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ABSTRACT

Hiz Temizer, B. (2022). Calculation of Detector Specific Output Correction Factors
Based on IAEA-AAPM TRS-483 for 6 MV Flat/ Unflat Photon Beams and Comparison
With Literature. Yeditepe University, Institute of Health Science, Department of
Medical Physics, MSc thesis, Istanbul.

In the TRS-483 recommendations, output correction factors to be applied in small fields are
specified as a single value for each detector and field size, regardless of the Linac model,
collimation, or filtering difference. For small fields where LCPE is lost, dosimetric
measurements are seriously affected by the presence of the detector used in the absorbed dose
measurements resulting in problems like Volume Averaging and Perturbation effects. Since
Scp values are used in the treatment MU value calculations, if the Correction Factors due to
the detector differences are entered into the TPS incompletely, the dose calculations are
incorrect in the plans where small fields such as SRS, SRT, SBRT are used frequently. In our
study, correction factors for 7 different detectors and 9 different field sizes (0.5, 1.0, 2.0, 2.5,
3, 3.5, 4.0, 4.5, 5.0 cm? ) were calculated using the experimental method and their
compatibility with the correction factors specific to the detectors specified in the literature
was investigated. 6 MV WFF and FFF photon output factors for CC01, CC04, Extradin A16,
Pinpoint 3D, microDiamond, Edge and SRS Diode were calculated with Daisy Chain method
using the intermediate field. Correction factors were found for each detector using the
calculated field output factor for the EBT3 film. All measurements were performed on the
Versa HD system. The field size of 4 x 4 cm? and a CC13 ion chamber were used for
intermediate-field calculations. It was observed that ion chambers are under-response in field
sizes smaller than 3 cm? and need a larger correction factor, whereas solid-state detectors are
over-response, and need a relatively smaller correction factor than ion chambers. The percent
variation between the correction factors for the two energies 6 WFF / 6 FFF was found to be
a maximum of 2% for both ion chambers and solid detectors at field sizes of 2 cm? and
larger. There was a significant difference between the correction factors found for all
detectors we used in our study for both energies in the field sizes smaller than 2 cm?.
Keywords: Correction Factors, Small Field Dosimetry, TRS-483
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OZET

Hiz Temizer, B. (2022). Flat/Unflat 6 MV Foton Kiiciik Alan Output Faktor
Ol¢iimlerinde Farkh Detektorler Icin TRS 483 Tavsiyesinde Diizeltme Faktorlerinin
Belirlenmesi ve Karsilastirilmasi. Yeditepe Universitesi Saghk Bilimleri Enstitiisii,

Medikal Fizik ABD, Master tezi, istanbul.

TRS-483 onerilerinde kiiciik alanlarda uygulanacak output diizeltme faktorleri Linac model
farki, kolimasyon ve filtrelasyon farki olmaksizin her detektor ve alan boyutu i¢in tek deger
olarak belirtilmistir. LCPE’nin kayboldugu kii¢iik alanlar i¢in sogurulan doz dlgiimlerinde
kullanilan detektoriin varligindan dolayr dozimetrik dl¢timler ciddi sekilde etkilenmekte;
hacim ortalamasi, pertiirbasyon etkileri gibi sorunlar olusmaktadir. Tedavi MU degeri
hesaplamalarinda Scp degerleri kullanildigindan dedektor farkliligindan kaynakli Diizeltme
Faktorlerinin TPS’e yanlis ya da eksik girilmesi durumunda SRS, SRT, SBRT gibi kii¢iik
alanlarin sik¢a kullanildig1 planlarda doz hesaplamalar1 yanlis olmaktadir. Calismamizda 7
farkli detektor ve 9 farklr alan boyutu (0.5, 1.0, 2.0, 2.5, 3, 3.5, 4.0, 4.5, 5.0 cm?) igin diizeltme
faktorleri deneysel yontem kullanilarak hesaplandi ve literatiirde belirtilen detektorlere 6zgii
diizeltme faktorleri ile uygunlugu arastirildi. CCO1, CC04, Extradin A16, Pinpoint 3D,
microDiamond, Edge ve Diode SRS icin 6 MV WFF ve FFF foton output faktorleri Daisy
Chain yontemi ile orta alan kullanilarak hesaplandi. EBT3 film i¢in hesaplanan field output
faktori kullanilarak her bir detektor i¢in detektore 6zgii diizeltme faktorleri bulundu. Tim
dlgiimler Versa HD cihazinda gerceklestirildi. Orta Alan hesaplamalari igin 4 x 4 cm? alan
boyutu ve CC13 iyon odas1 kullanildi. Iyon odalarmin 3 cm?’den kiigiik alan boyutlarinda
under-response oldugu ve bu sebepten daha biiyiik diizeltme faktoriine ihtiyag duydugu, kati
hal detektorlerin ise over-response oldugu ve daha kiigiikk diizeltme faktoriine ihtiyag
duydugu goézlemlendi. Ayrica, iki farkli enerji 6 WFF / 6 FFF i¢in buldugumuz diizeltme
faktorleri arasinda ki yiizde sapma 2 cm? ve daha biiyiik alan boyutlarinda hem iyon odalari
hem de kat1 hal detektérler igin maksimum % 2 olarak bulundu. 2 cm?’den daha kiiciik alan
boyutlarina gidildik¢e ise iki enerji i¢in de kullandigimiz tiim detektdrler i¢in bulunan
diizeltme faktorleri arasinda anlamli fark olustugu gézlemlendi.

Anahtar Kelimeler : Diizeltme Faktorleri, Kii¢iik Alan Dozimetresi, TRS-483
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1. INTRODUCTION AND PURPOSE

Radiation Therapy is the treatment method that damages the DNA to prevent the
growth and spreading of the tumor cells within the body using Ionization Radiation. Its goal
is safely delivering the prescribed dose to tumor cells while limiting the radiation to healthy
tissues in the surrounding area. TCP (Tumor control probability) and NTCP (Normal Tissue
Complication Probability) models are the indications of the success rates of the planned
treatment. The outcome of these models are displayed in Dose-Volume Histograms (DVH)
to evaluate target and OAR (Organs at Risk) doses (1). S¢p readings are used to calculate
treatment MU values. Dose calculations will be erroneous in treatment plans when small
fields such as SRS, SBRT, and SRT are commonly employed if output correction factors are
incorrectly or incompletely supplied owing to detector differences. Since imperfect
dosimetry measurements can have major impacts such as significantly higher doses or
potentially fatal clinical results for patients, it is crucial to comprehend the physics and
limitations involved. Guidelines, such as IAEA TRS-398 (2), AAPM TG-51 (3), IAEA TRS-
483 (4), AAPM TG-155 (5) are available to guide the application of accurate dosimetry
measurements under different conditions to avoid dose measurement errors (4).

Due to the technological breakthrough of treatment techniques IMRT (Intensity-
Modulated Radiation Therapy), VMAT (Volumetric Arc Therapy), SRT (Stereotactic
Radiotherapy), SRS (Stereotactic Radiosurgery), SBRT (Stereotactic Body Radiation
Therapy), higher dose fractionations in daily clinical use have become standard procedures.
With these kinds of techniques, it is now possible to deliver high doses to nonconventional
fields (< 3 x 3 cm?) denoted as “small fields”. On the other hand, when dealing with small
fields, accurate dosimetry measurements can be significantly more challenging compared to
conventional fields (large fields). These physical dosimetry issues related to small fields are
clearly emphasized at IAEA TRS-483 Code of Practice (CoP), alongside the implementations
and protocols that should be taken into consideration when dealing with relative and

reference dosimetry for external beam photon radiation therapy (6).


https://tureng.com/en/turkish-english/fractionation

Various detectors with different physical properties suitable for the small field
dosimetry have been produced by manufacturers (7). When the area of interest is small field,
suitable detectors should have minimal energy dependence to produce high SNR with a noise
reduction. The wall material and electrode material of the detectors should be suitable for
small field measurements not to cause the Volume Averaging Effect.

The assumption that the ratio of absorbed dose to measured detector readings for
larger field size where LCPE achieved, is almost equal, is also not valid for small field
dosimetry measurements. Due to the Volume Averaging and Perturbation Effect of the
detector employed at measurements, the measured doses must be multiplied by a coefficient
depending on the characteristics of the detector used to calculate the absorbed dose. In the
literature, this coefficient is known as the output correction factor, and it is provided in
detailed lists in the IAEA TRS-483 Code of Practice (CoP) for different operating energies
(6 and 10 MV photon beams), detectors, and devices (Linac, CyberKnife machines,
Tomotherapy machines, Gamma Knife) (4,8).

An extensive number of investigations have been conducted and are continuing by
many researchers around the world to avoid erroneous dose measurements caused by the
small field dosimetry challenges. In this dissertation, our goal is to calculate the output
correction factors for 2 energies (6 MV WFF and FFF photon beams), 7 different detectors
(IBA CCO1, IBA CC04, SI Extradin A16, PTW Pinpoint 3D, PTW microDiamond, SN Edge,
and PTW Diode SRS) and 9 different field sizes (0.5, 0.8, 1, 2, 2.5, 3, 3.5, 4, 5 cm?) using
the experimental method, and benchmark our findings with the published parameters for each
detector in the TRS-483 Code of Practice. All measurements were collected using an Elekta
Versa HD Linac system equipped with an Agility 160-Leaf MLC (Multi-Leaf Collimator).
In our study, the Daisy Chain technique described in the literature is used to determine the
relative output factors and to minimize the Volume Averaging Effect caused by the detector
in small fields. This technique also uses three different field sizes: the reference field (10 x
10 cm?), the 4 x 4 cm? intermediate field, and the clinical field size.

This thesis has three aims. 1) To calculate the detector-specific output correction
factors for the detectors and field sizes we used in our study and to compare the results with

the literature, 2) To calculate output correction factors for detectors and field sizes not



included in TRS-483 CoP and contributing to the literature, 3) To examine the dose-response

of the detectors for two different energies (6 WFF / 6FFF).



2. GENERAL INFORMATION AND LITERATURE REVIEW

2.1. Ionizing Radiation

The transmission of energy between matters is known as Radiation. lonizing radiation
has the potential to disintegrate orbital electrons directly or indirectly by transferring their
energy to those electrons. It is divided into two types: Ionizing Electromagnetic Radiation
(X-Rays and y-Rays (indirect effect)) and lonizing Particle Radiation (electrons, beta
particles, alpha particles, ions, protons (direct effect)). Electromagnetic Radiation is
classified as Ionizing Radiation and Non-lonizing Radiation based on its wavelength,
frequency, and energy as shown in Figure 2.1. Since Wilhelm Conrad Roentgen's discovery
of X-Rays in 1895, Ionizing Radiation has been used in medicine for both therapy and
imaging (9, 10).
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Figure 2.1  Electromagnetic Radiation (Spectrum) (10)

Photons and electrons, which are frequently used in clinical radiotherapy, are

obtained by accelerating electrons in Linear Accelerators. Photons can also be obtained



through radioisotopes, which become stable by emitting Gamma Rays during the splitting of

atomic nuclei. In addition, heavy particles, such as ions and alpha, are also used in treatments.

2.2. X-Ray Production

The X-Ray tube is of a high-pressure tube design. By applying a high voltage between
the anode and the cathode, the high-atomic-number tungsten material that serves as the
cathode is heated, resulting in the elimination of electrons from the cathode. Bremsstrahlung
X-Rays or Characteristic X-Rays are produced when these electrons contact the anode (made
of a different material such as copper). Although the working principle of Linac is the same

as the x-ray tube, there are differences which will be detailed in further sections (1, 9).

2.3. Ionizing Radiation Interactions with Tissue
2.3.1. Photon Interactions with Tissue

As aresult of the interaction of photons with tissue, the below-mentioned interactions
occur depending on photon energy and the atomic number of tissue (10, 11, 12). Figure 2.2
and Table 2.1 depict three different interactions observed in Radiation Oncology applications

based on energy ranges (11, 13).
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Figure 2.2  Possibility of Interactions Observed in Radiation Oncology (13)



1)

2)

3)

4)

In Rayleigh scattering, the energy of the incident photon is not large enough to knock
the electrons out of their orbits. Therefore; the incoming photon energy is transferred
to the whole atom and causes orbital electrons to vibrate. Afterwards, a photon is
released with the same energy as the incoming photon, but in a different angle. Since
it occurs at low energies, it is likely to occur in applications such as mammography.
Compton scattering occurs between the incident photon and the electrons in the outer
orbit. As a result, although the electron in its outer orbit is removed, the incident
photon's entire energy is shared between the scattered electron and the Compton
photon, and they are dispersed at various angles depending on the incident photon's
energy. The greater the energy of the incoming photon, the more likely it is for
Compton scattering to occur. For this reason, it can be said that radiation is the
dominant interaction in Oncology applications.

The photoelectric effect occurs when the kinetic energy of a low-energy photon is
equivalent or higher than the orbital binding energy when interacting with a material
having a K orbital binding energy of 0.5 keV, such as soft-tissue. As a result, an
electron whose kinetic energy is the difference between the energy of the incident
photon and the binding energy (K, L, M, N orbital binding energies), is knocked out
of the atom. This atom is in an ionized state. The vacant orbital is filled with a lower
energy orbital electron. During this transition, either the characteristic x-ray is emitted
or the Auger electron is released.

Pair production is not an observable interaction in Diagnostic Imaging and Radiation
Oncology. The incoming photon interacts with the atomic nucleus, causing a positron
and an electron to be knocked out of the atom. For a positron-electron pair to form as
a result of pair production, the incoming photon energy must be at least 1.02 MeV
and above. It interacts with other atoms on the emitted electron and positron path by
ionization, excitation, and Bremsstrahlung x-ray. As the positron kinetic energy ends,
it is destroyed by combining with a free electron and radiates its energy as two gamma
rays of 511 KeV in opposite directions. This phenomenon is called positron

annihilation.



5) Photodisintegration should be taken into consideration when determining linear
accelerator room shielding, due to the high energy used in Radiation Oncology.
Photons with an energy of more than 10 MV interact with the atomic nucleus,

resulting in neutron emission.

Table 2.1 Photon interaction probabilities in water per 100 photons

Energy Level (MeV) [ Photoelectric Effect | Compton Effect Pair Production
0.010 95 5

0.026 50 50 0

0.060 7 93 0

0.150 0 100 0

4.000 0 94 6

10.00 0 77 23

24.00 0 50 50

100.00 0 16 84

2.3.2. Particle Interactions with Tissue

Interactions of a lightly charged particle (electron): lonized particle radiation is also

utilized in Radiation Oncology treatments. When lightly charged particles such as electrons
pass through a medium like soft tissue or water, they interact with the electric field of the
electron or nucleus (Coulomb forces) in 3 ways; ionization, excitation, or Bremsstrahlung x-
rays. If the energy of the incoming electron is greater than the binding energy of the orbital
electron, the orbital electron is knocked out of the atom and an ion pair is formed. This ion
pair continues to make secondary ionizations (Delta rays) on its way. This phenomenon is
called ionization. If the energy of the incoming electron is not greater than the binding energy
of the orbital electron, the electron moves to an upper orbital (further from the nucleus), and
then returns to its original orbit. This interaction is called excitation. As a result of these
interactions, energy is absorbed by the environment. Finally, if the energy of the incoming
electron is large enough, it interacts with the electric field of the atomic nucleus and transfers

its energy to the medium as the Bremsstrahlung x-ray (10, 12).



Interactions of a heavily charged particle (ion or alpha): Since specific ionization is

directly proportional to the square of the charge, heavily charged particles such as alphas or
ions cause a large amount of ionization along their path. Before they lose all their kinetic
energy and stop; their maximal energy is absorbed by the environment at a point known as
Bragg Peak. The Bragg Peak characteristic of heavily charged particles plays an essential

role in Radiation Oncology treatments (10, 12).

2.4. Radiation Therapy

Radiation Therapy is a therapeutic approach that uses ionizing radiation to damage
the DNA to prevent tumor cells from growing and spreading throughout the body. The
primary purpose is to deliver the recommended dose to tumor cells while preserving the
surrounding healthy tissues, known as OAR (Organ at Risk) as much as possible (1).

The depth and size of the tumor, i.e. the target to be treated, defines the kind of
ionizing radiation and hence the energy needed for therapy. While photons are used to treat
thick areas such as the gastrointestinal tract or lung cancers, electron therapy is used to treat
malignancies that are on or near the skin's surface, such as lip tumors (1, 9).

Ionizing radiation was initially used in medical applications in 1896, and radiotherapy
usage in cancer treatment began shortly after. Today's radiotherapy applications are classified
into three categories based on their purpose, application period, and type (1, 9).

- Radiotherapy based on its purpose can be examined in 4 subgroups.

1. Curative Therapy: It is concerned in increasing the life expectancy of patients

by killing as many cancer cells as possible. It is the first approach in early-

stage cancer treatments.

2. Palliative Treatment: It focuses on increasing the patient's quality of life and
life expectancy by reducing pain and symptoms in advanced malignancies that
have metastasized.

3. Prophylactic Treatment: Its main scope is to stop the spread and repetition of

the tumor.



4. Whole Body Irradiation: This is the procedure performed before stem cell

transplantation. The goal is to clear the way for stem cells by eliminating
leukemia cells.

- Radiotherapy is examined in 3 subgroups based on its application period.

1. Adjuvant Radiotherapy: The first procedure used in this approach is not

radiotherapy; instead, radiotherapy is used after other treatments, such as

surgical excision of malignant tissue.

2. Neo-Adjuvant Radiotherapy: The primary method in this approach is
radiotherapy.
3. Radio-chemotherapy: In this approach, radiotherapy and chemotherapy are

applied simultaneously.

- Finally, radiotherapy is divided into 2, based on its type.

l. External Beam Radiotherapy (EBRT): It is a procedure in which ionizing

radiation is delivered to the area to be treated with linear accelerator devices
(generally due to Co-60 and intraoperative devices).

2. Internal Radiotherapy: It is a method of applying ionizing radiation to the

region to be treated using radioisotopes that are either temporarily or

permanently implanted on the area to be treated, such as Brachytherapy.

2.4.1. Historical Advancements at Radiation Therapy

Figure 2.3 shows the technological developments in radiotherapy from the discovery
of x-rays to the present day, depending on the ionizing radiation used (13). A very short time
after the discovery of x-ray, a breast cancer patient was treated for the first time by applying
x-ray. In the beginning of the 20™ century, treatments for stomach cancer, skin cancer, and
leukemia began to be tried. In 1902, the first x-ray dosimeter studies were carried out using
a chromo-radiometer. Following the discovery of the ion chambers in the middle of the 20™
century, in 1928, for the first time dosimetry measurements were carried out using the ion

chamber. Before the high-energy radiotherapy devices, which are widely used in clinics



today, devices that produce low-energy x-rays were widely used. The first low-energy EBRT
device was the Granz ray therapy device. Treatments were carried out using x-rays with an
energy lower than 20 kV. Following this device, contact therapy devices that produce x-rays
in the 40-50 kV range began to be used. Superficial therapy devices producing 50-150 kV x-
ray and ortho-voltage therapy devices producing 150-500 kV energy are examples of low-

energy radiotherapy devices used before today’s advanced technologies (13, 14).
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Figure 2.3 Chronology of equipment used in radiation therapy since the discovery of x-

rays by Wilhelm Conrad Roentgen (13)

The most important feature of low-energy EBRT devices is that the depth of
penetration is very low due to the rapid absorption of energy by the tissue, and therefore they
can only be used in superficial tumor treatments. In the 1950’s-1960’s, the first clinical

applications of EBRT devices, Co-60 and linac, which produce high-energy x-rays greater
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than 1 MV, began to take place. Figure 2.4 (15, 14) shows the percent deep dose curve
relative to the subcutaneous distance for low-energy EBRT devices and Co-60 devices. In
the historical development, linac devices based on the working principle of accelerating the
charged particles (electrons) created by eletron gun and hitting the target, are developed
following the Co-60 devices. The working principle of linac will be explained in detail in the
following section. After 1980, we see that advanced treatment techniques have been
discovered and started to be applied. In 1982, IMRT technique, based on the principle of
delivering the maximum dose to tumor cells while limiting the exposure of healthy tissue by
using MLCs, started to be applied. In the following sections, conventional fraction
techniques, such as IMRT / VMAT, and radiosurgery applications (SRS / SBRT), which is a
high-dose treatment approach with less fraction, will be explained in detail. The desired doses
are delivered to the target volume by using small fields. In these applications, the treatment
time is shortened by using FFF beams, especially in SRS / SBRT. With specific radiation
equipments like CyberKnife and Tomotherapy, as well as IGRT technology that enables real-
time monitoring of the tumor's position and mobility, it is now feasible to properly administer
the appropriate dosage to the target. These technologies demonstrate the current state of

clinical practice.
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2.4.2. Linear accelerator (linac)

Charged particles such as electrons ejected from the electron gun are accelerated in
an accelerator waveguide by high-frequency electromagnetic waves. As a result, high-energy
electrons or x-rays are generated. Linac is a device that treats these high-energy electrons or
x-rays by directing them to deep or surface located tumor cells. In linear accelerators (~3000
MHz) used in radiotherapy, electrons are accelerated by fixed or static electromagnetic waves
(depending on the accelerator type) whose frequency corresponds to the microwave zone of

the electromagnetic spectrum. The linac basic schema is shown in Figure 2.5 (1, 16).
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Figure 2.5  Linac basic schema (16)

Simply, the current is supplied to the modulator by the power supply. An adequately
spaced microwave is produced using this shielded electric current. These microwaves are

transmitted to both the electron gun and the magnetron or klystron at the same time.
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Here, the klystron amplifies electrons with energies greater than 15 MeV, while the
magnetron is responsible for generating waves at microwave frequency. The electron gun is
an x-ray tube-like device, in which electrons produced by the heating of the filament, that
acts as the cathode, reach the anode and are injected into the accelerator waveguide. At the
same time, microwaves emanating from the magnetron or klystron are also sent into the
accelerator waveguide. The accelerator waveguide is a vacuum tube consists of copper
chambers. Microwaves produced by the magnetron and accelerated by the klystron generate
vibrations at frequencies of 3000 Mhz in chambers and are transmitted to the center of the
waveguide. Electrons with 50 keV energy injected from the electron gun into the accelerator
waveguide are superimposed on these electromagnetic waves like someone surfing on the
ocean, and are accelerated through each copper chamber. This process is called linear
acceleration. The electrons are emitted by the accelerator waveguide in a form of a 3 mm
pencil beam and are deflected 90 degrees or 270 degrees by the bending magnet before
striking a high atomic number material such as tungsten inside the linac head (treatment head)
to produce Bremsstrahlung x-rays or characteristic x-rays (photon mode) (9, 17).

Linear accelerators work in two different modes; photon mode and electron mode. In
electron mode, the electrons directed by the bending magnet are directly focused on the
treatment area with two different scattering foils (high and low atomic numbers) instead of
hitting a target such as Tungsten. The aim is to obtain homogeneous dose distribution and a
wide beam. In Radiation Oncology applications, photons in the range of about 4-23 MV
obtained by hitting a target such as tungsten are used in the treatment of deeply located
tumors, while electrons with an energy of about 5-21 MeV directed by the scattering foil are
used in the treatment of superficial tumors (9, 12, 11). The detailed illustration of linac head
is shown in Figure 2.6 (1).

Bremsstrahlung x-rays, which are formed as a result of the collision of electrons at
MYV energy levels hitting the target with a high atomic number, are poly-energetic. That
means, there is an energy spectrum. Flattening filters are used to obtain a homogeneous x-
ray distribution. In this way, homogeneous and symmetrical distribution of the incoming

beam is ensured.
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The incident beam's characteristics, such as homogeneity, symmetry, and dose rate, are
assessed using an ion chamber placed below the flattening filter. These ion chambers have a
working voltage range of 300-1000 V. The jaws are expanded to the size of the treatment
field (from 0 x 0 to 40 x 40 cm?) using secondary collimators, and the beam is supplied to
the region of interest by collimating the beam. Besides the jaws, micro leaf collimators
(MLCs) are used for the collimation of irregular treatment areas in advanced radiotherapy (9,
12, 17)

In small radiation field applications (advanced radiotherapy methods such as
SRS/SRT/SBRT), which are also the subject of this dissertation, heterogeneous dose
distributions are delivered to the treatment area at higher dose rates rather than homogeneous
dose distributions. Due to the small target volumes in SRS techniques where high fraction
doses are used, the desired dose is delivered to the target volume by using small fields,
depending on the treatment delivery method chosen. Since the dose per fraction is high, FFF
beams are frequently used in SRS / SBRT applications where a flattening filter is not used.
FFF is more intense in the central axis and has a higher dose rate than FF beams, resulting in
reduced treatment time (17). These treatment methods are referred to as "Flattening Filter
Free”. In this thesis, flattening filter-free beams will be denoted as FFF, while conventional

beams using filters will be denoted as wFF.
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Figure 2.6 A shows the linac treatment head in photon mode (with flattening filter)

B shows the linac treatment head in electron mode (with scattering foil) (17)
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2.4.3. Radiation therapy techniques

2.4.3.1. 3DCRT

Conformal radiotherapy was invented in the early 1960°s. With the development of
tomography systems and advances in computer technology, it has become possible to show
anatomy in three dimensions. The 3DCRT treatment technique has begun to take place in
clinics as a result of advancements in tomography and immobilization techniques that ensure
minimal movement of patients during treatment. As previously stated, the primary goal of
radiotherapy is to guarantee that the healthy tissues neighboring the tumor are exposed to the
least amount of radiation while providing the highest amount of radiation to the malignant
tissue or organ. The volume intended to receive the dose prescribed by the Radiation
Oncologist is referred to as the PTV (planning target volume). This is achieved with three-
dimensional conformal irradiation. One of the most significant advancements in the 3DCRT
method was the MLC (multi-leaf collimators) technology, which is built on high atomic

number materials like Tungsten and allows irregular tumor areas to be treated by opening

and shutting of leaves. Figure 2.7 illustrates different MLC devices (9).

Nz

1T

Figure 2.7  Different MLCs (9)

Beam eye view images (Figure 2.8) are used while the medical physicist creates the
treatment plan in the clinic. In this way, the MLC leaves can be opened and closed manually

by the user, in this way the beam is shaped to allow the best therapeutic rate to be achieved

(18).
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A 3DCRT method is a forward-planning-based approach in which the medical
physicist plans how many areas and from which angle the beam will enter, beam weight
(intensity), collimator/gantry angles, and energy values to obtain the optimum therapeutic
ratio. Afterwards a uniform dose distribution is created by the system based on the entered

beam parameters (19).

Figure 2.8 MLC shaping using BEV (18)

2.43.2. IMRT

The difference of the IMRT technique, which was developed in 1982 and is still
widely used in clinics today, from 3DCRT is that it offers inverse planning. Non-uniform
dose distribution and improved OAR protection can be obtained in this manner. Figure 2.9

depicts the distinction between 3DCRT and IMRT (19).
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Figure 2.9  3DCRT (homogeneous dose distribution) versus IMRT (19)

While obtaining homogeneous dose distribution in 3DCRT, in IMRT, the irradiated
target volume (PTV) and the doses of OARs (objectives and constraints) are planned by the
medical physicist according to the prescribed dose. Then, beamlets/beam weights and
intensity maps are created according to the objectives and constraints to be obtained
inhomogeneous dose distributions by the system. Figure 2.10 shows the differences between
3DCRT and IMRT isodose curves, and it can be seen that OAR protection is better than
3DCRT when planning with the IMRT technique (20).

Figure 2.10 3DCRT and IMRT isodose curves (20)
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The coming step after the composing of intensity maps based on beam properties is
called leaf sequencing. In this optimization step, MLC leaves are opened by the system to
cover the PTV according to the specified beam settings. Besides the advantages of IMRT,
the drawback of this approach is that as the number of beamlets increase, so does the
computer optimization time. In the IMRT technique, the intensity is adjusted in 3 different
ways. 1) Static MLC (step-and-shoot), 2) Dynamic MLC (sliding window) and 3) VMAT.
While the gantry and the MLC leaves are stationary in the step-and-shoot technique,
irradiation is applied. MLC leaves only move when there is no irradiation. This approach

allows both "forward" and "inverse" planning. Figure 2.11 depicts this approach (19, 21).

Figure 2.11Static MLC (step-and-shoot) (19, 21)

In the second approach, dynamic MLC, the gantry is still fixed. Irradiation occurs
concurrently with the movement of the MLC leaves. Only "inverse" planning can be done

with this technique. This technique is shown in Figure 2.12 (19, 21).

&8 B

Figure 2.12 Dynamic MLC (sliding window) (19, 21)

The last method is the VMAT technique, in which the MLC leaves move and irradiate

simultaneously with the gantry rotation shown in Figure 2.13 (1).
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2.4.3.3. VMAT

IMAT technique, in which the gantry rotates during irradiation, has become possible
by the invention of helical tomotherapy devices. The IMAT technique differs from the
existing IMRT approach in that irradiation occurs throughout the gantry's continuous
rotation. IMAT with fixed-dose rates developed into VMAT with continually changing dose
rates during gantry rotation. Irradiation is conducted at different dose rates during various
gantry rotation speeds in VMAT. This approach may be used to handle one 360-degree arc
or two 180-degree arcs. Since VMAT treatment durations are shorter than IMRT treatments,
total doses given to the patient is also less when compared. PTV coverage and OAR
protection are far superior to 3DCRT and IMRT. The rapid completion of the treatment with
techniques such as VMAT minimizes the errors that may occur during the treatment due to
patient organ movement or patient movement, thus increasing the success rate of the

treatment (1, 19)

Figure 2.13 VMAT technique utilized in head-and-neck treatment (1)

2.4.3.4. IGRT

Image-guided radiotherapy is based on the comparison of the patient's images
obtained before the treatment with the reference images obtained during the treatment period.
The aim here is to minimize the errors that may occur between and within the fractions, and
thus to increase the success of the treatment. Treatment success is expressed by therapeutic
ratio. Therapeutic ratio refers to the ability to kill as many tumor cells as possible with the

prescribed dose (raising TCP) while also protecting the surrounding healthy tissue to the
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to the greatest extent possible (reducing of NTCP). Figure 2.14 shows therapeutic ratio
graphs. In fractional treatments, setup errors may occur between or during treatments (22).
Weight loss, tumor growth or shrinkage that may occur on the patient during the treatment,
mechanical errors at the patient couch, technician errors are examples of setup errors between
treatments (inter-fraction). Examples of setup errors that may occur during the treatment are
respiratory movements, organ movements, patient movement errors (intra-fraction). All these
errors affects the success of the treatment. With IGRT techniques, the patient is monitored
throughout the treatment and these errors are minimized. With the images obtained with
technologies such as EPID (MV imaging), CBCT (kV-kV imaging), on-rail imaging,
ultrasound imaging, magnetic resonance imaging, it is possible to compare the patient's
anatomy before treatment and during treatment, and so treatment plans are revised as needed

(23, 24).
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2.4.3.5. Small field applications (SRS/SRT/SBRT)

The Gamma Knife was the first SRS device created in 1951 for the treatment of brain
malignancies and cerebral vascular disorders. This system developed by Lars Leksell was
essentially a linear accelerator capable of directing gamma rays from diverse angles with the
numerous Co-60 sources to a single point to be treated. Since the method is based on the
treatment of a small field with very high dose rates, the patient's head was fixed with
apparatus called frames in the early Gamma Knife systems (1, 24).

The region to be treated in stereotactic applications is not PTV, but rather main tumor
(GTV) or CTV (clinical target volume) with very limited margin (setup errors). When
treating GTV at large doses, it is aimed to protect the healthy tissues by a sharp dose-fall off
at the point where GTV ends. For this reason, the immobilization of the patient's head is
provided with apparatus called frame and frameless in intracranial applications (1, 24).

Apart from the special Gamma Knife device, extra-cranial and intra-cranial
treatments are also possible with CyberKnife or conventional linac, which provide treatment
with single fractions or multiple fractions. The 3D visualization of the location of the primary
tumor in the x-y-z coordinate system and the ability to deliver the prescribed dose to the
tumor volume accurately and precisely throughout the treatment period affect the success of

the treatment (1, 24). Figure 2.15 shows the 3D visualization of the tumor localization (25).

Figure 2.15 The 3D visualization of the tumor localization (25)
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Figure 2.16 Non-invasive SRS treatment (25)

The difference of small field treatments from the treatment methods mentioned in the
previous section is the fractionation scheme. SRS refers to intracranial small field lesion
therapy with a single fraction and high dose rates. SRT refers to multi-fraction treatments
again with high dose rates. Only intracranial anomalies and malignancies are treated with
either method. SBRT, on the other hand, refers to small-field treatments administered at high
dose rates of 1-5 fractions to extra-cranial areas such as the lung, lower/upper abdomen, and
spinal cord (1, 24). Figure 2.17 illustrates the success of SBRT treatment compared pre-and
post-situation of lung tumor (26). Figure 2.18 demonstrates the SBRT treatment success after

6 weeks and 5 months intervals at liver malignancies (26).

Figure 2.17 The local control success at lung tumor with SBRT (26)
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Figure 2.18 The SBRT treatment success after 6 weeks and 5 months intervals at

liver malignancies (26)

It took a long time for the SBRT technique to be implemented in clinics compared to
the SRS/SRT. For the SBRT procedure to be applied successfully, the patient must be
immobilized and the same target must be irradiated at all times during the treatment (precise
and accuracy). For this purpose, the location of the irradiated primary tumor is verified daily
with IGRT methods throughout therapy. It is aimed to prevent erroneous irradiation and to
minimize healthy tissue toxicity by comparing the reference images obtained with pre-
treatment simulation devices and IGRT images. While the frame and frameless
immobilization systems are used in SRS/SRT, vacuum-based solutions are also applied in
SBRT. One of the biggest problems in extra-cranial regions is organ/tumor movement. To
reduce tumor movement induced by breathing movements, abdominal compression, ABC
(active breath control), and breath-holding methods are utilized. Each of these approaches
has merits and downsides. However, the respiratory phases (inhalation/exhalation) may be
seen, allowing tumor tracking and respiratory gating techniques with the ABC technique.
Gerszten PC et al reported that SBRT therapy for the central nervous system (CNS)-spinal
cord malignancies were successful at 90% over 500 patients with an average dosage of 20
Gy. In another research, Timmerman et al reported a 90% success rate for local control when
SBRT was used in early-stage lung cancer patients in three fractions of 20 Gy each

(malignancy smaller than 5 cm) (1, 24).
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To obtain high rates of local control with small field treatments, all steps from small
field dosimetry to beam modeling, high-accuracy imaging of the target volume (with CT,
MR, and PET systems), simulation, immobilization of the patient throughout the treatment,
treatment planning, treatment implementation, and beam delivery must be meticulously
planned (1, 24). AAPM has published the TG-101 report detailing the methods to be followed
for the use of correct procedures, methods, and systems in clinics for SBRT treatments (27).

The aim of small field treatments, as stated earlier, is to apply the extremely high
doses with small fractions to the tumor volumes (high conformity), while also minimizing
healthy organ damage by achieving a quick dose dropping at the border of GTV. Since high
dose rates are applied at treatment of small fields, it is crucial to accurately calculate and
transfer the beam-related parameters to the treatment planning systems to avoid secondary
cancer issues following treatments. Beam modeling must be done with utmost precision to
calculate accurate dose calculations by the dose calculation algorithms used in TPS. Small-
field dosimetry, which is also the focus of this dissertation and its challenges which will be
discussed in-depth in the coming parts, is still one of the most actively investigated

radiotherapy subjects (1, 24).

2.4.4. Other treatment systems in radiation therapy

Dedicated radiotherapy devices employing X-band RF technology began to be
developed in the 1990’s as an alternative to the S-band RF technology linacs that are currently
extensively utilized in clinics. In linac devices, the RF frequency operating range is 3000
MHz. CyberKnife, Tomotherapy, and IORT devices that employ X-band technology use
higher RF frequencies. These treatments systems are advantageous in that they occupy a
small space, have greater mobility, and are light. In the study conducted by Yujong K,
Saitiniyazi S, Mayierjiang M, et al, performance evaluation of radiotherapy devices was
evaluated according to RF frequencies (28). It has been stated that devices using X-band RF
technology have disadvantages such as longitudinal non-linearity control in phase space,

energy control, and photon bandwidth as well (10).
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2.4.4.1. Tomotherapy

A tomotherapy system employs X-band RF technology. It is a linear accelerator
capable of performing IMRT with 6 MV photons in helical or serial mode, in conjunction
with tomography system technology. The magnetron generates electromagnetic waves, such
as linacs. The tomography unit, which is an IGRT method, provides tumor inter or intra-
fraction follow-up. The helical mode is the advancement of the patient table inside the gantry
throughout the gantry's 360-degree continuous rotation. The beam is applied to the treatment
field by opening and shutting 64 collimator leaves. SAD is 85 cm long, as opposed to linacs.

In this manner, therapy may be administered at 850 cGy per minute dose rates (10).

2.4.4.2. CyberKnife

Another system using X-band RF technology is CyberKnife. With its real-time tumor
tracking capabilities, it can perform small field treatments with excellent precision and
accuracy, not only for SRS/SRT but also for SBRT applications. It is a 6 MV linac mounted
on robotic arm-equipped non-isocentric therapy equipment (13, 24). In the study of Yu et al,
it was reported that the treatment accuracy of the Cyberknife device is at submillimeter levels

in spine malignancies (29).

2.4.4.3. IORT

IORT, which is a part of adjuvant treatment, is another method that uses X-band RF
technology. IORT allows ionizing radiation to be delivered directly to the tumor site during
the surgical procedure. When compared to linacs, it has the benefit of delivering the radiation
once the tumor bed has been cleared during the operation, as opposed to a long-term
fractionated therapy. During the operation, the surgeon can view the tumor and OAR. This
improves the treatment's success rate (13). The rate of local control was shown to be high in
early-stage breast malignancies, rectal and lung tumors, and pediatric illnesses in Goer A. et
al’s study (30). In the same study, a dose of 11.3 Gy in rectal cancer treatments was
comparable to a dose of 20 Gy given with EBRT. It has been stated that the complication

rate is low and the curative rate is high in applications under 15 Gy (30).
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2.5. Photon dosimetry of linac-based stereotactic applications (SRS/SRT/SBRT)

2.5.1. Flattening-filter-free beams vs flattening filter beams

Photon treatments in linac devices are applied in two different ways: with flattening
filter beams (such as 3DCRT applications) and flattening-filter-free beams (such as
SRS/SRT/SBRT applications) (12).

Flattening filter beams (WFF): Electrons exiting the accelerator at near-light speed are

deflected 90 or 270 degrees by bending magnets before striking a tungsten/copper mixture
material with a high atomic number known as the flattening filter. As a result, two kinds of
interactions occur. Primary interactions are caused by the photon source and secondary
interactions are caused by electrons within the tissue which are scattered from the collimator
or the linac device head. In the absence of a filter, the high-energy primary photon beam
behaves more intensely in the central axis than in the lateral axis and provides forward
penetration. When using the flattening filter, poly-energetic Bremsstrahlung x-rays (an
energy spectrum with average energy) are created as a result of high-energy photons
interacting with the filter. The filter produces a beam hardening effect by collecting low-
energy x-rays in the center axis and decreasing their contribution to the beam's average
energy. In this way, homogeneous dose distribution in both the central and lateral axis is
achieved, that is, the beam is straightened (17, 31, 32, 16).

Flattening-filter- free beams (FFF): By using the advantage that the orientation and

intensity of the primary photons are on the central axis and in the forward direction,
heterogeneous beams are obtained (Figure 2.19 (32) and Figure 2.20 (12)). Since no filters
are used in FFF treatments, the risk of secondary cancer that may occur in the post-treatment
period is reduced as a result of the reduction of secondary interactions within the body caused
by the electrons scattered from the linac head or the collimator. Treatments can be performed
in a much shorter time at very high dose rates compared to wFF beams. Besides, the
shortening of the treatment period reduces the risk of patient or organ or respiratory motion
errors. Although FFF beams offer benefits over wFF beam treatments, dosimetry
measurements and modeling of beam characteristics in treatment planning systems must be

done with great precision and accuracy because treatments are delivered at extremely high
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dose rates to very small treatment regions. Even if it varies depending on the manufacturer
and device model, the maximum dose rate for 6 MV photon beams may be generalized to
1400 MHU/min and 2400 MHU/min for 10 MV photon beams (17, 31, 32, 16). The quality
control tests that should be performed based on the treatment used, as well as the limitations

that should be maintained, are defined in the TG-142 report (33).
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Figure 2.19  Lateral profile of 6 MV FFF and 10 MV FFF beams showing the reduction

of dose distribution concerning distance (32)
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Figure 2.20  Difference in lateral beam profile of WFF and FFF photon beams (12)

2.5.2. Introduction to small field dosimetry

Dosimetry is all measurements and calculations to accurately represent the energy
absorbed by a unit mass of an organ or tissue (17). Since high-energy photon treatments, such
as SRS/SBRTdeals with very small fields less than 3 x 3 cm?, small field dosimetry presents
distinct challenges when compared to large field dosimetry, due to beam and detector
associated factors. There are established recommendations for small field dosimetry
measurements in the literature, such as TRS-483 (4) and AAPM TG-155 (5), as well as
numerous studies and publications (4, 17, 5).

Since the human body is utilized as the basis for the absorbed dose measurements,
the water phantom is employed as the medium, and the absorbed dose measurements
calculations are in the water (12, 31). According to ICRU-91 guidelines, 6 MV photon beam
dose measurements include % dd (for SSD calibrations) or TPR/ TMR (for SAD calibrations)
in the z-axis, lateral profiles (crossline in the x-axis, and in-line in the y-axis), and output
factors. Based on this report, energies of 10 MV or above are not appropriate for small fields

due to increasing neutron contamination and secondary electron range (34). ion chambers,
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TLD dosimetry systems, radiographic films, gafchromic films, MOSFET (The metal-oxide—
semiconductor field-effect transistor), gel dosimeter systems, diode, and diamond detectors
are examples of dosimeter equipment. Each detector reacts differently to ionizing radiation,

and each has pros and cons (17).

2.5.3. Physics of small field dosimetry

Compared to conventional radiotherapy, the problems encountered in small field
dosimetry are mostly due to the electron transport resulting from photon interaction. In
general, small field problems can be grouped under two subheadings; beam-related issues

and detector-related issues (7).

2.5.3.1. Beam-related issues

Ionizing radiation interacts with an absorbing medium in two ways. The kinetic
energy of the incoming photons is transmitted to the electrons in the surrounding medium.
This is called indirect interaction. Secondary interactions performed by these electrons in the
energy-transferred medium are called direct interactions (11). Lateral charged particle
balance, also known as electronic balance, is the condition in which the quantity (total
energy) of secondary electrons entering and exiting the same volume is equal. It is a state of
equilibrium (31). Absorbed dose measurements in conventional field dosimetry are done in
ion chambers with wall thicknesses that meets the requirement that the absorbed dose and
collision Kerma are identical (11, 31). The small field dosimetry, on the other hand, is not
without flaws. Two of these problems are related to the incoming beam, and one is due to the
characteristics of the detector used for measurements. If at least one of these 3 problems
occurs, depending on the density of the material being measured (e.g. water) and the energy
of the incident photon (e.g. 6 MV), the area of interest is stated as a small field (e.g. <3 x 3
cm?) (31).

Absence of electronic equilibrium: Arises when the range of the secondary electron is greater

than the beam boundary in the central beam axis; in other words, the maximum lateral range
of the secondary electron is smaller than the FWHM of the photon beam and as a result, the

electronic equilibrium is lost.
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The dose and collision Kerma (Kco) absorbed in the medium are not equal. Figure 2.21
depicts the photon beam area diameters where equilibrium is attained and lost for various
energies. D/Kcoi=1 1is the field diameters at equilibrium. D/K¢o < 1 represents the area

diameters where the lateral balance is lost.
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Figure 2.21  The photon beam area diameters where equilibrium is attained and lost for

various energies (4)

Partial occlusion of primary photon beam source: In linac devices, the main source size is

typically 5 mm or smaller. When the field size is significantly lower than the main source
size, a portion of the incoming photon beam will be blocked by the collimators resulting in
the overlapping of the penumbra as shown in Figure 2.22. The left image depicts the large
beam condition, whereas the right image depicts the small field condition, with penumbra
overlapping since the field size was less than the source size determined and called as partial
occlusion of the source. This is a significant effect in small field dosimetry; as the beam

spectrum changes in direct proportion to the decrease in field size, as does the beam output.
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Figure 2.22  Blocking of the main source by collimator at small fields (4)

2.5.3.2 Detector-related Issues

The third issue encountered in small field dosimetry is the presence of detectors used
for measurements. It has two effects on beam quality: the perturbation effect and volume
averaging. (6, 31).

Even though the measurements are conducted in water, the cavity of the ion chambers
used in the absorption dose measurements, is a medium with a different density than water.
Charged particle interactions between the medium and water create perturbation effects. In
conventional field dosimetry, the results read in high-energy photon beam calibrations
produced with ion chambers are adjusted by using stopping power and perturbation
correction factors when computing absorbed doses. This is known as the Bragg-Gray cavity
theory (11).

Since electronic equilibrium is lost and substantial dose gradients arise in small-field
dosimetry compared to large-field dosimetry, the Bragg-Gray cavity hypothesis is no longer

viable. The detector's presence causes distortion effects. Monte Carlo simulations have
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shown that the perturbation effect in measurements made with ion chambers in small fields
has three components; wall material, electrode material, and detector material. Of these 3
perturbation effects, it was observed that the perturbation effects caused by the wall and
electrode material were so small that they could be ignored. The volume average effect,
which arises depending on the material of the detector employed, is the greatest perturbation
effect in the small field dosimetry. Due to the signal generated by a detector is changing with
the dose absorbed in the detector's sensitive volume and therefore its homogeneity, the
density difference and volume effect are the determinants of the correction factors to be used.
(6, 31).

Also, since the perturbation effect and the volume average impact the calculations of
the absorbed dose measurements in the small field dosimeter, the length of the detectors
cavity should be in lengths where electronic balance can be achieved. Figure 2.23 (35) shows
the volume averaging effect depending on the ion chamber length used in small field
dosimeter measurements for the calibration of 6, 7, and 10 MV FFF photon beams for

different device models (4).
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Figure 2.23  The volume averaging effect induced by the ion chamber length/cm used

for small field dosimetry (35)
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2.5.3.3 Effect of geometric field size and radiation field size

In linac-based devices, field size, which is a plane perpendicular to the central axis,
is set using MLCs and jaws and is represented in FWHM, the width equal to the 50% dose
value of the lateral profiles. It is defined by two components, the geometric field dimension,
and the irradiation field dimension. For the large field sizes, the geometric field size and the
irradiation field size are equal to each other. In small fields, due to partial blocking of the
source by the collimators and the absence of electronic equilibrium, the geometric field size
adjusted by the collimators is smaller than the irradiated field size expressed as %50 of the
1sodose line. In this case, since there’s no correlation between the geometric field size and
irradiation field size, the penumbra at the edges of the area overlaps with the area, as shown
in Figure 2.24. This effect is expressed as widening of area. Because the detector response
and perturbation factors in the small field dosimeter are directly related to the irradiation field
sizes, jaw and collimator calibrations affect the direct output measurements, and thus the MU
values calculated by the dose calculation algorithms in the TPS cause the dose to be
calculated as an overdose (6, 31). Sharpe et al. showed that the effect of a 2 mm deviation in
the field size on the output measurements was 16%, and the effect of a 1 mm deviation on

the output measurements was 8% in the 1 x 1 cm? small field dosimeter measurements (36).

2.5.3.4. Reference dosimetry (Alfonso formalism)

Photon dosimetry measurements for 10 x 10 cm? reference fields are conducted in
conventional radiotherapy utilizing ion chambers. Reference dosimetry calculations have
been revised by Alfonso et al for small fields where electronic equilibrium is lost and
problems such as volume averaging and perturbation effects occur due to detector material

and density, and detector-specific correction factors are defined by introducing machine
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specific reference field definition for cases where a reference field sizes of 10 x 10 cm? could

not be obtained as shown in the given Formula 1 (6, 4, 31, 37).

chlin / Dfmsr

felins fmsr - Qclin ' ~W, Qmsr (1)
Qclin» @msr felin fmsr
mlclin
chln Qmsr

There are two methods for determining detector-specific correction factors. The first
approach, commonly known as the gold standard, is Monte Carlo simulations. Modeling the
linac device and detectors used in this technique yields the correction factors. The second
technique is the experimental method, in which a tissue-equivalent detector with high

resolution known to have a correction factor near to 1, such as gafchromic film, TLD, plastic
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scintillator, is picked as a reference detector and the field output factor is computed is used.
Specific correction factors for various detectors are calculated using this computed field

output factor as shown at the given Formula 2 (31).

Mfclin
feclin fmsr — Qclin kfclin' fmsr (2)
Qctin) Qmsr Mfmsr " Qclins Qmsr
Qmsr

2.5.3.5. Relative dosimetry

The Daisy-Chain technique, which has been described in the literature, is used to
determine relative output factors. This technique employs three distinct field sizes; the
reference field (10 x 10 cm?), a specified intermediate region of 3 x 3 or 4 x 4 cm?, and the
clinical field size. For the clinical field size for which the output factor will be calculated, the
ionization amount measured with the relative detector is normalized to the measurements
made with the ion chamber in the reference area of 10 x 10 cm?, taking into account the
ionization amount obtained with the measurements made with both the ion chamber and the
relative detector for the specified intermediate field size (3 cm x 3 cm or 4 cm x 4 cm) as

shown at the given Formula 3 (31).

OFdetector -

MFS,detector M3x3,IC (3)
M3x3,detector M10x10,IC

Relative output factor measurements produce different findings depending on shaping
the region by a jaw/MLC or cone, and it is a factor determining TPS dose calculations.
Another critical element influencing output factors and hence TPS beam modeling in small
field measurements is the detectors used for relative dosimeter measurements. The size (inner
radius/length), wall, and electrode material of the detector to be used should be chosen in line
with the relative dosimeter readings to provide a homogenous signal throughout the detectors
sensitive volume and decrease the influence of the volume average (31). Again, the output
factor measurements are affected by whether the detectors are parallel or perpendicular to

the center axis during the measurements (8).
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2.5.3.6. Detectors used for reference and relative dosimetry in linac-based small field
measurements

Manufacturers have created a variety of detectors with varying physical
characteristics appropriate for reference and relative dosimetry (7). When the area of interest
is small field sizes, the best suitable detectors should have minimal energy dependence to
produce a high signal to noise ratio with a noise reduction. Furthermore, it should be made
from a substance with an atomic number equal to or close to that of water, implying that it is
water equivalent (density=1 g/cm®) to obtain high resolution and high sensitivity. These
characteristics are not fully provided by any detector utilized in small field dosimeters.
Detectors, on the other hand, maybe classified into five categories based on how well they
satisfy these criteria (38,39).

1) Calorimeters: Graphite, water

2) Solid-state: MOSFET, diode, TLD, diamond

3) Liquid detectors: Liquid ionization chambers,

4) Chemical detectors: Gafchromic film, gel dosimeter

5) Plastic scintillators

In this dissertation, gafchromic film was used for the reference dosimetry
measurement, whereas ion chambers, diode, and diamond detectors were used for the relative
dosimetry measurements; hence, only the features of these detectors are explained in this
section.

1) Gafchromic film: It is made up of a 28 micrometers thick active layer, which consists

of monomers compounds transforming to polymers under radiation, around
sandwiched between passive layers about 125 micrometers thick. Gafchromic films
are one of the most used techniques for measuring reference dosimetry because they
have no energy dependence, are made from tissue-equivalent materials, need few
correction factors, and have excellent spatial resolution and sensitivity. Aside from
its benefits, there are several factors to consider when calculating the dose absorbed

in water using gafchromic film. Post-irradiated images should be scanned using high
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2)

optic density scanners, and images converted to optic density should then be
translated to absorbed dose values using appropriate analytic tools such as Matlab or
ImagelJ. The most significant drawback of gafchromic films is that they are
influenced by ultraviolet (UV) light. Again, challenges such as scanner heating
between various scanner types may have an impact on the dose-response of
gafchromic films. (17, 40, 41).

Ion chambers: As illustrated in Figure 2.25, cavity ion chambers (thimble or
cylindrical) with a sensitive volume of 0.3-0.6 cc are detectors built of tissue-
equivalent material that is widely employed in conventional radiotherapy (6). Their
sensitivity is lower when compared to semiconductor detectors. Since the presence
of ion chambers causes perturbation effect and volume average in small field, in
relative dosimeter measurements, the sensitive volume of the ion chambers to be used
must provide conditions in which the lateral electronic balance is not lost for the size
of the area to be measured. Due to their underestimated response, ion chambers used
in traditional radiotherapy are unsuitable for small field dosimetry. Mini and micro-
ion chambers (between 0.001 cc and 0.002 cc) with very small sensitive volumes are
commercially available from various manufacturers, and are appropriate for small
field dosimetry experiments (31, 42). Bozidar Casar et al. examined the impact of
positioning the ion chamber parallel or perpendicular to the central axis during the
measurement on the output correction factors using 7 different ion chambers with
varying sizes of sensitive volumes from different manufacturers. Although it is
common practice in clinics to position the ion chambers perpendicular to the central

axis, this study revealed the benefit of parallel positioning (4).
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Figure 2.25 Air-filled cavity chamber design (16)

3) Diode detectors: Silicon diodes, which are employed in small field relative dosimeter

measurements, are semiconductor detectors that come in two variations: n-type and
p-type. The most significant benefit of silicon diode detectors over ion chambers is
that they may be manufactured with a very tiny sensitive volume (0.002 cc) and high
sensitivity (high spatial resolution). When the silicon crystal is doped with
phosphorus, a group V element in the periodic table with 5 valence electrons in the
outermost orbit, a bond is formed between the silicon atom and the phosphorus's 4
electrons. The phosphorus 5th electron is still free in the crystal. These detectors are
referred to as n-type. The p-type refers to silicon diodes that have been doped with
boron, which is found in the periodic table's group III, and has three valence electrons
in the outermost orbit. A positive gap is formed when three electrons bind together.
When the silicon crystal is subjected to ionizing radiation, a current forms between
the electron-hole pairs depending on the energy and dose rate, and the electrometer
reads this signal. Diode detectors have both advantages and drawbacks. Due to the
angle dependence, they should be positioned parallel to the central axis in
measurements. They have energy dependencies. Even if they are not affected by
open-air pressure, they are impacted by temperature as in ion chambers, and
correction factors must be applied. N-type detectors can be damaged at high dose
rates, and therefore, p-type is more commonly used than n-type in relative dosimetry

in clinics. Again, diode detectors has two different types, shielded and unshielded.
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When a tungsten-like substance is employed as a build-up cap in shielded diode
detectors, a linear dose-response cannot be generated owing to the contamination of
low-energy scattered electrons in the measurements (11, 31, 42, 43).

4) Diamond detectors: Diamond detectors offer benefits over ion chambers and diode

detectors in that they do not rely on energy in relative dosimeters and can be
manufactured in extremely small sizes. Clinical radiotherapy employs synthetic
diamond detectors. When compared to ion chambers, they are made of tissue-
equivalent materials and need relatively small correction factors due to very minimal

perturbation effects (31, 42).

2.5.3.7. Impact of small field dosimetry over beam modelling in treatment planning
systems

To accurately calculate tumor and OAR 3D dose distribution during SRS/SRT/SBRT
treatments by the existing dose calculation algorithms in TPS, the deep dose, profile, and
output factor values obtained as a result of the absorbed dose measurements performed in the
water phantom using reference and relative detectors, which is the dosimetric data of the
beam, are used in the modelling of TPS. Beam models, in other words, are the data sets used
by TPS algorithms to forecast 3D dose distributions for the given look-alike measurement
geometries. When opposed to conventional treatments, small field treatments deliver higher
dose rates in 1-5 fractions. Overdose of healthy tissue indicate that the biological damage is
so severe that the tissue is unable to restore itself. As a result, to compute properly, the
treatment dose applied by the dose calculation algorithms used in TPS’s must be accurately
modeled. Particularly due to the volume averaging effect caused by the detector used in
measurements in small fields or the partial blocking of the source caused by the finite size of
the primary source by the collimators, the measured dosimetric parameters, and therefore
beam modeling are affected and TPS’s result in incorrect dose calculations. The PDD and
profile measurements made by Woong Cho et al with 3 different detectors (CCO1 and CC13

ion chambers and Edge n-type silicon detector) with different sensitive volumes, revealed
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that even though the tumor dose distribution was not affected much in beam modeling in

SBRT applications, OAR doses were found to be % 2 percent higher than the prescribed

dose, which is significant. Although it varies according to treatment planning systems, Figure

2.26 depicts beam-modelling and treatment planning sample flowchart (31, 44, 45).

.
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Figure 2.26  Sample flow-chart to be followed for beam-modeling and treatment

- -| Commissioning Beam-model | — —

.'-I'r

-

Making
a Beam-mode]

I

/ Measured /' Pholon Spectrui
PDDs Modeling

/ Measured S Dose Profile

' " Modeling

Profiles /

.-"f Meazured
Orput
Factors

planning (44)

2.5.3.8. Brief description of TPS dose calculation algorithms

)

e

Owput Factor

Modelng

|

b

.--".' D

primized Model
Parameters /

-

’.l Radiaticn Treatinent Plais ]-\

-

) CT images & .
v Dosze Prescription

Contourig
Targeis and

!

Setimg

Plan Parameters

I
I
I
I
I
I
1
I Opgans
I
I
I
I
I
I
I

}

Calenlating Dose
Dnstrbtion

Evaluating
Treatment plan

| 1

The existing dose calculation algorithms in TPS are divided into factor-based and

model-based algorithms. Although factor-based algorithms are still used in devices dedicated

to stereotactic applications, the algorithms commonly used in clinics are model-based

algorithms. Model-based algorithms are divided into 4; pencil kernel, point kernel (collapsed

cone or convolution/ superposition methods), grid-based Boltzmann solutions, and Monte
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Carlo applications. These algorithms make dose calculations based on primary photon source
and secondary charged particle interactions (46, 47, 48).

Dose distributions are computed by taking into account all the interactions caused by
scatterings, such as the homogeneous or heterogeneous nature of the tissue, collimator
characteristics, beam shape (flat or unflat), and patient geometry. The most significant
distinction between the algorithms is in terms of accuracy and speed. The pencil kernel and
the point kernel are two distinct kernel-based dose algorithms. The primary photon and
secondary electrons are represented in these methods, the photon's energy distribution is
described as a "kernel," and the absorbed dose is modelled throughout the entire volume. In
contrast, in Monte Carlo techniques, the program simulates all potential interactions one by
one, and the absorbed dose is computed for each particle in the volume of interest until it
exits the volume. Because each interaction is simulated one at a time and the absorbed dose
is determined as a consequence of a random number of possibilities, all system parameters
such as material, density, thickness, and so on should be represented properly. For example,
all components of the linac head, such as the primary source, target, flattening filter, jaws,
MLC must be represented, and therefore Monte Carlo simulations take a long time (46, 47,
48).

In terms of accuracy, the pencil beam method cannot provide precise dose
measurements when compared to Monte Carlo, especially in heterogeneous tissues (such as
lungs or paranasal sinuses, which are air-filled organs). Monte Carlo, on the other hand, is
significantly slower since it simulates the interactions and energy transfers of main and
secondary charged particles inside the tissue using a random number of probability

computations (46, 47, 48).
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3. MATERIALS AND METHODS

3.1 Overview of equipment

All measurements in this dissertation were taken in Istanbul Oncology Hospital using
an Elekta brand Versa HD Agility 160 MLC linear accelerator device. Seven different active
detectors with sensitive volumes appropriate for small field dosimeters from various
manufacturers were used in our study. lon chambers with a sensitive volume fewer than 0.01
cm’ are called micro ion chambers, while those with a sensitive volume between 0.01 cm?
and 0.03 cm?® are called mini ion chambers. In our study, we used two mini ion chambers
(IBA CC04 and PTW 31022 Pinpoint 3D), two micro ion chambers (Standard Imaging
Extradin A16 and IBA CCO1), one synthetic diamond detector (PTW 60019 micro
Diamond), one n-type shielded diode detector (Sun Nuclear Edge), and one p-type unshielded
diode detector (PTW 60018 SRS diode). Table 3.1 summarizes the properties of the

detectors.

Table 3.1 Characteristics of the detectors used for measurements

Standard PTW P‘inpmnt

lanufacturer PTW SRS Diode  Sun Nuclear
Imaging mlcrod!a.mond
Sensitive ) sems  0.01em’  0.04cm®  0.007 cm? 0.016 cm? 0.004 mm? 0.03 mm? 0.019mm?
Volume
Reference 2.4 mm from 1 mm from 0.74 mm from
Depth 1.8 mm 0.6 mm 1.2 mm 0.72 mm chamber tip detector tip detector tip 0.3 mm
il £300 V +300 V £300 V +300 V +300 ¥
. Voltage —~
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The IBA Smart Scan water phantom (Figure 3.1) was used for the measurements taken with

active detectors.

Figure 3.1  IBA Smart Scan water phantom

In our study, gafchromic film (Figure 3.2) was used as the passive detector. The

RW3 solid phantom was used to measure gafchromic films.

Figure 3.2  Ashland EBT 3 gafchromic film (LOT 01142102)
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The equipment (software and hardware) used in our study is summarized below.

1))
2)

3)
4)
5)
6)
7)

8)
9)

Elekta Versa HD Agility 160 MLC linear accelerator

Active detectors: IBA CC13, IBA CC04, IBA CCO01, SI Extradin A16, PTW 31022
Pinpoint 3D, Sun Nuclear Edge diode (shielded), PTW 60019 micro Diamond, PTW
60018 diode SRS p (unshielded)

Passive detector: Ashland EBT3 gafchromic film

IBA Smart Scan water phantom

IBA Scanditronix Wellhofer Dosel electrometer

RW?3 solid phantom

EPSON Expression 10000 XL scanner (48-bit RGB, 150 dpi resolution, transmission
mode)

Fiji image processing software

T-test statistical analysis tool

To reduce the volume average effect seen in small field dosimetry, all calculations in

this dissertation were made using the Daisy Chain technique proposed in the TRS-483

protocol (Formula 3). The Daisy Chain technique was performed in an ion chamber with a

sensitive volume of 0.13 cc.

3.2 Intermediate field size calculation with Daisy Chain technique for IBA CC13

Formula 4 is used to calculate the field size where lateral electronic balance is

established for the IBA CC13 ion chamber with a sensitive volume of 0.13 cc to be utilized

for the Daisy Chain technique (4).

FWHM > 2ricpe +d 4)
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The following CC13 characteristics were extracted from the manufacturer's documentation
(49):

5.8 mm length of the cavity

3.0 mm radius of the cavity

0.4 mm wall thickness
the detector length in the longitudinal direction;

di=1+twan=5.8+0.4=6.2 mm

radial direction;

dr=2 (r +t wan) =2 (3.0 +0.4) = 6.8 mm

means d: > d; .

based on Formula 5 (4);

rLcpE = 8.396 x TPR20,10(10) - 4.382 (%)
Energy TPR20,10 (10) | ricee (mm) | FWHM
6 WFF 0.674 12.77 3.234
6 FFF 0.675 12.85 3.250

For establishing lateral electronic balance, the intermediate field size should be selected equal
to or greater than 3.234 mm and 3.250 mm for 6 WFF and 6 FFF photon beams, respectively,

based on Formula 4.
3.3 Detector position in water phantom measurements

The stem effect that will occur in water phantom measurements affects the output

factor and profile measurements. TRS-483 (4) protocol was followed to minimize the stem

45



effect. Measurements were taken by positioning IBA CC13, IBA CC04, IBA CCO1, SI
Extradin A16, PTW 31022 Pinpoint 3D, Sun Nuclear Edge diode detector perpendicular to
the beam direction, and PTW 60019 micro Diamond, PTW 60018 diode SRS detector parallel

to the beam direction.

Parallel «=———

B— —+> Perpendicular |- i B

Figure 3.3 Detector orientation inside the water phantom

3.4 Measurements with IBA Smart Scan water phantom

The steps specified in the following items were carried out separately for 7 active
detectors. Measurements were taken by positioning each detector in the water phantom at the
EPOM as specified in the manufacturer's catalogs. The EPOM for the ion chambers was

calculated as 0.6 radii.

1) CAX deviation was done with IBA myQA software for the field size of 10 x 10
cm? at SSD: 100 cm and depth:10 cm to validate that being in the center of the
irradiation field, and it was verified whether there was any deviation from the
central axis and necessary shifts were made if any.

2) The inline and crossline profiles were evaluated with IBA myQA software for the

field sizes of 0.8 x 0.8 cm? at SSD: 100 cm and depth :10 cm following CAX
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deviation, and it was checked whether there was any deviation from the central
axis and if required changes were made.

3) Finally, for a field size of 0.8 x 0.8 cm?, the dose was measured with the IBA
myQA software at the center, + 0.2 mm, and - 0.2 mm in the inline direction, and

the point at which the signal was maximum was determined.

3.5 Output factor measurements for 7 active detector

Each field size of 0.5, 0.8, 1, 2, 2.5, 3, 3.5, 4, and 5 cm? at SSD was measured three
times. The measurements were taken and recorded using an IBA Scanditronix Wellhofer
Dosel electrometer for the point where the maximum signal is obtained. Since polarization
correction was applied for the ion chambers in our calculations, the ion chamber
measurements were taken separately at +/- 300 Volts. The bias voltage for solid-state

detectors is set to 0 volts, as described in the manufacturer's catalogs.

3.6 EBT 3 gafchromic film measurements with RW3 solid phantom

The protocol specified in the literature was followed for the calibration and dosimetry
of EBT3 radiochromic films (8, 50). Films to be calibrated and irradiated were selected from
the same lot.

1) Calibration films were cut into 14 equal pieces using a gladiator following the protocol
of Bozidar Casar et al (8, 50). Due to the directional dependencies of the EBT3 films,
the films were cut into equal strips so that the long edge of the film was parallel to
the long edge of the Epson Expression 10000 XL scanner, and the upper right corners
were marked by specifying the dose rates to be irradiated. The calibration films were
individually irradiated in 50 MU increments from 50 MU to 600 MU at SSD: 100 cm
and depth: dmax placed in the center of the solid phantom, respectively. 500 MU was
irradiated twice with 6 MV WFF. Two non-irradiated (0 MU) calibration films are
left.
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2) After the calibration films, the dose films were cut, each area size was written in the
upper right corner, taking into account the direction of the films, and then irradiated.
Again, the protocol of Bozidar Casar et al (8,50) was followed. Area size of 0.5, 0.8,
1, 2, 2.5, 3, 3.5,4, 5, and 10 cm? was irradiated 3 times with 500 MU to reduce
uncertainties that may occur during the scanning process. The films were individually

irradiated at SSD: 90 cm and depth: 10 cm by placing them in the center of the solid

phantom ( Figure 3.4).

Figure 3.4  Irradiation of gafchromic films

Since gafchromic films are affected by UV light and are directional dependent, a very
strict protocol has been followed in the processes. The films were not touched with bare

hands and gloves were worn. Film cutting and irradiation were done in a dark environment.

3.7 Scanning procedure of EBT 3 gafchromic films (51, 52)

Gafchromic films consist of monomer compounds that turn into polymers under
radiation (17,40,41). It is advised in the literature to wait at least 24 hours for the
polymerization to be finished and stabilized before reading the optical density measurements.
For this purpose, after the completion of irradiations, 36 hours past before scanning of the 6
WFF calibration and dose films. Scans were performed in a dark environment with the Epson
Expression 10.000 XL scanner. The scanner software for Windows 11 was installed to the

computer and the automatic photo correction settings were turned off by selecting
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Professional Mode. The driver is set to 48-bit color, positive film, and 150 dpi resolution.
Since the reading was made in the transmission mode, the films were fixed with a 3.8 mm
thick 30 x 40 cm plexiglass sheet. The scanner was warmed up 30 minutes before the scans.
By making 5 previews before scanning, the lamp of the scanner was warmed up. To minimize

the uncertainties that may occur during scanning, 3 films of each field were scanned 5 times

and the films were saved as .tiff (Figure 3.5).

Figure 3.5  Scanning process of gafchromic films

3.8 ImageJ analysis software for the conversion of optical density values to absorbed
dose at EBT3 gafchromic film (51)
3.8.1 Calibration curve

Calibration films irradiated with 6 WFF and saved as tiff were split into color
channels using ImagelJ software and read over a single channel (red channel). The grayscale
values for each dose value were read by putting ROIs of width: 150 pixels and height: 150
pixels in the middle of the calibration films and applying backup corrections. Based on the
article of Michelle E. Howard et al., the "Rodbard" function were used to construct the dose-
response curve (calibration curve) (Figure 3.6) (46). Imagel software was used to calculate
the constants a, b, ¢, and d in Formula 6. In the calculation, we used dose values as x and

grayscale values read by drawing ROl as y.

N (a—d)

=d
ETE]

(6)
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a=47706.03,b=0.87108, c =203.209, d = 4841.28
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Figure 3.6 6 WFF calibration curve

3.8.2 Dose film readings

3 films scanned 5 times for each field size were split into color channels with Fiji
software (a newer version of ImagelJ). The readings were taken over the red channel. The
grayscale values read from each film scanned five times for three films were averaged. In the
film readings, circular ROIs were chosen, and readings were conducted from the dose films
centers. After reading the gray scale readings, they were transformed to dose values using

Formula 6 and normalized to 500 MU.

50



4.1 6 WFF photon beam

4. RESULTS

4.1.1 Measurements and calculations

Table 4.1.1.1 3 times measured IBA CC13 ion chamber electrometer readings (cGy) for

intermediate field sizes (4 cm x 4 cm) and reference field sizes (10 cm x 10 cm) and

corrected values applied polarization correction.

Nominal Field Sizes

4.0 cm x 4.0 cm

4.0 cm x 4.0 cm

4.0 cm x 4.0 cm
10.0 cm x 10.0 cm
10.0 cm x 10.0 cm
10.0 cm x 10.0 cm

Mean (4.0 cm x 4.0 cm)
Mean (10.0 cm x 10.0 cm)

Mean (4 cm x4 cm)
Mean(10 cm x10 cm)

IBA
CC13,(cGy)

1.218
1.219
1.219
1.391
1.391

1.391

IBA CC13_(cGy)
1.221
1.221
1.221
1.394
1.395
1.394
1.220 ¢Gy

1.393 ¢Gy

0.876

IBA CC13_corrected

(cGy)

1.220
1.220
1.220
1.393
1.393

1.393
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Table 4.1.1.2 The mean values of 3 times electrometer readings (cGy) for each detector

per field size. Polarization corrections are applied for the ion chambers.

Nominal

Field Sizes

0.5cmx 0.5 cm

0.8cmx 0.8 cm

1.0cmx 1.0 cm

2.0cmx 2.0 cm

25cmx2.5cm

3.0cmx 3.0 cm

3.5cmx 3.5 cm

4.0 cm x 4.0 cm

5.0 cm x 5.0 cm

IBA
CCo1

0.430

0.663

0.752

0.923

0.952

0.970

0.986

1.006

1.036

IBA Extradin Pinpoint

CCo4

1.221

2.141

2.485

3.172

3.285

3.368

3.427

3.493

3.604

Al6

0.339

0.510

0.587

0.725

0.747

0.767

0.781

0.800

0.824

PTW

3D
(31022)

0.553

0.828

0.933

1.153

1.183

1.217

1.238

1.263

1.301

PTW
micro

Diamond

(60019)

0.273

0.382

0.425

0.501

0.516

0.527

0.536

0.547

0.565

Sun

PTW

Nuclear SRS Diode

Edge

0.660

0.901

0.985

1.135

1.165

1.190

1.209

1.235

1.274

(60018)

0.283

0.397

0.435

0.506

0.520

0.532

0.542

0.554

0.572
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Table 4.1.1.3 Mean values of EBT3 gafchromic film readings per field size read 3 times (5

scans each) and normalized to 500 MU.

Nominal

Field Sizes

0.5cmx 0.5 cm

0.8 cmx 0.8 cm

1.0cm x 1.0 cm

2.0cmx 2.0 cm

25cmx 2.5 cm

3.0cmx 3.0 cm

3.5cmx 3.5 cm

4.0 cmx 4.0 cm

5.0 cm x 5.0 cm

10.0 cm x 10.0 cm

Gafkromik Film
(EBT3)

0.345

0.469

0.529

0.639

0.671

0.683

0.705

0.719

0.739

0.819
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Table 4.1.1.4 Detector output factors calculated with Daisy Chain technique ( OFget) for

each field size

IBA
Nominal CCo01
Field Sizes

0.5cmx 0.5 cm 0.374

0.8cmx 0.8 cm 0.577

1.0cm x 1.0 cm 0.654

2.0cmx 2.0 cm 0.804

25cmx2.5cm 0.829

3.0cm x 3.0 cm 0.845

35cemx3.5cm 0.859

4.0 cmx 4.0 cm 0.876

5.0 cm x 5.0 cm 0.902

IBA Extradin Pinpoint

CCo4

0.306

0.537

0.623

0.795

0.824

0.845

0.860

0.876

0.904

Al6

0.371

0.558

0.643

0.794

0.818

0.840

0.855

0.876

0.903

PTW

3D
(31022)

0.384

0.575

0.647

0.800

0.821

0.844

0.859

0.876

0.902

PTW
micro
Diamond

(60019)

0.437

0.611

0.679

0.802

0.825

0.843

0.858

0.876

0.903

Sun

Nuclear

Edge

0.468

0.639

0.699

0.805

0.826

0.844

0.858

0.876

0.904

PTW
SRS
Diode
(60018)

0.448

0.627

0.688

0.800

0.823

0.842

0.857

0.876

0.905
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Table 4.1.1.5 Gafchromic film ( EBT3) output factors for each field size( Qepr3)

Nominal Field Sizes

0.5cmx 0.5 cm

0.8cmx 0.8 cm

1.0cm x 1.0 cm

2.0cmx 2.0 cm

25cmx 2.5 cm

3.0cmx 3.0cm

35ecmx 3.5cm

4.0 cmx 4.0 cm

5.0 cmx 5.0 cm

QEBT3

0.421

0.573

0.646

0.780

0.820

0.834

0.861

0.879

0.902
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Table 4.1.1.6 Detector specific output correction factors for each field size

PTW PTW
Sun PTW
IBA IBA Extradin Pinpoint micro
Nuclear SRS Diode
Nominal CC01 CC04 Ale6 3D Diamond
Edge (60018)
Field Sizes (31022) (60019)

05emx05cem 1.126 1375 1.135 1.098 0.964 0.900 0.939
0.8cmx0.8cm 0.992 1.067 1.026 0.997 0.937 0.896 0.913
1.0emx1.0em (0987 1.037 1.006 0.999 0.951 0.925 0.939
20cmx2.0cm 0971 0981 0.982 0.976 0.973 0.969 0.975
25cmx25cem 0990 0.996 1.002 0.999 0.994 0.993 0.997
30cmx3.0cm 0987 0.988 0.993 0.988 0.989 0.988 0.990
35emx3.5cm 1002 1.001 1.007 1.003 1.003 1.003 1.004
40cmx4.0cm 1003 1.003 1.003 1.003 1.003 1.003 1.003

S0cmxS.0cm 1,000 0998 0.999 1.000 0.999 0.998 0.997



4.1.2 Graphs
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Figure 4.1.2.1 6 WFF photon beam output factor plots against field sizes

(OFg4et and Qgpr3 values)
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Figure 4.1.2.2 6 WFF photon beam output correction factor plots against field sizes
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4.2 6 FFF Photon beam

4.2.1 Measurements and calculations

Table 4.1.2.1 3 times measured IBA CC13 ion chamber electrometer readings (cGy) for

intermediate field sizes (4 cm x 4 cm) and reference field sizes (10 cm x 10 cm) and corrected

values applied polarization correction.

Nominal Field Sizes

4.0 cm x 4.0 cm

4.0 cm x 4.0 cm
4.0 cm x 4.0 cm
10.0 cm x 10.0 cm
10.0 cm x 10.0 cm
10.0 cm x 10.0 cm
Mean (4.0 cm x 4.0 cm)
Mean (10.0 cm x 10.0 cm)

Mean (4 cm x4 cm)
Mean (10 cm x10 cm)

IBA
CC13,(cGy)

1.235
1.236
1.236
1.368
1.368

1.368

IBA CC13_(cGy)
1.237

1.239
1.238
1.372
1.373

1.373

1.237 ¢Gy

1.370 cGy

0.903 cGy

IBA CC13_corrected

(cGy)
1.236

1.238
1.237
1.370
1.371

1.371
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Table 4.1.2.2 The mean values of 3 times electrometer readings (cGy) for each detector

per field sizes. Polarizatian corrections are applied for the ion chambers.

Nominal

Field Sizes

0.5cmx 0.5 cm

0.8cmx 0.8 cm

1.0cm x 1.0 cm

2.0cmx 2.0 cm

25cmx2.5cm

3.0cmx 3.0 cm

3.5cmx 3.5 cm

4.0 cmx 4.0 cm

5.0 cm x 5.0 cm

IBA
CCo1

0.414

0.645

0.746

0.930

0.964

0.982

1.001

1.016

1.040

IBA Extradin Pinpoint

CCo4

1.171

2.082

2.494

3.235

3.354

3.431

3.493

3.548

3.640

Al6

0.277

0.491

0.581

0.748

0.776

0.796

0.807

0.824

0.847

PTW

3D
(31022)

0.493

0.809

0.943

1.180

1.221

1.249

1.270

1.292

1.324

PTW

micro

Diamond

(60019)

0.236

0.371

0.425

0.513

0.529

0.540

0.549

0.558

0.572

Sun

Nuclear

Edge

0.560

0.881

0.991

1.170

1.204

1.227

1.247

1.267

1.300

PTW
SRS
Diode
(60018)

0.260

0.390

0.439

0.522

0.538

0.550

0.559

0.568

0.584
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Table 4.1.2.3 Mean values of EBT3 gafchromic film readings per field size read 3 times (5

scans each) and normalized to 500 MU.

Gafkromik Film
Nominal Field Sizes

(EBT3)
0.5cmx 0.5 cm 0.309
0.8 cm x 0.8 cm 0.498
1.0cmx 1.0 cm 0.549
20cmx 2.0 cm 0.657
25cmx 2.5 cm 0.678
3.0cmx 3.0 cm 0.688
35emx3.5cm 0.704
4.0 cm x 4.0 cm 0.738
5.0 cmx 5.0 cm 0.763
10.0 cm x 10.0 cm 0.813
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Table 4.1.2.4 Detector output factors calculated with Daisy Chain technique ( OF ) for

each field size

PTW PTW
Sun PTW
IBA IBA Extradin Pinpoint micro
Nuclear SRS Diode
Nominal CC01 CCo4 Al6 3D Diamond
Edge (60018)
Field Sizes (31022) (60019)

05emx0.5cm 0368 0298  0.304 0.344 0.381 0.399 0.412
0.8cmx0.8cm 0.573 0530  0.538 0.565 0.599 0.628 0.619
1.0cmx1.0ecm 0.663 0.634  0.636 0.659 0.688 0.706 0.698
20cmx2.0cm 0.826 0.823  0.820 0.825 0.829 0.834 0.829
25emx25cem 0.857 0.853  0.850 0.853 0.855 0.857 0.854
3.0cmx3.0cm 0873 0873  0.872 0.873 0.873 0.874 0.873
35cmx3.5cm 0.889 0.888  0.884 0.888 0.888 0.889 0.888
40cmx4.0cm 0903 0903  0.903 0.903 0.903 0.903 0.903

50 cmx5.0cm 0924 0926 0927 0925 0925 0926  0.927



Table 4.1.2.5 Gafchromic film ( EBT3) output factors for each field size( Qepr3)

Nominal Field Sizes QEBT13
0.5cmx 0.5 cm 0.380
0.8cmx 0.8 cm 0.612
1.0 cm x 1.0 cm 0.675
2.0 cm x 2.0 cm 0.807
25cmx 2.5 cm 0.8334
3.0cm x 3.0 cm 0.847
35cmx 3.5 cm 0.866
4.0 cm x 4.0 cm 0.907

5.0 cm x 5.0 cm 0.938
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Table 4.1.2.6 Detector specific output correction factors for each field size k

PTW PTW

IBA IBA Extradin Pinpoint micro
Nominal CC01 CC04 Al6 3D Diamond
Field Sizes (31022) (60019)

Sun PTW
Nuclear SRS Diode
Edge (60018)

05cmx05cm 1.033 1277 1252 1.105 0998  0.953 0.922

08cmx0.8cm 1.067 1.156 1.138  1.082  1.022  0.975 0.989

10cemx 1.0 em 1018 1.065 1.061 1025 0982  0.957 0.968

20 cmx2.0cm 0977 0981 0985 0979 0974  0.968 0.974

25emx25cm 0973 0977 0981 0977 0975 0972 0.976

3.0cmx3.0cm 0970 0970 0971 0970 0970  0.968 0.970

35cemx3.5cm 0974 0975 098 0976 0975  0.975 0.976

40cmx4.0cm 1.005 1.005 1.005 1.005 1.005 1.005 1.005

50cmx5.0cm 1.015 1.013 1012 1014 1014  1.013 1.012



4.2.2 Graphs
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4.3 T-test statistical analysis and percentage variation

Table 4.3.1 P values obtained as a result of 6 WFF and 6 FFF photon beam comparions

for each detector

IBA CCO1

IBA CC04

Extradin A16

PTW 31022 Pinpoint 3D
PTW 60019 micro Diamond

Sun Nuclear Edge

PTW 60018 SRS Diode

0.432

0.435

0.100

0.252

0.181

0.166

0.361

65



Table 4.3.2

detector

0.5 cm?

0.8 cm?

1.0 cm?

2.0 cm?

2.5 cm?

3.0 cm?

3.5 cm?

4.0 cm?

5.0 cm?

Percentage variation of our 6 WFF results from TRS-483 values for each

IBA

CCo1 CCo4
3.4 -
3.0 0.4
3.8 2.1
1.8 0.4
2.1 1.2
0.4 -0.3

IBA Extradin Pinpoint
Al6

1.6

2.1

2.1

0.7

PTW
60019
micro

Diamond

4.1

3.3

24

0.5

1.1

PTW
60018
Sun  gpg
uclear Diode
dge
- 1.4
5.8 6.2
4.3 4.5
2.5 3.1
0.5 1.2
1.1 2.0
-0.3 0.7
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Table 4.3.3 Percentage variation of our 6 FFF results from TRS-483 values for each

detector
PTW PTW PTW
31022 60019 60018
IBA IBA Extradin Pinpoint  micro Sun SRS
CC0l CC04  Al6 3D Diamond Nuclear pjoqe
Edge
0.5 cm? - - - - -3.7 - 3.2
0.8 cm? -4.0 - -9.2 - -4.7 -2.6 -1.7
1.0 cm? 0.0 -2.3 -3.3 - 0.2 0.01 1.5
2.0 cm? 3.1 2.0 1.7 - 2.2 2.5 3.1
2.5 cm? 3.4 2.3 1.9 - 2.4 2.5 3.2
3.0 cm? 3.8 3.0 2.9 - 3.1 3.1 4.1
3.5 cm? - - - - - - -
4.0 cm? 0.1 -0.6 -0.6 -0.6 -0.6 0.4

5.0 cm? - - - - - - -



S. DISCUSSION AND CONCLUSION

In the TRS-483 CoP recommendations (4), it is stated that the output correction
factors to be applied in small fields should be between 0.95 and 1.05. In our study,
the output correction factors calculated using the Daisy Chain method for both
energies as a consequence of the measurements for the field sizes of 1, 2, 2.5, 3, 3.5,
4, and 5 cm? were found in the range specified in TRS-483 (4). The correction factors
for the ion chamber measurements for the two smallest field sizes, 0.5 and 0.8 cm?,
were found to be greater than 1.05 as expected. This was due to issues such as the
LCPE, the partial blocking of the source, perturbation effects, and volume averaging
effect, which occurs when field sizes are smaller than 3 cm?. In the study of Oh et al,
it was observed that solid-state detectors should be used instead of ion chambers with
field sizes smaller than 3 cm? in small field measurements (53). For relative
dosimetry, it is also recommended to use detectors whose output correction factors
are almost unity like films, scintillations or the detectors, having a low atomic number

central electrode. Our results are consistent with the literature (53).

Tyler et al observed that the detector response in small field measurements is under-
response for detectors such as ion chambers since the measurement environment is
air and the density of air is lower than the density of water (15). To put it another way,
they discovered that bigger correction factors are required. Again, in their study, they
found that solid-state detectors such as diamond and silicon diode detectors are over-
response because the silicon material is denser than water. In our work, we discovered
that ion chambers (IBA CCOI1, IBA CC04, Standart Imaging Extradin A16, PTW
31022 Pinpoint 3D) was under-response and solid-state detectors (PTW 60019
microDiamond, Sun Nuclear Edge, PTW 60018 SRS Diode) was over-response for
the smallest field size (0.5 cm?). This behavior of detectors is shown in Figure 5.1.a,

Figure 5.1.b, Figure 5.2.a, Figure 5.2.b.
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The results obtained with PTW 60019 microDiamond detector at a field size of 0.8
cm? for 6 FFF energies and IBA CCO1 detector at a field size of 0.8 and 1 cm? for 6
WFF energies did not match with the findings of Tyler et al.

Calculated Output Correction factors for Ion Chambers (6 WFF)
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Figure 5.1.a Ion chambers output correction factors at 10 cm depth for 6 WFF
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Figure 5.1.bSolid-state detectors output correction factors at 10 cm depth for 6 WFF
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Calculated Output Correction factors for lon Chambers (6 FFF)
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The IBA CCO1 was overresponse at 6 wFF among other ion chambers. The SI
Extradin A16 detector was under response, but the required correction factor was
greater than with other air-filled ion chambers. Both results showed that the volume
average effect may be occurred due to the electrode material of these detectors made
of steel, thus altering the output factor response of the scattered electrons. Masanga

et al found similar results for the smallest field sizes, confirming our observation (54).

According to Lechner et al study's diamond and unshielded detectors require a smaller
correction factor than shielded detectors (55). Cranmer-Sargison et al discovered that
shielded detectors increase the dose-response due to the contribution of low energy
scattered photons from the shielding resulting with over dose-response and need a
bigger correction factor than unshielded detectors (56,57). The results obtained in our
study are compatible with these findings for both energies (6 WFF and 6 FFF). In our
smallest four field sizes of 0.5, 0.8, 1, and 2 cm?, we discovered that PTW 60019
microDiamond and PTW 60018 SRS diode (unshielded) detectors require a smaller
correction factor than the Sun Nuclear Edge detector for both energies. The correction
factor of 0.953 determined for the Sun Nuclear Edge detector at a field size of 0.5 cm?

for 6 FFF energies is the only exception.

In our study, the largest output correction factor for our two smallest field sizes, 0.5
and 0.8 cm? was calculated for the IBA CC04 ion chamber due to having the largest
sensitive volume (0.04 cc) compared to other detectors. For field sizes 0.5 and 0.8
cm?, itis 1.375 and 1.067 at 6 WFF energies, and 1.277 and 1.156 for 6 FFF energies,

respectively.

According to the findings of Bozidar Casar et al's study, 0.1 percent volume
correction should be applied to Elekta Versa HD readings taken with EBT3 film.
Since volume correction was not included in our study, the output correction factors

we discovered might have a 0.1 percent margin of error (50,8).
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In our study, the values we found for both energies (6 WFF / 6 FFF) for each detector
were evaluated by applying the one-tail student test, and p < 0.05 was calculated for
all detectors, and no statistically significant difference is observed. On the other hand,
in the measurements obtained in Tyler et al's study with Elekta device, it’s stated that
the effect on output correction factors, using filters (WFF) and not using filters (FFF)
in all measured field sizes, is between +/- 1% for ion chambers and +/- 1.2% for solid-

state detectors (15).

The percent deviation between the 6 WFF / 6 FFF output correction factors we
observed in our study is a maximum of 2% for both ion chambers and solid-state
detectors at field sizes of 2 cm? and larger. This value is observed at 3% for all
detectors except the Extradin A16 detector at 1 cm? field size. For our two smallest
areas, 0.5 and 0.8 cm?, the percentage deviation was a maximum of 8%. According
to Tylor et al. and our findings, there may be an increase at uncertainty in the
correction factors when just one value is used for both energies, as specified in TRS-

483.

Correction factors specified in TRS-483 (4) are specified as a single value
independent of the linac device model, collimation system (MLC or jaw), or filter.
Again, correction factors for the 0.5, 3.5, and 5.0 cm? field sizes and the PTW 31022
Pinpoint 3D ion chamber are not specified in the TRS-483 (4). The study by
Dufreneix et al shows that correcting the output factors by taking the correction
factors suggested in TRS-483 (4) as reference data and uploading the beam modeling
data to TPS in this way will have serious consequences in clinical practice (58).
Comparing the correction factors we obtained as a result of our study and the
correction factors suggested in TRS-483 (4), it was observed that the percent value
deviation for small fields (0.5 and 0.8 cm?) is above 3.5%. As a result of our study;
instead of calculating the output factors by using the correction factors suggested in
TRS-483, each clinic's calculation of the detector-specific correction factor for their

device and calibration conditions (SSD: 90 and depth: 10 cm) for the detector
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available in their clinic will reduce the error encountered in small field dosimetry,

and it has been observed that it will be the most correct approach.

In the study of Bassinet et al., the output correction factor for the Sun Nuclear Edge
detector was found to be 0.945 in the Novalis model linac device collimated with a 4
mm circular cone at 6 FFF energy (59). As a result of our study, the field size
correction factor of 0.5 cm? for the Elekta Versa HD device collimated with Agility
160 MLC and the Sun Nuclear Edge detector is 0.953. This result shows that the linac
device model and collimation cause an error of 1% in small fields. The study by
Charles et al confirms the findings and shows that the error due to the size of the MLC
or jaw-shaped area in small fields (1 cm? area size) is reflected in the output data as
3% (60). Results of our experiment and literature reviews show that modeling of TPS
data using the correction factors suggested in TRS-483 (4) is not sufficient, and the
correction factors calculated as a result of the measurements are also affected by the

device and collimation.

When our findings and the study of Bozidar Casar et al are compared, the deviation
from the percentage value for 6 WFF energies varies between 2% and 5.3%, in field
sizes less than 2 cm? for all detectors we used except IBA CC04 (50, 8). At 6 FFF
energy, the deviation from the maximum percentage value was 8.7% in the Sun
Nuclear Extradin 16 detector. This result, on the other hand, confirms that the
correction factors differ in clinical conditions even if the device and model used and
therefore the collimation systems are the same, and confirm our observation that each
clinic should calculate the detector-specific correction factors for its device instead of

using the correction factors specified in the literature studies.

In the study of Azangawe et al, the output correction factor for the PTW
microDiamond 60019 detector was calculated as 0.961 in the Elekta Precise for 0.6
cm?2 field size and 6 WFF Energy (61). The PTW microDiamond 60019 detector

correction factor found as a result of our study is 0.964 for 0.5 cm? field size in the
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Elekta Versa HD. Two different models of linac systems belonging to Elekta
company is compatible with each other with a value of % 0.3. The values found by
Azangawe et al and at our studies are 1,000 and 0.989, respectively, for 3.0 cm? field

sizes and the percentage variation is 1.1%.

In the study of Lio et al, the output correction factor for the PTW 60018 SRS Diode
detector was found to be 0.929 at 6 WFF energy for a field size of 0.5 cm?. The
correction factor found as a result of our study is 0.939. The result we found with a

variance from 1% is consistent with the literature (58).

In TRS-483 (4), there is no information about each detector and each field size. As
can be seen in Tables 4.3.2 and 4.3.3, the correction factors for the PTW 31022
Pinpoint 3D detector are not specified in TRS-483 (4). Again, output correction
factors of IBA CCO1, IBA CCO04, Extradin A16, and Sun Nuclear Edge detectors for
the smallest field size of 0.5 cm? and correction factors for all detectors for field sizes
of 3.5 to 5 cm? are not specified. We contribute to the literature with the results we

found.

Since our study is an experimental method, user-induced errors may be reflected in
our results as errors. e.g; in detector effective point detection, possible errors in
detector alignment may have occurred in our study as well as in every experimental
study, and this difference is observed in some results that are different from the
literature. The "A Large Multicentre Study" by Dufreneix et al (58) confirms this
observation. Still, The EBT3 gafchromic film dosimeter requires high sensitivity and
accuracy. Calibration and dose film measurements, and the film readings we
performed with ImageJ software may have been reflected in the output correction
factors as uncertainty. Film readings and ROI selections with ImagelJ are subject to
error as it depends on the the user performing the readings. For this purpose, we have
observed that using commercial software developed for this purpose instead of using
an open-source resource such as ImageJ for relative dosimeter measurement will

reduce the error in output correction factors.
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In our study, correction factors for 7 different detectors and 9 different field sizes (0.5,
1.0,2.0,2.5, 3, 3.5, 4.0, 4.5, 5.0 cm?) were calculated using the experimental method
and their compatibility with the correction factors specific to the detectors specified
in the literature was investigated. We observed that ion chambers are under-response
in field sizes smaller than 3 cm? and need a larger correction factor, whereas solid-
state detectors are over-response and need a relatively smaller correction factors than
ion chambers. The percent variation between the correction factors for the two
energies 6 WFF / 6 FFF was found to be a maximum of 2% for both ion chambers
and solid detectors at field sizes of 2 cm? and larger. We found significant difference
between the correction factors for all detectors we used in our study for both energies
for the field sizes smaller than 2 cm?. S, readings are used to calculate treatment MU
values. Dose calculations will be erroneous in treatment plans when small fields such
as SRS, SBRT and SRT are commonly used if output correction factors are
incorrectly or incompletely supplied owing to detector differences. Although
dosimetry systems appropriate for small field output measurements are used, it is
beyond the scope of this thesis to indicate which detector is best suited for small field
output measurements. More research is needed to support the output correction factor

calculation of these detectors and our findings.
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