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TEMPORALLY FEATHERED RADIATION THERAPY

Related Applications

[0001] This application claims the benefit of U.S. Provisional Application No.
62/541,181, filed August 4, 2017, entitled “TEMPORAL FEATHERING AS A
METHOD OF NORMAL TISSUE TOXICITY REDUCTION IN INTENSITY
MODULATED RADIATION THERAPY.” This provisional application is hereby
incorporated by reference in its entirety for all purposes.

Technical Field

[0002] The present disclosure relates generally to radiation therapy and, more
specifically, to systems and methods for temporally feathering a radiation therapy
procedure to reduce the effects of acute toxicity without altering the radiation dose.

Background

[0003] Radiation therapy is a modality for cancer treatment involving application
of ionizing radiation to the tumor. The safe and effective application of radiotherapy
aims to treat the patient’s tumor tissue, while sparing the patient’s healthy tissue
from acute toxicity. The development of intensity-modulated radiation therapy has
made strides in sparing the patient’s healthy tissue from acute toxicity. However,
even with intensity-modulated radiation therapy, the healthy tissue of many patients
still suffers from acute toxicity. While the healthy tissue has the ability to recover

from acute toxicity, this recovery can take time.

[0004] Intensity-modulated radiation therapy delivers constant radiation doses

at a constant time interval. The constant time interval often does not provide time for
the healthy tissue to recover from acute toxicity. Such a lack of recovery can lead to
a decreased quality of life for the patient, and may even lead to treatment breaks that

may compromise tumor control.
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Summary

[0005] The present disclosure relates generally to radiation therapy and, more
specifically, to systems and methods for temporally feathering a radiation therapy
procedure to reduce the effects of acute toxicity without altering the radiation dose.
Using temporally feathered radiation therapy, a certain radiation dose can be
delivered while providing adequate time for the patient’s tissue to recover from acute

toxicity.

[0006] In one aspect, the present disclosure can include a system that
temporally feathers a radiation therapy procedure to reduce the effects of acute
toxicity without altering the radiation dose. The system includes a non-transitory
memory storing instructions; and a processor configured to execute the instructions.
A target volume for a radiation procedure can be determined based on at least one
image. The radiation procedure includes a total dose of radiation to be administered
in a time period. An organ outside of the target volume at risk of acute toxicity from
the radiation procedure can be determined based on the at least one image. A
sequence plan that ensures the total dose of radiation is administered in the time
period can be calculated. The sequence plan includes one day of a high fractional
dose of radiation and four days of a low fractional dose of radiation.

[0007] In another aspect, the present disclosure can include a method for
temporally feathering a radiation therapy procedure to reduce the effects of acute
toxicity without altering the radiation dose. At least a portion of the method can be
performed by a system comprising a processor. The method includes receiving a
radiation procedure comprising a total dose of radiation to be administered in a time
period; determining a target volume for the radiation procedure based on at least one
image; determining an organ outside of the target volume at risk of acute toxicity
from the radiation procedure based on the at least one image; and constructing a
sequence plan that ensures the total dose of radiation is administered in the time
period. The sequence plan includes one day of a high fractional dose of radiation

and four days of a low fractional dose of radiation.
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Brief Description of the Drawings

[0008] The foregoing and other features of the present disclosure will become
apparent to those skilled in the art to which the present disclosure relates upon
reading the following description with reference to the accompanying drawings, in
which:

[0009] FIG. 1 is a block diagram illustration showing an example of a system
that temporally feathers a radiation therapy procedure to reduce the effects of acute
toxicity without altering the radiation dose in accordance with an aspect of the
present disclosure;

[0010] FIG. 2 is a block diagram illustration showing an example of the
computing device of FIG. 1 in greater detalil;

[0011] FIG. 3 is a process flow diagram of an example method for temporally
feathering a radiation therapy procedure to reduce the effects of acute toxicity
without altering the radiation dose in accordance with another aspect of the present

disclosure;

[0012] FIGS. 4-5 are process flow diagrams of additional example methods for
delivering a temporally feathered sequence according to the method of FIG. 3;

[0013] FIG. 6 shows a comparison of conventionally fractionated IMRT and
TFRT based on the biology effective dose (BED) model;

[0014] FIG. 7 shows a comparison and representation of NTCP and radiation-
induced OAR toxicity between conventionally fractionated IMRT and TFRT with

varying organ specific recovery rates (W);

[0015] FIG. 8 shows a comparison and representation of NTCP and radiation-
induced OAR toxicity between conventionally fractionated IMRT and TFRT with
varying standard fractional doses (ds); and
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[0016] FIG. 9 shows a comparison of conventionally fractionated IMRT and
TFRT with respect to the standard fractional dose (ds) and organ specific recovery

rate (u).

Detailed Description

I Definitions

[0017] Unless otherwise defined, all technical terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the

present disclosure pertains.

[0018] In the context of the present disclosure, the singular forms “a,” “an” and

“the” can also include the plural forms, unless the context clearly indicates otherwise.

[0019] The terms “comprises” and/or “comprising,” as used herein, can specify
the presence of stated features, steps, operations, elements, and/or components,
but do not preclude the presence or addition of one or more other features, steps,

operations, elements, components, and/or groups.

[0020] As used herein, the term “and/or” can include any and all combinations

of one or more of the associated listed items.

[0021] Additionally, although the terms “first,” “second,” etc. may be used herein
to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. Thus, a “first”
element discussed below could also be termed a “second” element without departing
from the teachings of the present disclosure. The sequence of operations (or
acts/steps) is not limited to the order presented in the claims or figures unless

specifically indicated otherwise.

[0022] As used herein, the term “radiation therapy” can refer to a type of cancer
treatment that uses beams of intense energy (e.g., X-rays, photons, and the like) to
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kill cancer cells by damaging the genetic material that controls how cancer cells grow

and divide.

[0023] As used herein, the term “radiation procedure” can refer to the
individualized process utilized to apply radiation therapy to a patient. A certain dose
of radiation can be administered to a target volume in the patient for a certain time
period. In addition to the target volume, one or more organs at risk may receive at

least a portion of the dose of radiation during the radiation procedure.

[0024] As used herein, the term “target volume” can refer to a three-dimensional
portion of tissue to be treated during a radiation procedure. The target volume can
include a tumor and may include additional tissue located near the tumor.

[0025] As used herein, the term “organ at risk” can refer to one or more organs
or tissues that may be damaged during exposure to radiation during a radiation

procedure.

[0026] As used herein, the term “dose” can refer to an amount of radiation to be
administered the target volume during a radiation procedure given in units of Gray
(Gy). One Gy is defined as the absorption of one Joule of radiation energy per
kilogram of matter. Radiation dose can vary depending on the type and stage of

cancer being treated and the location of the cancer in the patient.

[0027] As used herein, the term “acute toxicity” can refer to adverse effects of

radiation exposure experienced by tissues and organs outside of the target volume.

[0028] As used herein, the term “fractional dose” can refer to a portion of a
prescribed radiation therapy dose that is administered to a patient at intervals within
a given time period. The sum of the fractional doses within the given time period

make up the prescribed radiation therapy dose.

[0029] As used herein, the term “sequence plan” can refer to a plan to
administer fractional doses over a given time period. Within the sequence plan, a
sum of the fractional doses over the given time period must equal the prescribed

radiation therapy dose.
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[0030] As used herein, the term “intensity-modulated radiation therapy (IMRT)”
refers to a radiation procedure that involves an even split of a prescribed radiation
therapy into equal fractional doses within a given time period.

[0031] As used herein, the term “temporal feathering” can refer to a radiation
procedure that involves a split of a prescribed radiation therapy into unequal
fractional doses within a given time period. Temporal feathering can include
applying at least one relatively high fractional dose compared to a standard fractional
dose and then delivering a plurality of relatively lower fractional dose compared to
the standard fractional dose. The lower fractional doses offset the greater radiation-

induced damage of the least one higher fractional dose.

[0032] As used herein, the term “image” can refer to a visual representation of
the interior a patient’s body for clinical analysis and medical intervention. Images
used in the medical field can include X-rays, CT scans, PET Scans, ultrasounds, and
MRIs.

[0033] As used herein, the terms “subject” and “patient” can be used
interchangeably and refer to any warm-blooded organism including, but not limited
to, a human being, a pig, a rat, a mouse, a dog, a cat, a goat, a sheep, a horse, a
monkey, an ape, a rabbit, a cow, etc.

l. Overview

[0034] The present disclosure relates generally to radiation therapy. Strides
have been made to spare a patient’s healthy tissue from acute toxicity while the
patient undergoes radiation therapy to cure cancer. Intensity-modulated radiation
therapy delivery constant radiation doses at a constant time interval. With intensity-
modulated radiation therapy, however, the healthy tissue of many patients still
suffers from acute toxicity because adequate time is not permitted for complete
recovery from acute toxicity. Such a lack of recovery can lead to a decreased quality
of life for the patient, and may even lead to treatment breaks that may compromise

tumor control
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[0035] The present disclosure aims to provide this time for recovery while not
impairing the radiation therapy according to the prescribed dose. This is
accomplished by optimizing the temporal dimension through which the radiation
therapy is delivered to the patient and increasing the time for recovery from acute
toxicity through a treatment planning strategy called temporal feathering.
Accordingly, the present disclosure relates, more specifically, to systems and
methods for temporally feathering a radiation therapy procedure to reduce the effects
of acute toxicity without altering the radiation dose. Using temporal feathering, the
present disclosure creates an interfractional interval that facilitates recovery of the
radiation-induced damage in healthy tissue, while still providing the prescribed dose

of radiation therapy.

1. Systems

[0036] One aspect of the present disclosure can include a system 10 (FIG. 1)
that temporally feathers a radiation therapy procedure to reduce the effects of acute
toxicity without altering the radiation dose. Temporal feathering the radiation therapy
procedure, at its core, alters the time frame of the radiation therapy procedure to give
an organ at risk time to recover from the radiation (e.g., when radiation is delivered
by a multi-dimensional distribution of radiation sources, the time averaging between
the different radiation sources can be changed to ensure that the prescribed
radiation dose is delivered, but to limit the exposure of the organ at risk so that the
organ at risk has time to recover from acute toxicity). As such, the acute toxicity
does not build up in the organ at risk, which can potentially lead to a decreased
quality of life and even treatment breaks that may compromise tumor control.

[0037] The system 10 can include a radiation delivery device 2 and a computing
device 4. The computing device 4 can configure the radiation procedure with the
temporal feathering. The radiation delivery device 2 can deliver the radiation
according to the radiation procedure with the temporal feathering. The radiation
delivery device 2 can communicate with the computing device 4 in at least one
direction (computing device 4 to radiation delivery device 2) according to a wired
and/or wireless connection. In this case, the radiation delivery device 2 can receive

-7-
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the configured radiation procedure from the computing device 4. In some instances,
the communication can be in two directions, allowing feedback from the radiation
delivery device 2 to the computing device 4. In response to the feedback, the
computing device 4 may update the radiation procedure.

[0038] The computing device 4 can have peripheral devices, including (but not
limited to) an input 6 and a display 8. The input 6 can allow a user or other entity
(like the radiation delivery device 2) to deliver information to the computing device 4.
The display 8 can be used to provide perceivable information regarding the radiation
procedure. The perceivable information can be a graphical display of a sequence
plan for the radiation procedure. The perceivable information can also be a
graphical display of an image to create the sequence plan. However, the
perceivable information can be anything related to the radiation procedure displayed

in audible or visual form.

[0039] A patient diagnosed with cancer can be prescribed a total dose of
radiation to be administered to the tumor over a time period. The computing device
4 can determine the proper sequence plan for administration of the total dose over
the time period. The computing device 4 aims to deliver the total dose to the tumor
over the time period with a minimal risk of acute toxicity to organs at risk. The
computing device 4 performs this risk management analysis using the configuration

of the computing device 4 shown in FIG. 2.

[0040] The computing device 4 can receive (via the input 6) a radiation
procedure that includes a total dose of radiation to be administered to a patient in a
time period. The total dose can be selected from previously used total doses (for the
patient and/or other patients) based on a type of cancer, a size of cancer, a stage of
cancer. As shown in FIG. 2, the computing device 4 can construct a sequence plan
for the total dose during the time period. The computing device 4 includes a non-
transitory memory 12 storing instructions and a processor 14 to access the memory
and execute the instructions. The instructions include a target volume selector 16, a

risk calculator 17, and a plan calculator 18.
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[0041] The target volume selector 16 can determine the target volume for the
radiation procedure based on at least one image of the patient (which can be stored
in the non-transitory memory 12 and/or received from another location). The image
of the patient can include at least a portion of an area that includes malignant cells.
Several images can be sewn together to show the entire area of malignant cells if
need be, The radiation procedure includes The image and the target volume can
also be used by the risk calculator 17 to determine one or more organs outside the
target volume at risk of acute toxicity from the radiation procedure. The information
about the target volume and the one or more organs at risk can be used by the plan
calculator 18 in constructing the sequence plan that ensures the total dose of
radiation is administered in the time period, while delivering as little damaging
radiation to the organ at risk as possible to reduce the effects of acute toxicity. The
sequence plan developed by the plan calculator can include one day of a high
fractional dose of radiation and the other days including a low fractional dose of
radiation. The total dose can equal a sum of the high dose plus the number of low
doses. This ensures that the total dose is delivered, but gives the organ at risk
sufficient time to recover from acute toxicity due to the high dose before a high dose
is delivered again.

[0042] The computing device 4 sends the sequence plan to a computer
associated with the radiation delivery device 2. The computer associated with the
radiation delivery device can be the computing device 4, but may be an additional
computing device. The radiation delivery device 2 delivers the total dose of radiation
to the patient according to the sequence plan for the time period. The computer
associated with the radiation delivery device 2 can transmit information associated
with the sequence plan back to the computing device 4. The computing device 4
can determine a new sequence plan for the next time period taking into account the

information from the radiation delivery device.
Iv. Methods

[0043] As shown in FIGS. 3, another aspect of the present disclosure can
include a method 30 for temporally feathering a radiation therapy procedure to

9-
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reduce the effects of acute toxicity without altering the radiation dose. FIGS. 4 and 5
show additional example methods 40, 50 for delivering a temporally feathered
sequence according to the method 30 of FIG. 3. The methods 30-50 can be
performed at least in part by the system 10 shown in FIGS. 1 and 2.

[0044] The methods 30-50 are illustrated as process flow diagrams with
flowchart illustrations. For purposes of simplicity, the methods 30-50 is shown and
described as being executed serially; however, it is to be understood and
appreciated that the present disclosure is not limited by the illustrated order as some
steps could occur in different orders and/or concurrently with other steps shown and
described herein. Moreover, not all illustrated aspects may be required to implement
the methods 30-50. The methods 30-50 can be executed by hardware — for
example, at least a portion of the system 10 shown in FIGS. 1-2. One or more
hardware elements of the system 10 can execute software routines to implement at
least a portion of the methods 30-50. Additionally, one or more elements of the
system 10 can include a non-transitory memory storing the software routines and
one or more processors to execute the software routines corresponding to the at

least the portion of the methods 30-50.

[0045] Referring now to FIG. 3, illustrated is a method 30 for temporally
feathering a radiation therapy procedure to reduce the effects of acute toxicity
without altering the radiation dose. The method 30 can be system by a system (e.g.,

system 10) including a processor (e.g., processor 14).

[0046] At 32, a radiation procedure can be received. The radiation procedure
can include a total dose of radiation to be delivered to a patient in a time period. For
example, the time period can be a week (e.g., 5 days) and the radiation procedure
can include the total dose to be delivered in the week. The total dose can be split (or
fractionated) for delivery to the patient during the week.

[0047] At 34, a target volume for the radiation procedure can be determined (or
confirmed). The target volume, which can include one or more malignant cells, can
be determined based on at least one image. At 36, an organ outside the target
volume at risk for acute toxicity from the radiation procedure can be determined.

-10-
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The organ at risk can also be determined based on the at least one image. It should
be noted that additional organs at risk can be identified.

[0048] At 38, a sequence plan that ensures the total dose of radiation is
administered in the time period, while decreasing the risk of acute toxicity to the
organ outside the target volume. The sequence plan can minimize the risk of acute
toxicity to the organ outside the target volume. In the sequence plan, the total dose
can be fractionated according to a temporal feathering procedure. For example,
during a time period of a week (5 days), the total dose (TD) can be fractionated with
one day of a high fractional dose (HFD) and the other days can receive a low
fractional dose (LFD) so that TD = HFD + 4 LFD. In other words, the high fractional
dose of radiation can be greater than 1/5 times the total dose of radiation and the low
fractional dose can be less than 1/5 times the total dose of radiation. The high
fractional dose of radiation and the low fractional dose of radiation can be chosen
based on a recovery rate of the organ outside of the target volume from acute
toxicity. With temporal feathering, the total dose can be greater than a uniform total
dosage delivered to the target area according to a sequence plan associated with

uniform fractional doses of radiation.

[0049] Referring now to FIG. 4, illustrated is a method 40 for administering a
temporally feathered radiation procedure. The method 40 can be performed by
radiation delivery device 2 of the system 10. At 42, a sequence plan for a time
period can be received. At 44, radiation can be administered according to the
sequence plan for the time period. At 46, an edited sequence plan can be
administered for the next time period. As an example, the time period can be a
week, so that the sequence plan can be followed for the week. After administration
for the week, the patient’s response can be studied, and a revised sequence plan
can be created based on the patient’s response.

[0050] Referring now to FIG. 5, illustrated is a method 50 for administering a
temporally feathered radiation procedure. The method 40 can be performed by
radiation delivery device 2 of the system 10. The method 40 shows one example of
using temporal feathering in connection with four organs at risk. It should be noted

-11-
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that a greater or fewer number of organs at risk may exist and the method 40 can be

changed accordingly.

[0051] At 52, a first sequence plan can be administered (by a multi-dimensional
radiation delivery source) with radiation at a first distribution for a first time. At 54, a
second sequence plan can be administered with radiation at a second distribution for
a second time. At 56, a third sequence plan can be administered with radiation at a
third distribution for a third time. At 58, a fourth sequence plan can be administered

with radiation at a fourth distribution for a fourth time.
V. Experimental

[0052] The following example is for the purpose of illustration only is not
intended to limit the scope of the appended claims.

[0053] Through the years, researchers in the field of radiation oncology and
medical physics have been innovating new ways of widening the therapeutic window
by either increasing tumor control probability (TCP) or decreasing the normal tissue
complication probability (NTCP). Recent works have shown the potential of
spatiotemporal fractionation schemes delivering distinct radiation dose distribution in
different fractions to improve the therapeutic ratio. The goal has been to maximize
the mean BED of the tumor and minimize the mean BED in normal tissue by
hypofractionating parts of the tumor while delivering approximately identical doses to
the surrounding normal tissue. This planning strategy has been shown to result in
spatiotemporal fractionation treatments that can achieve substantial reductions in
normal tissue dose. However, the effect of interfractional normal tissue recovery of
radiation-induced damage has not been taken into account, which when considered
could lead to further reduced treatment side effects.

[0054] This example demonstrates a treatment planning strategy referred to as
temporally feathered radiation therapy that takes the effect of intrafractional normal
tissue recovery of radiation-induced damage into account to optimize toxicity profiles
without compromising tumor control. Using temporally feathered radiation therapy,

time can be leveraged to maximize the recovery of normal tissue from acute toxicity

-1o-
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without altering total radiation dose (allowing, nonintuitively, for more occasional
sublethal damage repair and prolonged repopulation phases even in the face of
higher total dose delivered at the end of treatment). The total radiation dose can be
delivered as a specific repetitive sequence defined with one higher than standard
fractional dose followed by a plurality of lower fractional doses for a time. The
plurality of lower fractional doses creates an interval between the higher than
standard fractional doses, allowing more time for recovery from acute toxicity.
Increasing the time for recovery can lead to improved patient quality of life, as well

as a potential for dose intensification
Methods
Temporally Feathered Radiation Therapy

[0055] The treatment planning strategy that will be discussed is termed
temporally feathered radiation therapy (TFRT). Using TFRT, the fractional radiation
dose delivered to organs at risk (OARs) is altered to allow for increased normal
tissue recovery form radiation-induced damage with respect to conventionally
fractionated intensity-modulated radiation therapy (IMRT). A TFRT plan is generated
as a composite of several iso-curative (i.e., same tumor dose) plans each with
altered constraints on particular OARs of interest. In each of these TFRT plans, a
single OAR would be deprioritized, allowing the optimization algorithm to reduce

radiation dose and thereby toxicity to all other OARs.

[0056] In practice, a planning target volume (PTV) with five surrounding OARs
of interest prescribed a standard dose of 70 Gy in 35 fractions, similar to that
commonly implemented for head and neck cancers. Furthermore, consider that five
treatment plans are developed, wherein each of the five OARs receives a relatively
high fractional dose (dy) compared to the standard fractional dose (ds) once weekly,
that is, 2.0 Gy. A relatively lower (d.) fractional dose is then delivered the remaining
4 days of the week. With this treatment planning strategy, although greater
radiation-induced damage is induced by dy once weekly, it is offset by the lower
fractional dose, d|, delivered over a greater amount of time - during the remaining 4
days. The composite of dy and d is then compared to the corresponding standard

-13-
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fractional dose ds delivered to each OAR in a conventionally fractionated IMRT plan.
In this hypothetical case, the TFRT plan is composed by 35 fractions, and each OAR
of interest will receive 28 fractions of 0 < d. < ds and 7 fractions of dy > ds > 0.
Fractional doses d_ and dy remain unaltered during the course of treatments. For
demonstrative purposes, radiotherapy treatment plans that feather five OARs are
considered, though any number of OARs can be chosen for temporally feathering.

Biologically Effective Dose Model

[0057] The Linear-Quadratic (LQ) model is currently the most widely used dose-
response formulation in radiotherapy. The LQ model fits to in vitro cell survival
experiments and incorporates the LQ behavior of the observed cell survival curves.
The linear component accounts for cell killing by DNA double strand breaks (DSBs)
due to a single hit of radiation, whereas the quadratic component represents the
lethal effects of two separate ionizing events that eventually cause DSBs. The
surviving fraction (SF) of cells after n fractions of a radiation dose dis given by:

SF(d) = e @i Equation 1

where o, (Gy™') and B (Gy™) are tissue dependent radiosensitivity parameters.

[0058] It follows directly from the LQ model that the biological effect (E) of n
equally sized fractions of dose dis given by E = nd (a+Bd). This equation can be
manipulated to derive biologically effective dose (BED) calculations, which is a
standard quantity allowing comparison of various radiotherapy fractionation
schemes. BED is dependent on inherent biologic radiosensitivity of tissues, which is

termed as the a to B ratio, o/f. The BED is given by:

BED =nd 1+% Equation 2

B
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The BED equation above applies to conventionally fractionated radiation plans in
which a same fractional dose (i.e., a standard dose) is delivered daily. The BED for

a standard daily treatment fraction (BEDs) is given by:

d .
BED, =nyd, 1+7S Equation 3

B

where ng is the number of treatment fractions and ds is the radiation dose per
fraction. The BED of temporally feathered plans BED+r is defined as follows:

d d :
BED,, =n,d, 1+7L +n,d, 1+7H Equation 4
B B

where n_ and ny refer to the number of lower dose (d,) and number of higher dose
(dn) fractions, respectively. Lower dose fractions deliver a radiation dose less than
what would be delivered in a conventionally fractionated IMRT plan, 0 < d| < ds.
Similarly, higher dose fractions deliver a radiation dose higher than what would be
delivered in a conventionally fractionated IMRT plan, dy > ds > 0. Fractional doses
d. and dn remain unaltered during the course of treatment and are homogeneously
distributed on each OAR. The total number of fractions and their time of delivery
remains the same as in conventionally fractionated IMRT and TFRT plans, that is ns
= n_ + ny. Additionally, the tumor dose does not change, only the dose to OARs

BED-Based Comparison of Treatment Plans

[0059] The difference in the BED delivered by a conventionally fractionated
IMRT plan (S) of a standard dose ds and a temporally feathered (TF) radiation
therapy plan is defined as ABED = BEDgs — BED-f.

-15-
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Dynamical Model of Normal Tissue Complication Probability

[0060] A nonspatial dynamical model is used to simulate normal tissue
response to radiation. This is a form of NTCP modeling, which is a quantitative
measure of radiation-induced detriment to normal tissues. The model is formulated
as a logistic differential equation that describes the recovery of normal tissues (N)

from sublethal radiation-induced damage given by:

CZ—];] = UN(t)(1-N(@))— 6t )RT(d)N(t)(1 - N(1)) Equation 5
where the organ-specific parameter pu > 0 represents the recovery rate of radiation-
induced damage. Before radiation, the simulated OAR is at tissue homeostasis with
a 1% turnover rate, thus N(0) = 0.99. Then N(t) < N(0) represents the level of normal
tissue damage by radiotherapy (small values of N(t) relate to severe damage), and
(N(0) — N(t)) is used as an indication of the radiation induced toxicity. The logistic
differential Equation 5 used to model normal tissue recovery simulates a decay of
toxicity to zero over time. This is based on clinical observations revealing that not all
patients develop late toxicities, and, more importantly, that acute toxicities normally
do go to zero on rather short time scales. Furthermore, this model is used to
compare conventionally fractionated and temporally feathered radiotherapy plans
under the same conditions, which does not influence the ability to compare planning

techniques. The model was solved numerically in Matlab (www.mathworks.com).

[0061] The effect of radiation is included by the loss term d(t)RT(d)N(t)(1-N(t))
in Equation 5, where §(t;) is the Dirac delta function equal to one at the time of
irradiation t; and zero otherwise. The structure of this loss term models the growing
effect of radiation therapy with increasing number of treatment fractions. In fact, it is
known that as treatment fractions accumulate the observed radiation-induced acute
toxicities become increasingly apparent. Clinically normal tissue toxicities that
increase in severity mid-way and toward the end of radiation therapy treatments are

observed. The function RT(d) = (1—e‘””‘ﬁd2) is based on the radiobiological LQ

model in Equation 1. More precisely, RT(d) represents the “injured fraction” of
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normal cells receiving a radiation dose d, that is 1 — surviving fraction of cells. Thus,
for low radiation doses, the injured fraction of normal cells due to radiation must be
small, thereby RT(d) must be close to zero. On the other hand, high radiation doses
will result in more killed normal cells for which RT(d) tends to one. Furthermore,
both the delivery of each treatment fraction and response to radiation are assumed

to be instantaneous.

[0062] It should be noted that the LQ model is used to describe the immediate
radiation response of normal tissue and a dynamical NTCP model to describe
normal tissue repair of radiation-induced damage during fractions and over the entire

treatment time.
NTCP-based Comparison of Treatment Plans

[0063] The difference between OAR toxicity induced by a conventionally
fractionated IMRT plan (Ns(teng)) and a TFRT plan (N1r(teng)) at the end of treatment
tena is denoted by ANTCP = Ng(teng) - Nt1r(teng). Positive values (ANTCP > 0) favor
TFRT over IMRT plans.

Overall and Maximum Potential Benefit of TFRT over Conventionally
Fractionated IMRT

[0064] The normal tissue toxicity reduction of TFRT over conventionally planned
IMRT is estimated by using a term referred to as overall potential benefit (OPB1e).
For any given combination of the organ-specific recovery rate 1 and the fractional
radiation dose ds delivered by a conventionally fractionated IMRT plan, OPBr is the
ratio of simulated TFRT plans with 0 < d, £ d, <ds and 0 < ds < dy < dn, that result in
ANTCP > 0 and deliver higher total doses than the corresponding IMRT plans. In
this study, dm and dy are the minimum lower dose (d.) and the maximum higher
dose (dn) considered to generate the TFRT plans.

[0065] The maximum potential benefit (MAXtr) of TFRT over conventionally
planned IMRT is defined as the maximum ANTCP > 0 of simulated TFRT plans

delivering higher total doses than the corresponding IMRT plans.
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Results
BED Model Simulations

[0066] The BED model is considered to compare TFRT and conventionally
fractionated IMRT under varying conditions. To this end, an OAR was considered at
a physiologic equilibrium and characterized by an o/ ratio of 3 Gy. Furthermore,
TFRT plans were simulated with dm, < d|. £ ds and ds < dy < dmconsisting of 28
fractions (n.) of d. < ds and 7 fractions (ny) of dy > ds, and the corresponding
conventionally fractionated IMRT plans delivering ds in 35 fractions. For illustrative
purposes, dm = (ds — 0.5 Gy) and du = (ds + 2.5 Gy) with a dose increment of 0.01
Gy between dn, and ds, as well as between ds and dw.

[0067] FIG. 6 illustrates ABED = (BEDs — BED1¢) between different TFRT and
conventionally planned IMRT plans (Equations 3 and 4). Irrespective of ds, TFRT
plans result only in a lower BED when the total dose (28 d. + 7 du) delivered to the
OAR of interest is less compared to the standard IMRT plan (35 ds). Further,
combinations of d_ and dy exist in which BED+tr > BEDg even when the total dose by
TFRT plans is less than in the conventionally fractionated IMRT plan. These results
hold irrespective of the o/f ratio of the OAR of interest. The BED formulation does
not account for the effect of interfractional normal tissue recovery of radiation-
induced damage, and therefore is not a suitable model to evaluate the potential
benefit of TFRT. This highlights the need for models that account for the dynamic of
normal tissue recovery from radiation-induced damage between treatment fractions

to access the feasibility of TFRT.
Dynamical NTCP Model Simulations

[0068] The normal tissue complication probability (NTCP) of TFRT compared to
conventionally fractionated IMRT is simulated by implementing the dynamical NTCP
model presented in Equation 5. The conditions are the same those described as
above with respect to the BED model simulations. NTCP model simulations reveal a
range of treatment planning conditions in which TFRT plans reduce radiation-
induced toxicity to OARs compared to conventional planned IMRT plans. These
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conditions are dependent on d. and dy, as well as on the organ-specific recovery
rates u, associated with radiation-induced damage. This is shown in FIGS. 7 and 8,
which represent ANTCP for TFRT and conventionally fractionated IMRT plans with
varying p and ds values, respectively. As exhibited by FIGS. 7 and 8, certain
combinations of d. and dy delivering higher total doses in TFRT plans as compared
to conventionally fractionated IMRT plans yet reduce the overall radiation-induced
OAR toxicity (shown in the bottom panels of FIGS. 7 and 8). The therapeutic gain by
TFRT plans increases as treatment progresses (shown in the top panels of FIGS. 7
and 8). Furthermore, FIGS. 7and 8 show the difference between OAR toxicity
induced by conventional planned IMRT and TFRT plans at the end of treatment
(ANTCP) is greater with decreasing values of 1 and increasing fractional doses ds.
Thus, TFRT is more beneficial for reducing radiation-induced toxicity in OARs with
low recovery rates p and receiving high standard fractional doses ds with

conventional planned IMRT.

[0069] FIG. 9 summarizes the impact of organ-specific treatment parameters on
the potential benefit of TFRT over conventionally fractionated IMRT. For each
combination of i and ds considered, FIG. 9 (a) and (b) show the overall potential
benefit (OPB1r) and maximum potential benefit (MAX+r) of TFRT plans over the
corresponding IMRT plans. FIG. 9 shows that while keeping one of ds or | constant
and varying the other, the OPBtr and MAX+e of TFRT increase until a maximum
level and then decrease again. This suggests that for each OAR characterized by a
specific recovery rate u, TFRT plans can be designed to reduce OAR toxicity if the
standard fractional dose ds delivered by a conventionally fractionated IMRT plans
lies in a certain range. Furthermore, there exists an optimal dose ds in that range for
which OAR toxicity reduction with TFRT is greater. Similarly, OARs receiving a
specific standard fractional dose ds with conventional planned IMRT can be
temporally feathered if the recovery rate u is in a certain range. This evidences that
both ds and u must be considered together when determining the OAR toxicity

reduction from TFRT over conventionally planned IMRT.
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[0070] From the above description, those skilled in the art will perceive
improvements, changes and modifications. Such improvements, changes and
modifications are within the skill of one in the art and are intended to be covered by
the appended claims.
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What is claimed is:

2.

A system comprising:
a non-transitory memory storing instructions; and
a processor configured to execute the instructions to:

determine a target volume for a radiation procedure based on at least
one image, wherein the radiation procedure comprises a total dose of
radiation to be administered in a time period;

determine an organ outside of the target volume at risk of acute toxicity
from the radiation procedure based on the at least one image; and

construct a sequence plan that ensures the total dose of radiation is
administered in the time period, wherein the sequence plan comprises one
day of a high fractional dose of radiation and remaining days in the time
period of a low fractional dose of radiation.

The system of claim 1, wherein the sequence plan is sent to a computing

device associated with a radiation delivery device,

wherein the radiation delivery device delivers the total dose of radiation to a

patient associated with the target volume according to the sequence plan.

3.

The system of claim 1, wherein the processor is configured to determine a

second organ outside the target volume at risk of acute toxicity from the radiation

procedure based on the at least one image; and

construct a second sequence plan that ensure the total dose of radiation is

administered in a second time period, wherein the second sequence plan comprises

one day of a high fractional dose of radiation and four days of a low fractional dose

of radiation delivered at a different distribution than the first sequence plan.

4.

The system of claim 3, wherein the processor is configured to determine a

third organ outside the target volume at risk of acute toxicity from the radiation

procedure based on the at least one image; and
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construct a third sequence plan that ensure the total dose of radiation is
administered in a third time period, wherein the third sequence plan comprises one
day of a high fractional dose of radiation and four days of a low fractional dose of
radiation delivered at another different distribution than the first sequence plan and

the second sequence plan.

5. The system of claim 1, wherein the sequence plan is constructed to reduce
the risk of acute toxicity in the organ outside of the target volume while still delivering

the total dose of radiation to the target volume.

6. The system of claim 1, wherein the target volume comprises malignant cells.

7. The system of claim 1, wherein the high fractional dose of radiation is greater
than 1/5 times the total dose of radiation to be administered in the time period and
the low fractional dose of radiation is less than 1/5 times the total dose of radiation.

8. The system of claim 7, wherein the high fractional dose of radiation and the
low fractional dose of radiation are chosen based on a recovery rate of the organ
outside of the target volume from acute toxicity.

9. The system of claim 1, wherein the total dosage is greater than a uniform total
dosage delivered to the target area according to a sequence plan of uniform
fractional doses of radiation.

10. A method comprising:

receiving, by a system comprising a processor, a radiation procedure
comprising a total dose of radiation to be administered in a time period;

determining, by the system, a target volume for the radiation procedure based
on at least one image;

determining, by the system, an organ outside of the target volume at risk of
acute toxicity from the radiation procedure based on the at least one image; and
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constructing, by the system, a sequence plan that ensures the total dose of
radiation is administered in the time period, wherein the sequence plan comprises
one day of a high fractional dose of radiation and remaining days of the time period a
low fractional dose of radiation.

11.  The method of claim 10, further comprising sending, by the system, the
sequence plan to a computing device associated with a radiation delivery device,
wherein the radiation delivery device delivers the total dose of radiation to a

patient associated with the target volume according to the sequence plan.

12.  The method of claim 10, further comprising displaying, by the system, a
graphical representation of the sequence plan on a graphical display device.

13.  The method of claim 12, further comprising:

receiving, by the system, a confirmation of the sequence plan from an input
device; and

upon receiving the confirmation, saving, by the system, the sequence plan for
use in the radiation procedure.

14 The method of claim 10, further comprising:

determining, by a system, a second organ outside the target volume at risk of
acute toxicity from the radiation procedure based on the at least one image; and

constructing, by the system, a second sequence plan that ensure the total
dose of radiation is administered in a second time period, wherein the second
sequence plan comprises one day of a high fractional dose of radiation and four
days of a low fractional dose of radiation delivered at a different distribution than the
first sequence plan.
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15.  The method of claim 14, further comprising:
determining, by the system, a third organ outside the target volume at risk of
acute toxicity from the radiation procedure based on the at least one image; and
constructing, by the system, a third sequence plan that ensure the total dose
of radiation is administered in a third time period, wherein the third sequence plan
comprises one day of a high fractional dose of radiation and four days of a low
fractional dose of radiation delivered at another different distribution than the first

sequence plan and the second sequence plan.

16.  The method of claim 10, wherein the sequence plan is constructed to reduce
the risk of acute toxicity in the organ outside of the target volume while still delivering
the total dose of radiation to the target volume.

17.  The method of claim 10, wherein the target volume comprises malignant cells.

18.  The method of claim 10, wherein the high fractional dose of radiation is
greater than 1/5 times the total dose of radiation to be administered in the time
period and the low fractional dose of radiation is less than 1/5 times the total dose of

radiation.

19.  The method of claim 18, wherein the high fractional dose of radiation and the
low fractional dose of radiation are chosen based on a recovery rate of the organ
outside of the target volume from acute toxicity.

20. The method of claim 10, wherein the total dosage is greater than a uniform

total dosage delivered to the target area according to a sequence plan of uniform
fractional doses of radiation.
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