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Résumé en Francais







Optimisation de la planification en radiothérapie
prostatique et ORL

Le cancer correspond a une prolifération cellulaire anormalement importante, la tumeur, au
sein d’un tissu sain dont la survie est alors menacée. Selon les dernieres estimations du
Centre international de recherche sur le cancer (CIRC) et de I'Organisation mondiale de la
Santé (OMS), environ dix millions de nouveaux cas de cancer sont diagnostiqués chaque
année, avec un peu plus de la moitié des cas dans les pays en développement. En 2015, ce
nombre devrait atteindre environ 15 millions de cas, dont les deux tiers dans les pays en
développement. Le traitement du cancer en Chine est ainsi une tache difficile, le taux de
mortalité par cancer ayant augmenté de prés de 30% au cours des 20 derniéres années. En
2008, les nouveaux cas de cancer ont atteint 2,82 millions et les prévisions donnent un
nombre de 21 millions en 2030.

La radiothérapie est devenue l'un des trois principaux traitements du cancer, avec la
chimiothérapie et la chirurgie. Elle repose sur l'utilisation de radiations, généralement des
photons, pour détruire les cellules cancéreuses en bloquant leur capacité a se multiplier.
L'objectif de la radiothérapie est de délivrer une dose prescrite a la tumeur tout en
minimisant l'irradiation des tissus sains environnants. Un traitement par radiothérapie
repose sur deux étapes principales : (i) la planification du traitement, durant laquelle les
caractéristiques de l'irradiation sont optimisées suivant I'anatomie du patient telle qu’elle
est représentée par une image scanner ; (ii) la délivrance du traitement fractionnée en une
série de séances (par exemple 40 fractions pour un traitement du cancer de la prostate). Si
les nombreuses avancées technologiques des dernieres années, que ce soit en imagerie
(scanner, IRM et TEP), pour le calcul de dose (superposition 3D, Monte-Carlo) ou pour la
délivrance du traitement (IMRT, SRS, IGRT), ont permis d’améliorer considérablement la
précision du traitement, un certain nombre de problématiques restent ouvertes. Ainsi, lors
de la planification, les algorithmes de calcul de dose peuvent encore souffrir d’imprécisions.
La prise en compte de parametres radio-biologiques lors de cette planification reste aussi a
améliorer. De méme, l'impact des incertitudes géométriques lors de la délivrance du
traitement doit étre compensé. Enfin, dans une stratégie de radiothérapie adaptive,
permettant de prendre en compte des modifications anatomiques en cours de traitement
par des replanifications, les scénarii optimaux restent a identifier. Ce travail de these
s’attache a proposer des solutions a ces différents enjeux.



Lors de la planification, la balistique de traitement est optimisée suivant I'anatomie du
patient telle qu’elle est représentée par le scanner de planification. Cette étape repose
notamment sur la simulation, pour une balistique de traitement donnée, de la matrice de
dose recue par les différents organes. Différentes méthodes sont utilisées pour cette
simulation dans un objectif de compromis entre précision et rapidité de calcul. L'approche la
plus fréguemment utilisée est «celle du Pencil Beam, reposant sur la
convolution/superposition de faisceaux élémentaires. Cette approche a cependant certaines
limites : (i) Iinclinaison des faisceaux élémentaires est négligée; (ii) la correction des
hétérogénéités de tissus est approximative ; (iii) ces approches restent couteuses en temps
de calcul. Dans ce travail, I'approche classique du Pencil Beam a été modifiée en considérant
un systeme de coordonnées sphériques adapté a la géométrie des faisceaux, en modifiant le
mode de correction des hétérogénéités et en accélérant le calcul grace au calcul des
convolutions par la transformée de Fourier rapide. L'approche proposée a été comparée a la
méthode AAA en considérant le calcul de Monte-Carlo comme référence. Différents
fantdmes numériques (eau, eau et insert de poumon, eau et insert d’os, eau et inserts de
poumon et d'os) ont été utilisés. La méthode proposée a ainsi montré une meilleure
précision que la méthode AAA, avec cependant des erreurs importantes aux niveaux des
interfaces. Par ailleurs, le calcul par transformée de Fourier permet d’accélérer le calcul d’'un
facteur 40, au prix toutefois d’'une dégradation de la précision des résultats. Il serait ainsi
intéressant, dans de futurs travaux, de combiner les deux approches: le calcul par
transformée de Fourier lorsqu’une estimation grossiere de la dose est suffisante, puis par la
méthode par superposition pour affiner le résultat de I’optimisation.

Toujours lors de la planification, une fois que la matrice de dose a été simulée, une fonction
de colt est considérée de fagon a pouvoir comparer quantitativement différentes
balistiques. Cette fonction de colt repose généralement sur des contraintes dosimétriques
simples issues notamment de |'histogramme dose-volume, et ne prend pas en compte la
complexité de la réponse biologique de la tumeur ou des tissus sains. Ceci pourrait étre
corrigé par l'incorporation de modeéles radio-biologiques tels que les modeles NTCP
(probabilité de toxicité des tissus sains). Cependant, I'incorporation de tels modeles est
compliquée par leur non-linéarité et non-convexité, rendant ainsi I'optimisation du plan de
traitement beaucoup plus complexe. Dans ce travail, un critere radio-biologique
correspondant a I’équivalent convexe du modele NTCP a été utilisé. Une fonction de colt
incorporant a la fois ce critere radio-biologique (pour limiter I'irradiation des tissus sains) et
des criteres physiques (pour assurer la couverture de la cible) a alors été proposée pour
constituer un modele hybride physique-biologique. Cette fonction de col(t, grace a
I’expression de ses dérivées premiéres, a été couplée a une optimisation de la fluence par la
méthode BFGS. L’évaluation de cette approche a été réalisée sur les données de dix patients
traités pour un cancer de la prostate. Une comparaison a la méthode classique reposant
uniguement sur des critéres dose-volume a été menée. Elle a montré que la méthode
proposée produit des planifications cliniquement satisfaisantes avec de meilleurs résultats
en termes de toxicité prédite. L'approche proposée a aussi été comparée a deux autres



méthodes d’optimisation (recuit simulé et optimisation non-linéaire). Cette étude a montré
que notre approche fournit de meilleurs résultats en un temps de calcul inférieur. Les
perspectives de ce travail consistent notamment en I'extension de I'approche proposée pour
optimiser directement les parameétres machine de fagon a fournir un plan de traitement
réalisable par I'accélérateur.

Lors de la délivrance du traitement, des modifications anatomiques et des erreurs de
positionnement du patient peuvent survenir. Elles constituent des incertitudes
géométriques qui peuvent étre divisées en erreurs aléatoires et erreurs systématiques. Pour
compenser les erreurs aléatoires lors de la planification, différentes approches ont été
proposées, comme la méthode de simulation stochastique ou la méthode de convolution de
la dose. Ces méthodes entrainent cependant une expansion du volume cible clinique (CTV,
Clinical Target Volume). Pour éviter cette expansion, I'approche du « robust beam profile » a
été proposée, reposant essentiellement sur une augmentation de la fluence au bord des
faisceaux. Différentes méthodes de déconvolution ont été utilisées pour obtenir le nouveau
profil de faisceau, avec cependant des limites, notamment la présence de hautes fréquences
autour des bords du faisceau. Dans ce travail, une approche de déconvolution combinant
une décomposition en séries de Taylor et un filtrage avec un filtre de Butterworth a été
proposée pour compenser les erreurs aléatoires. Elle a été comparée avec deux autres
méthodes de déconvolution sur deux cartes de fluence 2D et un cas prostatique. Les
résultats ont montré l'efficacité de la méthode proposée, qui permet de réduire les
oscillations de haute fréquence ainsi que la présence de points chauds et froids des profils
de fluence.

Toujours lors de la délivrance du traitement, en cas de variation anatomique importante,
telle une fonte tumorale en radiothérapie ORL, une ou plusieurs replanifications du
traitement peuvent s’avérer nécessaires, notamment pour limiter l'irradiation des glandes
parotides. En s’appuyant sur des données recueillies lors d’un protocole clinique en ORL
(projet ARTIX) impliquant une replanification hebdomadaire, 31 scénarii différents de
replanification, suivant le nombre et les moments des replanifications, ont été simulés. Ainsi,
pour chaque scenario, les doses recues par les patients ont été calculées pour chaque
semaine suivant la planification considérée dans le scenario (planification initiale ou
replanification). Les criteres de comparaison ont été extraits de la dose cumulée recue au
cours de I'ensemble du traitement, calculée grace au recalage élastique entre délinéations
des organes a la planification et lors du traitement. Les criteres de couverture de la cible
tumorale étant systématiquement respectés, I'analyse s’est focalisée sur la dose recue par
les parotides. Les résultats obtenus sur onze patients ont permis d’identifier les scénarii
optimaux de replanifications avec notamment un scénario, optimal pour les deux parotides,
a trois replanifications réalisées aux semaines 1, 2 et 5. Ce scénario de replanification
permet de diminuer significativement la dose regue par les parotides puisque le risque de
toxicité, établi par le modéle NTCP, est réduit de prés de 9%. La suite de ce travail porte sur
I’étude des corrélations entre descripteurs anatomiques et gain de la replanification de



facon a proposer des criteres de déclenchement d’une replanification dans un contexte de
radiothérapie adaptative.

En conclusion, nous présentons dans ces travaux différentes méthodes pour I'optimisation
des plans de traitement en radiothérapie des cancers de la prostate et ORL. Ces méthodes
ont été évaluées et, chacune a son niveau, permettent d’améliorer les plans de traitement.
Les perspectives de ce travail concernent la combinaison de ces méthodes dans un processus
complet de planification pour évaluer leur impact dans un contexte clinique.
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Chapter I. Introduction

In this introduction, we briefly present the crucial role of radiotherapy in the treatment of
cancer. We introduced afterwards the addressed issues in the different aspects of radiation
therapy that we considered in this work: pencil beam dose calculations, intensity
modulated radiation therapy (IMRT) optimizations, geometric uncertainties in IMRT, and
adaptive radiotherapy (ART) of head-and-neck cancers.

|.1. Radiotherapy in cancer treatment

Cancer has become a common disease which seriously threats the human health.
According to recent estimates of the International Agency for Research on Cancer (IARC)
and World Health Organization (WHO), approximately ten million new cancer cases are
being detected per year world-wide, with slightly more than half of the cases occurring in
developing countrie$!. By the year 2015 this number is expected to increase to about 15
million cases, among which two thirds will occur in developing countries. The cancer
prevention in China is a challenging task. The cancer mortality rate has increased by
nearly 30% in the past 20 yedfs In 2008, new cancer cases reached 2.82 million, and
this number will increase to 21 million in 2030.

Radiation therapy is one of the three major means for tumor treatment, together with
surgery and chemotherapy. According to recent estimates of the WHO, the tumor cure
rate is about 55% (with a high variability depending on the tumor), whereas the
contribution of radiation therapy is up to 40% to cure the pati€ht€ompared to
surgery, radiation therapy conserves the integrity of the organ affected by the tumor and
aims also to keep the organ functionality to limit the side effects and maintain a high
quality of life after the treatment.

The radiations used for cancer treatment are ionizing radiation, which can be
grouped into two major types: photons (X-rays and gamma rays), which are most widely
used in cancer treatment, and particle radiation (such as electrons, protons, neutrons,
carbon ions, alpha particles, and beta particles). In this thesis, we mainly focus on the
radiotherapy of external photon beams. lonizing radiation damages the DNA (DNA
double strand breaks ) of the cells within both normal tissues and tumors, and makes
them unable to divide and groll. Although radiation is directed at the tumor, the
surrounding normal tissues are also inevitably affected by the radiation and therefore
damaged. However, the normal tissues and tumors are prone to different biological
reactions to the radiation. Radiation therapy is based on the differential effect of ionizing
radiations, killing the tumor cells and preserving in a certain extent the healthy tissue due
to the ability of the normal cells to repair the DNA double stand breaks. The goal of
radiation therapy is therefore to maximize the dose delivered to tumors while minimizing
exposure to healthy tissues, i.e. improving tumor control probability (TCP) while
reducing the normal tissue complication probability (NTCP).



A radiotherapy treatment can be divided in two main steps: (i) the treatment
planning during which the treatment parameters are defined and optimized according to
the prescription and the patient’'s anatomy; (ii) the treatment delivery, fractionated in a
series of daily fractions.

Advances in imaging technologies (CT, MRI and PET), dose calculation algorithms
(3D superposition, Monte Carlo) and dose delivery techniques (IMRT, SRS, IGRT) have
made it possible to deliver the prescribed dose in a high conformal fashion to the
treatment volume, while sparing relatively well surrounding normal tissue. Radiation
therapy has therefore gradually been developed towards a “precise identification and
characterization of the tumor, precise planning, and precise treatifiefitie treatment
plan optimization is performed by the treatment planning system (TPS) which needs a lot
of key technologies, such as rapid 3D reconstructions, high-precision 3D dose
calculations, plan optimizations and inverse planning.

This thesis focused on different challenges concerning plan optimization methods.

|.2. Considered challengesin radiation therapy plan optimization

Many methods have been proposed to improve the quality of IMRT plans
considering different aspects, such as dose calculations, plan optimizations, geometric
uncertainty corrections and ART techniques. However, several challenges are remaining,
including the following ones (cf. Fig. 1.1).

Treatment planning Treatment delivery (fractions)

Geometrical uncertainties

Planning CT

!

Constraints (physical/biological)@j :
l ; Adaptive RT 0

Treatment optimization @

Dose calculation ¥
Robust fluence @

Planned dose Planned treatment
distribution

Figure 1.1 Global workflow of RT treatment and position of the different parts of the.
The surrounded numbers are the corresponding chapters.



Dose calculation algorithms play a crucial role in modern TPS. It creates the link
between the chosen treatment parameters, and the observed clinical outcome for a
specified treatment technique. The ICRU recommends that the dose to the radiation
therapy target volume should be delivered with an accuracy of 5% or Bettan
improvement of 1% in dose accuracy may result in an increase of 2% in cure rate for
early stage tumor®). Hence, some sophisticated methods have been developed to
improve the accuracy of dose calculations, such as kernel based methods and Monte
Carlo (MC) methods. However, the higher is the accuracy of the algorithm, the more
computation time is needed for dose calculations. In inverse planning optimization, dose
calculations might be repeated many times (usually from 10’s to 1d30’§he pencil
beam approach is frequently used in dose calculations to achieve a good compromise
between speed and accuracy, which is one of the crucial challenges for the development
of modern dose calculation algorithms. However, this pencil beam approach suffers from
limitations. Firstly, if the rays from the source are divergent, most pencil beam models,
consider parallel beamlets, resulting to imprecision. Secondly, the correction of
heterogeneities involves approximations, especially considering the depth-directed
components. In this part of the work, we proposed to improve the pencil beam algorithm,
without increasing the computation time, by considering a modified spherical coordinate
system and by modifying the heterogeneities correction method. Moreover, in order to
accelerate the computation, we considered the use of the Fast Fourier Transform to
perform the convolutions.

Still in the planning step, the most commonly used approach in IMRT planning is
the optimization approach, in which the best physically and technically possible treatment
plan is iteratively searched. Optimization is mathematically defined as the maximization
or minimization of a score incorporating different criteria. These criteria can either be
formulated as physical criteria or as biological critéfla Physical criteria are often
implemented as a dose-dependent function calculating the mean-squared deviation from a
prescribed dose. However, physical criteria are more often unable to accurately render the
nonlinear response of tumors or normal structures to irradiation, especially with arbitrary
inhomogeneous dose distributions. Compared to physical criteria, biological criteria
modeling the biological response to a given dose are potentially more directly associated
with treatment outcome. However, biological criteria are often sigmoidal functions of
dose and hence, are inherently non-linear and non-cofexThus, the direct
incorporation of such non-linear and non-convex criteria into objective function makes
the global optimum extremely difficult to find. We then considered an equivalent convex
NTCP constraint, and its incorporation in IMRT optimization.

During the treatment delivery, some geometrical uncertainties hamper the precision
of the delivery of the plan. The ICRU considers three sources of geometrical uncertainty:
patient set-up variation, organ motion and deformation, and machine related"8rrars
lot of effort has been put in order to measure and reduce these geometrical uncertainties
which can be classified as random and systerffatié. Systematic uncertainties can be
reduced by image-guidance techniques and adaptive radiothéfaply Large organ
movements™®, such as those observed for instance in lung or in prostate cancers, can be
compensated by real-time motion tracking. However, random uncertainties cannot be



fully eliminated ™", due to the finite response time and irregular motion patt&fns
Thus, in order to reduce random uncertainties, we proposed to use an approach base on
the deconvolution of the beam profile using a series expansion and Butterworth filtering.

During the treatment delivery, the location, shape, and size of target and normal
tissue may be altered significantly due, for example, to weight loss and organs’ responses
to the radiation during a 6-7 weeks course of treatf&fft. This is especially the case
in the treatment of head-and-neck (H&N) cancers. During the treatment, these changes
could lead to unexpected high normal tissue complications and low tumor control, even
by using the initial highly conformal IMRT pldf 2324 Therefore, the plan created on
the initial planning Computed Tomography (CT) may no longer be optimal. Adaptive
radiation therapy (ART) techniques may be therefore used to adjust the initial plan and to
effectively correct these variations by replanning(s). Replanning is a heavy task, which
includes acquiring CT scans, delineating organs, optimizing a new plan, up to the
associated quality control before the treatment. Due to the limited resources in the
hospitals, it appears almost impossible to systematically replan a patient every week.
However, within a clinically acceptable range, the number of replannings should be
reduced properly in function of the tumor. Therefore, it is necessary to determine the
optimal number and time of replannings in an ART workflow. In this work, we proposed
to simulate different strategies in H&N ART, in order to select the optimal strategy.

The following four chapters describe all these challenges, the proposed methods and
the obtained results. Based on the existing studies on dose calculation, the first chapter
describes how the standard pencil beam algorithm was improved to increase the accuracy
of dose calculations. It corresponds to a paper which has been accepted for publication in
Physica Medicaln the second chapter, we describe the IMRT optimization including the
equivalent convex NTCP constraint, corresponding to a paper submittetdysica
Medica Then, in the third chapter, we propose the deconvolution approach to robust
fluence for intensity modulation under geometrical uncertainty. This work has been
published inPhysics in Medecine and Biology 2013. In the last chapter, we describe
the protocol and the results we considered to simulate different ART workflow in H&N
radiation therapy. In the last part we conclude this work before drawing some
perspectives.

This research work has been performed within different laboratories:
- Laboratory of Image Science and Technology, Southeast University, Nanjing
210096, People’s Republic of China
- Laboratoire Traitement du Signal et de I'lmage, Université de Rennes I,
INSERM, U1099, Rennes F-35042, France
- Centre de Recherche en Information Médicale Sino-francais (CRIBs), Rennes
F-35042, France
- Shandong Tumor Hospital, Jinan 250117, People’s Republic of China
- Centre régional de lutte contre le cancer Eugene Marquis, Rennes F-35000,
France



Chapter I1. A new pencil beam model for photon dose calculations

[1.1. Introduction

A fast and accurate calculation of 3D dose distributions is one important issue of
modern radiation oncology. It is essential, particularly for intensity-modulated radiation
therapy (IMRT), where physicists and physicians rely heavily on dose calculation
accuracy, in order to optimize and evaluate therapy planning. Inverse planning
optimization makes further demands of dose calculations, as it is an iterative process in
which dose calculations might be repeated tens to thousands oftirfiée pencil beam
approach is commonly used for dose calculations in order to achieve an optimum
compromise between speed and accuracy, which is one of the crucial challenges for
developing modern dose calculation algorithms.

The concept of pencil beam algorithms using pencil kernels can be described as the
convolution/superposition of some unit photon fluence of a mono-directional beam with
the pencil beam kernel modeled in water. The potential of pencil beam algorithms for
dose calculations in radiotherapy has been exploited and investigated by various research
groups!” 22 Some of them have investigated the use of fast transform convolution
techniques in order to accelerate dose calculation, such as the fast Fourier transform
convolution (FFTC)P® and the fast Hartley transforfi®. Nevertheless, different
approximations have been made for pencil beam algorithms, for the most part related to
primar)[/ytlaeam spectral variations, beam divergence, and tissue heterogeneity density
scaling™".

Firstly, kernel tilting is neglected in most pencil beam algorithms. The rays from the
source are divergent but, in most pencil beam models, are considered as parallel beamlets,
with the 3D dose distributions directly calculated by parallel keffi8lsTransforming
the divergent pencil beam kernel for each beamlet in Cartesian coordinates is, however,
time-consuming. Some authors have proposed using spherical coordinate systems, such
as a diverging coordinate systém 2% and beam’s eye view coordinate systéf?®!

This would enable to avoid rotating each kernel and save on computation time. In these
two coordinate systems, the voxels become larger, however, as they move away from the
source, thus affecting dose calculation accuracy. In this part of work, we have modified
the coordinate system in order for all the voxels to be of the same size thus limiting the
error induced by different voxel sizes.

Secondly, the correction of heterogeneities involves approximations. For the
anisotropic analytical algorithm (AAAY®, the depth-directed components are usually
corrected according to the entry points’ positions on the surface. The densities in the
previous layers are partially considered, while the lateral components are corrected by a
scale factor containing depth-directed informatioh 2 3% This reduces the dose
calculations’ accuracy. In order to overcome this drawback, we chose to correct the
depth-directed components according to the interaction point, where the beamlet interacts
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with the given spherical shell. The lateral components were thus calculated directly,
without taking the densities from the previous layers into account.

Thirdly and finally, dose calculations are time-consuming. Significant computation
time can be saved by performing FFTC calculations on each spherical shell. For the AAA
algorithm®, the depth-directed components are corrected according to the beamlet entry
point on the surface. None of the calculation points on a shell can then be located on the
same shell following depth direction correction. Moreover, the depth information in
lateral components cannot be separated from lateral information, which hinders getting
the invariant convolution kernel for the application of FFTC. In terms of correcting
depth-directed components, the AAA algorith? cannot therefore be directly
accelerated with FFTC. To solve this shortcoming, we decided to correct the
depth-directed components according to the interaction point. In the FFTC calculations,
we used the invariant kernel modeled in the water phantom directly on each spherical
shell. Still, with this method the density changes in the lateral direction cannot be taken
into account, which results in reduced dose calculation accuracy.

In this part of the work, the dose distribution was calculated in the spherical
coordinate system where all the voxels exhibited the same arc length, in order to address
kernel tilting. For the issue of heterogeneities, the depth-directed components were
corrected according to the interaction point. The lateral components were calculated
directly, without taking into account the density changes from the previous layers. In
terms of correcting depth-directed components, we were thus able to accelerate the dose
calculations directly with FFTC on each spherical shell. The proposed methods have been
evaluated on different phantom geometries, representing realistic situations. The dose
distributions calculated by the proposed method have been then compared to those
obtained with the Monte Carlo (MC) method and the AAA algorithm.

I1.2. Kernd computation in a modified spherical coordinate system

I1.2.1. Modified spherical coordinate system

In classic dose calculations, an orthonormal basis is used for the kernel coordinate
system. Its origin is located at the radiation source, with the positive z-axis passing
through the isocenter. The x- and y-axes are aligned with the corresponding collimator
axes. The sampling method with fixed zenith anglés that which is typically used in
the spherical coordinate system, such as the AAA algorithm. A spherical mapping from
the kernel coordinate system to spherical coordinate system is then defined as follows:

N (arctangxlxz) | arctang  /x,)
HO HO
wherex = (X, Xy, Xz) iS @ point in the Cartesian coordinate system, (px, Py, p2) is the
corresponding point in the spherical coordinate system,&msl the sampling angle of
zenith angle. For a fixed zenith val@g however, the voxel gradually becomes larger as it
moves away from the origin, which results in a decrease in dose calculation accuracy with

e o) =p, @)
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the increasing voxel sizes. In order to avoid errors caused by different voxel sizes, we have
proposed ensuring all the voxels exhibit the same arc length. The new spherical mapping

M:02 - 0% from the kernel coordinate system to modified coordinate system is thus

given as:

arctang ,/x,)  arctank,/x,)
A “ A

whereA is the fixed value for arc length angl, = /x5 +x%+x2).

- ( PLP,) =P, (2.2)

11.2.2. Getting the pencil beam kernels

Energy deposition kernels can be accurately calculated by means of the MC method
491 '|n our study, the heterogeneities were corrected according to the beamlet interaction
point in the phantom, as well as by changing the position of the entry point for the given
beamlet, inducing variation in the distances from source to surface (DSS) for this beamlet.
In the modified spherical coordinate system, the pencil beam kernels are not the same for
different DSSs, and each corresponding kernel therefore needs to be found. To achieve this,
the pencil beam kernels must be re-sampled into the spherical coordinate system for the
different DSSs.

In order to reduce dose computation time, the pencil beam kernel was expressed as a
poly-energetic kernel, which is a superposition of mono-energetic kernels weighted by the
spectrum of the beamlet. The poly-energetic kernel was mapped directly into the modified
spherical coordinate system using the mapphdefined in Eq. (2.2). The pencil beam
kernels of different DSS values were then defined in the modified spherical coordinate
system as:

hoss ()= hey (x)det(I(M (x))) , (2.3)
wherehgy is poly-energetic kernek = M™(p) is the considered point in the Cartesian
system,J is the Jacobian matrix of the mappikbin the modified spherical coordinate
system, and del(M(x))) is the determinant of the Jacobian matljxvhich is used to
account for the non-uniform volume mapping of @perator as follows:

X
d =2 : :
I M Eo) (x 5+ x2)(x3 +x2)

(2.4)

11.2.3. Extracting the parameters of pencil beam kernels

The pencil beam kernels were modeled as a function of photon energy, with respect to
a depth measurement in the depth direction and radius measurement in the lateral direction.
The function’s parameters were extracted from the MC-derived data and stored in a
database. In standard practice, the pencil beam kernel derived from MC simulations is
separated into depth-directed and lateral components. In our study, the depth-directed
component accounted for the total energy deposited by the pencil beam for a spherical
shell at deptlp,, as seen below:

I pss(P;) = P[[hpsdp P P )do,dp, (2.5)

12



where® is the primary energy fluence at the phantom surfacénaqids the kernel of a

given DSS. The lateral components accurately modeled the lateral scatter on the spherical
shell. For the spherical shell at depththe fraction of energfpsdr, p,) deposited onto an
infinitesimally small angular sector at radiusom the beamlet central axis was calculated
based on the MC-derived data:

f odsp )=h psé.p )/ 1psdP,) - (2.6)

In order to accelerate dose calculation with FFTC (in Sec. 2.3), the depth information had
to be easily separated from lateral information for lateral components to get the invariant
convolution kernel for the application of FFTC. We therefore used the function proposed
by Tillikainen et al. *® in order to model the lateral scatter (Eq. (2.6)). The lateral
pencil-beam component was defined as the sum of multiplications of theogdepfh.)

and lateral information, as shown below:

N=6

(I HEDY CDSSi(pz)ie_uir , (2.7)
i=1 H

where the attenuation coefficientsare the same for all spherical shells to ensure efficient

implementation. The fitting algorithm was used to extract paran@igs ;) in Eq. (2.7).

We stored depth componentgsdp,), attenuation coefficients;, and weight parameters

Coss(p2) in a database for each kernel of different DSS values.

[1.3. Dose calculations with super position method

11.3.1. Dose calculationsin water phantom

It is well-known that particles follow different paths to pass through media. For the
pencil beam methods, patrticles are first assumed to arrive at the destination spherical shell
p; via the central line of a beamlet, then traveling to the destination voxels along a few
collapsed paths on the spherical si8llin a homogeneous water-equivalent phantom, the
energy E(p) deposited by a pencil-beam beamlet into grid p@int calculated by
multiplying the energyps{p,) deposited on the calculation spherical shell at depthth
the corresponding lateral scatter keikg)s as follows:

E(P)=1 psé Kpsdr.P2), (2.8)
wherelpsdp;) is the depth-directed component defined in Eq. (Rds}is the total lateral
component defined in Eqg. (2.7), anid the distance from poiptto the interaction point on
a given spherical shell. The equivalent depthas calculated by ray tracing the beamlet’s
central axis through the phantom from the interaction point to phantom surface. The
corresponding DSS is defined@sd. Other parameters in Eq. (2.8) could easily be taken
from the previously-compiled database.

11.3.2. Dose calculations in heter ogeneous media

In heterogeneous media, tissue heterogeneities are corrected by the equivalent path
length (EPL), which scales the path length according to the relative electron densities
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between tissue and watéf. In a patient, the EPL of the actual path was defined by the
following spatially-dependent scaling factor:

detr (X) = [, 0% D)/ iy, (2.9)

whereX is the actual paty®*°is the local electron density at pomtand pS<¢, is the

electron density of water.

The pencil beam kernels were separated out into depth-directed and lateral
components. We corrected the heterogeneity effects by scaling the depth-directed and
lateral components. In typical practice, depth-directed components are corrected by
moving both the interaction and calculation points (Fig. 2.1(a)). This can, however, induce
some error in the spherical coordinate system. As displayed in Fig. 2.1(a), calculation point
A must, in fact, be moved to point A", not point A', when interaction point B is moved to
point B', due to the arc length and curvature of AB not being equal to the arc length and
curvature of A'B". For the AAA algoritht”, point A" is replaced, in an imprecise manner,
with point A" by multiplying arc length AB with a scaling factor. In order to avoid this lack
of precision, we proposed moving the beamlet entry point on the surface and maintaining
the point A and B positions fixed, as displayed in Fig. 2.1(b).

[ o (e

Wil
B A
(@) (b)

Figure 2.1 Two different manners for correcting tissheterogeneitie (a) changing the
position of interaction point B, (b) moving the entry point C to point C' and changing the
SSD of the beamlet.

For the depth-directed component, therefore, fundtiggwas corrected by moving
the beamlet entry point on the surface, thus achieving the DSS variation for the given
beamlet. The new DSS value was computed as follows:

SSD' =p, — defi(P), (2.10)
where P is the path from the beamlet entry point to interactiongoifite depth-directed
component was corrected by using the DSS' kernel. The depth-directed component also
required scaling by the local electron density, with the correction for the depth-directed
component thus given as:

" psdP ) =1 ps (P)Pw(P), (2.11)
wherelpssis the depth-directed component for the DSS' kernepafm) is the relative
electron density at interaction poirit p

The computation of lateral components was conducted in a similar fashion. The
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energy released at interaction pghwas transported and deposited on the spherical shell
at depthp,. The effective radius was calculated by following collapsed p&i{p) from
interaction point p' to calculation pointp on the given spherical shell. The
heterogeneity-corrected lateral componghis (r,p,) was thus expressed as follows:

K pslrp 1=K pss (I',P2)ou(P) , (2.12)
where kpss' is the lateral component for the DSS' kernel and the effective radius
computed as=deff(C(p,)). Compared with the AAA algorithm, our proposed method does
not require the effective radius to be multiplied with a scale factor owing to the
depth-directed correction method we used.

The heterogeneity-corrected energy distribution from a single beamlet was calculated
as the multiplication of a depth-directed component (Eq. (2.11)) with a lateral component
(Eq. (2.12)):

E(P)=1" pelP K'ps(r.p,)- (2.13)
The total energy deposited into a grid pgins the integral of the contributions from the
individual beamlets over the broad beam area:

Eot(P) = [ EP)AS, (2.14)

whereSis the set of all beamlets. The “collapsed cone” meltfbavas applied for the
superposition of the contributions from all individual beamlets. In our experiments, it was
assumed that the energy released at the interaction point was transported into eight equal
angular sectors, over which the superposition was performed. With respect to the x-axis of
the spherical coordinate system, the cone axis directions were 0°, 45°, 90°, 135°, 180°,
225°, 270°, and 315° for the eight angular sectors, respectively.

Given that the absorbed dose is defined as the imparted energy per unit mass, the dose
to a point ak in the Cartesian coordinate system is given by:

D(X) - Etot (p) , (215)
P &)detd (M (x)))
whereJ is the Jacobian d#1 andp=M(x) is the corresponding position in the modified
spherical coordinates for the pointratin order to decrease the error caused by the
coordinate transform between these two coordinate systems, we applied the linear
interpolation algorithm for the purposes of calculating the energy deposited at p.point

In this study, we commenced by obtaining the pencil beam kernel by means of an MC
simulation in the Cartesian coordinate system. This kernel was then re-sampled into the
modified spherical coordinate system by applying the different sampling methods. These
sampling methods differed in terms of the assumed source positions, resulting in different
DSSs, and corresponded to the kernels of different DSSs. Each sampling method can be
used in order to estimate the dose deposited at a certain point from the given beamlet. In
this way, heterogeneities can be corrected by selecting a kernel of a special DSS, thus
avoiding changes in interaction and calculation point positions (Fig. 2.1). The pencil beam
kernels are not the same for different DSSs in the modified spherical coordinate system.
We modeled kernels of DSS values ranging from 90cm to 115cm. The sampling interval of
DSS value was 0.25cm. After obtaining the DSS value, a nearest-neighbor interpolation
algorithm was applied to determine the corresponding kernel.
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I1.4. Dose calculation acceleration usng FFTC

In order to calculate dose distributions with fast transform techniques, depth
information Ipsdp)Coss i(p) was separated from lateral information in Eqg. (2.8). This
allowed for the total energy deposited on the shell at ggpththen be directly obtained
by performing the Inverse Fast Fourier Transform (IFFT) of the sum of FFTC, as described
below:

N=6 —ufo2+p2
Ewt(P) =F _1{ > F{ISSD(p)CSSD,i(p)}F{_: e NPTy }} . (2.16)
i=1

[1.5. Validations of dose calculation methods: comparison with AAA
and M C methods

In order to assess our proposed methods, dose distributions were calculated in similar
synthetic phantoms to those used by Tillikaieeal.’”®, namely (1) a water phantom, (2)
a lung slab phantom consisting of a water phantom with a 15cm slab ofJg@g3g/cr),
(3) a bone slab phantom consisting of a water phantom with a 5cm slab of bone
(pw=1.85g/cm), (4) a lung block phantom consisting of a water phantom with a
10cm-thick block of lung positioned 2cm off the central axis (CAX), and (5) a bone block
phantom consisting of a water phantom with a 5cm-thick block of bone positioned 2cm off
the CAX.

A source-to-phantom distance of 2000mm was used for all field sizes and phantoms.
The source model used in the calculations was only the primary source, since our study
primarily sought to model the primary beam. We modeled dose distributions for a 6MV
photon beam. The 6MV photon beam spectrum was obtained from the EGS4 Spectra
Library (file mohan6.spectrudf®). Our proposed pencil beam model (superposition
method in Sec. 1.2 and FFTC method in Sec. I1.3) had been evaluated by comparing
depth-dose curves and cross profiles with results obtained from using the AAA and MC
methods in the test phantoms for different photon fields. The DOSXY¥Zrf¢ radiation
transport code was applied for MC dose calculations. The following parameters were set
for the simulation: grid size=0.5cm, ECUT=0.70MeV (electron/positron minimum
transport energy), and PCUT=0.01MeV (photon minimum transport energy). One billion
particle histories were simulated for each experiment in order to maintain a statistical
standard uncertainty of under 0.2% for an overall statistical uncertainty. The AAA
algorithm we chose to employ was implemented by modeling the method proposed by
Tillikainen et al.®®. Both the proposed method and the AAA algorithm calculated the
dose distributions in a spherical coordinate system. For our proposed method, all the voxels
exhibited the same arc length (in Eq. (2.2)), nandel0.5cm, on each spherical shell,
whereas the sampling angle was fixed (in Eqg. (2.1)) for the AAA meth&d-at29°. The
spherical shell thickness was 0.5cm for these two methods. Finally, all dose distributions
were transformed into a Cartesian coordinate system, with a voxel size@B8®5cnT.
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[1.6. Results

[1.6.1. Water phantom
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Figure 2.2. Water phantom: comparison of the srposition method (Sup), FFTC meth

(FFTC), AAA algorithm, and MC simulation. Solid lines represent results calculated using
Sup, dashed lines represent results using AAA, dashed and dotted lines represent results using
FFTC, and ‘plus’ symbols represent results using MC. Dotted lines correspond to the absolute
difference between two calculation methods. (a) Depth-dose curves5firaaf field sizes,

(b) profiles at 100mm depth of 880 mnf filed size, (c) depth-dose curves of ¥200mnf

field size, an«(d) prcfiles at 200mm depth of 1x100mn? filed size.

In the water phantom, we considered depth-dose curves#60%thd 108100mnf
field sizes, as well as for corresponding lateral dose profiles at 100mm depth. Figure 2.2
displays the depth-dose curves and lateral dose profiles calculated by means of the
superposition method, the FFTC method, the AAA algorithm, and the MC method. The
results revealed that the superposition method was more accurate than the AAA algorithm
and FFTC method. The mean absolute deviations of the superposition method were 0.31%
and 0.34% for depth-dose curve, and 0.41% and 0.33% for lateral dose profiles,
respectively for the two fields. The largest differences recorded in the calculated profiles
were approximately 2.30% and 1.48%, respectively for the two fields, around the field
edges. As we can infer from Fig. 2.2 (b) and (d), the accuracy of lateral dose profiles was
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improved by increasing the field sizes for the superposition method. The electronic
disequilibrium on the field central axis reduced in size as the field size increased, thus
rendering it easier to calculate dose distributions with rectilinear kernel scaling approaches
and improving dose calculation accuracy. For the FFTC method, mean absolute deviations
were 0.84% and 0.56% for depth-dose curves, and 0.62% and 1.09% for lateral dose
profiles, respectively for the two fields. For all phantoms considered in our study,
comparisons have been summarized in Table 2.1 for superposition method, FFTC method,
and AAA algorithm. Our proposed method could not fully correct the build-up effects near
the interfaces where the dose would jump abruptly to a new equilibrium level. Significant
maximum deviations in depth-dose curves were still observed in the build-up region,
estimated at 3.80% and 3.96% for AAA algorithm, 3.72% and 4.05% for the superposition
method, and 2.96% and 3.43% for the FFTC method, respectively for these two fields. We
can see in Fig. 2.2 (a) and (c) that, as the field size increased, accuracy decreased for the
depth-dose curves in the build-up region. The pencil beam kernel was incapable of
satisfactorily taking build-up effects into account. The larger the field size, the more pencil
beam kernels were considered for dose calculations, which increased the number of errors
occurring in the depth-dose curves in the build-up region.

Depth curve Lateral curve
Watel Lungslal Bonesla Watel Lung blocl Bone blocl
AAA 0.37%  1.59¥% 0.83%  0.48¥% 1.72% 0.88%
Superpositior 0.34%  0.83% 0.48%  0.33% 0.94% 0.57%
FFTC 0.56%  2.89% 1.05%  1.09% 1.89% 1.08%

Table 2.1. Mean absolute deviations for the AAA algorithm, superposition method

FFTC method for depth curves in water, and lung and bone slab phantoms, as well as lateral
curves in water, and lung block and bone block phantoms, respectively, fr0D@ONT

filed size.

[1.6.2. Lung slab phantom

In the lung slab phantom, we calculated the depth-dose curves for»*5@ &Ad
100x100mnf field sizes. Depth-dose curve comparisons are presented in Fig. 2.3. The
superposition method accurately modeled the attenuations in the lung-equivalent material,
as the mean absolute deviations for these two fields were 0.73% and 0.83%, respectively
for the two fields. Compared to the AAA algorithm, the superposition method reduced
mean absolute deviations by 0.77% and 0.75% for these two fields, respectively.
Nevertheless, the interface effects were slightly overestimated, leading to large dose
deviations near the heterogeneity boundary of approximately 3.15% and 2.73%,
respectively for the two fields. Owing to a neglect of density changes in lateral direction for
the FFTC method, significant mean absolute deviations were observed for depth-dose
curves, namely 2.85% and 2.89%.
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Figure 2.3. Lung slab phantom: comparison of the superposition method (Sup),
method (FFTC), AAA algorithm, and MC simulation. (a) Depth-dose curves<EsonTt
field sizes; (b) depth-dose curves of ¥000mnf field size.

11.6.3. Bone slab phantom

Depth-dose curve comparisons pertaining to the bone slab phantom are presented in
Fig. 2.4 for the 5850 and 108100mnf field sizes. For the superposition method, the
mean absolute deviations of depth-dose curves were 0.83% and 0.48%, respectively for the
two fields, in comparison with 1.01% and 0.83% for the AAA algorithm. We also reported
a slight overestimation caused by the interface effects, which resulted in deviations of
approximately 2.13% and 1.54% near the heterogeneity boundary. For the FFTC method,
the mean absolute deviations of depth-dose curves were 1.39% and 1.05% for these two

fields, respectively. The maximum deviations observed with the FFTC method were
4.99% and 3.58% near the heterogeneity boundary.
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Figure 2.4. Bone slab phantom: comparison of the superposition method (Sup),
method (FFTC), AAA algorithm, and MC simulation. (a) Depth-dose curves<EsonTt
field size; (b) depth-dose curves of ¥00mnf field size.
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11.6.4. Lung and bone block phantoms

For the lung and bone block phantoms, Fig. 2.5 displays the lateral dose profiles for a
100x100mnf field at a different depth from the phantom surface. The superposition
method accurately accounted for attenuations around the lateral material interface for both
block phantoms. Mean absolute deviation was 0.94% at 100mm depth in the lung block
phantom and 0.57% at 75mm depth in the bone block phantom. The maximum differences
for the calculated profiles occurred near the heterogeneity boundary and around the field
edges. For these two dose profiles, the largest deviations were 5.93% and 3.95% near the
heterogeneity boundary and around the field edges, respectively for the two phantoms, yet
remained under 1% in the other regions. Compared with the AAA algorithm, the
superposition algorithm exhibited good agreement with the MC simulations, with the
accuracy improving from 0.31% to 0.76% in different heterogeneous phantoms (Table 2.1).
The FFTC method, which did not take into account the density changes in the lateral
direction, could not accurately model the attenuations in the heterogeneities. The result

was mean absolute deviations of approximately 1.89% and 1.08% for these two phantoms,
respectively.
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Figure2.5. Lung and bone block phantoms: comparison of the superposition methoc
FFTC method (FFTC), AAA algorithm, and MC simulation for 000mnf field size. (a)

Profiles at 200mm depth in lung block phantom; (b) profiles at 75mm depth in bone block
phanton.

100x100 mnt 200x200 mnt
FFTC 4.0¢ 4.1«
Superpositiol 159.8: 182.3:
AAA 170.8 : 184.4 .
MC 12t 14 t

Table 2.2. Computational time with the FFTC method, superposition method,
algorithm, and MC algorithm for 1ix100mn? and 20x200mn® field sizes, respective.
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[1.6.5. Computation time

The computational times have been presented in Table 2.2. All methods were
performed on the same computer (dual-core Intel (R) Core (TM) 2 CPU 6600 platform
with 2-GB memory). The run time of the computer implementation of the superposition
method came to approximately 159.8 seconds (s) and 182.3s for tk&0@QO&nd
200x200mnft field sizes, respectively. Dose calculations took only 4.0s and 4.1s for
64%x64%60 points for these two fields with the FFTC method.

[1.7. Discussion

This study has presented a new pencil beam model aimed at addressing the kernel
tilting issue and accounting for heterogeneities. The superposition and FFTC methods
were employed for dose distribution calculation. The results (Fig. 2.2-2.5) have revealed
that the superposition method performed better than the AAA algorithm, achieving mean
absolute deviations <1% in comparison with the MC method. Nevertheless, large
deviations of up to 6% were detected with this method near the field edges and
heterogeneous media boundary (Fig. 2.5) due to the electronic disequilibrium. The
superposition method was accelerated by the FFTC technique, which is about 40 times
faster (Table 2.2), yet, compared to the MC calculations, the differences observed in
interface regions were significant (up to 8%). This proves that the accuracy was markedly
decreased.

It should also be noted that a similar strategy for pencil beam dose calculations has
been adopted by several authors for treatment planning syétefilsin their algorithms,
the primary beam’s oblique incidence was modeled by kernels derived from the beamlets
of different incident angles. In contrast, the pencil beam kernels in our proposed model
were only modeled once by an MC simulation for the beamlet-normal to surface. The
depth-directed components were scaled by moving the entry point’s position on the
phantom surface and changing the DSS value. As opposed to the method with the AAA
algorithm, therefore, the corrections for lateral components were here implemented by
using density scaling directly along the spherical shell, without taking density changes in
the previous layers into account. More accurate results could be obtained by modeling the
beamlet around the central axis in each direction, though this would be more demanding
in terms of the memory space required to store the parameters used in dose calculations.

To speed up dose calculations, significant computation time can be saved by
performing FFTC calculations on spherical shells without taking into account the density
changes in the lateral direction. In heterogeneous tissue, the depth-directed components
can be corrected according to the interaction points. As a result, in a spherical coordinate
system, the energy released at the same depth is deposited on the same spherical shell.
The dose distributions in a phantom can be calculated directly on each spherical shell by
means of the FFTC technique. The FFTC technique accelerated the superposition method
and saved on computation time, proving approximately 40 times faster than the
superposition method (Table 2.2), though accuracy was markedly decreased. Compared
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to other FFTC-based methods *®! our proposed method calculated dose distributions in

a spherical coordinate system, avoiding the bias caused by oblique kernels. Improved
dose calculation accuracy was also achieved (<3% for mean absolute deviations)
compared to other FFTC-based methods reported in the literature (up to 10% for the
maximum deviations¥> ¢ 4" In IMRT systems, iterative optimization can be completed

in a reasonable time by using hybrid dose calculation methods, in which the FFTC-based
method is used for most of the dose calculations, with result correction conducted by
means of a periodically updated dose correction mAfrf%’

In terms of computational efficiency, the superposition method achieved better
calculation speeds than the AAA algorithm, though this effect was very small, as
presented in Table 2.2. For hybrid-dose calculation methods in IMRT systems, significant
time can be saved by using the FFTC algorithm without reducing optimization quality.

[1.8. Conclusion

In this study, we have proposed a new pencil beam model aimed to avoid the bias
caused by oblique kernels and to take heterogeneities into account. Our proposed method
achieved better dose -calculation accuracy without increasing computational time
compared to the AAA algorithm. Significant computation time savings can be gained by
performing FFTC calculations on spherical shells without taking density changes from
the previous layers into account. Nevertheless, the accuracy was greatly decreased with
this method (up to 3.0% for mean absolute deviations), as compared to the superposition
method. Owing to the lack of cylindrical symmetry for the oblique beamlets, small errors
may be introduced into the calculations by correcting the heterogeneous tissue with the
symmetrical kernel of different DSSs, yet dose calculations are more accurate with our
proposed method. In this study, the spectrum of 6MV photon beams was taken into
account in calculating dose distributions in the phantom. Future studies will be focused
on modeling the beam for a linear accelerator and conducting dose calculation in patients.

This dose calculation process is not the only crucial part of the Treatment Planning
Systems. This calculation is repeated at each iteration of an optimization process during
which the plan characteristics (or the fluence map) are refined to minimize a cost function
incorporating constraints on both the target and the organs at risk. The incorporation of
biological constraints, namely NTCP constraints, is the purpose of the following chapter.
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Chapter I11. IMRT optimization incor porating equivalent convex NTCP
constraint

[11.1. Introduction

The primary aim of inverse treatment planning in the setting of intensity modulated
radiotherapy (IMRT) is to deliver a therapeutic dose to the target volumes, while
minimizing the impact on healthy tissue. Optimized criteria are based either on physical
factors or on biological formulation&. The former are often defined as a quadratic
dose-based objective function penalizing the mean-square deviations of the various doses
and/or dose-volume constraints, as specified in the optimization process. This type of
physics-based approach is unable, however, to sufficiently take into account the nonlinear
response of tumors or normal structures to irradiation, especially with arbitrary
inhomogeneous dose distributiofd’. Biological indices are capable of reflecting
radiobiological responses. In combination with physical criteria, biological criteria-based
optimization further improves treatment plan quality. The biological objective function
can be employed to improve patient outcome by incorporating both tumor control and
normal tissue toxicity probabilities into the inverse planning, as well as striking a finer
balance between tumor cure and normal tissue complications. At least three kinds of
biological criteria can be applied: (generalized) equivalent uniform dggelD), TCP,
and NTCPY,

The merits of including thegfEUD concept into an objective function have been
widely investigated®® 52°%! Based on a volume parameger(@)EUD corresponds, for a
given non-uniform dose distribution, to the uniform dose that induces the same biological
effect. The g)EUD model potentially enables treatment plans to be reliably ranked,
providing that the value of parametaris known. Nevertheless, this model cannot
directly quantify normal tissue complication probability. In contrast, NTCP models are
more clinically relevant, since they estimate, by definition, the toxicity of normal tissue
for any given dose distributions. If all constraints of the inverse planning objective
function are satisfied, the NTCP-based treatment plan should be implemented, and there
is no need to explore other plan options. However, NTCP models require more
parameters (typically three), and calibration therefore demands mord®&#fort

The use of NTCP criteria in treatment planning optimization has been investigated
by several group§%®%, and has already been incorporated into commercial treatment
planning softward®” . Mohanet al *® used a single score, mixing TCP with NTCP
criteria in order to reduce normal tissue complication rates and increase tumor control.
The simulated annealing approach was applied to solve this non-convex optimization
problem. Wanget al®* used the same objective function as that proposed by Mathan
al 8 employing the steepest-descent optimization method in order to solve the
optimization problem. Stavrest al®® designed a hybrid physical-biological model for
inverse planning, applying a continuous penalty function method so as to solve the
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constrained minimization problem. In this hybrid physical-biological approach, the
objective function was calculated as the sum of the weighted NTCP criteria for all organs
at risk (OARSs), and the dose delivered to the target was controlled by constraints placed
on the prescribed minimum and maximum doses. NTCP criteria are sigmoidal functions
of dose distributions!” and are thus inherently nonlinear and non-convex in terms of
fluence elements in fluence map optimization (FMO). Direct incorporation of such
non-linear and non-convex criteria into objective function, as involved in these methods,
renders a global optimum extremely difficult to fifié ®®. To overcome this limitation,
Hoffmannet al® and Romeijret al® advanced a theory of how to transform biological
criteria into equivalent convex criteria, and discussed the conditions under which these
equivalent criteria are strictly convex or concave, depending on the criterion to be
minimized or maximized. Their works did not, however, include an investigation of how
these equivalent convex criteria could be applied in treatment planning.

This work sought to propose and assess an original method incorporating the
equivalent convex NTCP criterion into treatment planning. A hybrid physical-biological
method was considered as a solution for the FMO problem. The objective function was
defined as the sum of weighted sub-scores for organs under consideration, and each
sub-score was composed of physical or biological criteria. The NTCP-based sub-scores
were then used to minimize the dose delivered to normal tissues, while dose-based
sub-scores were set to achieve the target dose. This constrained optimization problem
was then solved by means of a gradient-based optimization algorithm, namely the
limited-memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algoritILﬁ"ﬂ. The
effectiveness of the proposed method was assessed in 10 prostate cancer cases, and
initially compared to the dose-volume based optimization method. Then, the proposed
method was compared to the two other NTCP-based optimizations proposed byatiohan
al ®® and Stavreet al®®?.

[11.2. Advantages of biological cost functions

[11.2.1. Limitations of dose-volume-based treatment planning

Single or multiple dose-volume (DV) constraints used for inverse treatment planning
or plan evaluation are based on clinical studies that demonstrate correlation between
treatment outcome (e.g., TCP and NTCP) and particular DV métficghere are a
number of limitations associated with this appro&¢h (1) Typically, more than one
point on the DV histogram (DVH) correlates to the complication, indicating that the
different portions of the DVH curve may correlate with risk. This correlation is, however,
specific to treatment delivery technique, i.e., intensity-modulated RT (IMRT) or 3D
conformal RT (3DCRT), beam arrangements, etc. (2) Generally, optimization with DV
constraints is indirect, requiring substantial skill in selecting values and relative weights
for constraints to achieve optimal TCP and NTCP values. With typically 1-3 constraints,
a range of optimized organ-at-risk (OAR) DVHs that satisfy these few constraints, but
carry a distinctly different risk of complications, is possible. (3) Specifying multiple DV
constraints increases computational complexity. Moreover, the resulted cost function can
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lead to multiple local minima.

111.2.2. Advantages of biological cost functions over dose-volume cost functions

Optimization criteria based on biologically related models are potentially more
versatile and directly associated with treatment outcome than those based on DV criteria.
Another aspect of plan optimization is that the figure of merit has to address the
inevitable variability of patient geometries, and resultant dose distributions, in a
population. In this regard, multiple DV criteria for a single organ quickly may become
problematic as they need to be given an individual priority and ideally ought to be
combined into a single figure of merit to avoid ambiguities. In contrast, biologically
related models have the potential to provide an inherent prioritization of multiple DV
criteria incorporated in a single figure of merit.

[11.3. Methodsand M aterials

111.3.1. Dose calculations

The standard pencil beam model proposed by AhfEsjiras applied to calculate
dose distributions. The dose contribution of each beam element to each voxel for unit
fluence was pre-computed and recorded in a matrix. The dose distributions could be
expressed in a matrix-vector form as:

D(x) = Wx, (3.1)
whereD(x) is the dose distribution vector (dose for each patient voRél)s the dose
calculation matrix, and x is the fluence elements (beamlet weights).

111.3.2. Equivalent convex NT CP constraint

In this study, we investigated with a hybrid physical-biological method to estimate the
inhomogeneous dose response for tumors and normal tissues. The high-dose delivered to a
target was constrained by physical criteria, such as quadratic dose-based sub-scores. The
risks of normal tissue complications were controlled by NTCP criteria. The NTCP model
we applied was the LKB mod&f ¢”! defined by:

TR [of] = SRk, o2

et /24t is the standard normal cumulative distribution functogy

1 .z
whered(z) Ton [
represents the tolerance dose to a whole organ , causing a 50% complication praability;
is the slope of the sigmoidal functiglt andgEUD,(D(x)) is the generalized equivalent
uniform dosd®® of the dose distributioB(x), given by:

25



0i=1
No is the number of voxels in the anatomic structure of intelDgss the dose in thih
voxel, anda is the tissue-dependence parameter that represents the dose-volume effect. A
large a valueindicates serial organ architecture that is strongly sensitive to high dose,
whereas a small valua ear to 1) indicates parallel organ architecture that is sensitive to
the mean dose.

gEuo[D(x)l=[Ni%[oi(x)1a]a. 33)

Radiobiological criteria like TCP and NTCP are often sigmoid functions of dose
distributions' *, such as the LKB model in Eq. (3.2). The NTCP model is thus a
non-linear and non-convex function in terms of fluence elements. In order to ensure that
the optimization problem can be easily solved using a gradient-based method, the
NTCP-based sub-score was calculated using the following equivalent convex NTCP
criterion®

~In(1- NTCR 5 (D(x))). (3.4)
For this NTCP model, the corresponding sub-score was penalized when the NTCP value
was superior to the desired valueNafCR,. It can be written as follows:

_ 1-NTCR 1-NTCR
o) b et O

whereH is a step function.

111.3.3. Hybrid physical-biological model

By using fluence map optimizations, we aimed to find a solution within the search
space for the inverse treatment planning. Given the mtriour objective consisted of
finding a suitable vectot that would satisfy the optimization goals. The objective function
f that was used in this work was defined as the sum of weighted subfsémredi organs
under consideration

f(o(x))=§f. £, (o), (36)

where the weightg; represent the differences in clinical significance lansthe number
of sub-scores. It is worth noting that more than one sub-score can be applied to the same
organ in order to improve dose distributions.

The objective function defined in Eq. (3.6) was applied for inverse planning of
prostate cancer cases. This consisted specifically of applying a minimum dose sub-score of
fuin(Dprv(X)) and a mean dose sub-scoréefr(Dpr(X)) to guarantee the therapeutic dose
delivered to the PTV (planning target volume), along with two NTCP- based sub-scores of
fnTecHDBladdel(X)) andfyrco(DrectunfX)) to minimize the dose delivered to the bladder and
rectum walls, respectively. In order to achieve a fast decrease of dose in the region outside
the PTV, a dose-volume sub-scoref@fi(Drearny(X))Was added to other healthy tissue
areas. This scheme can be mathematically expressed as
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f (D(X)) =& fNTCP(D Bladder(x)) +¢5 fNTCP(DRectum(X)) + &3 Fuin (D PTV (X))
+ &4 FueanDprv (X)) + & fovn (D Healthy(x))'

In this work, we applied the convex dose-based sub-scofigs(B), fumeardD), andfpyn(D)
proposed by Wu and Moh&i..

(3.7)

[11.3.4. Optimization method of the fluence e ements

Figure 3.1 displays the flowchart for implementing the proposed algorithm. We
employed an iterative gradient technique to optimize the fluence elements. The acceptable
step length in the search direction was computed by means of a normal line search method
applying the Wolfe conditions, a set of inequalities for performing inexact line searches.
The inverse Hessian matrix was updated by means of the L-BFGS alg8rthewur
proposed method required the first derivatives of sub-scores in order to compute the step
length and update the Hessian matrix. For the NTCP-based sub-score, its first derivative
could be calculated with the following formula:

Ofnrep _ 1-NTCR 1 1 ~t2 gEUD(D(x)) 2 a1y, (3.8
e o) TN B T e SO (8
lgl(Dl ()
where { - 9EUD(D(x))- Dy, andWi; ; is the (, j)th element of the matriw.
\EmDso

For the dose-based sub-scores, the first derivatives were provided as follows:
i) mean dose sub-score

anean _LNO ) _ -
ox, - No E[Dl (X) DO]WI,J ' (3.9)

whereDyis the prescribed dose.
i) minimum dose sub-score

Ofvin _ 2 o
SMin = 2 3" H[D, - D; (x)]fD; (x) - Do W, |, (3.10)
ox; Ngig ’
iii) dose-volume sub-score
ows - 2 S4i[o, () - 0] H[D, -0, (] oy ) -Dh,. (B1D)
oxj  Ngia ’

where the values ob; and D, were calculated based on the prescribed dose-volume
constraint Y/p;<V3), i.e. the volume of the organ receiving a dose greaterBhahould be
less tharVs.
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Input:
(2)CT scan;
(2)Information about the source

Compute the dose calculation
matrix W in Eqg. (3.1)

Initialize the fluence elements

Update the dose distribution
D(x) by Eg. (3.1)

Satisfy stop Yes Output the
condition’ fluence elements
No

Update the inverse Hessian matrix
using L-BFGS algorithm

Find a good step size using the
line search method

Update the fluence eleme

Figure 3.1. Flowchart of the methcwith convex optimizatio.

[11.3.5. NTCP-based optimizations proposed by Mohan et al and Stavrev et al

Our method was compared to two other NTCP-based optimizations reported by
Mohan et al ®® and Stavrewet al ®, respectively. Moharet al's proposed method
consisted of using a single score, with mixed TCP and NTCP criteria, to reduce normal
tissue complication and increase tumor conffdl In their study, two NTCP-based
sub-scores were applied to the rectum and bladder walls, respectively, with one TCP-based
sub-score set to the target. In contrast, for the Stairais proposed optimization method,

a hybrid physical-biological model was designed for inverse plaririthghe objective
function comprised two NTCP-based sub-scores (for the rectum and bladder walls,
respectively), and the dose delivered to the target was controlled by a selection of
constraints (see referentd for more details). Both of these methods applied the LKB
NTCP model. The TCP and NTCP parameters used in this work were identical to those
given in referencE® *%. Corresponding optimization problems were solved by means of a
simulated annealing (SA) and nonlinear programming (NP) method, respectively. These
two optimizations were labeled as ‘SA’ and ‘NP’, according to the optimization algorithm
used. Our proposed method was labeled as ‘EC-NTCP’, representing the use of the
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equivalent convex NTCP criteria.

Our method was also compared to the dose-volume-based optimization approach,
which applied the convex dose-based sub-scores, as mentioned in Sec. 111.2.3. The
dose-volume-based optimization was labeled as ‘DVH’. The objective functions for both
our proposed method and the dose-volume-based optimization were the convex functions.
These two optimization methods can therefore be solved by the same gradient-based
optimization algorithm, namely the L-BFGS. The optimization procedure was interrupted
when the score value (Eq. (3.7)) was sufficiently decreased (<1e-6) or the line search was
unable to locate an acceptable point along the current search. For the NTCP-based
optimizations proposed by Mohanal®® and Stavreet al®®, the optimization algorithm
displayed in figure 1 should be replaced by a simulated annealing and nonlinear
programming method, respectively.

111.3.6. Organ delineation and dose prescription for 10 patients

Our proposed method was tested in 10 prostate cancer cases. The patients underwent
simulation and treatment in the supine position. Target volume and organs at risk (bladder,
rectum, and femoral heads) were delineated on CT slices. The rectum and bladder walls
were generated with a thickness of 5mm from the external manually-delineated rectal and
bladder contours, respectively. A “tissue ring”, the outside of the area extending the PTV
by 5cm, was defined as the other normal tissue used in Eq. (3.7). The target volume
included the prostate and excluded the pelvic lymph nodes. The PTV was calculated by
adding a 10mm margin in all directions except the posterior, where a 5mm margin was
applied. Our method used five coplanar 6MV photon beams, with gantry angles of 36°,
100°, 180°, 260°, and 324°, respectively. The dose mdtrixas calculated by applying
the standard pencil beam algorittffl, implemented into the CERR softwaf®. The
plans were normalized so as to deliver the 78Gy prescription dose to the prostate (PTV). In
order to produce the highly homogeneous target dose coverage, both minimum and mean
dose sub-scores (in Eq. (3.7)) were used to control the dose distributions in th& kerget.
NTCP radiobiological parameters for the bladder and rectum originated from the works of
Dale et al™ and Peeterst al"? (see Table 3.1), respectively. In this work, both the
prescribed bladder and rectum toxicities were set to zero.

Table 3.1. The radiobiological parameters of NTCP model for various or
used in the treatment planning optimization.

Organ: n(l/a) m Ds(Gy) Endpoin
Bladde 'Y 0.1z 0.11 62 RTOG grade>3 bladder complicatiol
Rectun!® 0.1 0.1¢ 80.7 Severe proctitis/necrosis/stenosis/fis

[11.3.7. Softwar e for optimization and comparison test

The SIMULANNEALBND MATLAB code was applied to perform the simulated
annealing method by replacing its generator function with a Gaussian geHétatdre
FMINCON MATLAB code was applied for the nonlinear programming method. To assess
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the relative quality of each treatment plan, optimization results were evaluated according to
practical clinical guidelines, as specified by Magksl", which are outlined in Table 3.2.

The different optimization methods were compared in terms of the following parameters:
gEUD, NTCP (in Eqg. (3.2)), TCP, number of iterations, computation time, and score
values. A non-parametric test (Wilcoxon test) was used for significance level comparison.

Orgar Dose/volume paramett
Bladder Ves<B0%  V7o<35%  V7s<25%  Vgo<15%

Rectun V5c<50% Vg <35% Ves<25% V70<20% V/5<15%

Table 3.2. Dose-volume constraints in the OARs for physical optimization.

[11.4. Results

[11.4.1. Comparison of the proposed method with dose-volume-based optimization

Bladde Rectun PTV Tissue rin

NTCF NTCF Minimum dost Mean dos DVH
Patient. 60 90 30 30 5
Patient; 45 10C 30 30 5
Patient: 45 80 30 30 5
Patient. 45 11C 30 30 5
Patient! 50 10C 30 30 5
Patientt 12C 70 30 30 5
Patient” 45 80 30 30 5
Patient: 45 60 30 30 5
Patient' 10C 12C 30 30 5
Patient 11 60 50 30 30 5

Table 3.3. The weights of the proposed optimization (in Eq. (7)) in 10 different patients.

Our method was compared to dose-volume-based optimization in 10 prostate cancer
cases. To that end, we used both DVH curves and NTCP values as endpoints. In our
method, only one NTCP-based sub-score was applied to minimize the dose delivered to
one OAR. For dose-volume-based optimization, the dose distribution in one OAR was
controlled by replacing one NTCP-based sub-scofgref(D(x)) in Eq. (3.7) with three
dose-volume sub-scores. Some sections of the OARs (rectum and bladder walls) were
covered by the PTV. Decreasing the high-dose of OARs led to a decrease in the dose
delivered to PTV. In order to achieve a similar DVH curves for two different optimization
methods, the weights of two objective functions were determined by trial and error. The
weights were adjusted for the same patient in order to attain similar tumor dose coverage
and OAR sparing in the different optimization methods. The weights chosen for both the
proposed method and multi-dose-volume-based optimization in the 10 patients are
provided in Tables 3.3 and 3.4, respectively, and the dosimetric results in Table 3.5. The
dose distributions in PTV and OARs were quantified based on mean dose and NTCP
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values, respectively. Figure 3.2 displays the comparison between the average DVH curves
of 10 prostate cancer cases of both approaches. In comparison with dose-volume-based
optimization, the proposed method has the advantage in terms of high-dose control (see Fig.
3.2), even though it results in a slight decrease in control for the low-dose (<50Gy) region.
Nevertheless, the impact on this dose region is limited. According to the practical clinical
guidelines outlined by Market al ", the dose-volume constraint is not considered for
doses of less than 50Gy in the rectum and bladder walls.

Bladde Rectun PTV Tissue rin

DVH DVH DVH DVH DVH DVH Minimumdost Meandos DVH
Patient: 5 5 5 5 8 3C 18C 18C 5
Patient; 5 5 5 5 8 20 18C 18C 5
Patient: 5 5 5 8 15 15 18C 18C 5
Patient. 8 8 8 12 8 1C 18C 18C 5
Patient£ 3 3 3 15 15 11 18C 18C 5
Patient! 50 50 50 8 12 1C 18C 18C 5
Patient” 1 1 1 8 8 8 18C 18C 5
Patient: 10 10 10 10 10 10 18C 18C 5
Patient' 10 1 1 10 10 10 18C 18C 5

Patient 11 10 15

[y

10 5 5 18C 18C

(6]

Table 3.4. The weights of the optimization based oulti dose-volume su-scores in 1(
different patients.

Dose volume histograms Dose volume histograms
100 : T T . : T — 7 20
| | | Bladder wall (DVH) |
90’777:7’7*‘777‘“’ Rectum wall (DVH) ’T
’\3077747774777177_PTV(DVH) L4
N : : : """"" Bladder wall (EC-NTCP) : ;\0‘15
(0] e i Rectum wall EC-NTCP) T+ =
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g | | | I | | °
— 50 1 = | | B >10
g I | | | ©
S 40 ! ! --14 § Bladder wall (DVH)
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20 | T B Bladder wall (EC-NTCP)
| Rectum wall (EC-NTCP)
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Figure 3.2. The average do-volume histograms of 10 patients for rectum wall, bla

wall, and PTV in prostate cancer cases. The solid lines represent the DVH curves of the
dose-volume based optimization, and the dotted lines the DVH curves of the proposed
method (EC-NTCP). (a) DVH curves of these two method types; (b) high dose region of
DVH curves.

As illustrated in Fig. 3.3, we calculatpdralues (Wilcoxon test) for the different dose
bins of dose-volume histograms from Fig. 3.2. Significant differences were observed
between the proposed method results and those of the dose-volume-based method for the
bladder, at between 20Gy and 75@@.05), as demonstrated in Fig. 3.3(a). For the
rectum (see Fig. 3.3(b)), significant differences were observed in the medium (30-50Gy)
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and high dose regions (75-78Gy). PTV coverage was maintained for the different
optimization methods. We then compared these different methods using the outputs of
normal tissue (bladder and rectum). The hpgkalues for PTV represent the same dose
coverage in PTV for different optimizations (Fig. 3.3(c)).

Bladde Rectun PTV
DVH ECNTCF DVH ECNTCF DVH EC-NTCF

patient . 18.49%  16.87% 6.02% 5.80% 77.0¢ 77.0%
patient: 71.45% 70.41% 5.08% 4.85% 77.0¢ 77.0%
patient: 41.47% 40.03% 12.45% 11.64% 77.1: 77.0¢
patient« 55.77% 54.47% 6.32% 6.07% 77.2% 77.2(
patient! 89.32% 88.71% 5.93% 5.63% 77.31 77.28
patientt 79.31% 77.72% 4.66% 4.35% 77.0¢ 77.0(
patient”  3.75% 3.08% 4.9% 4.71% 77.0¢ 77.0¢
patient { 28.42% 27.4% 4.34% 4.08% 77.0¢ 77.0¢
patient¢ 68.06% 66.75% 7.00% 6.84% 77.1°% 77.0¢
patient 11 62.83%  61.04% 4.54% 4.56% 76.9:2 76.9(
Overal 5189% 50.65% 6.12% 5.85% 77.1C 77.0%

Table 3.5. Thedosimetric resul for the 10 patients. NTCP values for bladder and re,
and mean dose (Gy) for PTV.
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[11.4.2. Comparison of the proposed method with SA and NP
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Figure 3.4. The average ose-volume listogramof 10 patients for thplar with physical
criteria (DVH), proposed method (EC-NTCP), plan optimized by simulated annealing
method (SA), and plan optimized by nonlinear programming method (NP). DVH curves of:
(a) PTV; (b) low dose region of PTV (in the red circle of figure 6 (a)); (c) rectum wall; (d)
bladder wall.

Our method was compared to the optimization methods proposed by liohi&t!’
and Stavreet al®®® respectively, in 10 prostate cancer cases, with the results displayed in
Fig. 3.4. For the plan based on Moterl’s propositionf>®), three weights were applied to
these three sub-scores, respectively, in order to achieve the best tumor coverage and OAR
sparing balance in each patient. As for the Stagtel’s optimization approach®, two
weights were chosen for the two NTCP sub-scores in the objective function, respectively.
In this plan, the dose delivered to the target was controlled by a 76 Gy minimum dose, and a
79Gy maximum dose. The same setup was implemented for the proposed method and the
optimization based on three dose-volume-based sub-scores, as mentioned before in section
I11.3.2. Figure 3.4 displays the DVH comparison between our method and the
optimizations proposed by Moha al®® and Stavrewet al®®. In comparison with our
method, the optimization approach proposed by Matai® exhibited less control of
the high-dose distribution in the PTV (Fig. 3.4(a)), and the control of high-doses in OAR
was poor due to parts of the bladder and rectum walls being located in the PTV (Fig. 3.4 (c)
and (d)). The results obtained with Stavet\al’s method®” exhibited better control for
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the PTV and worse control for the OAR in comparison with our method(Fig. 3.4 (b) and
(c)). Yet the improvement provided by this optimization method for PTV coverage is
achieved at the expense of an increased NTCP value (in Eq. (3.2)), with around 3.75% for
the bladder wall and 1.28% for the rectum wall. The dosimetric results of our method in the
10 patients revealed the lowggUD and NTCP values for both the bladder and rectum
walls, as shown in Table 3.6. We calculatedgB&/D values (in Eg. (3)) and TCP values

for the PTV of 10 patients, as outlined in Table 3.6. The pararret®® was applied in

the gEUD calculation of PTV dose distributions. We used the same TCP model and
parameters as those implemented by Ma#taad®® to calculate the TCP values. With the
exception of Mohaet als method®®, the other three optimization methods were revealed

to be capable of achieving similar tumor dose coverage, as shown in Table 3.6. We also
computed the number of iterations, computation time, and last score values, all of which
can be found in Table 3.7. All these methods were performed using the same computer
(Intel(R) Xeon(R) 4CPU E5430 platform with 4GB memory).

Bladde Rectun PTV
gEUD (Gy) NTCF gEUD (Gy) NTCF gEUD (Gy) TCF
DVH 62.07 51.89% 63.0% 6.12% 77.0¢ 53.77%
EC-NTCF 61.7¢ 50.65% 62.7¢ 5.85% 77.0¢ 53.70%
SA 63.27 57.08% 63.7( 7.08% 82.67 68.44%
NP 62.51 54.40% 63.9¢ 7.13% 76.8( 53.10%

Table 3.6. AveragegEUD values and NTCEF values in 1C prostate cas for bladde,
rectum, and TCP values for PTV for the plans obtained with physical criteria (DVH),
proposed optimization (EC-NTCP), optimized by simulated annealing method (SA), and
optimized b' nonlinear programming method (N

DVH EC-NTCP SA NP
No. iterations 39 44 10000 99
Time (s) 96.27 98.66 166.43 799.53
Score values 0.1146 0.1064 0.3971 0.1409

Table 3.7. Number of iterations, computation tis, anc last score values for the plan witt
physical criteria (DVH), proposed method (EC-NTCP), plan optimized by simulated
annealing method (SA), and plan optimized by nonlinear programming method (NP).

[11.5. Discussion

In this study, we proposed a hybrid physical-biological model for inverse planning
optimization, consisting of controlling the dose delivered to normal tissue by
NTCP-based sub-scores and achieving the desired target dose by dose-based sub-scores.
This large-scale constrained optimization problem was then solved by means of the
L-BFGS algorithm®. The proposed method was tested in 10 prostate cancer cases. The
results proved that the proposed method was capable of generating clinically acceptable
plans which meet the practical clinical guideliffés
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To prove the applicability of the proposed method, experiments were conducted
with comparisons of the dose-volume-based optimization method. The average results of
the 10 patients (Fig. 3.4) were similar for the two different optimization methods. The
DVH based scheme can generate the optimal results. For example, if the DVH curves of
the optimal result are known, we can set the DVH constrains in the objective function
according to the control point on the DVH curves and get the similar result as the optimal
result. However, in the practical application, the optimal result is unknown. So, we
cannot set the appropriate DVH constrains in the objective function at once. In the clinic
application, we have to try several times to get the “optimal” result. In these tries, the
DVH constrains are adjusted appropriately to protect the normal tissue and increase the
tumor control. This “optimal” result is the best result in the results we have tried. We
cannot guarantee this “optimal” result is the optimal result for the given patient, because
no NTCP or TCP criterion is applied to evaluate the calculated result in the optimization.
This is one drawback of the application for the DVH based scheme.

Some papers have reported the practical clinical guidelines, such as QUANITEC
The DVH constrains can be obtained from these practical clinical guidelines. The
practical clinical guidelines are obtained from the statistics of a large number patient. For
a given patient, the practical clinical guidelines may be not suitable. For example, the
V7<35% is reported by Markat all"®! for the bladder wall. For a patient, a large part of
the bladder wall is included in the PTV. Setting the DVH constraiyn<@5%) for
bladder wall in the objective function, the DVH based scheme maybe not find a result
meeting the current constrain. In contrast, for a patient, a little or no part of the bladder
wall is covered by the PTV. Using the DVH based scheme, we can easily find a result in
which the V, for the bladder is far less than 35%. Thus, we cannot get the optimal result
using the DVH constrain (<35%) for bladder wall in the objective function. In the
clinical application, the DVH constrains originated from the practical clinical guidelines
should be adjusted appropriately to generate the optimal patients for the given patient.
This is another drawback of the application for the DVH based scheme.

Overall, both the DVH based scheme and NTCP based scheme can generate the
optimal IMRT plan. But, compared to the NTCP based scheme, the DVH based scheme
has to try several times to get the “optimal” results. In our study, we used the NTCP
based scheme to get the clinically acceptable plans, which meet the practical clinical
guidelines!™. These results were also compared to the plans generated by the DVH
based scheme. The calculated results were similar for the two different optimization
methods, because both schemes generate the optimal IMRT plan. As shown in Fig. 3.2
and 3.4, there is the small gain in NTCP based scheme. This small gain is caused by the
slight drop in target coverage. The difference between the results gotten from two
optimization methods could be narrowed by adding more DVH constrains in the
objective functions. In our study, we only used three DVH constrains to control the dose
distributions in one normal tissue. The results meet the practical clinical guidélines
The purpose of our study is to prove that the proposed NTCP schemes can generate
clinically acceptable plans. Hence, we did not add more DVH constrains to one organ.

The biological significance of NTCP could be lost by randomly selecting parameters.
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Yet numerous papers have investigated the choice of parameters for NTCP ddels
72,7581 |n this study, we applied the different sets of parameters reported by Fibeho

[7 in the optimizations for 10 prostate cancer cases and recorded the NTCP values. We
used the same parameters as Fellial [’®, Sohnet al[®!, and Tucketet al® for the

RTOG Grade 2-3 rectum, and those apPIied by Peetaat’? and Rancatet al ®* for

RTOG Grade 3 rectum. The Peetetsl’s"? parameters were chosen for the rectum in
the experiments (Sec. 111.3). We performed the Wilcoxon test for the NTCP values,
which were obtained through application of the parameters reported by the other authors,
along with the results obtained by Peeteral’'s"? parameters. The results revealed that
our proposed method is suitable for NTCP models with different parameters for all
values inferior to 0.0046.

We also compared our method with the two other NTCP-based optimization
approaches, as reported M °¥ in reference. Figure 3.4 illustrates that our method
achieved higher treatment quality than the two other approaches, with MpHzn">®
method providing less control of the high-dose distribution in the PTV, as displayed in
Fig. 3.4(a). There could therefore be a reduction in control of the high-dose in OAR due
to areas of normal tissue being included in the PTV (Fig. 3.4(c) and (d)). Sttaksy
B9 method demonstrated better control for PTV, yet worse for OAR. As regards the
rectum wall, the NTCP values (Table 3.6) of the plan based on Mohan et al's method
were better than those obtained with that of Staeted ™. This value is the result of a
compromise between reducing large parts of low dose and increasing small parts of high
dose. The rectum wall constitutes a serial organ, sensitive to high doses. Different
optimization algorithms were applied in order to solve the optimization problem,
according to given forms of objective function. The results revealed that the
gradient-based method used in our method exhibited higher convergence efficiency and
required less iterations and computation time than the simulated annealing and nonlinear
programming methods (Table 3.7). With respect to time consumption, the Wilcoxon
test was performed for our proposed method compared to the simulated annealing
(p<0.014) and nonlinear programmingp<Q.002) methods, respectively. This
demonstrated that time saving was a proven advantage of the gradient-based method.

[11.6. Conclusion

In this work, we proposed a method incorporating the equivalent convex NTCP
constraints into an optimization approach. We described the sub-score of an equivalent
convex NTCP modéf!, and provided its first derivatives. The efficacy of the equivalent
convex NTCP constraints, along with their use in large-scale constrained optimization,
was investigated. A gradient-based optimization algorithm, namely L-BFGS, was applied
S0 as to solve this optimization problem. The proposed method was compared to
dose-volume-based optimization approaches in 10 prostate cancer cases. Our method was
proven capable of generating clinically acceptable plans. Furthermore, NTCP-based
optimization appeared to be more relevant in terms of clinical interpretation, while
providing the most favorable overall treatment outcome. The proposed method was also
compared to two other NTCP-based optimizations, solved by simulated annealing and
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nonlinear programming methods, respectively. This comparative study showed that the
proposed scheme achieved higher quality treatment plans and required less computation
time than the two other optimization approaches. Future investigation will address the
extension of the proposed physical-biological model to applications in direct aperture
optimization.

Combined with the dose calculation method proposed in the previous chapter, this
optimization method enables to optimize the plan according to the anatomy of the patient
as observed in the planning CT. However, some geometrical uncertainties occur during
the treatment and may be compensated for at the planning step. This is the goal of the
following chapter.
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Chapter V. The corrections of random geometric uncertainties in
IMRT

IV.1. Introduction

Conventional methods of adding a margin around the clinical target volume (CTV)
SO as to obtain a planning target volume (PTV), aim to find a sound compromise between
maximizing target dose and minimizing dose to O&R Several methods have been
proposed to account for geometric uncertainties in dose calculation, such as the
“stochastic simulation method®®, the “dose convolution method®" %! and the
“fluence modification method®®. However, these methods inevitably expand CTV area.
To significantly reduce the PTV margin, other authofs®”*® have used the “robust
beam profile” method, of which the most important feature is the higher fluence delivered
on the field edges.

In this part of work, we concentrated our attention on random geometrical
uncertainties. Various deconvolution algorithms have been investigated in order to
calculate robust beam profile with respect to small random geometrical uncerainties
8 and to remove the finite detector size effect in the measured pffifés To avoid
infeasible or unreliable deconvolution results using the direct inverse filtering in the
frequency domain, the series expansion method has been employed for first-order
approximation of the deconvolutioff” %°* High-frequency components were
suppressed through the summation of the first four terms of series expansion. The series
expansion method can effectively suppress the oscillations in deconvolution results, but
the effect is limited, and the convolved-back results inevitably contain numerous high
frequency components, especially around the field edges. The method proposed by Fan
and Nathi*”is one kind of series expansion method that suppresses the fluence around
the field edges. If the suppression is too large, however, it could lead to inferior intensity
in the convolved-back profiles than in the nominal static fluence map around the field
edges. Here we proposed a new deconvolution method based on series expansion and a
Butterworth filter. In order to suppress the high-frequency components, we used only the
first four terms of the series. By adjusting the parameters of the Butterworth filter
according to the different probability density functions (PDF), we further suppressed
high-frequency signal components and minimized differences between the static and
convolved-back profiles, especially on the field edges.

This part of work is organized as follows. First, the methods and principles used in
the design of the algorithm are described. Then, the new deconvolution approach is
detailed (Section 1V.3). The results are presented in Section IV.4, including a comparison
to the deconvolution kernel method on a regular 2D fluence map, a real IMRT field and a
prostate case.
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IV.2. Methodsand M aterials

Geometrical uncertainty results from many independent random causes (setup
variation, motion, equipment precision limit, etc.), as discussed above. According to the
central limit theorem, the distribution of this uncertainty should converge to the Gaussian
distribution in a multi-fraction treatmet”. We used a single Gaussian distribution to
describe random patient motion, as reported before on robust fliiefite

2
p(o, X) = \/%TU' exp — ZZZJ : (4.2)
Here, the standard derivatiendescribes the random motion. Given a beam prdfike,
convolved-back profil®y(x) is defined as:
Dm( 3= Ho, x- YD, (uWdu, (4.2)
whereDy(u) is the deconvolution profile. Our goal was to aithe optimal deconvolution

fluence mapDy(u) by minimizing the differences between the convohiback fluence
mapDm(X) and the nominal static fluence map.

IV.2.1. The beam profile deconvolution with the series expansion method

With the Taylor serial expansion Df(u) atx, Eq. (4.2) can be written as:
Din(X = ADp(x) (4.3)

2 42\ 2\" 4(2n)
pmexd 42| $ 1% ) d®
2 d ) Snil 2 ) dx"

The inverse operatoh™, defined by Ulmer and Kais$l", leads us to formulate the
deconvolution fronDy, to Dy as:

D,(¥) = A'Dp (X = exp[

where the operator is:

2 4(2)
_%ﬁ] D, (X). (4.4)

Ulmer and Kaissl alsderived an expression of the inverse PDF or deconvolution
kernelp(c, X), which allows the deconvolution to be calculatedhe following integral
form:

Dy(3=] p'(0, x- YD (y)du. (4.5)

In Eq. (4.6), the representation pf(s, X) can be expressed in the expansion of Hermite
polynomialsHyy:

X

Yo=Y X , 4.6
p (0', X) ~= G HZn(\/Ea_j KO—! )9 ( )
with the coefficients,=(-1)7(2"n!).

IV.2.2. 1D beam profile deconvolution
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The Fourier transform of Eq. (4.4) can be expressed in the following form:

_ © 1(g?)
F{A™Dy(U} = Zﬁ{;} W F{D (Y} (4.7)
n=0"'"
wherew is the angular frequency. Following Ulmer and Kal%8] the deconvolution
kernelp™(s, ) can also be written as:

p o, x= Ao, ¥, (4.8)
) Zd() ® 1 2I’1) )
where A™ =ex == 1)'g?" . Then, the Fourier transform of the
dX2 n=| On' in

deconvolution kernel o, X) is:

K p o X} = i%aznwzn expw?o?12). (4.9)
n=0""
Using the Fourier transform to Eq. (4.5), we obtain:
RDy(x)} = i%ﬁ”w?” expw?o?/2) D, (u)}. (4.10)
n=0""
By comparing Eq. (4.7) with Eq. (4.10), a filtdtw) can be defined as:
{F| pt g % uDg udh=HWR ADL (W}, (4.11)
where
z 1 2n 2n
H(w) =—"= =l ——exp(-w'o? /2). (4.12)
v a* 2
o i 2

Note that Hw) = 1 corresponds to an all-pass filter through the summation of polynomials
to infinity. Due to the small contributions of the higher order terms, we only consider the
first four terms in the summation of Eq. (4.12). In this conteKty) is a filter that
suppresses part of the high-frequency components.
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Figure4.1. The profile for a static target and the corresjing convolve-backprofiles for
deconvolution profiles. “Origin"—nominal static profile, “Series”—profile obtained with
the series expansion method in Eq. (4.4), “DK"—profile obtained with the deconvolution
kernel method, “Filter"—profile obtained with the proposed method. A Gaussian
distribution of geometrical uncertainty with standard deviatéie3 mm is assumed.
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The convolved-back profiles for the deconvolution using the series expansion method
in Eqg. (4.4) and the deconvolution kernel method in Eq. (4.5) are shown in Fig. 4.1, where
the series expansion method is labeled as “Series” and the deconvolution kernel method is
labeled as “DK”. We found that there are large deviations around the edges of fields
between the convolved-back profiles and the static profile. However, the convolved-back
profiles using the deconvolution kernel method are better than the results of the series
expansion method, because the convolved-back profiles from the deconvolution kernel
method are equal to the product of the results from the series expansion method and a
low-pass filter. The frequency response of this low-pass filter is related to the truncation of
the terms considered in Eq. (4.12). In order to further reduce the differences between the
convolved-back profiles and the static profile, we filtered the results of the series
expansion method with a classical filter whose frequency response could be more easily
adjusted. To this end, we used a Butterworth filter with a frequency response of:

1
= | — 4.13
H= (4.13)

wherew is the cutoff frequency ana is the number of reactive elements (poles) in the
filter.

In the series expansion (Eg. (4.8)) we just took the first four terms of the series-the
low frequency components gathering most of the signals’ intensity. By adjusting the filter
parameters, we could easily suppress the signals’ high-frequency components according to
different PDF, and reduce differences between the static profile and the convolved-back
profiles on the field edges, as shown in Fig. 4.1, where the proposed method is labeled as
“Filter”.
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Figure 4.2. A rectangl-field profile: “Origin"—nominal profile for a static targe
“Deconvolution"— the deconvolution profile, “Convolved-back”—the convolved-back
profile. (&) The proposed method; (b) setting the value of the deconvolution profiles outside
the field to zero.

To reduce the dose delivered outside the field, a further approximation was made by
setting the values of deconvolution profiles outside the field to zero (Fig. 4.2). This may
reduce the intensities of convolved-back profiles on the field edges, as no dose is received
outside the field. Thus, it is necessary to readjust the filter parameters in order to
compensate for these lower intensities by the increased dose received on the field edges, as
shown in Fig. 4.2(b). The parameters of the filter were set by systematically exploring the
parameter space for the minimal difference between the convolved-back profile and the
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nominal static profile.

1V.2.3. Extension to 2D fluence deconvolution

The 2D extension can be derived following the same approach. For a 2D Gaussian
PDF:

1 2 V2
0,,0,,%Y)= exg —————= |, 4.14
P(@x.Ty. %) 2m, 0, l{ 2072 205,} (4.14)

where the variables andy are independent and separable; therefore, the extension of the
1D operator equation (4.3) to 2D is straightforward:

AT AL
A—ex;{(szsz {{2}@2] (4.15)

The deconvolution procedure is similar; the corresponding Fourier transform in each
dimension is written as:

o 1(02) e 1(02)
F{D (% Y} = %W(%j u" k:oﬁ[%] V*E{D(% Y}, (4.16)

whereu andv are the angular frequency. To reduce fluctuations within the field, the
deconvolution outputs were filtered by a 2D Butterworth filter. We wrote the 2D
Butterworth filter in the frequency domain as follows:

1 1
= 4.17
Hu.Y) \/1+ U/yy)™™ \/1+ (vig < (.17)

whereup andvp are the cutoff frequencies, anmchndk are the number of reactive elements
(poles) of the filter in each dimension.
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Figure 4.3. The profiles for a static target and the corresponding conv-back profiles
“Origin"— nominal static profile, “DK"—the deconvolution kernel method, “IDK"—the
improved deconvolution kernel method, “Filter"—the proposed method. The dash-and-dot
lines present the corresponding absolute difference with static profile and symbol prefix
“D” for each method name. Gaussian distribution of geometrical uncertainty with standard
deviations = 3 mm is assumed.
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In this work, the proposed method was compared to the improved deconvolution
kernel method given by Fan and N&th That method achieves the deconvolution kernel
by taking the first four Hermite polynomials in Eq. (4.6) in the Cartesian coordinate system
and then effectuating an approximate conversion to the polar coordination system through
a triangular transformatiofran’s method suppresses the fluence around the field edges. If
the suppression is too large, however, it may lead to lower intensity in the convolved-back
profiles than in the static fluence map around the field edges, as shown in Fig. 4.3.

IV.3. Results

We simulated two kinds of intensity-modulated 2D fluence maps, as shown in Fig.
4.4(a) and Fig. 4.5(a), and tested our method on a prostate case (Fig. 4.7(a)). The patient
PDF is the PDF modeling random geometric uncertainties of the patient in 3D space. In
this work, the PDp(ox, oy, X, y) is a projection of the patient PDF to a plane orthogonal to
the beam direction. Standard deviationg»gf 4mm andsy= 3mm were chosen for 2D
PDF inx- andy- directions, respectively (in Eq. (4.14)). These standard deviations are the
typical random geometrical uncertainty in practice for various S€té8. To obtain a high
cutoff frequency and a low order for the Butterworth filter, as discussed above, we used the
parametersip= 0.9375n =1 andvw= 1.25,k=1in Eq. (4.17), respectively, for these two
standard deviations. Note that the values of cut-off frequengisdv, were selected by
an exhaustive search in order to minimize the difference between the convolved-back
fluence map and the static fluence map. The same filter parameters were employed for
different fluence maps with equal standard deviations. Three different methods (“DK”--the
deconvolution kernel methdd, “IDK”--the improved deconvolution kernel meth&d,
and “Filter”--the proposed method) were compared, both for the two kinds of fluence maps
and the prostate case.

We calculated dose distribution as follows:

(i) The deconvolution fluence maps were obtained via the deconvolution methods
mentioned above;

(i) We sequenced the deconvolution fluence map into a series of deliverable leaf
sequences, and then reconstructed these deliverable leaf sequences into a deliverable
fluence map;

(i) The convolved-back fluence map was then calculated by convolving the
deliverable fluence map and Eq. (4.14);

(iv) Finally, the convolved-back fluence map was inserted into the software EERR
in order to calculate the dose distribution.

IV.3.1. Resultsfor aregular 2D fluence map

Figure 4.4 shows the application of the 2D deconvolution algorithms to the regular 2D
fluence map. Ideally, the convolved-back fluence maps (Fig. 4.4(b), (c) and (d)) should be
the same as the nominal static one (Fig. 4.4(a)). The differences between the
convolved-back fluence maps and the static fluence map lie mainly around the field edges
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due to the nominal static fluence map’'s steep fall-off. A detailed comparison of

convolved-back fluence maps is also shown in a profile plot in Fig. 4.4(e) for these three
methods.

As shown in Fig. 4.4, the convolved-back fluence map based on the proposed method
exhibits fewer hot or cold spots than the results with the other two methods. Much
improved agreement on fluence distributions around the field edges was achieved. The
difference between the nominal static fluence map and the convolved-back fluence map
was measured by the quadratic sum defined as:

d= ZZ(FOH _Fcon)z’ (4.18)
whereF; is the nominal static fluence distributions &ngh is the convolved-back fluence
distributions. For this regular 2D fluence map, the quadratic sums of the difference
between the nominal static map and the convolved-back fluence maps in the field were
0.7070, 0.4680, and 0.0577, for the deconvolution kernel method, the improved
deconvolution kernel method, and the proposed method, respectively.
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Figure 4.4. The fluence map fc a static targe and thecorrespondin convolvec«-back
fluence maps from the deconvolution profiles. (a) The nominal static fluence map; the
convolved-back fluence maps for: (b) the deconvolution kernel method, (c) the improved

deconvolution kernel method, and (d) the proposed method; (e) the lateral profiles for these
fluence maps.
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Figure 4.5. The 2D deconvolution algorithms to the fluence map of a real IMRT (a)
the nominal static fluence map; (b)-(d) the deconvolution fluence maps from corresponding
methods (the deconvolution kernel method, the improved deconvolution kernel method,
and the proposed method, respectively); (e)-(g) the corresponding convolved-back fluence
maps, respectively; (h)-(j) the corresponding difference between the convolved-back
fluence maps and the nominal static fluence map respectively; (k) the lateral profiles for

convolved-back fluence maps.
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1V.3.2. Resultsfor an IMRT fidd

Figure 4.5 shows the application of the 2D deconvolution algorithms to the fluence
map of an IMRT field. Compared to the nominal static fluence map (Fig. 4.5(a)), the
deconvolution fluence maps (Fig. 4.5(b)-(d)) displayed a higher intensity on the field
edges, especially in the lateral directigrd{rection), due to a larger random geometrical
uncertainty and the steeper intensity edges. The convolved-back fluence maps and the
corresponding differences to the nominal static fluence map are depicted in Fig. 4.5(e)-(Q)
and 4.5(h)-(j). A profile comparison of the convolved-back fluence maps is shown in Fig.
4.5(k).

The deconvolution fluence map (Fig. 4.5(d)) computed using the proposed method is
less smooth than those calculated using the other two methods (Fig. 4.5(b)-(c)). However,
the convolved-back fluence map (Fig. 4.5(g)) is closer to the static fluence map than the
two corresponding convolved-back fluence maps (Fig. 4.5(e)-(f)), especially on the field
edges, as shown in Fig. 4.5(h)-(j). For the deconvolution kernel method, the improved
deconvolution kernel method, and the proposed method, the quadratic sums of the
difference between the nominal static fluence map and the convolved-back fluence maps
were 1.2014, 1.0460, and 0.6884, respectively, in the field. As depicted in Fig. 5, the
proposed method achieved superior agreement on fluence distributions around the field
edges.

We input the convolved-back fluence maps (Fig. 4.5) into the software CERR [70] in
order to calculate the dose distribution for a 6MV photon beam at 10cm depth of a water
phantom, and the corresponding results are shown in Fig. 4.6, where Fig. 4.6(a)-(d)
displays the dose distribution from the static fluence map in Fig. 4.5(a) and from the
convolved-back fluence maps in Fig. 4.5(e)-(g). We used the gamma evaluation method
[97] in order to analyze the dose distribution calculated from convolved-back fluence
maps. The gamma analysis was applied with a dose difference of 3% and a distance to
agreement of 3mm. The 2D gamma analysis is shown in Fig. 4.6(e)-(g), and the dose
profiles are shown in Fig. 4.6(h). We observed that the dose distributions calculated using
the proposed method were closer to the dose distribution calculated from the nominal
static fluence map than those calculated using the other two methods, especially around
the field edges.
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Figure 4.6. Dose distribution for a real IMRT field: (a) from 1 nominal stati fluenct
map; (b)-(d) from the convolved-back fluence maps in Fig. 4.6(e)-(g) respectively; (e)-(g)
the gamma analysis for the corresponding difference between Fig. 4.6(a) and Fig.

4.6(b)-(d), respectively; (h) the lateral profiles for dose distribt.
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IV.3.3. Resultsfor a prostate case

Figure4.7. CT scans and fluence map. The position oCTV andnormal tissue
in one CT slice of a patient; (b) the nominal static fluence map used in this case.

Our method was tested on a prostate case with one 6MV photon beam extracted from
a 5-beam IMRT plan. The gantry angle was, @U the beam’s source-axis distance was
100cm. Figure 4.7 displays one slice of the CT scans, along with the static fluence map we
used. The sensitive normal tissues considered here were the rectum wall and bladder wall
(Fig. 4.7(a)). We calculated dose distributions for both the nominal static fluence map and
the fluence maps obtained using the margin expansion and deconvolution methods. The
margin expansion method enlarged the static fluence map by 5mm in each direction. Fig.
4.8 shows the 2D dose distributions at 17cm under the surface in the beam direction for
those fluence maps. We observed that high doses were partially delivered to the region
outside the CTV when this approach was used (Fig. 4.8(b)). When the deconvolution
kernel method was applied, the delivered dose was high around the target edges (Fig.
4.8(c)). The improved deconvolution kernel method (Fig. 4.8(d)) and the proposed method
(Fig. 4.8(e)) showed a better dose modulation than the margin expansion method. Dose
volume histograms (DVH) for the 2D dose distributions (Fig. 4.8) are displayed in Fig. 4.9.
For the sensitive normal tissues, the proposed method offered better control for high doses
delivered to normal tissue than the other three methods (Fig. 4.9(a) and (b)). For the CTV,
the dose distributions obtained using the proposed method were closer to the nominal static
fluence map than those resulting from the other three methods (Fig. 4.9(c)). We also
analyzed the 2D dose distributions for the deconvolution method with gamma evaluation.
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A significant reduction of the difference in dose distributions was achieved with the
proposed method, as shown in Fig. 4.10.

Figure4.8. Dose distributions in the prostate case using: (¢ nominal stati
fluence map; and fluence maps resulting from (b) margin expansion method; (c)
the deconvolution kernel method; (d) the improved deconvolution kernel

methoc, (e) the proposed meth.
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Figure 4.9. Dose-volume histograms of prostate case for the different me:
with respect to the nominal static fluence map with: (a) bladder wall; (b) rectum
wall; (c) CTV. “Margin” — margin expansion method.

We used the method proposed by Effkin order to sequence the fluence map into a
deliverable leaf sequence. In this work, the pixel size in fluence map was3z5f, and
the minimum monitor unit (MU) was 5MU for each segment. Thus, the resulting fluence
maps were deliverable. With 10, 17, 14, and 16 segments, the fluence map monitor units
equaled 85, 275, 175, and 210 for the margin expansion method, the deconvolution kernel
method, the improved deconvolution kernel method, and the proposed method,
respectively.
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Figure4.10. The gamma analysis for dose distributions in the prostate case
fluence maps resulting from: (a) margin expansion method; (b) the
deconvolution kernel method; (c) the improved deconvolution kernel method;
(d) the proposed method.

I'V.4. Discussion and conclusion

This study’s main assumption was that the organ motions of interest are random,
with known probability distributions. Under this hypothesis, several works based on the
deconvolution algorithm have been reported in the literature to derive a robust fluence
map for IMRT. The advantages and disadvantages of this kind of approaches have been
discussed by Fan and Natff. They showed that the deconvolution approach is more
suitable for IMRT fluences with random geometrical uncertainties with a standard
deviation within 2 and 4 mm, which means that the motion uncertainty is not very high.
In this context, we have proposed a new deconvolution approach for robust fluence.

Our proposed solution combines series expansion and filtering techniques. Different
optimal filters are available, the choice among which (Bessel, Chebyshev, elliptic, etc.)
depends on several features, such as the behavior in pass-band, roll-off factor (this factor
determines the extent of the transition between the pass-band and stop-band), phase
response, and execution speed. Bessel filters, for instance, provide more sharp transition
between pass-band and stop-band, but not the best phase response. The Butterworth filter
selected here provides the flattest pass-band and a low roll-off factor. The main objective
was, first, to show some of the benefits of the proposed combination. The use of other
filters will be further explored in the future.

In addition, the proposed method offers the advantage that the whole formulation
described operates in the frequency domain instead of the spatial domain. The
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Butterworth filter can filter out the deviations around the field edges directly in the
frequency domain. The parameters of the 2D Butterworth filter can be determined in each
direction due to the independence and separability of arguments of PDF in the x- and
y-directions. Their setting, varying with the PDF standard deviation, was designed to
seek the minimum difference between the convolved-back fluence map and the static
fluence map. It may be improved by replacing the exhaustive search with an optimization
procedure.

Comparisons with two other deconvolution approachés®” show that the
difference between the nominal static fluence map and the convolved-back fluence map,
as measured by the quadratic sum, is significantly reduced with the proposed method.
This advantage is somehow less pronounced when real IMRT data are processed.

The convolved-back fluence map presents the actual fluence delivered to a patient
when motion is accounted for. Our goal was to cause the target to receive the same
fluence during motion as the nominal static fluence map; namely, to reduce the deviations
between the static fluence map and convolution-back fluence map. Usually, there are
large gradients in the static fluence map. The proposed method increases TNMU
complexity (i.e., total number of monitor units), as defined by EfieFor the prostate
case reported in this work, these complexities were 83.62MU, 268.05MU, 179.26MU,
and 206.59MU for the margin expansion, deconvolution kernel, improved deconvolution
kernel, and proposed method, respectively.

To conclude, this new approach using both series expansion and a Butterworth filter
was tested on two 2D fluence maps and a prostate case. It was shown that the
Butterworth filter better suppressed high-frequency oscillations and reduced hot and cold
spots on convolved-back fluence profiles. In the flat area of the fluence map, our
method’s accuracy was similar to that of the deconvolution kernel method. Near the edge
of the fluence map, a clear advantage was observed. This approach can be easily
implemented in the clinical setting and thus improve dose homogeneity.

The methods proposed in these three chapters have a common goal: to precisely
optimize the plan by taking into both the physical (dose calculation), biological (NTCP
constraints) and anatomical (correction of uncertainties) components. However, during
the treatment delivery, some systematical anatomical variation may occur, e.g. related to
the tumor or parotids shrinkage in head & neck RT. In that case, some replannings may
be considered in an adaptive RT workflow. This is the purpose of the next chapter.
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Chapter V. Assessment of the optimal time and number of replannings
in head-and-neck cancer adaptive radiotherapy to spare the parotid
glands

V.1. Introduction

Intensity-modulated radiotherapy plays a critical role in the current management of
patients especially, with head-and-neck cancer. IMRT maximizes tumor coverage and
sparing of organs at risk (OAR) and thus leads to a potential increase in the therapeutic
index ™. However, the location, shape, and size of target and normal tissue are altered
significantly during a 6-7 weeks course of treatment due to daily external daily setup
variations, internal anatomical variations (physiological or in response to the irradiation)
and weight los§°??. These changes include shrinkage of the tumor and normal tissue
volumes, as well as positional shift of some of these structtfres %1% These
anatomical changes can lead to overdose the healthy tissue and therefore to unexpected
high normal tissue complicatioHg' 2 2*! The highly conformal IMRT plan generated on
the initial planning CT may no longer be optimal during the treatment. One of the main
OAR is the parotid gland (PG), whose irradiation leads to xerostomia. Indeed, xerostomia,
induces difficulties in swallowing and speaking, loss of taste, and dental caries, with
therefore a direct impact on patient quality of life.

In order to account for daily setup errors and anatomical variations, an off-line
scheme can be used to effectively correct and compensate for anatomical variations in
head-and-neck adaptive radiotherapy, i.e. replanning(s) realized between treatment
fractions to spare the PGs at least as they were spare at the planning. This scheme seems
appropriate for this localization because the considered anatomical variations are quite
regular during the course of treatment. Replanning is however a heavy task, which
includes acquiring CT scans, delineating organs, and optimizing a plan. Due to the
limited resources, replanning right before each fraction is not realistic and likely
unnecessary for all the patients. Indeed, the optimal number and time of replannings need
to be identified. This issue has been previously explored but remains ur$SveY

It must be pointed out that this work results from a collaboration between several
actors: radiation oncologists (for the delineation), physicists (for the planning) and PhD
students (registration). The contribution of the present work is mainly in the analysis of
the replannings.

V.2. Purpose and general framework of the study

In the context of IMRT for locally advanced HNC, this study aimed to:
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- estimate the difference between the planned dose and the actual delivered dose to
the PGs without replanning (PG overdose);

- assess the benefits of different replanning strategies to spare the PGs, at least as
they were spared at the planning.

In summary (Figure 5.1), 15 patients received radical IMRT (70Gy) for locally
advanced head and neck cancer. After the initial planning CT, 5 weekly CTs were used to
estimate the dose distributions delivered during the treatment according to two scenarios,
corresponding either to the initial planning (without replanning to assess the PG overdose)
or to weekly replanning(s) (to assess the benefit of ART). PGs dose were recalculated
therefore at the fraction, from the weekly CT. A total of 31 possible replanning
combinations were tested (Table 5.1.). For each scenario, the accumulated dose during the
whole treatment was estimated in the PGs (Figure 5.2). For this purpose, the deformation
fields from the weekly CT scans to the initial CT scan were firstly obtained by using the
symmetric forces demons algoritht?f. Secondly, weekly replan dose distributions were
warped by the resulting deformation fields. Thirdly, the PG cumulated doses were
computed for all scenarios. At last, the optimal scenario was identified by comparing the
PG dosimetric endpoints between the different replanning scenarios.

Cumulated dose without replanning (1B)

Elastic = registration

Weekly dose without replanning (1A)

CTO:
Planned CT1 CcT2 CT3 CcT4 CTs CT6
dose
, , - >

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7

Weekly replanned dose testing all planning combinations (1C)

Elastic registration

Cumulated replanned dose (1D)

Figureb5.1. Study flow chart.
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Number and time of replannir

Once Twice Three time Four time: Five time:
1 Replan. Replanl Replanl 3 Replan123 Replan1234
2 Replan: Replanl Replan12 Replan123
3 Replan: Replanl Replan12 Replan124
4 Replan: Replanl Replanl13 Replanl134
.5 Replan! Replan2 Replan13 Replan234
Combinaisons 6 Repan2: Replan14
7 Replan2 Replan2 3
8 Replan3 Replan2 3
9 Replan3 Replan2 4
1C Replan 4 Replan 3 4

Table5.1. The numbe and time¢of replamings used for each scena (ex.: Replan 2,3,
means : 3 replannings performed at weeks 2, 3 and 5).

V.3. Materials

The data of head-and-neck cancer in the Centre

Eugéne-Marquis hospital in Rennes, France.

patients were acquired

V.3.1. Patients and tumors

The study enrolled a total of 15 patients with a mean age of 65 years (range: 50-87
years). All tumors were locally advanced (Stage Ill or IV, AJ¢Ged). The mean PG
volume was 25.3cc (Standard deviation (SD): 8.1cc), and the mean PG planned dose was
30.9Gy (SD: 7.9Gy).

V.3.2. Treatment and planning

All patients underwent IMRT using a total dose of 70Gy (2Gy/fraction/day, 35
fractions), with a simultaneous integrated boost technique and concomitant chemotherapy.
Planning CTs (CTO) with intravenous contrast agents were acquired with 2mm slice
thickness from the vertex to the carina. A thermoplastic head and shoulder mask with five
fixation points was used. PET-CT and MRI co-registration was used for tumor delineation.
Three target volumes were generated. Gross tumor volume (GTV) corresponded to the
primary tumor along with involved lymph nodes. Clinical target volume 70Gy (gTV
was equal to GTV plus a 5mm 3D margin, which was adjusted to exclude air cavities and
bone mass without evidence of tumor invasion. gsTtbrresponded to the area at
high-risk of microscopic spread, while Cda¢orresponded to the prophylactic irradiation
area. GTV, CTV¥s;, CTVse and all organs at risk were manually delineated on each CT
slice. Adding a 5mm 3D margin around the CTVs generated the PTVs. PTV expansion was
limited to 3mm from the skin surface in order to avoid the build-up region and to limit skin
toxicity [15]. All IMRT plans were generated using Pinnacle V9.2. Seven Coplanar 6-MV
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photon beams were employed with a step and shoot IMRT technique. The prescribed dose
was 70Gy to PTw, 63Gy to PTV; and 56Gy to PT¥. The collapsed cone
convolution/superposition algorithm was used for dose calculation. The maximum dose
within the PTV was 110% (D2%). The minimum PTV volume covered by the 95% isodose
line was 95%. Dose constraints were set according to the GORTEC guidelines: a mean
dose (Bhea) <30Gy and a median dose <26Gy for contralateral PGs.

V.3.3. Weekly dose estimationsin cases of replanning

During the treatment, each patient underwent six weekly CTs (CT1 to CT6) according
to the same modalities as CTO, except for the intravenous contrast agents (not
systematically used, particularly in case of cisplatin based chemotherapy). For each patient,
the anatomical structures were manually segmented on each weekly CT by the same
radiation oncologist. In case of complete response, initial macroscopically-involved areas
were still included in the CT), which was adjusted to exclude any air cavities and bone
mass without evidence of initial tumor invasion.

Fraction doses were estimated by calculating the dose distribution on the 5 weekly
CTs, using treatment parameters and isocenter from CTO. Weekly re-planned doses were
calculated by generating a new IMRT plan on each weekly CT in accordance with the dose
constraints described for the initial planning. PTV coverage did not differ between initial
planning and weekly re-planned CT. The dose constraints for the organs at risk have
respected the GORTEC recommendations at the initial planning and in all replanning.

V.4. Methods for dose accumulation

V.4.1. Registration algorithm

Image registration can be used to monitor disease progression or response to
treatment. Registration aligns CT scans by applying a geometrical transformation to map
voxels from one CT scan to the homologous voxels in the other CT scan. In this work,
the registration was implemented in two steps, the rough registration and the fine
registration. In the rough registration, the spatial mapping was calculated to align the
moving CT scans (weekly CTs) with the fixed CT scan (planning CT). For this purpose, a
rigid registration algorithm was used. In the fine registration, a deformation field was
estimated to bring the processed moving CT scan into alignment with the fixed CT scan.
For this purpose, the symmetric forces demons algoritfthwas applied to get the
deformable fields.

The symmetric forces demons algorithfi® is one kind of non-linear image
registration, which solves the computational complexity and memory requirements of the
estimation of large deformations. Non-linear image registration aims at finding a
well-behaved spatial transformatisthat best aligns two given data setndJ. At each
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iteration, non-parametric methods need to find the displaces(@nof each poinp in
order to improve the following global energy function:

E(l,J,c,9) =i23im(| ,J,0) +izolist(c,s)2 +i2Regs) , (5.1)
O Oy o7
where ¢ is the point corresponding @ Sim( J ¢)=||l -Jc|Pis a similarity criterion

used to measure the resemblance of the aligned indigis,s)=|lc-s||, Regé)=|[Os|? is

a regularization energy which estimates the likelihood of the transformatjascounts

for the noise on the image intensity;,, accounts for a spatial uncertainty on the
correspondences, ang; controls the amount of regularization we need. In order to

guarantee the invertibility of the deformation and to have access to the true inverse
transformation, the symmetric forces demons algorithm works completely in the
log-domain, i.e. it uses a stationary velocity figlds=exp{/). To be consistent with the
log-domain representation and keep the simplicity of the demons algorithm, one part of the

sub-energy function can simply be written aslist¢,s)=|log6t-c)|| and

Reg6 )=||0 loge)|?. At each iteration, the stationary velocity figlis updated in the form
v+u by solving the optical flow function:

Editeo 1(3 % U ¥SImI(J exp( » exp@)) [lulf. (5.2)

In order to test the ability of the demons deformable registration algorithm we used to
globally align the organs, the dice score values are calculated for the target and normal
tissues. The positions of organs for all weekly CT scans are firstly transformed with
corresponding deformation field to get the aligned weekly ordans, Then, the dice
score is computed as

2A N Borgan (5 3)

|Aorgan |+ Borgan I

whereBogan is the organs’ position for the initial CT scans.

che: organ

V.4.2. Aligning the dose distributions

As mentioned above, the spatial mapping of two CT scans was computed by the rigid
registration method and the deformation fisldvas obtained by using the symmetric
forces demons algorithH®. Hence, the alignment of weekly dose distributions with the
initial dose distributions was also applied in two steps. At first, the spatial mapping was
used to align the weekly dose distributions to the initial dose distributions roughly. Then,
the processed weekly dose distributions were wrapped to the initial dose distributions by
the deformation field. The deformation field is represented as a three dimension vector
field, whose voxel is a vector with the same dimension as the input data. Each vector in the
deformation field represents the transformation between agintthe input space and a
point poyt in the output space such that:

Pin =Pout *S- (54)
The warped weekly dose distributions were calculated by:
D out(Pout) = Din (Pin —9) (5.5)
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whereDy, is the processed weekly dose distributions,Ras the deformed weekly dose
distributions. Typically the mapped positions did not correspond to an integer pixel
positions in the input data. Linear interpolation method was used to compute values at
non-integer positions.

V.4.3. Calculating the accumulated dose

After these two steps of registration, all the weekly dose distributions were aligned to
the initial anatomy. For each scenario (cf. Table 5.1), the accumulatedDdpseas
computed by:

N
Dcum:zgi Di ’ (5.6)
i=1

whereN is the number of plans used in this scendjds the initial dose distributions or

the aligned weekly dose distributions, amds the duration of the corresponding dose
distribution used in the treatment. Due to the time sequence, the current week cannot use
the replan made after this week. The accumulated dose process is presented in Fig. 5.2.

ANATOMY

Elastic transformation Planning CT
y - .-

CUMULATIVE DOSE
(compared to the planning dose)

Figure5.2. Cumulative dose workflow

V.4.4. Analyzing the cumulated dose and estimating the optimal scenario

The goal of radiation therapy is to deliver a prescribed radiation dose to the target
volume while sparing surrounding functional organs and normal tissues, in particular the
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parotid gland. The quality of one scenario was analyzed by the dosimetric indicators, such
as DVH curves, mean dose, EUD and NTCP. The risk of xerostomia was estimated by
using the LKB NTCP modehgl, m=0.4, and T3,=39.9), the complication being defined

as a salivary flow ratio <25% of the pretreatment one

These indicators were calculated for the accumulated doses of all scenarios. The best
scenario for a normal tissue was the one minimizing the dose it received, while for the
target the goal was to minimize the difference between the prescribed dose and the
delivered dose.

However, for one given patient, the best scenario for normal tissue and for target
could be not the same one. Therefore, an objective funEtiaras used to evaluate the
overall result of each scenario as follows:

organ Norgan

N
F= Zwifi(Dcum) ZWI (57)
i=1 i=1

whereNgrgan iS the number of organs considerkds the sub-function for thi¢h organ,
such as mean dosa, s the weight which represents the importance oftthergan. In this
work, the mean dose of the accumulated dixgg was used to evaluate the dose for each
organ,

1 No
fear(D) =N_chum,i ) (5.8)
0i=1

whereNp is the number of voxels in the anatomic structure of intddggt,;is the dose in
theith voxel. For a normal tissue, the sub-functiondicates the dose delivered,

fi(Dcum) = fmean(Dcum) . (59)
For the target, the sub-functidnreflects the absolute difference between the prescribed
and the dose delivered,

fi(Dcum) = abs( fmean(Dcum) - Dprescribed) (5-10)
whereDyrescribedS the prescribed dose to target. Cebe the set of all scenario in Table 5.1.
The optimal scenario is the scenario with the smallest objective function value

?[ilg(FB) . (5.112)

The mean dose [{a) was used to evaluate the dose delivered to organs. A
non-parametric test (Wilcoxon test) was used for significance level comparison.

V.5. Results

V.5.1. Anatomical variations occurring during the 7 weeks of treatment

- From CTO to CT6, the PG volumes decreased by a mean value of 28.3% (ranging
from 0.0 to 63.4%), corresponding to an average decrease of 1.1cc/week (ranging from 0.0
to 2.2cc/week). The CT) decreased by a mean value of 31% (ranging from 73% to -13%).
Figure 3 shows the PGs and CGpVolume evolution in the course of treatment.
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- The distance between the PGs and the CTV70 (PGs{r@i¥creased by 4.3mm on
average (ranging from 0 to 12mm) in 74% of the PGs, whereas it increased by 3.2mm on
average (ranging from 1.1 to 6.3mm) in the other 26% of the PGs.

- The thickness of the neck at the level of the PG decreased by a mean value of
7.9mm (ranging from 0.1 to 26.6mm, SD 6.2mm) for 78% of the patients.
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Figure 5.3. Reduction from CTO (planning CT) to CT6 (CT at 6th week of treatme!
the PGs volumes and the ChV

V.5.2. Accumulated parotid gland dose distributions without replanning (compared
to the planning)

By comparing the doses without replanning to the planned doses, the mean dose
(Dmean increased in 59% (N=16) of the PGs. Figure 5.4.a shows theg dfference for
each PG of each patients. Ten out of 15 patients received a highginlat least one PG
(6 patients in the 2 PGs). A dose increase was observed in 58% (N=7) of ipsilateral PGs
and 60% (N=9) of contralateral PGs, which corresponded ta&iDcrease of an average
of 3.7Gy (from 0.4 to 10.0Gy). Figure 5.4.b shows the corresponding difference in the
estimated xerostomia risk. The average absolute increased risk of xerostomia was 3%
(ranging from -16.7 to 23.9%) in all patients, and was 8.2% (ranging from 3.8 to 23.9%)
among patients with an increased dose to PGs.
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V.5.3. Accumulated parotid gland dose distributions corresponding to 31 scenarios
of replannings

Thirty scenarios of different numbers and times of replannings have been tested, as
shown in Table 5.1. Figure 5.5 displays the DVH curves of the accumulated dose for
these 31 scenarios of all the patients, in the ipsilateral and contralateral PG. The DVH
curves of the initial dose (Planned dose) and the accumulated dose of the scenario
without replanning (Without replan) are also shown.

It can be observed that the replannings decreased more the doses delivered to the
contralateral parotid gland than those to the ipsilateral parotid gland. Indeed, for the
contralateral parotid gland, the distance to the target is larger. Thus, the replannings could
spare it from high dose regions. For the ipsilateral parotid gland, however, part of or the
entire gland was covered by the PTV. So, by keeping the same tumor coverage, it was
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difficult to decrease the dose delivered to normal tissue.
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Figure5.5. The DVH curves for the accumulated dosescenario with the different number ar

time of replannings. In the figure, from top to bottom, the DVH curves are represented for
scenarios with the number of replannings from one to five times. The left column is the
accumulated dose for contralateral (CL) parotid gland; the right column is the accumulated dose
for ipsilateral parotid gland (IL).

The accumulated doses were analyzed by calculating the mean dose and NTCP
values for each of the two parotid glands, as shown in Fig. 5.6.

It can be observed that, when only one replanning is performed, it should be done as
soon as possible (even the first week of treatment). This can be explained by the delay
between the planning and the starting of the treatment and by the fact that an early
replanning has an impact on all the subsequent treatment fractions. It can also be
observed that, when the number of replannings was increased, there was a larger
probability for the mean dose of two parotid glands to be lower than the initial dose
(represented by the red line). Thus, the more replannings used in scenarios, the more
protection was given to the normal tissues.

63



o

arotid CL Parotid IL

w
al

1

_|

|

|

|

I

|

1

1

1

1

1

1

1

1

1

“

|

|

|

|

|

1

1

1

-

1

1

1

1

1

|
o
o

w
o

N
3l
()

N
o

H
a

Mean dose Gy
N N

Mean dose Gy
i

SN R
I A S S S A A N N N N N N NN A 2 N
L3 oe3eeReRe) NN NN NS
SRR e

‘QE

& <
&5 Q%g%g, Q,Q\éé\ R

el
®
o
S oy
0O
0

NTCP (%)
N
o

O DD Q% b b DG b PR

0
2 22
NN N 2 0 20 0, 0, 00 2 7 2 2 2 2 2O O
N N N M NN WV NN NN NI R O
e"'b&\Qg&Q%"%o N R P RN §\'§\'§<}Q§;§ SRSNNN @%%0%9 I N N R R AL
S < 2. e%g%g%g%g%g%e?q@ NN S & 2. e&o&e&g&e&g&e%?%q\'&@\”\'o\@o
&S K RN R RN
(© (d) <

Figure 5.6. The mean dose and NT value: for the accumulated dose of differe
scenarios: (a) the mean dose for contralateral parotid gland (CL); (b) the mean dose for
ipsilateral parotid gland (IL); (c) NTCP for contralateral parotid gland; (d) NTCP for
ipsilateral parotid gland. The green bar and the red line correspond to the planned dose.

V.5.4. Optimal number and time of replannings

- For both parotids, the best scenarios are shown in Table 5.2. The optimal
combination was with three replannings at first, second and fourth weeks of treatment.
Compared to the scenario without replanning, the optimal scenario decreased EUD by
3.53Gy (NTCP by 8.66%).

- For ipsilateral parotid glands (Table 5.3.), the optimal combination was with three
replannings realized at a the first, second and fourth week of treatment. Compared to the
scenario without replanning, the optimal scenario decreased the EUD by 2.26Gy (and the
NTCP by 5.59%p=1.49E-06).

- For contralateral parotid glands (Table 5.3.), the optimal combination was with four
replannings realized at the first, third, fourth and fifth week of treatment. Compared to the
scenario without replanning, the optimal scenario decreased the EUD by 5.14Gy (and the
NTCP by 11.26%p= 4.89E-06).
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Optimal scenaric EUD (Gy) NTCEF

Replan 1 2 35.21 38.45%
Replan 13 35.3¢ 38.80%
Replan1 4 35.29 38.62%
Replan12 3 35.41 38.3%
Replan12 4 35.41 38.2%
Replan 13 4 35.26 38.56%
Replan12 34 35.3t 38.78%

Table 5.2. Optimal scenaric of replannincfor both parotid glanc.

Optimal scenaric EUD (Gy) NTCF pvalue

Replan 12 40.8¢ 52.37% 1.49E-06
IL Replan 13 41.0z2 52.79% 3.22E-05
Replan12 3 41.0( 52.76% 2.73E-05
Replan 1 29.5] 25.74%  0.000:
Replan 12 29.5¢ 25.89%  0.004¢
CL Replan1 4 29.4¢ 25.71%  0.000¢
Replan134 29.2¢ 25.21% 4.89E-0€

Replan12 34 29.41 25.55% 0.000:

Table 5.3. Optimal scenarios of replannings considering each side of the PGs.

V.5. Discussion

In this part of the work, we proposed a method to determine the optimal time and
number of replannings for locally advanced head and neck cancer patients. Our proposed
method calculated the accumulated dose for each scenario at first. Then, the optimal
scenario was obtained by analyzing the dosimetric impacts of the cumulated dose for all
the scenarios. The goal was to obtain the optimal number and time of replannings.
Compared to the methods published in the literdtfdé®? our method took into account
the influences of the current replanning on the overall dose distributions, rather than to a
particular fractional irradiation. The optimal combination appears to be with three
replannings realized at the first, second and fourth week of treatment. More replannings
don't appear to increase the PG dose sparing. It could be interesting to check if the same
results would be obtained with a reduced delay between the planning and the first week
of treatment.

We reported the volume changes for ipsilateral parotid gland, contralateral parotid
gland during the treatment. As reported in several pap&f$ the mean volume of both
parotid glands decreased of around 30% (cf. Fig. 5.3).

We used a contour-guided Demons registration algorithm. Since PG shape and volume
variations were limited, our study’s Dice scores were relatively high (0.92). However, the
Dice score does not provide any information regarding the registration’s anatomical “point
to point” correspondence accuracy.
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V.6. Conclusion

In this part of work, we seek to identify the optimal adaptive RT scenario for the
treatment of locally advanced head-and-neck cancer to spare the PG and limit the risk of
xerostomia. The dosimetric criteria were based on the cumulated dose using non-rigid
registration and dose warping. The optimal scenario was obtained by analyzing the
dosimetric impacts of the different replanning scenarios on these cumulated doses in the
PGs. Compared to the methods of the literature, our proposed method took into account
the influences of the replannings to the overall dose distributions, rather than to a
particular fractional irradiation. In our study, we calculated the optimal time and number
of replannings.

Further works should be done to identify the anatomical descriptors enabling to
trigger a replanning according to the anatomical evolution of each individual patient.
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Chapter VI. Conclusions

This thesis mainly focused on the pencil beam dose calculation and plan
optimization algorithms. Some methods were also proposed for the correction of random
geometric uncertainties in IMRT, and to determine the optimal time and number of
replannings in ART.

Firstly, a new pencil beam model was proposed to avoid the bias caused by oblique
kernels and to take account for heterogeneities. To avoid any oblique kernel-related bias
and reduce computation time, dose distributions were computed in a spherical coordinate
system based on the pencil kernels of different distances from source to surface (DSS).
We employed two different dose calculation methods: the superposition method and the
fast Fourier transform convolution (FFTC) method. In order to improve the superposition
method, we scaled the depth-directed component by moving the position of the entry
point and altering the DSS value for a given beamlet. The lateral components were thus
directly corrected by the density scaling method along the spherical shell without taking
the densities from the previous layers into account. Significant computation time could be
saved by performing the FFTC calculations on each spherical shell, disregarding density
changes in the lateral direction. The proposed methods were tested on several phantoms,
including lung- and bone-type heterogeneities and were compared with Monte Carlo (MC)
simulation and AAA algorithm. Our proposed method achieved better dose calculation
accuracy without increasing computational time compared to the AAA algorithm. The
FFTC method was approximately 40 times faster than the superposition method, though
this rapidity was at the cost of reduced dose calculation accuracy. This method could
however be interesting when very fast dose calculations are needed, for example, in
online ART workflows. Moreover, in a plan optimization strategy, it could be interesting
to combine both methods: the FFTC dose calculation to grossly estimate the dose,
combined with the superposition or MC method to estimate the dose when the algorithm
starts to reach convergence. Further works will deal with evaluations realized on real
patient images.

Secondly, a new method was proposed to incorporate the equivalent convex NTCP
constraints into an optimization approach. We described the sub-score of an equivalent
convex NTCP model [9], and provided its first derivatives. The efficacy of the equivalent
convex NTCP constraints, along with their use in large-scale constrained optimization,
was investigated. A gradient-based optimization algorithm, namely L-BFGS, was applied
SO as to solve this optimization problem. The effectiveness of the proposed method was
assessed in 10 prostate cancer cases. The results proved that the proposed method was
capable of generating clinically acceptable plans which meet the practical clinical
guidelines. The proposed method is a FMO method, which improved quality of the two
step approach in IMRT optimizations. For the convex sub-scores used in this work, these
sub-scores could be directly applied to the direct aperture optimization, such as the
Column-generation approach. Moreover, convexity of the sub-scores is also sufficient to
guarantee that the Pareto efficient frontier is convex in case of the multi-criteria FMO
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model. Future works may address the extension of the proposed physical-biological
model to applications in direct aperture optimization.

Thirdly, a new deconvolution method was proposed to correct random geometrical
uncertainties that are intrinsically observed in radiation therapy. The new approach using
both a series expansion and a Butterworth filter was tested on two 2D fluence maps and a
prostate case. It was shown that the Butterworth filter better suppressed high-frequency
oscillations and reduced hot and cold spots on convolved-back fluence profiles. In the flat
area of the fluence map, our method’s accuracy was similar to that of the deconvolution
kernel method. Near the edge of the fluence map, a clear advantage was observed. This
method has been compared to the deconvolution kernel method for a regular 2D fluence
map, a real intensity-modulated radiation therapy (IMRT) field, and a prostate case. The
results showed that accuracy is improved, while fulfilling clinical planning requirements.
The proposed approach determined the robust fluence from a static fluence and provided
a straightforward understanding of the general feature of the robust fluence versus the
static one. However, it could be interesting to simulate the dosimetric impact of this
approach, for example by considering per-treatment images and in terms of cumulated
dose.

Fourthly, a study was carried out to determine both the optimal time and number of
replannings for locally advanced head and neck cancer patients. The optimal results were
obtained by analyzing the accumulated doses, which took into account the influences of
the current replanning to the overall dose distributions, rather than to the correction for a
particular fractional irradiation. The optimal combination was obtained with three
replannings realized at the first, second and fourth week of treatment. These results
suggest to decrease the delay between the planning and the beginning of treatment.
Moreover, relating the benefit of replanning with anatomical changes would be a great
advance to effectively implement an ART workflow.

Thus, we presented in this work different methods for planning optimization in
radiation therapy of prostate and head-and-neck cancer. These methods have been
evaluated and enable to improve the planning in several aspect. Their combination in a
global workflow should be performed to evaluate their actual clinical impact to improve
the patient outcome.
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ABSTRACT

ABSTRACT

Radiotherapy is one of the main methods for tumor treatment. The plan generation in the
radiotherapy treatment planning system plays an important role in the implementation of a precise
radiotherapy treatment, which is highly depended on the dose calculation algorithms as well as the
fast and effective plan optimization algorithms.

This thesis mainly focused on the pencil beam dose calculation and plan optimization
algorithms. Based on the existing studies of the pencil beam dose calculation and plan optimization
algorithms, the standard pencil beam algorithm was improved to increase the accuracy of dose
calculations; the equivalent convex biological criteria were incorporated into the objective function
in intensity modulated radiation therapy (IMRT) optimization, in order to ensure that the plan
optimization achieves the global bio-optimal results. Based on the previous work, the relevant
works were further investigated for the correction of the random geometric uncertainty in IMRT,
and the optimal time and number of replannings in the adaptive radiotherapy.

The pencil beam method is frequently used for dose calculations in IMRT. In the first part of
the dissertation, a new pencil model was proposed for photon dose calculations in heterogeneous
media. To avoid the bias caused by oblique kernels and reduce the computation time, dose
distributions was calculated in a spherical coordinate system with the pencil kernels of different
distance from source to surface (DSS). Two methods have been used to calculate dose distributions:
superposition method and fast Fourier transform convolution (FFTC) method. To improve the
accuracy of the superposition method, the scaling of depth-directed components were modeled by
moving the position of the entry point and altering the value of DSS for a given beamlet. Thus, the
lateral components were directly corrected by the density scaling method along the spherical shell
without considering the densities in the previous layers. Significant computation time savings could
be gained by performing the FFTC calculations on each spherical shell without considering the
density changes in the lateral direction. Results show that the superposition method is more accurate
than the classical pencil beam method. The FFTC method is less accurate but about 40 times faster
than the superposition method.

Normal tissue complication probability (NTCP) models are clinically relevant, since they
estimate, by definition, the toxicity of normal tissue for any given dose distributions. However,
NTCP criteria are a non-linear, non-convex model concerning fluence elements for fluence map
optimization. Direct incorporation of such non-linear and non-convex criteria into objective
function, renders a global optimum extremely difficult to find. In the second part, an equivalent
convex NTCP constraint was incorporated into inverse planning optimization and its performance
was compared to that of other optimization reference methods. A hybrid physical-biological model
was proposed for inverse planning, including the application of equivalent convex NTCP criteria in
order to minimize the dose delivered to normal tissue, and physical constraints were imposed to
achieve the target dose. The objective function was defined as the sum of weighted NTCP-based
and dose-based sub-scores. A gradient-based method, namely the limited-memory
Broyden-Fletcher-Goldfarb-Shanno algorithm, was applied to resolve the issue of large-scale
constrained minimization. The proposed method was compared to dose-volume-based optimization
and the two other NTCP-based optimizations in 10 prostate cancer cases. The comparative studies
showed that the proposed scheme was capable of generating clinically acceptable plans, and
achieved higher quality treatment plans and required less computation time than the two other
optimization approaches.

Random geometric uncertainties which are intrinsically observed in radiation therapy cannot
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be fully eliminated due to the finite response time and irregular motion patterns. In the third part,
random geometrical uncertainties were addressed by means of a new deconvolution method
combining a series expansion and a Butterworth filter. In order to suppress the high-frequency
components, only the first four terms of the series expansion were considered. By adjusting the
parameters of the Butterworth filter according to the different probability density functions,
high-frequency signal components were further suppressed to minimize differences between the
static and convolved-back profiles, especially on the field edges. To reduce the dose delivered
outside the field, a further approximation was made by setting the values of deconvolution profiles
outside the field to zero. The results showed that accuracy was improved while fulfilling clinical
planning requirements.

It always takes more than one month for the radiotherapy implementation, during which the
plan needs to be adjusted according to the anatomical changes in the patients. Replanning is a heavy
task, which includes getting CT scans, delineating organs, making a plan and so on. Due to the
limited resources in hospital, it is impossible to replan a patient right before the fractional
irradiation for each patient. However, within the clinically acceptable range, the number of
replannings can be reduced properly. In the fourth part, a new algorithm was proposed to determine
both the optimal time and number of replannings in the off-line adaptive radiotherapy. Compared to
the methods which determine the optimal time of replannings according to the largest geometric or
dosimetric changes during the radiotherapy, the new algorithm is based on the cumulative doses,
which takes into account the influences of the current replanning to the overall dose distributions,
rather than to the correction for a particular fractional irradiation. Two kinds of optimal results were
provided depending on whether over-irradiated parotid glands were considered.

Key words: dose calculations, pencil beam, intensity moduled€lcation therapy, NTCP, adaptive
radiotherapy, geometric uncertainties, deconvolution.
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SHEIT PTIR A BOEIT S E IR, JRITRIMER /DN, BRSSO IR B e A e E. PRt
RIUAMRG T, H B e R 2008 55%, Hridhiar stk is 4094%. i
TRIT A A S LA R I RV T R AT IR . BN AT TR B, 296 50%-70%
(IR FR 7 B S AN IR I (Rl I T B 5 R . 25 AR 97T s s e ™. IR
A5 FH P B B SR T DU BOSF IE SC R A AR o By SR, AT i X SHERIAIT L. ER
DS A X 4. B2, BT, mTrR. 7l EREETEN TR AFE
B FAMEI G TR (X 4D S Jiheg 48 M IR UG 9T

TR IT FIARA H 255 i m s ia T MR T s bl . 48 TR AL CREXD R R 2%
RO IR ST A&, AR aniE, R IX R F A IE R 412 (normal tissue A11E M 4% B
(organ-at-risks, OARS}. 52 5 1] G /b Hit F g 1) AN 00 22 (1] 55 Ze RS, B A 42 vy b g 4 i) 22

(tumor control probability, TCP IR}, Jak/b J& FEl 1E 5 225 H I ACRE A% %8 (normal tissue
complication probability, NTCP . 4k, BEETFHENEAR. EEZEEA. BEBEAHEER
A 5 AH A AE G BOR B K R, 755 IURCRE T IR B, I T 2 ORI
FiARHFE, inarAR e m i a AR (AR XTIy J)) « Z4EE R ETIG T (3-Dimension
conformal radiation therapy, 3D-CRT)i 5885 5 J7 (intensity modulated radiation therapy,
IMRT). B 5] 558U AT (image-guided radiation therapy, IGRI& 5| S 585G
J7 (dose-guided radiation therapy, DGR¥) JEUMIGITE LA “Fachn, FEritkl, K
WIT 7 BT R R IR TT BORS P B A T S R S A (R B A, AERAHL T )
I3 AT A URHE T ot B RIE B ST . AEBARBURG T, X — BB SS R HRURR YT R
%4 (radiotherapy treatment planning system, TPE&IH K. B VAT THRI R Semh & 7E = ik
RETHFENL L 8 USRI T RN RS, B2 WG IT B BRHMTRE, AT R4
BB VR T IR, HE BB AR TBERE T 7R, DAORUESE X A JMes 40 B 7E 15 21 2 % B AL 7
HFER, R IEEHARBROR TR 2R E. — BN, s BURIT KA
TREFBEAN SR, WEFRGORE =4 EE ., SR =458 5. BTt
7 ZARAEG M T DIRESER R ISR W &S . UG T I RI R G R R AKAE— e 72
fE EREB IWIRTBEHE T BRI K K. A FE A EITHE . IMRT J7 #{U46. IMRT
H LART AN 14 A T A 3 R s ¥R T DU A 7 T T B9
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1.2 E N A SRR
121 FREHERE

TEFRHGIT H, WU &2 A i 2 R i e e 2 DI — A& HidRas
VRT3 B 5 62 () R4 3 B T2 S BT R U A S e &, DR A IR ) B A A S 8 1)
WA AN R, FEFEGE T 3D FIE T EEBABEHA T HHRI RGO 5. FIETE
FE IR TG T W & T B2 BN S BRI RYG T ROR I ME— 27 o 72 BV AR SE PR B H 32
PAWTIH: B REEER R e, BENGITIRGEITRINSEG RE, R
7T B BN RSB IOTERE A, FERIEFE AR g B R & SRS
Bl R EOR B R B O BT R e e T R R, DB ARSI RO RS
FESIT 8. FIBEGIR FRSEPRTREE, THRI RGN A S rH AR B A A A A 2K
BRIT . 2T EURE MR A TR s L AR AET, TBURG YT R & o A A
HER IR N Z B EET I — A E 2 5 K, Boyer fl SchultheissrIi 5t 45 BB R I E 1
AR MRS T (9%, JhR (VA A R AT R i 2947, — A ICRU (international commission radiation
units & measurements) 24t HHEFE IR £ 5 % 4E Sy S 70 5 22 11 Fe VS B . 76 3 e )
d, Ak I R R AT 2 IR A BT L (RZ) 10 3] 10007%), PR ke ot 6 3ok 5 1) T skt Ak
A A —MNEZGRSE AR E T EBARNAE 1 58 DLN SE SR T . R BRI 21T
TE 1/ SE R B L ks R e A R

b TF ENAAAE S B AE BRI BTR &, FIE TR A AE B A B s FE N T
) & JE . AR T2 1F (correction-based) 71 & 11 SAR 3 [r) 2 T (1) by L A, I
R LR R R RO, D B0 4EAR, m RS T AR NI 5N S U R, I T
HYSRRSK 77, FEAREMEM R EEE . HEEARIE S 24N B K & S2i6 il & 50
XTI AR RS A AT T (HU2 TR REVA R B A K E S O, St ENLE A
EWEER, ik, AR T REuE. RE0E RS R E B — S AT
g, AFHEAERERYE. BT L LR SRR T 238 - F s sG i i, 7
FH T PR 5 & v S5 ) 3l i 75 AR SE Bt Db AT RS IR, BT DL P AP R A PR 9 2k T R 1
FIEIFHE V5. BT IERFIE TS AR TSR R, mE T Ea RECoNT 5, B
SRR U RIRE N T Z IFIE VI F 775 T 55 I 2 A [ R i i SR R 42
(equivalent path length, EPI)SU R Ffimidk i) @R AT (B Bl o T b Sk A 5 B
b PR T SE AR B, BT R R R BN . BUE IR R 5 F A5 Bkl 2
FEF TR AL, (B2, RXRBFIEAR AR T A S0 i R A
R R A 3 P AR K A X A Y AR TR AT SR I RN, S AT AR 7T S — R sy
B TR BT TR, IRRCONMRNTEE . IX IS0 B R TR B AT T RS AL, A
1] AR B ARG M R A . ST TiETT 0 s BEALER (RFFRZ 775 ki1
TR
1.2.1.1 AR

AR R T o =K EoBUS IR RIS RIS TAX AL . BT AT
HEEE S AR BIRME, AR Z RN . BUCETT 2400 H 3 TR RL K O .
BT A FERE MAE T ABEES R B T BUG AR  . — R &AL 5, Hie
o B A B B NS UR FE G T b o 5 g N AR (1) 5 e S AR P () P o i AR, T
RIVIR ST I 2 T AT e o 28 T AL (1) 72\ O A i 4o (1) 559 286 110 R 1 2 O RUCE lf it 5 A
[, A& &2 VA (energy deposition kernels, EDEE F SR i X 350 4> G 2 76 filf 18 &) BRI AR i
NER 2 P R R T G AR B SR B MAES, 8T A DT B I 9 A2 %o ] Ll 4
M (REEVIFZ) W& MRz . RIEARMRERIIFREN, RIS A=
J5: % (point kernel) ZEJEH#Z (pencil beam kerneflTii#% (planar kernel)
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1.2.1.1. L5 AR

RZ IR S5 2 R AR R e, A RE O e B A AT A LTGRO A o R Y B = T
B, Mackie 256 HFR &4 BUEF (dose spread arrdyy. 5%+ % (Monte Carlo, MC)
TFEREAUAS B T RS R A KA N R AR S, R R A R R AR AR A B BRI e
SEPUREEFE ;R AR B -5 A5 A A Ji7 S5 2 B T 1) il F3 e 2 5 AR 15 31 AR 1 71 e 40
12, MohanZ5#k H o2& T k% (differential pencil Beami®l. AhnesjoZs#4 HAR A sS4k
B4 #(point spread functiofff. 7E a7 iR RS+ (1 Nucletron Helax-TMSH! Philips
Pinnacle TPS) J V2 F & T S AL (1 7 & 115 512 & Ahnesjoss 7t 19894 Hi sk 1)
FH 4 H 5 A A (collapsed cone) & 715 43 i 1 77 11

R S BT R R AT T B E BB K. ARSI AT ENAS S 157 & 75 BN R
FAINEIZE, WAEAR A1 H i B 5 BN VAR . KBTI 1 s AR e IR
ERIN . yth— et T A PO EE I A T, W0 BoyerfIMok SR H T A ]
A AT R AR SV H RN R AR 7, XA O S AR AT B OB AN, THE
B FINYog N, Erdi% 3D Hartley® #u i Al &t 5, HH &4 71000, A
B IX AN PR AR (1 7 VA BB B T E B S R R R 0 AT, RN R S 2R A% A B B U 11
B . Ahnesjodf H I fa g 5 AR ARAE BRI T 50 B 1 R s /b 7 5 889, 1 e B A
AN ANy A — e ST A SR R, R R AR RE VR TR B T 2R MR AR R, R
e 4l b AR AR B G SR IR R . Lu%e N BN 5 T et 1 A SR G A O VAR .
CCK(cumulative-cumulative kernel) 5 & /045, fEEFIE TR EAESMIES S
R T R R/NKT R ERS e, BEE R R R, e SR AR ek
JIE AR EE T SO R o R T 1 v R B ] B B AR AR R R B VAT I . XS
H B RNE AT I (M) 74 - Whittonfl Zhout A\ H W 4w #2171 F% 41 (field programmable gate
array, FPGANN#E 77 & 1151 2% de GreeflIHissoiny% A F B Ak B 42 (graphics processing unit,
GPU) Jinsde 7] & i 529,
1.2.1.1. 2% T RAZ Y

BT 3T AL 3D AETHET AR K, —sg i1l 7R FERREEN
2D FIRIHE 7. ETE AL R (12 — R LR NS FE T IR R SN il i RE =9 s, 2
TE AR 0] LB O SR AE NS 5 17 BT G . B TR TR R IR E 1 FR 46,
FHEGEE T SR =GR & E, BEERNED, Rk 2 AT 7 Z I E xS,

ETE AL T 2 R R P OERAS R0, B 2 8 SR AN 7 [ AT
LHAS R 2 24 i R i IR R SO TR B TR Y B A IS 1 RS B
17, R EIMEE RS E R . B2, SRR FIEEIA RN R K R A qe
ELREAEIG IR N A, DRA HH SEBR I 2R U5 K H 5 B 22 Re il S 2 T HLS e NI BB SR 1
TE PRAR 2R T 193 850 AT 5 8 il B 25 (off-axis)/2 3 5 I s  [R] I I 225 FE A 2R 70 =S P 1) HL B8 Y5
Jeig, fERETHE SRS, IR E AR BEAR ORRE R EE T XA Sk PR RNl . Liu S8 A
W S AU PR S5 e U ER N B4R B TR B AR G T &M Rt T4 26
VR TR T v T2 AT RS B % (4 B 't 15 26125, Yang 254 S b i 4R AL 34
MR —ANE IR SRR R B TH BRI G4, — DRt & R R Rk H
TR ME B A5 PTEUH TS A — AN b 75 4k SRR ok B T YR8 e 2R I B L T 49 2%
261, Lillikainen 2 A 0B S 2R IEREARR 3 AN AU — MEDE TR AR RS 80 H AR L33
AR E ST, — DT R SRR B T Sk PR VIS E
PRV e B 38 HO BN e T S R AT — AN K F 75 28 r U 3 L 3 2,

BT EHEFH R RO B FEE T AL 2 R, — o222 B 8 A S0 d gk
HET A% PE 3N, (A, AE/NGTEP RS L R, M R B PABAIA B, IR VRIS A
Chui 25 A\ BRI 7 15 M A5 21 1) 58 H R 277 B A R IR B T R 2, N T i
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RRNETCRZBAR D), SR SR AT T IR, (45 H G T4 MR . Bortfeld i i
T804y H PR - R 2H 2445 L (tissue phantom ratio, TPR)FRFA SRS RN, &5 H
HLURRE L R — N R TIRE T AR B 2, BARSZ S BT R /N sa i, R A 4 b DR 7ok A%
1E /N 5 BFAE LR 1 S A P T . Ceberg 55 N 7E B JE 5 B T 38 I Bl B R S 2k EE
(scatter-to-primary ratio, SPRYZIETL KL, ZETH A F 7 Jo 1A B A0 g o 28 1y R 3B Ry
SR JER S 28 LU A 7 FL Bk B ~F 1 1) 2% A RIS 2011, PR Cebergfd AH —A™ L ESF-47 [R] 1
TN B SRS 26 LU b SRAR TEAE L B AN 487 X U 7R B 40 Al - Storchidi H — s (1) 70 B il 222
WA BN LT ALV, ZONE R S0 EH0E HE: O MREFIEE R AR
Bist AN B e 25BY, 5 Bortfeld M1 Cebergft /7 vEMAEL, E/NITET HLES A FAF B T, 2
TE AR AR Y- 2 XS Bl b, AN O i) A BT A 2.

TE SRR VAT Hh 75 A R e TR 7 B 22 I 28 SR BT S U VR T R S BT
M 5 2 A LA A& A R /N & e 41 i - Bourland AT Chaney 28 AT bt 47 11 7%,
ATy B TBORHIE A L B S R AT A e N2 A “HBRBIEIR ", TS SR AR N 7 AE )
I EGURAT LURIE N 24 “ G IREF R RBP4 7 B TR B k4509, Ostapiak
NG TIXRTTE, SO T AL R PR ST AR B R SR IR S B R [FI A
FHZ REVESTERIE, FF5 RE ) T 2R IR B9 R/ INFURL T 2 1ok 22 - T 2% B (R R o 7 ik L s
Wi, MR R TR SR R, xR A AT L AT LIRS, AR AR
SET U TE ARAL I BT FH A S 8 KN o B 2R AT AS e 2 R S AU a7 TE RIS =T
AL XA F R E R . Jele S5 NFEH T — P A IRZETE K (finite size pencil beam,
fsPB) ik, ZEIEG BT R IREAS BAEEEE R T, H AT R BT R A% 1)
00 0 A W AT DA A0 2 5 X 751 T B8 o P A st B S sk 2B B, Jelen
G NSOZFE R ST T ok, @it 3D HERIEM A A IR & TR FIEAE IR A
S5 IR A SRR RO,

517 S E 4 M7 32 (anisotropic analytical algorithm, AAAYE— i 1 = 4k 2E 1 R G F &
s, B H Ulmer 2 AR A RIBY, Bfj5 2 B B2 BT RGNS R S, FFRAE
Eclipse(Varian medical system, Palo Alto, GAJf /AT Rat i . M LLERIIERREE,
AAA BLEFEFER TIRTT kRS H IS 2R 15 BIA AT B AT Ti5 4%, DAAOBTIEER )
ARSI A, S T AR TR .. AAA BIE R ZE R Hk: H20R
(RPBCAUFTI S IR R B T . Lillikainen 58 A% AAA BVEREAT T ok, {87 AME a4 s
HOZH A T 2O e S A AT AR, BRI AR rh A Y 0 = AN v i e B & R BT st
MEIERR T AEHRDL F b= wzE, 5 T RETHERREE. RAIRZ ST AAA
SRR AN RIS P 70 B SRS P kAT T 4RIEREA, IR R RSN, AAA
LRI ETH AR BB T RRE R EE, Rl e/ NERE . SReEs . HRm
Y X UL R AL SR A RIS R o (H AAA BE AT R B TR IR FE
[ RO 1) 75 [ AR B BRST RO ZE T SRR, AN RS B MBS 0URE T TEAR B N (B2 i fE, T AN R
AERR TSR AR 290 B b B R B AT

ST T A A 70 T S5 ¥ P DAAIR B b A FEE A S0 D S5 0 S5 B O T S S (7
T, HEEENEIE S H RN EE R RA NN BT OL T, 575 248 H %8 AR BT
XPHBATRIE, DA S A ETH R . L S NUCNAE S35 A i & 23 A 5 B AdE B 0 5 R
REm . STEF RN, A% SRR 2L SR, I RE IR A Re 58 &R E SR S0
J5 7B AR, AAPM 85 S35 St 71 B 5 5 25 R R A4 5 A RS 1E 7 AT T
ZERy R, B SRR I T R RS R VIR IO, EEARELMEERIE . RTAR(ratio of TAR
(tissue air ratio))i% . Batho#i%. ETAR(equivalent TAR)iZ%. DSAR(differential scatter air ratio)
%A1 DVOL(delta volumelhss . X877k 3 BARYE A\ Jod % B0 R 6 Sy Sk AT RS OE, DAt
B o> R BB BRI AL . IX SR VETE IR T R IEAR B Y AR S B B 3 IR A, (R &
R BRSO, DA AL 3 i RE B S A R B AN R Z UK . 28 =2 B TR R Re
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A

B it

BYRK T, EEOFERS IS, POl #%EM dTAR(differential TARYASE . XKT71E
[R5 i T B AN A e pR UK AR A, I AT DU X A% R ERR A T SR SR A BE oA B 1) )
TR,

1.2.1.2 EEMHTEE

1.2.1.2.1 SRR P H

SRRPEIE, NRRMAEE R AR BS THRIS T,  2 i 5 H BE AR AR e F1 )
A, HA AR RN e Gt R 22, DRt sg e a5 SR HER It . R S50 AH ELAE
B R M GE 22, R AVER A E . AR, R AAE S R AT Be gl U Bl s
WU R (3B 20 5 T AT RE & . DI UHE R Ay B8] A BE B 25 2 5 2 RE L A 81, Rk, ATeLA
SRR P iR P 5V A AR AR . B RUCE (10 EZE 100 AN RT
g AR, winT DORE B H 5 R SR S Y oA ELAE P B WA, i & (fluence)r 71
WG R AT . BTSSR~ 718 MR 7 OAE R 255 v 55 B0l 7 AR 2 2 R A, 4
NN 4T A A ETHE AR BOET —Fh, R AU O A BT E R “ ShnifE”
(gold standard) S 2 Eyk AR 58 v] DAACEDR F3ia 1) S AP B 245 0, Jo e — 26 DA
AT LI B S O H AR MR U B R R F A 1D SNBSS SRR 2)
FUEAC I R 3) MG, RBIN ARSI A 4 SMEEHEITFRIN A, WS iuE
Ly RAERELE (W EERRAES A & 5 IEWNEURTEIT IR BRI .

HETT Z R T IEHET AR N Z R R P ETAE, HEEEZKH TR Los Alamosii &
(¥ MCNP(Monte Carlo N-Particle transport cod®). Hi Rk [F /&% BERT 52 HLII(CERNYS H
AERe IR AR A (KEK) £ %, 20 2 KA IL R & 1 A H & ) GEANT4(geometry and
tracking version 456\, E KFIZWFHT N (NFN) FIRKMAZ FHT 5850 (CERN) A
JF& 1 FLUKA(FLUktuierende KAskadé). 125 [ b 104 K 2% B4 s 2% 0 (SLAC) T T
R It EGS4(electron gamma shower versiof#) H1m 5 K [H 5 8 5% ki (NRCC)5 2 H 7 e 37
KEEEVER) OMEGA HRIFTF K HILL EGSA AFEREFF & UG 7 77 & 5 0 = B B
OMEGA/BEAMUI & iy 25 [ it 22 425 K. rf.0 (radiation safety information computational center,
RSICCYT & [¥] PENELOPE S 45 B I 3 i 1F 0% . (BRSO AE AE I Sl 18 . 1
SR )55 5, BAAS T HAENGIRIGIT iE IR A2 N . BT SRR R AE R S ST
AT, —eaE ) A R AL FE B2 (graphics processing unit, GPAIE 4%k 2 7 P54,
L1l CPU(central processing uniftt, BEIEACFEESRESE & 77 & rH BIE E K4 400-8001%,
7 0Bk A I B S REAE 1 b s Y
1.2.1.2.2 K ¥4iic )i 1%

AR E AT TR R R T e 7 FE, B 3% /R %6 = %2 5 F2 (boltzmann  transport
equation, BTE) /K24 & Hiria 77 FE @& 0k + 59 5 2 18] A BAE R S RE AT RS i As40L,  mT LA
I RO FOORL - E AE X SR AR A BURE A . B TRkl FE AL Dok uaEt, 5
AT P 5 R AE B A 2R AR/ B AT DA 20, DRItk mT DA 2R MR 3R 24 2 fania 7 R THE
PRI BB AR N R AT o A5 SEBRBE A A 55 2 LR KRR . B RN Bl T S R R
IR B 2R 26 2 B 5 FEIE & 0% T TRl Y R 8. — S8 243 6 B 24 B i 5 FE ISR AR HEAT T T
TE, HAETRF AT RSz I T T A A A P58, 20108 Varian/a & O kL 14018 75 12
(75 B 5% (Acuros® XB) N T IUSHAITT RAFHAERIRIAIT R . — S H X Kk s
W ST AN E T AR I B Sk S S B VR AT 1 L O ks T4z 5 R K 7
ERER B R Y T E— R ERE . EAFEEIRE, ZFRRP BRI s i
PEIEAR R T PR 22 B 4is T AR L . R R P FE SRR EF AR R4 &,
M AfERL iz J7 FE I 7 1R 48 JE St B /R 28 2 Hia i fE . LSRR EL, ik
TS R T A 2T, e R AR SRR I R A, R P R TS T R
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N PN R DA

F 735 AT LB R MR I M) /8, 1 2 0 SR N 75 B AT 2 R AR SR i ) . (Rl , 3
Lz 7 R R ST VR E AR B R KT AN R
1.2.2 IMRT 5 &AL E %

— AN VAT R S22 5 A I A 70 2 D T L) 7 R v R )RR TT X
BN R B AT 5], FIEAR A RE L +5%, BEA ) 90% K& A, )RS kit
MR R VAT XN R, RIS X IEW AR 2R EE ;. 4Ry R S
(I TERIEIT IR /D A28, /DA RRAEAA 14552 8 i L o VRt 52 741 &9 [l 1 e
9. FHEAREIT R R R IE M. F LRI, AR T E AR R IT 7 R
TR, FIH A CHLRERG A LR FEAN . IR ENS T 58 EAE .
HMINS BF PP AR SR 28, TR SRR N R E AT, ARE X RN AT IR, X
E—MRE R (trial-and-errorf i #2, ER B GG T R E—EHIIFIT T %, EFO7EAE
WRERT, T HAR AR B R R I R IR A e, B R AR B AR IR T EK,
H L@ &R ARk B 3 F R A ER s TT TR . TR R IR H
P bR B g K Bl IMEL I R, R B B AR R E0A 2 5 K B/ MEL I BT B H A% B AR

FETRURHIR 7 I8 ) b R4, 2 0K R — i B ) 3 E DU (physical - criteriadsc A= 47 v )
(biological criteriaf4 . P)HRLH R EE 2 oA T IS 2 A0 5 Bk 857 & 20 A0 2 2 [1)°F
T3, se i o BB e HE X AN S A B RS B E R S 0 Am, SCHERRIR YT . WY
RV A B /N B 240 TR BRI P 350 70) B 240 SRR B0 B R B 240 SR B B5URT 771 - 14 AR (dose-volume,
DV) ZIR k%, PE 2R e B AU SUEMT A, &) TAEIGIR BRI SR 2 R bR
HAS B8 A b TR0 P Re B 2 2R I R 2RV SO AR RN, R A T R R A R R R
OUF o AV LIA R U0 2 B AR WAL 8, A2 3E et 25 o I PR e i e 428 i ZE A IE 5 2H20F K
JiE R AR (PIREZE R 2 45 1) Irf g Ao /D TE 3 2H 39 RO 2 IRl e iF AT 3, SE i FE YR IT - AE
W2 TR R ES R TN i 8 TR 2 20T 52 s 1) B 40 AT R T AR D RISE, AR A v DU v A
(IS8 B HATIRATIIE, 5 TH 515 21 (1 45 Fos ok 2 A i SO H P 1R A b I A 2 2%
¥)5) 71 ((generalized) equivalent uniform dose, (g)EVUDY #2127 3 KR HE 2R (NTCP YR 8
12 IR (TCP)RA B L B i e ] 0090,

IMRT ) FE L7 N AHE: 4 EMEas g, 2 et (multileaf collimator, MLC)
VR, W R RO . R ERROT . TR B A Mo s s R, 2y
Al AR A o) 2 14 MLC BREER . MLC 3B AR EHA MLC B A5 A MLC
ANAS PRI F A T R fE A B 9 P 0 A 0 B s — RV T8, FIFH MLC X T )
ZNFHT PR, B A TR RS RS, VRIS, MLC H2 5 — A+ AL
B, HRSS, HEA TR . A FERESAMN RN, B R B8
(4. 63 B WBRA B E ST S ), AR m i 0 OO, (R Z AT, X T2
ERS B R A (CKRZEEOL , R FEHANEE, K 7RG 77 I A) (G35 8 5 i [a) A e
() R I VN TT), SRR FH AR A . B VR IR FH 22 i Sl AR R B2 18— X i v AR X 18 31,
SPGB SR FE (R R T, AR RN g shid AR, B4 —E AT “BEAM ON” If &,
RN, AR EERE . sh& M A (dynamic-leaf collimation) i 5% jiE #% (volumetric
modulated arc therapy, VMAT)#)# MLC Hf#i(scanning-leafyi 75 i% . A& R 5575 T 7T
PASEIE S s BE VR T, A RAE TR thRe R . ot 2 e s IR A4

G B A R SR SE I v E B . PR B T B4k (direct aperture optimization,
DAO) Wi Fh o WPk, W4 M, FER ML RLIR.: 1) F 2 E A (fluence map
optimization, FMO) ¥ LB RIGERICFEER AR, 2k =R #|, BeitixsEaE
B RN AT MLC $UAT B 75 o« DB TR — A 2R f2 FMO AT DR AR AL 1] A 285
— ANELL )AL, AT DU — AN s R A AR A 1 R 7R BRI R
—LEYE I () 2 S THE R AT AR R 3. D8 T RBLE FMO A X 25 ™ ) 5 Ho R
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e B

Bm ik

15 FH v S B T B AR BV AR . FMO ) A8, — M35 S ok s = g 1 ) A 480 ol 5 3
AR, SRR SR FMO IO Wu S A 7R A AR DU A i A 1 o o O,
EMIONECT Z N T IRRBEHG T . BE, Wu % NIEX R ko S 8l
FEHFAATE Z A R B i, AR X FEASRE A 75 S e R YR 7 A 5 FH 22 T80 B AR AL SR E 4R B
SR EA S, W 25 G B AR e EUD AR e g 25 30m #E 18], Choi 2 AIER] T,
MBS a1 I, EUD MENDAMEEG R AMES). Romeijnzs AOHI Hoffmanns A
G5 WA [F) S 2R 1R A ) o WU A 3 g ok 7 R S R AR M I . RSB AR, 2 B A
BRI E], I 2 LA BB S Nt (R S At B o DRI, A RT AR LR UE RS R &
(IR T 0D 7 BN BRSNS BEECR T R B Bk B ARV, SRR, 9 T b A
() P o T 5 AT B e S R R 26, 7E 2 Bk B AR RE b, 57T O AR B8
A BE K - Baatarse N CLUE BRI & B4 18 2> AN B0 187 72 — A NP A #E(non-deterministic
polynomial-time hard, NP-har® @13, U3 53 32 B Y 138 B Skl A R 2 skl =k
PIX N PRI BB RS E T FMO 2 A S B 2 o 57 1 S5 o A R ANy P 2 1l st
e, XN REEAAEERRIGIT R ENGR. Bk, —2EiE TR FMO Myt E
B0y B A AE — MR e T SR ik R O DAO. S Wib itk  DAO J5ikfEf#
WEVRYT B R, A RHED 7RI B T B AN, DAO J7iE T LLE AR RIS
B AR FOSS N FIH L2 B BUE, M TR BEIT IRl (H DAO Jiikian 7 it H &, 4«
K TR P 7 T R BLAE R ) DAO Tk £ A 3 .

DBENIE R 77k BEVLSCEHEE R A OO E . R SO 5 1 S B R gt T H bR pR B
E, A AR &2, AT ReBkl Bt f, Hiie— e MBEHUE R IE Y
AT ECAE o X PP T i T2 1 Sheparde AVEHR 4 F AR ADLRE K 75 92 wax SR AT A4 1] L,
W J5 Earl 28 A9 Hodk AT T ok . Li 25 ABORI Cotrutz 2 N BH 53 5 FH 8 A% S0 g e iz 2511 A
7] /8

RT R LT B MLC M S BAE AL B AR & . X P T S H bR iR
A MLC MR AL E 2 PR RS - S8 XML CarE— ST 2418
H, 40 Pinnaclefll Ray Statiorth {3 H i) ELEAL 2% 2 2 . (direct machine parameter optimization,
DMPOYERIB], 53 37k I ol s A T U0 45 Y H AR pR B0R MLC P fr B2 [al % &, #IH
R IE IR A SRR XS Lo R AT FEAIHIA

3) Column-generatiofts: X7 ALEEATT AR IR A W EBAR VIR 15, fEE %
RETHEAT, TEZRMNMEMAZNAT 7R . XM TEERRIREREFE T PP KL AR
M i) AR BIAE S ETIE LT R TR % T B RNEIT R, &R 2 Res
B KRR el /N H AR sk B4, ELIRIES Bt MLC $ATIO ST PR 757, 32 in) FRAE 3 5 %
ST IR A . O — 2o F 0 X R OEREAT T 5 899 i B Men & AR GPU
ARSI AT T ke,

1.2.3 IMRT # JLA] N #f E M RO IE

FCHE T LR P LA AR E M R YR T = AN AR . B E B AR AR 5N
WL WUMARZE . LA 2 PERT 20 0 R AN 8 PR R SEAL A 2 PR 207, SR Aok 43
POBSHEIT AT BME LR IGRT HR, RERT LABU/N RGIBEALRZE, AT DLk /NEATLEE A R 2%
H & M BUHE TT (adaptive radiotherapy, ART)LATE— @2 _His/N RSB R 2, [EXTEEAL
AR ZE R /N o SER BRERUHA TT iR (real-time motion trackingle 2415 7 U R
¥ N EE X o B R SRR P Bk AT RS OE, LA AT e . TS EAR R E
7 B[R] RTAE FH 05 B0 B RURE 7 TR, DRt AR A 5 A A IEBE LA e k. Rk, ik
SHAETT I BEH LA 2 MR SRR — B HE: WK BUHR T i A R IGRT HiA,
W AFEA R 2 B E T 3 BEALIR 2 2 BUHE T RS L X I AN A2 3l A1 BE ML T
RAZA AR BE AL R ZE KR UGS 8 0 25 P B2 sk 2% R HUMIORS B 75 22 2 AT 1 E,
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I fa BN R 22 — e LARE LR 22 9 3 o 18415 H 3G SOSU VA T dE A7 H A h A A IGRT
FORTT DB B 22 G AN g RS B0, (B T IGRT AR S BRSO VA I B 21 H fig
Pl 3B Ay BB HUASHA 5 11092, 3 32 R oy T SR T A SN R 72 DL R EHLAS A S8 T
12 B P A A R

12 1E BEATLAN 12 P R 4507 V58 I R #IE X (clinical target volume, CTV) & 3R #E X
(planning target volume, PTSR7E &5 BT A L H A vl GeRE BN BIMIAL B o IX PR 5L T AFHE H bR
FlIEH AR 2R Ry, JTHET R ER 70 OARs, N 1 I AhE K A IR,
T REAR T AT IR B IR & CTV, #XIAZAHHLERS T RIS 2 AN, %
e B R R, S AR MR P 2 . BEHLASEA 58 P e A 9 A A A v 20 A 199, —
S 2 220 K1) FH B B LA A 22 P RO RBE 5 A T Ut 7 X Fh T R AR X 1 5 vE, SR IX Y g B4y
PRI (70 B E 2 B4 AR B AR D, AR s s AR Se iyt B ]
EEOEP, (B, Mot )E BT AT G K T CTV M R aE, T 5 — e fd
SRR RN INER SRS T CTV I/ 1078 36 70 810, byt B KL R A 5 B ik
GHbE S E RS, R, S0 I A 2 SR RS SR N S B PN B AL 3 1) v 7 T LK
PR B B TR X B BT B R & o FLRRAR 1 H 4 SRR TEAY R CTV 1B LT, #EIX
TEE LSRN E HEIS 0 N BRI B &, 5ERIXAEF A S ROZ B B 4b J5 7 = AH [
ST v B 0 70 O A T BR BB 90 Al A 7 RO e ) g B AR OBI= 2K Lind
S NI T SR (R R AT eR B R RN S Y T M PR B AR, AR BEN LR Z L NS H
FRATI SR BE TR R Ak 7 70 20 A8 99, Sz 48 B WP 3 48 S B 320 44 7518 1) 7 YR AT A 80
BURY & CTV 777k, e i 81X &l 1E 5 2B B 55 & R BEH LA E 1 R
OMAG BRI, i A5 N A P S o S ) PR AR A S D AL TR £ H A e 2500, T Unkelbachés A
A6 Y 2 I R S 7508 R e 7 R 5 751 2 0 22 R M s AL R R f) ) b e 0% 202, Chu 48 N B9
B DX T S B 2R 20 A 5| N B ASEY Hh 75 51 51 R e 451 B S8 UE 1 2 R A
(1031 Baum2% A3 it 4 X 78 o5 A BEAL AN 2 145 B 51 AR R 204 Olafssons A
e BENLASH & M5 B 51N H AR B B30 AL 0] AT DA 28 1k R0 f 7 32k sk A AL 9%L, Chan
% N\AI Bortfeld 55 N 73l FHARAG B 7 V5K i S0 103 B oA, Hop P shi A oy 2 — M ik
MHEZR 23 A7 1 LA AT 2 MRS 107, Fan A A i Fe 371 [ 3 AR K 7 V251 B i g 0 A 1108,

1.2.4 Bi&ENESTHATT

IMRT TERUH VG TT A A A5 S . IMRT A] A3 i i 75 & 1 78 a5 080 & PRl 1 2
AU R, MRS T RO a R A Mia =l B, m A fE Kk 6-7 A Ia) T
TR, BT A B VR TT I S DA A H B NS A B AR AL, SRR H AR AN IE AR A E
TEAR VA SARFAER A A2 T BRI A8k 75 BE BRI IMRT 697 7 &, XA 5 F 8L
1B U RE R R A AR i R PR . DRIk, TERCGIGYT T RE T, BT N PR
SERY AR AL, TE IR WIER T CT(computed tomograptdf#is ¥ it 1677 7 ZARF 2RI T % .
YanZ§ N T 19974E7E U AT i A b i Y Y ART (&0, ART il G 30 . #1&
LR AR S MR AT 7 ERATBIE, ARHETT TR LR 23 AT R E MY, ART
sz RN EHE: ELEA. B& ART. 7548 ART AURAH L. 45 SR T
(image-guided radiation therapy, IGRI)R & 554 FREL IE B % UG 7l 12 4R A7 Sm A
fif iR SRR B SRR IR % o IGRT CATENG R BUHE YT HH A ol g SR UG AR 7
NHER CT. IR G ) S 2011 3D 5218, 1T DURS A M 8 21) 2558 1R P i 45 4 1 A%
1o IGRT B B BNF & “ =7 BIALE B TH I I X R AR UE B X 77 5 10 78 25 A8k b 1 5 4H 23 =2 3]
R RS . (H, AR EESR A AL E B 3 AN BE 56 45 HURS TE AAA5E Y 3 XFI R 3 2H 23 1 A%
b, FFEE SRR AT IR IE.

B2k ART ETE UORUHAYT Ja3RBUR A CT $udlE, JHFAESREUY CT $ulE L s Hrikitia
ST 758, FB BT R S Ja B o R B, AT A RS TE 3 G % A7 13 22 AT 28 75 I HR i 72
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th P A R w22 e, AR B AR TA T, MR B 3 IR IR
Y HTEL AR S A AR R LR SR . AR PR IR RS S ST RDSREY) CT #idis iy LAAS 2| iR
s, Bl CAEso kB R RAE. REGES O RAZg R 17 &2 22 5 2R
IERFIEIRZE . XA R ZE 0] DL 2157 1 — IR R BRI B2 IR IR IR SRS IE . AN
REAERAIR U Nk CT HdE, PR — A 9 2480 09 0 Ik FRS R R 1) o3 IR R A A 2 5
ANZRGRZE, RURBEH N RIREU CT ik 5503 CT Hdls 2R . Wu 25 A2
M de la Zerdd® N5 525 T 2B TR AE N i ART ARALEERL . de la Zerdds A\ 5]
N T REEIRESHVEMAN A T AR L ART BRI S 10— fa] f 3 2 X 07 T B fd
I CT 3 DA IE RS 22 B i B0 R SR BN R . Sir 28 OB AP (Ze v EUD
RN FH 3 T B2k ART KA Rl i T Bo 2k ART JTAsi FH 1) CT #0278 ik 4y vk R 3 5 45
BIH, KRIK B2k ART 7 =N B SRR B AT RE & 5l N —28 2 . Yan 28 A H &Gl 51K
13 FH4E 7 (cone beam, CB)CHHE e fiti E005 A\ 24 BT 8Lk 19 CT HEM0), 74 ART 7E407K
BHVEIT BB AN CT Bds 3 r BIAE SR CT £l L BRI 7 R, FIEBUamT £
St 4 A4 Ut 0L W 5 AAREAIGE CT SR A4 U B SIS 753 CT %t b % H b
FIE T H R )% B AE beam's-eye-view (BEVY MG ZE R, 1BREZRR 7R & Z K
TEARRERE, SR JE MR % AR H AR IEWI AR T RAEIXAN 7 M BT BPIRAR, FRAR R 1 J5 1)+ B
TEARFEAT R0 14> YRS, Court 28 A8 #E H bR A1 IE 5 4L 23R T A8 4K U B MLC
A R A B8, Fengs N ELHET5 3D JRATHERE, AR T AR S BEAE &5 B 07 1) PRI P55
R IENIE T RAEZ T A T B TR, AhunbayZs A 7ESE B IEST B R G, B W i
TE AR AT TR A0, %7 AR R TEHE H AR A TF 5 2H 2 7E 45 55 B 45 5 7 1 1) TR 38 1) [
N, IRBERS IEAE S BRI 7 [ TEAS . Seit ART I 552 RE MR HE Se sk SR B IR A BdE & 07
NI PRUE S LR TT » SR e 32 B AR U2 B RV IT RIS ECESR AR T L Bh 22 N 5E Al
RNIR N IESSEVATT IR EEE 1677 « B4k ART FIFEZE ART J7 vk K R 3 N 1 4 30 Al =2 A4
P LAEE, PR 7 HAERRSZE PP NIV B AR ds BB MRS T, 1E
RN — TR B IR IE 1. R, BRI T IEM B LIEL ART TiEdH A
FHIIRA 73, T LR R AT B 32 R0 5 2 A 0 eyl 2 53 0 -8) e 75 K f g 22 2221

13EXTHENE

AL EBRSEE LR HUE T R T 5 A A 7 VTN RS UL A S
5k &1ETH “Optimization of Tumor Image Guided RadiotherapylGRE” (I H 4% 5
ANR-09-BLAN-0378-0D . EFXBAAREEHFEAEESZRIE “Hifior gL S 54
WAL TS (TH 25 : 60911130370) , £FAHELRFEIHERA AV A AMRT
TR RN IMRT A REAL LT AN 5 P (AR IE DL R S 25050 MR8 [ 3 SRV 97
A BT IR 1 R BRI B [R]85 7 THD R T T BONIR NI AL

WA TN AR H T

RN,

8 AN G MR FIEIA T R b, R MR R AR, &
BN TSR AR R G0 JAE3S 500 o A T ARG A8 S AR i = 5 T kAT 1 et .
BE R VLT BRI F DSSHER IRZ . 10 HZ 45K 2 IR IER K%, AR5,
PEUH AR DSS NEETE R IR E S BAHIH 208, &5, AR PR AE L
B0 UE T S AT R

9= EEMA T T RN E . TR S5 A A T AR iS5 8T, AR W HE U g v ) A
b RH TR SRR A Y HE WA B AR R TR, 4 TR AR HE I T H AR R
BEH—SH, FRE R TR SRR TR RN T R 8. iRk SR
T B AR AR E D 1) 7 AR B K H e BRI T NTCP #E W 1 77 R SVEAE 10 51 51 41 i
Jifyeg B8 B AT T X LR AT
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9L AT TR BE N BURRTT E, R T M B 2 E E SRR T T
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AR5 R (beamlet) B — M ACHON B — AN 8 vE S, RIFE XS 307 A8 M A R 1.
KSR B 77 B 23 AT AT DL XSS SRR 2 0 A AR . SIS 3. IX L85 R 77 & 03 A1 7 227
ETEEER IMRT AT B vH H A2 . R RE b, Ji a1 HE0X Bo o 13 & 59
A A4 DX PR 77 5 2 AT i A Ak 7 791 B 2 SR i A L O A GBI B B R R AT RE I D . FEAAL
GG, WRARIXLC R ERE AT, S RS R 2 E I B IR AR B A, ISR
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AFFRIET, B ERFE SRR TR ES MM, mAX 2.1 Frion. BT
KSR RE TS RS, FTFEEE G A BT N LA TR S 2RI R LR
S N 2= FEBORIFE IR Z . Boyer S5 N RIUE FH LN BER I B BE ST 26 2 0K 7 )+
6MeV 1577 3k & HI B R I RS R AT B B, T L 2R TR dis i AR v A R AL 1) B
WAL, S OB R S AR R BE S 2R 1 Je bl IE R 2) BSRARK, B B iR S R
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R E]
2.3. 2. 24EB 5 i R I BT

M T 2T A% — 4 IR FE A S AN ) 4 B 40, AR I o b AR A O — 2
B4 A HIX PR 4 B AT R ISR SE I . (R M R AL, IRE BRI &8
L A% 2 5 o A O il 5 BRI RS SRR T S ARSI R (W B 2-3 (@R . (HARTEERALBR R AR
H, XA IET A IR . WK 2-3(affi, RXAMINEER S A B K, 5B
FrfEERFE LT sS B bEE B S sl A B . T B AT EERFE A B T fEERFE M il &
AEEIK AB KT AB', 2455 B B335 B, i A RGBT AL, Wiefsshs)
A", TIEERRZPIERE RS, HIEE 798 AB FifEERFE 9N A'B'FTAEER 5T I T A%
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Horb o, () A2 A p AERIAR ST R 3 H 25
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Hrp S U BTN S AR . v T REETF NI ESCBLRE, BERE BN 7 2L PR A B i A3
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N TR EIFE TR, AR FFTC $iARSRINA & it HiEZ . Zhu AL
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i=1 i

2.4 2R

7E Tillikainen 2 AP H1 1) 5 R ESE AR hoR 08 S 7 32E (0 R, 3R 5 RS A
1) KARAE, 2) FlSHARRE, —ANE 15cm IR 5 (pw=0.3g/cr)£4 4K B T 7K 4 o B
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T EE, HAEMEE I HEEMAIE. (EAALEM NTCP AR 2 Rl 7 AL 9% KB /R
R T 2 e
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B FETAEYIMENR IMRT 77 AL SRR 5T

— g2 U NTCP HE IS 215 A AL 12 4% 281 i HoAE — e iR SR g b th i 1 3
T NTCP M 757 Z 4052302 %, 411 varian Eclipse® 4i(V. 10). Mohans A fiif] TCP #
AT NTCP ¥ #)idE B bRe L, 29 58 FH TCP AN AT NTCP v T 3%s i) #2 [X R0 1E 3 2H 27 157 =
A3A, FHAE FHRAAR K =R FMO i) #1190, Wang 2 A AR E 0 B AR RS, B8 A Al T
B A i R Al TR G B FR BB AR R, BRI B OV E AT AL A
ITIHER . Stavrevas: NAE I F Atk il g rp il F L TP HE-AE M0 e VR A A RS, 0 FH A 2k 1k
IR ), IR AR, H AR BN — 2 NTCP NIRRT, FH Refzh Ik
RN BT A s 7E LR %A BRI B R 70 A /N7 B SR X SR A T 4 ] . A S
FIrid, NTCP #ENE ST REDAMAN S kAL, Kk, ZRAFRAE T & KR E R x
AR R B . E 7 S A A LA T A o A A A ) B i SR AR A 1) R HE B . N T T R
X3k 4, Hoffmann%% A F1 Romeijn 25 A 43514 H T AN 5] R4 A 40 v DU % o 255 200 ™ v U )
ik, FHUHE TR BB R . B, AT ROURIEENS BAER T IX RS iR A AT,
WAL N AR, BAVE RN NTCP AN H AR5, 70 1 1 s
Jos N b 36 30F 5 HH SV Rk

3.6.1191E = B FReR 3

Tissue ring

Bladderwal

KI3-2 iR A A8 AR A

TCP ) == B ok S I X A7) AN S i) . 2480 X B BB AR O 7 =l v B, 36
FH2ET TCPHL T H AR bR BN RE B MK =i 5 15 B R idh B AR R A, Ak, O~ 7 35|
X T B o AT B3 — 1, FRATIAdE FH A 3 A U1 e k) 8 X SR R AT o FRATTHE HH — b 3 T H AR T -
AR IR A B RS R — DRI T B AR RS frin(DT )R — AN 2151 B AR R
K Frean(DT ) HIAE X F B0 A, AN IE W AN 7 E A E B —A NTCP 1 H bRk #s
Hil, fEA R IR R AU R furcp(DP )R E I farcp(D™™); N T REAE PTV AP X 5k
R R T, D IEH HA AN AR, [ —4 DVH T HARE S foun(DN™)%
) 42 1B H IR AT o BT B IR IR R N S B B AR S i A 3-2 P, ek
“Tissue ring FRHRIIIERHLA . Fik, RAFTSCAHIIE H sk 7775 3.25)01)
125 H1 2 PR ) 7 A b R

f(D) =& fNTCP(DBIadder) +& Fnrep(DRE ™) + &5 in(D™) + & frean(D™T) + & Foum (D™ (3.38)

A & NBEZRE.
3.6.23Kfi# FMO [g]&#

Az, FIFHETEERRALEYE, L-BEGSEVEL, SRMMLIR S/ IMUARAL W 5, Hmfe
WK 3-3 flizn e IXRT AR EIEIAIER AL A2 P AR H A o B RE (5 B0 E & B 5R AR
F xo FERFREACERE, eI 2 18 27 vk S A G R R 5 M ) KT 5%
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R A2 i

K SRIGHRIERT T S S KNS BT ) HessianfE 5 it Sy S RIBREEME x, HAHAR
324 EHITHEAE N BeJa, WERAFRIR AW R IER L%, FIH L-BFGS H
EEHT HessianfEfE, FFaaHE N T — A Wi M uifE o a2 AR &4, £k
EAR, Hr v E R AR P x AR A . Frh A A Wolfe 254023475 M2k 144 % . Wolfe
M AA SR, FRPUTIER AR, R a4 WA . L-BFGS
AR AL S b i —Fh A X T BFGS(Broyden-Fletcher-Goldfarb-Shanf)s, L-BFGS
SEER R IE A, B 10 HessianfE [ 5] S8 R 15 7, A BEHH R HessianfifE,
MR T AR R T B N AE . IEN L-BFGS BEZENAL IS FE 6 A D I N AE, XA
TELE R R (AL AL i) 3 52000 . AR AR : L 8 H AR R E 2 1%/
(<le-6) 2) ZRMEIMR T VENT UHT AR R 7 MR B A0 1) Ao FEAR T 18 RS
FODK AN H Hessiani BE#8 7 Z01- 5 H AR i 80— B 3440

LN
(1)CTH
(U LRIRE 2.

FIF A 33,2401 5 18 k8
FEFEW

et EE

RIS AR
Rtk

FIH A 3.24 5 5 7 &
S AiD(X)

& I R IEAR Yes o
s 2 f 2 i

No

FHL-BFGS/7 v 5 ¥t
iiHessiaf [4

#13-3 AT LSRR AR A -

3.6.3%ttLKLG

AT 7V 5 e R T NTCPHE I ) 77 S A AL 7 i * kAT 1 Li L. 7EMohan®
VOIS (7 AR AR, bR R R B TCPHE U AINT CPHE U R SRR M o 78S 22 (% L
S, A T2 H R eR R 5 ASNTCPAE U AT — AT CPE I SRR R B, 73 7 2 1 B I
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B FETAEYIMENR IMRT 77 AL SRR 5T

HIGAPTVA RIFIE Ao 1 E Stavreva NHRE Y 3 -1 - A P e I (118 A 05 R A AR A
H1, BARER AP ANNTCPT H A5 BRI AR 8, 40 50l S U DA B B 9 R 7 B 40 A 45 2. . BB
A A 77 B 40 A T E 20 SR 26 R B KT A N R R B A T3 o IR PRI I A 5 1k B 4R
FH 22T LKB A2 (1) NT C P U A4 B b R B, TR L HC G I PRI A ) 58 87 A Y B ATL 2R (R A Ak B v
KA. Mohartg NN 75 A PR K 7 R ARFMOIR B, 1T Stavrev AP 7 kA Ak
LR T AT SR o AEXTEESEER X PR AR B BT FH B TCPEL AU AINT CPELEY i 1) S 4 4y
IR T IX R SCHk,  BISCRR[46])F1SCHR[2] . A T8 T X4, XA 5 ik 0 S 4 AR U
Fe At F B A0 AL 32223 S 9 bR id 9 “ SA” (simulated annealing) “NP” (nonlinear programming)
ABmPFEHITTE, HTAEA T E80NNTCPHEI T 3% AR1d 4 “ EC-NTCP” (equivalent convex NTCP
criteria) .
AT T EE S BT DVHUERN 7 BT VERAT T IR HE T DVHAEN 1) 7 48

A J5 325 10 25 H AR B 8 i 2 AT ST IR DVH 7 H AR s B AR B, AR Ak 55 Bk brid A

“DVH” o HIT-Ho ol HbRR & ek 2, BRI n] DL 00 FH Al A 2 K L-BFG SR AL S0 3K i
PAGTT AR, TR A AR A S, R T B RE B (B 3-3)H B A3 43 43 ) SN AU
B R SRR RN AR 2 MR SRR R T

3.6. 4B M AL K P AE T

AZEFEH )7 RARATTVEAE L0 BT Z1 R R o3 4 Al 1 0 st . R AR EMY 25T T
REAUANIE YT o ECTHE LAy m X F 15 e 28 B (A B g), WiE3-2F7~. B EEFIE e
Sl T B E (1) B B ARSI BE 4 A A S mmS B 1. FEX EERRTSIR, WA E
FER SRS . PTVEECTVIEA_EAE 7 J5 177 17 LA B5mm, 75 =R 77 7 L4 10mm
B3], MFRRHERIEFHL “Tissue ring W ZKPTVIN 5eme SMFIFTA HE . AT 5
A~6Me VAL R 5 19 6 7 55 B RS 8 H br, HHLEEAH FE 73514 36°, 100°,180°,260°F18324°,
I F CERRIT- U 4 14151 L it 28 B 2 T o Ay 02 7 B A S A R W & 3 [X R 4k 7 7 B 9 78 Gy,
1B AN L B tH B E R R AL T AR BN, BRI ] RE b B I A U B .
B B4 IONT C PR RY 1J8UAE M0 2 80k B T-Daless \B3ffScibk, T B EE B g F N T C PR
RS A2 3 80k T Peeter&E AP STk, 1n3.3 1 k.

R 3.3 AEEM T REEH, ARG LG E P NTCPELA BUN =S 4.

%%E_' n(l/a) m D5o(Gy) %'L‘I_
BEflE 0.13 0.11 62 Severe proctitis/necrosis/stenosis/fistula
Bl 0.13 0.14 80.7 RTOG grade 3 bladder complications

* 3.4 fE BB DV LR %M

E ilEE N e
[ It Ves<50 % V70<35 % V75<25 % Vgo<15 %

B V50<50% Veo<35% Ves<25% V70<20% Vis<15%

AT B I SV SR B S B A 1 e T R EE R R EMATLAB “F & L4 e
S o kR FH SCHR[55] 7 A48 10 = BB M LA AR i ek B RMAT LAB X5 (simulannealbnd)
R DA BT B AT L B0 A 5 R IR SC AU AR K v o TIIMAT LAB AR (fmincon) B 422 4% F >k S Bk
ZRVERIRI VR . N T IR AR T R TTVE, FRATR) T Marks A OZE Hi iy i PR s ik 4 5
KV T M EE R, WER3.4F7R . FIRZTE SWBAE AR TOVHAEN 7 ZAA 77+
DVHT Hir ek E 2 4. FATEEHIEUD(A 3.5). NTCP(A(3.18). TCP. &A%, it
SRS TE) DA Ko e 26 0 B bR R B HE T AS R 5 R TR R 25 Rt AT TV . ESEUR I 775
(Wilcoxon testli F RA A [7] 77 24k 7 1% 2 TRl R AH DG 1 o
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N PN R DA

3.6.55L0G4E

3.6.5.1 NTCP¥ H b5 & EUFIRUE N 250 a X Bkt 45 SR 52

76— R 5 AR B B T RIE ) NTCP 1 B s B BN B AN B (250 a % B 5k
AL R . 2 B AR R E( A 338 E AKX 60, 90, 30, 30 f1 5; H/MflETH
PR IS Dimin N 74Gy: P35 E T B R R 220 Dimean N 78GYy: DVH + H AR R
LIRS Vas<8%; B2 e Al L i s i) NTCP 1~ HAn s B 2 8 % 3.3 . (AR
3.38 M H A BUAAR R A8 E g T8 ] NTCP 1 H Ax B SR . 1K VKBV EE 40, 60, 90,
120 A1 140, HARALZE K 3-4 fion. H, WESILEET DVH #EN 5 B 7T
BEE R, ASFEIBE ) R~ A RIBCE TR gs R, 5543 7 H weight=40, 60, 90,
120 F1 140 34T FRTE « FATAT LA E 3-4 2L R, B ke b7 & A B A E R E00 38 g
RN . Bz B E A 1 NTCP ¥ B bR R EUI B 3 20Z 7 B bRk 206 2 H bRk
ok m. ik, S HARR RS 5IXAME LA B AR S E 2 1T, TR T
a8 s LRI E DA . (B2, BEERCEMBM, PTV 7EE H bR & E0H 1 8 20 AR kb
T, DRI R B T X R R AR R AR, D TR X R AR 13—

Rectum wall PTV

100~~~ =~~~ """ T T T T T T oo 100 R L. [ T T T T T T T T T T T T T

‘ | | Rectum(DVH) TR —— PTV(DVH) I

90F — — *:* - ﬂ‘ - T — = - Rectum(EC-NTCP,weight=40) NOF —---- g weeenees PTV(EC-NTCP weight=40) 1‘

80 L __1__ Rectum(EC-NTCPweight=60) - _ oo _ _ . PTV(EC-NTCP weight=60) |

S | Tl Rectum(EC-NTCP,We!ght:QO) S I B Lo PTV(EC-NTCP weight=90) !
el () M S Rectum(EC-NTCP weight=120) ¢ 70| - - - - - A PTV(EC-NTCP weight=120) |
g ! (EC-NTCP weight=140) £ | G PTV(EC-NTCP weight=140) |
S 60F - -l —H- - N [ B | Y i [ - === 1
° | | S | | | |
D Te ] P N R R | =50k ----- L N !
(_U 50 | | | g 50 | | | |
| | | o | | | |

_5 L e e e e 0 Al Sl 1 B 40— [ o e e roTT oo 1
° | | | I | | | | |
© 30— ——l——— A R -4 - — — q |I3o 777777 [ % - — — JE JE 4
[TH | | | | | | | |
| | | | | | | |

L] T T o 0p-=---- roT T . N

| | | | | E | | |
10**“(a)**ﬂ***‘r **************** q 10****(b)r ***** r**;'\.r*r ***** - 1

| | | | | | i | | |

0 1 1 1 | 0 | | Ny I |
0 10 20 30 40 50 60 70 80 75 76 7 78 79 80

Dose Gy Dose Gy

KI3-4 7E— BT 5 iR s LA A FIRAE KRBTSR IIDVHEZE: (a)
E7EE; (b) PTV.

Rectum wall Rectum wall
100””"”77777777‘7 777777777777777 30-—.._
| | | | Rectum(DVH) 5
90F — - -1~ -7~~~ 7T~ -r - Rectum(EC-NTCP,a=5)
8 | L. Rectum(EC-NTCP a=7) L .
S [ Rectum(EC-NTCP,a=9) =
ST MG R Rectum(EC-NTCP,a=11) &
g | I, S Rectum(EC-NTCP,a=13) @ e N
S 60— - TT T T AT T TR v Rectum(EC-NTCP.a=15) 5 >
250,,,,\,,,,\,,,,,:' 1 __1___1 Syl o ’ o _ 1
IS ! ! : T Rectum(DVH . ‘
c | | | © ( ) |
KT e e e A . i Il el ! IS -~ Rectum(EC-NTCP,a=5) |
o S U O S .. S S S | 910 - Rectum(EC-NTCP,a=7) - - - -1
T | | | g | oo Rectum(EC-NTCP,a=9) |
. S Rectum(EC-NTCP,a=11) !
0 ;(a) | - ] Rectum(EC-NTCP,a=13) ~ = =~ ~ | -
100 - - f:f -- ﬂ‘ - - 1‘ e Rectum(EC-NTCP,a=15) !
0 1 1 | 0 : : LR :
0 10 20 30 40 50 60 70 80 60 65 70 75 80

Dose G Dose G
KI3-5 71l Hi 5 Eyﬁ% = FAE A S5 a3t 45 R fIDVH Eﬁﬂé‘é (@) Bl
EE;  (b) EEEDVH £k 1= &35 .

ZH a PIE AT LRSI IE R AN E BRSO X k. BEESE a B8, KAEX
BRI TTER IR, E AR X R T 2 T . AR 338 HASHA, Rk
i B NTCP F HiRR BN S8, kS afi{i N5, 7, 9, 11, 135115, Hfk
& R 3-5 . Horh, ANFRBUHE R E LR RNER LR AR SE a @Stk
iR, oAl a=5, 7, 9, 11, 13 1534 ThriE . M 3-5 R FRATTAT LA ER 3, BEESHL
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B FETAEYIMENR IMRT 77 AL SRR 5T
a BTN, & K a4 B (B BE) i 32 50 b X S AR TR X ) 71 X A% 5l . EL B
HAIR TR X S 24 a AE RIIE NG 0, 4nf&l 3-5(ayfs: e EXIEA, BEESH a
ERIRE N, Hm7R oA B W AR S Bk, Wi 3-5(b)i s .
3.6.5.25% T DVH #E 17 SR TE#EAT HLER

AT I RE S e — BT AR oR B3 B 55T DVH N 7 BRI V3T EE
B, FHEH DVH ZeA1 NTCP EX P A 7 iE A 25 R T VAL . BN IX — 1 3 S AT
THSAEFSEL a (X H EE IS R sz Fr i B F 2 R — AN, BT AE B L
H, HE DL B AR T R S EON T T SE 30 s a6 S EH A . XT38 T DVH 7
FMAFEE, BNMEAFEMNFIESAE 34 DVH T HAREREL fovn(D(X)) HIIIACRHEST 2
#il, B 34 DVH F H b5 B 2L fovn(D(X)) & 3 22 20 3,38 1 — A~ NTCP-T H A5 B 1 fyrep(D(X))
X T H AU R R 1 I fE R, B AR, L DV 29N Vso<37%,
Ves<25%F1 V75<15%5 Ves<10%, V70<8.2%5 V75<6%; A E RZE /051N 5, 5555, 81
30, # A 3.38 ¥ PTV &40 A0 I ANF H br bR BB E R B A 180 HARFFH B2
AR, A5 20X B0 AN FET DVH N7 R LR S B Ar ek d. B 3-6 NPF T £148
BRI A5 B FRATAT DOV B L AL 7 v 5 B2 3R A A, i 3-6(b)Fin.
B2, fEfRIE PTV FIEE SAHFIRIES N, BB i nl LR i shz il fa S 28 B N 7T
(154, WK 3-6(b)fa. HHT DVH #ENF 7 ZARACEIEARLE, Hroriknl Db fe LA B
HBIEREIMER, T 2 Marks 25 AP (1l AR Sz B3 5 P I LA DV 2134
o TEIXPN T R as Brb, BEE ) NTCP{E -~ 18.49% (DVH)R1 16.87% (EC-NTCPR) H
i) NTCPH Ny 6.02%(DVH)FI 5.80% (EC-NTCP) #HLLE:T DVH a1 77 RARAL I, Hr
VAT I BRAR T e & IR 3 RE R

Dose volume histograms Dose volume histograms
100 - 15— ——v———=———— ————m——— - —-——— =
L i Bladder wall(DVH) } | Bladder wal(DVH)
9 ———l---d-— -l -
| Rectum wall(DVH) | Rectum wall(DVH)
80F>=————————+—-——PTV(DVH) - ; ! | ——PTV(DVH) !
S N Bladder wallEC-NTCP) | | & [ Bladder wall(EC-NTCP)
Pl T - - j Bl T - Rectum wall(EC-NTCP) | *‘ ;’10 77777777777777 L Rectum wall(EC-NTCP) |
% 60 777777777777777 PTV(EC-NTCP) ) g | PTV(EC'NTCP)
= | | | | | = | | |
Sl o oN g
T ©
=377 I S U N O U S 5
S 3= S
Yy I Iy HPN iy PP IR A 8 S L T L U W e
Iy LL

4‘0 go 6‘0 7‘6 7é.5 7‘7 77‘.5 7‘8 785 7‘9
Dose Gy Dose Gy

K13-6 3 51 M1 T DVH 1 I ) 5 S AR SR A2 15 1 91 iR A8 B A 4

Ko () MAPEIEIE REDVHIIZ:  (b) MR EEILALSS R AIDVH # £

et 77 B 2 (Sl (@) 4L (5 P A FDVH il £8) o

SRJE, FEAEAMIE T DVH W 7 AT AR 10 B i 51 R e 8 EdEAT T HUAL
W T e as B PTV B, ULAERAD# o fa Kods B 1 ssfl o A RN, s 7
PTV X3Py (w04, 6N T PTV X3 0 A (1 A3 20 M . Marks 5 A POIZS H ol
RIS T P A LG T K DV 2R i KR I R 1] 1 e al B4 210, B4
ORANEA BB E RN AL ESE) 2 A )5, Al DUIE SR BUBR 0 e 48 B (1
DV Zi5, 1y H A e 5k b e K a5 AOBCE R B0 RAE0E 2 e . AT 1R (trail
and error{) J7 iR 2 5 H AR bR T B S B LAORIE P AT AL SE I 45 SR EL BB, E3X
10 15 i 51 B i e 58, AR DCAG S i (8 RO AR AR 8003 il in sk 3.5 M1 3.6 s 1 3-7
TR T PIRPENELE 10 B ET SRR B LR Ak s R . 55T DVH #EN T RO
AL, B AT DU S b i e S A% B s E A, W 3-7(b)s . SRR

I
30

I
20

I
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N PN R DA
SEREIN T BT A7 (<SOGY)s IR & 73 A1 X7 UG 7 107 AR 1) 1 4L AORE 1R
WA PR 7E Marks 25 AP0 I R Sz e e Sk, B 45 A EAR T 50 Gy DV ¥4
fRbr.

3.5 10 51 it e 2B 28T SR Hh B T BB &R 8

Bt B PTV Tissue ring

NTCP NTCP &H/hil&E P& DVH
WAl 60 90 30 30 5
A2 45 100 30 30 5
A3 45 80 30 30 5
JwAN4 45 110 30 30 5
A5 50 100 30 30 5
A6 120 70 30 30 5
A7 45 80 30 30 5
A8 45 60 30 30 5
WA9 100 120 30 30 5
W A10 60 50 30 30 5

2%3.6 107 51 Bt e 5 A2 TOVHUE N 7 SO0 53 B (8 T BB 22 K

B e B PTV Tissue ring
DVH DVH DVH DVH DVH DVH #&/N ¥ DVH

AR R

AL 5 5 5 5 8 30 180 180
A2 5 5 5 5 8 20 180 180
A3 5 5 5 8 15 15 180 180
A4 8 8 8 12 8 10 180 180
A5 3 3 3

A6 50 50 50 8 12 10 180 180
WAT 1 1 1 8 8 8 180 180

A8 10 10 10 10 10 10 180 180
WA9 10 1 1 10 10 10 180 180
JA10 10 15 1 10 5 5 180 180

Dose volume histograms Dose volume histograms
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8of -~ |- —— 14 _ ——PTV(DVH) !
g ‘ ‘ A Bladder wall (EC-NTCP) | | 315
;70————:———4‘—77T7 Rectum wall (EC-NTCP) 4‘ g
€ | || eupTV(EC-NTCP) .
% 60 | | | 1 | | | | %
| | | | | | | |
250 S e e e e 210
g | | | | | | | g
i<} 40”**;** e A B <! Bladder wall (DVH) Do
§ P E S P N L | g Rectum wall (DVH) [
T | | | | L 5 ——PTV(DVH) [N\ U W | A
P i R e e A L e Bladder wall (EC-NTCP)
|
|
|
1

|
|
Rectum wall (EC-NTCP) |
|
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1

-
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|
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L1
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|
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&

s PTV (EC-NTCP)
| 1

0 72 74 76

Dose Gy g

K137 7 SRR AN T DVHAE I 17 S A0 A0 S35 £ 1061 BT 1) i 28 L~ 24 40
WER . () WAL S REIODVHIZ:  (b) PIFhEERALES SRI\IDVH i
21w R 0 (B ()P 21 5 Pl FRIDVH HE 28 o
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Bladder Rectum
100 , , : , ] 100 , , , , : , , ]
I I I I I I I I I I I I I I I
| I I I I I I I I I
. ‘(a) | | | | | | | ‘ | Bladder wall(DVH)
80 4‘ ! ! ! ! ! L : 08 80 ! L | e Bladder wall(EC-NTCP) 08
Fa- - ' : . B R . F - e : - 0.
_ | | Bladder wall(DVH) | | . (b) | | ¥ pvalue(Wicoxontest)
S ! Do Bladder wall(EC-NTCP) | ! & ! ! ! ! ! ! ! !
) " | ¥ pvalue(Wicoxon test) | | .9 | | | | w1 | | .
§60 - r r | 06% gGO*;*7***r*;ﬂ ****** [t e Bl e A )
3 I I I < = I I I I I I | <
[ | | | <) [ | | | 1% ™ | | | <)
= I I I = = I I I I I I I I =
[ | | | S [ | | | [ | | | g
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Dose Gy
PTV
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&\o/ ‘ u ‘ pvalL{e(chqxontes ‘) ‘ ‘ ‘
° | | | | | | [ B
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1 it Rl it B e A e A (R
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c | | I | | | | | S
_940 B et Mt i B e ity (223 o
o | | | | | | | |
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I (C) I I I I I L\
I i I I I I I I
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K]3-8 EI3-7H HZIDVH M 26 7E A [R5 & A Ve A HIpfE . ()5t (b)E
W (c)PTV.

MY RGN R AN [ 5 SRR A 7 i 2 [ B AR S, FRATME A Wilcoxon &l 7 vt 5 3-7
4] DVH e rsioett, i 3-8 fran. T Wilcoxon #: J7v2: 5 4 F B K 5 15 25 1)
R FR, KHIRAEARFIE S X BIATHE p fE. AE 3-8 drukn, P £
TEfE A B FRAFRN . TEREHE, 752 (555 X (8] P9 15K p /B4 0.0409 p<0.05).
MAEBEM W, PR T R4 511 2 5 3 B3R LR AR 57 & [X 35 (30-50G Y & 71 & X 43
(75-78Gy) 7EX AN X A I f¢ ok p fE A 0.0386 p<0.05). TM7EHEX, W4 DVH ke AR A
A E X 8] p A KT 0.7737 0>0.05), XK IHIXFIZL DVH HIZE 1) 2 72 dE 5 /Ml XK
N, EARZR TAEF, AR X E SF SR RER R, PR REIRE fa & 5%
BRI ER) LM ES . ik, EEXEAR R p EATFEAR ML E.
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| | T | | — DVH |
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LA ERZR, BRI ISR P 7 & 0 A0 A BEIA B BB 4> G &0 A - (RO
0 IR IR RS I F 0625 FE AR IE R T -1 Y RS R 5 R E R 22 . BT i-1 Ko IR TR

TEARASE N 1 52 R 77 5 43 Al DRYMOR(v) , T ERAEL i-1 W43 IR MR S E AR A58 N ) 2 o ) 2 4 A Ay

1§DWWWMOE%Jﬁ@iﬁﬁﬁ%%$%@%ﬂ%ﬁ%ﬁi&wmmwrWWWMo

KB EIRZZ A, AT AR, RN T RIS TG d R RSN, KR

80



N PN R DA

T 3 RS S SUR AR R 22, d BUE VG Bl AT DA 131 N-i+1. A d 20 ORI S A I i T
IR U SR BT R 22 R AR T L RIX d TR CT e IR, A B8 & IEIX IR 72
CA MR ZSRIOX o RS CT #iE: 1 YOS i-1 70 IR R 201 CT Hdli A
A, BRAEIZBUN A, AR 8% B A RAERAS: 20 MRIEHTH i-1 R xRS CT 2l
AT 5433 Wu %5 NPOHI de la Zerdad NP 2 # BRI B O 7200 B4R L T 54k ART 195
e Wu S NP e i T A EME N R R A R E . de la ZerddE AP BIZ ART /&
MR ARG, FARIER LB R ZE HT A R 20 RS d 0BT i ie . (HaZ, XMy
T2 LU -1 4073 UR R PR ) 6 R 22 N it Bt SR ), ASRE LR R 1)K T & Ryl B A i 2B
PIE N L

i 5-2 s, RN 7R AR DUE 3 FrHp: CHRSS ARG, ROIERIEiRZE
3 50-SHELS P (10 771 B A AR 0 O B B AR R B A, 0

Dv) = DR (y) + DFecn(y) + LG H pmesniet ) (5.1)
Forf PN () Sy B e TR I d A VRIS 0 R 4 7 s

DEPIEEN ) = DEITERION () ..+ DN g ) (5.2)
Sorb g N | O IR OB R, DSOS0n ) S R A P B . B

2% ART iR EEHE X d YO BRI BRI R, Mgy B g - B0 RAREAE d Yo kRS
AR AR R8T SRR A, LIS o A 53 U S ) B TR A

DG (v) = dDF (v, ) (5.3)
T FSE R B )AL AT LU PR BRI F A ) G SRVP A i1 s U 5
IR 22, Hol BRI TBT ALY FRR BB, 0 TN F, FLHE4% F(DPqy) - D)
HEATIRAT, a5 Wu % ANPORI de la Zerdds APUR 177 R4S RARIRL. BT T A4 M
ST B SAR MUH AE PR, R T2 G, 4 G(DPe""*4v) - G(D(v)) 17

A AT -1 B S B RZE . BT B4 ART ANEEWSESER 531 CT il LT E
FRR, DR I A £ A T R A5 22 A P 4 2 VR SR B CT %t SR 450 g R 12224,
5.2.2.37E4% ART

TEZ ART & 1E 73 U6 T B SR EX A 5 ds b b A7 v R o, &8 1k 24 8 0 08U a 7
A FH T AAABE P i) 28 R R AR A T 5 R STV R T 1R 22 o EFITEZR ART HiRE, 995 ATEVRIT IR
SRR ER I SERAE SO R S XU T RIEEAT AT 2 OBUE T . Rk, fEZRTHRINE
TR AR BB TR N SE e T B RO R (P DA B B PR AR ) B 75 () v F B ) et
Ko, e AR T ORRI R WA T RIBAT B B I 7E 2 ART 771525281 Mohan A2 421
TR SR IX R A B AR AN T M T AR A 2 i E B AR A B VR . AR YE
YRS CT HE M) ah CT Heds il X A 8 BB & e i B 5 m) B 25, BN 5
W] AR RE s SR 5 R AR KE FEXS W1 ah vH R AR R AN S B TR AT A8, 43 3125 /i 4 R
SHETEF TR . CourtZs NPCIHa Rt 7 —Rh AT 47 L 38 TR B v BL RS 60 B 5. (H SR X i
kRS T AR N 8 B RS Y T R 1 2D JEAR, TR A RS A B AR N 3D TR
A1 3D BOUER A, AR AMELE A H % i IE o 2 2RI BR X A X N (77 B4 A . Fengs A 127
BB 3D WARKERE, FEARPE1Z I ARG FEXT -5 BT 7 17 0 7 B Rt AT 18 2. IXFh 510
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M sSAE T 3D T AR BMGBC HEH AR, F SR SRRy 2 48 B 1 3D BB B, fRIE T A T
RO — B0t . AITH TR J7 V02 XS 2% 88 B 75 5 BT i O e S B ORI AT IE, A
RE XS S B PR B M) T AR AT I I o SR BF PR B 5 ) T A8 (A I 32 B G i AS o5 i B A L 1)
PR ZHL. Ahunbay2s NPBHR W T — Rt 7 B R AL R FIRHME U0 7 k. %076 3 43k
SEEL: 1) AR IR RIS B A CT B sk M 2 i 8 XORD & [l ) 1B H 214, IR AR SR
[, 2) fEL T H R3S (segment aperture morphing, SAMFH FEASE FE K IEW]8E 1%+
PR KM 8 a0 0 RS I B A A LB 3) T BB fL ik (segment weight optimization,
SWO).
5.2.2. 41 EHIE

TELRFEAL ) ART J7 v T HERMERI s, DUk, 7EIRIR L) 2 N A TR AL
Jiik, B2 ART JPiEFTELE ART J7EARIE T B 43 0 FEUSRT TR AASE A A1) &6 KA 20 A 1 5 7 (4D
BHAT R Z, IREBU R, (ERIX PR R A N T 3 M E AR R TAE S, PR
T AR AR ST I . FENIPESE B AR AR B B AR BNMOE LR, TR R —
FhAEH B R IE 7. EREX AR KB R, 75 4500 R S5 B AR 3k 4T
FHT ISR B X R R () 5 DASCR E AAR B NR B X B k. Rk, B
PETIRA B LRIFE 2 ART 5k A IR A 7%, v DAAE R AT B4R e 1R o &= ) () el o /b =23
PR T 75 T K Fr it ) 29,
5.2. 35 EIE

ART (IR T A BN — DN PTEA R G, IR RS N R G0 5. ART KI5
BIUET] PL7r 7 OGRS UEA BB E IS UE PSS . 70 G B0 32 B AT 0 24 BT 20 U A
FERAS N HOFR R 0T, R AR P 7R AT R PP 1% 20 A TR B, DA =4
RITHRR S AT R A ETHRITTAT, AT izl S0, Ko U R A 70 A S R 15
ARG, HRE S B R BTG T o 5V 2 2 R A PR R i R S A 4G
THRI - AR AT EE . 0 UGRI B T BRI R I B R LB L IR 22 . BRI R IE
T FRET XS 28 0 S R A RIAT 3 TR 1) RABGR B AT AT VRO . i TAE ORI
R PP ACRE A A 35 S5 R AE AN T A A AR A, RTIRAARRE A 4 2K A7 B AE BE I TR BEAT A8k . i
I RBUNE T AT SAS BIRIR AR A R MA R AR S PR T iR T R R . AR, R
R IGE AT LR T T 5 R . 1) 20/ 2 A BT 20 RS AT AT HoH): 2) R
i BRI, R R AR AN B AR R ) S PO AR S S B TR . BB R
FEW IR R G IR ZE -

5.3 RMFIE

A TR EEAN R REAE AL ART SRE P (1 s R LRI (8] Je . B4k ART
TR R G0N RS B AR B 2R B OB T R P I R SR 2 . AR,
FAE A RBGHERIEAN TR PR FIE RN EED =PRI 1 3 R 45 21 1)
CT Hls 54146 CT Bt T HEIFFRIEASHERE: 20 RIS BRI AR R RS 73 A 771
BOAMHATIRIE; 3) MWRIEE 5 E#EAT 2.

5.3.1 CTHUIRED

BRI RE T, TR N B AR N SRS TR B AR AR AR RN B AR SR
R 2 o AR SR AU, PR I S ASSE I OR EAL JR8 11 A 5 DL BIUBUR B T [ 1
Ble FCHEXSSF CT i EE, RIS AR (s —2H CT Hudf h ik s 238 5 —4H CT HdE i1
FIJEAR R . FEART S, CT HIRIHE DT WP RLHL: 1D R0 IR IR CT Bl dt A #%4r,
AL R AR S90a CT BRfE R — bR R G T, R B 25, 2) KB E 2>
USRI CT #ids 5404R CT B BbATCHE, 7520 ASH I . W EC HEROR AT SRR B

82



N PN R DA

Y0 CT %t 2 1] (¥ 2 ) et 2 8. AERIMEREHE5Li%, symmietric forces Demorfg kY, it f >k
THE WAL CT Hodls 2 R AT R

XHFE RS EIR | SRR 3, BHRBCHER) H bt 2325 — ME R S s LA
AR 4 T ASE 443 s P 4508 B AR VLS . 2T R G HE T i, A BRI AR 2, SRRl
WRINETF RN S UG, 5 &AM IR G 2 LRI B A & KB s
NEZH U AR, W s(p) KB s -G A2 — /il p BT RIS 5 BR8] e —

— i IR A SRR TS M0 LTS s, Msip  p+s(p) - RARMIIET EHZ K
5 1 P L L3 9 T L

E(I,J,(;s):%Sm(l,\],c)+i2dist(c;s)2+i2Reg(s) (5.4)
o o2 o2

Horh Sm(1,d,0) A AEALL: I FE (similarity measure) & E AT & T IR RS K VTR ROR , Rl
e YRR 95, B A BCAE AR AR B — 50 o Ron UG R S S
IR/ Reg()AFNIALIT, ARG LFAITEAS, CLZAERGE R or o UILEIR /N ¢
R AR R, RoR ARG 7S (8] LA A8 He, T8 Demons HEME A e i — i e 1
M EARAG TR s dist(s,o) R AL ET 5 P T LATTEAE 2 [RIEEES s ox R s 5 ¢ Z [AIIANI &
FE. AT RIETRAR (AT I O RE S 3RS ELIE T I8 A8 e, symmetric forces Demorig %%
XPEIE A SR AL AL 1) 8, A B — MR e M EE S v, s=sexplv). N T ARIE B bR R

S IR P 1 — SOPE R AL B AR R, 380 T B AR R AR e s dists,0)=][log(s o ¢ )|
Reg(s)= |0 log(s)|f. 7EARALIE AR, 85 sRAREIT T 2
ESH, 1(J v u =Sm () expg)o exp)) +|ul? (5.5)

BRI A & U, FEARYE vav+u SR v
B TFREAEYIIE CT E fBCHE 5 B9 Ik FRET SR BT CT i w8 X A [ 15 4240
Dice {8 K38 1F DemonsZ AR Bc vt H 2 (K k5 5 . Dice [H1I1HE AR N:
2A n Borgan
(5.6)
|A organ |+ IBorgan |
Ht Agrgan NEEEENIME CT BAEN LI E ; Borgan NZAE B 7ERCHE G I/ K IE S FRELK) CT
BN I E

5320 RBHFIENHIKIE

N bSCpTIR, A BRI HE R T IESRAT T A CT Hodls 2 18] B 72 1R) Wik 2 BUE A B AR R
B so 3 KGRI 0 AT FIRC IE W 3 W 2D SR SE A 1 ) P 72 1 W 2 B0 3 A 7 K R S 57
BT AL E,  PRUEARER 5 R 70 DR S 7R B 20 AT AT A6 R B o AR R — AAAR R G AR
A P FE AL HERE X AL B 5 70U RS 7R B 70 AT REAT A e, (A AL I iR 20 IR SRS 77 B 20 AT S5 4046
FIE AT N IR AL BAH B S5 TRARTRE s & — D =4Ef0E, NS MER =
Ut A, RN AR 7 RS EREX CT #idls A IR R pin ARXT 9146 CT Hs N I R pout
INEVARIZEEZ

Dice= organ

Pin = Pout *+S (5-7)
PRI, 82O 5 B 53 BB STFI& 73 AT Derraction P 3% T R 3RAF
DT-Fraction (pout) = DD—Fraction(pin _S) (5-8)
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A Do.rraction NAFL G I/ R RS SR . EIEFEEN T, S EdE AR R B LA
P fE AN TR, X T R B 4 B At o S AR B AR R O B AE, W B MRS
HHE S
5.3.35I= 2N

MR ZE it PA PR IR 43 R B S F5 B - A AT A FE 2 J5, T AR IR G B 2 YR R B 77 & o0 A
HEWIEFE A X T Fik, BFTE R IE G 85 R S5 & 5 A6 A8 Ik 45 24 iy &AM A
AMEERRAE. T RIEBEE BT ESARET R TEEIER, SHFEF CT
P, SEam. BEGRHES. N TR TEE, EIES:Z R IR ST ia W5 & A6 s O
FEAB LA T2 2 R Yk W D0 e ] PN 95 N ) F s S A v R A28 4, B NAR N A= A i R
A, FE BN AXEA:

N .
Dcum = Z gi DlI'—Fraction (59)
i=1

AP Deum B INGHE ;s N VA7 I FE T IR A IR DY _pragion A 1 UG i 0

I R IE 5 B8 23 O HRUSRS R 20 AT s g 3R BB T 2GR B U 38 28 T4+ 201 68 0 -2 T 0 2 O R
VIR/E (&

5.4 S ST PR B & NLIBUHE ¥ 0 B BT R B ) B YR

5.4. 132503t

Initial Week 1 Week 2 Week 6 Time
- CT scan - CT scan - CT scan - CT scan
Planning Replan Replan Replan
Plan Replan 1 Replan 2 Replan 6

P 5-3 BT E A Sk 250AR iR s B8

FEARTE N, BATCSKSHR IR BRI AW, W IT B & N B IR T o ) o R 3 R i
(8] S R Ko B3 B BURHR 97 SR A FI SR8 b 3 1A PR it ) 45 4 (80 PR A 1 5 A )57 B R 22
FoH AR A A A DX R R i A A [ B R T EeRs J R ) IR A M v R R X e O S
Ko TS BRI TARR, R RTT 4R 5 AT B R, R EE
M BEEAIRTERISER 1 D H 2R A TR BUHG)T . X~ PNHZA, BT
AR, TRARIERI AT BER A T RINAR . AL, 8 B H BRUBUR BT Z AU i 23t
AT TR o R A 0 BT R AT R A A R N BUHIR T 4 AUR SLRIREAT o FRATT BRI Sk 35
PR I N EE an B 5-3 o e SR IR R B IR T — A S B 7 AN e Y T 3R
Kt A 1 2 R I 1) S K, BRATT U SR AE AN [R] A I R e ) Bz 0T R SR AR B 0 A
Bln, £ 5 MR TR, ASFE EHUR N (e SR B A AR 31 . Horp,
FEAS RN TR) AT BB MR 1 21 5 AL 5000704 5. 10, 100 ST L Fh. RERPALE IR A
HHTRIRT ] a15R 5.1 . filln, 44 “Replan 2 4 57 Roniz4H A BB JCEHTARIZH A
EEH RN BRI (8] 0 AN ER 1y 3R 4 J Sy IR Y 2 A, FRorAIERE 2. 4 RS AT AR E
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Writdlo w5 R AR B TR R REE R R A AR, B R .

FE ORI & BAR B HI N E s oL T, A 5.9 THERBUIE . £ I8 1B
IR, BAVER A RE R RN A, BIFERT— FBSe T 4 e, 3R CT il .
AR SRAE 21 iR SR R e AR A R AR 20 R R R A 5 el g )
ATHALED s A, RS HI AT — R P ARG, X, 2R AR 2k B AR R o AT D I —
BT R THRIE R — R T8O IT 25 R G 3K CT #ds Bl & A . ANFH G RAF &5 A
FeANFIH, A ] T ORAP L DXGR B o, 1T 53— LA S WA R T DR LAY LR 2
2o B, ATBE T — A A AR R BOREE G PPN RN & 1 RBGRIE 0 A . S H br R 4K
HI PP 2545 B 1K1 s R 2808 B SR B (R 4L ok

Norgan organ

N
F= > wfi(Dum)! D W (5.10)
i=1

i=1

Horr, NTON SRR EE BB E NG Doy B | M E NI RBGIE M i i RRTF

e | AN E AR AT T H AR A, e U SR VI AE R G we D0 N3 B AR
R AEARTET, FAVAHEE HENBUS R T B ORI E T, R AT B BRI
(A e D Pl 0 T R Bl == /AR WS

1 N
fmean(D):NzDi ’ (5-11)
]

X N ORIZSE NITE PR REN L, DO IMERNIGHIEME . Bk, S B AR R BN
P55 R B IR, 43 5 F s [Fl Nl (ipsilateral, LY AR A 54l (contralteral, CLEAR . S
C KR T A AN RIS [a] 24T BT IR FI2H A (W3R 5.1 FR), AW & N A A B AR
(ER N NE RS

minF, ) (5.12)

B PR EEB IR TR S O Bt foe D 2HL & P A P £ R R O 80 % ot o I ) S5 J K ] o

# 5.1 1EAN R EHTRIN T AN # R [ i 4
—IK PRI —iR P4k G/
Replan1 Replan12 Replan12 Z Replan12 34 Replan12345
Replan 2 Replan 1 3 Replan12 4 Replan12 35
Replan 3 Replan 14 Replan1 2% Replan1 245
Replan 4 Replan 15 Replan13 4 Replan1345
Replan 5 Replan 2 3 Replan 1 3% Replan2 345
Replan 2 £ Replan 14 &
Replan 2 & Replan 2 3 4
Replan 3 4 Replan 2 3 &
Replan 35 Replan2 4 &
10 Replan 45 Replan 34 &

A E AT B IR0 E H I8 N O AT I R b e A 1) EEH R B TR S ok, RATHE M2
Centre Eugéne-Marquis B sk U 11 41 Sk 20058 g i 5 50 ds B EAT 798 - S5 3 RITE &
JA TSR IT A5 R E IR B CT #ds bk AT FOoB v it . w046 v il A B R R T 2 A
PINNACLE(Philips Medical Systems, Andover, M&¥: 281, 7EFFIRACEY ITK (Insight
Segmentation and Registration ToolKit\VTK (Visualization Toolkit)# 47 CT Zidafc . 73K &

©O© 00 NO Ol WN -
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SRR IE ARG R B . FEG il fE [ — W ATERIds CT ¥ R B e 45w 5
SREL CT s LI as BB i F — AN AR AT A . o, I8 41 2450 25 7 [0 A A 5
MR, ¥ X 35 PTV56GY. PTV63GYAI PTV70GY=#54y, Bl 3 MEEIX (14 7 7543 5l K
56Gy. 63Gy il 70Gy. “F-¥7 &AM NTCP (=X 3.18) A K VP4 IR ZHZA P (1 RAR &
. A Dijkema i NP7 ek 45 IS B0 E IR AR HI NTCP{E, i n=1, m=0.4,
TDs5=39.9Gy JEMRAEA A NTCP BRI S50 T 17 & 28 i Z& an &l 5-4 Frw, H Burman&s
N&h I Z4cr 3 SCHR[33]

Parotid Gland

1007 -~ RERREEEE R
Burman
m=0.18 TD50 =46Gy
>80 Dikema /1 T
-_cau m=04 TD50 =39.9Gy
IS
& 60F - e
[y
i)
Saot--r
-
=
@]
OCopleoo e f ]

0 2‘0 4‘0 6‘0 8‘0
Dose (Gy)
Kl 5-4 BEBRAEANR NTCP LY Z 50T 1755 RN H 25

5.4 2K EER

5.4.2. 128 B A4 (L

TR G T IR, B TR N R RN, S AR B R R R AR T B AR
b, HA R N AR E D B E . R AR B 5K . RS R 5k . AR B R AT B AR
S, B IXORDE BB AR W A R S5 R AR A R B T LRI R R . fEAE Y, FATIE R
THERRAN PTV X ARFAR AL, anl 5-5 Frs. MERFRIRATAT AR, BRAR AP IR AAE
BE £ U VR TT AT T AR 46 /)N $EIX PTV56GY Al PTV63Gy [ Pk %A i &A1k,
PTV70GYH-F IR TE U IR YT 2 F JE FF- a6 46718 o
5.4.2. 263 i F LRI o A

FHHRI H R X R EE S 0BT, AT REE I 42U 5 &= X 3k
B k. B 5-6 v 1L S 500 R B 3 43 B FE AT 4G 75 & 40 A (Initial dose) #1146 TR 7E 45
FREL CT il H 1575 &5 A1 (Planned  dosé)l 4 J& H87 Hki 1 711 £ 4341 (Replanned  dosd) 4™
HEARAL N7 AE . B Thal AR B, AR TAI46 T e R R CT il 57 &
O3, KRR P R AR B R 2 AR e D T AR Y IR A . T R AR o R E R R
N TARIESE X IS o046, B T RRARA LN FIHE. BANETME, B> T IEEA
ARt D = STV T o 42 2 Wl e S5 6 D == 5 RS L N A R A SR TR N RS N g Eena = v [T
BHEVINER . 5 =R A0 T 575 5 a6 77 R 5 A T 455 R R 22 (E AN IE
AP R SRR X RO RS e R UK 5-7 B, MWEIFRRTDAWER R, [ I 5 20
FIHE X RO BE S R RN, FEHRI G IE R AL B 7 B ST UE T B A AT P R ) A
fE NGBl 5-7 (b)FI(c) Frar), = HrRIxT IE 5 2300 PRy 4E A 2.
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