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I ntroduction

Externd radiotherapy (RT) is the most used treastment method in radiotherapy. It is called
"external" because the radiation used for treatment is emitted from a source outside the body
and passes through the patient's skin to reach the tumor tissue. High energy ionizing radiation
isused in external radiotherapy to achieve the desired therapeutic effect. These radiations are,
thus, able to change the structure of cellsin order to damage and destroy cancer cells. Most
external radiation treatments use photons (such as X-rays), but electrons and protons are also
used. Photons and protons are used to treat deep cancers inside the body while electrons are
only used for superficial cancers. Indeed, the clinician chooses the type of radiotherapy and
the treatment device according to the type of cancer and its location in the body. There are
different types of external radiation therapy which includes:

2D or 3D conformal radiotherapy (2D or 3D-CRT),
Intensity-modulated radiotherapy (IMRT),

Image-guided radiotherapy (IGRT),

4-dimensional radiotherapy (4D-RT),

Stereotaxic radiotherapy (SABR) and radio-surgery (SRS),
Adaptive radiotherapy.

D N N N N NN

Computerized treatment planning systems (TPS) are used in external radiation therapy to
generate beam shapes and dose distributions that ensure optimal dose delivery to the patient
by minimizing complications and side effects. Treatment planning systems are at the heart of
radiation therapy and are the key for patient treatment outcomes improving. Once the image
data sets are loaded and the tumors are identified, the systems develop a complex plan for
each beam showing how the radiation therapy machine will deliver the prescribed dose. The
TPS also calculates the expected dose distribution in the patient's tissues by including
variables such as the penetration level of used beam in tissues which is influenced by the
energy of the radiation and the type of tissue that the beam rays meet (bone, lung,
muscular...). TPSs also help to choose the right ballistics avoiding the irradiation of critical
structures and organs that are more sengitive to radiation. This is in order to reduce the
collateral damage of radiotherapy. Treatment planning on TPS also includes complex and
automated programming for sequencing the leafs of the multi-leafs collimator (MLC) of the

radiotherapy machine (linear accelerator) to shape the beam around critical structures during

-
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the administration of the dose. Treatment plans can also be changed to compensate the effect

of tumor size reduction during treatment.

Quality assurance (QA) in radiotherapy is the set of procedures which guarantee the
consistency of the medical prescription and the safe fulfillment of this prescription. This
includes administering the maximum of the prescribed dose at the target volume and a
minimum dose to normal tissue, as well as minimal staff exposure and adequate patient
monitoring. Quality assurance in radiotherapy concerns all aspects of the radiotherapy process
which involves all groups of staff in a cooperative approach. Indeed, the fundamental
objective of a quality assurance program in radiotherapy is to provide each patient with the
best and safest radiotherapy treatment to obtain a cure, long-term tumor control, or palliation.
Quality control in radiotherapy includes systematic controls of treatment planning system and
dose administration parameters. Advice on appropriate methods, frequency of testing and
levels of action for these controls comes from professional and scientific organizations and
societies such as the International Atomic Energy Agency (IAEA) and the American
Association of Medical Physicists (AAPM ) . The establishment of a quality management

plan in radiotherapy servicesis currently a requirement in all countries of the world.

QA programs that guarantee the safety and reliability of external radiotherapy are
currently limited in their applicability to advanced radiotherapy techniques such as three-
dimensiona conformal radiotherapy (3D-CRT), intensity modulated radiotherapy (IMRT),
reverse planning treatment, and stereotaxic radiotherapy. All these techniques present a high
degree of complexity and great variations depending on the technique and the material used.
Emerging high-tech radiation therapy techniques, such as image-guided external beam
therapy (IGRT), adaptive radiation therapy, and motion-adaptive radiotherapy, require higher
levels of automation and quasi-real-time execution of operations such operations such as
automatic contouring, image registration, and treatment plans optimization making automatic
QA procedures expensive and even more complicated. Thus, the application of one treatment
technigue in externa radiotherapy in place of another with more complicated and costly QA
should be done in an objective allowing access to better treatment benefits. The improvements
brought by the new radiotherapy technique should be consolidated by comparisonsin terms of
administration of the dose to the target volume and critical organs at risk (OARS) sparing.

These comparisons are generally to be consolidated by dosmetric measurements on a

-
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phantom before the application of the new technique on a patient which must be in full

conformity with the quality assurance of the treatment.

Verification of the accuracy of the beam data used in radiotherapy planning is also part of
the QA process. Tests on the variability of such data (accidental or not) on beam-specific
calculations can help the user in case the differences between the measured and calculated
doses are found outside the recommended criteria. These controls concern single-beam
irradiation of water phantom under conditions close to those used for clinical trials during the
commissioning of radiotherapy service. These controls have been designed so that the user
can use the previoudy measured data. Comparisons can also be performed between measured
doses and cal culated ones by the TPS on selected points. The beam data checking includes the
output factors, the field size and its penumbra and the doses at different points of the water

phantom for a range of open or stuck field sizes.

In this thesis work, we are interested in the dosimetric comparison between 3D-CRT and
IMRT radiotherapy techniques in order to justify the use of the latter for the treatment of
certain types of cancer relatively complex in terms of localization and existence of wide
heterogeneities such as the case of lung cancer. The dosmetric comparisons by
thermoluminescence dosmetry and TPS calculation are made, in a quality assurance
perspective, to demonstrate of the benefits on the patient to be treated. It was also a question
to verify the impact of some plausible scenarios of wrong postioning of the beam data
measurement equipments and instruments, namely: the water phantom and the ionization
chamber on the accuracy of the treatment planning in external radiotherapy. This thesis

project was carried out in the radiotherapy service of cancer fighting centre of Setif.

This manuscript is organized into five chapters. three are theoretical presenting the
methods and techniques used and the two others are experimental presenting the results
obtained as well as their interpretations. The first chapter is reserved to the presentation of
externa radiotherapy and treatment planning. The second chapter presents quality control in
externa radiotherapy and the heterogeneities correction methods. In the third chapter the
principle of thermoluminescence dosimetry is spread out. The study of the influence of
improper positioning of the water phantom and the ionization chamber on the accuracy of
radiotherapy treatment planning is presented in the fourth chapter. Finally, in the fifth chapter,
the results of the control and the dosimetric comparison between 3D-CRT and IMRT, for the
case of lung cancer treatment are presented.

o
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|.1 External Radiotherapy

External radiotherapy consists of the irradiation of benign or malignant tumors with ionizing
radiation. It brings together all of the irradiation techniques where the source is placed at a
distance from the patient to be treated. We also talk about Transcutaneous Teleradiotherapy.
The treatment of cancer by external radiotherapy uses radiation of different energies. The
most used types of radiation are photons and electrons, which interact with matter mainly by
ionizing the atoms in their path (directly for charged particles or indirectly for photons).
That's why that they are called radiation or ionizing radiation.

The interaction of radiation with atoms creates biological effects, which can lead to cell death.
The ion produced in matter by radiation, has the capacity to damage DNA in two different

ways:

1 The direct action breaks the molecule into two fragments. One of these fragments is a free

radical possessing the capacity to produce a biological effect.

2 The indirect action is induced by the radiolysis of cellular water. The ionization of a water

molecule produces free radicals which are the source of biological effects.
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Figure 1.1: Direct and indirect effects of radiation on DNA
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The goal of external radiation therapy is to destroy cancer cells, modifying DNA, while
preserving healthy cells as much as possible. Therefore, the precision with which the tumor is

irradiated is essential.

External radiotherapy treatments are carried out using a linear particle accelerator or a
telecobalt (practically no longer used). This particle accelerator is originally set to deliver a
dose under reference conditions. From this and by fixing ballistics, there is a treatment
planning tool (the Treatment Planning System, TPS) which allows the dose to be calculated at

any point in space.[1]
I.2 Interaction radiation matter

In general, we can define radiation or radiation as a mode of propagation of energy in space,
in the form of electromagnetic waves or particles. Radiation can only be detected and
characterized by its interactions with the material in which they propagate. They can give in

to the middle that they go through all or part of their energy during these interactions.
Radiation is said to be ionizing when it is capable of removing electrons from matter.

A more exhaustive definition is given: "ionizing radiation is a transport of energy in the form
of particles or electromagnetic waves of a wave length less than or equal to 100 nanometers,
or with a frequency greater than or equal to 3x10*°hertz,capable of producing ions directly or
indirectly. " The energy equivalent corresponds at 12.4 eV. Among these radiations, there are
those which are directly ionizing, charged particles, those which are said to be indirectly

ionizing because they are not charged. [2]
1.2.1 Different ionizing radiations
1.2.1.1 Direct ionization

They include light charged particles (electrons), and charged particles heavy (protons,
a particles, and heavy ions) which deposit energy in the middle by a single step, through the
process of Coulomb interaction between the incident particle and the orbital electrons [2].

1.2.1.2 Indirect ionization

They include neutrons and electromagnetic radiation (X and y photons) which deposit
energy in the middle by two steps [2]:

-
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- At first, a charged particle is released in the absorbing medium (the photon releases an

electron or electron / positron pair, and the neutron releases a proton or nucleus backward).

- In the second stage, the particles released deposit the energy in the absorbing medium by

Colombian interactions with the orbital electrons of atoms.

Non-ionizing

Radiation Directly ionizing (charged particles)

Electrons, protons, alpha particles, etc.

lonizing

Indirectly ionizing (neutral particles)

Photons (x rays, gamma rays), neutrons

Figure 1.2: Classification of radiation [3]
1.2.2 Electron interaction with matter
The rapidly moving electrons are obtained from:

v The radio-elements B emitters,
v The linear accelerators,

v The emission of secondary electrons after X or y photons interaction.
Their Kinetic energy is between a few keV and a few MeV.

Electron interactions can be divided according to the radius of the target atom (a) and
the distance between the incident particle and the nucleus (b) of this atom in 3 categories:

radiative collision, hard collision, and soft collision [4].
1.2.2.1 Hard collision (a=b)

Electrons can have direct Colombian interactions with orbital electrons. The energy

communicated to these electrons allows them to either:
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v" To move them from their level to a higher level (excitement),

v Or to eject with kinetic energy (ionization).

The number of hard collisions is generally low, but the energy transferred associated with this

collision is relatively large (50% of the kinetic energy of the incident electron) (Figure 1.3).

1.2.2.2 Soft collision (b>>a)

The incident electron is affected by the Coulomb force of the entire atom. The energy
transferred to the orbital electrons is very low. However, the number of soft collisions is
generally large.

1.2.2.3 Radiative collision (b<<a)

The electron interacts with the nucleus of the target atom and undergoes either elastic
or inelastic diffusion, accompanied by a change in its direction. The majority of these
interactions are elastic; where the electron only loses an insignificant amount of kinetic

energy. However, a small percentage of these interactions are inelastic, where energy loss.

Hard collison Soft collision Radiative collision

b=a b>>a b<<a

incident electron

y—

incident electron

b hv

! I e ,électron ~
Al
b N
A\

JIncident

Figure 1.3: The different collisions of light charged particles (electrons / positrons) with

matter.
1.2.3. Indirectly ionizing radiation (photons)

The attenuation of a beam of photons by homogeneous matter is a phenomenon which

is the consequence of several types of elementary physical interactions which lead either to a

!
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change of direction of the beam of photons (diffusion), or to a transfer of part of their energy

to matter (total or partial absorption) [5].
1.2.3.1 Photoelectric effect

It is a phenomenon of total absorption. The incident photon disappears after giving all

its energy to an electron from a middle atom. The ejected electron carries away kinetic energy

Ex equal to the difference between energy En, of incident photon and its bond energy W.
Ek = Eh19 -Ww (Il)

Following the expulsion of the electron by photoelectric effect, there is an electronic

rearrangement with emission of fluorescence photons:

Let photon X be for heavy atoms,

Either of ultra-violet photons for light atoms.

The fluorescence photon can in turn expel a second electron from the atom; in this case it
is said to be an Auger electron (Figure 1.4) [3].

Before collision After collision

e

Ex = hv—Fn

}
=

Figure 1.4: Photoelectric effect
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1.2.3.2 Compton effect

Compton scattering corresponds to a shock between an hv photon and a weakly bound
valence electron. Le photon est alors diffusé avec une énergie inférieure a son énergie
incidente hwo (with hvo <hv). The so-called recoil electron is ejected with kinetic energy Ex
complementary to the energy of the scattered photon (hv= hvo+Ek) and an angle ®. This
recoil electron can cause subsequent ionizations. The angle of diffusion of the recoil electron

can be calculated using the following formula:
h
AL = e (1 — cos(¢p) (1.2)

Where A/ is the difference in wavelength between the incident photon and the scattered

photon, me is the mass of the electron (Figure 1.5) [3].
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Figure 1.5: Compton effect

1.2.3.3 Pair production

Pair production is a phenomenon that takes place near the field of the nucleus. In

nuclear pair production:

» photon disappears, and
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> an electron-positron pair with a combined kinetic energy equal to hv-2me c2 IS created by the

nuclear coulomb field (Figure 1.6) [3].

Threshold energy for nuclear pair production is given by:

mec?
Myc?

hvg, = 2m,c?(1 +

) ~ 2m,c? (1.3)

Where: me is the electron mass, Ma is the mass of nucleus, and me c2 = 0.511 MeV.

PAIR PRODUCTION

Before collision After collision

hv +

Figure 1.6: Pair production [3]

1.2.3.4 Relative predominance of individual effects

Probability for a photon to undergo any one of the various interaction phenomena

with an atom of the absorber depends:

e On the energy hv of the photon,

e On the atomic number Z of the absorber.
In general:
* Photoelectric effect predominates at low photon energies.
» Compton effect predominates at intermediate photon energies.

* Pair production predominates at high photon energies (Figure 1.7) [3].
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Figure 1.7: Regions of relative predominance

1.3 Different Treatment Techniques

There are different techniques of external radiotherapy. Technological advances have made it
possible to better protect tissues and organs at risk while delivering a therapeutic doseoptimal
for processing the target volume. Indeed, today all of the treatments are based on computed

tomography images.
1.3.1 Conformational Radiotherapy

The term “conformational” means "close to the shape or configuration of a
structure™. 3D conformal radiotherapy is a transcutaneous irradiation in which the treated
volume is adapted to the target volume reconstructed in 3 dimensions (Figure 1.8). The
objective of this radiotherapy technique is to decrease the dose delivered to the healthy tissues
surrounding the tumor, to increase the dose in the tumor and to obtain better local control,

thus increasing patient survival. At present, the implementation of this technique calls for:

- means ensuring the reproducibility of the treatment (immobilization of the patient, restraint,

etc.);

- three-dimensional imagery of all the irradiated volumes (CT scan possibly supplemented by
MRI, PET, and image fusion, etc.);

<
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- delineation of target volumes and critical organs to which appropriate safety margins are

applied;

- ballistics and personalized collimation of the beams (personalized caches, multileafs
collimators (MLC)) determined from a three-dimensional calculation of the distribution of
doses in the different volumes (GTV, CTV, PTV, organs at risk);

- control of the reproducibility of the treatment (portal imaging, radiography) [6].
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Figure 1.8: Fields conform to the structure

1.3.2 Intensity-Modulated Radiation Therapy (IMRT)
1.3.2.a.Definition and Interest of IMRT

Intensity-Modulated Radiation Therapy (IMRT) can be defined as a voluntary spatial
variation of the photon fluence, applied to the different points located inside the irradiation
field (Figurel.9 (B)). This fluence modulation is performed during the same treatment session
of the patient. In order to define this modulation, the fluence of the field is then discretized

into small volume elements called bixels (for "beam elements"). Each bixel is associated with
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a weight which can be either a fraction of the dose obtained in open beam, or a number of
monitor units (MU) [7]. The dimensions of each bixel determine the spatial resolution of the
intensity modulation and the number of possible intensity levels for each bixel determines the
resolution in intensity [8].

Figure 1.9: A.: Example of a homogeneous field obtained in conformational technique and
B.: Example of a modulated field obtained in IMRT for the treatment of ORL cancer [7]

Thus, thanks to the modulation of the intensity inside the irradiation field, the IMRT
makes it possible to adjust the absorbed dose in depth so that the high isodoses are all
confined within the tumor volume and s " adapt perfectly to shape complex of it. This gives
IMRT two major advantages over 3D-CRT [9]:

1. The possibility of increasing the dose in the tumor area (target volume), thus resulting in a
potential gain in efficiency (better local control);

2. The possibility of reducing the dose in healthy tissues close to the tumor, thus leading to a

gain in tolerance (better overall tolerance of the treatment, fewer complications) [10-11].
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1.3.2.b Modulation of static and dynamic intensity

v Static mode''step-and-shoot™: It is about the superimposition of fields of
complex shapes with discontinuous displacement of the blades and stop of irradiation of the
beam between two movements of the blades (static segmental mode). Figure (1.10) shows
schematically how the fluence map of a beam segmented into a level map is obtained. Each of
the segments is applied with the number of Monitor Units (MU) calculated [12].
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Figure 1.10: Principle of obtaining intensity modulation in static mode, superposition of four

segments generating four intensity levels.

v" Dynamic mode "'sliding window"': During an intensity modulation by sliding
blades ("sliding window"), the blades of the MLC move continuously during the irradiation,
with control and synchronization dose rate and slide speed. The movement of each of the

blades is done independently and at variable speed. The radiation emission is continuous
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during the displacement of the blades. The blades move in the same direction. The treatment
begins with all the blades positioned on the same side of the field to be produced (for example
on the left). Then the blades of right open at variable speed depending on their position
relative to the axis. Their opposites (those on the left) move at the same time at variable speed

to close the beam (Figure 1.11) [12].
v

{n.m.)

Figure 1.11: Principle of obtaining intensity modulation in dynamic mode
1.3.2.c Problems related to the use of multileafs collimator MLC

The physical problems generated by the mechanical and geometric constraints of
multileafs collimator (MLC) are managed in a diverse and more or less effective way in the
planning systems marketed currently. Generally, they are compensated by the introduction of

additional dosimetric parameters.

o Transmission: In intensity modulation, the number of monitor units useful for
delivering the prescribed dose is higher than in conventional mode.
In static mode, the transmissions linked to each segment are added, thus increasing the

proportion of the dose relating to the transmission of the collimator.
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In dynamic mode, the problem is further accentuated by the fact that a point in the area to be
irradiated most of the time passes under the blades. The transmission varies, depending on the
energy, the size of the field, the position of the field relative to the axis and the depth of
measurement. Some calculation systems use two transmission values: the main transmission
and a dosimetric offset (additional transmission) linked to the rounded shape of the blades of
certain collimators which adjusts the calculated and measured dose distributions. Others
consider only an energy transmission value. In this case, an average value of this transmission
under reference conditions [12].

o Focus: In most MLCs, the front of the blades is not focused, which leads to a

mismatch between the light field and the irradiated field which is more important as their
position moves away fromthe axis. This irradiated field / light field offset is corrected by the
manufacturers.
In addition, the flare of the front of the blades of certain MLCs increases the transmission on
the edge of these and the penumbra. This phenomenon, of low incidence for static fields,
becomes nonnegligible for dynamic irradiations because its effect is distributed over the entire
width of the irradiated field [12].

o Lateral profile of the leaf: In order to limit leaks between the adjacent blades,
the blades fit into each other in a "tenon and mortise” mode. In static intensity modulation,
this particular geometry can cause under dosing at the junctions of 2 adjacent segments

(Figure 1.12). This type of junction is avoided by certain sequencers.

TENON-MORTAISE EFFECT
RV Ry

1st segment 2nd segment

Groove Tongue

Figure 1.12: Diagram of the Tenon-Mortaise effect in static mode.
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In addition to the Tenon-Mortaise effect described above, when the speed of the
adjacent blades is different, the distance between the angles of the opposite blades each
belonging to a pair different is then less than the distance between the blades of each of the
pairs (Figure 1.13), it creates a sub-dosing zone. The synchronization of the blades reduces the
amplitude of this effect but to the detriment of the quality of the modulation [12].

Figure 1.13: Tenon-Mortaise effect in dynamic mode not synchronized.

o Leafs position accuracy: In static mode, only the isodoses of the edge of the
segments are affected by a positioning error as well as the dose in the center for small
segments. In dynamic mode, a blade positioning error results in a modification of the spacing
between the opposite blades and induces a dose difference over the entire irradiated field
since the blades cross the entire field during irradiation [12]. A 1mm error on a 1cm window
can lead to a dose variation of 10% (Figure 1.14).
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Figure 1.14: Influence of a positioning error of the MLC leafs on the dose delivered in

dynamic mode
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o Leafs movement speed: In static mode, the speed of movement of the blades
has no particular effect on the dose distribution. On the other hand, in dynamic mode, a stable
blade speed will lead to a uniform intensity profile while a variation in the speed of the blades

during irradiationintroduce profile level fluctuations [12].
1.3.2.d Reverse planning

Reverse dosimetry is a predictive dosimetry procedure, the starting point of which is
based on the clinical objectives imposed by the radiotherapist (dose to tumor and OAR), the
computer calculating the irradiation parameters necessary to achieve these objectives, hence
its name of reverse dosimetry (Figures 1.15 and 1.16). In conventional predictive dosimetry,
the dose to the tumor and to the OARs represents the final objective and not the starting point
of the treatment plan (Figures 1.15 and 1.16) [13].

“Inverse” treatment planning

"Conventional" Planning Inverse Planning

| NN

P ' >
: OAR

Collimator

Figure 1.15: Conventional direct planning on the left and indirect planning by intensity

modulation on the right [14]
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Figure 1.16: Diagram representing the direct and indirect planning process [15]

The reverse optimization process is the first step in planning specifically for intensity
modulation. The previous steps of acquiring anatomical data, determining interest structures

and setting up ballistics are identical to standard conformational processing.

For clinical use of intensity modulation, it is essential to know how to pose the
problem and how to adjust the optimization parameters so that the treatment plan conforms to

what is desired.

Reverse planning programs generally include a dose calculation algorithm combined
with an optimization method (optimization on intensity modulation) [13]. Based on

dosimetric objectives and optimization constraints, the

TPS calculates the modulation of each of the beams to be applied to obtain the
desired dose distribution. It builds and minimizes a mathematical expression called "objective

function" which we will detail later.

Ideally, the reverse planning system should optimize all of the processing
parameters. Most reverse planning software calculates the intensity modulation to be applied

to each of the beams so as to obtain the desired dose distribution. But because of the very high
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computation time, the systems do not carry out, to date, of optimization on energy, the
number, the orientation and the geometry of the beams. These parameters are always

dependent users and must be optimized manually.
1.3.2.e The objective function

To calculate the dose distribution which must correspond to that prescribed dose, it is
necessary to translate the dosimetric (or clinical) objectives by a mathematical expression
called objective function. Its most frequent representation is by a quadratic expression

translating the difference between the distribution of current dose and prescribed dose:

F= aZiETarget volume(Di (X) - Dp )2 + ,B-Zie organ at risk(Di (X) - Dt)z (|-4)

Where: Di (X) is the dose calculated at point i for all the modulated profiles x, Dp is the

prescribed dose to target volume and Dt is the dose tolerated by organ at risk.

The first term of this expression translates the distribution in the target volume and
the second the dose distribution in the OARs. When the constraints are not respected a penalty
is introduced. These are the factors o and 3. To evaluate the result of this function, criteria are

necessary, and are of 2 types: physical or biological.

Most systems are based on physical criteria. These optimization criteria or
constraints are in the form of minimum dose (Dmin) and maximum dose (Dmax) not to be
exceeded for the target volumes and Dmax to be respected for OARs. Indeed, such criteria
apply mainly to target volumes but also to OARs which have a threshold reaction (the spinal
cord for example). For the organs which rather show significant volume effects (the lungs for
example), criteria on the dose — volume relationship have been introduced, they are of the

type: x% of the volume must not receive a dose greater thany Gy [13].
1.3.2.f. IMRT optimization algorithms
Optimization algorithms consist of two elements:

v The objective function which groups together the clinical objectives to be achieved
during the planning and which gives a numerical score to the plan obtained,

v The optimization algorithm which will minimize this objective function.

-
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Optimization algorithms can be divided into two main groups: inversion methods
(mathematical methods) and iterative methods (deterministic or stochastic). The optimization
methods used are generally iterative. Their choice is mainly based on the number of beams
and the nature of the constraints depending on whether they are of the dosimetric type
orbiological. Each of these methods comes from a "modeling / dose calculation / profile
determination method" association, correlated with a set of compromises made during all the

stages, in order to simplify the system tosolve and / or reduce calculation times.

Iterative optimization methods are subdivided into two types, deterministic methods

and stochastic methods:

e The first type is a process in which a history always produces the same effect.
e The second type is a process which, for a given antecedent, can produce several
effects, each with a determined probability. Stochastic processes are the subject of

statistical analysis.

A. Determinist methods
Among the deterministic methods, we can distinguish:

Linear programming algorithms such as the Simplex algorithm which traverses the convex
polyhedron formed by the linear constraints of the problem by optimizing the cost function
(also linear).

Numerical gradient methods which are based on the determination of the derivative of the
cost function or an approximation of the derivative (by linearization) and possibly successive

derivatives like the Newton method (and quasi-Newton).
A.1 Simplex algorithm

The method is deterministic (even if its initialization can be random). George
Dantzig's simplex algorithm is a technique that is both fundamental and very popular for
linear programming problems. Thus, given a set of linear inequalities on n real variables, the
algorithm makes it possible to find the optimal solution for an objective function, which is

also linear.

-
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In geometric terms, the set of linear inequalities defines a polyhedron in n-
dimensional space and it is a question of finding the optimal vertex for the given cost
function. In the search for the optimal vertex, the simplex algorithm can take aexponential

calculation time.

However, the simplex algorithm is very efficient in practice and it is implemented in
all linear program solvers, and in particular for the computation of the displacements of the

CML blades in dynamics.

This algorithm does not seem the most effective for our reverse planning problem,
indeed too many parameters are to be programmed which makes the task extremely difficult
with this type of algorithm.

A.2 Gradient technique

The technique of finding the optimal solution by the gradient method is the most
commonly used in radiotherapy because one of its main features is its speed of obtaining an
acceptable solution. As mentioned above, the optimization process will seek to cancel the
value of the objective function, that is to say in other words to search for the variable
constituted by all of the modulated beams (grouped in the variable x) which cancels its

derivative:
Fopj(X)min = VFopj(x) =0 (1.5)

In its simplest form, the search for x, constituted by the bixels of the set of beams

will be done according to the following relation [73]:

X+ = X* — aVFopi(X5) (1.6)

Where, k indicates the iteration and has the size of the search step (variable or not).

The gradient of the objective function at iteration k can be expressed in the form:

VFobj (Xk) = Z[Q-ZieTarget volume(Di (x) - Dp) + B'Zie organ at risk(Di (x) - Dt)] (|-7)

<
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The iterative process by the gradient method is shown in Figure (1.17). The starting
point is x°. As iterations progress, the value of the objective function decreases to reach the
minimum at the third iteration. When the starting point is badly located, optimization can lead
to a local minimum of the objective function. The very principle of finding the optimal
solution using the gradient technique prevents the process from extricating itself from this
local minimum. Therefore, the optimization result is not optimal. The use of gradient search
therefore involves a risk of finding a sub-optimal solution, it is then necessary to have
recourse to stochastic search methods.

A

TECHNIQUE DU GRADIENT

-

FowncTioN OBIECTIF F(X)

Figure 1.17: The Gradient technique

An optimization of this technique is therefore sought. A significant improvement in the
investigation of the optimal solution can be obtained by the use of conjugate gradient
methods. In this algorithm, the direction taken for the next iteration takes into account the
direction used in the previous iterations. Thus, the optimal solution is reached much faster.
Knowing that the modulated profiles obtained by this technique are complex and can contain
digital artefacts, their practical realization is sometimes difficult to achieve. Spirou et al. [13]
have therefore developed a methodology to smooth beam profiles. They compared two
techniques: the first is to smooth the profiles at each iteration of the optimization process. The
second method consists in including a term in the objective function specifying the smoothing
of the profiles as if it were an additional optimization criterion. The results showed that the

second method was more efficient during optimization, since it required a lower number of
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iterations. On the other hand, it is less advantageous for dynamic irradiation because it

generates a longer irradiation time [13].
B. Stochastic methods

Unlike deterministic algorithms, stochastic optimization algorithms incorporate
random mechanisms for exploring the search space. These methods have the advantage of
determining the global optimum, but the speed of convergence is lower, however their use is

more suitable in the presence of constraints of biological type.
B.1 Simulated annealing

The simulated annealing method is a stochastic search method for the optimal
solution, which was first developed by Metropolis et al. (1953), then applied to optimization
by Kirkpatrick (1983); many variations exist. The solution space will be traversed by carrying
out more or less important research steps (probability function) and the solutions found are
preserved with a probability all the more important that they show a gain in optimization.
Simulated annealing reproduces the way a thermal system with large number of degrees of
freedom reaches a stable state when its temperature decreases slowly [13]. The analogy with
reverse planning is found in the fact that we will randomly modify the weights of each
elementary beam to achieve a stable equilibrium where the calculated dose distribution is

equal to the prescribed dose distribution.

The advantage of this method is that it makes it possible to traverse the whole space
of the solutions and to avoid stagnating the optimization process in a zone of local minimum
as could the systematic optimization of the gradient (Figurel-18) [13]. However, if the
optimization only relates to the weightings of the elementary beams, and not to the number
and the angulation of the beams, the local minima can be considered as close to the overall

minimum value and the results are entirely satisfactory [13].
Ideally, an infinite number of iterations is necessary to find the absolute minimum.

Consequently, in practice with a finite number of iterations, the best solution among
all those examined will be retained. The quality of this solution will be much closer to the
optimal solution that the number of iterations will be important which will require computing
times all the more important. Despite these drawbacks, the simulated annealing method is
used clinically [13].

-
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Figure 1.18: Simulated annealing

B.2 The genetic algorithm

Genetic algorithms propose a stochastic technique alternative to simulated annealing.
They are based on a natural process: the evolution of a population through natural selection.
Genetic algorithms therefore take up Darwin's theory. The first step in the process is to create
the initial population of individuals by randomly assigning 0 to 1 relative weights of bixels.
Then each individual is evaluated, that is to say that a value of "quality" is assigned to them.
From an objective function, this allows to classify the individuals. Then a selection of
individuals is made. The fourth step in the process is the random modification of the
population or individuals by overlapping (crossing of portions of individuals), cloning
(duplication of the best individuals), mutation (change of a few bixels), creation of
spontaneous generation, deletion, death of individuals (Figure 1.19). The spontaneous
generation of individuals or the mutation of some of them will allow, in particular at the end
of optimization, to ensure a sufficient diversity of individuals to allow a sufficiently broad

search for the optimal solution [13].
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Figure 1.19: The genetic algorithm

1.3.3 Stereotaxic radiotherapy

Stereotaxic radiotherapy (Figure (1.20) and (1.21)) is a very high precision image
guided radiotherapy technique which allows:

v Deliver very high doses of radiotherapy in small volumes,

v To carry out so-called "radio-ablative" treatments, which destroy the tumor,
v To spare nearby healthy organs [16].
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Figure 1.20: Example of Cyber Knife treatment for lung cancer

Its main indications include:
For intracranial tumors:

> Brain metastases,

» Meningiomas,
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>

Acoustic neuromas.

For extracranial tumors:

>

Small lung cancers, without affected lymph nodes and without metastasis in patients
too fragile to be operated or who refuse surgery
Metastases in so-called "oligometastatic" patients, that is to say who at most three
metastases with a primary disease have controlled elsewhere:

e Bones,

e Pulmonary,

e Hepatic.
Prostate cancer in patients who cannot or do not wish to be operated on. It can be
performed exclusively or as a boost of conformal radiotherapy,
Inoperable hepatocellular carcinomas,

Reirradiation of ORL, pelvic, etc. cancers [16].

Figure 1.21: Cyber Knife stereotaxic radiotherapy system [17]
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1.4 Steps of external radiotherapy treatment

1.4.1 Medical consultation

This consultation, the first contact between the radiotherapist and the patient, should
be a privileged moment to inform the latter of the different therapeutic orientations proposed,
expected benefits, possible side effects and therapeutic risks that these treatments entail. It is
important to adapt the explanations to the patient and to ensure their understanding in order to
provide fair, clear and appropriate information for that the patient gives informed consent to

the initiation of treatment [18].
1.4.2 Treatment Simulation

Simulation is the first step in the radiotherapy journey. This is the preparation for
treatment stage. It takes place between 2 and 7 days before the start of irradiation (Figure
1.22). During the simulation, the patient is placed in the treatment position, generally lying on
his back, using a means of restraint adapted to the location of the lesion to be irradiated and to
the treatment machine (Figure 1.23). For example, if the lesion is at the level of the thorax, the
patient's arms will be placed above the head in order to separate them from the treatment
beams. If the tumor is located at the level of the ORL sphere or the brain, the patient will
benefit from the placement of a thermoformed compression mask to guarantee the

reproducibility of the positioning [18].

Figure 1.22: Patient undergoing a scanner simulation session. The patient is placed in a

restraint system which will be used after the treatment.

E
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Figure 1.23: Means of restraint, A: inclined plane, B: thermoformed mask.

Then, we proceed to the acquisition of anatomical data by imagery via a scanner
dedicated to radiotherapy. Sometimes it is useful to inject a contrast medium to facilitate the
delimitation of the areas to be irradiated and to differentiate the vessels from other structures
(for example, the ganglionic structures). As soon as a comfortable and reproducible position is
defined, we tattoo the patients at precise reference points. These points are find at the
intersection of laser beams that represent the three axes of the Cartesian space (x,y,z). The
treatment rooms are equipped with this same laser device which therefore allows positioning
during processing with millimeter precision. Information concerning the type of compression,
the position of the various elements of this compression and the position of the patient are

also recorded on an individual file which will follow the patient throughout his treatment.
1.4.3 Definition of target volume and Organs at Risk

The definition of target volumes and organs at risk is also a preparatory step for
irradiation. She is often called "contouring”. In reality, on each section of the scanner acquired
during the simulation, the different volumes (to be treated and avoided) are delimited. This
meticulous work is the responsibility of the radiotherapist and is carried out on a
computerized planning system. The Treatment Planning System (TPS) allows 2D
visualization (section by section) and 3D reconstruction of the volumes of interest.

The contouring of the target volumes is done according to the recommendations of the

International Commission on Radiation Units (ICRU). We mainly define three target
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volumes: GTV, CTV and PTV. GTV (Gross Tumor Volume) or gross tumor volume includes
all measurable, palpable or visible tumor lesions on imaging. The second, the CTV (Clinical
Target Volume) or anatomoclinical target volume includes the GTV to which a margin
corresponding to the microscopic extension invisible to imaging is added. This margin comes
from literature data illustrating the possible microscopic extension described by pathologists

beyond what is macroscopically visible.

Finally, the PTV ("Planning Target Volume™) or forecast target volume includes the
CTV to which a safety margin is added corresponding to the positioning uncertainties of the
patient as well as the "mechanical” uncertainty specific to the machine. In some cases, we also
define an ITV ("Internal Target Volume") or internal target volume instead of a CTV, which
takes into account the physiological movements of the organs. We will then move from 1TV
to PTV. Going through an ITV considerably increases the volumes to be treated. In order to
reduce this volume, and thus reduce the risk complications in healthy tissue, so-called
"gating"” and "tracking" techniques are used in radiotherapy. In the principle of "gating"”, the
patient's breathing is controlled by the machine while, for "tracking", the machine must adapt
to the movement respiratory. From the acquisition of the initial imagery during the simulation,
so-called 4D techniques (addition of the time factor in the acquisition) will be used to allow

"gating" or "tracking" to execute the processing.

The organs at risk are also defined and then, can start the treatment planning phase,

also called predictive dosimetry [18].
1.4.4 Treatment planning approval

The planning stage is the penultimate stage prior to effective treatment by dose
delivery. It is a question of imagining the treatment best suited to the patient while respecting
dose constraints for organs at risk. This stage is carried out by the physical team of the service
composed of a dosimetrist and a medical physicist who will work in concert with the
radiotherapist. The treatments are delivered by machines called linear accelerators. In order to
deliver a homogeneous dose to the entire tumor and protect the critical organs, the dosimetrist
and the physicist must find the right combination of converging beams. They will therefore

iteratively vary dimension, position and weighting to optimize the distribution of the dose.

The iterative optimization process is limited by the time required for this process and
by the limits of the human mind to imagine different possible combinations.

.
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In the 1990s, “Intensity-Modulated Radiation Therapy” (IMRT) radiation therapy was
developed. It's about a radiotherapy in which the fluence of the beams is modulated during
treatment using the multi-blade collimator. Therefore, an optimization performed by the
dosimetrist is no longer conceivable given the multitude of modifiable parameters. In this
case, a reverse dosimetry. It consists in "imposing” dose targets for volume and dose
constraints for organs at risk. The reverse planning software then performs iterative
calculations, based on the objectives and constraints set. It adjusts, at each iteration, the
combination of the different technical parameters to converge towards the expected end result.

These iterations continue until the specified dose criteria are met.

As soon as the planning is complete, this forecast dosimetry will be discussed with the
radiotherapist. When several treatment options ensure the same degree of tumor coverage, the
choice is made in favor of the plan which saves the better the organs at risk. We will also take
into account the ease of execution of the processing because this has a connotation, on the one
hand, of security and quality of execution and, on the other hand, of responsible use of human
and technical resources. In order to compare qualitatively and quantitatively different plans
possible, we will use a tool called DVH (*“Dose Volume Histogram”). This tool is a graphical
representation of the distribution of the dose at the level of the various target or non-target
tissues. At the risk organ level, it makes it possible to assess the probability of the acute and
late effects of radiotherapy. The ideal objective is to deliver 100% of the dose homogeneously
in 100% of the target volume and 0% of this dose in the adjacent organs. Risk factors for
complications of healthy tissue are known and closely depend on the volume irradiated, the
total dose and the dose per fraction. Dose constraints have been described which should not
be exceeded in order to reduce complications in healthy tissue. This tolerance dose depends
on the dose distribution and the architecture of the organ. There are two types of organs:

organs with tissue structure in series and organs with tissue structure in parallel.

In tissues with a serial structure (spinal cord, digestive tract, nerves), the destruction of
a subunit of the organ alters the whole function of this organ. A high dose in a small volume

is toxic.

The tolerance dose is represented by the maximum dose delivered to a few cms, i.e. 2-
3% in the volume of the organ at risk. This is called the D2 of xGy, which means that the dose
received by 2% of the volume of the organ must be less than or equal to xGy. For tissues with
parallel structure (lungs, kidneys, liver), the organ consists of independent subunits between

g
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them. The function is then altered when a certain number of subunits is destroyed. The
tolerance dose depends on the dose distribution within the organ and is expressed as follows:
VX less than or equal to y%. This means that the dose of xGy should not be delivered in more
than y% of the volume of the organ at risk. We also speaks of average dose for the average of
the point doses calculated by calculation software in each element of the volume of the organ

at risk.

All data relating to the patient's treatment is transmitted in a secure and computerized
manner. In this potentially paperless universe, some paper documents persist for verification.
[18].

1.4.5 Effective treatment and dose delivery

Once started, the treatment is delivered daily except in special cases, and this,
weekends. During the first three days of treatment, the patient's position is checked by a portal
imaging system on the linear accelerator. This device makes it possible to compare the
planning images from the calculation software and obtained by digital reconstruction from the
simulation scanner with the images being processed. A comparison of planar (2D) or solid
(3D) images allows positioning control and correction of systematic errors if it takes place.
Then, during the treatment, this repositioning check is carried out once a week. The images
are analyzed by technologists and approved by the radiotherapist. During treatment,
consultations are carried out weekly by the radiotherapist. They aim to appreciate the clinical
tolerance on a general level (weight, fatigue, general condition) and on a regional level
(appearance of acute local complications). The patient is also supported by psychologists and

advised on dietetics by a consulting nurse [18].
1.5 General Description of linear radiotherapy accelerator

The accelerators used for the treatment of cancers by radiotherapy are linear
accelerators (Linac) of electrons emitting ionizing radiation of energy greater than Mega-
electron-Volt (MeV). The accelerated electrons can be directly used for the treatment of
superficial or semi deep tumors (skin cancer, chest wall after mastectomy, etc.), or they can
interact with a material of high density to produce mainly by braking radiation of high energy
X-rays (from 4 to 25 MV) for the treatment of deep tumors (prostate, lung cancer, etc.) [19].

-
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The electrons are produced by thermo-electronic effect from a cathode which is
composed of a spiral tungsten filament brought to high temperature by Joule effect. The
emitted electrons are focused in a beam brush by a wehnelt or concentration electrode. The
action of a pulsed electrostatic field accelerates the electron beam towards the anode, drilled
in its center to allow the passage of electrons. The assembly constitutes an electrostatic
accelerator which is called electron gun (Figure 1.24). The electrostatic field used to accelerate
the electrons is provided by a pulsed modulator acting on the cathode of the gun. The electron
beam thus created escapes from the barrel and enters the accelerating section formed by
several cavities (Figure 1.25) where it will undergo a succession of accelerations until it

obtains the kinetic energy desired.

These accelerations are produced by high frequency electromagnetic waves or
microwaves (= 3 GHz) supplied by a klystron or a magnetron (Figure 1.26). The pulsed
modulator also intervenes on the microwave generator which ensures synchronization
between the electromagnetic wave and the electrons which are sent in packets in the tube of
acceleration. The latter consists of several cylindrical cavities which allow the electrons to be
in phase with the electromagnetic wave to overlap it throughout of the tube. An auxiliary
pump generates vacuum in the accelerating section until a pressure of around 107 Torrs is
reached to allow a free propagation of the electrons. This is done at a slight angle to the
horizontal axis of rotation of the accelerator arm. The electron beam must then be deviated
from its path to come hit the target and produce x-rays that will escape from the accelerator’s
head through the crosshairs. Beam deflection is ensured by electromagnets positioned inside

the electron transport system from the accelerating section to the target (Figure 1.27) [19].

Figure 1.24: Electron gun of a Philips SL75/5 type accelerator

5
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Figure 1.25: Axial section of the accelerator section of a 6 MV accelerator

Figure 1.26: Magnetron, seen from the front, of an accelerator type SL75 / 5 from Philips

X-rays are produced by the interaction of accelerated electrons with the target of the
accelerator’s head. This produces two types of X-ray: characteristic X-ray (or fluorescence)
and Bremsstrahlung X-ray (or braking radiation) [19].

3
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Figure 1.27: Diagram-of-a-typical-medical-linear-accelerator [20]

The accelerator head consists of the following elements (Figure 1.28):

- The target allowing the production of X photons by braking radiation and characteristic

emissions;
- The primary collimator surrounding the target and delimiting a conical exit beam;

- The vacuum window providing the interface between the vacuum inside the primary

collimator and the air of the rest of the irradiation head;

- The equalizing cone to standardize the dose in the irradiation field. The cone is a function

of the energy (or rather of the accelerating voltage) of the photon beam used,;

- The monitor chambers continuously measuring the output dose rate of the device as well
as the symmetry and homogeneity of the beam. Two rooms are present in order to level
onepossible malfunction of one of them;

- The mirror reflecting the light of a bulb making it possible to visualize the treatment field
by a light beam;

- The jaws X and Y ensuring the secondary collimation in order to produce square or

rectangular fields;

35
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- A multi-leafs collimator (MLC) enabling a complex form of irradiation to be produced,

more in line with the shape of the target volume;

- TheMylar plate comprising the reticle allowing to materialize the central axis of the light
beam [21].

magnetic deflection
Target
Equalizing cone

; Accelerator section
Monttor rooms

Jaws Electron gun

MLC

Figure 1.28: Diagram of the Varian CLINAC 2100C linear electron accelerator
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11.1 Quality assurance and quality control in external radiotherapy

11.1.1 Quality assurance of the TPS

The treatment planning system TPS is a key element in the radiotherapy treatment
planning process. Its precise and stable operation conditions the safety of treatments and their
success, hence the absolute need to set up a quality assurance program at the level of all
stages of treatment planning performed on the TPS. Before tackling the different aspects of

quality assurance (QA), it is important to quote and define rigorously certain terms.
Quality Assurance in radiotherapy [1]: all procedures whose objective is to verify that:
¢+ The dose at the target volume respects the medical prescription,
¢+ The dose to healthy organs is at the lowest possible level,
¢+ The exposure of the personnel is minimal,
+«+ Patient monitoring is operational.

Quality Control (QC): this is the process by which the performance of a system is
measured and compared to the standards in force. It includes all of the actions necessary to
maintain or regain system compliance with standards. It is part of global quality assurance and

has the following objectives [1-2]:

v Check that the quality requirements are met,
v To adjust and correct the initial performances in case of drift.

The overall objective of these concepts is to ensure that the clinical quality
requirements of a radiotherapy treatment are met: to target an optimal treatment by
maximizing the probability of tumor control, while maintaining a dose of healthy tissue
within the limit clinically acceptable levels. The implementation of a quality assurance

program will minimize errors and reduce possible accidents.

The quality control of the TPS must make it possible to verify the conformity of their
performance, to monitor any drift in the initial performance and to know the limits of validity

of the software used on these systems.

.
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In general, the QC is integrated into the life cycle of a TPS [1-2]: upon receipt, during
commissioning and during routine clinical use, covering all stages of the planning of the
treatment, from the anatomical definition to the calculation of the dose. Reference documents
for this quality control have been drawn up successively by various commissions and reports:
AAPM 1995 and 1998, ESTRO 2004, IPEMB 1996, IAEA 2004, 2007 and 2008, NCS 1997
and 2006, and SSRMP 1997, SFPM 2010 report. We will detail their respective contents later.

11.1.1.1 Acceptance testing of TPS

These are test procedures implemented upon receipt and installation of the TPS to
ensure that it conforms to the specifications given by the manufacturer [3-4]. No measurement

at this stage is necessary; it is only a qualitative assessment.
The TPS acceptance tests concern the verification:

v The equipment (screen, central unit, etc.) and its proper functioning,
v" From the network (transfer of CT images to TPS, export of treatment plans, etc.),
v' Basic features of the TPS:

» Reading of CT images and other modalities (MRI, PET...),
» Anatomique description (external contours, anatomique structures, etc.),
» Description of the radiation beams,

» Dose calculation (use for example the basic data supplied with the

accelerator),
» 2D /3D display (BEV, HDV ..).
11.1.1.2 Commissioning of TPS

This is the set of procedures required before clinical use, in the event of installation or
major upgrade of the TPS. These procedures must cover all dosimetric (dose calculations) and
non-dosimetric (image acquisition, contouring of organs, definition of beams, etc.)
possibilities of the TPS. It is the most critical and time consuming and expert step. It can take

several weeks or even several months before being completed [5].

The "commissioning" includes:
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a. The configuration of the device library that will be used routinely from basic data
measured in specific situations, hence the need to verify that the TPS is capable of
accurately calculating this basic data. For this it is recommended to compare the basic

data measured to supply the TPS with those calculated by the latter,

b. The implementation of specific tests and procedures to determine the accuracy of the

TPS in dose calculations and to identify its limits [3-4].
11.1.1.3 Periodic TPS checking

QA does not end with the commissioning of the TPS. QC tests performed periodically
must be implemented to confirm the integrity of the input / output devices used (imaging
systems, transfer software to the TPS, software to transfer data to the R&V system and then to
the device ...) and to verify the consistency and reproducibility of the dose calculations
protecting the user against any accidental drift induced for example by a minor update or
patch [3-4].

11.1.2 State of the art on the dosimetric QC methods for the TPS

The TPS regroup virtual simulation consoles allowing the optimization of the
treatments from the geometric point of view, and the dosimetry consoles which optimize the
dosimetric treatments. The different reports described below distinguish two classes of tests,
the 1%%o assess the geometric performance and the second to assess the dosimetric
performance. Most QC procedures for dose calculations are based on comparisons between
data calculated by the TPS and the reference data obtained for test configurations ranging

from a simple variation in the size of the radiation field to the use of anatomical ghosts.

We recall below the definition of some terms common to all reports dealing with the

subject:

e The basic data: these are the mostly experimental data (yields, profiles, etc.) that
characterize a clinical beam of irradiation in the TPS; they feed the algorithm

deployed on the TPS so that the latter can perform dose calculations.

e Reference data: this is data designed to be used as reference data in order to test the

TPS. In general, they are provided with the corresponding uncertainties.

-
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e Tolerance: is defined in booklet N°7 of ESTRO as the maximum acceptable difference

between a calculated physical quantity (to be evaluated) and measured (reference).

In our case (dosimetric QC) it can be expressed as a percentage dose deviation in areas
of low dose gradient, or a spatial deviation in distance in areas of high dose gradient [6].
There are comparison tools like the Gamma-index which can mix these two deviations; in this
case the tolerance is 1 because it is based on acceptability criteria including tolerances in dose

and distance.
QC methods can be classified according to the origin of the reference data:
= Reference data obtained by experimental measurements:
v" locally under the service processing devices
v' generics from a reference center and made available to other centers

= Reference data obtained by numerical simulations using a Monte Carlo code locally

adapted to the treatment devices of the service.
11.1.3 Dosimetric QC using measured reference data
11.1.3.1 Reference data measured locally

In this method it is not necessary to measure additional basic data other than those
already in place within the TPS and for tested beams to commissioning because these data
are the same as those used for treatments. It consists in making comparisons between dose
calculations carried out by the TPS to be tested and dosimetric reference measurements, for
certain test cases, carried out under the processing devices of the service. Baseline data vary

in complexity and generally attempt to be representative of current clinical situations.

The following bibliographical references that we will present in this section are for the
most part the reports of national or international commissions responsible for defining

methods QC or more generally dealing with QA in radiotherapy.

.
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1. AAPM Report No. 62 (1998)

In this document the "Task Group” N°53 (TG-53) of the AAPM (American
Association of Physicists in Medicine) develops the QA to be implemented in radiotherapy (in
photons and electrons modes) and in brachytherapy [7]. The TG-53 distinguishes dosimetric
QA from non-dosimetric QA, provides the full description of the tests to be performed in each
case and issues recommendations on their frequency. At the "commissioning” stage, the
AAPM recommends checking:

» the basic data implemented in the TPS by ensuring that the TPS is capable of
accurately reproducing the dose distributions included in the basic data,
» Dose calculations in the TPS by implementing simple, intermediate and complex tests

more or less close to clinical situations.

TG-53 gives an exhaustive list of tests to reproduce experimentally in the TPS to
verify the dose calculation; this list is summarized in (Table 11.1) in the case of photon beams.
Each radiotherapy center must adapt this list according to its needs and means.

The calculated and measured dose distributions are normalized with respect to the
calculated or measured dose at the reference depth under reference conditions (10 x 10 cm?
irradiation field defined at the isocentre). The reference depth chosen by AAPM (1998) is the
maximum dose depth. The tool to be used to compare the results obtained is the relative dose

difference.

In this report, the AAPM suggests some evaluation and acceptability criteria
depending on the tests and the region of interest (Table 11.2).

Table I1.1: Summary of the various tests for the photon beams in report 62 of TG-53

0. Verification of basic data
e TPR!and TMR? for several openings: 5x5, 10x10, 20x20, 30x30 and 40x40 cm?
e “Outputs factors® (SSD* = 85 cm with fixed field of 10x10 cm?):
0 The diffusion factors of the phantom (Sp) and the collimator (Sc)
o0 The factors of the plates (where the covers are fixed)

1. The shape of the radiation field
e Squares (3x3, 5x5, 10x10, 20x20, 30x30 and 40x40 cm?)
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e Rectangular
e Complexes, caches:

0 Central 5x5, 10x10 and 20x20 cm? (field of 30x30 cm?) and 4x15 cm2 (field of
15x15 cm2)

0 “C” shaped, oval and wavy (“squiggle™)
e Asymmetrical, 10x10 cm2:

o Without corner filter / MLC®

0 With corner filter / MLC

2. Variation of the SSD
e Standard SSD, 90 and 110 cm with fields of 5x5, 10x10, 20x20 and 30x30 cm?

3. Corner filters
e Fields of 5x5, 10x10 and 20x20 cm?
e Variable SSD: 80 and 110 cm

4. The heterogeneities of the environment

e Use of a phantom with variable density, use of heterogeneous geometry

5. The inclination of the radiation beam relative to the entry surface
e 40° obliquity, 10x10 cm? and 30 °, 30x30 cm?

6. Lack of diffusing medium

e Use of compensators

7. Anthropomorphic phantom

e Use of anthropomorphic phantoms (full dose calculation tests)

Tissue-Phantom Ratio, Tissue-Maximum Ration, *Express the variation of the dose measured under any
conditions compared to the reference dose,*source to surface distance,°MultiLeaf Collimator.

The irradiation beam is segmented into several geometric zones:

e The points located inside the geometric limits of the beam after the region of

electronic equilibrium (build-up): region with low dose gradient,

e The points located in the half-light of the beam: region with strong dose gradient
which is defined by 0.5 cm on either side of the beam limits,

e The points located outside the geometric limits of the beam and beyond the

penumbra: region at low dose and at low dose gradient,
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e The points located in the region of electronic equilibrium (build-up): region of strong
dose gradient which extends from the entry surface to the depth of electronic

equilibrium.

Table 11.2: Tolerances published for photon beams in report 62 for tests of Table 1.1,

Relative dose difference in (%0)
Tests Beam interior Outside the _
: _ beams Build-up
On the axis | Off the axis
Homogeneous media
Square fields 1 1.5 2 20
Rectangular fields 15 2 2 20
Asymmetric fields 2 3 3 20
Complex fields 9 3 5 50
(caches)
Complex fields
(MLC) 2 3 5 20
Corner filter 2 5 5 50
Surface obliquity 1 3 5 20
SSD variations 1 1.5 2 40
Heterogeneous media (outside the region of electronic equilibrium)
Simple (plane 3 5 5 i
geometry)
Complexes
(anthropomorphic 5 7 7 -
geometry)

2. IAEA TRS-430 (2004)

The IAEA (International Atomic of Energy Agency) published in 2004 a very
complete guide the TRS-430 for the implementation of QA in radiotherapy (beams of photons

and electrons) and in brachytherapy [8]. The proposed tests relate to the hardware and
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software included in the treatment planning system. The software tests concern the dosimetric
and non-dosimetric parts. The report recommends to identify the configurations which must
be tested according to the means of the center of radiotherapy while at the level of the
techniques of treatment that of the equipment of dosimetry and provides, in photon mode, two

lists of tests to be implemented (Table 11.3): one exhaustive and the other basic.
To compare the measured and calculated doses, the IAEA recommends the use of either:

e the dose difference relating to the reference conditions, as in TG-53, the acceptability

criteria for this evaluation criterion are given in Table 11.4,

o the relative dose difference proposed by Venselaar et al. [9], normalization is done in
relation to the local reference dose except for areas of low dose and low dose gradient
where it is done in relation to the reference dose measured at same depth on the beam
axis. The acceptability criteria for photon beams are based on the segmentation of the
region of interest (Table (11.4) and Figure 11.1).

Table 11.3: The complete list of the various tests proposed for the photon beams in the TRS-
430, SSD used in the service

1. The shape of the radiation field
Squares * (5x5, 10x10 and 40x40 cm?)
Rectangulars * (5x30 and 30x5 cm?)

Complexes (caches or MLC) at 20x20 cm?:
o central cover, not central
o0 MLC: convex in “0” and concave in “c”

Asymmetrical *, 10x10 cm2:
o Without and with corner filter

2. Change in SSD *
e With fixed field of 10x10 cm?

3. Corner filters

e Mechanical *: variation of the SSD (90 and 80 cm) and the opening (5x5, 10x10
and 20x20 cm?)

e Automatic: variation of the SSD (90 and 80 cm) and the opening (5x5, 10x10 and
20x20 cm?)
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e Dynamic *: variation of the SSD (90 and 80 cm) and the aperture (5x5, 10x10 and
20x20 cm?)

4. The heterogeneity of the environment

e Equivalent tissue heterogeneity lung *

5. The inclination of the radiation beam relative to the entry surface *
e 30 ° obliquity, 10x10 cm?

6. Lack of diffusing medium *

e At the edge of a phantom, 20x20 cm?

7. The build-up region *

e Fields 5x5, 10x10 and 30x30 cm?, with and without covers, with and without
corner filter

8. Special techniques
e Develop tests to assess:
o Taking account of compensators
0 IMRT

* The different basic tests offered in the TRS-430.

Rendement en profondeur Profil de dose

|

Ad

1
]

Dose (u.a)
Dose (u.a)

- - - - données de référence (mesures, calculs MC)
—— Donnges a tester (calculs TPS)

Profondeur (cm) Distance (cm)

Figure 11.1: The segmentation of the region of interest into several geometric zones with the

evaluation and acceptability criteria specific to each zone
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Table 11.4: Acceptable tolerances of relative dose differences for photon beams according to
TRS-430 for the tests of Table 11.3. In regions with strong dose gradient, a relative distance

difference is recommended. Regions a, b, ¢, d and e are defined in Figure 11.1

Complex

Simple and Geometry Geometry
SymbOIS Regions homogeneous (ﬁlterS much more
Geometry complex

Covers, MLC...)

Central beam

al axis 2% 3% 4%
Build-up and
el d penumbra 2mm or 10% 3mm or 15% 3mm or 15%

regions

b (zutsme t_he 30 30 4%
eam axis

¢2 Qutsice the 30% 40% 50%
eam axis

'Normalization in relation to the local reference dose, 2Normalization with respect to the reference dose at the
same depth and on the axis of incidence of the beam.

11.1.3.2 Generic measured reference data

The concept of generic data means that the basic data as well as the reference data

come from processing devices other than those used locally.

This approach is taken up in report No. 55 of the AAPM TG-23 [10], in the work of
Venselaar et al. [11] and more recently in IAEA TECDOC-1540 [12]. These authors provide
the basic data and the benchmark results measured for various proposed tests.

The test user configures his TPS for a treatment device of no clinical interest to him from
the generic basic data provided and he models the different irradiation beams available for
this generic device. Once this "commissioning™ is complete, the user reproduces in his TPS
the test configurations proposed in the “package" and compares the dose distributions
obtained on his TPS in these configurations with generic measured reference data also
provided.
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1. AAPM TG-23 Report No. 55 (1995)

The AAPM has published a “package” dedicated to the dosimetric QC of TPS, the
description of which is given in report No. 55 of the Task Group 23. In this “package”, it
provides basic and reference data measured for two beams of photons under two different
linear accelerators (4 MV on a Clinac-4 Varian and 18 MV on a Therac-20 AECL). This
“package” also includes, in the form of tables, for 15 different tests (Table 11.5) the measured
doses relative to the "treatment times" used in 15 to 24 specific points. These different points
are found at depths between 1 and 35 cm on the axis of the radiation beam and outside the
axis. The comparison between the calculated and measured doses is carried out using an
absolute dose difference: in fact the doses are normalized with respect to the dose measured
on the beam axis in a 10x10 cm?fieldunder reference conditions (for 4MV: maximum dose
depth (1 cm) and SSD = 80 cm, for 18MV: maximum dose depth (3 cm) and SSD = 100 cm).

Report No.55 of TG-23 does not provide the tolerances to be used or the frequency of

testing.

Table 11.5: Various tests proposed in report 55 of TG-23 in order to carry out the CQ of TPS,
the SSD is fixed at 80 cm for 4 MV and 100 cm for 18 MV

1. The shape of the radiation field

e Squares (5x5, 10x10 and 25x25 cm?)
e Rectangular (5x25 and 25x5 cm?)
e Complexes, caches:

0 1x4x7 cm? central: 16x16 cm?2

0 Non-central "L" shaped: 16x16 cm?

2. Variation of the PSD
e SSD variation (SSD = 70 cm for 4 MV and SSD = 85 cm for 18 MV)

3. 45 ° corner filter

e 9x9 cm? square field

4. The heterogeneities of the environment

e Lung equivalent (0.29 g / cm®): 6x6 and 16x16 cm?2
e Bone equivalent (1.4 g / cm®): 16x16 cm?
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5. The inclination of the radiation beam relative to the entry surface

e 45 ° obliquity, 10x10 cm?

6. Outside the beam plane

e 4cm offset, 10x10 cm?

Although dedicated only to QC of dose calculation, certainly due to the technical
difficulty of dose measurements, this "package™ fails to test clinical situations important, in
particular the presence of 3D heterogeneities in the irradiated volume. The inclusion of 3D
tests is essential because the patient can no longer be modeled by a 2D object. In addition,
during treatments for thoracic localizations, the beams pass essentially through soft tissue,
bone, and lungs, but the Task Group 23 of the AAPM in its report 55 does not offer tests at
this level (interface). The corner filter test uses only a 45 ° filter and a beam perpendicular to
the surface of the ghost. The other filters would need to be tested and in particular with an
oblique beam which corresponds to its most common clinical use. Recent technological
developments such as multi-blade collimators cannot be incorporated into these tests because

the accelerators which were used did not offer these accessories at the time.

An upgrade was therefore proposed in 2001 by Venselaar et al. [11]. The dosimetric
verification method is similar; this revision includes the same tests proposed in report 55 of
TG-23 and other complementary tests. On the other hand, the experimental data set is
obtained for two modern accelerators (Elekta SL-15 and SL-20) equipped of a multi-blade
collimator. This new data set makes it possible to test the dose calculation of the TPS in the
case of new techniques closer to the treatments: field of complex shape, asymmetry of the

jaws with and without corner filter, lack of diffusing volume.

11.2 Dose calculation algorithms and heterogeneity correction in external

radiotherapy

11.2.1 General Considerations

Photons are indirectly ionizing particles; they transfer their energy to charged particles
by interactions with matter (Compton, photoelectric, production of pairs). In this case, the

probability of interaction is proportional to the attenuation coefficient p (in cm) and depends

.
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on the energy of the incident particle energy E in MeV, the density mass p in g.cm™ and the
atomic number Z in the middle. Charged particles, on the other hand, gradually deposit their
energy by succession of ionizations and excitations along their trajectory (locally or
remotely).The deposition of the dose in the patient is therefore linked to four main

components which it will be essential to take into account:

v" The primary dose, characterized by the dose deposited by the electrons created by
the primary photons during their first interaction after entering the phantom (70 to
95%);

v' The dose diffused in the medium defined by the dose deposited by the electrons
created by the primary photons having interacted more than once in the medium (5
to 30%);

v' The dose scattered by the treatment head defined by the dose deposited in the
patient by the photons scattered by the treatment head (<5%);

v" The dose due to contamination electrons (<0.5%) [13].

The dose absorbed at a point "P", whose unit is Gray (Gy) corresponding to Joules per
kilogram (J/kg), is defined by the energy deposited E (J) by the particles in a very large
volume of small mass m (kg). It is expressed by the following relation:

El|J]
D[GY] =% (I1.1)

There are three types of formalism for dose calculation:

» Based on the direct use of measured data;
» Based on so-called primary/diffuse separation methods;
» Based on the convolution/superposition methods of kernels (only this method will

be detailed because it is the method implemented in used TPS (Eclipse).

The kernel is a model of energy deposition of secondary particles around an
interaction site which is in a homogeneous medium independent of location. If we consider
this kernel directly, we speak of a kernel point. The kernel points are generated by Monte-

Carlo methods. By integrating all the kernels in one direction we get the pencil kernel.

The methods of convolution/superposition of kernels provide models of dose

calculations are more precise than the primary/diffuse separation method by responding to the
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complexity of current radiotherapy treatments. The convolution/superposition methods
separate the energy transport and deposition processes into two phases: the primary photons
and the secondary particles, both translated by kernels and then convolving them. The
irradiated volume is broken down into small volume elements, each receiving a part of the
energy deposition model (kernel). Then, each contribution of each kernel is summed up in all

the volume elements.
11.2.1.1 Definition of the energy deposition kernel for photons

The energy depositing nucleus, called a kernel, is defined as the distribution of energy
transferred to each volume element in a medium, usually water, as a result of the interaction
of a narrow beam of photons. This concept has been known since the 1950s [14-15]. It was
not used until the 1980s that it was applied to the radiotherapy planning system thanks to
Ahnesjo et al. [16] and Chui and Mohan [16]. Thus the kernel point describes the energy
deposition of secondary particles in an infinite medium around a site of primary interaction. It
is important to note that the principle of the method based on the superposition of kernels is
based on the fact that the energy deposited by the secondary particles around an interaction
site is independent of the position of the site. Two types of kernel are considered here (Figure
11.2):

v The point kernel (on the left of Figure 11.2) for which the dose distribution results from
a point interaction between photon and matter in an infinite homogeneous medium
(Collapsed Cone) [17-18];

v" The pencil kernel (on the right of Figure 11.2) [Ahn5, Moh1] for which the dose
distribution results from the interaction of an elementary pencil beam in a
homogeneous semi-infinite medium (Pencil Beam and Analytical Anisotropic
Algorithms) [19-20].

Figure 11.2: Representation of the kernel point (left) and the pencil kernel (right)
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The kernel points are generated by Monte-Carlo methods from the spectrum of
primary photons. The latter is either calculated by these methods, or approached iteratively by
comparison with a depth yield measured experimentally. When the kernels are spatially
invariant, the superposition can be carried out after a pre-convolution of the kernels. Thus
pencil kernels are obtained by pre-convolution of kernel points in a preferred direction (beam

direction).
11.2.1.2 Point kernel model

The calculation of the dose (in J/kg) from point kernels can be divided into two stages
as illustrated in Figure 11.3 [17-18]:

v The first consists in calculating what is defined by TERMA (Total Energy Released
per unit MAss) which corresponds to the total energy released by the primary beam
per unit mass (in J/kg) in the patient taking into account the variations in electronic
density, provided by CT imaging. This calculation is carried out using the so-called
ray-tracing technique which consists in defining the radiological path of the
particles along a line drawn through a series of voxels.

v The second consists in superposing on TERMA the response of each kernel. The
kernel point is the calculation of the resultant dose of a photon having interacted at
a point determined beforenhand by Monte-Carlo methods for primary mono-
energetic photons. The kernels are then superposed according to the spectrum of

the machine.

Figure 11.3: Representation of the dose calculation from a kernel point.
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A point kernel is determined by energy, called a mono-energy point kernel, upstream
by Monte-Carlo simulations. The dose is expressed in Gray (Gy) and is determined by the

following relationship:

D(r) = [ff, T(s)k(r —s)d>s (11.2)
With:
T(s) = (7). 7 (1), (11.3)

where: T(s) is the TERMA of the primary beam in (J/kg), ¥ is the energy fluency of the
primary beam (in J/m2), %is the mass attenuation given by CT images (in m#/kg), K(r-s)

represents the pre-calculated kernel point corresponding to the energy deposited in r in a
semi-infinite medium from a primary interaction point s (this term has no unit because it
corresponds to a distribution of | energy, i.e. the transfer of a fraction of the energy depending

on the primary energy of the interaction) and d3sis the volume element.

The dose at point r (receptor) located in a homogeneous phantom is obtained by adding the

dose contributions, throughout the medium, of each interaction site s (source).

The transfer of energy from the primary photon interaction site to the point of energy
deposition depends on the medium crossed. The heterogeneities are taken into account by
scaling the kernels by the average density between the voxel s (source) and the voxel r

(receiver) according to the following equation:

Kret (5.1) = 22 kg [c(r = 5)] (11.4)
With:

c=c (80 = J pre[s — U(s = P]dL, (1.5)
Where:

v Khet( s,r) is the kernel corrected by the average electronic density,

v p(r)is the density at point r (in g/cm?),

v promiS the density in a homogeneous medium, that is to say the density of water (in
g /lem?),
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v' C(s,r) is the average electron density between the source s and the reception point
r,
v Khn[c(r-s)] is the kernel pre-calculated in a homogeneous medium of density mass

Phom-

11.2.1.3 Pencil beam kernel model

In order to further simplify and speed up dose distribution calculations, kernels can be
pre-convolved in one direction. In this case, the calculation is made from pencil kernels which
define the energy deposited along a fine beam by integration of several kernel points along
this beam. Variations in the spectrum of the primary beam (off axis, filter, modulation, etc.)
are taken into account by changing the quality of the Pencil beam according to the input

position. This results in the following relation:
D(r)=[. [f, %WE(x’,y’)kpk(E,x —x',y —y',z)dx'dy'dE, (11.6)

where:

v D(r) is the dose at point r (in Gy).
v % is the mass attenuation coefficient in (m? / kg)

v’ P (X°,y’) is the energy flow of the primary photons at the point s of coordinates (x °,
y’) at the entry of the phantom (in J/m2).
v" Kpk corresponds to the pre-calculated mono-energetic pencil kernel for a given

medium.

This pre-convolution of the kernels in a direction allows a notable saving of time for
the calculation of the dose distributions, but leads to a degradation of the lateral distribution of

the dose, especially at the level of heterogeneities.

The energy deposition for a photon beam differs in two stages: locally by the
secondary electrons and at a distance by the scattered photons. The integration in 2D brings a
clear advantage compared to the kernel point from a point of view of the computation time
while being adapted to the irregular fields and to a non-uniform fluence. The pencil beam

remains the method of choice for intensity modulation.

-
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The pencil beam method allows the shape of the field to be taken into account (by
integration of the actual shape of the field or by equivalent field calculation).
This algorithm can be improved by taking into account electronic contamination, the
scattering of the collimator, the transmission of the caches, the transmission of the collimator,
but also by spectral corrections, surface obliquity corrections and partial heterogeneity
corrections [18].

11.2.2 Dose calculation methods and models
11.2.2.1 Methods of convolution/superposition

In this type of model, the dose distribution is seen as a superposition of adequately
weighted (kernels) responses for each incident photon. The kernels are classified according to
the geometry of the elementary beam which delivers the incident energy. They can be
“kernels point” describing the way in which energy is deposited in a medium around the
interaction site of the primary photon beam or “pencil kernels” describing the deposit of

energy in a semi medium -infinity of a unidirectional beam [21].

We expose below the basic convolution technique, called "kernel point", before
presenting two other alternative methods which give it approximations in order to obtain a

faster computation.

The calculation of the dose by “kernels points” can be described in two stages. First
the calculation, at any point of the phantom, of the number of interactions of primary photons
coming from the accelerator, precisely the energy released by the primary photons calculated
at each point. This energy is called Terma (Total Energy Released per unit Mass), then the
dose is calculated by superimposing weighted kernels. For a mono-energetic beam, the dose at

a point is given by [23]:
D(r) = jﬂ.y/(s)h(r—s)d% = [T(s)h(r—s)d’s, (1.7)
\ /0 \

Where w/p is the mass attenuation coefficient, the energy fluence of the primary photons and
the convolution kernel (a dose distribution matrix deposited by the scattered photons and the
electrons set in motion in the interaction site of primary photons). The product of the mass
attenuation coefficient and the primary energy fluence is called TERMA,; it is the total energy

released per unit mass.

-
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Convolution kernels can be generated on the basis of measurements, but most often
obtained by Monte Carlo codes which make it possible to simulate a large number of primary

photons and to determine the deposition of the dose in all directions by electrons and scattered

photons.
!
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Figure.ll.4: Geometry of a photon interaction with matter and the transport of

radiation from the interaction site [22].

The X-ray beams used in radiotherapy are not mono-energetic but have a continuous
energy spectrum. A generalization of the equation (11.7) is necessary, for a polyenergetic
beam [23]:

D(r) = [ [[[Te (s)h(E,r —s)d*s.dE (11.8)

The energy dependence is included in the kernel as TERMA takes shape. The
resolution of the energy-dependent equation (11.8) requires a fairly large and long computation
time. A series of approximations was then attempted, and it turned out that the separation of
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the energy diffusion process in separate convolutions for the primary dose and the dose
diffused in the medium led to good results. The primary dose here shows the contribution to
the dose by the primary photons as well as by the secondary photons created in the head of the
accelerator. The dose diffused in the medium takes into account all the photons which have

interacted at least once with the medium [24].

As the attenuation coefficients, and therefore the Terma, depend very little on energy.
Equation (11.8) therefore becomes:

D(r) ~ jﬁp(s)ﬁp (r—s)d35+”‘J‘S(s)ﬁd (r—s)ds, (11.9)

Where: P(r) = [T, ()% (E)dE S(r) = [ TE(r)(l—

Hen (E))dE with kernels ﬁp(r) (primary
Iz H

dose) and ﬁd (r) (dose disseminated by the patient) weighted by TERMA and renormalized.
u and i, are the linear attenuation coefficient and the energy absorption coefficient

respectively.

The energy transfer of the first scattered photons depends on the composition of the
medium between the primary interaction site and the place where the dose is deposited. This
is why it is customary to use the concept of radiological depth, defined as the geometric depth

multiplied by the average attenuation coefficient () with respect to water, evaluated along

the path of the ray to the calculation point. TERMA is thus calculated at the radiological depth
of the site of interaction of the primary photon, while the kernel is weighted by the average
electronic density between the site of interaction and the site of deposit of the dose. This
method, called “density scaling”, avoids the difficult task of calculating the exact kernels for
each situation [23].

The direct resolution of equation (11.9) is called "direct convolution/superposition”
[23]. The latter thus takes up in the same convolution the kernels, the TERMA and the
correction of heterogeneity, all dependent on energy. This algorithm, as powerful as it is,

cannot be used in the clinic because of the large number of operations it requires.




Chapter I1: Quality assurance, quality control, and heterogeneity correction in
external radiotherapy

It is therefore necessary to make approximations in order to solve equation (1.4)
within reasonable time limits. We will thus describe the “Pencil Beam” and briefly talk about

the “Collapsed Cone” which are both used in the clinic.
11.2.2.2 Pencil beam

The dose calculation using the Pencil Beam (PB) algorithm is broken down into four
kernels:

v' The primary dose kernel corresponds to the distribution of the energy transmitted to
the charged particles released by photons interacting for the first time;

v The dose kernel scattered in the phantom corresponds to the distribution of the energy
transmitted to the charged particles released by photons which have interacted with the
medium more than once, photons scattered or created in the medium;

v' The kernel of contaminated particles defined on the patient's surface including the
charged particles released by the incident photons after passing through filters,
collimations and air;

v" And the kernel of the photons diffused in the head including the diffused of the direct
head and the diffused of the head in the phantom [25].

Beforehand, it is necessary to configure the source. This consists in characterizing the
beam by defining an effective spectrum. It is derived from the depth yields calculated and
measured by adjustment. From this spectrum, a poly-energetic kernel pencil is deduced by
superimposing mono-energetic kernel pencils. This poly-energetic Pencil Kernel is defined at
each depth z by a sum of two exponentials belonging respectively to the primary and to the
diffused:

—-azr B, e —-bzr

%{(r,z) = Azer + -, (11.10)

T

where: pk is the pencil kernel (in J / cm®), pdensity mass (kg / cm3) and r is the radius from
the PB axis (in cm). Az, az, Bz, b; are depth-dependent adjustment parameters determined by
the method of least squares with az> bz stored in the OMP physical database for each depth
between 0.075 cm and 50.025 cm in 0.15 cm steps.
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The energy deposit of the third component is defined in the patient by a Gaussian
pencil kernel (pk) whose radius is independent of the depth. It is expressed per unit of energy

of incident photons (valid for energies below 30 MeV) by the following relationship:

%(r, z) = a.e Pz eV, (11.11)

where: p is the density mass (in kg/cm®), r is the radius of the Gaussian Pencil Kernel (in cm),
z is the depth of the calculation point (in cm), and «, § and y are parameters depending on the

accelerator.

As for the dose due to the photons scattered in the head, it is applied only outside the
primary beam generally taking its source at the level of the equalizing cone, the beam being
more divergent than the primary beam.The pencil kernel of the photons of contamination
(pkpc) is estimated by the difference between the dose profiles measured and the profiles

calculated with the convolution method:
PR (rz) = dy §e T, (1112)

where: p is the density mass (in kg/cm?®), d; is the depth dose per unit of fluence in primary
energy of the field (in cm?/ kg), ¢and ¢ Pencil Kernel parameters, and r is the radius of the

Pencil Kernel (in cm).

To calculate the dose at an arbitrary point r, the PB algorithm transfers this point to a
water phantom with the same lateral position and the same radiological depth (i.e. the
equivalent water depth to obtain the same attenuation). Then, it performs a linear interpolation
between the pre-calculated dose kernels d,, ;,,f et d,, s, respectively at the lower depth dinrand

at the upper depth dsup surrounding the depth of a point r:

_ Z§ A dp inf(Tinf) Ap sup(rsup)
Do(n) =5 -0 (A —a) Pt U ) (11.13)
Ainf Asup

where: Zois the depth of the calculation point (in cm), r is the distance between the source of
the interaction and the calculation point projected on the beam axis (in cm), A and a are the

parameters of the kernel at radiological depth, g is a linear interpolation coefficient.
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This equation is used in the same way for the scattered dose of the phantom by
replacing the parameters A and a by parameters B and b and by using the geometric depth

when changing the medium instead of the radiological depth.

The correction for heterogeneity is taken into account differently depending on the dose
component. For the primary dose, contaminated particles and contamination photons, the

equivalent path length method is used:

Zrad = deom = (||.14)

Heau

where: Zrad is the equivalent radiological depth in water (in m), Zgeom. is the geometric depth
between the surface and the calculation point (in cm), uis the average attenuation coefficient

along Zgeom (in cm™), u.4y, is the water attenuation coefficient (in cm™).

For the phantom scattering, the algorithm uses a correction factor CF with respect to the
homogeneous medium which is easier to implement than the Batho method:
CF = M . e_ojsll(zrad_zgeom) (| |15)
deom

Where: 0.8u is the average effective attenuation coefficient (in cm™) determined empirically

between the depths Zrad and Zgeom.
11.2.2.3 Collapsed Cone

The kernel point leading to significant computation times, the Collapsed Cone (CC)
algorithm was developed to simplify this model. The main process is to separate the primary
dose from the scattered dose, taking into account beam hardening, softening beam softening
and divergence in the form of kernels. These kernels being poly-energetic, they can only be
defined at precise depths thanks to the sum of mono-energetic kernels describing the spectrum

of the machine.

The principle of this algorithm, proposed by Ahnesjo [17], is based on an angular
discretization of the kernels according to an angular sector defining a cone. Energy is
transported in all directions, the CC type approximation favors energy transport in one
direction. In OMP, the kernel is discretized on 10° directions distributed mainly towards the
front. For each of these directions, the variation of the energy deposit according to the

distance r is modeled by a double exponential function defined by the following relation:

-
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h(r,2) = (Ace ™ + Boe?)/r?, (11.16)

Where: r is the radius of the collapsed cone depending on the diffusion angle (in cm), Q is the
scattering angle (in rad), Ao, ae, Bo and be are parameters which depend on the angle of
diffusion Q.

The first exponential component expresses the energy given up by the primary component
and the second exponential; the component of the scattered photons. The accuracy of the
calculation is based on the number of preferred directions or angular sectors chosen to

perform the calculation.
11.2.2.4 Monte Carlo method
1) Principle of the Monte-Carlo method

The photons, electrons and positrons that enter matter undergo many interactions
during which energy is transferred to matter [26]. Analytical methods, such as solving the
Boltzmann equation, can be used to account for particle transport. Unfortunately, it is not
always possible to solve this type of equation, especially in the case of complex geometries.

On the other hand, Monte-Carlo methods are statistical simulation methods which
correlate random processes with physical processes. The transport of particles in matter can
be "tracked", by determining the trajectory and interactions of each particle (primary and
secondary) from its point of entry to its exit or absorption in the medium.
According to the principle of the MC method, the trajectory of each particle is simulated,
individually, by randomly drawing the physical parameters of the interactions (position of the
interaction, nature of the interaction, type of secondary particle created, energy transfer,
scattering angle ...), according to the probability distributions which describe the physical
processes involved. These probability distributions are determined from the different cross
sections of the interactions which are specific to the type and energy of the incident particle as

well than the materials involved.

The transport of the particle (story) is reproduced by performing a succession of
interactions. At the end of the simulation of a desired number of particles, the value of a
quantity of macroscopic interest (absorbed dose, etc.) is obtained. The number of primary
particles is chosen according to the precision sought. An MC simulation result will always be

expressed "by primary particle”.

-
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The generation of random numbers is the basis of any MC simulation. A mathematical
algorithm generates these random numbers. It should therefore be noted that, by the very fact
of their production, these numbers are not strictly random and that they are therefore called

"pseudo-random"[27-28].
2) Accelerator’s head modeling

In order to properly model the accelerator head, it is important to know how it works.
Linear accelerators for medical use accelerate electrons to produce radiation beams (electrons
or photons) energetic enough to be used in radiotherapy for the treatment of superficial or
deep tumors. Electrons are produced, by thermoelectronic effect, from a tungsten filament and

accelerated to the electron gun.

The electrons exit from the latter with a Gaussian distribution. Through a magnetic
field, they acquire a normal incidence on a target with a high atomic number, in order to make
the electron beam clinically acceptable. All the diffusing elements being beyond the target
(See Figure 11.5), it is a question of:

e the X-ray target,

e the equalizing cone and the electron diffuser,
e adjustable primary and secondary collimator,
e the multi-leafs collimator,

e the monitoring ionization chambers,

e the mirror,

retractable corner filters.

Once the accelerator head has been modeled, the Monte Carlo code can provide a
theoretical beam supposed to have physical characteristics similar to the accelerator beam.
First of all, note that this beam will be valid only for the modeled accelerator, the modeling
being based on data and measurements specific to the accelerator. In addition, in-depth yield
and profile measurements are still necessary to validate the code and adapt the basic

characteristics of the source if necessary.

Note also that any change in the performance of the accelerator over time will require

an adaptation of the code.

-
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Figure 11.5: Block diagram of a linear accelerator head for medical use

3) Monte Carlo in clinics

Monte Carlo codes now offer the possibility of importing scanner images and
therefore of carrying out complex clinical treatment plans using real electronic densities. The
Monte Carlo stands out as the weakest way to calculate a dose distribution for a patient,
despite the excessive calculation time it requires. The clinical plans simulated by Monte Carlo
have shown significant gains in the accuracy of the dose calculation, especially for small
fields at the interfaces of heterogeneous tissues and in the lung where situations of electronic
imbalance can occur. With technological advances in IT, it seems that the Monte Carlo

technique will be routinely implemented in TPS in the not too distant future [28].

65
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11.2.3 Algorithms of Varian Eclipse TPS
11.2.3.1 Anisotropic Analytical Algorithm

The AAA algorithm [29], developed by the Varian firm in order to implement it in its
Eclipse planning system, is a dose calculation algorithm of the convolution / overlay type. It
uses data derived from Monte Carlo simulations to model primary photons, scattered photons
as well as contamination electrons. For each clinical beam, Monte Carlo data is optimally
adapted in order to build a phase space that defines fluence and the energy spectrum for each

processing unit.

The modeling of the dose deposition is carried out by means of six exponential curves.
The functional form of the fundamental physical expressions in the AAA allows an analytical
convolution, which significantly reduces the computation time. The AAA takes into account
the heterogeneities of the tissues in an anisotropic manner (three dimensions) in the vicinity of

an interaction site.
The AAA is divided into two algorithms:

1) The configuration algorithm: it determines the physical parameters fundamentals

required for dose calculation.

2) The dose calculation algorithm: it calculates the dose deposition using fundamental
physical parameters to characterize the particle fluence and the energy spectrum of the

photons and electrons that define the clinical beam.
v Calculation of the dose for photon beams:

The attenuation of the photon beam is modeled by a function ls (z, p) defining the energy
deposition density, while the lateral diffusion of the energy of the beam is defined by a kernel
Kz (X, Y, z). These two functions are defined individually for each  beamlet. The convolution
of the dose is carried out in the AAA in terms of energy. The contribution of primary and
extra-focal photons is calculated in an analogous manner, with the exception of their spectral

composition and the position and size of their sources.

The main approximation used by the AAA lies in the calculation of the scattered radiation

in a voxel which is carried out by superimposing the contributions of the scattered in the

-
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direction of the depth (along the beamlet) and the contributions of the scattered coming from

the surrounding voxels located in the plane perpendicular to the direction of the beamlet.

Beamlet central
axis

Figure.l1.6: Diagram of the taking into account of the scattered in the AAA in the direction of

the depth and perpendicular to the direction of the beamlet.

The energy distribution due to photons and resulting from a  beamlet in a sufficiently

large homogeneous medium is calculated as follows:

~ o~ o~

Epny (X,§.2) =@, x1,(z,p)x [[K,u=xv-y)dudv
ww=p (11.17)

In this convolution, the calculation point is represented by in the coordinate system
centered on the beamlet. The fluence is assumed to be uniform over the intersection surface
defined by the B beam. The function, determining the surface integral of the energy deposited
at a depth z, is a poly-energetic function constructed by superimposing pre-calculated mono-
energetic energy deposit density functions. It takes into account the heterogeneities of the

tissues using the concept of radiological depth z *:

|, (2, p) = |ﬂ(z').M (11.18)

eau

With z'= J.Mdt , Where p is the electron density.
0 peau
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The "photon scatter kernels™ are composed of a weighted sum of six exponential functions:

5
1.
K, (xy,2)=Y ¢ (z)=e "
5(XY,2) kZ; (2)7 S v

, (11.19)

The value z’ is used instead of z in order to take into account heterogeneities between
the calculation point and the beam entry point. The parameters ck(z’) and u(z’) of the poly-

energetic kernel Ks(X, y, z) are determined by performing a least squares adjustment of the

functionle"‘k(”r on the kernels determined by Monte Carlo simulation.
r

To account for heterogeneities laterally for each beamlet, the energy is weighted by
the average density between the calculation point and the origin of the kernel. In practice, this
is achieved by dividing the kernel of equation (11.20) into a finite number (16) of rays

emerging from the origin.

P 2 1 @ty
Ky(xy,z)=——"2— ch(z)?e (e (xy.p

p(X, y, Z) k=0 (“20)

Where: 4 (%Y. ) is the radiological distance from the original kernel (0,0, z) to (X, Y, 2)
~(P) |

eau

I (X! Y, p) = '[
according to the radius R which passes through (x, y): R

v' Calculation of total dose distribution:

The total energy absorbed at an arbitrary point of the patient is obtained by superposition
of the various energy contributions coming from the primary photons (phl), the extra-focal

photons (ph2) and the electron of contamination for all the individual beamlets:

E(i! y’ 2‘) = Z(Ephl,ﬂ (i’ y! Z) +E ph,.B (i’ yv -i) + Econt,ﬁ(i’ y’ 2‘)) (“21)
B

The final dose is given by the expression:

peau (”22)

~ o~ o~

D(X,,Z) = E(X,Y,7).
p(X.y,2)
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v’ Calculation of Monitor Units (MU):

The final calculation of MU depends on the prescribed dose, the normalization of the
plan, the weight of the field, the normalization of the field and the normalization factor
determined by the dose calculation algorithm. This normalization factor determined by the
AAA is the number of MUs for a Gy at 100% of the current field. The AAA calculates this

UM norm normalization factor using the following equation:

_ D
UMnorm :CBSF(X,Y)X(UM%M]X( ref ] (“23)
Dcalib Dnorm (Xr y)
with:

v' CBSF (X, Y) = The “Collimator Backscatter Factor” for an open field (X, Y)
v" MUcaiib = the reference dose in MU at the calibration depth
v Dcaiib = the reference dose in Gy at the calibration depth
v" Dref = the dose calculated by the AAA for the reference conditions
v Dnorm (X, Y) = the dose calculated by the AAA at the point of normalization of the

field, which depends on the method of normalization of the selected field.

The calculation of CBSF depends on the scattering in the ghost, the scattering in the
accelerator head and the Output Factors (OF). The “Phantom Scatter Factor” (PSF) is the
contribution to the dose due to the diffuse coming from the ghost [30]. It is derived from
calculations based on Monte Carlo kernels. The Head Scatter Factor (HSF) represents the
change in photon fluence by UM on the surface of the phantom depending on the opening of
the jaws, thus taking into account the backscatter in the monitor chamber and secondary
photons coming from the head of the accelerator [30]. The HSF is calculated using the
parameters of the secondary source. The OFs were measured and entered into the beam
configuration for different field sizes. The CBSF in the monitor room will therefore follow the

following formula:

OF = (PSF + HSF).CBSF (11.24)
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11.2.3.2 Basic PB algorithm

Eclipse differentiates the beam into three sources, the main parameter of which is the

energy fluence:

- The primary source (at the target) including the primary photons created in the target.
- The so-called extra-focal source (at the leveling cone), of Gaussian form, containing the
scattered photons of the primary collimator and the equalizing cone. This radiation is more

divergent than the primary radiation.

- The source of the contamination electrons (including contamination photons) deep in an
environment (the patient), describing the amount of dose due to the contamination (electrons
and photons) which is calculated at different depths.

These three sources are modeled in the form of kernels according to the energy
spectrum of photons depending on the radius (because of the equalizing cone). The multi-
blade collimator (static or dynamic) and the dynamic filter which modify the fluence in

energy of the beam are taken into account by correcting the extra-focal source.

The dose is calculated in a matrix of divergent voxels, taking into account the average
electronic density of the tissues in each voxel according to the conversion curve of the CT.
The open beam is divided into a beamlets (elementary beams) with a size of a voxel.
The energy distribution by a beamlet is the result of the convolution of the three sources. The

energy deposited by the primary source is calculated by the equation:
Egon (x,y,2) = @p X Ig(z,p) X kg(xp,¥p,25) (11.25)
where:

e g isthe fluence of the supposed uniform beamlet,
e Iz(z p) is afunction of the energy deposit taking into account heterogeneities,

o kp(x,yp,2p) represents the photon scattering kernel defined by the relation:

, 1 2 4v2
kﬁ(x[)’;yﬁ;zﬁ) = Zisczock (z )'\/W'e Ui x2+y? (11.26)
where:

V' xp,Yp, 2z are the coordinates of the beamlet (in cm).

<
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v X,y,z are the coordinates of the calculation point in the patient's coordinate system
(incm).

v" ck(z’) is the kernel weighting factor to ensure the unitary normalization of the
energy of the total kernel

v' u is the attenuation constant (in cm™)

v' 7’ is the radiological depth between the entry point of the beamlet and the

calculation point (in cm).

The energy of the extra-focal source is calculated by the same way with the corresponding
kernel while the source of the electrons of contamination is given by the equation:

Econt,ﬁ(x; Y Z) = (pcont,/.? X Icont,B (Zr ,0)1 (“-27)
where:

V' @cont,p 1S the fluence of the supposed uniform beamlet linked to contamination.
V' Ionep is the function of the energy deposition taking into account the
heterogeneities linked to contamination.

+* Lateral scaling:

Energy is scaled to take into account the average density laterally. For this, the

beamlet diffusion kernel kg(xg,yp,25) of equation (11.26) is replaced by the following
equation (11.17):

1

_ Pwater 5 1} _ . v,
ki (xp, Vg 28) = P22 T O (7). g 7D TaG), - (11.28)

where:

v' xp,¥p,2zz are the beamlet coordinates,

v x,y,z are the coordinates of the calculation point in the patient's coordinate system
(in cm),

V' pwater 1S the density of water (in g/cm?),

V' pyy IS the density at the point of calculation (in g/lcm?®),

v ¢, (2) is the kernel weighting factor to ensure unit normalization of the energy of
the total kernel,

v' 1 is the attenuation constant (in cm™).
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v' 7’ is the radiological depth between the entry point of the beamlet and the
calculation point (in cm).

v r4(x,y,p) is the radiological distance to the original depth z from the kernel point
to the point (x, y, z) along a radius R (in cm).

% Heterogeneity correction:

The heterogeneities are taken into account by a 1D diffusion kernel according to the

local electronic density:

k,(z) = LE-¥2 ¢ peH@) (11.29)

Pwater

where:

v w;and c; are determined by Monte Carlo kernels for each beamlet.

v —2_js the local electronic density.

Pwater

v’ 7’ is the radiological distance from the origin of the kernel (in cm).

The energy distribution for the coordinate point (x,y,z) is converted by convolution with
this 1D diffusion kernel:

E'gn(x,y,2) = Egpn(x,y,2) X k,(2) (11.30)

The density used here is the electron density of the material compared to that of water. The
maximum value by AAA algorithm is 15 electrons/cm®. The average electronic density of the
voxel is determined from the Hounsfield number conversion curve of the scanner. Scaling in
the presence of heterogeneities is done for photons and contaminating electrons. This allows
the AAA algorithm to accurately predict the effect of build-down and build-up at the

interfaces of the lungs.
% Dose conversion:

Throughout the calculation, Eclipse convolves kernels in terms of deposited energy E.
Thus, the energy absorbed at the calculation point is the superposition of the three
components of the dose. The energy distribution is then converted into dose D, thanks to the
density correction factor and the factor ¢ allowing passing from J/m® to Gray (Gy):

_ Pwater
D(x/;,yﬁ,zﬁ) = C-E(xﬁ;Yﬁ,Zﬁ)xm (11.31)
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Where py,qcer and p(xg,yp,25) are the electronic densities of water and voxel material

respectively.

In the presence of heterogeneities, the term E(xg,yz,zg)is replaced by equation

(11.19).

The “Collapsed Cone” has brought great improvements in the dose calculation in
heterogeneous medium. It makes it possible to model with much more precision than the other
algorithms of the convolution/superposition type of interfaces including large differences in

density, even if it does not have the same level of precision as Monte Carlo.
11.2.4 Heterogeneity correction in external radiotherapy
11.2.4.1 Relevant parameters in the delivery of the dose in radiotherapy
a) Dose in homogeneous medium

Any beam of photons is characterized by its performance in depth in a homogeneous medium
(water or equivalent). It represents the energy deposition by quantity of matter, expressed in
Gy or Joules per kilogram, in the depth of the medium crossed (see Figure (I1.8)). He has

remarkable points:

v’ the dose at entry,

v the increase in dose or build-up corresponding to the increase in the creation of
secondary electrons,

v" The maximum corresponding to the electronic equilibrium, that is to say when there
are as many secondary electrons created as secondary electrons depositing their
energy.

v The decrease in the dose due to the attenuation of the beam by the quantity of material.

The shape of the percentage depth dose (PDD) depends on the energy and the size of
the beam and the distance from the skin source. Due to the greater path of the secondary
electrons from the high energy photon beams, the depth of the maximum is greater (see
Figure 11.8).

<
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Figure.l1.8: Percentage depth dose (PDD) 6, 10 and 18 MV beams (Precise, Elekta®). The

maximum depth is 17 mm, 24 mm and 32 mm respectively, for the energies mentioned above.

Electronic equilibrium is a three-dimensional phenomenon which implies a
longitudinal equilibrium (along the beam axis) and a lateral equilibrium (perpendicular to the
beam axis). At electronic equilibrium, the relationship between TERMA (or photon energy

fluence) and the dose is linear.

The ideal conditions for energy deposition are met in the presence of a wide beam, at
the axis of the beam, just after the build-up and in a homogeneous medium with a density
equal to 1, therefore water. Indeed, under these conditions the diffusion and the backscattering
are maximum with a less proportion of attenuation. While at the beam edges, the dose
decreases due to the geometric half-light of the beam (dose decay zone linked to the geometry

of the collimator) and of the lateral electronic imbalance (see Figure 11.9).
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Figure 11.9: Contribution of secondary electrons to the dose measurement at a point.

Apart from the conditions mentioned above, electronic disturbances (case of tissue interfaces
and the edges of the photon beam) are noted: the dose calculation becomes relatively more
complex and the two stages of the photon-matter interaction stated above must be treated

separately. They contribute to unwanted overdoses or underdoses.
b) Dose in heterogeneous medium

In this part, we are only interested in low density media. Indeed, the lung, on which we are
interested, constitutes a medium of low density due to the air contained in its alveoli.

We found in a population of 16 patients, 8 treated in free breathing and 8 patients treated
with respiratory blocking, that the average mass density of the two lungs was 0.20 and 0.13
respectively. The increased flux of scattered photons and of secondary electrons in low
density media leads to a loss of electronic balance and a decrease in the dose in adjacent
tissues. This dose reduction is strongly dependent on the energy and the size of the beam as
well as on the geometry of the air cavity [31]. In fact the heterogeneities modify the
attenuation of the ionizing radiation, that is to say its absorption and diffusion; it becomes
important to study as precisely as possible the behavior of radiation through these
heterogeneities. The correction of the primary dose is obtained in a relatively simple way by
considering the linear coefficients of attenuation of the radiation used in water (uwater) and in
heterogeneity (1 bone or p lung) and the thickness thereof. However, calculating the dose
delivered is tricky (and it’s precisely on this point that many dose calculation algorithms

differ depending on how they take it into account) because:
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- Diffusion by heterogeneity is different from that produced by an equal volume of water.

- And multiple diffusion is disturbed throughout the irradiated volume.
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Figure 11.10: Effects of electron contributions in media of different densities (water-

lung-water) [32].

Figure 11.10 illustrates the physical phenomena taking place at the soft tissue / air
cavity interfaces. The thick line curve is the depth yield measured on the axis of a photon
beam passing through a medium made up of the layers of water, lung and water. The first area
in water corresponds to the increase in dose (build-up) until the establishment of electronic
equilibrium; the dose is then gradually attenuated in depth. In the central are presenting the
lung, the thick line curve is the result of two phenomena. The dotted curves show on the one
hand the secondary electrons set in motion in the layer of water which will be attenuated
slowly (because their journey is longer in the air) and on the other hand other electrons set in
motion in the lung. This therefore results in a decrease of the dose absorbed at this level. At
the distal interface, the electrons having been set in motion in the lung will be more quickly
attenuated in water, medium denser than air and again electrons are generated in the water
(light dotted curve). This results in the establishment of a new electronic equilibrium in the
last layer of water [33]. We can note that this second electronic balance is located at a depth

less important than that of the first electronic balance.
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The flow of electrons is lower in air than in soft tissue, and the contribution of
backscatter is smaller. Because of this, the flow of electrons in the last layers of the tissues
lack is reduced by "default" backscattering: it is an underdosing zone; therefore a tumor
located precisely in this area may be underdosed. Likewise the passage from the air cavity to
the soft tissue will be done with an under-dosage in the first layers of the soft tissue because
there are less electrons emitted by the air towards this soft tissue. And in the fabric soft there
is a build-up again. In the air there is also "setting in motion of electrons” even if the incident
beam does not lose practically any energy there. This justifies the "build-down" seen in Figure
13 above. In each case (high energy, small field, low density) the heterogeneity corrections

only based on photon fluence or attenuation, prove to be inaccurate.
11.2.4.2 Correction methods and heterogeneity modeling

The purpose of any dose calculation algorithm in radiotherapy is to restore as precisely

as possible the energy deposited in each voxel constituting the patient.
11.2.4.2.a Correction-based methods

In the presence of heterogeneities, these methods only correct the fluence of the
primary beam; they do not take into account modifications due to the "broadcast” component.

a/ One-dimensional correction of heterogeneities - Batho (power-low Method)

This method uses the densities along the primary beam where the patient is seen as "a
set of slices". It does not generate a 3D heterogeneity correction. Described by Batho in 1964,
this empirical method takes into account the attenuation of the primary beam and changes in
the scattered in water and under a slice of a lung equivalent material (relative density with
respect to water of 0.35). Unsuitable in cases where significant heterogeneities are present
with an electronic density greater than the tissue (water) and large beams, it can lead to errors
in dose overestimation of more than 10%. The same is true for lower density environments
than water, large layers and large fields. EI-Khatib's studies have shown significant errors in
lung irradiations with small high energy photon fields (limit of lateral electronic equilibrium)
[34].

-
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b/ One-dimensional correction of heterogeneities - Equivalent Path Length (EPL)

The EPL method links the dose in two media of different density but of identical

atomic composition, irradiated by the same beam of photons [35].

It is based on the density scaling theorem of O'Connor stating that the ratio of
scattered photons to primary photons is inversely proportional to the densitymass. It makes it
possible to connect the dose of two media of different density but of identical atomic
composition irradiated by the same beam. A corrective factor FC is defined as theratio of the
TAR (Tissue Air Ratio) of the medium of interest (specific density) to the TAR of a medium
of density equal to 1, for a circular field. This amounts to correcting the effects of

heterogeneities in terms of water thickness equivalent.
¢/ Three-dimensional correction - Tissue Air Ratio Equivalent (ETAR)

It was the first method for the treatment plans exploiting the tomodensitometric data. It
is also based on the theorem of O *Connor which allows to correct the influence of variations
in densities between a source point of diffusion in the patient and the point of calculation of
the dose. It consists of a “scaling” of the dose distribution in a medium other than water and
taking into account the changes in depth of the fluence of the primary in this medium
compared to water. The EPL correction only applies to primary photons; lateral transport of

electrons and scattered photons are ignored.

According to Yorke et al., The Batho and ETAR methods underestimate the dose at
the air cavity interface of 55% for 6MV photons [36].

11.2.4.2.b Modeling methods

They refer to the Superposition-Convolution, for which the contributions of the
primary and the diffused to the total dose are modified in the presence of fabrics of variable
compositions. Here, the variation in energy deposition of the kernel considers both the

primary and the diffused for precise angular directions.

v’ Superposition: each of the components (primary and diffused) is transported

separately, taking into account the variations in density encountered on the route.

-
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v Collapse Cone: in a given direction axis, the emitted particles, centered on the axis, are
transported on the axis of the cone. The emitted particle deposits its energy in this

cone.

These methods are the closest to the calculations provided by Monte Carlo, which has

become almost a reference in terms of dose modeling.
11.2.5 In-vivo Dosimetry: Principle and Objectives

In vivo measurements consist of taking dose measurements on the patient during
irradiation using detectors placed in easily accessible sites such as the skin or natural body
cavities. It should be remembered that in radiotherapy, 5% accuracy is desirable and a 10%
dose variation at target volume can significantly modify local tumor control or the rate of
complications. The ideal treatment would be to deliver a dose for all patients equal to the
prescribed dose. In reality, the dose delivered to the patient has a greater or lesser dispersion

centered on the prescribed dose in the absence of systematic error.

Human error is one of the main factors constituting the incidents or accidents observed
(80 %). Indeed, it is practically impossible to verify everything, and it is usually accepted that
the risk of error in any human activity is 1 t03%. From this point of view, in vivo dosimetry
can detect systematic errors and - if used daily - random errors, thereby ensuring that the dose

delivered to the patient does not differ from the prescribed dose significantly.

When implementing dosimetry in vivo, it is possible to assign two main objectives to

this technique:

- Detection and correction of systematic and / or random errors that may occur during
the preparation and implementation of radiotherapy. The principle is to have a system

capable of generating warning signals to the treatment team.

- Evaluation of the overall quality of a particular treatment technique or service. It is

the "quality" indicator of the irradiation performed.
The main sources of uncertainty are (non-exhaustive list):

e Thedosimetry of the radiation beams by the dose planning system (beam data,
algorithms, heterogeneity corrections, etc.),

¢ the patient's anatomical data (contours, heterogeneities, organ movements),

-
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e data transfer,
e the reproducibility of the patient's daily placement,

e The reproducibility of operation of the processing device.
11.2.5.1 Input dose measurement

In this case, the detector is placed on the axis of the beam, or at a point representative
of the dose delivered by it (at a distance from the beam limits, far from the shadows), directly
on the patient's skin. The measured input dose value is then a function of the characteristics of
the beam emitted by the machine, the positioning of the patient and the presence of
accessories placed in the beam. This measurement of the dose at the input makes it possible to
control the irradiation time or the number of monitor units delivered, the correct consideration
of accessories and the correct positioning of the patient at the correct distance from the

treatment source.

The measurement of the input dose on the beam axis is compared to the input dose
calculated by the dose distribution calculation system or by the independent software for
calculating the monitor units. The difference between the dose measured at entry and the
calculated dose is then determined and compared to the intervention threshold defined in the

quality assurance program of the radiotherapy department.
11.2.5.2 Outgoing dose measurement

The value of the dose measured at the beam exit, on or off the axis, is a function, in
addition to the beam characteristics mentioned above, of the patient anatomical data used for

the calculation of the number of monitor units.

It therefore makes it possible to validate parameters such as the patient's thickness and
the correct consideration of heterogeneities. When the measurement of the dose at the outlet is
coupled with a measurement of the dose at the inlet, it is then possible to reconstruct by
calculation the dose delivered at the specification point and to compare it with the prescribed

dose.
11.2.5.3 Methodology of implementation

In vivo dosimetry is part of the quality assurance program of the radiotherapy service.

Its objectives will be defined based on a risk analysis of the treatment methods implemented.

-
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Communication work must be carried out within the teams in this direction.

The implementation of an in vivo dosimetry program requires specifying the scope
and the timetable for deployment in the short and long term.

Today, the main programs used are gradually:

1. Measurements of the dose at the input for all the photon beams, when this is technically
feasible, at the 1st or second session and for any significant change in the treatment

parameters. The measured intake dose is compared to the calculated intake dose.

2. Measurements of the exit dose in addition to the entry dose in the same way as above. The
dose at the prescription point is then calculated from the values of the doses measured at the

inlet and at the outlet.

The doses reconstructed by beam are added in order to compare the total dose delivered to the

target volume with the prescribed dose.

3. The in vivo dosimetry as described above in 1 may also be carried out for the electron

beams.

Whatever the objective, the procedure for clinical implementation of in vivo dosimetry
follows the same steps:

1) Calibration of detectors,
2) Measurement of influencing factors,
3) Phantom tests (under the accelerator), to validate the quality measurements.

4) Deployment of a service management system in the service in vivo dosimetry results

(recording, evaluation, follow-up actions) [37].

<
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[11.1 Thermoluminescence

[11.1.1 Early history

The phenomenon of TL was discovered by Sir Robert Boyle who reported to the
Royal Society of London on 1663, about "Experiments and Considerations upon Colors with
Observations on Diamond That Shines in the Dark"(1663) and described the observation of a
“glimmering light” in diamonds [1]. The phenomenon did not find a proper interpretation for
about three quarters of a century. The first clear understanding of this observation was
provided by Du Fay, who showed that this kind of emisson was in fact a delayed
phosphorescence. Henri Becquerel detected the occurrence of this phenomenon in certain
phosphorescent samples toward the end of nineteenth century. He recognized the ability of
certain mineras to retain the effect of irradiation from radioactive substances for a long
period. Wiedemann and Schmidt used this phenomenon for the first time to detect the cathode
rays and UV light [2]. While the property of thermoluminescence has been long understood, it
was not until the early 1950s that Farrington Daniels proposed it as a method for radiation
dosimetry [3].

[11.1.2 Ther moluminescence pr oducer

The term “thermoluminescence” (TL) consists of two words. thermo, meaning heat
and luminescence, meaning emission of light. The primary agents for the induction of TL ina
material are the ionizing radiations, namely the X-rays, or radiations from radioactive
elements to which the sample is pre-exposed. In some materials, ultraviolet light also may

excite TL.

The foundation of thermoluminescence is, that when ionizing radiation interacts with
an insulator or semiconductor (usualy crystal) (metals do not exhibit luminescent properties)
[4], the change of the system from equilibrium to metastable state, it causes electrons in the
crystal's atoms to jump to a higher energy state, where they stay trapped due to impurities,
until heated. Heating the crystal causes the electronsto drop back to their normal ground state,
relaxation of the system back to the equilibrium, releasing a photon of specific frequency [2].
If this energy is supplied by heating the crystal, the TL phenomenon is produced; this energy

isknown as activation energy or trap depth [5].
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The energy required to deflate the electrons is provided by heating the crystal at a
constant rate g. Figures (111.1.a) and (111.1.b) show respectively the heating ramp used and an
example of thermogram. The thermogram represents the light intensity emitted by the crystal

as afunction of temperature.

(a)

TL Intensity {a.u.)

Tma il T S p——

Temperature
i“Cl

To

Time (s)

Figurelll.1l: Schematic presentation of athermogram (a) of acrystal andthe

temperature dependence of the luminescenceoutput (b)(1).

Note that there is an important property of TL. It is a particular characteristic of TL
that it does not refer to thermal excitation, but to stimulation of luminescence in a sample
which was excited in a different way. This means that a TL material cannot emit light again
by ssmply cooling the sample and reheating it another time. It should first be re-exposed to
ionizing radiation before it produces light again [2].

[11.1.3 Ther moluminescent material’s applications
Thermoluminescent materials are used in several areas; we can Set:

Radiation dosimetry: it measures the dose that is absorbed by the sample which is exposed
to irradiation.Radiation dosimetry has three subgroups, personnel dosimetry, medical

dosimetry and environmental dosimetry [2].
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Age deter mination: thermoluminescence has been developed to date pottery, flints, rocks,
lavas and several other non-pottery materials. If the rate of irradiation from the radioactive
mineralsis established, then the length of time which the rock has been irradiated “geological
age” can be determined [2].

[11.2 Theoretical background of Thermoluminescence

|.2.1. Defects

The necessary condition for the induction of TL in a material is that the concerned
material should contain certain types of defectsin its regular structure. This means that very
pure and defect free materials would not show TL [5]. These defects should be capable of
capturing electrons or holes during exposure to ionizing radiations.The defect centers may be
divided into three categories [5]:

1. Intrinsic defects
2. Extrinsic defects
3. Defects caused by ionizing radiation

Theintrinsic or native defects. They can be:

Vacancies or missing atoms (called Schottky defects). A vacancy is a defect obtained when
one atom is extracted from its site and not replaced,;

Interstitial or Frenkel defect. It consists of an atom X inserted in a crystal X in a non-proper
lattice Site;

Substitution defects: for example, halide ionsin akali sites,

aggregate forms of previous defects;

Extrinsic or impurity defects, like chemical impurities Yin acrystal X. They can be:
Substitution impurity: an atom Y takes the place of an atom X.

Interstitial impurity: an atom Y is inserted in an additional site not belonging to the perfect
crystal.

Defects caused by irradiation. The function of irradiating the material with ionizing radiations
isto produce free e ectrons and holes in abundance by the interaction of the incident radiation
with atoms of the bulk sample. The concentration of these defects at an ambient temperature

may be increased by taking the sample to a higher temperature and then cooling it suddenly
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(quenching). In this way, the increased number of defects present at higher temperatures may

be frozen. This method is quite common in the preparation of TL samples[6].

The free electron is free to wonder in the crystal can be attracted by a Coulomb force
to the localized positive charge and can be trapped in the vacancy. This system or center is
called F center. Similarly, a positive ion vacancy represents a hole-trap and the system is
called V center. Other types of hole-centers are possible:

v' The V center is obtained when a hole is trapped by a pair of negative ions,
v" The V3 center which consists of a neutral halogen molecule which occupies the site of

ahalogenion.

All the previous defects are shown in Figure (111.2).

+ - + - + L s + = + - +
-+ - + - = 4+ - F - ¢ - 1.1"_
-+ -+ -+ - +-+':::4+

VY center Vk center V3 center

Figurelll.2: V, Vi and V3 centersin ared crystal [5].
[11.2.2 Trapsand recombination

The presence of defects resultsin the introduction of permitted energy levelsin the

forbidden band; two types of levels are thus introduced:

Trapping centers (or traps).

Recombination centers.

Figure (111.3) shows the energy levels of an insulator at equilibrium at 0 K: all levels below E;
(Fermi energy) are filled with electrons while the ones above are empty.
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Figurelll.3: Energy levelsin an insulator in equilibrium (T = 0 K). Thelevels below E; are
full of electrons, while those above are empty [2].

Electron traps (or holes), centers tend to attract electrons (or holes), are located near
the conduction band (valence band) at an energy distance of less than 2-3 eV, whereas the

recombination centers are generally located below.

The distinction between traps and recombination centers is essentialy on the

probabilities of capturing charge carriers.

An electron trap (hole trap) is a so-called metastable level, which means that it will be
necessary to provide a so-called activation energy E, which generaly corresponds to the
energy distance between the trap and the bottom of the conduction band (the top of the
valence band) to delocalize the electron (hole) that would have been captured on this center;

A recombination center: A recombination center is defined as the one in which the probability
of recombination with an opposite sign charge carrier is greater than that of thermal excitation
of the trapped carrier. The electron-hole recombination can be done; either radiatively or no
radiatively [5].

[11.2.3 Activation ener gy

Bombarding the solid with an ionizing radiation, this produces free charges which can
be trapped at the metastable states [5]. Electrons and holes remain trapped until enough
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energy is supplied for liberating them returning the crystal to its original state before the
irradiation. This energy is known as activation energy or trap depth [7]. Or, it’'s the energy
needed to release an electron from the trap into the conduction band Figure (111.4).

conduction band

valence band

Figurelll.4. Energy band model showing the electronic transitionsin a TL material
according to asimple two-level mode: (a) generation of electrons and holes; (b) electron and
hole trapping; (c) electron release due to thermal stimulation; (d) recombination. Solid circles

are electrons, open circles are holes. Level T isan electron trap, level R isarecombination
center, E; is Fermi level, E, is the energy band gap.(7)

The probability per unit time of release of an electron from the trap is assumed to be

described by the Arrhenius equation [5],
E
p =sexp(—7) (111.2)

Where p is the probability per unit time. The term sis called the frequency factor or attempt-
to-escape factor. In the simple model ‘s is considered as a constant (not temperature
dependent) with a value in the order of the lattice vibration frequency, namely 1012x10" s ™.
E is the activation energy. The other symbols have their usual meaning: k=Boltzmann’'s
constant=8.617x 10 > eV/K, and T the absolute temperature.

The Arrhenius equation gives the meantime, t, that an electron spends in a trap at a given

temperature T [5]. It isgiven by:

<
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p=rt
It can be written as;

— 1 £
T=S§ exp(kT)

(111.2)

(111.3)

It is easily observed that T increases as E increases. In fact, for E>>£T, T increases almost

linearly with E. For deeper traps, more energy and, in turn, a higher temperature is required to

detrap the electrons [5].

Figure (I11.5) shows the Properties of the Randall-Wilkins first-order TL equation the

variation with the activation energy E.
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Figurelll.5: Properties of the Randall-Wilkins first-order TL equation the variation with the

activation energy E.(4)

In figure (I11.5), the activation energy E has been varied from 0.8 to 1.2 eV. As E increases

the peak shifts to higher temperatures with a decrease in the height and an increase in the

width keeping the area constant. The shift to higher temperatures can physically be
understood by redlizing that for higher E values (deeper traps) more energy (higher

temperature) is needed to release the charge carriers [ 7].
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I11.2.4 Mobile electron model

Until date, there is not a complete theory to explain this phenomenon. However, there
are some models trying to explain it by using three main elements. recombination centers,

mobile carriers or charge carriers, and traps.

In an ideal crystalline semiconductor or insulator most of the electrons reside in the
valence band. The next highest band that the electrons can occupy is the conduction band,
separated from the valence band by the so-called forbidden band gap. The energy difference
between the delocalized bands is E4. However, whenever structural defects occur in a crystal,
or if there are impurities within the lattice, there is a possibility for electrons to possess
energies which are forbidden in the perfect crystal [4].

The mobile electron model which is based on the energy band theory is used to
explain the thermoluminescence, assuming the existence of energy excited states in the
forbidden band. These energy states, having a relatively long lifetime (metastable states), are
due to defects in the crystalline lattice of the material and can play the role of traps or
recombination centers [8].

Figure (111.6) shows schematically the energy levels of an electron in an insulator.

(a) Irradiation (b) Heating
£ Conduction band £ Conduction band
C C \
—\'L\ 2 — 4-L 5\ | JL
L - - Xy
E .‘L E hV1 h\’g:h\’a
B il . — : . E oo s =
Gg’f’ _;f 5
e T i
EV q. G 4 EV )
Valence band Valence band

Figurelll.6: Band model for thermoluminescence. Transitions are denoted by arrows,
electrons by filled circles and holes by open circles.(1) ionization, (2) and (3) trapping, (4)
thermal detrapping, (5) recombination, (6) radiative recombination.(8)

.
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lonizing radiation with hv>Eg can supply the energy for creating the mobile carriers
(electrons and holes). The electrons are transferred from the valence band to the conduction
band, meanwhile, the holes remain in the valence band when the electrons aretransferred to
the conduction band. These charges carrier wander along the crystal lattice until they
recombine or they are trapped in metastable states. Later, during the heating, electrons and
holes are released from their traps to wander along the crystal until they recombine emitting a
visible light photon. Due that the light emission process involves the evacuation ofsome traps
at different energies, the mobile carrier is released at different temperatures giving rise to a

glow curve which is characteristic of the material and can exhibit one or more peaks [5].

A typical glow-curve for LiF, one of the most thermoluminescent materials, is shown in
figure (111.7).

Thermoeluminescence {arbitrary units)
a2
[

0 a0 100 150 200 250
Temperature (°C)

Figurelll.7: A thermoluminescence glow-curve from LiF doped with Mg and Ti(2).

The number of radiative recombination in a TL material is proportiona to the number of
trapped ions, consequently to the number of electron-hole pairs created by ionization. Finally,
the emitted luminescence is proportional to the absorbed dose. Besides, it has been
demonstrated that the amplitude or the area under one peak, at a constant heating rate, is
proportional to the total number of ions captured in the traps. So, the area under the glow

curve is representative of the luminous energy released [8].
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If the trap depth E>>kTy, with To the temperature at irradiation, then any electron that
becomes trapped will remain so for a long period of time. Furthermore, because the free
electrons and holes are created and annihilated in pairs, there must be an equal population of
trapped holes at level R. Because the normal equilibrium Fermi level E; is Situated below
level T(an electron trap), and above level R(a recombination center), these populations of

trapped el ectrons and holes represent a non-equilibrium state [ 7].

The return to equilibrium can be speeded up by raising the temperature of the TL material
above To. This will increase the probability of detrapping and the electrons will now be
released from the trap into the conduction band. The charge carrier migrates through the
conduction band of the crystal until it undergoes recombination at recombination center R.
Return to the ground state is coupled with the emission of light. The intensity of TL I(t) in
photons per second at any timet during heating is proportional to the rate of recombination of
holes and electrons a R [5]. If m (m™®) is the concentration of holes trapped at R the TL
intensity can be written as:

I(t) = - (111.4)

Where the negative sign indicates a decrease of holes.

Here, we assume that each recombination produces a photon and that all produced photons are
detected. The rate of recombination will be proportiona to the concentration of free electrons
in the conduction band n. and the concentration of holes m:

I(t) = — 5 = n,mA,, (111.5)

With the constant A, the recombination probability expressed in units of volume per unit time
which is assumed to be independent of the temperature.

The rate of change of the concentration of trapped electrons n free and electrons n; are the
following [4].

—%znp— n.(N —n)A, (111.6)

% =np —n.(N —n)4, —n.mA,, (11.7)
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With N the concentration of electron traps and A, the probability of retrapping (m*s%).
[11.2.5 Randall and Wilkins model

The kinetics describing the thermoluminescence process was first proposed by Randall
and Wilkins, and was based on a smple band moddl. In this smple model only one kind of
trap (electron traps)and one kind of recombination center (trapped hole centers) is considered,
along with mobile electrons. Another assumption is that no direct recombination takes place
from the electron trap to the recombination center; electronic transport takes place only via
the conduction band [5]. If nisthe number of trapped electronsin T, and if the temperature is

kept constant, then n decreases with time t according to the following expression:

dn__ _ _E.
= pn= s exp( kT) (11.8)

Where p is the probability p Eq. (I.1), per unit of time, that a trapped electron will escape
from the trap;

Integrating the previous equation, we obtain

n = nyexp [—S exp (— %) t] (11.9)

According to the previous assumptions, the TL intensity |, at a constant temperature, is

directly proportional to the detrapping rate, dn/dt:
1=-c(%)=cpn, (111.10)

where C isa congtant which can be set to unity.

Remembering Eq. (1.9), we obtain:

I(t) = Cnys exp (— %) exp [—s t exp (— %)] (111.11)

In figure (111.8) are shown the profiles of change in the filled trap population n, the thermal
excitation probability p and the TL intensity | as the as a function of temperature T when the
sample goes through the heating cycle to read the glow curve [5]. The initial part of the glow
curve rises exponentialy. In this part, the change in n is not perceptible. On the other hand,
the probability of thermal excitation p rises exponentialy. The value of n may be considered

congtant at ng in this part. When the number of trapped charges n, is appreciably diminished,
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the TL intensity curve ceases to rise in the exponential fashion. It goes through a maximum

before falling and ultimately fallsto zero when al the traps are emptied.

1.0x10"
8.0x1 016—-
6.0x1 016—-
4.0)(1016—-

2.0x10"-

Luminescence Parameter

0.0

0.0

300 320 340 360 380
Temperature (K)
Figurel.8: Profiles of trapped electron population n, probability p of excitation and the glow
curveas afunction of temperature during heating. Intensity values plotted in the glow curve
are 10 times of theactual computed values for better visibility. Calculations are carried out
using the Randall-Wilkins model (6).

The intensity | being directly proportiona to n (see Eq(1.10)), this model of TL comes under
the category of first order (FO) kinetics [6].

[11.3. Thermoluminescence dosimetry

One of the earliest suggested applications of TL was the detection and measurement of
absorbed radiation. Dosimetry applications can be most conveniently divided into several
general categories. The basic premise in the use of TL in dosmetry is that the intensity of the
TL can be related, in a straightforward way, to the absorbed radiation dose. In an ideal
system, the TL signal is directly proportional to the absorbed dose over awide range of doses.

[11.3.1 Ther moluminescent Dosimeters

Thermoluminescence is afairly widespread phenomenon and there are a large number
of thermoluminescent materials. Most solids exhibit thermoluminescence to some extent in a

certain temperature range. Among these solids a wide variety of phosphor are now available
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for application to TLD [9].TLDs are available in various forms (e.g. powder, chips, rods and

ribbons).

The presently available TL dosimetric materials can be grouped into two main
categories: tissue equivalent phosphors, which in general show poor sensitivity (such as
Li»B40y7, LiF,BeO,etc.), and compounds with high sensitivity but no tissue equivalence (such
as CaS0,,CaF,, etc.). Only a particular type of LiF, doped with Mg, Cu, P and recently
introduced in the commercial use, seems to combine together tissue equivalence and high

sengitivity properties.
[11.3.2 General Propertiesof TLDs

TL dosmeters exhibit certain characteristics, such as linearity, dose range, energy
response, reproducibility, stability of stored information, isotropy, effect of environment on
dosimeter performance, batch inhomogeneity, and others.

Dose response

In principal, a desirable dosmeter should have a linear response in relationship
between the thermoluminescence intensity (1) to the absorbed dose (D). However, most
conventional TL dosimeters exhibit a non-linear growth beyond a certain dose range, being
either supralinearity or sub-linearity between TL intensity and absorbed dose [2], as
demonstrated in figure (111.9).Linearity range and the non-linearity behavior depend on the

type of dosmeter and its physical characteristics[10].
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Figurelll.9: Diagram of atypical thermoluminescence growth curve showing linear,
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supralinear, and sublinear regions of a phosphor-based TLD [10].

The occurrence of non-linear regions in the dose response curve of a detector does not

preclude its use in TLD, but it does require careful calibration and correction from which

additional errors may occur(2).

Supralinearity and saturation can both be affected by previous thermal treatments and
exposure to radiation, consequently affecting the reusability of a dosmeter. Due to this, a

dosimeter may exhibit a different response upon second and further subsequent use.
Therefore, to overcome these sensitization and supralinearity problems, the annealing process

is required to re-obtain the origina characteristic properties to keep a dosimeter re-useable

[2,10] .

Table (111.1) gives the dose ranges within which detectors show alinear behavior.

Tablelll.1: Linearity range [11].

TL Material Linearity range for ®Co gammarays
(order of magnitude) (rad)
LiF:Mg,Ti 10-- 10°
Li,B407:Mn 10*- 10°
CaF,:Mn 10" - 10°
CaF,:Dy 10°- 10°
BeO 10° - 10°
A1,03 No linear characteristics
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The TL signal is a function (F) of the absorbed dose D. The normalized dose response
function (also called supralinearity index) f(D) is defined as:

F(D)/D
D)= ——— 11.12
)= s (11.12)

Where F(D) isthe dose response at a dose D and D;is alow dose at which the dose response
islinear. Theidea TLD materia hasf(D) = 1 in awide dose rang. If f(D) > 1 the response is
called supralinear, if f(D) < 1 the response is called sublinear [5].

Let us define N as the concentration of empty traps in the material. During irradiation a a
dose rate dD/dt the filled traps are:

Ny =N —n, (111.13)

where n is the concentration of the remaining empty traps. So, the rate of decrease of n can be

written as;

__gn 2 (111.14)
dt dt

where A is a constant of the material, called radiation susceptibility.

Making the assumption that no trapped electrons are thermally released during the irradiation,
Eq.(1.13) can beintegrated as follows, with the initial condition that at t=0,

n dn t ab

NE—L—AEdt (111.15)
From which:

n = N exp(—A.D) (11.16)

Where D isthe total irradiation dose received by the material during the irradiation timet.
Thefilled traps at the end of the irradiation is given by:
Ny = N[1 — exp(—A.D)] (111.17)

The heating phase of the irradiated sample, for obtained thermoluminescence, can be

expressed as follows:

dNs E
—— =P N = Nf.s.exp(—ﬁ), (111.18)

100
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and the intensity of thermoluminescence, I(D,T), isthen given by:

I(D,T) = —C “L = C.5.N[1 — exp(~A.D)] exp (- =) (111.19)
If A.D< 1 for small values of D, 1-exp(-A.D) can be approximated to A.D and then Eq.(1.19)

becomes:
I(D,T) = C.s.N.A.D.exp (— =) (111.20)

From which it is easily observed that the TL intensity at a given temperature, the glow peak

temperature, is proportional to the received dose D [5].
Energy Response

Energy response is defined as a measure of the energy absorbed in the TL material.
Since the intensity of thermoluminescence emitted from a material is proportiona to the
amount of energy initially absorbed by that material, it is important to assess the absorption
coefficient of a material with respect to radiation energy. For photon irradiations (X- or y-
rays), this evaluation is made via the photon energy response S(E) of the system, derived by
calculation of the ratio of the mass energy absorption coefficient for the particular material
(4en /p)m to the mass energy absorption coefficient of a reference material (air or tissue) (uen
Ip)ret , Where uen is the linear absorption coefficient and p is the density in each case [10].
Thus:

Hen
(T)m

(ﬂ%)ref

S(E) = (111.22)

For dosmetry, it is desirable to have a constant energy response over a wide range of
energies, thuslow Z dosimeter materials are preferable. Additionally, the atomic number Z of
adosmeter is desirable to be close to that of tissue (soft tissue, with effective atomic number,
Z«i~ 7.4), known as a tissue equivalent dosimeter. Figure (111.10) represents the difference in
energy response for three different Z materias; it is notable that the lowest Z«; has the more
desirable energy response. CaF, (Calcium Huoride), CaSO, (Calcium Sulphate), LiF
(Lithium Huoride) have effective atomic numbers of 16.9, 15.6 and 8.14, respectively.
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Figurell1.10: Diagram of an energy response of TL materials of various effective atomic
number [10].

+ Fading and Stability

The number of electrons trapped in different trapping levels corresponds to the dose measured
by the TL material. The inadvertent loss of TL signal occurs both during irradiation and
between irradiation and readout is known as fading, depending in large part upon the depth of
traps and the storage temperature. Therefore, it becomes necessary to assess the stability of a
dosimeter within the environment in which the dosimeter is operated [12].

The half-life of the phenomenon is given by

7=0.693p7! (111.22)

Where p isthe probability of detrapping.

Table (11.2) gives the temperature of the different peaks and information on the stability of the
carriersin the corresponding traps at 20°C for some phosphors.
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Tablell1.2: glow peak temperature and half-life/ fading [11].

TL Material Peak Number Emission Half-life Fading Temp (°C)
I 70 5min
I 130 10 hr.
[l 170 0.5yr.
LiF:Mg, Ti v 200 [ yr.
\ 225 80 yrs.
CaF,: Mn I 260 1% per day

It is easy to conclude from the table above that shallow traps have smaller half-lives and will
fade more rapidly than deep ones due to alarger transition probability [11].

The fading can be affected by heat (thermal fading) or light (optical fading) [10]. Thermal
fading occurs particularly if the trapping depth is rather small so that room temperatures can
stimulate release of trapped electrons, during irradiation, between irradiation and during
readout. Thermal fading is most apparent within the low temperature peaks of the glow curve.
To minimize such effects, it is desirable for the dosmeter to be characterized by a glow-curve
with a peak at around 200-250°C, which is sufficiently large to avoid the fading peak but also
sufficiently limited to avoid interference from the black-body signal [10].

Comparably, a proportion of the traps can be emptied by optical stimulation, referred to as
optical fading. In other words, exposure of a dosimeter to sunlight, fluorescent lamps or to
other energetic artificial light sources can liberate trapped electrons (emptying of traps) and
consequently loss of a part of the TL signal.

[11.3.3 Annealing procedures

Annealing is the thermal treatment needs to erase any irradiation memory from the
dosimetry material. Following this annealing procedure for each irradiation has the effect of
re-establishing the defect equilibrium, thereby allowing re-use of the material [2].

Some thermol uminescent material required a complex annealing procedure. LiF:Mg,Ti
is one of them. It requires a high temperature anneal, followed by a low temperature anneal.
Generally, speaking the high temperature annedl is required to clear the dosimetric traps of
residual signal which may cause un wanted background during subsequent use of the
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dosimeters. The low temperature anneal is required to stabilize and aggregate low temperature
traps in order to enhance the sensitivity of the main dosimetry traps and to reduce losses of
radiation-induced signal due to thermal or optical fading during use [5] (see Figure (111.11))
The combination of these two annealsis termed standard anneal .

It is also true, in general, that more defects are produced at higher temperatures of
annealing.

The number of defects also depends on the cooling rate employed to cool the phosphor to the
ambient temperature [5].

ANNEALING . STORAGE AND | POST-IRR ' READOUT |
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Figurelll.11l: Overview of the various stages of annealing, storage and read-out of atypical
TLD material, where a is the cooling rate following pe-irradiation annealing, and f is the

heating rate during TL read-out [7].
The thermal treatments normally adopted for the TLDs can be divided into three classes [5];

Initialization treatment: this treatment is used for new TL samples or for dosimeters which
have not been used for along time. The aim of this thermal treatment is to stabilize the trap
levels, so that during subsequent uses the intrinsic background and the sensitivity are both
reproducible. The time and temperature of the initialization annealing are, in general, the
same as those of the standard annealing.

Erasing treatment or standard annealing (also called pre-irradiation annealing or post-

readout annealing): this treatment is used to erase any previous residual irradiation effect
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which is supposed to remain stored in the crystal after the readout. It is carried out before
using the TLDs in new measurements. The general aim of this thermal treatment is to bring
back the traps - recombination centers structure to the former one obtained after the
initialization procedure. It may consist of one or two thermal treatments (in latter case, at two
different temperatures).

post-irradiation or pre-readout annealing: this kind of thermal treatment is used to erase
the low-temperature peaks, if they are found in the glow-curve structure. Such low-
temperature peaks are normally subjected to a quick thermal decay (fading) and possibly must
not be included in the readout to avoid any errors in the dose determination.

[11.3.4 Principle of measuring an irradiation dose

The theory shows, starting from the relation (I11.5), that the TL peak area (and with a
good approximation, its maximum intensity) is directly related to the number ny of trapped
electrons that is the absorbed dose in the sample. It is this property that is used in TL
dosmetry. The conventional device for TL measurement will have to include (Figure
(111.12)); a heating device with temperature measurement, a device for detecting the TL and
recording TL curves, coupled to an integrating system giving to the surface of the peak. A
simplified diagram of a set up for measuring TL is shown in figure (111.12).

A typical TLD reader conssts of the following significant components [10]: 1) a
planchet (heater cup) for placing and heating the TLD, using a reproducible heating cycle in
order to speed up the yield of phosphorescence; 2) photomultiplier tube (PMT) to detect the
TL light emission and convert it into an electrical signal. The magnitude of the electrical
signal is proportiona to the relative light intensity; 3) electrometer for recording the PMT

signal asacharge or current.

A nitrogen atmosphere (N;) is connected to the TLD reader and made to flow at a
steady well-controlled rate during the read-out process. The N is used to suppress false light
signals due to oxidation during the heating process, the O, acting as trapping centers[10].
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Figurelll.12: Smple diagram of a TL reader system with heater plate, photomultiplier
detector and readout electronics [13].

[11.3.5 Ther moluminescence Dosimetry Applications

TLDs are applied in various fields each with its own demands and constraints (see
table (1.3)). The application of thermoluminescent materials in dosmetry may be
conventionally listed as personal dosimetry (dose estimated in body tissue) and environmental
monitoring (dose estimated in air), with the special consideration for medical applications and
reactor dosimetry [2].

Table|.3: Dosimetric requirements in some mgor application areas|[7].

Application area Dose range (Gy) | Uncertainty, 1 S.D. (%) | Tissue equivalence’
Personnel 10°-5*10" -30, +50 +
Environmental 10° - 10~ +30 -

Clinical

Radiotherapy 10t — 107 +3.5 ++
Diagnostic radiology 10°-10 +3.5 +
Radiation processing’ 10" —10° +15 -

?_]ess required, +required, ++more required, ° involves sterilization, food processing, material testing, etc.

106



K/
£ %4

Chapter III: Thermoluminescence Dosimetry 2020

Personnel Dosimetry

The primary objective of personnel dosmetry is to monitor the radiation dose
delivered to personnel during routine occupational exposure. Examples include workers at
nuclear reactors, hospital radiotherapy technicians, or naval personnel on nuclear powered
vessels. The overall desired aim is to limit an individual's total exposure to below the

maximum permissi ble dose values recommended by the regulatory agencies.

Broadly, personnel dosmetry covers. (i) Extremity Dosimetry - determination of the
maximum dose equivalent to any part of the hands, arms or feet, (ii) Whole Body Dosimetry:
The primary interest is in penetrating radiation (gamma rays, x-rays (>15 keV) and neutrons),
(iii) Tissue Dosmetry (skin dose): this one is interested in non-penetrating radiation (beta
particles, and (<15 keV) x-rays).(3)

In all such applications the primary requirement of a TLD material is that of tissue
equivalency. That is, one seeks a TLD material that absorbs the same dose of radiation in a
given position in a given radiation field as human tissue would absorb if placed at the same

position in the same field.
Medical Dosimetry

The small size and high sengtivity of TLD materials has long been exploited in
clinical studies since the TLD samples can be inserted into appropriate openings in the human
body before exposing the patient to ionizing radiations during diagnosis and/or therapy. The
exposed TLDs are then retrieved and analyzed. The two areas of use for clinical radiation
exposure of humans are diagnostic radiology (e.g. x-ray exposure in mammography, dentistry
and general health screening) and radiotherapy (primarily cancer therapy of various types).
Radiation types include X-rays (as slow as 10 keV), gamma-rays (from *'Cs or *Co), beta

particles (up to 40 MeV), protons and other heavy charged particles, and neutrons [ 3].
[11.4 Lithium Fluoride (LiF) Dosimeters

While several materials are still in use for dosmetry applications, the lithium fluorides have
been the dominant TL materials over the past 3 decades, starting with LiF:Mg,Ti and now
moving to the high-sensitivity LiF:Mg,Cu,P [14].
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Studies on LiF, a material of low atomic number and therefore low energy dependence for X-
rays, began at the University of Wisconsin, USA, under the guidance of Danielsin 1940. This
work, interrupted between 1956 and 1960 because of the poor dosimetry properties of this
material, was continued by Cameron, who concelved the systematic regeneration of LiF and
encouraged the commercia production, by the Harshaw Chemical Co., USA. of LiF. Mg, Ti
dosimeters known as TLD-100, TLD-600, and TLD-700 depending on their preparation from
natural lithium or lithium enriched with °Li or, "Li, respectively (1). These TLD materials can
be produced in awide variety of forms, from small rods to circular or quadratic chips[15].

Figure (111.13) depictsa TLD cards with the card holders.

Figurelll.13: TLDsand TLD’s cards

[11.4.1 | sotopic composition

Another possible variation is which isotopic compostion is used for lithium, with
TLD-100 using natural lithium whereas TLD-600 is enriched in Li-6 and TLD-700 enriched
inLi-7. Table (I11.4) givesa summary of the most important materials, including the different

commercial names given to them.
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Table 111.4: List of LiF materials and their designation by the two manufacturers
ThermoScientific and TLD Poland [15].

Composition Li isotope Thermo Scientific | TLD Poland
LiF: Mg, Ti Natural TLD-100 MTSN
Lif: Mg, Ti Li-6 enriched TLD-600 MTS-6
LiF: Mg, Ti Li-7 enriched TLD-700 MTS7

TLD 100's are composed from natural lithium which has an isotopic concentration of
92.6% ’Li and 7.4% °Li [16]. Table (111.5) gives the detailed composition and the areas of

usage.

TableI11.5: Different isotope composition for TLD-100, TLD-600 and TLD-700 [15-16].

Type Li-6 content Li-7 content Application

TLD-100 7.5% 92.5% Health and medica physics
TLD-600 95.6% 4.4% Neutron dosimetry
TLD-700 0.06% 99.93% Gamma/beta dos metry

[11.4.2 Crystalline structure

The crystal structure of the Lithium Huoride is therefore face centered cubic in which
the fluorine and lithium ions aternate with the vertices of the cube [17]. Figure (111.14) shows
the crystal structure of LiF.

./C‘T nﬂi? P
c}*"ﬁ < C
A

Figurelll.14: Crystal structure of LiF:  Li, ° F[17].
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[11.4.3 TLD-700

Lithium fluoride doped with magnesium and titanium, known commercially as TLD-
700, is still the most commonly used radiation dosimeter(personnd dosimetry and health
physics) due to its approximately tissue equivalent response [15].

[11.4.3.1 Preparation methods

The thermoluminescence of LiF is sufficiently high to detect low exposures, which are
of concern in routine personnel monitoring. LiF can be produced in several versions, being
manufactured by Harshaw as TLD-100, TLD-600 and TLD-700. The most widely used and
also extensively studied version, TLD-100, consists of LiF doped with approximately 170-
ppm Mg?* ions and approximately 7 ppm Ti*ions [18-19]. Harshaw patent describes two
preparation methods for LiF:Mg, Ti TL phosphor powders [14,17] : the solidification method
and the single crystal method. In the solidification method, lithium fluoride (106 parts by
weight), magnesium fluoride (400 parts by weight), lithium cryolite (200 parts by weight),
and lithium titanium fluoride (55 parts by weight) are mixed in a graphite crucible. The
mixture is homogeneously fused in vacuum and the product slowly cooled, then crushed and
sieved between 60 and 200 um. In the single crystal method, the above mixtureis placed in a
vacuum or inert-atmosphere oven to grow a single crystal at a temperature sufficiently high to
obtain a homogeneous fusion mixture. The mixture is then sowly moved to a lower
temperature zone to alow progressive solidification (about 15 mm/h). Once the material is

cooled, it is crushed and sieved between 60 and 200um.

TLD-700 has become popular because of several properties. Further characteristics of
LiF:Mg,Ti are described in the following Table [15].

Tablell1.6: Characteristics of 'LiF:Mg,Ti [15].

Material characteristic Valuefor LiF:Mg,Ti

Effective Z 8.2 (tissue —7.4)

Useful Radiation Types Photons, Neutrons, Electrons, Heavy
Charged Particles

Dose Range 10uGy — 10Gy (linear)

10Gy — 1,000Gy (supralinear)

Peaks 2-5: 20% at 3 months
Fading Peaks 3-5: 10% at 3 months
Peaks 4-5: <5% at 3 months

Residual TL after readout ~0.2% without annealing
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Repeatability 2% -1 SD at 1 mGy
Lower Limit of Detection 10uGy (2.26 SD of zero)
Chips, Micro-Cube, Sguare Rod, Rod,
Available forms Unsorted Chips, Powder, Pelletized Chip,
Pelletized Disk

[11.4.3.2 Defects of the TL D-700

The TLD-700 has a face centered cubic crystalline structure. The main ions
components of the TLD-700 are Li* and F. LiF is a member of the alkali halide group of
ionic crystals [20]. In real crystals there will always be some liovalent metal ions present,
either as background impurity or as intentional doping [20]. In the case of TLD-700, the two
main defects are Schottky defects, where both an Li* and an F ions are missing, and Frenkel
defects, where a Li* or a F are moved from a lattice position to an interstitial position. The
dopants in TLD-700 are Magnesium and Titanium. Figure (I11.15) depicts the previous

mentioned defects.

+ - - + — + - %
+ * * oy - + +
— — + — —_— — —
+ 9 _ -3~ + - = I
-+ -3- et -+ - +03
+ - + - & - %+ = + - + -+ - 3
- - - + - + B + - w -
Frenkel and - %+ - + - Frenkel and
Schottky Schottky
defects Schottky defect defects

+ alkali ion (Li"), - halideion (F), alkali ion vacancy, B halide ion vacancy,
® interstitial alkali ion, © interstitial halide ion(4).

Figurell.15: Structures of area crystal with intrinsic defects: LiF.

As an example, Figure (111.16) shows the behavior of the divalent cation Mg?* in LiF:

it substitutesa Li* ion.
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FigureI11.16: Substitutional divalent cation impurity Mg®* [17].

Magnesium enters the lattice as Mg®* and substitutes for a Li* atom. As charge neutrality has
to be kept, this happens in combination with the appearance of a Li* vacancy (written as Mg-
Livac). Titanium also enters the lattice by replacing a Li* atom. As it can be either Ti** or

Ti*'there are several ways to reach charge neutrality [20].
[11.4.3.3 TLD-700 properties

A big advantage of all LiF materials is the tissue-equivalence of the effective atomic
number Zg: which is 7.4 for soft tissue (because of the water content) and 8.2 for TLD-700.
Also, LiF has other properties, such as relative low fading and the possibility to manufacture
the material with acceptable reproducibility. TLD-700 has some features that do not entirely
suitable for use in low dose X-ray such as low sensitivity (which is why it is necessary to
calibrate every use), poor detection threshold and disagreement in several reports about the
fading [21].

111.4.3.4 TLD-700' s Glow curve

The TL glow curve of LiF: Mg,Ti, showing at least five peaks, is quite complicated
because of its complex trap dynamics (Figure (111.17)). The main peak (indicated as peak 5)
normally used for dosimetric purposes, and then called the dosimetric peak, appears at a
temperature of between 220 and 250 °C (depending on the heating rate) corresponding to a
very stabletrap level [14].
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Figurell.17: A typical glow curve of LiF: Mg, Ti showing its complex structure [14].

The low temperature peaks 1, 2, and 3 are relatively unstable and must be suppressed
by a thermal treatment. The emission spectrum of nominally pure LiF exhibits a main
emission at 415 nm for al the glow peaks up to about 250 °C when irradiated at room
temperature. Such emission band in LiF: Mg, Ti (TLD-700) is varioudy reported to lie
between 400 and 430 nm [14]. Table (111.7) gives alist of 5 important traps or peaks in the
glow curve together with the activation energy and the | attice constant. These parameters vary
depending on the source because on one hand different batches of the same material yield
dightly different results and on the other varying measurement and treatment parameters,
such as annealing temperatures and the heat ingrate, also have an influence on the parameters
sand E. Furthermore, peaks 3 and 5 are sometimes, depending on the application and the way
the parameters are calculated, split in to two peaks each.

Tablelll.7: Trap parameters of TLD-700 [14].

Peak E [eV] s[s7]

1 1.04 1. 10"

2 1.24 1.14. 107
3 1.30 1.45. 10*
4 1.52 2.6. 107
5 1.93 5.22. 10"
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It should be noted that the peak parameters vary between different publications. The reason is
that they strongly depend on the model and the method with which they are cal culated.

[11.4.3.5 Fading

An important effect is fading, which means the decrease of stored informationinaTL
material over time. From the Randall and Wilkins model it is possible to derive a formula for
the half-life by solving the differential equation (1.9) from the first chapter.

In2 E
ti = —_exp (E) (11.23)

Table (111.8) gives the different fading values provided by the manufacturer for the
materials mentioned. The fading is of course temperature dependent, as the probability of

releasing an electron from atrap is higher if the temperature is higher.

TableI11.8: Half-lifes of different trapsin TLD-700 at room temperature [17].

Peak Half-life Peak temperature(°C)
1 10 min 65

2 1 day 120

3 3 months 160

4 8.5 years 195

5 80 years 210

6 several hundred years 275

The low haf-lives of peaks 1 and 2 mean that these will basically be empty as
electrons stored in the traps are continuously released again. The half-life of 3 months of peak
3 means that about 80% of the energy is still stored after one month of application. The long
half-lives of peaks 4 and 5 make them suitable for use in dosimetry, as they are very stable.
In Figure (111.18), fading of peaks of glow curves for the TLD-700 are shown in a period of
one month. It is observed clearly the dlight decrease in the intensity of the dosimetric peak for
the material; the first peak had a higher fading, completely disappearing at the 288 h.
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Figurell1.18: Graphical representation of the evolution of the glow curvesfor TLD-700
from 3 hours to up to 1 month after irradiation [21].

The above-mentioned figure (111.18) shows a small shift to higher temperature are seen
in the peak temperature of the main dosmetry peak. It is known that a glow peak with kinetic
order greater than one (non-first-order TL glow peak) shifts to higher temperatures with
decreasing the population of trapping states. Storing the TL dosimeter causes depopulation of
trapping states due to fading [21]. Therefore, the TL glow peaks shift to higher temperature

with increase in storage time.
[11.4.3.6 Effect of Annealing on the LiF Glow Curves

LiF:Mg,Ti requires a high temperature anneal, followed by a low temperature anneal.
For lithium fluoride the standard annealing consists of a high temperature anneal at 400°C
during 1 hour followed by a low temperature thermal treatment for20 hours at 80°C. In some
laboratories, annealing at 100°C for 2 hours has be in used instead of the longer anneal at
80°C. For dosimetric consideration speak 1 should be ignored and peaks 4 and 5 concentrated
on. It has been discovered that by various combinations of pre- and post-irradiation annealing
peaks 1 and 2 can be completely removed and those of 4 and 5 enhanced. In as much as most
users of LiF as a dosmetric material follow one procedure a standard pre-irradiation anneas

of 1 hour at 400°C followed by 24 hours at 80°C can't be adopted [20].
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Figure (111.19) shows an over view of the annealing producer. It displays the various stages of
annealing of the TLD-700.

. 120°C_8

Relative TL sensitivity (A)
and temperature (B) (arb. units)

Pre-heat ! Read : Anneal

Time

Figurel11.19: Diagram of a heating cycle and glow curve used in the reading of LiF: Mg,Ti
[22].

An example of the changes which can be induced in the TLD-700 low-curve as a result of
various annealing treatmentsis shown in Figure (111.20).
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Figurel11.20: glow-curvesfor TLD-700 after a pre-irradiation anneal at: A: 400°C for 1h. B:
400°C for 1h followed by an anneal at 80°C for 24h. C: 400°C for 1h followed by an anneal at
190°C for 10h [15].

A 400°C anneal for 1 hour gives rise to the characteristic glow-curve (curve A). If this
heat treatment is followed by an 80°C anneal for 24 hours, the glow-curve change the shape
into that shown in curve B, peaks 4 and 5 grow at the expense of peaks 2 and 3. A high
temperature annea at 190°C for 10 hours, cause a drastic reduction in the size of peaks 4 and

5. Clearly, the annealing treatments are inducing defect reactions which are in turn increasing

or decreasing the sensitivities of the individual peaks|[15].

111.4.3.7 Dose response

The thermoluminescence dose response of the TLD-700 is linear over a wide range of
doses, it has alinear range of up to severa Gy (100mGy up to about 10Gy) [17], followed by
a supralinear region. The saturated region starts at about 1000Gy. Figure (111.21) shows the
growth of TL with dose for LiF:Mg,Ti (TL peak 5). The dose response displays a linear-

supralinear-sublinear growth.
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Figurelll.21: Dose response curve of the peak 5 from TLD-700 (LiF:Mg,Ti) [23].

In LiF:Mg,Ti, decreasing the Mg content enhances supralinearity, while increasing the
OH impurity content decreases supralinearity. All these factors indicate a dependence of f(D)

on the nature of the host material and its defect structure, including the impurity content [24].
[11.4.3.8 Ener gy dependence

Because of the low atomic number of both lithium and fluorine, the energy
dependence of LiF thermoluminescence is small compared with that of other common
dosimeters (11) (see Figure (11.10)). The TL response of TLD-700 to Co®gamma radiation of
different effective keV has been investigated between 30 keV effective and 1.2 MeV (Figure
(111.22)).
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Figurel11.22: Energy dependence of LiF compared with that of other dosimeters[25].

The sensitivity, measured in light emitted per r/mg, relative to Co®®gamma rays is
notably constant especially compared to the responses of the other dosimeters. For dosimetry,
it is obvioudy desirable to have a detector which exhibits a constant response over a wide
range of energies, there for LiF (with low Z) is preferred [15].
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Chapter IV: Influence of wrong positioning of water phantom and ionization
chamber on the accuracy of the treatment planning in external radiotherapy.

1V.1 Introduction

Radiotherapy treatment outcome is directly related to the accuracy in the delivered dose to the
patient that is dependent on the accuracy of beam data used in the treatment planning process.
These data are obtained during the initial commissioning of the linear accelerator and are
taken as the standard data for clinical use. In order to be able to operate the TPS in right
clinical use routinely, it was imperative to proceed to a systematic checking of these basic
data periodically through some dosimetric measurement performed by using suitable
ionisation chamber and water phantom. Indeed, the basic necessary dosimetric data for
treatment planning by the TPS are: percent depth dose (PDD) profiles for open field, the dose
off-centre ratio (OCR) profiles for open fields, the collimator opening factors (FOC), diagonal
dose profiles for open fields, transmission and dose calibration factors (monitor unit and dose
unit correspondence (MU/GY)) [1-4]. In this work, it was question to study the influence of an
involuntary wrong positioning of water phantom and ionization chamber on the accuracy of
the necessary beam data, namely: the PDD, the OCR and the absolute reference dose.
Consequently, it was question of check if such bias conditions can affect the treatment
planning accuracy in external radiotherapy around the ClinaclX accelerator of the fighting

against cancer centre (CLCC) of Setif.
V.2 Interest of water phantom in the measurement of beam data

The reference medium for dosimetry in radiotherapy is a phantom with material that can
absorb and diffuse ionizing radiation in the same way as organic human tissue. For this
purpose, the phantom must have electronic and volumetric densities that are approaching
those of the human tissue. Indeed, water which has these peculiarities (the human body is
more than 80% of water) is the most frequently phantom used. Such phantom is
recommended by many and latest dosimetric protocols [5]. By using this phantom, there are
many types of data that must be acquired during radiotherapy machine and treatment planning
system (TPS) commissioning particularly the percent depth dose (PDD) profiles and the dose
off-centre ratio (OCR) profiles for open field. Necessary dosimetric beam data are collected
with a scanning water phantom; typically, a plastic tank filled with water to a level deep
enough to allow PDD and OCR measurements to a maximum depth of 40 cm on the central
axis. The size of the water tank should be large enough to allow scanning of beam profiles up

to the largest field size required e.g., for photon beams, 40x40 cm? with sufficient lateral
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buildup 5 cm and over scan distance. Some planning systems require larger lateral scans and
diagonal profiles for the largest field size and at a depth of 40 cm for modeling. To determine
the appropriate size of the scanning tank, the over scan and the beam divergence at 40 cm
depth should be considered. A factor of 1.6 times the maximum field size should provide a
safe limit. Simple calculation shows that a tank size of 75x75 cm? is an optimum
recommended size. If the scanning software does not have the ability to perform diagonal
scans, the pedestal table should be rotated to acquire the desired data. In general, collimator
rotation does not provide the flattening filter information that diagonal profiles are intended to

provide, and hence, such data should not be taken with collimator rotation.
V.3 Materiel and methods

1VV.3.1 Materiel used and experimental setup
1VV.3.1.1 Experimental setup N°1

This experimental setup is used for PDDs and OCRs measurement. It includes the
following parts:

1. Automatic water phantom MP3 PTW 3D

The water tank represents one of the important measurement elements in radiotherapy.
The measurements that can be performed on it are: the depth yield, the dose profile, the
absolute dose... The water used is distilled water, thus making it possible to best represent
human tissue. It is for this latter reason that the majority of the measurements required in
radiotherapy are carried out in water. The water tank used in this work is made up of three
motors and three potentiometers (for independent displacement) allowing the displacement of
the ionization chamber in the three planes of space (3 directions) [6]. Thus, one can easily
measure an absolute reference dose in the center of the field at 10 cm deep, a yield in depth as
well as a lateral dose profile. The water tank is in the form of a cubic tank with a total
capacity of 0.148 m3 (length: 59.4 cm, width: 49.6 cm, depth: 50.25 cm) (Figure IV.1). The
installation of the tank in the measurement position must be very accurate to avoid any wrong

measurement.
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Figure IV.1: Water tank MP3 PTW
2. Controller

This element is used for the data acquisition by controlling communication between
the water tank (ionization chamber and positioning motors) and the data acquisition, display
and storage software “Mephysto”. When information on the next position of the ionization
chamber is transmitted from “Mephysto”, the controller sends a signal to the tank that start
moving the ionizing chamber to this desired spatial position by stepper motors. The controller
also allows that the charge measured (dose) by the electrometer is transmitted to the
“Mephysto” software for storage and interpretation (Figure 1V.2).
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Figure 1VV.2: Controller illustration and mounting

3. MP3 Electrometer

The MP3S electrometer from PTW FREIBURG was used with the ionization
chambers M 31010 PTW and M 31013 PTW for the measurement of PDDs and dose profiles.
This electrometer measure electrical signal induced by the charges collected by the ionization
chamber and then transmits the information to the “Mephysto” software through the controller
for display and storage (Figure 1V.3). The electrometer has a monitoring and control console.
This control console is used to position the ionization chamber in the desired initial or final

position. It can be connected either to the electrometer or to the water tank.
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Figure 1V.3: MP3 Electrometer

When installing the water tank, the control console is connected to it in order to
position the ionization chamber at the isocenter of the linear accelerator. The three
coordinates of the space are represented by the indications A, B, C, with a displacement
precision of 0.1 mm. The movement of the three axes uses two speeds. The movement control
can be done by a step varying from 0.1 mm to 1mm. It is possible to create limit displacement
positions preventing the ionization chamber from coming to butter against the walls of the
tank (Figure 1V.4).
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Figure 1V.4: Portable control unit

4. Data acquisition software Mephysto PTW

This software collects data after an irradiation. The displacement of the ionization

chamber via the controller and the displacement motors is carried out from this software.

After defining the field size, the energy, the source / water surface distance (SSD, Skin Source

distance), we can perform our measurements on the PDDs and dose profiles OCRs (Figure

IV.5).
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1VV.3.1.2 Experimental setup N°2

This setup was used for the measurement of the absolute dose at the reference position
at a depth of 10 cm in water. It includes the following elements:

1. Water phantom PTW MP1

The PTW MP1 1D water phantom is a remote-controlled motorized phantom used in
our work for the measurement of absolute doses at the reference position. It can also be used
for the measurement of PDD depth yields for photon and electron beams (Figure 1V.6). The
dosimetric data acquisition is carried out in accordance with the AAPM TG-51, IAEA TRS
398 and DIN 6800-2 protocols. The phantom is equipped with a fixing system to install the
Semiflex, Farmer, Markus or Roos type ionization chambers. The main characteristics of this
phantom are given in Table (1V.1).

— ‘-':'..ﬁ& =

Figure 1V.6: Water phantom PTW MP1
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Table 1V.1: Main characteristics of the PTW MP1 phantom

Type Water phantom 1D PTW MP1
Absolute dosimetry and measurement of the dose deep in
Application water according to the AAPM TG-51, IAEA TRS 398 and
DIN 6800-2 protocols
Resolution 0.1 mm
Tank material PMMA
Volume 38 414,545000cm>ou 38.41 L

External Dimensions
(High*Lenght*Width)

(5320x320x370) mm?®

Wall thickness lcm
Measuring depth 0a 254 mm
Weight (empty) 10.3 Kg

2. UNIDOS Webline Electrometer

The UNIDOS Webline electrometer from PTW FREIBURG is used with ionization
chambers in photon mode and in electron mode. It is a reference electrometer (Figure 1V.7).
It was calibrated with the 0.6 cm3 reference chamber (Semiflex PTW 30013) in absorbed
dose for high energy photons and the Markus type 23343 chamber for electrons with energies
of 6, 9, 12, 16 and 20 MeV. The absolute dose measurement is provided in terms of the total
charge collected (nC). Just put the electrometer in "Coulomb™ mode to measure the charge
collected. In order to overcome the background noise from the ionization chamber, the device

is equipped with a reset.

Figure IV.7: UNIDOS Webline Electrometer
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1VV.3.1.3 lonization chambers used in the two experimental setups

In this work we used two types of ionization chambers: the PTW Semiflex 0.3 cm®
(PTW31013) (Figure 1V.8), and the PTW Semiflex 0.125 cm® (PTW 31010) (Figure 1V.9) [7].

The 0.3 cm?® chamber was used for the measurement of the absolute dose and also as a
reference for the measurement in relative dosimetry of PDDs and dose profiles OCRs. The

main characteristics of this detector are given in Table (1V.2).

Figure 1V.8: lonization chamber 0.3 cm?® Semiflex type 31013

Table 1V.2: Main characteristics of the 0.3 cm® Semiflex chamber type 31013

Materials 0.55 mm of PMMA, 1.19 g/cm?®
Wall of sensitive volume 0.15 mm of Graphite, 0.82 g/cm®
Total wall area density 78 mg/cm?
Dimension of sensitive Radius 2.75 mm
volume Length 16.25 mm
Material Aluminium 99.98%
Central electrode -
Diameter 0.9 mm
Build-up cap Mqterial PMMA
Thickness 3mm
Working voltage 100-400 V
Photons 100 kV-50 MV
Radiation enrgy range Electrons 10 -45 MeV
Protons 50-270 MeV
Maximum dose rate +99.5 % saturat!on 14 Gyl/s
+99.0 % saturation 28 Gyls
Maximum dose rate per For 99.5 % saturation 0.8 mGy
pulse For 99.0 % saturation 1.5 mGy
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Field size

(4 x 4) cm2-(40 x 40) cm?

Air pressure

700-1060 hPa

Working Temperature

10-40 °C

Working Humidity

10 -80 %, max 20 g/m3

lon collection time

80 ps

The 0.125 ¢cm?® ionization chamber was used for the measurement of PDDs and dose

profiles OCRs. The main characteristics of this detector are presented in Table 1V.3.

- N
S )

Figure 1V.9: lonization chamber 0.125 cm?® Semiflex type 31010

Table 1VV.3: Main characteristics of the 0.125 cm3 Semiflex chamber type 31010

Wall of sensitive volume

Materials

0.55 mm of PMMA, 1.19 g/cm®

0.15 mm of Graphite, 0.82 g/cm®

Total wall area density

78 mg/cm?

Dimension of sensitive

Radius 2.75 mm
volume

Length 6.5 mm
Central electrode Material Aluminium 99.98

Diameter 1.1 mm
Build-up cap Mqterial PMMA

Thickness 3mm
Working voltage 100-400 V

Photons 140 kV-50 MV
Radiation enrgy range Electrons 10 -45 MeV

Protons 50-270 MeV
Maximum dose rate +99.5 % saturat!on 6 Gy/s

+99.0 % saturation 12 Gy/s
Maximum dose rate per For 99.5 % saturation 0.5 mGy
pulse For 99.0 % saturation 1mGy
Field size (3 x 3) cm?-(40 x 40) cm?
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Air pressure 700-1060 hPa
Working Temperature 10-40 °C

Working Humidity 10 -80 %, max 20 g/m3
lon collection time 100us

1VV.3.1.4 Water tank installation

Installing the water tank is a very important step for data acquisition. Its installation
must be as precise as possible in order to guarantee the accuracy of the measurements made.
In its installation, it is first necessary to make the center of the tank coincide with that of the
directing beam of the linear accelerator. Just use the reticule located in the head of the
accelerator and have it superimposed on the cross at the bottom of the tank. In order to
facilitate the positioning of the tank, it is possible to use the positioning lasers installed on the
walls of the accelerator room. The tank is then filled with distilled water. The water source /
surface distance (SSD) should be set to 100 cm. This distance is adjusted using a rangefinder.
This will also make it possible to position the ionization chamber at the iso-center of the

linear accelerator.

The tank's parallelism with respect to the ground (reference) is done by checking its
vertical and horizontal inclinations with level meters of control. Figure (1V.10) illustrates the

installation of the water tank.
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Figure 1V.10: Installation of the water tank

The last step in installing the tank is to fix the ionization chambers (Figure 1V.11). For
PDDs and dose profiles, the measuring chamber (0.125 cm® PTW31010) is fixed on the
movable arms of the tank so that it can be moved. However, care must be taken to match the
sensitive area of this ionization chamber with the iso-center of the linear accelerator. The
reference chamber (0.3 cm® PTW M 31013) is placed on a support above the tank. The latter
must be placed at the edge of the light field reproducing the field the shape of the beam used.
The two chambers are then connected to the MP3 electrometer, which in turn is part of the
Mephysto software. For the measurement of the absolute dose, the PTW MP1 1D phantom
water tank is used with the 0.3 cm?® ionization chamber (PTW M31013). For this
measurement, the chamber is fixed at the reference position, i.e. at a depth of 10 cm in the

water phantom.
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Figure 1V.11: Relative chamber fixed on the movable arms (green circle at the bottom) and
reference chamber positioned on the edge of the selected field (red circle at the top)

1VV.3.2 Methods
1V.3.2.1 Considered biased beam data measurement scenarios

The knowledge of the dosimetric parameters of the high-energy photon beams delivered
by a linear accelerator is of great importance for the treatment planning in routine
radiotherapy. To this end, we have imagined and implemented possible wrong measurement
setup scenarios (systematic errors) of certain photon beam reference data in order to study
their influence on dose calculation by the TPS. In this work, it was a question of studying the
influence of an involuntary wrong positioning of the water phantom and the ionization
chamber on the precision of the collected beam data and consequently on the calculated dose.
To do this, a real and appropriate treatment case was considered to elucidate the effect of such
measurement error scenarios on the real treatment planning accuracy. Indeed, we have to
compare between the doses delivered to the most important organs and to the programmed
target volume (PTV) and the dose indices by the analysis of dose-volume histograms (HDV)
for the two cases without and with the introduction of positioning errors. The dose coverage
of PTV was evaluated using the heterogeneity index (HI), the uniformity index (Ul) and the

conformity index (ClI) defined as follows [8-9]:
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HI = 22%~Dos% (V. 1)

D509
where D2y is the dose of 2% of the programmed target volume, Dos% is the dose of 98% of

the programmed target volume, and Dsoy is the dose of 50% of the target volume [8-9];

Ul = 2% (IV.2)

i)
D5y,

where Dsy is the dose of 5% of the programmed target volume, and Dgsy is the dose of 95%

of the programmed target volume [8-9];

_ PTVos,
T opTV

Cl , (IV.3)

where, PTV is the programmed target volume and PTV95% is the volume covered by 95% of

the prescribed dose.
1VV.3.2.1.1 Positioning bias of the water phantom

In this first scenario, the PDD measurements and the dose profiles OCRs were carried
out using the water phantom (PTW MP3) slightly inclined with a reasonable error angle of 1°
to the left relative to the beam incidence. Measurements were made on the Varian Clinac IX
linear accelerator for a 18 MV photon beam, 10x10 cm? aperture, and with a source-skin
distance of 1000 mm (SSD = 1000 mm). PPDs and dose profiles were measured by two open
air ionization chambers: the first having a volume of 0.125 cm?® (PTW 31010) and the second
reference volume chamber of 0.3 cm® (PTW 31013). For this measurement, the phantom used

automatically moves in three directions (X, y, z) during signal capture.
1VV.3.2.1.2 Positioning bias of the ionization chamber

For this second scenario, the measurement of the absolute dose was carried out using a
well-positioned water phantom MP1 PTW D1, but this time the main axis of the ionization
0.3 cm? ionization chamber was slightly shifted from the water level by ~ 5 mm upwards.
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IVV.4 Results and discussion

The wrong positioning of the MP3 water phantom considered in this work had no effect on
the PDDs because the inclination does not affect the depth covered in the water (the depth is
the same with or without the introduction of this phantom tilt bias). In addition, a relatively
slight effect was observed on the dose profiles OCRs. Figure (IV.12) shows the reference
OCR dose profiles (with right phantom positioning) and the OCR dose profiles with the
introduction of the phantom position error (1° tilt) for a field size of 100 mm and at different
depths in the water (31, 50, 100, 200 and 300 mm).

Figure 1V.12: OCR dose profiles with introduction of the phantom positioning error (A), and

the reference OCR dose profiles without positioning error (B)

The wrong positioning of the water phantom considered has led to some changes in the
flatness and symmetry of the OCR dose profiles. Differences of 0.5% and 1.11% were
observed respectively on the flatness and the symmetry for a field size of 30x30 cm? and a
depth of 100 mm (Table 1V.4).
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Tableau 1V.4: Induced changes in flatness and symmetry of the OCR dose profiles due to the
considered improper positioning of the water phantom

Reference OCR | OCR with positioning error | Difference (%)

Flatness (%) 1.64 2.14 0.5

Symmetry (%) 0.37 1.48 1.11

In addition, for the scenario of wrong the ionization chamber positioning, it was observed that
this positioning bias induced a slight variation on the reference dose at the calibration depth
(Z =100 mm) for a field size of 100 mm and for a source-axis distance of 1000 mm (SAD =
1000 mm). The reference dose therefore changes from 0.94 Gy (reference) to 0.97 Gy (with

positioning bias), i.e. with ~ 3% of difference.

To elucidate the effects of these two positioning biases on the treatment planning in
radiotherapy, comparisons of calculated doses by the TPS for various organs and structures
were made by comparing new HDVs to reference HDVs. The reference HDVs for the most

important structures and volumes are presented in Figure (1V.13).
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Figure 1V.13: Reference HDVs for the most important organs and structures

138



Chapter IV: Influence of wrong positioning of water phantom and ionization 2020
chamber on the accuracy of the treatment planning in external radiotherapy.

The error scenarios considered in this work had no significant effect on the precision of
treatment planning, see Table (IVV.5). The wrong ionization chamber and the water phantom
positioning considered induced slight changes on the reference HDVSs, in particular on the

target doses and the dose covering indices as presented in Table (I1V.5).

Tableau 1V.5: Changes observed in the doses (in volume) and the dose covering indices of

the main organs, volumes and structures by the positioning bias considered.

Volume/Structure Dose (Gy)
lonization chamber Water phantom
Reference " . . .
position bias position bias
Dmax 52.281 52.282 52.206
D50% 50.434 50.434 50.399
D98% 48.385 48.383 48.423
D95% 48.956 48.956 48.956
D2% 51.820 51.821 51.757
PTV 50 Rectum D5% 51.576 51.576 51.520
Dose covering index
Cl 0.99 0.99 0.99
HI 0.068 0.068 0.066
Ul 1.053 1.053 1.052
Dose (Gy)
Dmax 50.283 50.283 50.281
Bladder Dmin 30.745 30.744 30.709
D2% 49.636 49.636 49.651
Dmax 47.729 47.730 47.718
Left Femoral Head "R, 1.781 1.781 1.700
D2% 46.665 46.664 46.65
Dmax 47.398 47.398 47.421
Right Femoral Head i, 1.507 1.506 1513
D2% 46.276 46.277 46.300

In this work, it was well verified that the wrong positioning of the ionization chamber
considered had no direct impact on the value of absolute reference dose. Whereas the wrong

water phantom positioning did not have any impact except on OCR dose profiles.
An in-depth analysis of the obtained results presented above allows us to note that:

- The asymmetrical OCR dose profiles observed by tilting the water phantom with a bias of 1°
had no significant impact on the accuracy of the dose calculation and therefore on the

radiotherapy treatment planning.

139



Chapter IV: Influence of wrong positioning of water phantom and ionization
chamber on the accuracy of the treatment planning in external radiotherapy.

- The slight shift in the position of the ionization chamber with respect to its central axis by ~
5 mm towards the top of the water level did not affect the clinical dosimetry calculated by the
TPS.

- No significant differences in the PTV dose covering indices between the reference situation

and the wrong positioning situation considered.

- The PDDs and OCRs dose profiles obtained for the wrong positioning situations considered

had no direct impact on the accuracy of the radiotherapy treatment planning.

- No significant differences on the doses to be delivered to organs at risk between the

reference situation and the wrong positioning situation considered.

IV.4 Conclusions

In this work, we studied the influence of involuntary but plausible bad positioning of the PTW
MP3 water phantom and the ionization chamber on the collection of beam data around the
Clinac IX accelerator. These beam data are necessary for external radiotherapy treatment
planning with the TPS Varian Eclipse (11.0.31). The results obtained for the considered
scenarios showed that the biases considered (tilt by 1° of the water phantom and shift by 5
mm of the ionization chamber) had no significant impact on the dose calculation and the
whole treatment planning work for the clinical case considered. The differences in terms of
new calculated doses remain within the limits authorized limits predefined by the
International Commission on Radiation Units (ICRU) [10,11].
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treatment of lung cancer

V.1 Introduction

After many recommendations and advices, the IMRT was recently implemented at the
radiotherapy service of CLCC-Setif, Algeria. The installation was done by a team of medical
physicists and clinicians from the same department. Compared to the 3D conformal
radiotherapy technique (3D-CRT) this technique responds better to certain dosimetric
requirements and constraints, especially for certain complex treatment cases. The present
work was undertaken for the dosimetric evaluation of IMRT and its contribution to better
dosimetric management of certain radiotherapy treatments such as lung cancer which is
difficult to treat with 3D-CRT. Indeed, the results of the Rando phantom study published by
Bouacid et al. have shown that 3D-CRT has relatively high differences between the calculated
and measured doses, particularly in regions close to the interfaces of heterogeneity in the case

of lung cancer [1].

Although many studies support the use of IMRT for the treatment of lung cancer, the question
is whether IMRT could help overcome such problems of point dose differences close to
heterogeneities. It is therefore certain that the implementation of this technique involved
clinical and technical challenges. IMRT being a more complex technique than 3D-CRT would
certainly require more treatment planning work in terms of dose calculation and optimization.
In fact, the motivation that arises behind the implementation of IMRT is manifested in the
possibility of processing a large target volume with great geometric precision and more
rigorous compliance with dose constraints, especially on organs at risk (OAR) for certain

types of cancer.

In this part of the thesis project, IMRT, which uses the AAA (Anisotrpic Analytical
Algorithm) dose calculation algorithm of 3D-CRT combined with its own dose planning and
dose-volume optimization tools, is used for the same treatment planning carried out on a
phantom and simulating a real case of lung cancer undertaken by Bouacid et al. with 3D-CRT
[1]. The TPS Varian Eclipse (11.0.31) treatment planning system is used for this treatment
planning. Through this study, we intend to check whether IMRT contributes to solving the
problem of heterogeneities compared to 3D-CRT and how it contributes to ensuring optimal
dose coverage of PTV while better sparing OARs. The objective of this work is also to verify
and compare the point doses measured at different depths using the thermoluminescent

dosimeter type TLD700 on the Rando phantom. In addition, this study also aimed to examine
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the compatibility of the dose-volume optimization algorithm (DVO) used in IMRT by the
TPS to reduce the effect of heterogeneity on certain regions such as the interfaces between
two heterogeneous media / homogeneous [2]. Finally, it was also a question of verifying
whether the treatment plans validated during the calculation phase are valid experimentally by
thermoluminescence dosimetry (TL) and this, according to the recommendations of the ICRU
on the delivery of the dose to PTV reported in reports 50 and 62 [3-4].

V.2 Materiel et methods

V.2.1 Materiel
V.2.1.1 Linear Accelerator ClinaclX

Linear accelerators are used in radiotherapy to produce high energy ionizing radiation
(up to 25 MeV). The linear accelerator Varian Clinac® iX SN5818 from CLCC-Setif is used
in this research work (Figure V.1). The technical characteristics of this accelerator are as

follows:
* Photon energy: two possible energy: X6 and X18 MV (i.e. 6 and 18 MeV).
* Energy of the electrons: 6, 9, 12, 16 and 20 MeV.
* Dose rate: 100 to 400 monitor unit per minute (MU/min).

» Multi-Leafs Collimator (MLC): 120 leafs
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Figure V.1: Varian Clinac® iX SN5818 Linear Accelerator

V.2.1.2 Rando Anthropomorphic Phantom

The RANDO phantom presents is an invaluable simulation and dosimetry aid device
used for radiotherapy treatment planning simulation and for the dosimetric verification of
radiotherapy treatment plans before application on real patient. It allows the establishment of
a detailed map on the dose distribution. The detailed dosimetric information that it provides
are very useful for the assessment of a patient's treatment plan and for the quality assurance of
treatment planning system (TPS).

The male physical version of RANDO® phantom used in this study represents a man
of average height: 175 cm in height and 73.5 kg in weight (Figure V.2). The phantom is made
up of several numbered layers (slices) 2.5 cm thick each (see figure (V.2)). Each slice of the
phantom has holes distributed over its entire surface to hold the TLD dosimeters. These holes
are occupied by removable and cutable plastic plugs which allow the insertion of TLD
dosimeters at the desired depth. The phantom is made with a natural human skeleton around
which the different tissues are cast. Thus, two materials simulating human tissue are used to
for manufacture of RANDO phantom: one is equivalent soft tissue material and the other one
is equivalent lung tissue. These two materials are chosen to have the same absorption and
diffusion characteristics for ionizing radiation generally used in radiotherapy. The lungs are

molded to follow the contours of the human rib cage.
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Figure V.2: Rando Phantom

The soft tissue material has an effective atomic number and mass density which
simulates muscle tissue with randomly distributed fat. It should be noted that small air
bubbles may appear on the CT scans of the RANDO phantom. These bubbles occur during
the molding process of structural materials and are small enough to have no significant effect
on the dose deposition. The lung material has the same effective atomic number as real lung
tissue with a density that simulates the lungs in a median respiratory state. The molded lungs
are well-shaped in order to fill and to fit well the rib cage.

V.2.1.3 Thermoluminescent detectors TLD

The thermoluminenscent detectors used in the framework of this work are the TLD-
700 which are based on Fluorine of Lithium doped with Magnesium and Titanium (LiF: Mg,
Ti). In external radiotherapy TLD-700 are used because they are equivalent to human tissue
(Zeff = 8.18); which is an essential dosimetric advantage for effective and real verification of
the doses delivered to the patient. In the present work, ThermoFisher” SNO78835 TLD-700
chips with dimensions of: 3.2 x 3.2 x 0.89 mm?® were used for the measurement of the dose. In
this context, it was necessary to characterize these TLDs by establishing their TL-Dose
response curve before using them to determine the dose from the intensity of the measured TL

signal. It must be noticed that the same TLD’s characterization work carried out in 3D-CRT
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by Bouacid et al. is repeated [1]. This is due to the fact that the same TLDs were re-used for
our case study on IMRT and its comparison with 3D-CRT.

V.2.1.4 Thermoluminescence reader

In this work, the TL/OSL Risg DA-20 luminescence reader was used (Figure V.3) for
thermoluminescence signals reading [5-6]. This reader includes three main modules:

1. Light detection system (PMT, photomultiplier);
2. Optical (OSL) or thermal (TL) luminescence stimulation system;

3. Additional sources of radiation: Beta source and X-ray generator.

Figure V.3: RIS@ TL / OSL-DA20 reader: a) Reader, b) Reader controller, c) X-ray

generator controller

The light detection system includes a photomultiplier combined with several light
filters. The luminescence stimulation system includes several types of diodes (LED) for
optical stimulation (OSL) and a heating plate for thermal stimulation (TL). Additional in-situ
irradiations can be performed by a beta source or an X-ray generator. The reader is able to
analyze in one single pass 48 samples, each with its own programming sequence in terms of
reading mode, heating conditions, additional irradiations, type of light filter, etc. The main
characteristics of the reader used are summarized in the Table (V.1). For reading the signals
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and the additional irradiation, the TLDs are placed on stainless steel discs themselves placed
in the different positions of the large rotating sample disc (Figure V.4). Reading of the TL
signal and/or additional exposure is carried out by rotating the large sample disc from one

reading or irradiation position to another.

Photomultiplier tube
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T PMT | Detection filter
Blue LEDs /
- % IR LEDs
Emission flter 24 . 0 .
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Figure V.4: Reading of luminescence signals and additional exposure (irradiation)

Table V.1: Main characteristics of the RIS@ DA-20 TL/OSL reader

CsSh crystal with maximum detection efficiency between 200 and
400 nm and 0.4sr as solid detection angle

Khantal with maximal temperature of 700°C and heating rate
varying from 0.1 to 10°C/s

0Sr/%Y, Emax: 2.27 MeV, Strength: 1.48GBq, Dose rate 0.1Gy/s in
the quartz

X-ray Generator | Tungsten, 50 kV, 1 mA, 50 W, Dose rate in the quartz 2Gy/s

Photomultiplier

Heater material

Beta source
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V.2.1.5 RWO03 Phantom

Water is the standard and reference material in high energy photonic dosimetry. It is
used for the measurement of reference data on the treatment beam in radiotherapy. Using the
water phantom for calibrating the TLD-700s and verifying the accuracy of their response for
deep dose measurement (PDD) is a necessary but a very complicated task for TLDs placing.
To overcome this difficulty; we opted for the use of a solid water equivalent phantom (Real
water phantom RWO03). The RW3 T29672/U5 phantom used is made from polystyrene. The
basic composition of this phantom is chosen to constitute a reference medium equivalent to
human tissue with the same absorption and diffusion characteristics of the photons. RW03
contains in addition to polystyrene 2% in weight of Titanium oxide (TiO2). The RW03 was
developed specifically for high energy photonic dosimetry (Figure V.5). The technical data
and characteristics of the RWO03 used are presented in the Table (V.2).

Figure V.5: RWO03 sold phatom

Table V.2: Technical characteristics of the phantom RW03

Technical reference RW3 phantom N° T29672/U5

Manufacturer PTW-Freiburg, Germany

Use Water equivalent phantom for high energy photon dosimetry
Composition (P_I(_)ilészti/rene containing 2% in weight of Titanium dioxide
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Plate thickness Imm and 5mm
Plate dimensions 300x300 mm?
Density 1.045 g/cm3
Z/A ratio 0.536

V.2.2 Measurement methods and procedures
V.2.2.1 Creation of the virtual patient and IMRT treatment

In this work, a real patient with a lung lesion of 1394.1 cm® and corpulence similar to
that of the Rando phantom was considered. This patient had been treated by the 3D conformal
radiotherapy technique (3D-CRT) at CLCC-Sétif. Based on the same details and acquisition
conditions of the real patient's CT scanning, similar CT data were acquired on the Rando
phantom. A virtual patient was then created within the TPS by introducing Rando CT-scan
data. Based on the prescribed dose, target volumes, and organs at risk (OAR) of the real
patient, new IMRT treatment plans were generated and a new dose calculation was performed
on the virtual patient (Rando). It is very important to mention that in order to have the same
dose calculation conditions as the real patient already treated by 3D-CRT, meticulous work
has been done to match the CT data and the contouring details of the real patient with those of
Rando (virtual patient) treated this time by IMRT. Thus, the CT-slices of the real patient and
the corresponding Rando CT-slices were readjusted and merged to form combined CT-slices
allowing getting the reproduction of the same organs and structures contouring and
delineations. The clinician was, thus, able to reproduce the same lesion and structures
delineations of the real patient on the Rando virtual patient with exactly the same positions
and the same planning target volume (PTV). It is also important to clarify that it was not
necessary to change the Hounsfield numbers on the PTV region because they were close to
those of the normal lung. This is due to the fact that the chosen case presents an early
pulmonary metastasis and that lungs were just treated as a preventive measure. Regarding our
comparison objective with 3D-CRT and as a reminder, the prescribed dose, the beams, the
dose constraints of the treatment plans considered for 3D-CRT are presented in the Table
(V.3) [1].
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Table V.3: Details of the considered radiotherapy 3D-CRT treatment planning of 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
[y — E/ C O\C/ —~ —~

2|5 |£1515§|8 |8 |¢
Beam ID g |2 | @ s |5 |8 S |-

c = = o < s pe > ot

S > o) - |5 | £ c c o) =

3 > D Pl e = 3 3 7

"l | T |[E 5|3 |8 | &

L s |0 | o
) @)

Post” Static | 6X | 1.084 [ 195 | 0 | O | 148 | 154 | 87.8 | 97
Post.0 Static | 6X | 0.066 | 195 | 0 0 148 | 154 | 878 | 7
Post.1 Static | 6X | 0.076 | 195 | 0 | O | 148 | 154 | 878 | 7
OAD" Static | 6X | 0.231 [300| 0 | O | 21.4 | 1438 85 23
OAD.O Static | 6X | 0.066 [ 300 | 0 | O | 21.4 | 1438 85 7
OAD.1 Static | 6X | 0.072 [ 300 | 0O | O | 21.4 | 1438 85 7
ANT" Static | 6X | 0976 | 15 | 0| O | 143 | 141 | 884 | 84
ANT.O Static | 6X | 0079 | 15 | 0| O | 143 | 141 | 884 | 7

“Post: posterior, OAD: Oblic Anterior Right, ANT: Anterior, SSD: source to surface distance, MU: Monitor

Unit.

For the IMRT plan, new beams and dose constraints on the PTV and OARSs were taken

into account (Table (V.4). The IMRT dose-volume optimization objectives considered are

presented in the Table (V.5).
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Table V.4: Details of the considered radiotherapy IMRT improved treatment planning of 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 3fields
() - \E C O\C/ —~ —~
| 5| 2|s &| E| E| =
O] \E_, ‘© S = E = = &) )
Beam ID 2 | 2| ¢ | & 8| X| ~| 7| =
S o | = =~ | el =| E £ a
) > C = < ] ) A
S| | €3 S| &| &| 7
w s | O] @
O O
POST Dynamic 6X 1 195 | 0| O 16.1 15 87.8 | 364
OAD Dynamic 6X 1 300 | 0| O | 209 | 145 85 209
ANT Dynamic 6X 1 5 0 0 14.4 14 88.7 | 275

“Post: posterior, OAD: Oblic Anterior Right, ANT: Anterior, SSD: source to surface distance, MU: Monitor

Unit.

TableV.5: Dose-volume optimisation objectives

Organ and Structure | Volume (%) Dose (Gy) Priority (P) Re?r%l;:]t)'on
Heart 0 10 (max.) 200
0 42 (max.)
PTV40 9 39 (min.) 200
100 39.8 (min)
0 5 (max.) 400
Spinal cord 3.0
30 5 (max.) 300
30 10 (max.) 200
Left lung
20 20 (max.) 200
30 20 (max.) 200
Lungs without PTV
20 30 (max.) 200
PTV42 0 42 (max.) 200 1.72
Outside PTV 0 40 (max.) 300 45

152



Chapter V : Dosimetric control and comparison of 3D-CRT versus IMRT in the
treatment of lung cancer

V.2.2.2 Thermoluminescence dosimetry

In external radiotherapy, tissue equivalent thermoluminescence detectors (TLDs) such
as TLD-700 can be used to check point doses delivered to a patient. In the present work,
ThermoFisher SNO78835 TLD-700 chips of dimensions: 3.2 x 3.2 x 0.89 mm?® were used.
Before their use in clinical dosimetry application, the TLDs were completely characterized in
terms of reproducibility of the TL signal, response as a function of depth, and response as a
function of dose. Thus, the carefully selected TDLs have been subjected to a verification of
their reproducibility by repeating their irradiation three times in same condition (after
regeneration) with the same dose of 2 Gy [1]. Only TLDs with a standard deviation between
TL intensities less than 3% were selected. In this work, the TL thermoluminescence signals
were acquired under the same conditions presented in the Table (V.6).

Table V.6 : Conditions of the thermoluminescence signal reading

Luminescence reading mode Thermoluminescence

Maximum reading temperature 300 °C

Heating rate 5°Cls
TL signal sampling 250 points over the range 0 °C to 450°C
TLD annealing conditions 10 minutes at 400°C followed by 15 minutes at 100°C

V.2.2.3 TLDs calibration according to a reference TLD

To avoid fluctuations in TLDs response due to their own weights, reading positions,
and irradiation history, correction factors have been determined and introduced to correct the
TL intensity measured by each TLD. The calibration procedure is based on the exposure of all
used TLDs (including the reference TLD) to the same photon beam and same dose of 2 Gy
after regeneration. The regeneration was carried out by heating TLDs to 400 °C for 15
minutes, then to 300 °C for 10 minutes and by cooling them in open air. All the TLDs were,
thus, exposed in the reference position inside the RWO03 phantom. The reference exposure
conditions are carried out at a depth Z of 10 cm with a photon beam of 10x10 cm? field size

and in iso-centric SAD configuration (SAD = source-axis distance = 100 cm) (Figure V.6).
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SAD=100Cm

Phtoton beam 10*10Cm?
at surface of phantom

Figure V.6: Reference exposure conditions for TLDs calibration

The measured TL signals and therefore the determined intensities were corrected in
accordance according to equation (V.1). Thus, four correction factors were considered for
optimal accuracy of the measured TL intensity. These correction factors are given by the
following equations: Eq.(V.2) - individual correction factor Ei for each TLD used (compared
to the average), Eq.(V.3) - actual to reference TL measurement ratio R for a dose of 2 Gy, Eq
(V.4) — TLD’s weight correction factor Wi, and Eq.(V.5) - Correction factor related to the
reading position and calibration of the Riso OSL/TL reader DA-20 (48 positions in all) Pi.

TLegrr = TLppgs. R. Ey. W;. P, (V.1)
TLmean
Ei=—1 (V.2)
_ TLqct(2GYy)
T TLyep(2GY) (V.3)
—— v
i TL(P;) (V.5)

" TLpmean(allpositions)
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Where: TLcorr is the corrected TL intensity, TLmeas IS the measured TL intensity (integral
value), TLmean is the mean TL intensity of all TLDs measured at 2 Gy dose, TLi is the TL
intensity of a given TLD measured at 2 Gy, TLact is the measured TL intensity of the
reference TLD for the actual experiment and a dose of 2 Gy, TLret is the measured TL
intensity of the reference TLD for the first calibration experiment (reference) and a dose of 2
Gy, miis the TLD weight, mmean is the average weight of all TLDs, TL(Pi) is the measured TL
intensity of the reference TLD at any given TL reading position in the reader for a dose of 2
Gy, TLmean(all positions) is the mean TL intensities of the reference TLD for all TL reading

positions of the reader and a dose of 2 Gy.
V.2.2.4 Verification of the in-depth response of TLDs

As is well known, the yield in depth (PDD) is a very important clinical data
measurement on the used radiotherapy treatment beam necessary for dose calculation by the
TPS. To check whether the TLDs used respond adequately in depth, some selected in-depth
doses on the PDD measured by a standard ionization chamber used in clinical routine were
measured by the reference TLD. Indeed, at the CLCC radiotherapy service, the PDD is
generally checked in clinical routine using a calibrated Semiflex PTW 31010 (0.125 cc)
ionization chamber and a water phantom (MP3). In our case, we used the reference TLD and
the RWO03 phantom to check these doses. Three doses were then checked at three depth
positions: at the surface (Z = 0), at the electronic equilibrium position where the dose is
maximum (Z = 1.5 cm), and at the reference depth of the TPS (Z =10 cm). For this
verification, a standard field of 10x10 cm? with a source-surface distance (SSD) of 100 cm

and photon energy of 6 MV were used.
V.2.2.5 Establishment of the TLDs response as a function of the dose

The curve of the TL response as a function of the dose of the TDLs was established by
measuring the intensities of the TL signal corresponding to the following doses: 0.1, 0.5, 1,
1.5, 2 and 2.5 Gy. The TLDs were irradiated under TPS reference conditions using the solid
water equivalent phantom RWO03. The irradiation was carried out with the same treatment
photon energy (6 MV). The TL signals were read immediately after exposure.
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V2.2.6 Measurement of specific in-depth doses on Rando phantom by TLDs

Indirect TL dosimetry at different depths was performed using a Rando phantom
instead the actual patient. To plan a Rando radiotherapy treatment, a virtual patient was
created within the TPS with the real structures and the lung lesion of the real patient
reproduced on Rando CT data. Based on the prescribed dose for the real patient, i.e. 40 Gy
delivered in 20 fractions, an IMRT treatment planning and a dose calculation were performed
for the virtual patient (Rando) using the AAA algorithm with the dose-volume optimization
(DVO) algorithm of IMRT [2]. As part of this work, the calculated doses were verified by
measuring the dose in 19 well-selected positions on the Rando phantom, using TLDs placed
carefully in these previously selected positions on the CT-slices. The TLDs were, thus,
distributed over three layers of the phantom corresponding to the following CT-slices: 6.3 cm,

9 cm and 12.3 cm (in terms of axial scanning position Z) (Figure V.7).

Figure V.7: TLD positions shown on CT-slices with radiotherapy beams angles for 3D-CRT:
(@) slice with y=6.3cm, (b) slice with y=9cm, (c) slice with y=12.3 cm, (d) 3D fields viewing
with PTV (in blue).
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V.2.2.7 Dose calculation and heterogeneity correction

In this work, the dose calculation was carried out by the convolution and superposition
anisotropic analytical algorithm (AAA) version 11.0.31 implemented within the Varian
Eclipse TPS. The configuration of the AAA is based on the use of fundamental beam
attenuation and energy deposition parameters and function (kernels) determined by Monte
Carlo simulation. These parameters and kernels are generally adapted and checked with the
measured clinical data of the beam. The AAA algorithm also uses Monte Carlo to simulate
transport and energy deposition of primary photons, scattered and extra-focal photons and
scattered electrons. The heterogeneity correction is carried out, in this case, on three levels:
transversely (axially), laterally and at heterogeneous tissue interfaces namely, soft-tissue/lung
and soft-tissue/bone interfaces. These corrections are based on equations (V.6), (V.7) and
(V.8) [2]. In addition, AAA has a different approach to consider and to correct heterogeneity
effect on dose compared to other algorithms which depends on the type of heterogeneity
considered (air, bone ...), the tissue density and the tumor location [7-9].

15(Z,p) = I5(2), with 2 = [ 22 dy( (V.6)

Pwater

Ky (xp v, 28) = S22 55 4 i (2) 2 e a7aC ) withry (x,y,p) = [ L d £ (v.7)

(2)
ky(2) = —LE S e (V.8)

Where: 15(Z, p) is the energy deposition function taking into account heterogeneities, Z is the
depth of the calculation point, Z is the radiological distance from the origin of the nucleus
(diffusion centre), p(t) is the mass density of the tissue, p is the water density, Ks(xs, Yz, 25) IS
the diffusion nucleus (voxel) at the coordinates of the beam (xg, yg, Z5), Ck is the weighting
factor of the nucleus allowing normalization of the total energy of the nucleus, ux is the
attenuation constant, rq is the radiological distance at Z depth which is the origin of the
nucleus point at the point of coordinates (X, y, z) , t is the integral line of the nucleus origin
(0,0, 2) to (%, Y, 2), kz is the one-dimensional diffusion nucleus (1D), ci and ui are coefficients

determined by Monte-Carlo simulation for the nucleus of each beam.
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V.2.2.8 Dose-volume optimization in IMRT

In IMRT, the quality of the radiotherapy plans can be assessed using physical or
biological criteria. With physical criteria, optimization in IMRT generates conformational
dose distributions by modulating the field intensities iteratively until the dose-volume
objectives considered in the treatment planning are fully satisfied. The objective function is
the sum of the dose-volume objectives defined by the user. The mathematical formulation of
the optimization problem is based on the combination of individual quality indicators on the
target structures and the OARs on the base of dose constraints to produce a single measure
which represents the quality of the complete treatment planning. This task is very complicated
because the considered indicators for the targeted structures and the organs at risk are linked
to interdependent and contradictory optimization objectives in terms of maximization and
minimization of the delivered dose. Thus, the objective function for the target (T) and the
OARs is simply presented by following elements according to weighted sum of the individual

quality indicators [10,11].

1 N N N
FTk = N_k [Zifk(Di - Dpk)z + Wmink Zizkk(Di - Dmink)zj{(Dmink - Di) + Wmaxk Zizkk(Di - Dmaxk)z :H-(Di -

Dinaxy)] (V.9)
Ni
Foary, = Nik Winax '_k(Di — Dinax)* H(Di — Dinaxy,)
l_Ndvk
+ Wayy, > (D1 = Dayy > 3(Di = D) (V.10)
i=k

Where: N is the number of points in the target (T), and Di is the dose to the i point in the
target, Dpk is the prescription dose, Dmink and Dmaxk are the minimum and maximum dose
allowed, wmink and wmaxk are weighting factors for each constraint on dose to be delivered to
the target for under-dosage and over-dosage cases, H (x) is the Heaviside function, Dawk and
wak are dose and weight parameters that define the dose-volume-histogram (DVH)
constraints of an OAR [10,11].

Thus, the iterative process updated intensity (¥") and optimized dose (D”) are given by:

w* = argmin; 217 Fr ,(D(1), P) + £ Foar, (D(1), P)| (V.11)
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D" = X, Kylf (V.12)

Where: P is the set of dose limits and weights for all the optimization structures that defines
the objective function and Kij is the dose coefficient (Kernel) corresponding to the j beamlet

and the i voxel.

Within the Eclipse dose-volume optimization (DVO) the Gradient algorithm is used to
optimize dose-volume for given set of parameters P initially selected. The selection of P
parameters must satisfy the clinical criteria. Automatic methods of P parameter selection have
been proposed [12,13]. Stochastic algorithms are also usually used for such parameters
optimization [14-18]. Eclipse DVO uses automatic P parameters selection with Simulated
Recruit method with an efficient speed. The iterative optimization stops when the objective
function curve no longer varies, the maximum time limit has been reached, he maximum

number of iterations has been reached, or dose uniformity in target volumes [19].

In this work DVO IMRT algorithm was used. This algorithm uses iterative method to
detremine the optimal shape and intensity of the field and therfore and optimal solution that
must conform the dose distribution to the defined user’s objectives [20]. The Eclipse DVO
version 11.0.31 is used in the framework of this study. DVO optimizes the field shape and
intensity using simple determintisitic iterative global gradient optimization allowing to find
the optimal solution [21]. On the Basis of clinical experience and by direct correlation
between clinical observation and characteristic dose values, the dose constraints and the
resolution of tissues of interest and OARs were predefined (Table (V.7)). In this work, the
dose optimization algorithm performs the optimization as a minimization problem using
simple gradient optimization. With the gradient optimization, the objective function is convex
and therefore only a global minimum and no local minima exist [17]. In this algorithm a
gradient evaluation generates first the gradient direction and length and then the objectives by
a line search along the line segment in order to find the minimum. The mains steps of the

DVO algorithm are as follows:
1. Optimization is performed field by field,
2. Calculation of an intermediate dose for the optimization of plan,

3. Calculation of the difference between the intermediate dose and the first optimization

result,
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4. The difference found is used to compensate the optimal result in the next iterations.

5. Calculation of new intermediate dose and its utilization to compensate next iteration if such

case arises,

6. lteration process is stopped when the predefined objectives are reached with minimum
errors in respect to the DVHs produced during iteration.

DVO optimization is generally influenced by the tissue heterogeneity existence and
subjected to optimization convergence error [22-25]. In the DVO optimization dose
calculation errors are particularly present in electronic disequilibrium region near the
heterogeneity interfaces as it is the case in our study. Finally, it is important to mention that
medical physicist with the assistance of the clinician has to assign correct and optima
priorities values to the optimization objectives of PTV structures and OAR objectives. During
the iteration procss OAR objectives are gradually pushed to lower dose values at each
iteration without significantly affecting the DVH of the PTV. PTV/OAR optimization
priorities are adjusted to meet user-specific criteria for PTV dose coverage and homogeneity
[26].

V.2.2.9 Dose covering assessment

To compare dose covering between 3D-CRT and IMRT, the programmed target
volume coverage was evaluated using the heterogeneity index (HI), the uniformity index (UI)
and the conformity index (CI) defined as follows [27]:

HI = 22%DPos% (V.13)

Dso
where, D2y is the dose of 2% of the programmed target volume, Dosw is the dose of 98% of
the programmed target volume, and Dsow is the dose of 50% of the target volume [27];

Ul = 2% (V.14)

- )
Dosy,

where, Dsy is the dose of 5% of the programmed target volume, and Dose is the dose of 95%

of the programmed target volume [28,29];

__ PTVgsy,

Cl=—2% (V.15)
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where, PTV is the programmed target volume and PTVs% is the volume covered by 95% of
the prescribed dose.

V.3 Results and discussion

V.3.1 Reproducibility and selection of TLDs

After having been properly regenerated and in order to check their reproducibility, the
TLDs were irradiated three times in succession with a dose of 2 Gy delivered by an X-ray
generator (50 kV, 1 mA). The standard deviation o calculation (in percentage) is used to
assess reproducibility (Table V.7).

g

o (%) = .100 (V.16)

T mean

With, o: standard deviation and TLmean: average TL value of the three values measured for
each TLD.

Table V.7: Standard devivation results of used TLDs

TLD N° TL max Standard deviation (¢) | Standard deviation ¢ in %
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
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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
1172
1121
18 1156 55.37 1.53

1154
19 1166 77.467 0.51

TLDs with standard deviation (%) greater than 3% were rejected and excluded from

use in this work.

V.3.2 Characterization and calibration of TLDs

In this characterization step of measurement in real conditions, the selected TLDs were
placed on the RWO03phantom and exposed to a dose of 2 Gy of a 6MV photon beam delivered
by the linear accelerator under reference conditions and with a SAD configuration. The
correction factors of the TL signal with the same beam used in treatment are, thus,
determined. The obtained values are indicated in the Table (\V.8) for each TLD.
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Table V.8: Determined correction factors of TLDs

TLD N° Weight (mg) Wi Pi Ei

1 23.8 0.98604 0.65173 0.93933
2 24.3 1.00676 0.55047 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 0.89727 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 1.25362 0.72552
11 24.5 1.01505 1.00082 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 1.03908 0.99817
15 24.3 1.00676 0.99197 0.99001
16 23.0 0.9529 1.23332 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 0.94477 0.91836

V.3.3 Establishment of the TL-Dose response curve of TLDs

For the establishment of the response function (abacus curve) expressing the variation
of the intensity of the TL signal as a function of the dose, the reference TLD was exposed to
several doses under the reference conditions. The TL signals obtained are shown in Figure
(V.8).

Intensity

0.1 Gy

Temperature (°C)

Figure V.8: TL signals from the reference TLD EXPOSED for several doses.
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From these latter results, the response curve (TL = f (D)) of the TLDs was established
by measuring the integral intensities of the TL signal corresponding to the doses considered:
0.1,0.5,1, 1.5, 2, and 2.5 Gy. The intensities TL are indicated in the Table (\V.9).

Table V.9: TL intensities corresponding to the different doses

TLD N° Dose (Gy) Corresponding MU number TL Integral
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

“MU : monitor unit.

The results from Table (V.9) are plotted on the graph of Figure (V.9). It can be easily
verified that the response of TLDs is linear along the dose interval considered. The linear
fitting of the experimental data allowed the determination of an experimental relationship (Eq
(V.17)) which was used for the accurate determination of the dose in Gray (Gy) for any

measured TL intensity.

TL = (64500 + 1300) * D + (1800 + 380) (v.17)

2,0x10°

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

1,6x10° ]
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Figure V.9: TL-Dose response curve.
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V.3.4 TLDs in water depth dose response checking (PDD)

To verify the conformity of the depth dose response of the used TLDs, these TLDs
were exposed to a dose of 2 Gy (X6MV) at three depth distances of interest (Z = 0 cm, 1.5
cm, and 10 cm) using the RW03 phantom. The TL signals obtained after exposure at these

considered three depths are presented in Figure (V.10).

Intensity 7L of the TLD placed on the surface of RW3
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Figure V.10: TL signals obtained for PDD verification.
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The exposure conditions and the doses obtained after reading the TLDs are presented
in Table (V.10). The comparison between the PDD established by the calibrated ionization
chamber commonly used in clinical radiotherapy practice and the in-depth dose measured by
the TLDs shows that the latter are capable to produce accurate and compliant PDD (Figure

V.11). The TLDs used are therefore suitable for very accurate in-depth dose measurement.

Table V.10: Results of in-depth doses measured by TLDs (reduced PPD)

TLD N° MU Depth distance Dose (Gy) % of the max value (%)
18 949 Z=0 cm surface 2.05 52.66
18 949 Z max=1.5cm 4 100
18 949 Z=10 cm (référence) 2.5 67.37

100 lonisation chamber
i * TLD
80 -
S :
~ 604 .
O 5
> #
>
40 4
20 4
T T T T T T T T T T T T T
0 50 100 150 200 250 300
Distance (mm)

Figure V.11: PDD of the central axis established by the ionization chamber in the water
phantom (MP3) and PDD reduced established by the TLDs in the RW03phantom for a photon
beam of 6 MV, a field size of 10 x10 cm?. The measured doses are normalized to the
maximum dose measured at the depth (Zmax) of 1.5 cm.
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V.3.5 Comparison between calculated and measured doses

In the present work, ThermoFisher SNO78835 TLD-700 chips (3.2 x 3.2 x 0.89 mm3)
were used as dosimeters. TL signals were read with the Risg TL/OSL-DA-20 luminescence
reader [5-6]. The thermoluminescence signals were all collected under the same experimental
conditions presented in the Table (V.6). The same 19 dose measurement positions on Rando
phantoms already used in case of 3D-CRT [1] were used for IMRT (Figure V.7). The beams
and fields listed in Table (V.4) were used to deliver the prescribed dose to RANDO phantom
according to the considered IMRT treatment planning. Thus, the comparison between
measured and calculated dose was made on the basis of the comparison between point-doses
at the different considered positions on the Rando phantom. Furthermore, comparisons
between 3D-CRT and IMRT calculated doses were made in terms of three aspects: 1-
horizontal and vertical dose profiles passing through heterogeneous media (spinal cord and
right lung) as shown in Figure (V.12 ), 2-through the dose-volume histograms of the PTV and
OARs (HDV), and 3-on the basis of the calculated dose coverage indices.

Anterior side

Posterior side

Figure V.12: Scanning lines selected on the CT-slice y = 9 cm used the vertical and
horizontal dose profiles plotting (solid black lines on the left), and 3D image of the Rando
phantom with the indication of the beams used in IMRT (on the right).
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V.3.5.1 Comparison between calculated and measured point-doses

After establishing of the the TLDs TL-Dose response of the determination all
correction factors, the doses were measured at the 19 positions selected position on the Rando
phantom and compared to the doses calculated by the TPS (Table V. 11) for IMRT. Those of
3D-CRT are taken from reference [1]. The difference between calculated and measured doses
for the two radiotherapy techniques IMRT and 3D-CRT is evaluated by calculating the value
of the absolute difference A in percentage as indicated in Table (V.11).

Table V.11: Different AAA-calculated (AAA: anisotropic analytical algorithm) doses for 3D-
CRT and IMRT and TL-measured (TL: thermoluminescence) doses and differences A
between calculated and measured for 3D-CRT and IMRT,; see Figure 1 for location of TLDs

3D-CRT IMRT Dose Comparison
[l] A((y) _ Drp = Degy +100
TLD e >
Position
Calculated | Measured | Calculated | Measured A(%) A(%)
Dose Dose Dose Dose 3D-CRT IMRT
(Gy) (Gy) (Gy) (Gy)
1 0.087 0.094+0.004 0,043 0.046+0.002 7.45 6.52
2 0.25 0.27+0.01 0,11 0.10+0.01 7.41 10
3 0.21 0.23+0.01 0,11 0.12+0.01 8.69 8.33
4 2.11 2.08+0.10 1,97 2.05+0.10 1.44 3.90
5 0.17 0.18+0.015 0,049 0.053+0.002 5.55 7.54
6 0.28 0.32+0.02 0,19 0.20+0.02 12.5 5
7 1.05 1.04+0.05 0,52 0.55+0.03 0.96 5.45
8 1.71 1.70£0.08 1,08 1.00£0.05 0.59 8
9 0.54 0.52+0.06 0,28 0.26x0.02 3.85 7.7
10 0.27 0.29£0.01 0,17 0.19+0.02 6.90 10.52
11 2.13 2.17+0.10 2.00 2.05+0.10 1.84 2.44
12 0.21 0.24+0.01 0,23 0.24+0.01 12.5 4.16
13 0.51 0.51+0.02 0,38 0.40+0.02 0 5
14 2.09 2.08£0.10 2,09 2.05+0.10 0.48 1.95
15 2.10 2.23£0.10 1,98 2.08+0.10 5.83 4.80
16 2.03 2.04£0.10 1,98 2.05£0.10 0.49 341
17 2.01 2.00£0.10 2,05 1.98+0.10 05 3.53
18 2.07 2.09+0.10 2,07 2.0520.10 0.96 0.97
19 2.09 2.13+0.10 2,07 2.10£0.10 1.88 1.43
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From the results in Table (V.11) we see that for the low doses the differences (A)
between the measured and calculated doses are greater than those of the highest doses.
Indeed, the average difference A between the calculated and measured doses for low doses
(<0.55@Gy) is around 6.5% for 3D-CRT and around 7% for IMRT; whereas it is around 1.0%
for 3D-CRT and 3% for IMRT in the case of the highest doses (> 0.55 Gy). It is also noticed
that the maximum total dose measured by the TLDs for the heart is reduced to 2 Gy in case
IMRT instead of 5.4 Gy in 3D-CRT (Position 2). This new value is much lower than the dose
constraint on this OAR considered in the IMRT radiotherapy planning in the current work
(see Table (V.5)). It has also been observed that the doses measured for PTV for the two
radiotherapy techniques comply with ICRU recommendations with a notable advantage for
IMRT. In IMRT, all doses calculated and measured in the PTV (Table V.12) were found to be
within 95%-107% (1.9-2.14Gy) interval of the prescribed dose (2 Gy). These results and
observations confirm that the optimal dose administration to the PTV, as targeted with the
IMRT treatment planning validated during the calculation phase by the TPS, is experimentally
verified by thermoluminescence dosimetry. The same statement is not valid for 3D-CRT
because some large differences have been observed between calculated and measured doses at

certain positions (positions 11 and 15).

Table V.12: Percentage (%) of the calculated doses and TL-measured doses with respect to
the prescribed dose (2Gy) for 3D conformal planning (3D-CRT) and IMRT optimized
planning (IMRT). PTV - planning treatment volume; HU - Hounsfield unit; TLD -
thermoluminescence dosimeter; GTV- Gross tumor volume.

TLD HU % of the calculated / TL % of the calculated / TL doses
. av doses to prescribed dose to prescribed dose
location (Location) 3D-CRT IMRT

1 17.75(Heart) 4.4/4.7 2.15/2.4

2 19.75(Heart) 12.5/13.5 5.5/5.0

3 13.25(Heart) 10.5/11.5 5.5/6.0

4 25.75 (Soft tissue, GTV) 105.5/104.0 98.5/102.5

5 -669(Left Lung) 8.5/9.0 2.5/2.75

6 10.5/-650" (Interface) 14.0/16.0 9.5/10.0

7 12.75(Soft tissue) 52.5/52.0 26.0/28

8 13.75(Soft tissue) 85.5/85.0 54.0/50.0

9 12.5(Soft tissue) 27.0/26.0 14.0/12.5

10 -476.25(Left Lung) 13.5/145 8.5/9.5

11 12(Soft tissue, GTV) 106.5/108.5 100/102.5

12 20/-433.5"(Interface) 10.5/12.0 11.5/12.5

13 22.5(Soft Tissue) 25.5/25.5 19.0/20.0

14 -469(PTV) 104.5/104.0 104.5/102.5
15 8/-705.75 (Interface) 105.5/111.5 99.0/104.0
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16 -439.25(PTV) 101.5/102.0 99.0/102.5
17 -404(PTV) 100.5/100.0 102.5/99.0
18 -434.25( PTV) 103.5/104.5 103.5/102.5
19 -339.5(PTV) 104.5/106.5 103.5/105

*HUs of soft tissue/lung interface.

V.3.5.2 DVO dose optimization in IMRT and heterogeneity correction

Tissue heterogeneity is a serious problem in the radiotherapy treatment planning
which must be effectively taken into consideration for the optimization of the dose to be
delivered to the patient according to predefined constraints. In the framework of this thesis
project, the dose distributions calculated by considering a real case of lung cancer
heterogeneities were compared for radiotherapy treatments using two techniques, namely the
IRMT and the 3D-CRT. The treatment planning of these two techniques have already been
described. The comparison was made on the basis of:

1. Horizontal and vertical dose profiles passing through heterogeneous media (lung and
spinal cord)

2. Dose-volume histograms (DVHS)
3. Dose coverage indices

The comparison between the vertical dose profiles passing through the spinal cord
and the horizontal dose profiles passing through the right lung are shown in Figures (V.13)
and (V.14). The scan lines used for these dose profiles are shown in Figure (V.12). The data
scanning were performed from right (D) to left (G) for the horizontal profile and from the
posterior side to the anterior side for the vertical profile. Analysis of the dose profiles
obtained shows that the spinal cord (OAR) receives in IMRT a dose 32.5% lower than that
received by the same organ in 3D-CRT. We also note that the dose profile just after the
interface (tissue-soft/bone) towards the anterior direction increases considerably in 3D-CRT
when compared to IMRT. This means more dose deposition in 3D-CRT between the two
lungs outside the PTV (Figure V.13). The horizontal dose profiles show that IMRT spares
well the left lung and all the other surrounding tissues of the right diseased lung. The dose
profiles in the region of the diseased right lung are almost similar for the two techniques
IMRT and 3D-CRT; which demonstrates the same dose coverage of the PTV (Figure V.14).
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Figure V.13: Vertical dose profile line (VDPL) showing calculated dose variation through the
heterogeneous spinal cord medium for IMRT and 3D-CRT.
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Figure V.14: Horizontal dose profile line (HDPL) showing calculated dose variation through the
heterogeneous right and left lungs media for IMRT and 3D-CRT.
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To deepen our comparison, the main dose-volume histograms (HDVs) were plotted
and analyzed for IMRT and 3D-CRT (Figures V.15 and V.16). Indeed, the objective analysis
of the HDVs obtained shows that the main constraints on the administration of the dose are
generally respected in the two radiotherapy techniques. Furthermore, the comparison between
the HDVs of the two techniques demonstrates that IMRT provides better dose coverage of the
PTV than 3D-CRT. A reduction in the exposure of the OARs, namely: the left lung, the spinal
cord and the heart, was also noted for IMRT compared to 3D-CRT.
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Figure V.15: Dose-volume histograms (DVHs) calculated for the most important organs and
volumes for the considered IMRT treatment planning.
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Figure V.16: Dose-volume histograms (DVHs) calculated for the most important organs and
volumes for the 3D-CRT treatment planning.

HDVs show that the problem of the presence of heterogeneities is effectively
corrected in IMRT by its dose-volume optimizer DVO. The treatment of heterogeneities in
IMRT by its DVO is better than in 3D-CRT because by AAA algorithm and its proper
methods of heterogeneity correction. In fact, the doses were reduced in IMRT when compared
to 3D-CRT by 25.3%, 28.3% and 41.55% for the spinal cord, the heart and the left lung
respectively. In terms of dose coverage of the PTV, the comparison shows an insignificant
difference (0.92%) between IMRT and 3D-CRT. This proves that the two techniques manage
to deposit the prescribed dose to the PTV with the same efficiency.

Finally, the dose coverage indices calculated and presented in the Table (V.13)
confirm all the results obtained by the HDVs analysis.

Table V.13: Dose covering evaluation

Index 3D-CRT | IMRT Acceptance Criterion

Conformity index ClI 0.95 0.99 The closer value to one (1) is the best

Heterogeneity index HI 0.112 0.085 The closest value to zero (0) is the best

Uniformity index Ul 1.099 1.07 The closer value to one (1) is the best
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V.3.6 Discussion

Through the analysis of the results presented above, it is clear that IMRT considerably
improves the treatment plans depending in terms of optimal dosimetric coverage and radio-
toxicity reduction. In terms of local optimization of the dose, the measured in-depth pont-
doses show a clear optimization of the dose in IMRT compared to 3D-CRT. In fact, the
experimental results demonstrate that the local dose in the heart is reduced by more than 50%
in IMRT compared to the reduced dose by 3D-CRT. The dose level near the spinal cord is
also reduced by about 20% in IMRT always by comparison the reduced dose by 3D-CRT. In
addition, the doses measured on the PTV are within +5% of the prescribed dose for all
measurement positions. The overestimates and underestimates of the doses calculated in
IMRT and in 3D-CRT compared to the measured doses by TL dosimetry are all within
acceptable tolerance ranges from a point of view of the compliance of the treatment plans
with the constraints dose. Relatively large deviations were observed in 3D-CRT on the
measurement points (positions): 11 with + 6.5%, and 15 with + 5.5%.

All the calculated DVHs and dose coverage indices are favorable for the application of
IMRT instead of 3D-CRT, especially in the case of radiotherapy treatment exhibiting wide
heterogeneities. Close collaboration between the radiotherapist and the medical physicist is
more than necessary to achieve the predefined objectives for IMRT dose delivery. As IMRT
is based on computerized reverse planning, OARs must be precisely delineated in order to
avoid depositing excessive doses in these organs. Since the implementation of IMRT to date
(January 2020), 126 patients have been treated for head-neck cancers and 21 for brain cancers
at the cancer fighting centre of Sétif (CLCC-Sétif). For the treatment of lung cancer by IMRT,
It is recommended that the radiotherapy service of CLCC-Sétif starts implementing
techniques that avoid effect of respiratory movement on radiotherapy treatment. This can be
done by using an assisting system for respiration retention or a respiratory triggering system
(GATING) which controls the operation of the accelerator and the dose delivery according to
the respiratory rate of the patient. Indeed, it has been clearly demonstrated through the current
project that IMRT, compared to 3D-CRT currently used, effectively contributes to the

treatment of lung cancer in terms of dose conformity and OARSs exposure reduction.
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Finally, it should be mentioned that in recent years IMRT with its DVO dose optimization
algorithm has been intensively studied for the treatment of lung and other complicated
cancers. Chen MJ. et al. report in an orientation and guidance study for the treatment of lung
cancer by radiotherapy that IMRT can improves the physical and biological conformability of
the dose with the possibility of releasing higher doses to target sub-volumes such as hypoxic
without needing to increase the number of fractions and by maintaining low dose exposure of
the healthy tissues [27]. These researchers also confirm that IMRT may be more appropriate
than 3D-CRT for patients with large tumor volumes in difficult and sensitive locations in the
thoracic anatomy [27]. In this same work, a retrospective study on 223 patients showed that
the rate of patients with severe esophagitis requiring a feeding tube was 5% with IMRT versus
17% with 3D-CRT (p= 0.005). Another retrospective study conducted from multi-institutional
databases also assessed the role of radiotherapy techniques on patient survival, demonstrating
the superiority of IMRT over 3D-CRT. In fact, this study shows that 14% of patients treated
with IMRT survived for 5 years after treatment with 11% for 3D-CRT (p = 0.0001) [27-30]. It
has also been observed by Chan et al. [31] that according to numerous studies [32-38], IMRT
reduces the volume of the whole lung receiving more than 20 Gy (V20). These studies also
show that the effect of IMRT on low lung doses is not well understood. Indeed, some studies
show a reduction in V5 [33,37], while other studies show an increase [35, 36,39]. Chen et al.
report in their study that for exposure of the heart and spinal cord, the majority of studies have
demonstrated an advantage with IMRT [35,36,38-41]. Boyle et al. demonstrate that IMRT
decreased incidental dose to the lungs, heart, and esophagus with equivalent coverage of the
planning target volumes as in 3D-CRT. They also claim that IMRT can, therefore, improve
treatment tolerance [42]. In another more recent study, IMRT was associated with a
significantly better overall survival (OS) of five years compared to 3D-CRT [43]. This study
reports that with multivariate analysis of all the studied patients, IMRT has a good predictive
factor for OS when compared with 3D-CRT. This last study showed that IMRT was
significantly superior in terms of OS for advanced primary tumors. For different cases of lung
cancer, C. Fiandra et al. demonstrate in their study that the IMRT technique allowed good
coverage of the target volume by sparing the OARs with, as a consequence, larger volumes of
healthy tissue receiving low doses and this for the case of Hodgkin lymphoma cancer at an
early stage [44].
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V.3.7 Conclusions

In this work, it has been shown that IMRT, compared to 3D-CRT, provides good
protection for normal and at risk organs with a very accurate radiotherapy treatment planning,
thanks to its dose optimization algorithm, DVO. Indeed, after the implementation of IMRT,
the actual work demonstrates that technique improved the dose coverage of the target volume
surrounded by heterogeneous media as it is the case of the considered lung cancer. In fact, it
has been observed that IMRT effectively reduces radio-toxicity in the treatment of lung
cancer. This dose reduction avoids certainly the observation of side effects just by the better
protection of the healthy lung, the esophagus, the heart, and the spinal marrow. For the
considered radiotherapy treatment of lung cancer with 3D-CRT, it has also been observed that
AAA tends to underestimate the dose in the lung and to overestimate it in the adjacent tissues.
With IMRT, the results of this thesis project clearly demonstrate that this technique is able to
deliver the prescribed dose safely, with high precision, and with less radio-toxicity. At cancer
fighting centre of Sétif, IMRT is now used for patients whose cases to be treated are
unfavorable to the application of 3D-CRT and for patients who are judged to have a low
chance of survival after radiotherapy treatment. On the basis of this work results, it is
recommended that the application of IMRT be extended to the treatment of lung cancer after
the installation of necessary techniques for respiratory movement reduction or automatic

triggering of dose delivery according to the patient's breathing rate (Gating).
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Conclusions

In this thesis work, two problems of validation and quality assurance in radiotherapy
were treated. The first problem deals with the influence of the acquisition of radiation beam
data on the accuracy of radiotherapy treatment planning by considering scenarios of
involuntary but plausible wrong positioning of the water phantom and the ionization chamber.
The second problem is related to the validation of the implemented intensity modulation
radiotherapy technique (IMRT) for the treatment of lung cancer and its advantage when
compared to the 3D conformational technique (3D-CRT) already used in the cancer fighting

centre of Setif.

For the first problem treated, the results of this work show that a bias in the
positioning of the water phantom by an inclination up to 1 ° did not significantly affect the
accuracy of the dose calculation undertaken on the basis of the new PDDs, dose profiles and
reference dose measured. Indeed, the observed differences in terms of flatness of the dose
profiles are considered as negligible from a dosmetric point of view. In addition, it has also
been verified that the bias on the ionization chamber positioning by a shift of amost five
millimeters (5 mm) above the water level did not cause a significant error on dose calculation
by the TPS. Likewise, the dight variations observed on the PDDs and the reference dose had
no effect on the accuracy of the dose calculation performed by the TPS. Our approach by
considering such error scenariosin relation with beam data acquisition has therefore proven to
be very interesting insofar as it was able to tell usto what extent these plausible errors can be
tolerated. Thus, this approach fits well into the overall quality assurance approach in external
radiotherapy.

Concerning the second problem related to the validation of the IMRT in the treatment
of lung cancer that is characterized by the existence of wide ranges of heterogeneities and its
advantage when compared to 3D-CRT, theoretical (caculation) and experimental
comparisons by thermoluminescence dosmetry and TPS calculation were performed. The
results of this validation work have clearly shown that the IMRT, compared to 3D-CRT,
ensures the protection of normal and at risk organs and provides a more precise treatment
plan, thanks to its DVO dose optimization algorithm. Indeed, IMRT with its DVO dose
optimization algorithm clearly improves the dose coverage of the target volume which is
surrounded by heterogeneous media. Our results clearly demondtrate that IMRT effectively
contributes to reduce the radio-toxicity of the sensitive organs and OARs in the treatment of
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lung cancer, things which avoid the observation of side effects after treatment. For the
considered treatment of the lung cancer, experimental measurements have shown that 3D-
CRT tends to underestimate the dose in the lung and to overestimate it in the adjacent tissues.
Experimenta measurements on the 19 points considered within Rando phantom have shown
that the two radiotherapy techniques globally respect the constraints on dose delivery except
for two points observed for 3D-CRT.

At the cancer fighting centre of Sétif, IMRT isnow used for patients whose cases to be
treated are unfavorable to the application of 3D-CRT and for patients who are judged to have
a low survival chance after radiotherapy treatment. On the basis of this work results, it is
recommended that the application of IMRT be extended to the treatment of lung cancer after
the installation of suitable techniques for respiratory movement reducing or automatically

triggering of dose delivery according to the patient's respiratory rate (Gating).
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Abstract: In this thesis work, two problems of validation and quality control in radiotherapy were
treated. The first problem deas with the influence of the acquisition of radiation beam measured
data on the accuracy of radiotherapy by considering scenarios of involuntary but plausible errorsin
relation the wrong positioning of the water phantom and the ionization chamber. The second
problem is related to the validation of the intensity modulation radiotherapy technique (IMRT) for
the treatment of lung cancer and its advantage compared to the 3D conformal technique (3D-CRT).
Regarding the first problem, the results of this work showed that positioning bias by tilting the
water phantom up to 1° and the elevation of the ionization chamber by amost five millimeters (5
mm) above the water level produced no significant effect on the accuracy of the dose calculation
undertaken using the new PDDs, dose profiles and reference dose measured . Concerning the
second problem, the results of this validation work clearly showed that IMRT, compared to 3D-
CRT, ensured the protection of norma and at risk organs and provided a more precise treatment
plan; thanks to its dose optimization agorithm DVO. For the treatment of the lung cancer
consdered, experimental measurements have shown that 3D-CRT tends to underestimate the dose
in the lung and to overestimate it in the adjacent tissues. Experimental measurements by
thermoluminescence dosmetry have clearly shown that the two radiotherapy techniques respect
well the dose congtraints with a clear advantage of the IMRT.

Keywords: Radiotherapy; Beam data; Quality assurance; IMRT; 3D-CRT.

Résumé : Dans ce travail de thése, deux problémes de validation et de contrdle qualité en
radiothérapie ont été traités. Le premier probleme traite de I’influence de I’ acquisition des données
de mesure du faisceau d’irradiation sur la précision de la radiothérapie en envisageant des scénarios
d’erreurs involontaires mais plausibles par rapport a de mauvais positionnements du fantéme d’eau
et de la chambre d’ionisation. Le deuxiéme probléme est par rapport ala validation de la technique
de radiothérapie par modulation d’intensité (IMRT) pour le traitement du cancer des poumons et
son avantage par rapport a la technique conformationnelle 3D (3D-CRT). Par rapport au premier
probleme traité, les résultats de ce travail ont montré que des biais positionnement par inclinaison
du fantéme d’eau jusgu’ a 1° et éévation de la chambre d’ionisation de presgue cing millimeétres (5
mm) au dessus du niveau d’ eau n’ont engendré aucun effet significatif sur I’ exactitude du calcul de
dose entrepris a partir des nouveaux PDDs, profils de dose et dose de référence mesurés.
Concernant la deuxiéme problématique, les résultats de ce travail de validation ont bien montré que
I''MRT, a comparer a la 3D-CRT, assurait la protection des organes normaux et a risque et
fournissait un plan de traitement plus précis grace a son algorithme d'optimisation de dose DVO.
Pour le traitement du cancer du poumon considéré, les mesures expérimentales ont montré que la
3D-CRT a tendance a sous-estimer la dose dans le poumon et a la surestimer dans les tissus
adjacents. Le mesures expérimentales par dosimétrie de thermoluminescence ont bien montré que
les deux techniques de radiothérapie respectent les contraintes sur la dose avec un net avantage
pour I'lMRT.

Mots-clés : Radiothérapie ; Données faisceau ; Assurance qualité ; IMRT ; 3D-CRT.
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