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METHOD OF ELECTRON BEAM
RADIOTHERAPY

BACKGROUND OF THE INVENTION

1. 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 of evaluating
dose levels in electron beam radiotherapy treatment.

2. Background Art

Medical equipment for radiation therapy treats tu-
morous tissue with high energy radiation. The amount
. of radiation and its placement must be accurately con-
trolled to ensure both that the tumor receives sufficient
radiation to be destroyed, and that damage to the sur-
rounding and adjacent non-tumorous tissue is mini-
mized.

Internal source radiation therapy places capsules of
radioactive material inside the patient in proximity to
the tumorous tissue. Dose and placement are accurately
controlled by the physical positioning of the isotope.
However, internal source radiation therapy has the
disadvantage of any surgically invasive procedure, in-
cluding discomfort to the patient and risk of infection.

External source radiation therapy uses a radiation
source that is external. The source of the high energy
radiation may be x-rays, or electrons from linear accel-
erators in the range of 2 to 25 MeV, or gamma rays from
highly focused Co®0 sources having an energy of 1.25
MeV. The external source is collimated to direct a beam
into the patient to the tumor site.

Although the size and strength of the radiation beam
from the external source may be accurately controlled
outside of the patient, the dose received by a given
volume within the patient may vary because of scatter-
ing and absorption of the radiation by the intervening
tissue. For this reason, a determination of the proper
dose and placement of the dose requires an estimation of
the effects of treated tissue and the tissue surrounding
the treated area in scattering or attenuating the radia-
tion beam.

With electron beam radiotherapy equipment, the
scattering of the electrons as they interact with medium
is described by Fermi’s partial differential equation:

Vo= — oWt (T/4) ¥ a0 — BYy+(T/4)¥gg 0
where W is a function of the Cartesian coordinates x, y
and z describing the density of electrons (flux) at points
within the volume of the medium and of angles a and 8
which describe the trajectory of the electrons with
respect to the z axis, and where ¥, ¥,, and Yy, are the
partial derivatives of ¥ with respect to x, y and z; ¥qq
and Wqq are the second partial derivative of ¥ with
respect to angles a and B respectively, and T is the
scattering power of the medium through which the
radiation travels. In general, T will vary throughout the
volume and will therefore be a function of X, y and z.

Analytic solutions to Fermi’s partial differential equa-
tion, that is, algebraic functions ¥(x,y,z,a,8) that meet
the requirements of equation (1), are difficult to deter-
mine in all but a few simple cases. Those simple cases
include that where the patient is homogeneous or where
the values of T varies only as a function of z. Neither of
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these cases accurately describe many volumes within a
patient where radiotherapy may be required.

Failure to accurately account for variations in the
value of T in the x and y directions may lead to “hot” or
“cold” spots where substantially more or less radiation
is delivered than desired. This is especially true in the
neighborhood of substantial x and y variations in den-
sity such as may occur if the tumor to be treated is near
a cavity or bone.

For this reason, a “Monte Carlo” method is presently
preferred for the calculation of radiation dose for elec-
tron beam radiotherapy. In this technique, the paths of
several million particles are traced through a model of
the patient which accurately reflects the three dimen-
sional variations in the value of T within the volume
being studied. At regular points along the path of each
electron as modeled, a probability of scattering is calcu-
lated based on the value of T at that point. For large
numbers of electrons (above 106) an accurate represen-
tation of the dose is obtained.

Unfortunately, the Monte Carlo method is extremely
time consuming and may take upwards of several hours
for the computation of a single dose on current elec-
tronic computers.

The need exists for a method of dose modeling accu-
rately accounting for variations in T and that has
greater computational efficiency than the Monte Carlo
technique.

SUMMARY OF THE INVENTION

The present invention provides a method of discretiz-
ing Fermi’s partial differential equation so as to take into
account local changes in density of the patient at differ-
ent points in the treated volume. Flux is iteratively
calculated at a series of thin but successively deeper
layers across small volume elements which have essen-
tially constant densities and where algebraic approxima-
tions may be substituted for the partial derivatives of
Fermi’s partial differential equation.

Specifically, the method evaluates dosage patterns in
electron beam radiotherapy where an electron beam is
directed at a volume of interest in a patient having Car-
tesian dimensions x, y and z. The resulting dosage pat-
tern within the patient can be deduced from an electron
flux matrix ¥ of incident electron flux definable at ele-
ments spatially dispersed within the volume of interest
and identified to particular angular trajectories a and 8
with respect to an axis in the z dimension. The method
employs an electronic computer into which a matrix T
has been entered describing scattering power of the
tissue of the patient at the elements within the volume of
interest, and into which an incident flux field ¥ has been
entered having values corresponding to the electron
flux of electrons entering the region of interest. The
electronic computer is programmed to generate from an
initial matrix layer (originally equal to the incident flux
field ¥) and through an algebraic approximation of
Fermi’s partial differential equation, a next matrix layer
offset by a predetermined amount in z. This next matrix
layer is then stored in computer memory. The initial
matrix layer is then set equal to the next matrix layer
and these steps are repeated until a next matrix layer has
been determined for the entire volume of interest.

Thus, it is one object of the invention to provide a
method of dose calculation that is more computation-
ally efficient than the Monte Carlo method presently
employed but that employs a complete set of informa-
tion about variations in T.
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The algebraic approximation of Fermi’s partial differ-
ential equation may be used to derive both flux and
energy values for each next matrix layer and wherein
the flux values may be stored separately by energy.
Alternatively energy may be derived as a function of z
depth.

Thus, it is another object of the invention to provide
a computationally efficient method of treating the en-
ergy loss mechanism of particle beam radiation therapy.

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

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing the generation of
a scattering power matrix T and stopping power matrix
S for a slice through a patient by means of a CT ma-
chine and the computer calculation of an electron flux
matrix V¥ in that slice of the patient based on an incident
flux field ¥ representing the known strength of the
incident electron beam;

FIG. 2 is a diagrammatic representation of the inci-
dent flux field ¥ and the electron flux matrix ¥ showing
elements of that matrix arrayed in space and as further
subdivided according to electron angles a and 8 and
electron energies E;

FIG. 3 is a diagrammatic representation of a single
electron within one element of the electron flux matrix
¥ of FIG. 2, showing the trajectory of the electron
defined by angles a and B within a region defined by
Cartesian coordinates x and y and z and of an energy E;

FIG. 4 is a flow chart of the steps of the computer
program performed by the computer of FIG. 1 showing
the iterative calculation of the electron does matrix ¥
for the scattering power matrix ¥ and the incident flux
field ¥;

FIG. § is a graph of isodose lines within the electron
flux matrix ¥ for an incident flux field ¥ consisting of a
ten MeV pencil beam passing through water as simu-
lated by the method of FIG. 4; and

FIG. 6 is a graph comparing the electron flux matrix
¥ of FIG. 5 at a depth of 1.95 cm according to the
methods of FIG. 4 and according to analytic theory.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Hardware

Referring to FIG. 1, a computed tomography (“CT”)
machine 10 employs a rotating gantry 12 for projecting
a fan beam of radiation 14 through a patient 16 at vari-
ous angles about the patient 16. A detector array 18
acquires projection data 20 at each of these angles of the
gantry 12. The projection data is backprojected 22 on
an electronic computer 21 to form a tomographic image
23 providing flux information throughout a volume of
interest 19 of the patient 16 as may be stored in com-
puter memory (not shown) and displayed on display
device 27. The volume of interest 19 is selected to cover
a tumor to be treated in radiation therapy. Computed
tomography systems and computer systems for use with
such systems are well known in the art.
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Data Structures
The Scattering Power Matrix T

The density information of the tomographic image 23
may be used to construct a scattering power matrix T
indicating the scattering power of each volume element
(“voxel”) of the volume of interest 19, and a stopping
power matrix S indicating the stopping power of each
voxel of the volume of interest. As the names would
indicate, “scattering” is the measure of a material’s abil-
ity to change the trajectory of the electron without
stopping it, whereas “stopping” is the measure of the
ability of a material to stop the electrons by absorbing
their energy. There are a number of techniques for
estimating “scattering” and “stopping” from CT data
and assumptions about the composition of the patient,
that are well known in the art.

The storage of the matrices T and S in a computer 21
is accomplished by equating an address in the comput-
er’s memory, used to hold the contents of each element
of the matrices, with the various matrix dimensions so
that the address uniquely identifies the location of the
particular element within the matrices’ multiple dimen-
sions. The contents of each element of the matrix is
simply a number. In the case of the scattering power
matrix T that number is the scattering power associated
with the given voxel of the patient 16, and in the case of
stopping power matrix S, that number is the stopping
power associated with the given voxel of the patient 16.
Within this description, such arrays are designated by
bold face symbols, e.g. T, S.

Thus, the scattering power matrices T and S provide
scattering information throughout the volume of inter-
est 19 at matrix elements, generally identified to the
Cartesian coordinates of their associated voxels within
the volume of interest 19. These matrices will generally
be of three dimensions corresponding to the dimensions
of the volume of interest 19.

The Incident flux field ¥

Referring still to FIG. 1, the scattering power matrix
T is combined with another matrix, an incident flux
field ¥, in a dose calculator 24 (to be described). The
incident flux field ¥, represents the flux of electrons
entering the volume of interest 19 along the z direction
at each point along a surface in x and y. The incident
flux field ¥ is normally inferred from water phantom
measurement of dose and will be dependent on the
particular radiotherapy machine to be employed and
the setting and calibration of that machine.

Referring to FIGS. 2 and 3, the incident flux field ¥
requires for its description and for its storage in the
computer 21 at least a two dimensional array of ele-
ments in x and y, each element holding a number indi-
cating the flux of electrons from the radiotherapy ma-
chine incident to the volume of interest 19. Thus each
electron e~ may be identified to a region within the x-y
plane by its element in a two dimensional array. More
generally, however, each electron e—, of the incident
flux field ¥ may also be characterized by the angle of its
trajectory 29 and by its energy. The angle of its trajec-
tory 29 may be described by angles a and 8 where 60 is
the angle between the z-axis and a projection of the
electrons trajectory 29 on the x-z plane and 8 is the
angle between the z-axis and the projection of the elec-
tron’s trajectory 29 on the z—y plane.
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Typically, however, the energy and trajectory of the
electrons in the incident flux field ¥ will be uniform
over the x-y plane. The energy is that set by the radio-
therapist and the trajectory is nearly parallel to the z
axis.
The Electron Flux Matrix ¥

As the electrons of the incident flux field ¥ pass into
the volume of interest 19, traveling generally along the
z direction, they impart a radiation dose to each voxel
of the volume of interest. The flux at each point is calcu-
lated from the scattering power matrix T and the inci-
dent flux field ¥ in the dose calculator 24 to produce an
electron flux matrix ¥. The electron flux matrix ¥ is
generally three-dimensional to match the volume of
interest 19, however, “slices” of the electron flux matrix
¥ may be displayed on a display 30 as an image 31 of
isodose lines superimposed on a slice image 31 formed
from the backprojected CT data. The elements of the
three-dimensional electron flux matrix ¥ at a given z
value will be termed a “layer” with the electrons pass-
ing first through the “upper” layers of the electron flux
matrix .

The present invention employs the electron flux ma-
trix ¥ not only to describe the flux throughout the
volume of interest 19 but also in determining that flux
iteratively, on a layer by layer basis. That is, upper
layers are used to deduce the electron flux for lower
layers.

In order to provide the necessary information for this
iterative process, the electron flux matrix ¥, provides
not only the flux at spatial locations, but also provides
information necessary to track the progression of the
electrons through the patient 16. This tracking requires
that the electron flux matrix ¥ record the trajectories of
the electrons in each voxel, as measured by a and 8, and
in one embodiment, the energies E of the electrons. The
need to characterize the electrons as to their energies E
arises because electrons having insufficient energy may
simply stop at a preceding layer.

This additional information of a, 8, and E is repre-
sented in FIG. 3 as additional bins within each elements
36 of the region of interest 19. The visual representation
of FIG. 3 of the subpartitioning of each element into a
and B and E is intended to provide an intuitive frame-
work for this multidimensional array. Nevertheless, it
will be recognized that the electron flux matrix ¥ is
simply a six dimensional array with no particular hierar-
chy among the dimensions.

As a practical matter, just as the Cartesian space of
the region of interest 19 is quantized into discrete ele-
ments, the angles a and B are divided into discrete
ranges in the preferred embodiment being 2° and the
energy E divided in to bands of 0.23 Mev, each band or
range being a separate bin. For notational clarity, each
element of the electron flux matrix ¥ is designated by a
set of index numbers corresponding to each of the di-
mensions of the electron flux matrix . Variables i, j,
and k are used to represent these index numbers for the
X, y and z dimensions, respectively—greater values of z
are lower layers of the electron flux matrix V. Variables
n and m refer to the index numbers associated with the
dimensions of a and B. The variable o designates the
dimension of E, when used.

The Dose Calculator

The dose calculator 24, like the backprojector 22,
may be realized in software in the computer 21. Refer-

20

45

50

55

60

65

6
ring now to FIG. 4, at the first step of the program

implementing the dose calculator, the scattering power
matrix T is input as indicated by process block 100. At
succeeding process block 101, the stopping power ma-
trix S is also entered to be used in the calculation of dose
to be described below and the incident flux field ¥ is
input to the computer 21 as indicated by process block
102. The incident flux field ¥ is saved in a current layer
variable, the variable is an array equal in size to that of
the incident flux field ¥ and is used in subsequent calcu-
lations.

At process block 104, values for a next layer variable
equal in size to the current layer is calculated from the
current layer by using an algebraic approximation to
Fermi’s partial differential equation (1) given above.
Equation (1) provides an accurate mathematical de-
scription of the scattering of a large number of charged
particles passing through a medium in the form of a
relatively simple relationship between the partial deriv-
atives of the particle densities along the coordinates x,
¥, 2, a and B. Nevertheless, as has been described
above, analytic solutions, that is, sets of values fitting
the requirements of equation (1) have only been deter-
mined for some relatively simple cases with often unre-
alistic simplifying assumptions about the variations of T
throughout the scattering medium.

By discretizing the electrons and their trajectories
into the current layer and next layer variables, it has
been determined that Fermi’s partial differential equa-
tion may be accurately approximated algebraically for
the small regions defined by the separation between
elements of the current and next layer variables. One
such algebraic approximation uses the following rela-
tions:

Yo (‘Pm,ni‘i’k+ - q’m,ni‘i’k)/ Az 3)

VoW~ Wk, i+ 15Ky /2% @

Yy (W V= VR, i+ LR /20 o)

VYoo (¥m— 1,0 —2W gy Kt W 1 R/ (D) ©)

YRR (Y g 1K~ 2 gy IR Wy 1 1KY /(B B)2 V)
where Ax, Ay, Az, Aa, and AR are the spatial and angu-
lar separations between elements and bins of the elec-
tron flux matrix ¥ (hence Az is also the separation be-
tween layers). The subscripts and superscripts follow-
ing ¥ are simply the index variables referred to above.
These approximations will be recognized as the defini-
tion of a partial derivative when the denominator values
approach zero.

Thus in process block 104, the approximations of
equations (3)-(7) are substituted into equation (1) and
the resulting combination solved for ¥, -+ 1, where
ij, k<41, m, and n, are the coordinates of the element
and bin of the next layer variable being determined at
any given instant.

Thus, each element of the next layer may be com-
puted from neighboring elements of the current layer
above it. The first time this calculation is performed, as
mentioned, the current layer is the incident flux field V.

For a simplified case of a two dimensional volume of
interest 19 where the change in scattering power T in
the y direction is constant. Equation (1) will simplify to:

Vo= —a¥x+(T/49)¥aa ®)
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