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Abstract:

This thesis project aims to examine the compaitiblthe calculated doses by the anisotropic
analytical algorithm (AAA) and measured doses keriioluminescent dosimeters (TLD) and
therefore to evaluate the Eclipse-Varian TPS peréorce used in radiotherapy. Thus, it was a
guestion to check if the treatment plans validaledng the calculation phase is valid by dose
measurement according to the ICRU recommendatinrdose delivery to the treated volume
(PTV) reported in reports 50 and 62. In this walkse measurements was performed to
evaluate an external radiotherapy treatment plad, grarticularly, to validate dose
calculations for a lung lesion case. Doses wereutated by the Varian Eclipse treatment
planning system using the AAA algorithm. The meamgnts were performed using TLD700
and a Rando anthropomorphic phantom. The compahbstmeen calculated and measured
doses shows compatibility except for a few poidtg to the limitations in the heterogeneity
correction used for the case studied here. Theatiemi between calculated and measured
doses was about 6.5% for low (<0.5Gy) doses, aodtal® for higher doses (>0.5Gy).The
deviation between calculated and measured dosesalsz found to be higher in proximity to
heterogeneous tissue interfaces.

Keywords: Radiotherapy; Dose calculation; Treatment plagnirsystem (TPS);
Thermoluminescent dosimeter (TLD); Heterogeneityextion.
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Résume:

Ce projet de thése vise a examiner la compatitelitite les doses calculées par I'algorithme
calcul dose par analyse anisotrope (AAA) et cellegsurées par les dosimetres
thermoluminescents (TLD) et a évaluer les perforreandu TPS Eclipse-Varian utilisé en
radiothérapie. Ainsi, il a été nécessaire de \@rii les plans de traitement validés au cours
de la phase de calcul sont valables par expérineem¢at par une mesure de dose par des
TLDs et ce, conformément aux recommandations @GRUL concernant la dose a délivrer au
volume PTV rapportés dans les rapports 50 et 68s@a travail, des mesures de la dose ont
ete effectuées pour évaluer le plan de traitementadiothérapie externe et, en particulier,
pour valider le calcul de doses pour un cas dengsulmonaire. Les doses ont été calculées a
l'aide du systeme de planification de traitementdraEclipse en utilisant l'algorithme AAA.
Les mesures ont été effectuées a I'aide de TLD@OGSantbme anthropomorphique Rando.
La comparaison entre les doses calculées et les dossurées montre une compatibilité dans
la majorité des points considérés a I'exceptiomuelques points en raison des limitations de
I'algorithme de correction d’hétérogénéité utilss# le TPS. L'écart entre les doses calculées
et les doses mesurées est d'environ 6,5% pourossdaibles (<0,5 Gy) et d'environ 1%
pour les doses les plus élevées (> 0,5 Gy). L'ématrie les doses calculées et les doses
mesurées est également plus élevé a proximite@daces tissulaires hétérogenes.

Mots-clés :Radiothérapie ; calcul de doses ; Systeme de platidn de traitement (TPS) ;
Dosimétre a thermoluminescence (TLD) ; Correctitnét®rogénistes.



I ntroduction

It is well-known that photon beam radiotherapy fiezgidose calculation algorithms
as well as practical in-vivo dosimetry audits fan affective patient treatmenitl-3].
Thermoluminescence (TL) is currently consideredmes of the most versatile techniques for
guantitative radiation dosimetryt-6]. Thermoluminescence dosimetry is a very powerful
technique for in-vivo measurements because itl@asadvantage of being very sensitive even
for a small irradiated volume, and it does not naag electric power supply. In case of
external radiotherapy, it is quite difficult to pemm any in-vivo dosimetry at a certain depth

of a patient regardless of the dosimeter that neayded.

The objective of this thesis project is the expental evaluation of the performance
of the Eclipse Vairan Treatment planning systemJ)IBsed at the fighting against cancer
medical centre (CLCC) of Setif. This evaluationperformed through indirect dosimetry at
different depths using the LiF-thermoluminescergioh@ter (TLD700) and a Rando phantom.
This dosimetry is performed by considering a réalitung radiotherapy treatment plan
including tissue heterogeneities. In particularwas the aim to assess the ability of the
anisotropic analytical algorithm (AAA) —with itslegive heterogeneity correction— to predict
doses for a case including tissue heterogengitigsThis study aims to examine the
compatibility between the AAA-calculated and TL-raeeed doses. It is also a question to
check if the treatment plan validated during thiewdation phase is valid by TL measurement
according to the ICRU recommendations on dose @lglito the programmed tumour volume
(PTV) reported in reports 50 and 62-10]. In this context, ICRU recommends that the
delivered doses to PTV must be within the intefa®5% to 107% of the prescribed dose.
Since the prescribed dose is 2Gy per session,latdduor measured doses must be within the
dose interval of [1.9Gy-2.14Gy].

This thesis is subdivided into four chapters. Tinst fthapter presents the essential
theory and practice of the external radiotheragye $econd chapter includes a description of
the in-vivo and thermoluminescence dosimetry. Tl tchapter presents the essential theory
of the available heterogeneity correction methodsduin external radiotherapy. The last
chapter is reserved to the presentation of therexpatal work performed in the framework
of this thesis project which deals with the evalaf the used TPS by the comparison of
measured and calculated doses in a Rando phanttinthei consideration of a realistic lung

radiotherapy treatment plan including heterogeesiti




CHAPTER|

Radiation Therapy



Chapter | : External radiation therapy

|. Radiation therapy

Radiation therapy often abbreviated RT, is thenagigig ionizing radiation, generally as part
of cancer treatment to control or kill malignani€eRadiation therapy may be curative in a
number of types of cancer if they are localizedrie area of the body. It may also be used as
part of adjuvant therapy, to prevent tumor recuweemfter surgery to remove a primary

malignant tumor (for example, early stages of kreascer).
|.1Internal radiation therapy (Brachytherapy)

Brachytherapy is the term used to describe radidteatment in which the radiation source is
in contact with the tumor. It places radioactiverses directly inside the patient to kill cancer
cells and shrink tumors and has the advantageiog wshighly localized dose of radiation.
This means that less radiation is delivered toosunding tissue.This therapy contrasts with
external beam radiotherapy, in which the radiatsmurce is 80-100 cm away from the

patient.

The type of radioactive material used (iodine, gailim, cesium or iridium) depends on the
type of treatment. In all types, the radiation seuis encapsulated. This means it is enclosed
within a non-radioactive metallic capsule oftereredd to as a "seed." This helps prevent the

material from moving to other parts of the patebbdy
Brachytherapy may be temporary or permanent:

Temporary brachytherapy places radioactive matersatle a catheter for a specific amount
of time and then removes it. It is given at a lows€ rate (LDR) or high-dose rate (HDR).

Permanent brachytherapy is also called seed ingilant It puts radioactive seeds (about the
size of a grain of rice) in or near the tumor panardly. After several months, the seeds lose

their radioactivity.

1.2 External beam radiother apy

External beam radiotherapy (EBRT) or externalaadn therapy is one of the three principal
modalities used in the treatment of cancer, theratlvo being surgery and chemotherapy. It
involves giving high energy ionizing radiation froanmachine located outside the body fig
(1.1). It can treat large areas of the body, ifessary. The use of ionizing radiation relies

heavily on modern technology and the collaboradifferts of several professionals (radiation
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oncologist, medical physicists, dosimetrists TRhe machine typically used to create the
radiation beam is called a linear accelerator mwadi Computers with special software are
used to adjust the size and shape of the beam aaniitdct it to target the tumor while
avoiding the healthy tissue that surrounds the @anells. External-beam radiation therapy
does not make the patients radioacfivg.
External beam therapy is the most commonly usdthtqae to treat cancer. Often, the goal is
to eliminate a tumor or prevent a tumor from reitogn The procedure may also be performed
before or after surgery to remove a cancerous tutageduce the tumor size before surgery,
or to prevent the tumor from coming back after suyg EBRT may also be used as a
palliative treatment in patients with advanced stegncer or cancer that has metastasized. In
this case, the goal of therapy is to reduce ampisymptoms rather than cure the cancer.
External beam therapy is used to treat the follgvdiseases as well as many others:

* Breast Cancer.

* Lung Cancer.

» Colorectal (Bowel) Cancer.

* Esophageal Cancer.

* Head and Neck Cancer.

* Prostate Cancer.

* Brain Tumor.

Fig (1.1): External beam radiation therapy

1.3 Typesof radiation used in exter nal beam radiother apy
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Radiation used for cancer treatment is called iogizradiation because it forms ions
(electrically charged particles) in the cells oé tilssues it passes through. It creates ions by

removing electrons from atoms and molecules. Taiskill cells or change genes so the cells
stop growing12].
lonizing radiation can be sorted into two majordsp

* Photon radiation
High-energy photon beam is by far the most comnwmfof radiation used for cancer

treatment. It is the same type of radiation thatsied in x-ray machines, and comes from a
radioactive source such as cobalt, cesium, or daamacalled a linear accelerator (linac)
Photon beams of energy affect the cells along tein as they go through the body to get
to the cancer, pass through the cancer, and thethexody Fig [.2).

Radiation

Dose in front of the
>

tumour

Fig (I.2): photon beam radiation

The photon beam used in therapy is mainly sortedthmree major types:
s Superficial (30KeV to 100KeV): was used for treatrnef small superficial skin

tumors.
% Orthovoltage (100KeV to 300KeV): was used to tgterficial but thick tumors

of the skin.
% Megavoltage (1MV to 25MV, like Cobalt and linackad to treat deeply situated

tumors

+ Particleradiation
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Electron beams or particle beams are also prodbged linear accelerator. Electrons are
negatively charged parts of atoms. They have adoergy level and don’t penetrate deeply
into the body, so this type of radiation is usedstraften to treat the skin, as well as tumors

and lymph nodes that are close to the surfaceedbtialy.

Proton beams are a form of particle beam radiafvotons are positively charged parts of
atoms. They release their energy only after tragedi certain distance and cause little damage
to the tissues they pass through. This makes thlegngood at killing cells at the end of their
path. So, proton beams are thought to be ablelieedenore radiation to the cancer while
doing less damage to nearby normal tissuesIE3y. (Proton beam radiation therapy requires

highly specialized equipment and is not widely &lade.

p Proton
roton

Dose in front of the '_
tumour

Fig (I.3): Proton beam radiation

The more energy, the more deeply the radiationpearetrate the tissues. The way each type
of radiation behaves is important in planning radratreatments. The radiation oncologist

selects the type of radiation that’'s most suitéaeeach patient’s cancer type and location.

1.4 Types of external-beam radiation ther apy

1.4.1 Three-dimensional conformal radiation therapy (3D-CRT)
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This technique uses imaging scan pictures and apecmputers to map the location of a
tumor very precisely in 3 dimensions. The patierfitted with a plastic mold or cast to keep
the body part still during treatment. 3D conformadliotherapy delivers radiation beams in
multiple arcs at various angles fig (1.4). It usedlimators to shape each radiation beam to
conform to the tumor volume .Careful aiming of tadiation beam may help reduce radiation
damage to normal tissues and better fight the camgencreasing the radiation dose to the
tumor. A drawback of 3D-CRT is that it can be hardee the full extent of some tumors on

imaging tests, and any part not seen will not igggtted with this therapyL 3].

Fig (1.4):3D-Conformal radiation therapy

1.4.2 Conformal proton beam radiation therapy
Conformal proton beam radiation therapy is muck kknformal therapy, but it uses proton
beams instead of x-rays. Protons are parts of atbatscause little damage to tissues they
pass through but are very good at killing cellthatend of their path. This means that proton
beam radiation may be able to deliver more raduatiothe tumor while reducing side effects
on normal tissues. Protons can only be put out lspexial machine called a cyclotron or
synchrotron. This machine costs a lot and requesgsert staff. This is why proton beam
therapy costs a lot and is only in a small numbfeadiation treatment centers. More studies
are needed to find out if proton radiation givestdyeresults in certain cancers than other

types of radiation treatmefit3].

1.4.3 Intensity modulated radiation therapy (IMRT)
This is an advanced form of external radiationdpgr As with 3D-CRT, computer programs
are used to precisely map the tumor in 3 dimensiBas along with aiming photon beams

from several directions, the intensity (strength)h@ beams can be adjusted. This gives even
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more control over the dose, decreasing the radiagaching sensitive normal tissues while

delivering higher doses to the tumor.

Because of its precision, it's even more import#at a person remain in the right position

and be perfectly still during treatment. A speciast or mold may be made to keep the body
in place during treatment. Again, miscalculationgumor size and exact location can mean

missed areas will not get treatdd].

1.4.4 Intraoperative radiation therapy (IORT)
Intraoperative radiation therapy is external radratgiven directly to the tumor or tumors
during surgery fig (1.5). It may be used if the fan®1can’t be removed completely or if there’s
a high risk the cancer will come back in the sanea.alhe surgeon finds the cancer while the
patient is under anesthesia Normal tissues are anou¢ of the way and protected with
special shields, so IORT lets the doctor give @ngd dose of radiation to the cancer and limit
the effects on nearby tissues. IORT is usually mjiue a special operating room that has

radiation-shielding walls.

Fig (1.5): Intraoperative radiation therapy

1.5 Treatment planning in external beam radiation

The process of external beam therapy involves fiwajor parts

1. Diagnosis
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2. Simulation

3. Treatment Planning
4. Treatment Delivery and Quality assurance of thatinent

During the patients initial doctor’s visit, docsowill recommend a biopsy or imaging study,
such as an CT-scan or MRI, When choosing a diagntesit(s), the doctor will consider the
person’s age and medical condition and the typeanter suspected. Based on this analysis,
once the patient is diagnosed with cancer othés tee required. After cancer is diagnosed, it
is staged. Staging is a way of describing how adedrthe cancer has become, including such
criteria as how big it is and whether it has spreadeighboring tissues or more distantly to
lymph nodes or other organs. The oncologist manegesand treatment and determines the
proper dose of radiation for the particular treatedicer. The dose is divided into smaller
doses called fractions. This process in externalrbeadiation therapy takes several days to
complete. But it's a key part of successful radiatireatment. The radiation team will design
a treatment for each patient individually. The tmeent will give the strongest dose of

radiation to the cancer while sparing normal tisssienuch as possible.

The second part of treatment planning is calleduktion. It's sometimes referred to as a
“marking session.” The patient will be asked ®4diill on a table while the health care team
works out the best treatment position and how tepkthe patient in that position (tape,
headrests, casts, body molds Fig(l.6), or foanowdl may be used). They will then mark the
radiation field (also called the treatment porthieh is the exact place on the body where the
radiation will be aimed. The marks may be done \wighmanent markers or with tattoos that

look like tiny freckles.
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Fig (I.6): Head-chest mold used for patients positioningiemdobilization in EBRT

The doctor may use imaging tests to check agairsiteeof the tumor, figure out where it's
most likely to have spread, outline normal tissimethe treatment area, take measurements,
and plan the treatment. Photos may also be takemar@nused to make the daily treatment set-

up easier.

The area selected for treatment usually includeswthole tumor plus a small amount of
normal tissue surrounding the tumor. The normalsis treated for two main reasons:

To take into account body movement from breathindg aormal movement of the organs
within the body, this can change the location tfraor between treatments.

To reduce the likelihood of tumor recurrence fraanaeer cells that have spread to the normal

tissue next to the tumor (called microscopic laakad).

11
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Fig (I.7): Siemens CT-Scanner used for imaging tests

Through a complex process called dosimetry fig)(lt@&atment planning system is used to
find out how much radiation the nearby normal dtiees would be exposed to if the

prescribed dose were delivered to the cancer. dhtodand dosimetrist will work together to

decide on the amount of radiation the patient néedget and the best ways to aim it at the
cancer. They base this on the size of the tumaw, $ensitive the tumor is to radiation, and
how well the normal tissue in the area can withstidne radiation.

Fig (1.8) Dosimetry in radiation therapy
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After the simulation and planning have been coneglethe treatment can begin. Before each
treatment session, the patient may be asked togehawo a gown. The radiation therapist
brings the patient into the treatment room andgdaum/her on the treatment couch of the
linear accelerator in exactly the same position tiias used for simulation using the same
immobilization devices. The therapist carefully ijjoss the patient using the alignment
lasers and the marks that had been placed on tlentpduring simulation. Some form of
imaging is often used prior to the treatment delivi® verify the accuracy of the patient
setup. Some of the types of imaging that can bd irs#ude x-rays and cone beam CT. The
therapist goes outside the room and turns on tireaidi accelerator from outside Fig9j.
Beams from one or more directions may be used hacdeéam may be on for as long as

several minutes for each field.

Fig (I.9): Linac control panel

The treatment process can take one hour or lessdzgcand most of the time is often spent
on positioning and imaging the patient. The actiedtment may last only several minutes.
The duration of a patient's treatment depends emtbthod of treatment delivery, such as
IMRT or 3D CRT, and the dose given. The lengthaftetreatment will usually be the same
from day to day14].

Once treatment is complete, patients are askeettwnr for follow-up visits. During these

appointments, patients will undergo evaluationjudimg imaging exams or blood tests, to

determine if their cancer has been eliminated additional treatment is required. Even if the
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cancer has been cured, patients can expect tanaenpieriodic visits to follow-up with their

doctor. The whole process of treatment is descrifyetthe scheme in fig (1.10).

Patient evaluation
Clinical evaluation Treatment delivery during treatment
QA

Simulation Final

Ui e ) verification evaluation/Report

Image aquisition Treatment planing Patient follow-up

Fig (1.10): Process of treatment in external radiation therapy.

[.6 Clinical treatment planning in external photon beam radiotherapy

External photon beam radiotherapy is usually cdraet with more than one radiation beam
in order to achieve a uniform dose distributionidesthe target volume and an as low as
possible a dose in healthy tissues surroundingattyeet. ICRU Report No. 50 recommends a
target dose uniformity within +7% and —-5% of theseodelivered to a well-defined
prescription point within the target. External wattierapy is carried out with a variety of beam
energies and field sizes under one of two set-upeations:

» source to surface distance set-up (SSD) : therdistrom the source to the surface of

the patient is kept constant for all beams
e source to axis distance (SAD): the centre of tgedt volume is placed at the

machine isocenter with a constant source to asisdce.

[.6.1 Computed tomography treatment simulation
The virtual simulation is the treatment simulatafrpatients based solely on CT information.
Dedicated CT scanners for use in radiotherapyrreat simulation and planning are known

as CT simulators.
Treatment simulation has an important role in teattnent of the patient. It is used for the :

» Determination of the patient treatment position

* Identification of the target volumes and organsskt

14
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» Determination and verification of the treatmentdigeometry
* Generation of the simulation radiographs DRRs fache treatment beam for
comparison with treatment port films

» Acquisition of patient data for treatment planning
The advantage of virtual simulation is that anat@hinformation may be used directly in the
determination of treatment field parametgr3|.
During the treatment delivery the patient is reedirto stay still therefore during the
simulation and depending on the patient treatmesitipn or the precision required for beam
delivery, patients may or may not require an ex@emmobilization device (headrest, plastic
mask..) for their treatment. Immobilization devitese two fundamental roles:
e To immobilize the patient during treatment;
e To provide a reliable means of reproducing thaep#is position from simulation to

treatment, and from one treatment to another.

Fig (1.11): Headrests and plastic mask used for patientiposig and immobilization in
external beam radiotherapy
|.6.2 Patient Data acquisition in 3D-CRT

Patient data acquisition is an important part ef shmulation process, since reliable data are
required for treatment planning purposes and aftova treatment plan to be properly carried
out. With the growing popularity of CT in the 199@se use of CT scanners in radiotherapy
became widespread. Anatomical information on CTnsces presented in the form of
transverse slices of the region to be treated, avghitable slice spacing (typically 0.5-1 cm),
which contain anatomical images of very high reoluand contrast, based on the electron
density.

The preliminary phase to any external irradiatiendone by the oncologist following the
clinical examinations. On every CT slice used featment planning, the tumour and target
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volumes are usually drawn by the radiation oncalogdrgans at risk and other structures
should be delineated in their entirety if DVHs &véde calculated.
Other studies are required for image fusion amdrésults of complementary examinations
(CT-scan, MRI, surgery, etc.) and internationaliaddn dosimetry protocols and reports are
of great interest.

[.6.3 Volume definition
Volume definition fig (1.12) is necessary for théd3treatment planning and for accurate dose
reporting. ICRU Reports No. 50 and 62 define andcdbe several target and critical
structure volumes that aid in the treatment plagrpnocess and that provide a basis for
comparison of treatment outconmias)].

* Grosstumour volume:
The Gross Tumour Volume (GTV) is the gross palpabl visible demonstrable extent and
location of malignant growth” (ICRU Report No. 50).
The GTV is usually based on information obtainexhfra combination of imaging modalities
(computed tomography (CT), magnetic resonance ingadMRI), ultrasound, etc.),

diagnostic modalities (pathology and histologiedarts, etc.) and clinical examination.
* Clinical target volume:

The clinical target volume (CTV) is the tissue vakl that contains a demonstrable GTV
and/or sub-clinical microscopic malignant diseaslkich has to be eliminated. This volume
thus has to be treated adequately in order to eeltlee aim of therapy, cure or palliation”
(ICRU Report No. 50).

i

l Z Org,an
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LI’lSk "

/
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Fig (1.12): Graphical representation of the volumes of irderas defined in ICRU Reports
No. 50 and 62.
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The CTV is usually stated as a fixed or variablegimaaround the GTV (e.g. CTV = GTV +
1 cm margin), but in some cases it is the saméa$TV (e.g. prostate boost to the gland
only).

* Internal target volume:
The ITV consists of the CTV plus an internal mardihe internal margin is designed to take
into account the variations in the size and pasitid the CTV relative to the patient’s
reference frame (usually defined by the bony angjprthat is, variations due to organ
motions such as breathing and bladder or rectabotg(ICRU Report No. 62).

* Planning target volume:
The planning target volume (PTV) is a geometricahaept, and it is defined to select
appropriate beam arrangements, taking into coretider the net effect of all possible
geometrical variations, in order to ensure thatgrescribed dose is actually absorbed in the
CTV” (ICRU Report No. 50).

[.6.4 Organ at risk
The organ at risk is an organ whose sensitivitsatbation is such that the dose received from
a treatment plan may be significant compared wghdlerance, possibly requiring a change

in the beam arrangement or a change in the dose.

[.6.5 Dose specification
Detailed information regarding total dose, fractibdose and total elapsed treatment days are
needed for proper comparison of outcome resultger@e dosimetric end points have been
defined in ICRU Reports No. 23 and 50 for this o6
* Minimum target dose from a distribution or a dos@dne histogram (DVH).
* Maximum target dose from a distribution or a DVH.
 Mean target dose: the mean dose of all calculaegket points (difficult to obtain
without computerized planning).
* The ICRU reference point dose is located at a pdiosen to represent the delivered

dose using the following criteria
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-The point should be located in a region wheeedbse can be calculated accurately (i.e. no
build up or steep gradients).
- The point should be in the central part of th&/PT

- The isocenter (or beam intersection point) tonemended as the ICRU reference point.

|.6.6 Patient data requirements
Sophisticated treatment planning systems such aed @@ conformal radiation therapy
treatment require specific data for dose calcutatio
» The external shape of the patient must be outlinedl area where the beam enter and
exit (for contour corrections) and the adjaceetar(to account for scatter radiation )
* The target and internal structures must be outlinedrder to determine their shape
and volume for dose calculation
» The electron densities for each volume elementendose calculation matrix must be
determined if a correction for heterogeneitie®ibé applied
 The attenuation characteristics of each volume eftgenare required for image

processing

Transverse CT scans contain all the informatiomiired for complex treatment planning and
form the basis of CT simulation in modern radio#ipgr treatment

|.7 Dose calculation Algorithms

The dose calculation algorithm is implemented witthe TPS program. It is used at the

dosimetry step in radiation therapy planning ineorh simulate the patient’s treatment and to

select the optimised treatment parameters (UM, murabbeam and angles, energy and type

of IR,) but its main role is to calculate the dosstributions within the patient anatomy.

For a successful outcome of patient radiation tneat it is imperative that the dose

distribution in the target volume and surroundisgues is known precisely and accurately. A

typical dose calculation algorithm is required ®hoth fast and precise at the same time but

in reality a compromise between precision and spéedlculation is needed.

* The precision is required to precisely calculatdbse delivered to the tumour target

and the organs at risk in order to better contnel toxicity effect (NTCP) and the
therapeutic effect TCP. The beam’s parameterseqi&iset-up or even the choice of

the algorithm can heavily influence the precisidnase.
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* The Speed of the algorithm for dose calculation tnmessufficiently fast to ensure a
reasonable amount of treatment planning within dbg. The time needed for dose
calculation is correlated to the power of TPS utyibe of calculating algorithm and

the dose calculation matrix (dimension+ resolution)

1.7.1 Types of dose calculation algorithms
The dose calculation algorithms are classified into main categories:

> Correction-based algorithms: use depth dose data measured in water
phantoms (RP, RTM...) with a flat surface and norinaidence to correct
with different clinical situation (irregular patiercontours, oblique beam
incidence, and different tissue densities).

» Model-based algorithms. obviate the correction problem by modelling the
dose distributions from first principles and accigp for all geometrical and
physical characteristics of the particular pateemd treatment.

[.7.2 Commercially available algorithmsfor clinic use

[.7.2.1 Pencil Beam Convolution algorithm (PBC) with heterogeneity correction
This Pencil beam convolution algorithm (PBC) isigsue heterogeneity correction based
algorithm. With this algorithm the initial dose é®@mputed in a homogenous phantom and
corrected by scaling method that uses attenuatiodifroation to consider heterogeneities.
The Pencil beam convoluticagorithm (PBC) is based on a pencil beam kernel/clution
and computes the dose to be delivered to the pagethe superposition of the total energy
released per mass unit within an energy deposk@rnel. Thus, to model the heterogeneity,
the kernels vary with electron density based on éhextron density scaling theorem.
Heterogeneity corrections are always based onvelatectron densities obtained from a CT-
Scan.
In this algorithm, heterogeneity corrections arsdabon relative electron densities obtained
from a CT-Scan data. Calculations with density ecion were performed using three density
correction methods: Batho Power Law (PBC-BPL), Med Batho (PBC-MB) and
Equivalent Tissue Air Ratio (PBC-ETAR). The corfentprocess is based on the addition of

a Correction Facto (CF) described for each methadhapter 1.
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1.7.2.2 Anisotropic Analytic Algorithm (AAA) with heter ogeneity correction

Used in the framework of this project, this algamitis an improvement of the PBC algorithm
with modified Batho corrections. This algorithmingroduced in the Varian Eclipse treatment
planning system. This algorithm is based on thees®BC model but instead of the pencil
beams being derived from measurements, the peeaiinb are derived from Monte Carlo
simulations. As an improvement of PBC, the anigmtr@analytic algorithm (AAA) is able to
calculate a lateral scatter component and takitm ¢onsideration adjacent tissues densities.
The heterogeneity corrections are applied as ggdaotors. Dose is then calculated as a
superposition of two photon sources (primary armbsdary) and an electron contamination
source. The photon component is composed of preHeddd Monte-Carlo scatter kernels,
which are then scaled for the patient.

Heterogeneities in the patient are computed byirggathe beamlet primary radiation
attenuation by an equivalent depth parameter. Timapy Monte Carlo based pencil beams
are calculated on a homogenous water phantom amddbrrections are applied to consider

heterogeneities.

[.7.2.3 Collapsed Cone Convolution (CCC) with heter ogeneity correction
Collapsed Cone Convolution (CCC) is an algorithntlinical use. For dose deposition in a
patient the photon beam must first communicateeftergy to charged particles which can
then deposit dose in a patient. Difference betwten total energy released in matter
(TERMA) and the kinetic energy released to changadicles (KERMA) is then so evident.
The necessary TERMA values are determined for epenyt within the patient on the basis
of the electron density obtained from the CT-scatadThis TERMA data is then convolved
with the Monte Carlo point dose kernels and thewdation is performed for the entire patient
volume. Dose is calculated in a spherical cooréiratstem from the point of interaction.
These cones are then collapsed into the Cartes@ioate system of the CT-data to produce

a dose distribution in the patient that inherembtjudes heterogeneity corrections.

[.7.2.4 Acuros XB
This algorithm tries to simulate all the physicabgesses that beam particles involve —
instead of generating beam particles one by oritearsimulation process, Acuros XB uses a

group of Boltzmann transport equations (BTE) tocdes all the physical processes involved,
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and these equations are solved using numericaladgtihe Acuros XB algorithm is actually

implemented in the Varian Eclipse treatment plagraystem.

[.7.2.5 Monte-Carlo algorithm
Monte-Carlo algorithm is an algorithm started frahe first principles of physics. This
algorithm simulates the actual physical processdated to dose delivery in external
radiotherapy. This process includes two main stép#he radiation beams transport through
all the accelerator gantry head components ande2¢callimated beam transport through the
patient’s body that ensure dose distribution. SAMRS system start be equipped with full

Monte-Carlo algorithm.

[.7.3 Algorithms comparison in terms of heterogeneity correction

As it is was accomplished in the framework of tthigsis project, the appropriate approach to
test and evaluate the accuracy of dose calculalgorithm is to perform measurements and
then compare the measured results with the caézuildbse in both homogeneous and
heterogeneous media . Many works have been doesaoate the above-mentioned dose
calculation algorithms. These algorithms are cfeesbregarding their accuracy from the most
accurate to the less accurate as follows: 1. MQ@atde algorithm, 2. Acuros XB, 3. CCC, 4
AAA, 5. PBC >[15-20].
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In-vivo Dosimetry and TL Dosimetry in External Beam Radiotherapy

I1.1 In vivo dosimetry

In vivo dosimetry involves the measurement of radm doses to patients during their
radiation treatment in order to ensure that thatnents are carried out as they were intended.
The primary goal of in vivo dosimetry, is qualitysarance (QA) of the radiotherapy process.
In vivo dosimetry is used for the overall verificat of the chain of treatment preparation and
delivery. As such, it measures the radiation dogbé patient, which can be affected by many
variables in the overall radiotherapy process. global results of measurements of patient
doses provide the information necessary for assassai the accuracy and precision in dose
planning and delivery for a specific treatment,sateby a given radiotherapy machine.

In vivo dosimetry is an efficient tool for the dowmtric control of the treatment planning
system TPSused in external beam radiation therapy to gendsatan shapes and dose
distributions with the intent to maximize tumourntml and minimize normal tissue
complications in order to ensure that the therapelgjectives will be reached

Computerized treatment planning is a rapidly evalvimodality, relying heavily on both
hardware and software. As such it is necessarsefated professionals to develop a workable
guality assurance (QA) program that reflects the ofsthe TP system in the clinic, and is
sufficiently broad in scope to ensure proper tresthdelivery

One of the most importarguality assurances modalities of the In-vivo dosisneised for
TPS dosimetric controls is by the use of the théumaescence detectors since they have the
advantage of being highly sensitive under very ss@lme and not to have to be connected

to an electrometer with an unwieldy cafié].

[1.2 Luminescence and Ther moluminescence
Some materials, upon absorption of radiation, ngpairt of the absorbed energy in metastable
states. When this energy is subsequently releasta: iform of ultraviolet, visible or infrared
light, the phenomenon is called luminescence. Typeg of luminescence, fluorescence and
phosphorescence, are known, which depend on the detay between stimulation and the
emission of light.
+ Fluorescence occurs with a time delay of betweer®%hd 10® s. The absorbed
radiation in the process of fluorescence is spadasly emitted.
* Phosphorescence occurs with a time delay exceedi8s. The process of
phosphorescence can be accelerated with a sugabltation in the form ofheat or
light
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If the exciting agent is heat, the phenomenon iewkn as thermoluminescence and the
material is called a thermoluminescent material,aofLD when used for purposes of
dosimetry. On the other hand if the exciting ageriight, the phenomenon is referred to as

optically stimulated luminescence (OSL).

[1.2.1 Thermoluminescence
Thermoluminescence is thermally activated phosuerece. Thus, thermoluminescence (TL)
is the thermally stimulated emission of light fellmg the previous absorption of energy from
radiation.This thermostimulated emission was discovered enlffith century by Sir Robert
Boyle by heating a diamond in the dark. The firgdretical foundations were developed by
Urbach (1930), then Randall and Wilkins (1945) wgjave a simple scheme, still used in most
of the proposed modelhermoluminescence has various application areels &8s, radiation

dosimetry, archaeological pottery dating and geplag|.

11.2.2 Theory of thermoluminescence
In a perfect crystal, electrons occupy a numberdistrete energy levels distributed in
permissible bands separated by forbidden Haigd$.1. In a perfect crystal, electrons cannot
occupy any energy level located in the forbiddendo@B). At absolute zero, the energy of
the electrons is minimal: the conduction band (@Bgmpty, and the valence band (VB) is
filled. The lower limit of the conduction band is locatdmbze the upper limit of the valence
band. The energy difference between these bargddlesl the band gap or energy gap.
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Fig.I1.1: conduction bands model
The thermoluminescence phenomenon cannot occupénfact crystal because of the
wide energy gap. In reality the structure is neperfect due to the presence of a
number of lattice defects. Defects (called alspgyantroduce additional energy levels
to the band gap. The type and the concentratiodefécts in the crystal can be
controlled by the doping with foreign ions. Duettw crystal lattice defects in the
energy gap range arise local levels called electraps if they are close to the
conduction band and piercing traps (or simply hoiethey are close to the valence
band.
Electrons raised by radiation from valence band @@nduction band are captured by
the electron traps. Piercing traps, being recontiminaenters, during heating capture
electrons released from electron traps, which duttins process give rise to a delayed
luminescence light emission.
The thermoluminescence phenomenon is thus a twge gbaocess, where in the
exposure and read can be spaced from each othieranThe time distant among the
exposure and the readout may be equal to hundfeti®wsands or even millions of
years.
The first stage is an excitation of the thermolussitent material by radiation or by
light. In that step an ionization of the materiators, what means that electrons from
the valence band or from bands placed deeperamsférred to the conduction band.
Some of these electrons from the conduction bamdgeato electron traps, and the
holes left by the electrons migrate to the valebaed, passing, partly, into piercing
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traps. Depending on the role they play differeaptlevels are defined as active traps,
deep traps and so called recombination centerghé\tend of the first stage of TL
phenomenon we have a certain number of filled edactraps and piercing traps
which is in some range proportional to the absosdyeztgy.

In the second stage of the TL process due to lgedtie electrons from traps are
transferred to the conduction band, from which thegombine to the recombination
centers containing trapped carriers of opposité gigap /centers piercing). In the
process of recombination the electrons releaseggnerthe form of light, so that the
substance returns to its ground state (equilibriih® energy needed to release
trapped carriers is at least equal to the diffezebetween the level of the trap and
conduction band (if the “active carriers” are elent)[22].

Conduction Band

Wl Bawnd :

Fig.l1.2: (a) TLD crystal structure, (b) electron/hole sapith incoming radiation

The processes of heating and light collection aréopmed in a readout system called
the reader. The signal as a function of temperatumalled a glow curve Fig.Il.3. It

consists of different TL peaks, each peak corredimgnto a different energy state in
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the crystal. They are either unstable, decayingemar less quickly with time
according to the TL material considered, or staBle L dosimeter always contains
both unstable and stable peaks, the latter (cdibsimetric peaks) being the one used
in dosimetry. The total thermoluminescence sigmaltted (i.e. the area under the
appropriate portion of the glow curve) can be datesl to dose through proper
calibration.

LIGHT EMITTED (ARB, UNITS)

20 SO OO 200 300 - 00
TEMPERATURE ((*C)

Fig.l1.3: The signal as a function of temperature is calegow curve

After readout, the TL material is either entiretyiis original state, and in this case it is just
ready for re-use, or it requires a special heatiegtment called annealing in order to restore

it to its original state.

[1.2.3 Basic characteristicsof TL dosimeter

1. Signal stability after irradiation
An important consideration in the choice of a Tlsikdeeter is the stability of the signal. It is
necessary to assess whether the charges trapped doe irradiation have not been lost
before the readout by unwanted exposure to heainfl fading), light (optical fading) or any
other factor (anomalous fading). This is expresbgda decrease of the TLD response
depending on the delay separating irradiation asadout. Thermal fading should be
evaluated on each individual reader with the TLemnat which is intended to be used.
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* Thermal fading can be reduced by an appropriategaiteng of the TLD which also
allows the elimination of low temperature peaks.

* Optical fading can be avoided by manipulating tbsigheters in a room illuminated
with incandescent light and wrapping them in opagomtainers or envelopes, when
used for in vivo dosimetry in treatment rooms ilinated with fluorescent light.

2. Intrinsic precision
Intrinsic precision is the reproducibility of a giwv TL material associated with a given
readout system. It is very dependent on the qualitythe TL material used, reader
characteristics, the way in which the preheatind heating cycle have been defined, the
purity of the nitrogen gas circulating in the reatichamber.
It can be evaluated by selecting a number of TLirdeters out of the same batch and by
irradiating them to the same dose. After readaud, annealing procedure when necessary the
operation is repeated several times.
When readout parameters have been optimised, Tériakstwhich show a standard deviation
higher than + 2 % are either of poor quality or moé correctly handled and read out. They
should not be used for in vivo measurements oh#melling procedure should be improved.

3. Sensgitivity: identification of dosimeters
Some variations in sensitivity within a batch of Tosimeters is unavoidable. Several
methods can be used to limit the effect of thesmtrans when the dosimeters are in common
use. The best method consists of irradiating al dosimeters in the same geometrical

conditions, to read them out and to attribute twheaf them a sensitivity factor Si equal to:

Si:% : (11.1)

WhereRi is the TL readout from dosimeter numbemd R the mean of all values &;.This
sensitivity factor expresses the response variatiorach individual dosimeter around the
mean. Although this mean may vary from irradiationrradiation, Si should remain constant
because all dosimeters are subject to the samatioas. Sensitivity factors should be
checked periodically to take into account a possibks of material occurring when TL
dosimeters are not handled carefully.

4. Influence of the dose
The TL emission per unit of absorbed dose is itatstl by the typical curve shown in Fig
(I1.4). In practice it is recommended to use TLidwosers in the region where their response
is proportional to the dose received (linear regioithen it is not the case, a correction
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should be applied to the signal from a curve esthéll with the TL material as well as the
reader used. This curve should be checked peribdmad the TL dosimeters should not be
used in the sublinear region approaching saturation
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Fig.ll.4: Variation of thermoluminescence as a functionbsaabed dose

5. Influence of the dose-rate
TL dosimeters are to a large extent dose-rate mnldgnt. This property implies in practice
that the dose-rate variations produced by beam frecg]i SSD variations, patient thickness,
etc. do not have to be taken into account withTthenethod. Even the extreme high dose-
rates produced in scanned electron beams of lidaasot cause any special difficulty. No
correction for dose-rate is necessary in the rafgénical dose-rates applied.

6. Influence of the temperature
As the temperatures is required to get the ligimali out of the TL crystal is high compared
to room or patient temperature, the response ofldgimeters is independent of temperature
variations in the range concerned by in vivo dosiyndHowever care should be taken not to

store the dosimeters close to a heat source. Neatmn for temperature is necessary for in
vivo dosimetry.
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7. Directional effect
The intrinsic response of TL dosimeters is notueficed by the direction of the beam. No
correction for directional effect is necessary @taethe dosimeter container and associated
build-up cap have an asymmetric shape; even foratingential irradiation of the breast or the

thoracic wall no directional dependence of detesponse is observed.

11.2.4 Typesof TL detectorsand uses
TLDs are available in various forms (e.g. powdéips, rods and ribbons).Most commonly
used TL detectors are obtained by doping phospduek as lithium fluoride (LiF), lithium
borate (Li2B407), calcium sulphate (CaSO4) andigaicfluoride (CaF2) with impurities
called activators: e.g.Li2B407:Cu is lithium boratl®ped with copper, etc. The most
commonly used TL material is the lithium fluoridéFL There are several detectors on its
basis, especially such as: LiF:Mg,Ti (called MT8d &.iF: Mg,Cu,P (called MCP).
The thermoluminescent materials used in the ingusaive three major areas; radiation
dosimetry, age determining and geology. Radiatiosirdetry has three subgroups; personnel
dosimetry, medical dosimetry and environmental mesiy. The ones being related to
Medical field are personal and medical dosimetry

1. TLD usefor personnel dosimetry
Personnel dosimetry is used in areas where themessare exposed to radiation in nuclear
reactors, radiology and radiotherapy facilitiehospitals or such. Besides, from the constant
radiation exposure, there are accidental or in¢aleradiation exposures, which are also
measured by personnel dosimetry. The purpose nfymrsonnel dosimetry is to keep track
of the radiation exposure level of the individuabtvoid averts radiation based effects.
Personnel dosimetry has three sub categories;neixyrdosimetry, whole-body dosimetry and
tissue dosimetry.
Extremity dosimetry focuses on body parts thateagosed to radiation such as hands, arms
or feet while the whole-body focuses on the tidgselew the surface of the body or the critical
organs. It measures the dose absorbed in thesegddhe body by dealing with gamma and
X- rays (greater than 15 keV) and neutrons whiehp@netrating rays.
Tissue dosimetry also called skin dose, measuesitise absorbed by skin. It focuses on
non-penetrating radiation such as beta particleslérkeV X-rays

2. TLD usein medical dosimetry
Medical dosimetry intends to measure the effects LD that is placed into the appropriate

places within human body undergoing diagnosis eatiment by any ionizing radiation
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device. Before exposing the patient to any IR airgufirst sessions of irradiation (In-Vivo
dosimetry for treatment quality assurance), measents can be made upon these TLD and
from the data obtained, possible additional treatsier dose control can be implemented.

In order for these measurements to be done, a themmmescence dosimetry (TLD) material
that is equivalent to the human tissue is needed. TILD material should absorb the same
dose or amount of radiation as the human tissuddaam in the same area within the same
radiation levels. Among available TL materials thaghich can be considered equivalent to
soft tissues or to bones in the energy rang eneoechtin radiation therapy are listed in table
(1.1)

The TLD should also be highly sensitive for measwests done in laboratory conditions that
require the possible smallest size of TLD material.

Table (11.1): Different TL materials equivalent to soft tissukesgs or bones

Soft tissue or lung Bone
LiF (Mg, Ti) CaSOy4 : Mn
LiF (Mg, Ti, Na) CaSOy4 : Dy
LiB407 : Mn CaF; : Mn
Li2B407 : Cu CaF, : Dy
( )|
L )
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[11.1 Dose calculation in presence of Heter ogeneities

Successful treatment in radiotherapy is closelhateel to the evaluation of the
treatment planning based on the principle of deinggethe maximum dose to the tumor while
sparing the surrounding normal tissue and orgamska{OAR) such as the heart, the spinal
cord, healthy lung tissue and any other organ ithabt affected by the tumor being treated.
Depending on the location of the tumor and theasumding OARS, several plans may be
considered. These plans must be evaluated in tod®lect the best one that is conforming to
the specified dose delivery criteria and the OAR#qxtion[23]. The medical physicist with
the assistant of the clinician has, thus, to evalihe treatment plans and to perform the
necessary corrections to address any wrong situafiny correction must be performed on
the basis of the used treatment planning algordhohthe reconstructed CT scan data.

In radiotherapy there are many available treatrpéanning systems, all are based on
the same radiation interactions but differ in doag&ulation approaches. These algorithms
used measurement data (depth dose profile, isarloses ...) obtained by the consideration
of homogenous medium (water phantom). The humany bmahnot be considered as
homogenous in all treatment cases because thenpeesd bones and air cavities. These
heterogeneities can affect considerably the trestm@an and must be taken into
consideration for the treatment planning. This tsyvwpractically all the treatment planning
system (TPS) includes in addition the main doseuwalion algorithm some addition
algorithms particularly used to address this issue.

[11.2 The Heterogeneitiesin human body

Generally, in the human body, tissues whose atomncber and density are different of those
of water are called heterogeneities. The human lbodyains numerous heterogeneities (lung,
oral and nasal cavities, tooth, bone, possiblythesss...). These heterogeneities can be easily
identified and therefore separated from the homogertissues by CT-scan which allows
obtaining a map of the attenuation coefficientsyather in Hounsfield unit (HU). Thus, the
Hounsfield unit is a manner to compare the atteonaif the X-rays through different tissues,
and is given by:

HU = 1000 Etissu”Fwater (111.1)

Hwater
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In the Megavolt energy range used in radiotherajtly & predominant Compton interaction
effect, the important element to take into accdanthe calculation of the dose in the patient
is the electronic density of the medium definedthiy number of electrons per unit volume.
The obtained HU mapping by the scanner is transfdrimy the TPS to electronic density
mapping using a correspondence curve (Fig.l[R24].

Hounsfield Units (HU) vs Relative Electron Density (RED) (HU- RED) for CIRS Model 062 on pCT and
Truebeam
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Relative Electron Density (RED)

Fig. 111.1: Typical HU-Electron density curve of CIRC modé! ghanton{24].

F. Tatsugami et al. have measured the electrontgesfsnumerous biological tissues using
dedicated phantom and compared the obtained vadubs true values (Table (111.1)25].
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Table I11.1: The true and measured electron densities ane@rioes between the true and
measured valugg5].

Inset ) : Physical Density 'I‘ru elgctrou
T LN-300 Lung 0.290 0283 0.206 308
2 Solid Water 1.019 0.990 0.999 0.95
3 Inner Bone 1.129 1.082 1.078 -0.38
4 Sobid Wetes 1.019 .99 2.996 238
§ Lives 1094 1682 1.086 $.39
6 Bone Mineral 1.146 1.099 1.094 -0.49
7 LN-450 Lung 0.450 0.435 0454 4.36
3 Sold Water LO1% 4.990 (.998 .80
: 1452 149 LS 534
19 BSE 284 {538 L1
11 1.561 1.471 1.439 -2.18
12 Seld Water L0189 2990 0.993 4.34
B o 1134 L7 - 1
14 1.000 1.000 1.000 0.00
15 0,980 0937 0.962 0.53
i8 IR 714 145 1839 S8

111.3. Influence of the heter ogeneities on dose Distribution

Heterogeneity in the irradiated medium can modifg type of interactions of the
particles of the primary beam with the material (Efiect, Compton and Materialization)
which is closely dependent on the atomic numbef thie heterogeneity medium. The nature
of the particles (electrons or photons) constitutine scattered radiation, their energy, their
number and their type of interaction, will alsorbedified. The dose distribution will then be
iImpacted particularly inside and after heteroggneitedium. The following effects and
impacts generally happen if heterogeneity existhenrradiated medium:

1. Before the heterogeneity (weak impactyenerally the primary beam is not
affected but closely to heterogeneity the backsoadtbeam is slightly modified.

2. Inside the heterogeneityPrimary beam considerable affected by the atteowati
inside the heterogeneity. The dose distributiomasnly affected by the secondary
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electrons fluence variation. In the electron equilim zone, the dose correction is

given by:

Dpeter _

I
(%) heter

Dwater

Hen
( P Jwater

(11.2)

Where: Dpeter is the dose in the heterogeneity mediuDjyaer iS the dose if medium is

homogenous water mediu% Is the mass attenuation coefficient of the enatggorption in

the considered medium (heterogeneity and water).

At the heterogeneity interfaces, the electron nguutdrium zone is modified because

the secondary electrons paths are modified.

3. After the heterogeneity In this zone, the dose distribution is stronglfeeted

because the attenuation of primary beam attenuaiomainly changed. Close to

heterogeneity interfaces, the backscattered betanssaffected by heterogeneity.

Examples on how heterogeneity can seriously atteetpercent depth dose profile
(PDD) in a specific case of radiotherapy are presgein figures (I11.2) and (l11.3)26].

PDD (%)
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700‘ \\ : —y Mosssrcncnt

60.01 N 7\:'

50.04 .\'\‘ I/ \:‘*“1’—{\‘\‘

40.0- x|/ f

30.0 \{ N

20.0 Ly

10.0 Solid-Water| Air Gap :\j‘::fr Air Gap Solid-Walter
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Fig. 111.2: The calculated PDD curves by AAA and AXB algonith and the measured PDD

in a heterogeneous rectangular slab phan&ih
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Fig. 111.3: PDD curves calculated through the radiotherapypBeliplanning system
algorithms Batho, modified Batho, equivalent TARdanisotropic analytical algorithm
(AAA); measured with thermoluminescent dosimetryg aimulated using EGSnrc Monte

Carlo code for a irradiation field of (a) 10 x 1®% (b) 5 x 5 crf, (c) 2 x 2 crh, and (d) 1 x 1
cnt [27].

[11.4. Taking into account heterogeneity in dose calculation

By taking into account the heterogeneities in dzaeulation contributes essentially to know
precisely the received dose by the target volurparid the OARs of the patient and thus to
better control the radiotoxicity and the therapeeffects of the radiation treatment. Indeed, it
is very important to take into account the hetenegiges particularly when using a modern
radiotherapy treatment technique such as 3-dimeasionformal radiotherapy (RC3D) or

intensity modulation radiotherapy (IMRT) because tdonformation of the isodoses of high




Chapter Ill: Heterogeneity Correction in External Rdiotherap

level of dose to the target volumes is more prearsk thus a difference of some millimeters

on the calculated dose may be enough to underdaneapart of the target volume.
[11.5 Heter ogeneity correction methods for dose calculation
The heterogeneity dose correction process canfleedpn two manners:

1. The indirect method: The first calculation is performed by considerilag
homogeneous medium (watet,= 1g/cni), then the obtained distribution of is
corrected by applying a corrective fact@H) to deduce the distribution of the
dose in the heterogeneous medium. The dose inolgetaeous medium at a point
P (Dretey IS then given by:

Dpeter(P) = CF(P). Dhomo (P) (11.3)

Many methods are available to determ@fesuch as:

* The Tissue—air ratio (TAR)method where th€F is given by:

_ TAR(@Zrg)
T TAR(zTg)

CF (I11.4)

Where z'=z; + p.z, + z3, z=2z,+2z,+ 73, z is the depth distance before,
inside and after the heterogenigiyjs the electron density of the heterogenity and

rq is the radiologic distance.

This method does not account for the position ingdab the inhomogeneity £z It
also assumes that the homogeneity is infiniteterdh extent.

« The Batho power law methodmethod initially developed by Batta8] and
developped by Sontag and Cunningh@®i.The dose at any poiftbelow the
heterogeneity is corrected by:

__ TAR(z3,rg)P3 P2

CF = = et (111.5)

Wherez = z, + z, + z3, p1 is the relative electron density of the mediumvirich
the pointP is consideredp; is relative electron density of the overlying mater

(heterogeneity).
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At the opposit of the last method, this method tak® account the position
relative to the heterogeneity. It also still assartat the homogeneity is infinite in

lateral extent.

» Equivalent tissue—air ratio methadThis method is is similar to the TAR
method described above, with the exception that fiblel size parameter is
modified as a function of the relative density torrect for the geometrical
position of the heterogeneity with respect to thwuation pointP. The dose at
any point P is corrected by:
CF = % (111.6)
* Isodose shift methodThis method is identical to the isodose shift mdtho
used for contour irregularities. Isodose shift dastfor several types of tissue
have been determined for isodose points beyonti¢terogeneity. The factors
are energy dependent but do not vary significawity field size.The factors
for the most common tissue are presented in tdbl@)( The total isodose
shift is the thickness of inhomogeneity multiplibgt the factor for a given
tissue. Isodose curves are shifted away from thace when the factor is

negative.

Table(111.2): The correction factors for the most common tissukenergy{34].

Energy %o/cm Correction
Lung Bone
Cobalt-60 —4.0% —-2.5%
4-6 MV +3.0% —2.0%
10 MV +2.5% —1.5%
1825 MV +1.5% —1.0%

2. Thedirect methods: the calculation is done directly in a heterogenemeslium.
Only full Monte Carlo algorithms explicitly accoufdr heterogeneities, the others
methods and models of radiation transport use appeie correction methods

that are generally based on Fano and O'Connorsetimso
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Fano theorem: As it is well established, the dosimetric data used
treatment planning are mainly derived from watdne Texistence of two
important theorems of radiation transport for phstand for charged
particles by O’Connor and Fano enables densityregaf data for water to
“water-like media” with arbitrary densitie¥his theoremassumeshat for
in an infinite medium of constant atomic compositexposed to uniform
radiation (photon) fluence, the secondary radiafioence (electrons) is
also uniform and is independent from the density & variations from
one point to another. This constant fluence of sdaoy electrons equals
the fluence generated under conditions of chargadicite equilibrium
(CPE) for a given fluence of photons. Consequentg, absorbed dose
across any area of density variations would beteotsThis is intuitively
plausible since density not only modulates the rembf electrons
launched per unit volume, but also rescales the&al range. The main
assumption in Fano’s theorem is that the interaati@ss sections per unit
mass are independent of the density of a mediundertical atomic

composition 30].

O’Connor theorem:In this theorem it is supposed that if two media o
different densities but of identical atomic compiosi are irradiated by the
same beam, the dose at the corresponding poirtgitwo media is the
same if all the geometric distances (including fiel size and the DSP)
are dimensioned with a manner inversely proportidoathe density as
shown in figure (lll.4). , Most algorithms use itrettly or indirectly to

transport photong31].
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Fig 111.4: O’'Connor theorem illustration
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* Theorem of reciprocity This theorem specifies that reversing the positions
of a point detector and an isotropic point sourcihiw an infinite
homogeneous medium does not change the amoundiaficsm detected. It
is strictly valid only for mono-energetic beams.skrves as a basis and
justification for necessary beam’s data calculatiaeed in kernels
superposition/convolution methods such as “kernehcp beam” and

particularly when the dose is to be measured inllsragion instead the

patient body by kernel inversion (Fig I1l.B2, 33]

FigI11.5: The estimate of dose originating from a large sciat) elemenB to a small
element A, as shown to the left, can be made wattebscoring statistics by use of a
reciprocal geometry as to the right in whighis used as the scattering element Bhds the
tally region. The set-up requires a homogeneousumednd rotational symmetric scattering

around the primary particle direction for the reopty to apply[32, 33]
[11.6 Correction Methods classification regarding the AAPM report 85

The heterogeneity correction methods and algorittans classified by the American
Association of Physicists in Medicine (AAPM) intour main catgories. Each categorie
includes many 1D and 3d correction methis.

1. Category 1: Local Energy Deposition
In this category the electron tranport is not ideld.

» 1D Density Sampling: The models in this method assume that the patmmdists of
a semi-infinite slab geometry per calculation postd all energy from the photon
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interactions is deposited at the site of interactdnly primary ray-tracing is used to

calculate the dose to a point.

Method 1.1-Linear attenuation: Very simple method of heterogeneity correction by
adjusting the dose at a given point by on the bafkike overlying thickness of the

heterogeneity and by some percent per cm distaorceation factor (Eq. 111.3).

Method 1.2- Effective attenuation coefficient: The effective attenuation coefficient

and the point correction is given by:
CF = et(@-d) (11.7)

where:|’ is the effective attenuation coefficient of walara particular beam quality,
d is the physical depth from the surface to the pointalculation, andl is the
radiological depth given by:

Where: Ad; are the thicknesses of tissues with differenttinadaelectron densitieg;
lying above the point of calculation.

Method 1.3-Ratio of tissue-air ratios (RTAR): already described abave

Method 1.4-Power law (Batho): already described above.

2. Category 2: Local Energy Deposition

This category too doesn't include the electronpah

» 3D Density Sampling:

With these methods the assumption of slab-like g#pmis overcome because the

heterogeneity intercepts only a portion of the aidn beam. 3D density information of the

scattered photon dose is then considered. Heregldntron equilibrium is assumed or the

supposition that the electrons are absorbed gidhm where they are created is considered.
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v' Method 2.1-Equivalent tissue-air ratio (ETAR): method implemented in
commercial treatment planning systems during th8049%nd is still in use on a
number of modern systeni35]. First practical dose calculation method usingftile
CT data set for computerized treatment planninge ETAR correction factor for
homogeneous, non-unit-density water-like mediugiven by:

_ TAR(pd,pr)

CF TAR(d,r)

(111.9)

Where:TARpd, pr) is the tissue air ratio in a field of radiuat depthd in a uniformmedium
of densityp relative to water andTARd,r) the tissue air ratio in a field of radiusit depthd

in a water =1).
The application of ETAR method teterogeneougeometries is given by:

__ TAR(drrr)

CF = o (111.10)

Whered’ andr’ are the scaled or effective valuedandr respectively for the energy of the

radiation being usedl is derived by averaging CT values along primdrgtpn ray paths.

v’ Method 2.2-Differential scatter-air ratio (dASAR): Method developed by Beaudoin
1968 which demonstrates that it was possible tcsoater-air ratios to calculate the dose to a
point in a heterogeneous mediyB6]. Thus scatter contribution that arises from voxels
within the irradiation volume is determined by aatser-air ratio table differentiated
numerically in the depth and lateratlirections. The scatter from such an elementaimel
AV is dependent on five: the attenuation of the pryta the scattering volumaV; the
number of photons per electrono¥ emitted; the attenuation and geometrical dispersio
the scattered photons; the absorbed dose per luaitck; and the electron density of the
volumeAV. Due to the available CT technology and weak datmn tools during this period,

this method was never implemented clinically.

v' Method 2.3-Delta volume (DVOL): Developed byWong and Henkelman in 1983 on
the basis the dSAR37, 38] This method considers a primary and an analyficstl scatter
calculation and, then, a term containing SARs anesalual scatter component is determined
experimentally. Two limiting conditions that shoub@ met by all photon dose calculation

algorithms: accurate prediction of dose and thedggneous, non-unit density medium. This
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method is not used clinically because the improgeduracy needs very long calculation

times (3D volume integration) during this perio@¢3

v’ Method 2.4-Differential tissue-air ratio method (dTAR): Developed byappas and
Rosenwald, this method proposes a simplificatiomhef differential scatter-air ratio method
(dSAR) that gives more accurate resylt®]. The simplification of the dSAR method
essentially consists in suppressing the multiplieatactor which accounts for the lateral
distance between the primary interaction and thautzion point.

v’ Method 2.5: 3-D beam subtraction method: This method was proposed by Kappas
and Rosenwald and tries to ameliorate the methbdategory 1 by taking into account the

following:
v" The point of calculation is not necessary locatedhe beam axis,
v' The primary is not always affected by the preseaithe heterogeneity,

v' The lateral dimensions of the heterogeneity cobkl smaller than the field

dimensions.

This method consists of using a mathematical coatlnin of on-axis conventional (category
1) correction factorg40]. It is very fast and comparable in performancéhwhe Batho

method with no additional data requirements.

3. Category 3: Non-L ocal Energy Deposition

This category of methods includes the electronspart.
» 1D Density Sampling

* Method 3.1-Convolution techniques. This method takes its name frazonvolution
mathematical technique that governs the dose @ionlalgorithm where the energy fluence
distribution is convolved with the scatter spreadnel to obtain dose. These kinds of methods
are still available on many TPS. That use convohifuperposition dose calculation

algorithms.

42

—
| —



Chapter Ill: Heterogeneity Correction in External Rdiotherap

* Method 3.2-Fast Fourier Transform (FFT) convolution: The FFT convolution
method was introduced by Boyer eti4l]. The dose for for a polyenergetic beam spectrum

is given by:
D) =Xn [, (). Ku(7 —7")dV (111.11)

Where: Kn(# — 7#') is the dose spread kernel for the nth energy iateand@,,(#') is the

spectrally weighted primary fluence.

This method can compute the dose very accuratelgréas of electronic disequilibrium

although they may not represent in most casesialt@eterogeneities.
4. Category 4: Non-Local Energy Deposition (Electron Transport)
» 3D Density Sampling

This category of heterogeneity correction methodspleys complex models to
incorporate 3D density CT information for the traor of both scattereghhotons and
electrons. These methods include the dose spreay @SA) method developed by Mackie
et al.[42], the differential pencil beam (DPB) method by Mol al.[43], the convolution
method using total energy released in the mediuBERMWIA) concept of Ahnesjo et gl4],
the forward and backward scatter transport modélvasaki[45], and the Woo et al. method
implemented in Theraplan-Plus (MDS-Nordi¢a®].

* Method 4.1-Super position-convolution methods: The superposition and convolution
is a widely used principle for dose calculationratdiotherapy. The correction principle is
based on the account for tissue heterogeneitiesidiarm both the TERMA distribution and
the dose spread kernels. Indeed, tissue that ikeirpath of the primary ray influence the
TERMA at each point in the patient. Thus, the priynaeam penetration is calculated by ray-
tracing through the voxel densities in the 3D vadualong divergent beam ray patHs].
The convolution/superposition is the integratiorthed TERMA distribution multiplied by the
kernel over the entire patient volume. In geneitat, effective density calculated along the
scattered ray path is used to change secondariclpacontributions or to look up the
appropriate value in the scatter kernel using derssialing. Many analytical methods were
developed and actually used under this category.
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* Method 4.2-Monte Carlo dosimetry in heterogeneous media: The Monte Carlo
method is a connexion between measurements angtiaaly based numerical calculations.
Dose perturbations at a heterogeneity interfacelaeeto a number of complex effects that are
related to the difference in the attenuation cosadfits, the mass energy absorption
coefficients, and the mass collision stopping pewen either side of the heterogeneity
interface. For Monte Carlo simulation accurate ghdrparticle transport is important because
charged particles set in motion on one side ofiriterface can migrate to the other side and
deposit energy. Several Monte Carlo codes have lised with success in supporting,
testing, or guiding the development of dose catmrda for radiotherapy applications
especially for complex tissue interfaces problénts50]. Actually, some TPS are working
with a Monte Carlo calculation option but Monte [Bamay be of more benefit for electron

beam planning than for photons.
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V.1 Objective

This study aimed to examine the compatibly of theAAcalculated and TL-measured doses
and therefore to evaluate the Eclipse-Varian TR®peance. Thus, it was also a question to
check if the treatment plans validated during tledcuation phase was valid by TL
measurement according to the ICRU recommendatiordose delivery to the PTV reported
in reports 50 and 6®-10]. In this context, ICRU recommends that the de&dedoses to
PTV must be within the interval of 95% to 107% lo¢ tprescribed dose. Since the prescribed
dose is 2Gy per session, calculated or measureesduosist be within the dose interval of
[1.9Gy-2.14Gy]. Thus, an accuracy of -5% to +72the delivered absorbed dose to PTV is

required.

In this work, indirect TL dosimetry at differenttlds was performed using a Rando phantom
instead of a real patient. Therefore, a virtualgratwas created within the Eclipse treatment
planning system (TPS) on the basis of computed ¢gpaphy (CT) data of the Rando
phantom. Real structures and programmed fields rebpatient were copied on the virtual
patient by performing all the necessary image-tegfisn and fusion adjustments within the
TPS. Based on the dose prescribed for the reakrmiata new treatment plan and dose
calculation was performed for the virtual patieRafido phantom) using the AAA algorithm
modified by transversal, lateral and at the intfdose heterogeneity correctigfi Patient
treatment plan was generated with 6MV co-planaedaHreld beams optimized with tissue
heterogeneity correction to deliver a prescribegedof 40 Gy in 20 fractions.Some updated
dose-delivery constraints for the studied case wensidered such as the delivery of 95% of
the prescribed dose t095% of the planning targéime (PTV), the delivery of less than
17Gy (42.5%) to the heart and the delivery of ks 10Gy (25%) to the spinal cojfell].
Doses were calculated by the TPS with and with@i¢rtogeneity correction, to get an idea
about the performance of the heterogeneity cooecalgorithm in different situations
(tumour volume, structures or organs, etc.). Bnalbses were measured in 19 well selected
positions where TLDs can be placed within the Rapldantom. The TLDs weredistributed
on threephantom’s layers corresponding to the afig CT-slices: 6.3cm, 9 cm and 12.3cm

(Z-position).

The comparison between doses calculated and doseasumed by means of
thermoluminescence (TL) shows compatibility exdepta few points, due to the limitations
in the heterogeneity correction used for the caselied here. The deviation between
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calculated and measured doses is about 6.5% for(d®@xbGy) doses, and about 1% for
higher doses (>0.5Gy).The deviation between AAAcgkted and TL-measured doses were

also found to be higher in proximity to heterogametssue interfaces.

V.2 Material and Methods

IV.2.1 Material
IV.2.1.1The Linear accelerator LINAC

Linacs are used in radiation therapy to producé Rigergy ionizing radiation (up to 25MeV).
The Linac Varian Clinac® iX SN5818 is used in tlsgudy (Fig. 1V.1). The technical
specifications of this accelerator are:

* Energy photons: X6 and X18 MV.
» Electrons Energy: 6, 9, 12, 16 and 20 MeV.
* Dose rate: 100 to 400 MU/min (MU: monitor unit).

* Multi-collimator leaf (120 leafs)

Fig.IV.1: LinacVarianClinac® iX SN5818
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IV.2.1.2 The RANDO phantom

The RANDO® Phantom is an invaluable aid in radicdipg treatment planning. It enables
detailed mapping of dose distribution. This dethilbbse information is useful for patient

treatment evaluation, quality assurance of autoth@@eatment planning systems and research

The RANDO® male model used in this study represaritZ5cm tall and 73.5kg male figure
(Fig 1V.2). The figure is with no arms or legs. Thkeantom is transected horizontally into
2.5cm thick slices. Each slice has hole grid pastevhich can be drilled into the sliced
sections to enable the insertion of TLD dosimet&vgo tissue-simulating materials are used
to construct the RANDO Phantom: the RANDO softuessnaterial and the RANDNO lung
material. Both of these are designed to have thneesabsorption as human tissue at the
normal radiotherapy exposure levels. Phantom istcocted with a natural human skeleton
which is cast inside soft tissue-simulating matetiangs are molded to fit the contours of the
natural rib cage.

Fig. IV.2: The RANDO® male model

The soft tissue material has an effective atomimer and mass density which simulates
muscle tissue with randomly distributed fat. Snaatl bubbles may be evident in images of
the RANDO® Phantom. These occur during the molgingcess and are small enough that
they should not have a significant effect on steidie
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Lung material has the same effective atomic nurakdhe soft tissue material with a density
which simulates lungs in a median respiratory stale molded lungs are hand-shaped and

fitted to naturally fill the rib cage.
Natural human skeletons are used in RANDO anthmauphic phantoms.
IV.2.1.3 Thermoluminescence detectors

In external radiotherapy, tissue equivalenty8.18) thermoluminescence detectors (TLDs)
such as TLD700(LiF: Mg, Ti) can be used for theifieation of the doses delivered to the
patient. In the present wofthermoFisher SNO78835 TLD-700 chips (3.2 x 3.2 x 0.89Mm

were used as TLDs. For such an application, then rolaallenge is the establishment of the
TL-dose response curve that allows the determinatd the dose according to the

corresponding intensity of the TL signal

IV.2.1.4 TL signal reader
In this work, the Risg National Laboratory TL/OSIAER20 luminescence reader was used
(Fig. IV.3) [52, 53] This reader includes three main modules:
1. Light detection system (Photomultiplier PM);
2. Stimulation system for optical and thermal lightission;
3. Additional irradiation sources: alpha, beta Xays.

Fig. IV.3: RIS@ TL/OSL-DA20 Reader, a) The Reader, b) Thatttler, c) The X-ray

generator controller
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The light detection system comprises a photomugtitombined with multiple light filters.
The light stimulation system includes a light emdtand heating plate source which can be
used separately to make optically stimulated lusteace (OSL) or thermoluminescence TL
used in this work. Additional in-situ irradiatiomsin be provided by a beta source, an alpha
source and an X-ray generator. The reader is ald@alyze in a single pass 48 samples each
with its own programming sequence in terms lumieese reading mode,
thermoluminescence heating interval , irradiatioppementations, type of light filter, etc.
The main characteristics of the used reader arensuized in table (IV.1). TLDs are placed
on a stainless steel disks and exposed to X-rdyeta dose as shown on figure (IV.4).TL
signal reading is performed by the same manneruby moving the disk to the reading
position under the photomultiplier.

Photomultiplier tube

3-0

PMT I‘.leiecl ion filter

Blue LEDs " 0
@ i Q e
Emizsion Alter -._,_. 4

Beryllium windmr oo %%% N 0O O 0 7. 0&

Irrachator

C:QL\\' Quartz window

Heater plate
i =
. .‘\ 2 i

Fig. IV.4: Disks exposure and TL reading

Table IV.1: Main characteristics of RIS@ TL/OSL reader

o CsSbcrystal with maximum detection efficiency beiwe200 ang
Photomultiplier . )
400nm and 0.4 sr as solid detection angle

_ Khantal with maximal temperature of 700°C and mepntrate
Heater material _
varying from 0.1 to 10°C/s

*SrPYY, Emax: 2.27 MeV, Strength: 1.48 GBq, Dose rats3y/s

in the quartz

Beta source

X-ray Generator | Tungsten, 50 kV, 1 mA, 50 W, Dose rate in the quay/s
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IV.2.1.5 Water slab Phantom
Water is the standard reference material in higerggnphoton dosimetry used for reference
data measurement. With TLD the utilization of wapérantom for dose measurement and
calibration is complicated. This is why we replaceater by a polystyrene based slab RW3
phantom. Indeed, water and RW3 T29672/U5 slab phharstre used as equivalent reference
media in external radiotherapy because these twerrals have the same characteristics of
the absorption and the scattering of the photon&d/3Rs a white polystyrene material
containing 2% by mass TiO2.RW3 has been developedhke use as solid water in high
energy photon dosimetry (Fig. IV.5). The technispkcifications of the RW3 used for

calibration are presented on table (IV.2).

Fig. IV.5: RW3 slab phantom

Table IV.2: Technical specifications of the RW3 used forlwaliion

Device designation RW3 slab phantom N° T29672/U5

Manufacturer PTW-Freiburg

Intended use Water equivalent phantom material for dosimetrizigh energy photon
Material Polystyrene (CH) containing 2% by mass titaniunxitie (TiO2)

Slab thickness Imm, 5mm

Slab size 300mmx300mm

Density 1.045gtm3

Mean Z/A 0.536
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IV.2.2 Experimental Procedure
IV.2.2.1 Virtual patient creation and treatment

In this work, a real patient with a lung lesion1#94.1cmishowing a similar corpulence as
the Rando phantom was considered. This patient besh treated with 3D conformal
radiotherapy technique at the radiotherapy cenitr8etif (CLCC), Algeria. On the basis of
the scanning conditions of a dedicated CT-scansed dor the patient, similar CT data were
used for the Rando phantom in terms ofslice’s tieds, scanning protocol and zero scanning
reference (Radiological Z=0). A virtual patient vitaen created within the TPS by uploading
the obtained CT data. On the basis of the sameoBiibanal treatment technique, prescribed
dose, target and organs at risk (OAR) volumesndation, and treatment plans of the real
patient, dose calculations were performed for timial patient[54]. For this purpose, the
corresponding real patient and Rando CT-slices weygistered and fused to form resolving
combined slices (images). Then, the clinician rdpoed the same lesion and the structuresof
the real patient on the virtual Rando patient vaikactly the same positions and the same
PTV. Finally, another clinician was asked to ché&ckhe same lesion was created and to
perform any necessary adjustments since the anatdntlye real patient and that of the
Randophantom were not exactly the same. Thus attne slelineation, beams and constraints
of the real patient treatment plans, were constlase presented in Table (IV.3). On figure
(IV.6) are presented: a) a 3D geometry illustratodrthe used treatment beams, and b) the
water-equivalent RW3 slab phantoms used in thiskwor the dose measurements and the

percent depth dose curve (PDD) comparison withahisation chamber.
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Table IV.3: Details of the considered radiotherapy treatmeah pf lung lesion. PTV —

planning target volume.

Prescribed dose 40 Gy given within 20 fractions (2Gy/fraction)
Constraint on dose 95% of the dose covers 95% of the PTV
Number of Fields 3 with 5 segments
Beam ID I \é 3 1S I5 g >§ >E- 5 %
S ls| 3 |z|2s/ 5|89
G| ® 5|18/ 3| 2| =
o )
Post static | 6X| 1.084| 195 O 0 148 154 878 p7
Post.0 static | 6X| 0.066| 195 O 0 148 154 878 7
Post.1 static | 6X| 0.076| 195 O 0 148 154 878 7
OAD’ static | 6X| 0.231| 300 @ 0 21.4 148 8b P3
OAD.O static | 6X| 0.066| 300 @ 0 21.4 148 8b 7
OAD.1 static | 6X | 0.072| 300 G 0 21.4 148 8b 7
ANT’ Static | 6X| 0.976] 15 O 0 143 141 884 84
ANT.O Static | 6X| 0.079| 15 0 0 143 14)1 88/4 7

"Post: posterior, OAD: Oblic Anterior Right, ANT: Aerior, SSD: source to surface distance, UM: Manito
Unit.

Fig IV.6: a) 3D Rando phantom image with the main treatrfieluts and lesion localisation
(blue), b) Rando phantom placed on the radiothe¥&gman ClinaclX accelerator, c) water-
equivalent RW3 slab phantoms used for TLD calibrati

52

—
| —



Comparison of measured and calculated doses in a Rando phantom with a realistic lung

radiotherapy treatment plan including heterogeneities

IV.2.2.2 TLD selection andvalidation before use

The signal stability (reproducibility) of the TLDshould be accessed. A general test of the
reliability and stability of the detector, beforsing it in clinical routine, can be performed as
follows. The thermoluminescence detectors are istad (2Gy dose), read and annealed each
three times. The standard deviation of the regykignals should be within 5%. In this work,
the thermoluminescence signals were always cotlanteler the same conditions presented in
Table (IV.4)using the Risg National Laboratory TL/OSL-DA-20 mescence reader. This
procedure was performed three times. The reproditgibf the response of the TLDs was

evaluated and chips with a response variation editgr than 5% were not used.

Table 1V.4: Conditions of the thermoluminescence signal reaftihg

Luminescence reading mode | Thermoluminescence

Maximum reading temperature | 300 °C

Heating rate 5°Cls
TL signal sampling 250 points over the range 200 °C to 300 °C
TLD annealing conditions 10 minutes at 400°C followed by 15 minutes at 100°C

IVV.2.2.3 TLD calibration

To calibrate the TLD chips the same beam qualitytreg used for measurements was
considered. The TLD chips were first annealed &°@0for 15 minutes followed by 300°C
for 10 minutes and were left to cool down. Theyevdlren transferred to a water-equivalent
RW3 slab phantom with size-adjusted inserts to @dud chips with minimum air gap. For
the determination of correction factors and thalds&hment of the TL-dose response curve,
all TLDs were irradiatedunder reference conditiatsaZ-depth of 10 cm, and a given beam
with a field size of 10x10cfand isocentric SAD-set-up (source-axis distanc&Gff cm)
(Fig. IV.7). Thus, all TLDs were given a dose ofy2fér the determination of the correction
factors.
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i |

Phtoton beam 10*10Cm? ‘
at surface of phantom

Fig. IV.7: TLD calibration setup under reference conditions

The measured TL signal to be used for dose detatram must be corrected according to
Equation (IV.1). Thus, four correction factors wensidered for optimal accuracy. These
correction factors are given by the following edoas Eq. 1V.2 - element correction facter
for each used TLD, Eq.IV.3 - actual to referencermé&asurement ratiR for a dose of 2Gy,

Eq.IV.4 - TLD weight correction factd;, and Eq.IV.5 - Riso OSL/TL reading position and
calibration correction factd?;.

TLeorr = TLmeqs- R. E;. W;. P; (IV.1)
E; = —pe (IV.2)
= :i;_gg; (IV.3)
w; = m::an (IV.4)
P = TLmean(TaLl(lzijsitions) (IV.5)

Where TLqo IS the corrected TL intensitylLes iS the measured TL intensity (integral
value), TLean IS the mean TL intensity of all TLDs measured &by dose,TL; is the TL
intensity of a given TLD measured at 2 G, IS the measured TL intensity of the reference

TLD for the actual experiment and a dose of 2 Wy, is the measured TL intensity of the

[s4)
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reference TLD for the first calibration experiméraference) and a dose of 2 Gw,is the
TLD weight, myeq, is the average weight of all TLD$L(P;) is the measured TL intensity of
the reference TLD at any given TL reading positionthe reader for a dose of 2 Gy,
TLrean(all positions) is the mean TL intensities of the reference TLD & TL reading

positions of the reader and a dose of 2 Gy.
IV.2.2.4 Dose response curve

The TL dose response curve was established by megsthe TL signal intensities
corresponding to the following doses: 0.1, 0.51.5, 2 and 2.5 Gy. The used TLDs were all
irradiated at reference TPS conditions using theemequivalent RW3 slab phantoms. The
irradiation was performed with the same treatmét@n energy (at 6MV) which is delivered
by the Varian ClinaclX accelerator. The TLDs weead just after exposure to the planned

doses.
IV.2.2.5 Percent Depth dose checking

As it is well known, the PDD is a very important asere of clinical beam data for dose
calculation. To check if the used TLDs gives a eciriresponse when considering in-depth
dose measurement as it is in this work. At the CL@Giotherapy service, this curve is
established and routinely checked using a calidrd@8W 31010 - 0.125cc Semiflex
ionisation chamber and a water phantom. In ordesetdfy the ability of the used TLDs to
reproduce the same PDD as that obtained with thisaton chamber, the main doses of the
PDD were measured by TLDs using suitable watervaedemt RW3 slab phantoms. Thus,
dose were checked at three depth position: surfagég-up position (1.5 cm), and at TPS
reference depth (10 cm). For this verification andiard field of 10x10cfwith a source-to-
surface distance (SSD) of 100cm and photon endr§ieV were considered.

IV.2.2.6 TLD Dose measurements on Rando phantom

In this work, 19 dose-measurement positions wenefglly selected within the Rando
phantom on the basis of the CT data as presentigure (IV. 8).According to the available
holes in the Rando phantom, the locations of thendeters were selected to cover the PTV,
the OARs such as heart and spinal cord, and therdgginous tissue interfaces from both
sides. Then the beams listed in Table (IV.3) weedivdred to the RANDO phantom

according to the radiotherapy treatment plan, drel dose was measured at the various
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selected points using TLDs. TLD irradiation, readirand annealing were performed

following the same protocol used for their calibvat

Fig. IV.8: TLD positions shown on CT-sliceswith radiotheragaims angles: (a) slice with
y=6.3cm, (b) slice with y=9cm, (c) slice with y=82Zm.

IV.2.2.7 Dose calculation and heterogeneity correicin

In this work, dose calculation was performed by teamlets convolution/superposition
anisotropic analytical algorithm (AAA) version 113@ implemented in the Varian Eclipse
TPS. Configuration of the AAA is based on basicqbtgl parameters determined by means
of Monte Carlo simulation, where the parametersewamlapted to measured clinical beam
data. The AAA algorithm included the Monte Carlmslation of the primary photons, the
scattered and extra-focal photons and the scat@esdrons. Heterogeneity correction was
performed at three levels: transversally, lateraiygl at the heterogeneous tissue interfaces
such as soft tissue-lung and soft tissue-bone.eCions were made on the basis of EQs.
(IvV.6), (IV.7), and (IV.8)[8]. Moreover, AAA has a different approach of accaumtfor
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heterogeneities compared with other algorithms whilepend on the type of the

heterogeneity considered (air, bone...), tissusideand tumour locatiofb5-57].

15(Z,p) = Ig(2), with 2 = [T 29 _q; (IV.6)

0 pwater

Ke (X, Vg, 7) = B2 F5_q ¢ (2) T e™MTaC0) vty (x,,p) = [Ld i (V.7)

Pwater

(2) j—
ko(2) = 2= S cipe ™ (Iv.8)

Where:l4(Z,p) is the energy deposition function considering fegeneitiesZ is the depth of
calculation pointis the radiologic distance from the Kernel origi(t)is the mass density of
the tissuepwaer IS the water densityKs(xsys25) is the diffusion kernel at the beamlet
coordinate®s,ys.zs), ckis the kernel weighting factor allowing the norrzation of the total
kernel energyy is the attenuation constamt is the radiologic distance from the depth
which is the origin from the kernel point to theirdoof coordinategx,y,2), ¢ is the integral
line from the kernel origin (0,0,2) 1x,y,2), k. is the one dimensional 1D diffusion kernel

andy; arecoefficients determined by Monte-Carlo kernels atlebeamlet.
IV.3 Results and Discussion

IV.3.1 TLD section and validation before use

After being properly annealed and to check thea@ycibility of the detectors the TLDs were
irradiated three times by the Varian VF-50JX-rage 50KV, 1mA) and given a dse of 2Gy.
The calculation of the percent standard deviatfonsed to assess the reproducibility (Table
IV.5).

SD

%SD = .100 (IV.9)

mean

With: D is the standard deviation afid,,,.,, is the mean TL value.
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Table IV.5: Results of TLD selection

TLD N° TL max Standard deviation (SD) | Percentage S[§%)
1227
1 1225 2.49 0.20
1231
789
2 793 1.67 0.21
790
827
3 826 2.16 0.26
831
1077
4 1090 5.44 0.5
1081
1076
5 1082 7.48 0.69
1094
1124
6 1147 12.19 1.07
1152
1225
7 1248 14.16 1.15
1214
1061
8 1085 12.36 1.16
1057
1060
9 1060 17.44 1.63
1097
1026
10 1063 17.44 1.68
1092
619
11 633 10.62 1.68
645
1149
12 1192 21.27 1.8
1196
1111
13 1080 20.24 1.87
1062
1307
14 1348 27.21 2.03
1373
1152
15 1096 23.25 2.07
1115
1002
16 1059 24.25 2.34
1045
1139

17 1094 31.97 2.82
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1172
1121

18 1156 55.37 1.53
1154

19 1166 77.467 0.51

TLDs with standard deviation more than 5% are teg@nd excluded from the use in this

study.
IV.3.2 TLD calibration

All TLDs were placed in RW3 slab phantom and alegi a dose of 2Gy with the Linac using
photons E=6MV under reference conditions (SAD <selupe correction factors were

established for the same beam quality used fotntrexat for each TLD and are shown in the
Table (IV.6) below:

Table 1V.6: TLDs calibration and correction factors.

TLD N° Weight (mg) Wi Pi Ei

1 23.8 0.98604 0.65173 0.93933

2 24.3 1.00676 0.550471 0.93995

3 24.3 1.00676 0.77869 0.87079
4 23.4 0.96947 0.67018 0.96374

5 24.3 1.00676 0.897271 0.9095
6 24.4 1.0109 0.84006 0.9597

7 24.2 1.00262 0.62506 0.84678

8 24.1 0.99847 1.11205 1.12235

9 23.9 0.99019 0.76485 0.90045
10 23.9 0.99019 1.25364 0.72552
11 24.5 1.01505 1.0008% 1.08129
12 24.4 1.0109 0.64525 0.78995
13 24.4 1.0109 0.72134 0.93118
14 24.1 0.99847 1.03904 0.99817
15 24.3 1.00676 0.99197 0.99001
16 23.0 0.9529 1.23337 1.47829
17 24.4 1.0109 0.98124 1.05702
18ref 24.7 1.02333 0.93097 1.57761
19 24.2 1.00262 0.944717 0.91836
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IV.3.3 Dose response curve establishment

The results of the obtained TL signals (glow cuyvafter all TLDs irradiation to different

doses are shown in Fig (IV.9).

Intensity

15Cy
1Gy

0.5 Gy

0.1 Gy

Temperature (°C)

Fig.IV.9: Obtained TL signals for dose response establishdteaeference TLD.

Thus, the TL dose response curdé%£f(D)) was established by measuring the TL signal
intensities corresponding to the following dosed, ®.5, 1, 1.5, 2 and 2.5 Gy. The TL

intensities are shown on table (1V.7).

Table IV.7: TL intensities corresponding to different irradoatidoses.

TLD N° Dose Corresponding TL Integral
(Gy) monitor units UM

6 0.1 13 8363
8 0.5 63 31865
11 1 125 73700
16 15 188 92977
18 2 251 143650
17 2.5 313 167152

Results of table (IV.7) are plotted on the graphgure (IV.10). It can be easily verified that
the response of the TLDs is quiet linear alongdbesidered dose-interval. The linear fit of
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the experimental data allowed determination of gmeemental relation (Eq. (IV.10)) which

was used for accurate dose determination in Grgy ffl@m any measured TL intensity.

TL = (64500 + 1300) * D + (1800 + 380) (IV.10)

2,0x10°

1,8x105—- = TL Intensity (Integral)
Linear Fit of TL

1,6x105—-
1,4x105—-
1,2x105—-
1,0x105—-
8,0x104—-

6,0x10"

TL Intensity (counts)

4,0x10"

2,0x10"

0,0 — :
0,0 0,5 1,0 15 2,0 2,5 3,0

Dose (Gy)

Fig IV.10: TL-dose response curve

I\V.3.4 Percent depth dose (PDD) checking

The TL signals obtained after the TLD expositionhat three considered depths are presented
in figure (IV.11).
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Fig. IV.11: Obtained TL signal for PDD checking.

The irradiation conditions and the obtained dodtsr &LD reading are shown on table
(IV.8). The comparison between depth dose curvessared by the routinely used calibrated
lonisation chamber and by the TLDs demonstratestieaTLDs were able to reproduce an
accurate PDD (Fig. IV.12).
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Table IV.8: PPD results obtained by TLD

TLD N° UM Depth of Dose (Gy) % Value
irradiation
18 949 Z=0 cm surface 2.05 52.66
18 949 Z=1.5cm buil-up 4 100
18 949 Z=10 cm (reference) 2.5 67.37
100 lonisation chamber
H * TLD
80 4 :.
S )
~ 60 L
(D) .
=) *
©
>
40
20
(I) 5IO 1(I)0 I 1I50 I 2(I)0 I 2I50 I 3(I)0

Distance (mm)

Fig.IV.12: Central axis percent depth dose (PDD) as measyreteans of an ionisation
chamber and the thermoluminescence dosimeters (Tlib@gater and water-equivalent RW3
slab phantoms for a 6 MV photon beam of a fielé siz10x10 cri Measured doses are

normalized to the dose at a depth of 1.5 cm (budday)

IV.3.5 Comparison between calculated and measured doses

Results of TLD doses measured at various depthsnihe Rando phantom are shown in
Table (IV.9) and compared to the doses calculataith whe AAA with and without

heterogeneity correction. Additionally, the diffeoe between the calculated corrected dose
and the measured dose is also shown.
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Table IV.9: Different AAA-calculated (AAA: anisotropic analgal algorithm) and TL-
measured (TL: thermoluminescence) doses and diifesA of HC-doses to without-HC
doses and TL-measured doses to reference HC-ddSes.heterogeneity correction; WHC —
with heterogeneity correction; WOHC — without hetggneity correction; see Fig (IV.8) for

location of TLDs; grey: positions at lung interface

TLD Callgglseged Calculated _A(%) Measured A(%)
. Without HC _ Dose Pwne = Dot 190 Dose Dy, — D
location (Duord) With |(—|ch()D\AHC) Dync ??3;; | . o WHc_100|
(Gy)

1 0.097 0.087 -11,50 0.094+0.004 7.45
2 0.27 0.25 -8.00 0.27+0.01 7.41
3 0.24 0.21 -14,29 0.23+0.01 8.70
4 1.90 2.11 9,95 2.08+0.10 1.44
5 0.20 0.17 -17,65 0.18+£0.015 5.56
6 0.28 0.28 0.00 0.32+0.02 12.50
7 1.28 1.05 -21,90 1.04+0.05 0.96
8 1.81 1.71 -5,85 1.70+0.08 0.59
9 0.60 0.54 -11,10 0.52+0.06 3.85
10 0.19 0.27 29,63 0.29+0.01 6.90
11 1.96 2.13 7,98 2.17+0.10 1.84
12 0.27 0.21 -28,58 0.24+0.01 12.50
13 0.55 0.51 -7,84 0.51+0.02 0.00
14 1.95 2.09 6,70 2.08+0.10 0.48
15 1.99 2.10 5,24 2.23+0.10 5.82
16 2.09 2.03 -2,95 2.04+0.10 0.49
17 1.99 2.01 1.00 2.00+£0.10 0.5

18(ref.) 2.01 2.07 2,90 2.09+0.10 0.96
19 2.16 2.09 -3,35 2.13+0.10 1.88

TL-measured doses at the lung interfaces (TLD N°13,and 15) demonstrate a high
difference Q) to the corrected doses. This is maybe due to sam&tion of the used

algorithm to well predict the build-up of dose né@sue interfaces broadening the lungs.
Thus, in case of a strong heterogeneity, AAA daseection is very significant. Indeed, the

average\ difference between calculated and measured dosesléw dose range (<0.5Gy) is
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about 6.5% and while it is about 1.0% for a higtiese range (>0.5Gy). It is also confirmed
that the maximum total dose measured by the TLOkerheart does not exceed the value of
5.4Gy (Position 2), a value which is below the OA&énhstraints considered in the actual
radiotherapy plan. It was also found that the mestsdoses within the PTV were consistent
with the ICRU recommendations. All the correctettukated doses and measured doses of
the PTV (Table IV.9) were found to be in the inrnof 95%-107% (1.9-2.14Gy) of the
prescribed dose (2Gy) except for positions 11 @mdvihere the measured doses were found
relatively outside this interval. These resultsl dimdings confirm that an adequate dose
delivery to the PTV is possible with the considetetment plans validated during the TPS
calculation phase and actually used. This treatrpkams can be improved if more attention is
paid to the interface and near interface areas sscpositions 15 and 11. The CLCC
radiotherapy service was also advised to implentieatintensity modulation radiotherapy
(IMRT) which can help to overcome such point-dogpesblems better than conformal

technique with the used heterogeniety correctigoréhm.
I\V.3.6 Heterogeneity effect on calculated doses

The present results indicate that tissue heterdiyeisean important aspect that needs to be
considered for dose optimization of the treatmelsing Therefore, the calculated dose
distribution with and without heterogeneity correntas well as the TL-measured doses were
compared to the prescribed dose. The exact coadedinaf the TLDs positions, the
corresponding Hounsfield units (HU), and the petaga (%) of the calculated and measured
doses with respect to the prescribed dose (2Gy)thferabove mentioned situations are
presented in Table (IV.10Pn this table we can check the conformity of lquaiht-dose with

already mentioned recommendations and if therehahpoint dose.

Table IV.10: Percentage (%) of the heterogeneity correctio@)(Hoses, without HC doses,
and TL-measured doses with respect to the prescdbse (2Gy). PTV — planning treatment
volume; HU — Hounsfield unit; TLD — thermoluminesce dosimeter; GTV- Gross tumour

volume, see Fig (1V.8) for location of TLDs.

Coordinates (cm) 9 S5 3 9
2.8 |38 5 3

c c O
TLD &8 © I 83 o R
O & 259 |92 £S89
i & = 05 0o S
location X Y Z T3 8¢ |gg7 208
~ _9 Y— \: 9
0\030_ (e @] s} o
e IxT L S

65

—
| —



Comparison of measured and calculated doses in a Rando phantom with a realistic lung

radiotherapy treatment plan including heterogeneities

1 252 | 63| 1.62 17.75(Heart) 4.9 4.4 4.7

2 -050 | 6.3| 4.64 19.75(Heart) 135 12.5 13.5
3 -0.54 | 63| 7.59 13.25(Heart) 12.0 10.5 11.5
4 -3.65 9 7.57| 25.75(Soft tissue, GTV 95.0 105.5 104.0
5 5.44 9 | 4.49 -669(Lung L) 10.0 85.0 9.0

6 2.44 9 | -4.53| 10.5/-650(Interface) 14.0 14.0 16.0

7 -0.57 9 -4.53 12.75(Soft tissue) 64.0 52.5 52.0
8 -0.57 9 1.52 13.75(Soft tissue) 90.5 85.5 85.0
9 -15.67 9 -1.34 12.5(Soft tissue) 30.0 27.0 26.0
10 536 | 12.3] -7.67  -476.25(Lung L) 9.5 13.5 14.5
11 -6.58 9 7.61| 12(Softtissue, GTV) 98.0 106.5 108.5
12 2.41 | 12.3] -4.54 20/-433.5(Interface) 13.5 10.5 12.0
13 -0.65 | 12.3] -4.46 22.5(Soft Tissue) 27.5 25.5 25.5
14 -6.62 9 | -145 -469(LungL, PTV) 97.5 104.5 104.0
15 -6.65 | 12.3| 4.56 8/-705.75(Interface) 99.5 105.5 111.5
16 -9.64 | 12.3| -1.58 -439.25(LungL, PTV) 104.5 101.5 102.0
17 -3.63 | 12.3| -1.51 -404(LungL, PTV) 99.5 100.5 100.0
18 -6.65 | 12.3| -1.51 -434.25(LungL, PTV) 100.5 103.5 104.5
19 -6.69 | 12.3| -7.56 -339.5(LunglL, PTV) 108.0 104.5 106.5

"HUs ofsoft tissue/lung interface.

In this study, the shape differences of the doseme histograms (DVHs) were also
evaluated for the main structures and volumes witd without heterogeneity correction.
Indeed, DVH is an important tool to evaluate thefggenance of the heterogeneity correction
algorithm and to verify if the major constraints diese delivery are respected or not.
Analysing the DVHs it could be verified that theedsalgorithm is very effective to generally
address the problem of dose delivery in case arbgeneities. It could also be checked that
the PTV planed dose and the OAR dose constraints generally respected (Fig. 1V.13).
Figure (IV.13) shows that, after correction, the/Rlume is well covered and the delivered
dose is within the interval recommended by the IGBRUMoreover, the OARs dose-

constraints are also well respected.
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Dose (Gy)

—=— Planning Tumor Volume 40Gy (PTV40)
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Fig.IV.13: Dose-volume histograms (DVHSs) with heterogenedsrection (solid symbols)
and without heterogeneity correction (Open symbaddjulated for the most important
organs and volumes

Although the constraints on dose delivery were gahe respected after heterogeneity
correction, the comparison of the same point-doséseen heterogeneity-corrected plans and
the non-corrected plans (Table 1V.9) demonstrdias the minimum (diminution), the mean,
and the maximum (augmentation) dose differences -2858%, -3.66%, and 29.63%,
respectively. The largest source of error in tHewations exists in heterogeneous tissue such
as left lung in positions 5, 10 and 12, and spmpdsition 7. Thus, it is demonstrated that the
presence of large heterogeneities cannot be gn@etounted for by the AAA algorithm
when compared to dosimetry-measurements, espeamligwer-dose areas such as heart,
spine and left lung and for heterogeneous intesfadée found a borderline of 13% in terms
of calculated dose difference on the horizontahssg distant from z=-6.7 cm to z=-7.8cm

(x=0cm and y=9cm) to the left of the PTV limit idsithe spine.

Finally, it should be mentioned that the algorithimsheterogeneity correction are classified
by the task group 65 (TG-65) of the Radiation Thgra&Committee of the American
Association of Physicists in Medicirig8] into categories from 1 to 4 according to the level

of anatomy sampled for the scatter calculation #redinclusion or exclusion of electron
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transport. The 3D AAA algorithm used in the presstoty is classified as a category 4. In a
study using a Rando phantom, Bragg and Conway tegpdhat the difference between the
dose calculated using the AAA algorithm and theedo®asured experimentally was within
2.5% or 2 mm in the presence of heterogenéi®y. Ronde and Hoffmann demonstrated that
the dose deviation in lung lesions using AAA wassleéhan 3% for most treatment plaé8s].
The TG-65 recommends that a category 4 algorithretrbe considered in order to quantify
the dose at tumor/lung interfaces in radiation piag for the lung and that one-dimensional
correction are reasonable only for point dose eg#@sifor lung tumors. Kry et al. compared
many algorithms used for heterogeneous dose cttmdaand stated that all algorithms
(AAA, Pinn, Xio, Tomo and PB) except Monte Carlo @Yloverestimated the dose that was
delivered to a lung tumor at the center (not atitiverface or periphery) by 3.9% on average
[61]. Ottosson et al. observed dose deviations oftlems 1% for isocentric field techniques
centered in the middle of a heterogeneous phantdrereas dose deviations of more than 4%
were observed for some laterally shifted treatnpdawis[62]. Finally, attention must be paid
to the new technical aspects of in-vivo dosimetrgl &uing radiation therapy techniques with

the focus on dosimetry applications using imagiegices[63].
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Conclusions

In this work it was question to evaluate the perfance of the Varian-Eclipse TPS used by
the CLCC in terms of dose calculation accuracy. @&vauation was regarding the application
of 3D conformational radiotherapy and by considgriissue heterogeneities that constitute
real and complicated cases for accurate dose aeditmul The results of the experimental part
presented in this work indicate that TLDs can beduer point dose measurements in order to
check the TPS-calculated dose, particularly, f@esgoresenting tissue heterogeneity. Indeed,
the shape of the PDD curve obtained using TLDsfaaisd in very good agreement with that
obtained with a calibrated ionisation chamber. Tdusfirms that TLD’s allow measurement
of point dose at different depths. Close attentbauld be paid to use of the Varian Eclipse
TPS with its heterogeneity correction algorithm @®Afor dose calculations involving
heterogeneities of low-density media. In the caselied here, lower deviations between
TLD-measured and calculated doses were observedmogenous media. The results of TL
point-dose measurements are generally in good magme with the calculated doses.
However, close to the heterogeneity interfacesylt®show some relatively high deviations
between calculated and measured doses althoughsitfoeund that for the worst case, the
constraints on PTV and OARs dose delivery are vespected. Thus, the AAA algorithm is
more accurate for dose calculation in treating elssgied tumours beyond heterogeneity
interfaces. It is, therefore, recommended that akgorithm used for the heterogeneity
correction must be continuously improved by studyamd reporting all specific cases where
the algorithm fails. Physicists should also wellderstand the effect of the correction
algorithm on calculated dose and maintain an opailoglie with clinicians on some specific
cases of tissue heterogeneity. In conclusion, agthothe measured doses are in good
agreement with the calculated doses in major tssstishould be kept in mind that there may
be discrepancies between the calculated dose a&ande#h delivered dose in heterogeneous

media.

69

—
| —



References

[1] Bodry JM (2009),La dosimétrie externe des rayonnements ionisantta déférence
nationale aux utilisateurs en radiothérapie et adioprotection Rapport CEA-R-6214.

[2] Van Dam J, MarinelloG (2006Methods for in vivo dosimetry in external radiothpgy,
ESTRO Mounierlaan 83/12 — 1200, Brussels.

[3] Wesolowska PE, Cole A, Santos T, Bokulic T, Katsev P, lzewska J (2017),
Characterization of three solid state dosimetrytays for use in high energy photon
dosimetry audits in radiotherapiRadiation Measurements. 106, 556-562.

[4] Better-Jensen L (2000Revelopment of Optically Stimulated Luminescenaehifigues
using Natural Minerals and Ceramics, and their Apalion to Retrospective DosimetiiRisg
National Laboratory, Roskilde.

[5] Furetta C (2003),Handbook of Thermoluminescenc#/orld Scientific Publishing,
London

[6] Oberhofer M, Scharmann A (1979) Edgplied thermoluminescence dosimetyistol:
Adam Hilger.

[7] Varian (2010) Eclipse Algorithm Reference Guid&/N B502679R03B.

[8] Varian (2009) Varian medical system :manuel de référence desigtigas Eclipsev.P/N
B502612R03A.

[9] Landberg T, Chavaudra J, Dobbs J, Hanks G, nkdmn KA (1993),Report 50:
Prescribing, Recording and Reporting Photon Beanerapy. Journal of the International
Commission on Radiation Units and Measurements (CR6 (1).

[10] Landberg T, Chavaudra J, Dobbs J, GerardH#Pks G, Horiot JG, Johansson KA,
Moller T, Purdy J, Suntharalingam N, Svensson $9@),Report 62: Prescribing, Recording
and Reporting Photon Beam Therapy (Supplement ®RUIGeport 50).Journal of the
International Commission on Radiation Units and Mig@ments (ICRUB2 (1).

[11] Khan M F, The Physics of Radiation Thergpi¥nd edition, (Lippincott Williams &
Wilkins, 1994, USA).

[12] Reports No. 103AAPM Task Group 103 report on peer review in chhicadiation
oncology physics Journal of Applied Clinical Medical Physics, Vob, Issue 4
http://www.aapm.org/pubs/reports/RPT_103.pdf.

[13] Radiation Oncology Physics HandboolErvin Podgorsak, Editor. http://www-
naweb.iaea.org/nahu/dmrp/syllabus.shtm

[70]



[14] JV Dyk, RB Barnett and JJ Battist&omputerized Radiation Treatment Planning
Systems in : Modern technology of radiation oncology, Nw=d Physics Publishing.
http://www.medicalphysics.org/apps/medicalphysiag¢dNDYKCHO08.pdf

[15] F. Hasenbalg, H. Neuenschwander, R. Mini, Baln .Collapsed cone convolution and
analytical anisotropic algorithm dose calculatiom@mpared to VMC++ Monte Carlo
simulations in clinical case®hys Med Biol, 52:3679-36691, 2007.

[16] A. Gray, L.D. Oliver, P.N. Johnstoithe accuracy of the pencil beam convolution and
anisotropic analytical algorithms in predicting théose effects due to attenuation from
immobilization devices and large air gapded. Phys., 36:3181-3191, 2009.

[17] Y. A. Hu, H. Song, Z. Chen, S. Zhou S, F.FnMtvaluation of an electron Monte Carlo
dose calculation algorithm for electron beadnAppl Clin Med Phys, 9:2720, 2008.

[18] P.S. Kroon, S. Hol, M. Esserdpsimetric accuracy and clinical quality of Acurd®
and AAA dose calculation algorithm for ste-reotacéind conventional lung volumetric
modulated arc therapy plan®Radiat Oncol, 8:149, 2013.

[19] T. Han, J.K. Mikell, M. Salehpour, F. Mourtgdaosimetric comparison of Acuros XB
deterministic radiation transport method with MonBarlo and model-based convolution
methods in heterogeneous medited Phys 38:2651-2664, 2011.

[20] S. Rana, K. Rogers, T. Lee, D. Reed, C. Biggmification and Dosimetric Impact of
Acuros XB Algorithm for Stereotactic Body Radiatidherapy (SBRT) and RapidArc
Planning for Non-Small-Cell Lung Cancer (NSCLC) iewats Int J Med Phys Clin Eng
Radiat Onc, 12:6-14, 2013.

[21] D.P Huyskens, R. Bogaets, J. VerstraPmagctical guidelines for the implementation of
in vivo dosimetry with diodes in external radiothgy with photon beams (entrance dgse)
2001-First edition by European Society for Therep&adiology and Oncology (ESTRO),
booklet n°5.

[22] Muhammad Magbookn Introduction to Medical PhysicSpringer, 2017.

[23] B. Emami, Tolerance of Normal Tissue to Therapeutic Radiatidteports of
Radiotherapy and Oncologyol.1, N°1, Department of Radiation Oncology, bty
University Medical Center, Maywood, lllinois, US2013.

[24] J.K. Annkah et al.Assessment of the dosimetric accuracies of CATBBdrnand CIRS
062 using kV-CBCT for performing direct calculaspdournal of Medical Physics, Vol. 39,
No. 3, 133-41, 2014.

[71]



[25] F. Tatsugami et alElectron density and effective atomic number imaggserated by
dual energy imaging with a 320-detector CT systAnfeasibility studyEuropean Society of
Radiology, ECR 2014, DOI:10.1594/ecr2014/C-0403

[26] R. Sureshyerification and dosimetric impact of Acuros XB @tithm for Stereotactic
Body Radiation Therapy (SBRT) and RapidArc planrorgNon-Small-Cell Lung Cancer
(NSCLC) patients International Journal of Medical Physics, Clinidangineering and
Radiation Oncology, 2(1):6-14, 2013.

[27] L.A.R. da Rosa et alRercentage depth dose evaluation in heterogene@asanusing
thermoluminescent dosimetryJournal of Applied Clinical Medical Physics, Vi, N°1,
2010

[28] H. F. BathoLung corrections in cobalt 60 beam theragy Can. Assoc. Radiol. 15:79—
83, 1964.

[29] M. R. Sontag and J. R. Cunningham, Correctiorsbsorbed dose calculations for tissue
inhomogeneities, Med. Phys. 4:431-436, 1977.

[30] U. Fano,Note on the Bragg-Gray cavity principle for measgrienergy dissipatign
Radiat. Res1:237-40, 1954.

[31] J. E. O’'Connor,The variation of scattered x-rays with density im iradiated body
Phys. Med. Biol. 1:352—-69, 1957.

[32] A. Ahnesj, M.M. Aspradakis,Dose calculations for external photon beams in
radiotherapy Phys. Med. Biol. 44 R99-R155, 1999.

[33] P.WO Hoban, D.C. Murray, W.H. Roun@hoton beam convolution using polyenergetic
energy deposition Kernel®hys. Med. Bial39 669-85, 1994

[34] N. Papanikolaou et al., tissue inhomogeneityractions for megavoltage photon beams,
Report of Task Group No. 65 of the Radiation Thgrapommittee of the American
Association of Physicists in Medicine, 2004.

[35] M. R. Sontag, J. R. Cunningha@linical application of a CT based treatment plammpi
systemComput. Tomogr. 2:117-30, 1978.

[36] L. Beaudoin,Analytical Approach to the Solution of the Dosimetr Heterogeneous
Media M.Sc. Thesis, University of Toronto, 1968.

[37] J. W. Wong, R. M. HenkelmarA new approach to CT pixel-based photon dose
calculations in heterogeneous medided. Phys. 10:199-208,1983.

[38] J. W. Wong, E. D. Slessinger, F. U. Rosenberi§e Krippner, J. A. PurdyThe Delta-
Volume Method for 3-Dimensional Photon Dose Calioites, in Proceedings of the 8th

[72]



International Conference on the Use of ComputerRanliation Therapy. Toronto, Canada
(Silver Spring, MD: Computer Society Press. IEER) 2630, 1984.

[39] K. Kappas and J.-C. Rosenwaldheoretical and experimental analysis of scattenfr
inhomogeneous slabs in a 60Co beam: the differetigisue-air ratio method (DTARPhys.
Med. Biol. 31:1211-1228, 1986.

[40] K. Kappas and J.-C. Rosenwaldl,3-D beam subtraction method for inhomogeneity
correction in high energy X-ray radiotherggdyadiother. Oncdb:223-233,1986.

[41] A. L. Boyer, Y. P. Zhu, L. Wang, P. Francolsast Fourier transform convolution
calculations of x-ray isodose distributions in haaoneous medjavied. Phys. 16:248-253,
1989.

[42] T. R. Mackie, J. W. Scrimger, J. J. Battiskagconvolution method of calculating dose for
15-MV x raysMed. Phys. 12:188-196, 1985.

[43] R. Mohan, C.-S. Chui, L. Lidofskyifferential pencil beam dose computation model for
photons Med. Phys. 13:64-73, 1986.

[44] A. Ahnesjo, P. Andreo, A. Brahme alculation and application of point spread
functions for treatment planning with high enerdyfon beamsActa Oncologica 26:49-56,
1987.

[45] A. Iwasaki,A method of calculating high-energy photon primabgorbed dose in water
using forward and backward spread dose-distribufiamctions Med. Phys12:731-7, 1985.
[46] M. K. Woo, J. R. Cunningham, and J. J. Jeziskg Extending the concept of primary
and scatter separation to the condition of eleciratisequilibrium Med. Phys. 17:588-595,
1990.

[47] R. L. SiddonFast calculation of the exact radiological path ®three-dimensional CT
array, Med. Phys12:252-255, 1985.

[48] H. Neuenschwander, T. R. Mackie, P. ReckwertMC-a high-performance Monte
Carlo code for electron beam treatment planniRgys. Med. Biol. 40(4):543-74,1995.

[49] M. R. Arnfield, C. Hartmann Siantar, J. SieheP. Garmon, L. Cox, R. Mohafhe
impact of electron transport on the accuracy of pated doseMed. Phys. 27:1266-1274,
2000.

[50] A. F. Bielajew, D. W. O. Rogers, A. E. Nahuifhe Monte Carlo simulation of ion
chamber response to 60Co-resolution of anomalie®@ated with interfacesPhys. Med.
Biol. 30(5):419-427, 1985.

[73]



[51] Noél G, Antoni D, Barillot I, Chauvet B (201,8)elineation of organs at risk and dose
constraints Cancer Radiothérapie. 20, 36-60.

[52] Kharfi F, Ketfi R (2018), Irradiated black pepper identification based on
thermoluminescence of silicate mineralournal of Radioanalytical and Nuclear Chemistry
315, 503-507.

[53] Risg (2015)Guide to the Risg TL/OSL ReadPiU Nutech. Denmark.

[54] Lefkopoulos D, Foulquier JN, Petegnief Y, Toub E (2001),Aspects physique et
meéthodologiques de l'imagerie multimodalité et phe de la planification dosimétrique
pour la radiothérapie conformationnelle tridimensielle Cancer Radiothérapie 5(5), 496-
514.

[55] Carrasco P, Jornet N, Duch MA, Weber L, @impe M, Eudaldo T, Jurado D, Ruiz
A, Ribas M (2004),Comparison of dose calculation algorithms in phamsowith lung
equivalent heterogeneities under conditions of rédteelectronic disequilibrium Med
Phys31:2, 899-911.

[56] Rana SB (2013)Dose prediction accuracy of anisotropic analytiaforithm and
pencil beam convolution algorithm beyond high digniseterogeneity interfaceSouth Asian

J Cancer 2(1), 26-30.

[57] Van Esch A, Tillkainen L, Pyykkonen J, TenlmM, Helminen H, Siljamaki S,
Alakuijala J, Paiusco M, Lori M, Huyskens DP (200®Bgsting of the analytical anisotropic
algorithm for photon dose calculatipMed Phys.33(11), 4130-4148.

[58] Papanikolaou N, Battista JF, Boyer AL, Kap@aKlein E, Mackie TE, Sharpe M, Van
Dyk J (2004),AAPM Report No. 85Tissue Inhomogeneity Corrections for Megavoltage
Photon Beams - Report of Task Group No. 65 of théidRon Therapy Committee of the
American Association of Physicists in MedigiMadison: Medical Physics Publishing.

[59] Bragg CM, Conway J(2006)posimetric verification of the anisotropic analydlc
algorithm for radiotherapy treatment planningadiother Oncol 81, 315-323.

[60] Ronde HS, Hoffmann L (2009¥,alidation of Varian's AAA algorithm with focus lumg
treatmentsActa Oncol 48, 209-215.

[61] Kry SF, Alvarez P, Molineu A, Amador C, Galvih Followil DS (2013)Algorithms
used in heterogenous dose calculations show systerddferences as measured with
Radiological Physics Center's anthropomorphic thorgpghantom used for RTOG
credentialing Int. J. RadiatOncolBiol Phys 85(1), 95-100.

[74]



[62] Ottosson W, Fehrens CF, Andersen CE(20D6}%e verification of radiotherapy for lung
cancer by using plastic scintillator dosimetry aacheterogeneous phantoh,Phys: Conf.
Ser.573 012022.

[63] McCurdy Boyd MC, McCowan PM (2017)n vivo dosimetry for lung radiotherapy
including SBRTPhysicaMedica 44, 123-130.

[75]



