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1
METHOD FOR BIOLOGICAL MODULATION
OF RADIATION THERAPY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of, and herein incorpo-
rates by reference in its entirety, U.S. Provisional Patent
Application Ser. No. 61/298,040, filed on Jan. 25, 2010, and
entitled “Method for Biological Modulation of Radiation
Therapy.”

BACKGROUND OF THE INVENTION

The field of the invention is radiation therapy systems and
methods. More particularly, the invention relates to systems
and methods for radiobiological effect modulated external
beam radiation therapy.

Radiation therapy is a treatment technique that delivers
ionizing radiation to a defined target volume in a patient.
Preferably, the radiation is delivered in such a manner that the
surrounding healthy tissue does not receive radiation doses in
excess of clinically acceptable tolerances. In order to achieve
this control of the imparted dose to the subject, highly accu-
rate radiation delivery techniques are required. Many factors
provide difficulties in obtaining the desired level of accuracy,
including differences between the planned and delivered dose
distributions and uncertainty in subject position with respect
to the treatment system.

Conventional external beam radiation therapy, also
referred to as “teletherapy,” is commonly administered by
directing a linear accelerator (“linac™), or cobalt-60 tele-
therapy unit, to produce beams of ionizing radiation that
irradiate the defined target volume in a patient. The radiation
beam is a single beam of radiation that is delivered to the
target region from several different directions, or beam paths.
Together, the determination of how much dose to deliver
along each of these beam paths constitutes the so-called
radiation therapy “plan.” The purpose of the treatment plan is
to accurately identify and localize the target volume in the
patient that is to be treated. This technique is well established
and is generally quick and reliable.

Intensity modulated radiation therapy (“IMRT”) is an
external beam radiation therapy technique that utilizes com-
puter planning software to produce a three-dimensional
radiation dose map, specific to a target tumor’s shape, loca-
tion, and motion characteristics. Various regions within a
tumor and within the patient’s overall anatomy may receive
varying radiation dose intensities through IMRT, which treats
apatient with multiple rays of radiation, each of which may be
independently controlled in intensity and energy. Each of
these rays or beams is composed of a number of sub-beams or
beamlets, which may vary in their individual intensity,
thereby providing the overall intensity modulation. Because
of the high level of precision required for IMRT methods,
detailed data must be gathered about tumor locations and
their motion characteristics. In doing so, the radiation dose
imparted to healthy tissue can be reduced while the dose
imparted to the affected region, such as a tumor, can be
increased. In order to achieve this, accurate geometric preci-
sion is required during the treatment planning stage. Thus,
while conventional IMRT methods have had success in
increasing the physical dose imparted to the defined target
volume while mitigating the imparted radiation dose to the
surrounding healthy tissue, further reduction of the radiobio-
logical effect on healthy tissue is desirable. Particularly, while
IMRT has effectively reduced the physical absorbed dose of
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radiation to sensitive areas within a patient, there is still room
for improvement in reducing the biological effect of such
radiation.

In general, methods of producing intensity modulated rays
of radiation are well known in the art. Exemplary methods
include (1) stop and shoot methods, such as the one described
by P. Xia and L. J. Verhey in “Multileaf Collimation Leaf
Sequencing Algorithm for Intensity Modulated Beams with
Multiple Static Segments,” Medical Physics, 1998; 25:1424-
1434; (2) sliding window methods, such as the one described
by T. Bortfeld, et al., in “Realization and Verification of
Three-Dimensional Conformal Radiotherapy With Modu-
lated Fields,” Int’l J. Radiat. Oncol Biol. Phys., 1994;
30:899-908; (3) intensity modulated arc therapy methods,
such as the one described by C. X. Yu in “Intensity-Modulated
Arc Therapy With Dynamic Multileaf Collimation: An Alter-
native to Tomotherapy,” Physics in Medicine & Biology,
1995; 40:1435-1449; and (4) sequential (axial) tomotherapy
methods, such as the one described by M. Carol, etal., in “The
Field-Matching Problem as it Applies to the Peacock Three
Dimensional Conformal System for Intensity Modulation,”
Int’l J. Radiat. Oncol. Biol. Phys., 1996; 34:183-187.

Image-guided radiation therapy (“IGRT”) employs medi-
cal imaging, such as computed tomography (“CT”), concur-
rently with the delivery of radiation to a subject undergoing
treatment. In general, IGRT is employed to accurately direct
radiation therapy using positional information from the medi-
cal images to supplement a prescribed radiation delivery plan.
The advantage of using IGRT is twofold. First, it provides a
means for improved accuracy of the radiation field place-
ment. Second, it provides a method for reducing the dose
imparted to healthy tissue during treatment. Moreover, the
improved accuracy in the delivery of the radiation field allows
for dose escalation in the tumor, while mitigating dose levels
in the surrounding healthy tissue. The concern remains, how-
ever, that some high-dose treatments may be limited by the
radiation tolerance of healthy tissues that lay close to the
target tumor volume.

It would therefore be desirable to provide a method for
performing external beam radiation therapy that permits high
levels of dose to a target volume of interest while further
controlling damage to healthy tissue and organs at risk sur-
rounding the target volume being treated.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing a method for the biological modula-
tion of external beam radiation therapy, in which the temporal
and spatial patterning of imparted dose is modified to maxi-
mize the dose rate to the target volume, while minimizing the
dose rate to healthy tissues surrounding the target volume.

It is an aspect of the invention to provide a method for
reducing the biological effect on normal tissues surrounding
a planned target volume (“PTV”) by lowering the effective
dose rate experienced by those tissues while maintaining a
clinically significant eftective dose rate in the PTV. Through
the provided method, the total prescribed dose delivered to
the PTV can be increased without negative side effects on the
normal tissues surrounding the PTV. In this manner, the can-
cer cure rate can be increased because the total dose to the
cancer is greater, while the surrounding healthy tissues and
organs at risk can be spared.

Itis another aspect of the invention to provide a method for
determining the spatiotemporal patterns for intra-fraction
radiation dose delivery rate in external beam radiation
therapy that further reduce the radiobiological effect on nor-
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mal tissue over traditional methods, while maintaining clini-
cally significant dose rate in a PTV.

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

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an exemplary image-guided
radiation therapy (“IGRT”) system;

FIG. 2 is a block diagram showing the elements of a radia-
tion therapy system incorporating a conventional computed
tomography (“CT”) system and including a computer suit-
able for controlling the radiation therapy system;

FIG. 3A is ablock diagram of an exemplary hadron therapy
system, such as a proton therapy system;

FIG. 3B is a perspective view of deflection optics coupled
to a rotatable gantry, which both form a part of an exemplary
hadron therapy system, such as the hadron therapy system of
FIG. 3A;

FIG. 4 is an illustrative example of a simplified radiation
treatment plan; and

FIG. 5 is a flowchart setting forth the steps of an exemplary
method for producing a biologically modulated radiation
treatment plan in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The succeeding description of the invention is made with
respect to an idealized, exemplary image-guided radiation
therapy (“IGRT”) system; however, it should be readily
appreciated by those skilled in the art that the invention can
additionally be practiced in any number of radiation therapy
systems. For example, stereotactic radiosurgery systems such
as the CyberKnife® system (Accuray, Sunnyvale, Califor-
nia), traditional gantry-mounted linear accelerator (“linac™)
systems, and cobalt-60 teletherapy systems can be readily
employed. Additionally, hadron therapy systems, such as pro-
ton beam therapy systems and heavy ion beam therapy sys-
tems, may be employed when practicing the invention. It will
also be appreciated by those skilled in the art that in addition
to therapeutic x-rays, IGRT and intensity modulated radiation
therapy (“IMRT”) systems may use gamma rays produced,
for example, by a cobalt-60 radiation source to deliver thera-
peutic radiation to a patient.

Referring to FIG. 1, an exemplary image-guided radiation
therapy (“IGRT”) system 100 includes a therapeutic x-ray
source 102 and a diagnostic x-ray source 104. The diagnostic
x-ray source 104 projects a cone-beam of x-rays toward a
detector array 116. Both the therapeutic x-ray source 102 and
diagnostic x-ray source 104 are attached adjacent each other
and housed at the same end of a first rotatable gantry 106,
which rotates about a pivot axis 108. The first rotatable gantry
106 allows either of the x-ray sources, 102 and 104, to be
aligned in a desired manner with respect to a target volume
110 in a subject 112 positioned on a patient table 124. A
second rotatable gantry 114 is rotatably attached to the first
rotatable gantry 106 such that it too is able to rotate about the
pivot axis, 108. Disposed on one end of the second rotatable
gantry 114 is an x-ray detector 116. The x-ray detector 116
functions not only as a diagnostic image device when receiv-
ing x-rays from the diagnostic x-ray source 104, but also as a
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portal image device when receiving x-rays from the therapeu-
tic x-ray source 102. The detector array 116 is formed by a
number of detector elements that together sense the projected
x-rays that pass through the subject 112. Each detector ele-
ment produces an electrical signal that represents the inten-
sity of an impinging x-ray beam and, hence, the attenuation of
the beam as it passes through the subject 112. The second
rotatable gantry 114 further includes an articulating end that
can pivot about three points 118, 120, and 122. The pivoting
motion provided by these points 118,120, and 122, allows the
x-ray detector 116 to be moved within a two-dimensional
plane.

The rotation of the rotatable gantries, 106 and 114, and the
operation of the x-ray sources, 102 and 104, are governed by
a control mechanism 140 of the IGRT system. The control
mechanism 140 includes an x-ray controller 142 that provides
power and timing signals to the x-ray sources, 102 and 104,
and a gantry motor controller 144 that controls the rotational
speed and position of the gantries, 106 and 114. A data acqui-
sition system (“DAS”) 146 in the control mechanism 140
samples analog data from detector elements and converts the
data to digital signals for subsequent processing. An image
reconstructor 148, receives sampled and digitized x-ray data
from the DAS 146 and performs high speed image recon-
struction. The reconstructed image is applied as an input to a
computer 150 which stores the image in a mass storage device
152.

The computer 150 also receives commands and scanning
parameters from an operator via a console 154 that has a
keyboard. An associated display 156 allows the operator to
observe the reconstructed image and other data from the
computer 150. The operator supplied commands and param-
eters are used by the computer 150 to provide control signals
and information to the DAS 146, the x-ray controller 142 and
the gantry motor controller 144. In addition, the computer
150 operates a table motor controller 158 which controls the
motorized patient table 124 to position the subject 112 within
the gantries, 106 and 114.

Referring now to FIG. 2, an exemplary tomotherapy IGRT
system 210 includes a radiation source 212 producing a gen-
erally conical radiation beam, or “field,” 214 emanating from
a focal spot and directed toward a patient 217. The conical
radiation beam 214 is collimated by a rectangular opaque
mask (not shown) constructed of a set of rectangular shutter
system blades to form a generally planar radiation fan beam
214 centered about a radiation fan beam plane.

A shutter system 222 is centered in the radiation fan beam
214 and about the radiation fan beam plane prior to the radia-
tion beam being received by the patient 217, and includes a
plurality of adjacent trapezoidal leaves which together form
an arc of constant radius about the focal spot. Each leaf is
constructed of a dense radio-opaque material such as lead,
tungsten, cerium, tantalum, or related alloy.

The radiation source 212 is mounted on a gantry 244, the
latter rotating within the radiation fan beam plane about a
center of rotation 245 in the patient 217 so that the radiation
fan beam 214 may irradiate a slice of the patient 217 from a
variety of gantry angles, 0. The radiation source 212 is con-
trolled by a radiation control module 248 which turns the
radiation beam 214 on or off under the control of a computer
251.

A shutter system control 252 directed by a timer generating
desired position signals provides electrical excitation to each
electromagnet to control, separately, actuators to move each
of the leaves in and out of its corresponding sleeve and ray.
The shutter system control 252 moves the leaves of the shutter
system 222 rapidly between their open and closed states to
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either fully attenuate or provide no attenuation to each ray.
Gradations in the fluence of each ray, as needed for the fluence
profile, are obtained by adjusting the relative duration during
which each leaf is in the closed position compared to the
relative duration during which each leaf is in the open posi-
tion for each gantry angle.

The ratio between the closed and open states or the “duty
cycle” for each leaf affects the total energy passed by a given
leaf at each gantry angle, 0, and thus controls the average
fluence of each ray. The ability to control the average fluence
at each gantry angle, 0, permits accurate control of the dose
provided by the radiation beam 214 through the irradiated
volume of the patient 217 by therapy planning methods to be
described below. The shutter system control 252 also con-
nects with computer 251 to allow program control of the
shutter system 222 to be described.

An optional tomographic imaging system 211 employing
anx-ray source 246 and an opposed detector array 250 may be
advantageously mounted on the same gantry 244 as the radia-
tion source 212 to produce a tomographic or slice image of the
irradiated slice of the patient 217 prior to radiation therapy for
planning purposes or during treatment. Alternatively, such
tomographic imaging may be performed on a separate
machine and the slices aligned according to fiducial points on
the patient 217.

A gantry control module 254 provides the signals neces-
sary to rotate the gantry 244 and hence to change the position
of the radiation source 212 and the gantry angle, 0, of the
radiation fan beam 214 for the radiation therapy, as well as for
the computer tomography x-ray source 246 and detector array
250, also attached to gantry 244. Gantry control module 254
connects with computer 251 so that the gantry may be rotated
under computer control and also to provide the computer 251
with a signal indicating the gantry angle, 0, to assist in that
control.

Control modules for the tomographic imaging system 211
include an x-ray control module 256 for turning on and off the
x-ray source 246, and a data acquisition system 258 for
receiving data from the detector array 250 in order to con-
struct a topographic image.

An image reconstructor 260, typically including a high
speed array processor or the like, receives the data from the
data acquisition system 258 in order to assist in “reconstruct-
ing” a tomographic treatment image from such acquired
image data according to methods well known in the art. The
image reconstructor 260 may also use post-patient radiation
detector signals from the radiation detector 253 to produce a
tomographic absorption image to be used for verification and
future therapy planning purposes as described in more detail
below.

A computer terminal 262 including a keyboard 264 and
display unit 266 allows an operator to input programs and
datato the computer 251; control the radiation therapy system
210 and the tomographic imaging system 211; and to display
images provided by the image reconstructor 260 on display
unit 266.

A mass storage system 268, being, for example, a magnetic
disk unit or tape drive, allows the storage of data collected by
the tomographic imaging system 211 and the post-patient
radiation detector 253 for later use. Computer programs for
operating the radiation therapy machine 210 will generally be
stored in mass storage system 268 and loaded into the internal
memory of the computer 251 for rapid processing during use
of the radiation therapy machine 211.

The radiation source 212 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 258
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s0 as a set of views may be obtained during shutter opening
and closing. If each projection of radiation at a given gantry
angle, 0, during radiotherapy is one second, the pulse rate of
linear accelerator may be two hundred times per second pro-
viding real-time motion study of movement of the leaves 230
based on the changing fluence exiting the leaf and entering the
patient 217.

During operation of the radiation therapy system 211, the
shutter system control 252 receives, from the computer 251,
a treatment sinogram comprising a fluence profile for each
gantry angle, 6. The treatment sinogram describes the inten-
sity or fluence of each ray 228 of the radiation beam 214 that
is desired for each gantry angle, 0, at a given position of the
patient support table (not shown) as translated through the
radiation beam 214.

Referring now to FIGS. 3A and 3B, an exemplary hadron
therapy system 300, such as, for example, a proton beam
therapy system, is illustrated. Exemplary hadrons for use with
ahadron therapy system include protons, neutrons, and atoms
or molecules containing such particles. For example, hadron
therapy may include proton therapy, heavy ion therapy, and
neutron therapy. An exemplary hadron therapy system 300
generally includes a charged particle generating system 302
and a beam transport system 304. By way of example, the
charged particle generating system 302 may include a syn-
chrotron; however, in other configurations the charged par-
ticle generating system 302 may include a cyclotron, or for
some neutron therapy systems, the charged particle generat-
ing system 302 may include a linac configured to operate as a
deuterium-tritium (“D-T"") neutron generator. An exemplary
proton beam treatment system is more fully disclosed in U.S.
Pat. No. 4,870,287, which is hereby incorporated by refer-
ence in its entirety.

The charged particle beam generating unit 302 includes an
ion source 306; an injector 308, such as a linac; and an
accelerator 310, such as a synchrotron. The accelerator 310
includes at least one radio frequency (“RF”) acceleration
cavity 312. Exemplary RF acceleration cavities may include
an RF applying electrode that is disposed on the circulating
orbit of the accelerator 310 and an RF power source that is in
electrical communication with the RF applying electrode by
way of a switch.

Ions generated in the ion source 306, such as hydrogen ions
(protons) or carbon ions, are accelerated by the injector 308 to
form an ion beam that is injected into the accelerator 310. The
accelerator 310 provides energy to the injected ion beam by
way of the acceleration cavity 312, where RF energy is
applied to the ion beam. In the case of a synchrotron, quadro-
pole and dipole magnets are used to steer the ion beam about
the accelerator 310 a number of times so that the ion beam
repeatedly passes through the acceleration cavity 312. After
the energy of the ion beam traveling in the accelerator 310 has
reached a preselected, desired energy level, such as 100-200
mega-electron volts (“MeV™), the ion beam is extracted from
the accelerator 310 through an extraction deflector 314.
Extraction may occur by way of bumping, or kicking, the ion
beam to an outer trajectory so that it passes through a septum,
or by way of resonance extraction.

The beam transport system 304 includes a plurality of
focusing magnets 316 and steering magnets 318. Exemplary
focusing magnets 316 include quadropole magnets, and
exemplary steering magnets 318 include dipole magnets. The
focusing and steering magnets 316, 318 are used to contain
the ion beam in an evacuated beam transport tube 320 and to
deliver the ion beam to a beam delivery device 322 that is
situated in a treatment room. The beam delivery device 322 is
coupled to a rotatable gantry 324 so that the beam delivery
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device 322 may be rotated about an axis of rotation 326 to
delivery therapeutic radiation to a patient 328 positioned on a
patient table 330. The rotatable gantry 324 supports the beam
delivery device 322 and deflection optics, including focusing
and steering magnets 316, 318, that form a part of the beam
transport system 304. These deflection optics rotate about the
rotation axis 326 along with the beam delivery device 322.
Rotation of the rotatable gantry 324 may be provided, for
example, by a motor (not shown in FIGS. 3A and 3B). In
some configurations, the accelerator 310 provides an ion
beam to a plurality of beam delivery devices located in dif-
ferent treatment rooms. In such configurations, the beam
transport system 304 may connect to a series of switchyards
that may include an array of dipole bending magnets that
deflect the ion beam to any one of a plurality of deflection
optics that each lead to a respective beam delivery device in
the respective treatment room.

The beam delivery device 322 is designed to deliver precise
dose distributions to a target volume within a patient. In
general, an exemplary beam delivery device 322 includes
components that may either modify or monitor specific prop-
erties of an ion beam in accordance with a treatment plan. The
beam delivery device 322 may, for example, include a device
to spread or otherwise modify the ion beam position and
profile, a dispersive element to modify the ion beam energy,
and a plurality of beam sensors to monitor such properties.
For example, scanning electromagnets may be used to scan
the ion beam in orthogonal directions in a plane that is per-
pendicular to a beam axis 332.

The hadron therapy system 300 is controlled by a central
controller that includes a processor 334 and a memory 336 in
communication with the processor 334. An accelerator con-
troller 338 is in communication with the processor 334 and is
configured to control operational parameters of the charged
particle generating system 302, including the accelerator 310,
and the beam transport system 304. A table controller 340 is
in communication with the processor 334 and is configured to
control the position of the patient table 330. A gantry control-
ler 342 is also in communication with the processor 334 and
is configured to control the rotation of the rotatable gantry
324. A scanning controller 344 is also in communication with
the processor and is configured to control the beam delivery
device 322. The memory 336 may store a treatment plan
prescribed by a treatment planning system 346 that is in
communication with the processor 334 and the memory 336,
in addition to control parameters to be delivered to the accel-
erator controller 338, the table controller 340, the gantry
controller 342, and the scanning controller 344. The memory
336 may also store relevant patient information that may be
beneficially utilized during a treatment session.

Before the ion beam is provided to the patient 328, the
patient 328 is positioned so that the beam axis 332 intersects
a treatment volume in accordance with a treatment plan pre-
scribed by a treatment planning system 346 that is in com-
munication with the processor 334. The patient 328 is posi-
tioned by way of moving the patient table 330 into the
appropriate position. The patient table 330 position is con-
trolled by the table controller 340, which receives instructions
from the processor 334 to control the position of the patient
table 330. The rotatable gantry 324 is then rotated to a posi-
tion dictated by the treatment plan so that the ion beam will be
provided to the appropriate treatment location in the patient
328. The rotatable gantry 324 is controlled by the gantry
controller 342, which receives instructions from the proces-
sor 334 to rotate the rotatable gantry 324 to the appropriate
position. As indicated above, the position of the ion beam
within a plane perpendicular to the beam axis 332 may be
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changed by the beam delivery device 322. The beam delivery
device 322 is instructed to change this scan position of the ion
beam by the scanning controller 344, which receives instruc-
tion from the processor 334. For example, the scanning con-
troller 344 may control scanning electromagnets located in
the beam delivery device 322 to change the scan position of
the ion beam.

In conventional radiation therapy a dose of 2 Grays (“Gy™)
is delivered at a dose rate of 4-6 Grays per minute (“Gy/min”).
By reducing the effective dose rate and increasing the treat-
ment time for each individual fraction, cellular repair pro-
cesses can occur during irradiation. To take advantage of this
phenomenon, pulsed reduced dose rate (“PRDR”) was devel-
oped as a retreatment technique that delivers, for example, a
series of 0.2 Gy pulses separated by 3 minute time intervals,
creating an apparent dose rate of 0.0667 Gy/min.

It is well known that radiation dose rate has a significant
impact on biological effect. It should be noted, however, that
reduced dose rates typically result in a lower impact on malig-
nant tissues, thereby resulting in less effective tumor control
probability (“TCP”). Therefore, in order to maintain a clini-
cally significant TCP, the radiation dose rate used in clinical
external beam radiation therapy must remain within a general
range of values. Dose rates at the lower end of this range of
values, however, typically result in a reduced effect on normal
tissue complication probability (“NTCP”), which is a desir-
able goal.

It is also well known that increasing the time during intra-
fraction irradiation of the planned target volume (“PTV”)
leads to diminished cell killing within in the PTV. For
example, studies have shown that if fraction time in IMRT
exceeds 10-15 minutes, the prescription dose delivered to the
PTV needs to be increased in order to compensate for the
reduction in cell killing due to the increased sublethal damage
repair. If a treatment exceeds a certain length of time, that is,
if the effective dose rate is diminished, there can be a signifi-
cant loss of biological effect, but that loss of effectiveness is
more pronounced for normal tissues than it is for malignant
tissues. This phenomenon is described, for example, by J. F.
Fowler, et al., in “Loss of Biological Effect in Prolonged
Fraction Delivery,” Int. J. Radiat. Oncol. Biol. Phys., 2004;
59:242-249.

It has been observed in the clinic by many that normal
tissues are more sensitive to alterations in radiation dose rate
than tumors are, and this well-known observation has led to
the present discovery. By employing a biologically motivated
radiation beam distribution that is both spatially and tempo-
rally asymmetrical, NTCP can be substantially reduced while
maintaining a clinically significant dose rate in the PTV.
Indeed, NTCP can be lowered even further than achievable
with standard step-and-shoot methods. In this manner, the
same or increased prescribed dose is experienced by the PTV,
but a lower NTCP is achieved in the healthy tissues and
organs at risk (“OAR”) surrounding the PTV.

Using the provided method, the sequence of radiation
beams to be turned on and off during delivery of radiation to
a patient is specifically designed to substantially reduced
radiobiological effect on normal tissues, thereby diminishing
the potential for long term injury. This in turn allows an
increase in the radiation dose imparted to the malignant, or
otherwise targeted, tissues in the PTV. In this manner, the
efficacy of the treatment is increased without further detri-
ment to adjacent healthy tissues. The means by which this is
achieved is to decrease the effective dose rate of radiation to
the selected normal tissues by spatiotemporally separating
the radiation beams that irradiate these tissues.
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By way of example, an overly simplified radiation treat-
ment planning scenario is now presented to provide a clear
example through which the present invention can be
described. Following this example, a more detailed descrip-
tion of the method of the present invention is provided.

Referring to FIG. 4, an exemplary radiation treatment
includes moving the radiation source to five different gantry
angles (P1400,P2402,P3404, P4, 406, and P5,408), thereby
producing five different radiation beams, or “fields,” at each
of'those respective gantry angles (F1 410, F2 412, F3 414, F4
416, and F5 418). These fields are all directed at a tumor 420
in a PTV, but three of the fields (F2 412, F3 414, and F4 416)
also irradiate sensitive normal tissue structures such as a
kidney 422 and spinal cord 424. In conventional treatment
planning, the beams are turned on in no specific sequence,
typically, in a left-to-right, clockwise, counterclockwise, or
other simple sequence depending on technical efficiency.
However, this is not the most eftfective manner for limiting the
NTCP in the kidney 422 and spinal cord 424.

Instead, with the discovery that tumors are less sensitive
than normal tissue to changes in dose rate, the present inven-
tion utilizes this discovery to design a more beneficial timing
sequence to maximally separate, in time, the fields that irra-
diate the normal tissues (F2 412, F3 414, and F4 416). This
temporal separation of radiation fields that irradiate normal
structures significantly reduces the biological effect and thus
reduces the chances of radiation-related toxicity in the normal
tissues. This spatiotemporal patterning of dose distribution
and dose rate is determined by taking into account the repair
half-life and other radiobiological effect factors of the healthy
tissue in the beam paths. Thus, in this simplified example, it is
desired to design the treatment plan such that the dose rate to
the tumor 420 is high, but the dose rate to the kidney 422 and
spinal cord 424 are low.

In this manner, the radiation source would be moved to
gantry angle P2 402 and the subject irradiated by radiation
field F2 412 first, since it contains the tumor 420 and kidney
422, but not the spinal cord 424. Next, the radiation source
would be rotated to P4 406 and the subject irradiated by
radiation field F4 416 since it contains the tumor 420 and the
spinal cord 424, but not the kidney 422. The determination to
irradiate the subject with field F2 412 before field F4 416 is
made in accordance with the repair half-life characteristics of
the kidney 422 versus the spinal cord 424, which has a shorter
repair half-life. After irradiating the subject with field F4 416,
the radiation source is rotated to P5 408 and P1 400 sequen-
tially since the radiation fields F5 418 and F1 400 correspond-
ing to these gantry angles contain only the tumor 420. In this
manner, the kidney 422 and spinal cord 424 are allowed to
undergo cellular repair while the tumor 420 is further irradi-
ated. This allows a high, clinically significant dose rate to be
maintained in the tumor 420, while lowering the effective
dose rate to the sensitive normal tissue structures. Lastly, the
radiation source is rotated to gantry angle P3 404 and the
subject irradiated with radiation field F3 414 since it contains
the tumor 420, kidney 422, and spinal cord 424. By irradiat-
ing the subject along gantry angle P3 404 last, the treatment
plan provides a substantially maximum amount of time in
which the kidney 422 and spinal cord 424 are allowed to
undergo cellular repair in accordance with their respective
tissue repair characteristics, such as repair half-life. In this
manner, a clinically effective dose rate is maintained in the
tumor, while the dose rate, and thereby radiobiological effect,
in surrounding healthy tissues is significantly reduced. Thus,
an effective TCP is maintained while achieving lower NTCP
than previously allowable.
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Referring now to FIG. 5, a flowchart setting forth the steps
of'an exemplary method for determining a biologically modu-
lated radiation treatment plan in accordance with the present
invention is illustrated. The method begins by identifying the
planning target volume (“PTV”) that contains the tumor or
other target tissue to be treated, as indicated at step 500.
Typically, this identification is made using an image of the
subject that is acquired with the IGRT system; however,
images of the subject that were previously acquired with other
imaging systems can also be employed with the appropriate
image registration to the treatment system. Next, the normal
tissues and organs at risk that are adjacent to the PTV are
identified from the same image of the subject used in step 500,
as indicated at step 502. Following the identification of the
adjacent normal tissues, these tissues are classified, as indi-
cated at step 504. For example, an image segmentation is
performed such that different tissues are appropriately seg-
mented and classified according to their respective tissue
types. An exemplary segmentation will identify those regions
in an image of the subject that are associated with different
tissue types such as kidney, heart, lung, liver, and spinal cord.
Moreover, the different tissue types can be further classified
as either healthy or diseased. In this manner, a segmented
treatment image is produced in which each segment corre-
sponds to a particular tissue type. Next, a prescribed dose that
is to be imparted to the PTV is selected, as indicated at step
506.

The formulation of the radiation treatment plan then pro-
ceeds by designing the appropriate spatiotemporal dose rate
pattern by which radiation is to be delivered to the subject in
order to impart the prescribed dose to the PTV, as indicated at
step 508. As discussed above, the spatiotemporal dose rate
pattern is designed such that a substantially sustained dose
rate is administered to the PTV while lower effective dose
rates are administered to the adjacent normal tissues. Using
the information regarding the location and classification of
each tissue type surrounding the PTV that is obtained from
the segmented treatment image, the desired spatiotemporal
dose rate distribution is determined.

In any given clinical scenario, differing priorities will
present themselves and these priorities may be factored into
the selection process regarding to which organs the effective
dose rate will be intentionally reduced. By way of example,
assume that radiation therapy to a particular neck tumor
would result in relatively high dose to the parotid salivary
glands and the spinal cord. In this scenario, the actual total
doses to each sensitive normal structure (spinal cord and
parotid glands) is first predicted by a treatment planning
computer algorithm. If a solution using the proposed mecha-
nism presents itself that reduces dose rate to both of these
sensitive structures, that option would be selected. If, how-
ever, the treatment plan identifies that dose rate cannot be
reduced to both sensitive organs, then the organ that is more
likely to experience injury from the treatment plan is selected
for intentional dose rate reduction. For example, if the spinal
cord dose were 42 Gy and the parotid gland dose were 30 Gy,
the parotid gland would likely be selected as the organ to
which dose rate is reduced. This selection is made since the
spinal cord can typically tolerate up to 46 Gy, whereas the
parotid glands can be injured by 25-30 Gy. In this case the
designed spatiotemporal dose rate pattern would thereby
reduce the parotid gland effective dose rate and, thus, protect
it from injury while the spinal cord total dose would be under
the normal tolerance and also be protected from injury with-
out modifying effective dose rate. Another possible scenario
might be if the spinal cord dose was 45 Gy and the parotid
gland dose was over 30 Gy. Since injury to the spinal cord is



US 8,613,694 B2

11

a severe side effect, this organ would be chosen for effective
dose rate reduction to avoid potentially devastating compli-
cations.

In another approach, a computerized treatment algorithm
that includes factors such as total dose and daily fraction size,
using, for example, the so-called linear-quadratic (“L.QJ"") for-
malism, can be employed to calculate risk of injury from a
conventional dose rate treatment. Such a program would then
generate the optimized spatiotemporal dose rate pattern that
would minimize risks of radiation injury in an automated
fashion for any given clinical scenario. It is acknowledged
that such algorithms would differ in their specifics for the
various commercially available treatment planning systems
that are currently in clinical use; however, the general concept
of'spatiotemporal modulation with the intent of effective dose
rate reduction to minimize risk of injury could be universally
applied.

After the spatiotemporal dose rate pattern is designed, the
overall fractionation scheme for the treatment plan is deter-
mined, as indicated at step 510. The fractionation scheme
describes the number and timing of different fractions of
radiation treatment that are to be delivered to the subject in
order to produce the prescribed dose in the PTV.

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

The invention claimed is:

1. A method for controlling a radiation therapy system in
order to deliver radiation to a planned target volume, the steps
comprising:

a) obtaining an image of a subject;

b) identifying, in the obtained image of the subject, the

planned target volume (PTV);

¢) identifying, in the obtained image of the subject, normal

tissues adjacent the PTV;
d) classifying each identified normal tissue adjacent the
PTV,

e) selecting a prescribed dose to be imparted to the PTV;

f) determining, using the prescribed dose and information
about a location and classification of each identified
normal tissue and the identified PTV, a spatiotemporal
dose rate distribution that maintains a selected dose rate
to the PTV and a lower effective dose rate to the identi-
fied normal tissues, such that normal tissue complication
probability (NTCP) is reduced, wherein step 1) includes
determining the spatiotemporal dose rate distribution by
taking into account a repair half-life for each identified
normal tissue such that the spatiotemporal dose rate
distribution results in dose rates being adjusted in the
identified normal tissues as a function of the repair half-
life of each identified normal tissue; and

g) directing the radiation therapy system to irradiate the

PTV according to the determined spatiotemporal dose
rate distribution.

2. The method as recited in claim 1 in which the determined
spatiotemporal dose rate distribution identifies an order in
which a radiation source that forms a part of the radiation
therapy system is to be moved through each of a plurality of
gantry angles.

3. The method as recited in claim 2 in which the determined
spatiotemporal dose rate distribution identifies a duration of
time in which the radiation source delivers radiation to the
subject at each of the plurality of gantry angles.

4. The method as recited in claim 1 in which the radiation
therapy system is at least one of an x-ray therapy system, an
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electron therapy system, a gamma ray therapy radiation sys-
tem, and a hadron therapy system.

5. The method as recited in claim 4 in which the radiation
therapy system is at least one of an image-guided x-ray
therapy system, an image-guided electron therapy system,
and an image-guided gamma ray therapy system.

6. The method as recited in claim 4 in which the radiation
therapy system is a tomotherapy system.

7. The method as recited in claim 4 in which the hadron
therapy system is at least one of a proton beam therapy sys-
tem, a heavy ion beam therapy system, and a neutron beam
therapy system.

8. The method as recited in claim 1 in which step f) includes
determining the spatiotemporal dose rate distribution by tak-
ing into account radiobiological effect factors associated with
each identified normal tissue such that the spatiotemporal
dose rate distribution results in dose rates being reduced as a
function of a radiosensitivity of each identified normal tissue.

9. The method as recited in claim 1 in which the spatiotem-
poral dose rate distribution determined in step f) results in
reducing dose rate as the repair half-life for a given identified
normal tissue increases.

10. A method for producing a radiation therapy treatment
plan, the steps comprising:

a) providing an image of a subject;

b) identifying, in the provided image of the subject, a

planned target volume (PTV) that is to receive treatment;
¢) identifying, in the provided image of the subject, normal
tissues adjacent the PTV;

d) classifying each identified normal tissue adjacent the

PTV;

e) selecting a prescribed dose to be imparted to the PTV;

and

f) determining, using the prescribed dose and information

about a location and classification of each identified
normal tissue and the identified PTV, a radiation therapy
treatment plan that, when employed by a radiation
therapy system, maintains a selected dose rate to the
PTV and a lower effective dose rate to the identified
normal tissues such that normal tissue complication
probability (NTCP) is reduced, wherein step 1) includes
determining a spatiotemporal dose rate distribution by
taking into account a repair half-life for each identified
normal tissue such that the spatiotemporal dose rate
distribution results in dose rates being adjusted in the
identified normal tissues as a function of the repair half-
life of each identified normal tissue.

11. The method as recited in claim 10 in which step ¢)
includes segmenting the provided image.

12. The method as recited in claim 10 in which the spa-
tiotemporal dose rate distribution determined in step f)
defines an order in which a radiation source that forms a part
of'the radiation therapy system is to be moved through each of
a plurality of treatment positions.

13. The method as recited in claim 12 in which each of the
plurality of treatment positions define a position and an ori-
entation of a radiation beam delivered by the radiation
therapy system.

14. The method as recited in claim 12 in which the spa-
tiotemporal dose rate distribution determined in step f)
defines a duration of time during which the radiation therapy
system delivers radiation to the subject at a given radiation
treatment location.

15. The method as recited in claim 10 in which the spa-
tiotemporal dose rate distribution determined in step f)
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defines a duration of time during which the radiation therapy
system delivers radiation to the subject at a given radiation
treatment location.

16. The method as recited in claim 10 in which the spa-
tiotemporal dose rate distribution determined in step f) results 5
in reducing dose rate as the repair half-life for a given iden-
tified normal tissue increases.
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