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¥ THE DISCLOSURE

A radiation therapy apparatus includes a compensator

having a Plurality of leaves

by controlling the

5 duty cycle of the leaves position between the open and
closed states. An apparatus for controlling the compensator
accounts for scattering of radiation through the
deconvolution of a terma map and calculates a sinogram for
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METHOD AND APPARATUS FOR RADIATION THERAPY

R IR OIUND X

Fileld of the Invention

This invention relates generally to radiation therapy

equipment for the treatment of tumors, or the like, and
specifically to a compensator mechanism and assocciated
radiation therapy planning software for requlating the dose of
radiation within irreqularly shaped zones within the patient.

Background Art

Medical equipment for radiation therapy treats tumorous
tissue with high energy radiation. The dose and the placement
of the dose must be accurately controlled to insure both that

the tumor receives sufficient radiation to be destroyed, and

that damage to the surrounding and adjacent non-tumorous
tissue is minimized.

Internal-source radiation therapy places capsules of
radiocactive material inside the patient in proximity to the
tumorous tissue. 'Dose and placement are'accurately controlled
by'thé'phyaical positioning of the isotope. However,
internal-source radiation therapy has the disadvantages of any
surgically invasive procedure, including discomfort to the

patient and risk of infection.



10

15

20

25

2091275

External-source radiation therapy uses a radiation source
that is external to the patient, typically either a
radioisotope, such as %Co, or a high energy x-ray source, such
as a linear accelerator. The external source produces a
collimated beam directed into the patient to the tumor site.
External-source radiation therapy avoids some of the problems
of internal-source radiation therapy, but it undesirably and
necessarily irradiates a significant volume of non-tumorous or
healthy tissue in the path of the radiation beam along with
the tumorous tissue.

The adverse effect of irradiating of healthy tissue may
be reduced, while maintaining a given dose of rad;ation in the
tumorous tissue, by projecting the external radiation beam
into the patient at a variety of "gantry” angles with the
beams converging on the tumor site. The particular volume
elements of healthy tissue, along the path of the radiation
beam, change, reducing the total dose to each such element of
healthy tissue during the entire treatment. |

The irradiation of healthy tissue also may be reduced by
tightly collimating the radiation beam to the general cross
section of the tuﬁbr taken perpendicular to the axis of the
radiation beam. Numerous systems exist for producing such a
circ;ﬁtarential collimation, some of which use multiple

sliding shutters which, piecewise, may generate a radio-opaque

mask of arbitrary outline.
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As part of collimating the beam to the outline of the
tumor, the offset angle of the radiation beam, with respect to
& radius line between the radiation source and the center of
rotation of the radiation source, may be adjusted to allow the
treated area to be other than at the center of rotation.
Simultaneously changing the offset angle and the width of the
radiation beam as a function of gantry angle allows tumorous
tissue having an irreqular cross-section within a plane
parallel to the radiation beam to be accurately targeted.

The width and offset angle of the radiation beam may be
controlled by the use of a multiple-leaf collimator.

Adjustment of the offset angle, center, and size of the
radiation beam at various gantry angles allows considerable
latitude in controlling the dose. Nevertheless, these
approaches still impart a considerable amount of undesired

dose to healthy tissue, especially where the tumor is concave

or highly irreqular.

SUMMARY OF THE INVENTION

The present invention is a compensator that dynamically

controls the effective intensity of rays within the
radiation beam to produce a fluence profile of arbitrary
shape. This ability to vary the intensity of individual
rays within the beam, as opposed to simply turning them on
or off, allows an advanced technique of therapy planning to

be employed in which the fluence profiles are varied at each
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gantry angle to accurately control the dose to irregularly
shaped tumors within the body. An efficient iterative
approach allows precise calculation of the needed fluence
profiles.

Specifically, the compensator includes a number of
radiation attenuating leaves in a rack positioned within the
radiation beam before it enters the patient. The leaves fit
within a plurality of adjacent sleeves in the rack for
moving into the radiation beam in a closed state (each leaf
thus occluding one ray of the beam) and moving out of the
radiation beam in an open state to allow unobstructed
passage of the associated ray.

A motivation mechanism allows the leaves to be
independently moved between the open and closed state and a
timer communicating with the motivation mechanism controls
the ratio of the period of time during which each leaf is in
the closed state to the period during which each leaf is in
the open state to control the average intensity of each ray
of the beanm.

It is one object of the invention to provide a simple
and reliable means for producing an arbitrary fluence
profile within a high energy radiation beam. Moving the
leaves of the compensator rapidly in and out of the beam
allows effectively continuous control of the intensity of

the rays.
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It is another object of the invention to provide a
method of attenuating the individual rays of a high energy
radiation beam with negligible effect on the spectrum of the
radiation, such as would occur if varying thicknesses of
filter material were used. The leaves may be constructed to
provide nearly complete blockage of the radiation and thus
to prevent "beam hardening® effects whers higher energy
radiation is preferentially propagated (as is the case with
attenuating filters). The ability to use a motivating
mechanism that may simply move the leaves between two
states, eliminates the need for complex and spatially
precise actuating and verification mechanisms.

It is another object of the invention to provide a
compensator that provides highly resolved control of the
intensity of radiation received throughout a volume of a
patient. The compensator may operate on a fan beam of
radiation and the patient may be translated with respect
to that fan beam to allow control of radiation intensity
throughout an irradiated volume. The use of a fan beam
allows tho-motivapingmochaniam for the compensator
leav§§ to be near the leaves without interfering with the
projected radiation.

Fluence profiles, such as may be controlled by the

above compensator, may be calculated by a therapy

planning apparatus receiving a desired dose map of
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radiation doses within a volume of the patient,

deconvolver Produces a "terma"

terma values

the dose of the desired dose

map would be produced. The terma map is used to derive a

fluence map from

which the fluence Profile may be
determined.

it passes through the

deconvolution produces terma

it influences the desired

It is yet another object of the

apparatus forportormdng'radiation therapy'planning that

takes advantage of the data available from computed

tomography systems and the like to accurately account for

20 variations in the density
optimsl dose.

Map may accept values indicating the attenuation caused by

each volume element of the patient, from a CT scanner or the
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The deconvolver may receive a spatially invariant,

lsotropic, compact kernel indicating the combined scatter
from a number of beams at different gantry angles. The
deconvolution may be performed by taking the inverse Fourier
transform of the ratio of the Fourier transform of the
desired dose map divided by the Fourier transform of the
kernel. Alternatively, the deconvolution to a terma map may

be performed as part of a projection used toc produce the

fiuvence profile, by a fast inversion filter.

It is thus a further object of the invention to provide
a rapidmdans of calculating the terma distribution from the
desired dose map employing the computational efficiencies of
the fast Pourier transform or of projection mathematics.

The therapy planning apparatus may also include a back-
projector receiving the fluence profile and estimating the
actual dose map produced. This actual dose map is then
received by a residual dose calculator which compares the
desired dose map to the actual dose map to produce a
residual dose map. An iterator then recalculaées the

fluence profile based on an error fluence profile produced

from the residual dose map.
It is thus a further object of the invention to
compéﬁsato for errors in the fluence profile introduced by

the elimination of negative fluence values such as may be

produced in the deconvolution. The iteration, and
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filtration in projection Space, reduces these errors to an

dcceptable amount.

The foregoing and other objects and advantages of the
invention will appear from the following description. 1In
> the description, reference is made to the accompanying
drawings which form a part hereof and in which there is
shown by way of illustration several preferred embodiments
of the invention. Such embodiments do not necessarily

ropresent the full scope of the invention, however, and

10 reference must be made therefore to the claims herein for

YLTIOUN OF Y DRAWT N7,

Fig. 1 is a perspective view of the compensator
assembly used in the present invention, showing the
15 compensator leaves and their associate pneumatic cylinders;
Fig. 2 is a cross-section of the Compensator assembly
of Fig. 1 along line 2-2 showing the trapezoidal aspect of

each compensator leaf, for a fan beam of radiation, and the

guide rails for supporting the compensator leaves when they

20 move; -
Fig. 3 is a cutaway perspective view of a set of guide
rails ‘and one leaf of Fig. 2 showing a collar for supporting
the leaf in its fully closed position;
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Fig. 4 is a block diagram showing the elements of a
radiation therapy apparatus incorporating a conventional CT
scanner and the compensator of the present invention and
including a computer suitable for controlling that
compensator per the'present invention;

Figs. 5(a)-(d) are dose distributions of a hypothetical
tumorous region showing dose intensity by lines of equal
dose, with Fig. 5(a) showing a desired dose distribution and
Figs. S5(b), (c¢), and (d) showing progressive actual dose
distributions after two, three and ten iterations per
present invention;

Fig. 6 is a diagrammatic representation of a patient
receiving radiation therapy, showing the scatter kernel and
the coordinate system used to describe the present
invention:

Fig. 7 is a perspective representation of a
monodirectional scatter kernel associated with a radiation
beam at one gantry angle;

Fig. 8 is a perspective representation of a composite
multidirectional scatter kernel associated with a plurality

of radiation beams at multiple gantry angles;
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Fig. 9 is a block diagram depicting the fluence profile
calculator which takes a desired dose map and calculates a
fluence profile:

Fig. 10 is a graph showing the prefilter
characteristics associated with the fluence profile

calculator of Fig. 9;

Fig. 11 is a block diagram depicting the overall
iterative method of controlling the compensator of the
present invention, employing the fluence profile calculation

method of Fig. 9;

Figs. 12(a)-(c) are perspective vieﬁﬁ of plots showing
the error between the desired dose distribution and the
actual dose distribution obtained with the present invention

for one, two and four 8teps of iteration respectively.

. v . » . . . -y - Y . . -
L [P . l . v ! . 0 - . -~ \ - Pae -~ - i

E_PREFERRED EMBODIMENT
Referring to Pig. 1, a radiation therapy unit 10
guitable for use with the present invention includes a
radi&tion source 12 producing a generally conical radiation
beam 14’ emanating from a focal spot 18 and directed towards
a patient 17 (not shown in Fig. 1). The conical beam 14’ is
colliﬁatedby'a radiation opaque mask 16 constructed of a

set Qf rectangular collimator blades to form a generally

planar fan beam 14 centered about a fan beam plane 20.
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I. The compensator

A compensator 22 is centered in the fan beam 14 and
about the fan beam plane 20, prior to the radiation being
received by the patient 17, and includes a plurality of
adjacent trapezoidal leaves 30 which together form an arc of
constant radius about the focal spot 18. The leaves 30 are
held in sleeves 24. The sleeves 24 are constructed of radio
translucent materials and attached at their inner ends 23 to
4 mounting plate 26 which is fixed relative to the focal
spot 18. The mounting plate 26 is constructed of a sturdy,
radiopaque material and is positioned just outside the fan
beam 14 to prevent interference with the fan beam 14.

Preferably, the leaves 30 of the compensator 22 subtend
the entire fan beam 14 to divide the fan beam 14 into a set

of adjacent slab-like rays 28 at offset angles ¢. Referring
also to Fig. 2, each sleeve 24 is open at its outer end 27
to receive, by sliding, a comparably sized trapezoidal leaf

30 constructed of a dense, radiopaque material such as lead,

tungsten, cerium, tantalum or a related alloys.

Each leaf 30“pay'slide completely within its
corré;ponding sleeve 24 to block the ray 28 associated with
that_gleeve 24. When the leaf 30 blocks its corresponding
ray 28, it is referred to as being in a "closed state". The
sleeves 24 are of ample length to pexmit each leaf 30 to

slide out of the path of the fan beam 14, so as to leave its
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corresponding ray 28 completely unobstructed, and yet to
still be guided by the sleeve 24. In this non-blocking
position, a leaf is referred to as being in the "open
gtate".

Each leaf 30 may be moved rapidly between its open and
closed states by means of a corresponding pneumatic cylinder
connected to the leaf 30 by a flexible link 34. The
pneumatic Cylinders 32 have internal pistons (not shown)
that may be moved at high velocity between the ends of the
Cylinders 32 by means of pressurized air coupled to the
Cylinders 32 through supply hoses 35. The supply hoses 35
are fed by a compensator control (not shown in Pigs. 1 or 2)
to be described below. The pneumatic cylinders 32 are
capable of applying high forces to the leaves 30 to move
them rapidly and independently between the open and closed
states.

Referring now to Figs. 2 and 3, the leaves 30 are
supported and guided within the sleeves 24 by guide rails 36
fitted into notches 38 cut along the edges of the leaves 30.
The notches 38 allow the guide rails 36 to slidably retain
the léavea 30 within the sleeves 24 during motion between
the open and closed states.

In the closed state, the inner end 40 of each leaf 30
is captured by a rigid collar 42 attached to the mounting

plate, which aligns the leaf 30, more accurately than may be
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done by the guide rails 36, with the mounting plate 26 and
hence with the fan beam 14. Whereas the gquide rails 36,
which are ideally radio translucent, are relatively
insubstantial, in contrast, the collar 42, positioned
5 outside the fan beam 14 on the mounting plate 26, need not

be radio-translucent and hence is more substantial in
construction. A collar (not shown) similar to collar 42,
Supports each leaf 30 when it is fully in the open state.
Because the leaves 30 spend most of their time fully in the

10 open or closed states, they are, at most times, firmly
located by a supporting collar 42.

R Q1 & wit LI16SY AN yi-ine

Referring now to Fig. 4, the radiation source 12 is
mounted on a gantry 44, the latter rotating within the fan
15 beam plane 20 about a center of rotation 45 in the patient

17 so that the fan beam 14 may irradiate a slice of the
patient 17 from a variety of gantry angles §

The radiation source 12 is controlled by a radiation

control module 48 which turns the radiation beam 14 on or

20 off under the control of a computer 51.
"A-compensator control module 52 provides a source of
compressed air and valves to gate that air through supply

hoses 35 to control, separately, the pneumatic cylinders 32

to move each of the leaves 30 in and out of its

25 corresponding sleeve 24 and ray 28 (see also Fig. 1). The
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compensator control module 52 also connects with computer 51

Lo allow program control of the compensator 22 to be
described.

A tomographic imaging system 11 employing an x~ray
source 46 and an opposed detector array 50 may be
advantageously mounted on the same gantry 44 as the
radiation source 12 to produce a tomographic or slice image
of the irradiated slice of the patient 17 prior to radiation
therapy for planning purposes. Alternatively, such
tomographic imaging may be performed on a separata machine

and the slices aligned according to fiducial points on the
patient 17.

A gantry control medule 54 provides the signals

necessary to rotate the gantry 44 and hence to change the

position of the radiation source 12 and the angle § of the
fan .beam 14 for the radiation therapy, as well as for the
computed tomography x-ray source 46 and detector array 50
also attached to gantry 44. Gantry control module 54

connects with computer 51 so that the gantxy may be rotated
under computer control and also to provide the computer 51

with 4 signal indicating the gantry angle # to assist in

that control.

Control modules for the tomographic imaging system 11

include: x-ray control module 56 for turning on and off the

X-ray source 46, and data acquisition system 58 for
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receiving data from the detector array 50 in order to

construct a tomographic image. It will be understood to one
of ordinary skill in the art that a detector array 50’ may
also be placed to receive radiation from the radiation
source 12 through the patient 17 to assist in verification
of the treatment.

An image reconstructor 60 typically comprising a high
Speed array processor or the like receives the data from the
data acquisition system 58 in order to assist in
"reconstructing" a toﬁographic image from such data
according to methods well known in the art. The image
reconstructor 60 also communicates with computer 51 to
assist in high speed computations used in the present
invention as will be described below. The tomographic image
allows verification of the patient setup just prior to

radiation therapy treatment.

A terminal 62 comprising a keyboard and display unit 63
allows an operator to input to programs and data to the
computer 51 and to control the radiation therapy and
tomographic imaging equipment 10 and 11 and to display
tomographic imagéi produced by the image reconstructor 60 on
the display 63. A mass storage systam 64, being either a
magnéiic disk unit or tape drive, allows the storage of data
collected by the tomographic imaging system 11 for later

use.
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Computer programs for operating the radiation therapy
system 10 will generally be stored in mass storage unit 64
and loaded into the internal memory of the computer 51 for

rapid processing during use of the system 10.

a fluence profile for each gantry angle. The fluence
profile describes the intensity or fluence of each ray 28 of
the radiation beam 14 from the radiation source 12 that is

10 desired for that gantry angle § at a given position of the
patient support table (not shown) as translated through the
radiation beam 14. Together, the fluence profiles for each
gantry angle make up a treatment sinogram for a particular
position of the patient table.

15 The compensator control module 52 moves the leaves 30
of the compensator 22 rapidly between their open and closed
states to either fully attenuate or provides no attenuation
to each ray 28. Gradations in the fluence of each ray, as
needed for each fluence profile, are obtained by adjusting

20 the relative duration during which each leaf 30 is in the
closed position compared to the relative duration during
which e#ch leaf 30 is in the open position, for each gantry
angle. The ratio between the closed and open states or the
"duty cycle" for each leaf 30 affects the total energy

25 passed by a given leaf 30 at each gantry angle and thus
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controls the average fluence of each ray 28. The ability to

control the average fluence at each gantry angle permits

accurate control of the dose provided by the radiation beam

14 through the irradiated volume of the patient 17 by

5 therapy planning methods to be described below.
The fluence profiles of the treatment sinogram are
determined by therapy planning software (described below)
and stored in the computer 51.
L NOrapy Planning Software
10

The generation of a treatment sinogram needed to obtain

the full benefits of the above described compensator is

performed by specially developed software running on the

computer 51 and reconstructor 60. Although the treatment

planning is performed in software, it will be recognized

15 that the planning may also be implemented in discrete
electronic cifcuitry dedicated to this operation and that
such dedicated circuitry may be employed to provide even
greater spee& té this process.

Referring to Fig. S(a), the generation of the desired

20

treatment sinogram to control compensator 22 begins with the

definition of a desired dose map 66. A typical desired dose

map 66 assigns a relatively high radiation dose, within a

dose gonatraint, to an area of tumorous tissue 68 and a

second ldwer radiation dose to the area of healthy tissue 70

25 outside of that region. The healthy tissue 70 may include
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an area 72 including a radiation sensitive organ or the like
to which an even lower radiation dose may be assigned.

The desired dose map 66 is stored within the memory of
computer 51 as an array of elements each element holding one
digital value, and may be most easily entered by displaying
the tomographic view of the slice of patient 17 on the
display 63 of the terminal 62 and manually tracing around
the tumorous area 68 using of a track-ball or similar input
device as is well understood in the art. Standard area-
filling computer programs may be used to transfer the dose
values assigned to each traced region to the appropriate
element in the array of memory representing the desired dose
map 66.

Each element of the dose map 66 thus defines the dose
desired at each of thg Plurality of volume elements 74
("voxels") within a slice of the patient 17. Referring to
Fig. 6, each voxel 74 of the patient 17 may be identified by
a vector f’dofined'from‘a given reference point 76. The

dose at each voxel 74 is D(T).
A. Converting Dose to Terma

1. Terma
-Generallyy the dose at any voxel r will depend on the
energy received at that voxel r from radiation scattered

from adjacent voxels T (where adjacent voxels T’ include
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the voxel T, i.e., the radiation received directly from the
radiation source 12). The dose D(r) for a given voxel T is

given by the following formula:

D(?)*I T(T’)A(T~-2’ )d3T" (1)

S where T(T’) is a value indicating the magnitude of the
Primary total energy released from T’ per unit mass of that
voxel T’ and is called the "terma* (total energy released

per unit mass).

For a monocenergetic external radiation source, the

10 terma rate T(T) is described by:
TT’) = ‘j(?')z I é(T')dt - (2)
where g'ia an effective mass attenuation value at the

voxel ¥’, E is the energy of the radiation photons in

Jouies, $ is the distribution of the fluence rate (£lux

15 density). The integration of energy times fluence rate over
time is energy fluence
¥(T') where:

¥(T')=B [$(F')dt (3)

hence

20 T(E) = EFw(E) (4)
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Equation k4) basically relates how much energy from the

ray 28 interacts with the voxel r’.

2. Convolution Kernel

-t

.A(?-r') is a convolution kernel describing non-
stochastic energy transport or scattering in a uniform
medium. A(Y-X’) thus describes how the energy from each
voxel T’ spreads to contribute to the dose at voxel =.

The kernel A(r-r’) may be generated using a Monte Carlo
method as is generally understood in the art. As menticned,
it is a three-dimensional function indicating the fraction
of energy absorbed at voxel T per unit of energy released at
voxel T¥’. The energy emitted from the terma of each
voxel T’ finds it source in a directed ray 28 from external
radiation source 12 and thus A{?J?') is generally
ani;otrOpic as suggested in Fig. 7, spreading outward away

from the entry of ray 28. Energy conservation requires
that:

[ A(F")d3F =1,0 (5)

‘That is, if the energy transferred by the primary
interaction were all deposited on the interaction point, the
kernel would be approximated as a delta function.

Referring still to Fig. 7, the anisotropy of A(T-Z') is
related to the gantry angle § and thus of the angle of
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incidence of the ray 28 at r¥’. If the gantry angles 8§ at

which the patient 17 is irradiated are predetermined, a

the rays 28 from each gantry angle ¢ contribute equally to
the terma at voxel ¥’, then the multidirectional convolution

kernel reduces to a "igotropic" form as follows:

B(r-x’') = ;,1- igl A(T-T')4 (6)

where n is the number of discrete gantry angles from
which rays 28 are projected.

For multiple rays 28 at different gantry angles, the
total dose at a given voxel T is the sum of doses from each

constituent beam is therefore:

D(T) = f T(T¥’)B(T-T’ )d3T" (7)

where T(X’) = nT(¥’);, the latter term being the

contributed portion of the terma for the ith gantry angle.
.This simplification assumes that the contribution to
the terma from each ray 28 is equivalent and takes advantage

of the distributive property of convolution. Errors in this
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assumption are reduced by the filtration to be discussed
later.

Equation (7) substantially simplifies the calculation
of dose from terma but still requires a convolution for each
voxel T times the total number of voxels E’ to calculate the
dose over the entire patient volume. Preferably, therefore,
the calculational efficiency of the fast Pourier transform

can be used and equation (7) converted to the following:
D(T) = F~1 (P{T(T')} F(B(E-")}) (8)

where F and F~l symbolize Fourier and inverse Fourier
transforms respectively. This simplification of equation
(8) requires that the kernel B(fJ?’) be spatially invariant
and ralies on the convolution theorem which states that
convolution of two spatially invariant quantities in a space
domain is equivalent fo mnltiplication in the frequency
domain.

The assumption of the spatial invariance of B(Z-Z’) is
correct only to a first order approximation. Tfpicallyy the
kernel B(X-X’) for an external radiation source 12 is a
complex function of: (1) beam hardening of a polyenergetic
Xx-ray beam (i.e., the effect of the filtration of the

patiéﬁt 17 in increasing the proportion of high frequency or

high energy radiation components), (2) the number of rays 28
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crossing each voxel, and (3) exponential attenuation by the

 patient mass,

In the preferred embodiment, this first factor, beam
hardening, is neglected because it is an effect smaller than
the attenuation problem. Thus, the photon energy spectrum

in the patient 17 may be assumed to be the same as that of
the external radiation source 12. This simplification is
not required, however, and it will be understood that beam
hardening could be accurately accounted for by representing
a photon energy spectrum by a finite number of separately
convolved energy intervals,

The second factor, the difference in the number and
orientation of rays 28 that cross each voxel, caused by the
geometry of a finite number of gantry angles and the fan
orientation of the beam 14, affect spatial invariance.
Problems arising from the fan orientation of the beam (in
contrast to a parallel beam geometry) are largely solved if
there is a full rotation of the gantry 44. Errors resulting
from the fact that irradiation is performed at only a finite
numbqr'of gantry angles have been determined to be
acceptable.

.The third factor affecting the assumption of spatial
invariance is the attenuation of the medium. This affects
the fractional contribution of the total terma from the

beams at each gantry angle. Accordingly, in those steps of



10

15

20

-24- 2091275

the planning procedure, as will be noted below, where

deduced from the parameters of the tomographic image. 1In
this case the simplification of equation (8) may not be
employed and repeated convolutions must be performed. 1In
certain steps in the planning process, however, as will be
noted, an estimate is sufficient and in these cases B(r-2’)
is assumed to be spatially invariant and the dose calculated
according to equation (8).

Production of terma values from a desired dose map 66

is then simply the process of inverting equation (8) as

follows:
F{B(r-r’')}

This inversion requires that there be no gsignificant
"zeros" (typically at high frequencies) in the denominator
term P{B(X-r)} or more simply that the kernel B(r-T’') be
spatially compact (i.e., the Fourier transform of a
spatially compact kernel will have significant high
frequenéy'content). It has been determined by the present
inventors that the kernels dictated for patients 17 are

sufficiently compact to allow this Fourier deconvolution.
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Referring now to Fig. 9, this deconvolution to produce
a terma map 82, giving the terma for each voxel T, from the

desired dose map 66, is represented by process block 80.

B. Converting Terma to Voxel Energy Fluence
Knowing the terma map 82, the energy fluence ¥(Z'),
which is a measure of the beam intensity, can be determined

at each corresponding voxel by equation (4) from a knowledge

of u/p as followe:

Y@ )= 2 (10)

The value of u/p may be estimated and considered a
constant or actual u/p may be deduced from the tomographic
scan data collected by means of the tomographic imaging
system 11, (shown in Fig. 4). In this manner and as
illustrated by process block 84 of Fig. 9, a fluence map 86
giving the fluence at each point of the terma map may be

determined.

C. Converting Voxel Energy Fluence to Energy Fluence
Profile

The energy fluence ¥(¥’) at each voxel 2’ is related
to the energy of the ray 28 exiting the compensator 22 by

the relation:
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48 described by 6(p-9~i~') at the exit of the compensator 22
and serves to define the fluence profile of the compensator
and 0 and ¢ are the gantry angle and the offset angles of
the ray 28 as previously described.

The exponential term represents the attenuation of the
ray 28 from the exit of the compensator 22 to the voxel ¥
caused by the mass of the patient 17 where by u/p(Tf) is the
attenuation for each voxel r along the ray 28, p('f) ig the
density of each voxel T, SSD(¢,0) is the distance between

the exit of the compensator 22 and the surface of the
patient 17 , £ is a unit vector along 3'(where the origin
of T is now assumed to be the center of rotation of the
gantry 45), and p is the perpendicular distance from the
gantry’s center of rotation 45 and the ray 28. The vector t
is simply a vector along the ray 28 to provide an
integration variable.

The fluence at each voxel T is related to the fluence
of the radiation beam 14 emitted from the compensator 22 by
equatioh (11). In the preferred embodiment, the density and

attenuation of each voxel T, u/p(f) and p(F¥) are assumed to

be constant and the fan beam.of radiation is approximated by

a parallel beam, hence —-7—1ﬁ?ﬁl= )| Borrowing from the
t
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mathematics of tomographic image reconstruction, the fluence
map 86 may be "reverse" back projected (i.e. projected) by
projector 85 to determine a fluence profile to be produced

by the external-source necessary to generate the desired

fluence map and hence dose.

This projection is simply the opposite of a typical
back projection used to form an image of a tomographic slice
of a patient 17 from a series of projections taken in a
tomographic imaging system. Because a Projection is a line
integral across a distribution, the energy fluence
distribution for each voxel (equation (11)) is first

differentiated with respect to the rayline t:

%‘gﬂ - [’ﬁff)p(f)atp-éff) + %]\P('ir") (12)

The line integral of*ggﬁfn'along t, corrected for

attenuation and inverse-square fall off, then represents the
projection operation and ¥0(4,0), the fluence profile over

the offset angles ¢ of each gantry angle 0§, is: .

¥o(6.0)=( [f(’f)b('f)atp-ﬁ-?) + %]

x(?(.f)e+f#/ﬂ(f)ﬂ(f)5(P“9»?)di‘.' [S+I_SD %(.quG)O]

X8(p-2-F)dT (13)
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The projection of equation (13) is represented by

projector 85 in Fig. 9.

The projection process, for the purpose of computing
fluence profiles for the compensator 22, differs in a
fundamental way from the simple inverse of tomographic back
pProjection. The difference is primarily in a concern for
the sharpness in the transition of the dose petween the
irradiated tumorous tissue 68 and the healthy tissue 70.
Sharpness in this transition region reduces the irradiation
of healthy tissue 70 and is preferred over actual fidelity
of the dose td the desired dose map 66.

For this reason, the fluence map 86 from the fluence
calculator 84 ia prefiltered as shown by process block 88 to
produce a filtered fluence map VY’ (¢,0) as follows:

¥’ (6,0) = F-1{P{¥(¢,0)|w]|}+ (14)

where ¥(¢,0) is the fluence map 86 and |w| is a ramp

filter in frequency space and the '+’ subscript indicates
the positive component of the filtering result. This
prefilter 88 serves to increase the high frequency content
of the fluence m§§ 86 and thus to aid in rapid transition of
dose at the tumor/non-tumor interface.

It is noted that this prefilter 88 is similar to the

filter used in tomographic imaging's "filtered" back

projection. That is, like tomographic imaging, the filter
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de-emphasizes the low frequency components of the projection
in producing image data. In addition other prefilters may
be applied to correct for the use of the radially symmetric

kernel (equation (6)) in computing the dose map from the

terma map composed from the fluence profile

In practice the computation of a terma map, the
generation of a fluence map and the calculation of the
fluence profiles need not be performed as discrete steps but
may be accomplished by a direct projection of the dose map
with appropriate filtering. The filtering is accomplished
by a "fast inversion filter" which combines in projection

space the operation of deconvolution and ramp filtration.

This may be symbolically specified by the following
equation

¥(¢,0) = p{D(T)}DI(t) (15)

‘where ¢ refers to a projection operation and I(t) is
the fast inversion filter. The ® operators refers to a
convolution operation such as would normally be done in
Fourier space using a fast Fourier transformation.

Referring still to Fig. 9, the fluence profile
calculations of block 78, including the deconvolver 80, the
fluence calculator 84, the prefilter 88 which includes any
projection space filter (such as a ramp filter, a fast

inversion filter followed by truncation of zeros), and the

projector 85 thus produce fluence profiles which together



10

15

20

25

2091275

~30-

Create an estimated treatment sinogram 87’ from the desired
dose map 66. The fluence profile calculator 78 may use the
Fourier convolution of equation (9) in the estimate of the

fluence profiles at this stage, accepting minor inaccuracies

in that process, to be corrected at a later stage, as will

be described below.

D. Iteration

Referring now to Fig. 11, the fluence profile
calculator 78 converts the desired dose map 66 to an
estimated treatment sinogram 87’, however the fluence
profiles of this estimated treatment sinogram 87 may not be
used to control the compensator 22 because, in general, the
estimated treatment sinogram 87 will include positive and
negative values of fluence. Only positive values of fluence
are physically realizable by the compensator 22; a negative
value of fluence would represent a ray 28 that absorbed
radiation along its path which is physically unrealizable.

Accordingly, at process block 88, the fluence values of
the estimated treatment sinogram 87’ are truncated to
positive fluence values 89. As a result of this truncation,
the estimated treatment sinogram 87’ no longer produces the
desired dose map.

The amount of error resulting from the truncation
producing the positive fluence profiles 89 is determined by

back projecting the positive fluence values 89 to an actual
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dose map 90 deviating from the desired dose map 66. This
back projection is accomplished by computing a fluence map
from the positive fluence values 89 per equation (ll1) and a
terma map per equation (4) and then convolving the terma map
with the kernel per equation (7) to establish the actual
dose map 90 per process block 92 of Fig. 11.

In this back projection, the assumption of spatial
invariance of the convolution kernel B(Y-r’) is not made so

as to producé 4 more accurate actual dose map 90.

The projection of a fluence profile onto a patient 17
to compute a dose map may be performed by a number of other
procedures known to those of ordinary skill in the art.

The actual dose map 90 is compared to the desired dose
map 66 to produce residual dose map 96 as indicated by
process block 94. 1In the preferred embodiment, the
comparison subtracts from the values of each voxel T of the
actual dose map 90, the greater of: a) the corresponding
value of desired dose map 66, or b) a predetermined upper
dose constraint. The predetermined upper dose constraint is
a threshold number that is deemed an acceptable dose to
tumorous tissue 68. Clearly, other methods of quantifying
the difference between the desired dose map and the actual

dose map will be apparent from this description to those of

ordinary skill in the art.
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The result of this Comparison process 94 is to produce

a residual dose map 36 shown in Fig l12(a). This residual

dose map 96 is then, again, operated on by the fluence

estimated treatment sinogram 87).

A thus produced error fluence profile 98 ig subtracted
by subtracter 100 from

10 As shown in Pig. 11, this new estimated treatment

sinogram 87 is repeatedly operated on bY"brocess block 88,

32, 94 and 78 for a predetermined number of iterations, the

magnitude of the error fluence profile 98 values decreasing

with each iteration as shown in Figs. 12(b)=(c) until a

suitably low error fluence Pprofile 98 is obtained.
The

15

the new estimated fluence profile 87 is then

truncated per process block 88 to produce a final sinogram

91 for use in controlling the compensator 22 as previously
described.
20 Referring again to Figs. 5(b), (c) and (d), dose maps
obtained by the present invention corresponding to a desired

dose map 66 of Fig. 5(a) are shown after: one iteration

(F1g." 5(b)); two iterations (Fig. 5(c)); and ten iterations

(Fig. 5(d)). The variations in dose in the target volume
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shown in Fig. 5(d) are plus or minus 2% about the
predetermined upper limit of 1,000 cGy.

The above description has been that of a preferred
embodiment of the present invention. It will occur to those
who practice the art that many modifications may be made
without departing from the spirit and scope of the
invention. For example, a computed tomography system need
not be incorporated with the radiation therapy equipment but
separate such equipment could be used. The relationship
between the terma values and the fluence values may assume a
constant density of the patient to eliminate the need for a
precise tomographic scan of the irradiated area. Clearly
the method for planning radiation therapy is not limited to
a particular radiation source but may be used with any
radiation source which may be decomposed into separately
attenuated radiation rays. 1In order to apprise the public
of the various embodiments that may fall within the scope of

the invention, the following claims are made:
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2. The compensator as recited in claim 1 wherein
the motivation means is a plurality of pneumatic

cylinders having pistons moved by air pressure and

connected by linkages to individual leaves to move the

leaves with movement of the pistons.

3. The compensator as recited in claim 1 where the
beam diverges from a focal spot in a fan shape and the
leaves are wedge shaped to have adjacent faces defining

planes intersecting a common line through the focal spot.

4. The compensator as recited in claim 1 wherein
the motivation means slides the leaves into and out of
the sleeves along guide rails on each side of the leaves
and wherein the leaves include notches for receiving the
guide rail to reduce the space betweern the leaves in the

leaves’ closed state.

5. The compensator as recited in claim 4 wherein
the sleeves incque an alignment guide and wherein the
leavéa receive the alignment gquide when moved to the
closed state, the alignment guide having means to
accur&tely position the leaves with respect to the rack

and each other when they are in the closed state.
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6. The compensator as recited in claim 1 wherein
the timing means receives a value indicating the angle of

the gantry and changes each ratio for each leaf as a

function of this angle.

7. In a radiation therapy device having a radiation
source for producing a radiation beam directed toward a
volume of a patient at a plurality of gantry angles, the
beam including a plurality of adjacent rays, the fluence
of each ray together defining a fluence profile, a

therapy planning apparatus comprising:

an input means for receiving a desired dose map of

desired radiation doses within the volume of the patient:

a deconvolution means for producing a terma map,
corresponding to the desired dose map, indicating enerqgy
release values and locations in the volume that with

scatter, would produce the dose of the desired dose map;

a fluence calculator receiving the terma map and for
determining the fluence of the rays at the locations to

produce a fluence map; and

a projection means receiving the fluence values and

combining the fluence values to produce the fluence

profile corresponding to the desired dose map.
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10 the residual dose map.

9. The

therapy'planning apparatus as recited in
claim 8 wherein

' is calculated from the
desired dose map and wherein the fluence profile is

recalculated by Subtracting the error fluence profile

from the fluence profile,
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l11. The therapy planning apparatus as recited in

claim 7 wherein the deconvolution means produces the
terma map by calculating the inverse Fourier transform of
the ratio of the Fourier transform of the desired dose

5 map divided by the Fourier transform of a kernel
representing the spreading of the.radiation from each

location.

12. The therapy planning apparatus as recited in
claim 7 wherein the deconvolution means, fluence
calculator and projection means are implemented by
convolving a fast inversion filter with a projection of

5 the desired dose map, the fast inversion filter
incorporating the convolution kernel for deducing the

terma map.

13. The‘therapy planning apparatus as recited in
claim 11 where the kernel reflects the spreading caused
by radiation beams at a plurality of predetermined gantry

angles.

14. The therapy planning apparatus as recited in
claim 7 including a prefilter for filtering the fluence

map prior to the projection by the projection means.
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15. The therapy planning apparatus as recited in claim
7 including a second input means for receiving an
attenuation map of the volume and wherein the fluence
calculator produces a fluence map based on the attenuation
5 map.

16. A method of radiation therapy planning for an
external beam of radiation having a plurality of adjacent
rays, the fluence of each ray together defining a fluence
profile, comprising the steps of:

obtaining a x-ray computed tomography image of a
slice in a slice plane through a body including a tumor to be
treated;

defining a dose map with respect to the x-ray
computed tomography image indicating desired doses within the
slice of the body and the tumor; and

determining a treatment sinogram of fluence profiles
for a range of angles about the patient within the slice
plane based on the dose map and the effect of the varying
composition of the body on the absorption of radiation from
the external beam of radiation as revealed in the x-ray

computed tomography image.
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