal objective functions require an understanding of the effect
of given dose on the biological tissue.

One possible physical objective function is that of least
squares taking the form of ¥2(d;~d,)T(d,—d,,) where d;and d,,
are matrix elements (described below) which represent the
desired computed dose respectively, and where the T super-
script is a matrix transposition operator. Another example is
a “dose volume histogram” or DVH which provides a
function indicating dose versus percentage of the voxels 24
receiving that dose or less and thus provides a measure of the
“sharpness” of a computed dose map 47. Normally, the DVH
includes two measures, one considering DVH only for
tumorous tissue, and one considering DVH only for radia-
tion sensitive tissue. Thus, the quality of the treatment
planning is defined by the DVH which provides a quick
indication of how much tumorous tissue is not receiving the
minimum necessary dose level and how much sensitive
tissue is receiving more than the desired dose level. It will
be understood to those of ordinary skill in the art that other
objective functions may also be used.

Referring still to FIG. 2, after the desired dose map/
objective function has been input by the user, the various
components of that desired dose map/objective function 38
are distributed to various processes implemented by the
processing unit 36 according to a stored program.

After the desired dose map/objective function 38 has been
entered, the optimization process selects an initial set of
beam weights w,, for each gantry angle. These beam weights
may be chosen in a number of ways, some of which will be
described below.

In the first pass of the iterative process, the initial weights
W, become current weights w; for each of the beams as
indicated by process block 46. These beam weights w; are
then passed to the dose modeler 48 and a dose is calculated
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for the treatment volume 18 based on those beam weights
w;. The dose modeler 48 employs the matrix D as previously
input by the user and will also be described in more detail
below.

Generally, this dose is then passed to the objective func-
tion calculator 50 which computes the objective function
f(d) as previously input by the user.

Next at a termination testing block 52, the change in the
objective function Af(d) is tested to see if it is acceptable
according to criterion to be described below. If so, the beam
weights w; become the optimized beam weights as indicated
by process block 51 and are output in the form of a sinogram
to the radio therapy machine collimator 10 for use in the
treatment.

Normally, in the initial stages of this process, the objective
function will not meet the termination criterion and the
process will proceed to process block 53 and the gradient of
the objective function, Vf(d,), as a function of beam weights
is computed.

This gradient is used at process block 54 to select one or
more beams that have the greatest effect on the objective
function. These beams are preferentially changed at the
beam weight generator 46, as will also be described below.
The process of process blocks 48, 50 and 52 is repeated until
the objective function passes the termination test at process
block 52.

An Example Using A Least Squares Objective Function

For clarity in the following description, the process of
these blocks will be described in detail for the objective
function of the least square error between the desired dose
map 38 input by the user and the actual dose modeled at the
dose modeler 48.

User Input Parameters

As mentioned above, the user must input certain param-
eters defining the desired dose and the equipment being
used. These parameters generally include: 1) a description of
tissue characteristics affecting how dose is absorbed by
different volume elements 24 of the tissue in the form of an
array D, 2) an objective function, f(d), serving to quantify
how well the beam weights selected meet clinical require-
ments defined by the user, 3) criteria for terminating the
beam weight adjustment process, for example, a threshold €
below which changes in the objective function are consid-
ered insignificant and an acceptable solution is considered
reached, 4) upper and lower dose limits d,, d, for each voxel
which define an acceptable range of dose in each voxel of
the irradiated volume and the desired dose d, for each voxel
defining the spatial distribution of dose.

Also included in the desired dose map/objective function
38 are parameters describing the radiotherapy machine 10
and physical aspects of the treatment protocol including how
many different independently controllable beams 14 are
available and how many angles of the gantry 28 will be
employed during the treatment session. In addition, a value
k is provided indicating the number of different discrete
intensity levels obtainable or desirable in controlling each
beam. k is an exponent of 2 and thus the actual number of
beams will be 2%,

Generation of these necessary parameters starts with the
acquisition of a CT data set 40 indicating the general region
of interest to be irradiated. The physician may trace one or
more areas 42 on the image of the CT data set and assign to
these areas different dose values, normaliy by providing a
range of dose values between the upper limit d,, and a lower
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