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7) ABSTRACT

In radiotherapy, a high quality imaging array may be placed
after the patient and opposite the radiation source to be used
during radiation treatment to verify operation of a shutter
system or similar device and/or to compute dose delivered to
the patient. A model of the patient may be used and inverted
in order to estimate values of energy fluence prior to
absorption by the patient and overlapping of the various
radiation beams passing through the patient. A test pattern of
shutter excitation to illuminate a single ray at a time provides
a simple method of obtaining the necessary model. The dose
from this test pattern may be subtracted from the subsequent
radiation treatment so as to provide limited or no increase in
total dose to the patient.

25 Claims, 4 Drawing Sheets
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METHOD USING POST-PATIENT
RADIATION MONITOR TO VERIFY
ENTRANCE RADIATION AND DOSE IN A
RADIATION THERAPY MACHINE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion No. 10/038,379 filed Jan. 4, 2002 which is a continu-
ation of U.S. patent application No. 08/950,462 filed Oct.
15, 1997, now U.S. Pat. No. 6,345,114, which is a continu-
ation of U.S. patent application No. 08/490,184 filed Jun. 14,
1995 abandoned.

BACKGROUND OF THE INVENTION

This invention relates generally to radiation therapy
equipment for the treatment of tumors or the like and
specifically to a radiation therapy machine allowing indi-
vidual real-time control of the intensity of multiple rays
within a treatment radiation beam.

Medical equipment for radiation therapy treats tumorous
tissues 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 nontu-
morous tissue is minimized.

One highly accurate method of controlling the dose to a
patient employs a radiation source that produces a radiation
beam composed of many individual rays whose intensity
may be individually controlled. This beam may be produced
by a series of shutters, each controlling one ray, or by a
single modulated ray moving across the patient to create the
beam over an interval of time.

The origin of the rays moves over a range of angles about
the patient and by properly selecting the ray intensities at
different angles, complex regions within the patient may be
accurately irradiated. U.S. Pat. Nos. 5,724,400, 5,673,300;
5,668,371; 5,661,773; 5,625,663; 5,548,627; 5,528,650;
5,442,675; 5,394,542; and 5,317,616, all assigned to the
same assignee as the present application, and hereby incor-
porated by reference, describe the construction of a machine
of this type and a method of calculating the necessary ray
intensities as a function of angle. In the described machine,
shutters switched between open and closed states each
control the intensity of a corresponding individual ray,
however other methods are also known of delivering rays of
varying intensities including those using a single modulated
and scanning ray and other such systems.

The promise of improved accuracy of such radiation
therapy systems and their increased complexity make it
desirable to have a means of verification of the correct
operation of the shutters and thus the intensity of the rays
irradiating the patient. A post-patient radiation monitor,
commonly known as an “exit detector”, may provide an
approximate indication of the correct operation of the radia-
tion therapy machine, but patient attenuation, scatter, and the
overlap of rays at detector elements of the post-patient
radiation detector prevent the direct observation of shutter
operation in a post-patient image. Nevertheless, the sensi-
tivity of the post-patient radiation monitor to attenuation of
radiation by the patient allows it to be used for imaging of

15

20

25

30

35

40

45

50

55

60

65

2

the patient for registration and verification of patient posi-
tioning or the like with the shutters fully open.

Indirect verification of intensity may be provided by
cameras viewing the shutters or sensors mounted on the
shutters to indicate their correct operation and movement.
Information about shutter operation together provides a
general indication of the fluence of the rays directed toward
the patient provided profile of the radiation beam incident on
the shutters is known and reliable.

Preferably and as taught in U.S. Pat. No. 5,394,452 cited
above, a pre-patient radiation monitor may be used to make
direct measurement of the intensity of the rays. The pre-
patient monitor provides a measurement of fluence received
by the patient but is cumbersome and unlike a post-patient
radiation monitor cannot be used to provide information
about patient positioning or imaging.

BRIEF SUMMARY OF THE INVENTION

The present inventors have recognized that a post-patient
monitor alone may in fact be used to verify operation of the
shutter system during radiation therapy on a particular
patient if the response of the patient attenuation and ray
paths can be accurately modeled. The model can then be
inverted and applied to the detected radiation exiting the
patient to give an indication of the entrance fluence of the
individual rays or other related physical quantities such as
energy. The entrance fluence together with some information
about the patient, from a tomogram of the like, can be used
to deduce the dose delivered to the patient.

The model may be constructed from a known geometry of
the radiation therapy machine and estimated properties of
the patient or standard patient, or properties of the patient as
deduced from a pre-treatment tomogram or from an experi-
mental or theoretically derived database, or may be derived
by a selective excitation of different shutters and measure-
ments of the received signals immediately prior to or during
the radiation treatment session. The radiation used in such
measurements may be “borrowed” from the treatment plan
itself so as to leave the total dose to the patient unaffected.

Specifically, the invention provides a method of verifying
operation of a radiotherapy radiation source in a radio-
therapy machine operable to produce multiple rays of radia-
tion having controllable fluence. The rays are directed across
a patient volume to a detector of multiple detector elements
which provide detector signals at spatially separate points,
each detector element receiving radiation from multiple
rays. The steps include receiving a treatment plan to operate
the radiation source to produce a set of rays of predeter-
mined fluence and operating the radiotherapy machine
according the received treatment plan. Concurrently with the
radiation therapy, detector signals are measured and pro-
cessed using a model of the expected attenuation of each ray
passing from the radiation source through the patient volume
to the detector to deduce a measured fluence of each of the
set of rays. Finally, the measured fluence is compared to the
predetermined fluence of each ray to verify operation of the
radiation source or to deduce the dose applied to the patient.

Thus it is one object of the invention to provide a radiation
therapy system requiring only a single post-patient radiation
monitor. Because the radiation monitor is not interposed
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between the patient and the radiation source, it may be in
part or wholly absorbent providing greater flexibility in
design. Unlike a pre-patient monitor, the post-patient moni-
tor may be used for patient imaging and positioning tasks.

The model may be based on known geometry of the
radiation therapy system optionally augmented by tomo-
graphic information about the patient. Alternatively, the
model may be produced from a series of measurements of
the patient or a phantom in which the radiation source is
operated to produce a predetermined sequence of test flu-
ences for the set of rays and those fluences used to produce
a model. The data may be stored in a database and optionally
sets of data combined to produce data for a standard patient.

Thus it is another object of the invention to provide a
verification system that accurately accounts for modification
of the beam as it passes through the patient.

The predetermined sequence of test fluences for the set of
rays may provide a unit fluence for one ray at a time to create
an impulse response of the patient/radiation source.

Thus it is another object of the invention to provide a
simple method of characterizing the patient and the radiation
path such as may be used for verification of radiation source
output and/or dose by a post-patient radiation detector.

Multiple sets of rays may be simultaneously energized to
the unit fluence in the predetermined sequence provided the
rays do not overlap at the detector or overlap minimally.

Thus it is another object of the invention to provide a
rapid method of acquiring the necessary data for the model
used for verification.

The radiation treatment plan may be modified to subtract
the fluences of the predetermined sequence of test fluences
thereby leaving the dose to the patient unincreased.

Thus it is another object of the invention to provide
extremely accurate characterization of the patient using the
actual radiation used for treatment while avoiding the pen-
alty of increased dose to the patient.

The predetermined sequence may provide a unit fluence
only for rays actually used in the radiation treatment plan.
Estimates may be made for those rays not so measured.

Thus it is another object of the invention to provide
accurate modeling of the patient only for rays whose dose
may be “borrowed” from other portions of the radiation plan
preventing the increase of total dose to the patient.

It is another object of the invention, therefore, to provide
some information for verification of rays that are not
expected to be used in the radiation therapy system in order
to track possible errors in which they would be open.

The treatment plan may include multiple sessions and the
method may provide for correcting of the treatment plan to
account for deviations between the measured fluence and the
predetermined fluence for subsequent sessions.

Thus it is another object of the invention to accommodate
minor errors in treatment through corrective action on
subsequent treatments.

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 inven-
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tion. Such embodiment does not necessary represent the full
scope of the invention, however, and reference must be
made to the claims herein for interpreting the scope of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of the shutter system assem-
bly used in the present invention showing the shutter leaves
and their associated electromagnetic actuators;

FIG. 2 is a cross section of the shutter system of FIG. 1
along line 2—2 showing the trapezoidal aspect of each
shutter leaf for a radiation fan beam of radiation, and the
guide rails for supporting the shutter leaves when they
move;

FIG. 3 is a block diagram showing the elements of a
radiation therapy machine incorporating a conventional CT
scanner and the shutter system of the present invention and
including a computer suitable for controlling that shutter
system per the present invention;

FIG. 4 is a simplified representation of the gantry of the
radiation therapy machine of FIG. 3 showing variables used
in the calculation of a patient model;

FIG. 5 is a figure similar to that of FIG. 4 showing
complications in the determination of entrance fluence at a
post-patient radiation detector caused by overlapping of the
radiation of different rays at the post-patient radiation detec-
tor;

FIG. 6 is a table showing a shutter actuation pattern such
as provides test fluences for measuring an impulse response
of the patient/shutter system suitable for deriving a model of
the patient shutter system;

FIG. 7 is a figure similar to that of FIG. 6 providing a
more complex shutter actuation pattern to provide a model
better accounting for penumbra and other nonlinearities;

FIG. 8 is a flow chart of the steps of the present method
in verifying, modeling and correcting a radiation therapy
session;

FIG. 9 is an exaggerated view of one shutter of FIG. 2
showing tongue and groove and penumbra effects; and

FIG. 10 is a figure similar to that of FIG. 6 showing a
shutter actuation pattern providing a rapid method generat-
ing a model of the patient/shutter system.

DETAILED DESCRIPTION OF THE
INVENTION

Referring to FIG. 1, a radiation therapy machine 10
suitable for use with the present invention includes a radia-
tion source 12 producing a generally conical radiation beam
14' emanating from a focal spot 18 and directed toward a
patient 17 (not shown in FIG. 1). The conical radiation beam
14' is collimated by a rectangular opaque mask 16 con-
structed of a set of rectangular shutter system blades to form
a generally planar radiation fan beam 14 centered about a
radiation fan beam plane 20.

A shutter system 22 is centered in the radiation fan beam
14 and about the radiation fan beam plane 20 prior to the
radiation beam 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
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18. Each leaf is constructed of a dense radio-opaque material
such as lead, tungsten, cerium, tantalum or related alloy.

The leaves 30 are held in sleeves 24 so that each leaf 30
may slide completely within its corresponding sleeve 24 to
block the ray 28 associated with that sleeve 24. Preferably,
the leaves 30 of the shutter system 22 subtend the entire
radiation fan beam to divide the radiation fan beam into a set
of adjacent slab-like rays 28 at offset angles ¢. When the leaf
30 blocks its corresponding ray 28, it is referred to as being
in the closed state. The sleeves 24 are of ample length to
permit each leaf 30 to slide out of the path of the radiation
fan beam so as to leave its corresponding ray 28 completely
unobstructed and yet to still be guided by the sleeve 24. In
this nonlocking position, a leaf is referred to as being in the
“open state”.

Each leaf 30 may move rapidly between its open and
closed state by means of a primary relay-like electromag-
netic actuator 32 connected to the leaf 30 by a slider member
34. The fluence passed by the ray 28 may be controlled by
changing the duty cycle of the movement of the leaf that is
the ratio of time between which it is in the open state as
opposed to the closed state.

Referring to FIG. 2, the leaves 30 are supported and
guided within the sleeves 24 by guide tongues 36 fitted into
grooves 38 cut along the edges of the leaves 30. The grooves
38 allow the guide tongues 36 to slidably retain the leaves
30 within the sleeves 24 during motion between the open
and closed states.

Referring now to FIG. 3, the radiation source 12 is
mounted on a gantry 44, the latter rotating within the
radiation fan beam plane 20 about a center of rotation 45 in
the patient 17 so that the radiation fan beam 14 may irradiate
a slice of the patient 17 from a variety of gantry angles 6.
The radiation source 12 is controlled by a radiation control
module 48 which turns the radiation beam 14 on or off under
the control of a computer 51.

A shutter system control 52 directed by a timer generating
desired position signals provides electrical excitation to each
electromagnet to control, separately, the actuators 32 to
move each of the leaves 30 in and out of its corresponding
sleeve 24 and ray 38 (see also FIG. 1). Alternatively a
pneumatic system can be used. The shutter system control
52 moves the leaves 30 of the shutter system 22 rapidly
between their open and closed states to either fully attenuate
or provide no attenuation to each ray 28. Gradations in the
fluence of each ray, as needed for the fluence profile, are
obtained by adjusting the relative duration during which
each leaf 30 is in the closed position compared to the relative
duration during which each leaf 30 is in the open position for
each gantry angle.

It will be understood from the following description,
however, that the present invention is not limited to a one
dimensional shutter system but may be used in any radiation
therapy machine which allows independent modulation of a
series of rays of radiation directed through the patient either
simultaneously or over an interval of time. Thus, two
dimensional shutter systems, wedge type shutters or even
electronic modulation of the beam is suitable for use with the
invention.

The ratio between the closed and open states or the “duty
cycle” for each leaf 30 affects the total energy passed by a
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given leaf 30 at each gantry angle and thus controls the
average fluence of each ray 28. The ability to control the
average fluence at each gantry angle permits accurate con-
trol of the dose provided by the radiation beam 14 through
the irradiated volume of the patient 17 by therapy planning
methods to be described below. The shutter system control
52 also connects with computer 51 to allow program control
of the shutter system 22 to be described.

An optional 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 planing purposes. Alternatively, such tomo-
graphic imaging may be performed on a separate machine
and the slices aligned according to fiducial points on the
patient 17.

A gantry control module 54 provides the signals necessary
to rotate the gantry 44 and hence to change the position of
the radiation source 12 and the gantry angle 0 of the
radiation fan beam 14 for the radiation therapy, as well as for
the computer 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 gantry may be rotated
under computer control and also to provide the computer 51
with a signal indicating the gantry angle 0 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 receiving
data from the detector array 50 n order to construct a
topographic image.

An image reconstructor 60 typically comprising a high
speed array processor or the like receives data from the data
acquisition system 58 in order to assist in “reconstructing”
a tomographic treatment image from such data according to
methods well known in the art. The image reconstructor 60
may also use post-patient radiation detector signals 59 to
produce a tomographic absorption image to be used for
verification and future therapy planning purposes as
described in more detail below.

A terminal 62 comprising a keyboard and display unit 63
allows an operator to input programs and data to the com-
puter 51 and to control the radiation therapy machine 10 and
the tomographic imaging system 11 and to display images
provided by the image reconstructor 60 on display unit 63.

A mass storage system 64, being either a magnetic disk
unit or tape drive, allows the storage of data collected by the
tomographic imaging system 11 and the post-patient radia-
tion detector 53 for later use. Computer programs for
operating the radiation therapy machine 10 will generally be
stored in mass storage system 64 and loaded into the internal
memory of the computer 51 for rapid processing during use
of the radiation therapy machine 11.

The radiation source 12 may be a linear accelerator
excited in pulsed mode with the pulses in synchrony with the
digital to analog converter of the data acquisition system 58
so a set of views may be obtained during shutter opening and
closing. As a non-limiting example, if each projection of
radiation at a given gantry angle 6 during radiotherapy is one
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