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Kurzfassung

In der radiologischen Therapie, im Besonderen in der Brachytherapie ist es erforderlich flr
jeden Patienten eine individuelle Bestrahlung durchzufiihren. Fir die erforderlichen Be-
strahlungsberechnungen stehen Bestrahlungsplanungssysteme zur Verfligung. Diese unter-
liegen, aufgrund der hohen Anforderungen, speziellen Richtlinien und missen regelmafigen
Uberpriifung unterzogen werden.

Fur diese Uberpriifung stehen unterschiedliche Normen bereit. Diese Normen beinhalten
derzeit fir die Brachytherapie keine Vergleichsmessungen zwischen kalkulierten Planungswert
und Bestrahlungswert, wie sie in der Teletherapie bereits verwendet werden. Um diese Ver-
gleichsmessungen auch flr die Brachytherapie umzusetzen, wird in dieser Studie Uberpriift,
ob mit Detektoren, die bereits in der Teletherapie angewendet werden, Messungen auch im
Brachybereich mit guten Ergebnissen mdéglich sind. Mittels dosimetrischer Messungen werden
diese Daten erhoben, um die Plausibilitdt der berechneten Daten zu Uberprifen.

Far die Versuchsreihe stehen High Dose Rate (HDR) Ir-192 Quellen zur Verfligung. Die Mes-
sungen werden mit zehn unterschiedlichen Detektoren sowie zwei Elektrometer von den Her-
stellern iba und PTW durchgefihrt. Die Messungen erfolgen in Wasser-Phantomen. Es stehen
drei unterschiedliche Phantome zur Verfligung, von denen zwei speziell flir diese Versuchsreihe
konstruiert und angefertigt wurden. Die erhobenen Daten werden mittels der berechneten
Werte des Oncetra Brachy Planungssystems des Herstellers Nucletron/Elekta verglichen. Die
Messergebnisse liefern sehr positive Ergebnisse.

Zusammengefasst lasst sich sagen, dass eine Anwendung der Detektoren auch flur die
Brachytherapie einsetzbar ist. Dies ermdglicht es, dass Vergleichsmessungen in der Abnah-
menorm von Brachytherapie Einrichtungen mit aufgenommen werden kénnen.

Schlagworte: Brachytherapie, Bestrahlungsplanungssystem, Ir-192, High Dose Rate (HDR),
Detektoren



Abstract

In radiological therapy, especially in brachytherapy, it is necessary to carry out individual ir-
radiation for each patient. Treatment Planning System (TPS) are available for the necessary
radiation calculations. Due to the high requirements, these are subject to special guidelines
and must be regularly checked.

Different standards are available for this review. These standards currently do not include com-
parative measurements between calculated dose and irradiation dose for brachytherapy, as
they are already used in teletherapy. In order to implement these comparative measurements
for brachytherapy as well, this study will examine whether measurements in the brachytherapy
range are also possible with good results using detectors that are already used in teletherapy.
By means of dosimetric measurements, these data will be collected in order to check the plau-
sibility of the calculated data.

High Dose Rate (HDR) Ir-192 sources are available for the test series. The measurements
are carried out with ten different detectors and two electrometers from the manufacturers iba
and PTW. The measurements are carried out in water phantoms. Three different phantoms are
available, two of them were specially designed and manufactured for this series of experiments.
The collected data are compared with the calculated values of the Oncetra Brachy planning
system from the manufacturer Nucletron/Elekta. The measurement results are very positive.

In summary, it can be said that one application of the detectors can also be used for brachyther-
apy. This makes it possible to include comparative measurements in the acceptance standard
of brachytherapy facilities.

Keywords: Brachytherapy, Treatment Planning System (TPS), Ir-192, High Dose Rate (HDR),
Detectors
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1 Introduction

1.1 Problem area

In radiotherapy, to provide patients with optimal care, it is necessary to carry out extensive treat-
ment planning. In the age of computers, medical physicists and technicians are supported by
dedicated Treatment Planning System (TPS). Especially in brachytherapy, where the radiation
source is positioned directly inside the body, by usage of applicators, the patient is exposed to
a high radiation dose [1, p. 1], [2]. This requires precise treatment planning of the irradiation
and thus places high demands on staff and equipment. To avoid errors, irradiation TPS are
subjected to regular Quality Assurance (QA) tests, which are regulated by various standards.
These QA tests are based only on recalculations or checks with existing data [3], [4]. Therefore
it is planned to carry out QA measurements. For this purpose, different phantoms with sim-
ple geometry and different detectors will be used. By comparing the measured and calculated
dose, errors in the TPS can be detected.

The problem described above gives rise to several hypotheses for the study:

* |s a regular change in quality control necessary at all?

+ Are the calculations of the TPS at all comparable with measurements, as the detectors
are used usually in teletherapy?

» How far do measured and planned doses differ?

» Based on the detectors available for measurements, which are the most suitable once?

In order to answer these questions, quantitative methods are used to collect data to check the
plausibility of the calculated data. For this purpose, the measured data are compared with the
calculated data to be able to determine the deviation. These differences is decisive. During
these measurements, a guideline is to be developed on how the measurements are to be
carried out. Independently of this bachelor thesis, the guideline will later be integrated into the
QA. Thus, this bachelor thesis is the cornerstone for the amendment of the ONORM S 5296

[4].



1.2 Insight into the matter

1.2.1 Brachytherapy

The word brachytherapy (<gr.> [Bpaxv| brachy, <engl.> short) means short-distance therapy.
This means that a radiation source is applied inside a localised tumour. The steep dose gradient
of a radiation source is used. Near the source, the dose falls very quickly due to the inverse
square law (1/r2). This causes an increase in radiation in the vicinity of the tumour, but the
surrounding tissue or organs are spared due to the steep fall-off [5, p. 123], [6, p. 580]. The
purpose of this radiation enhancement is to damage the Deoxyribonucleic acid (DNA) in the
human cell nucleus by means of ionising radiation. The aim of this targeted damage is to
damage the tumour cells so irreversibly that it goes into cell death or suffers permanent cell
cycle arrest. Cell cycle arrest is when cells are no longer able to divide due to their damage.
The cell death itself does not appear immediately, the cell is still able to proliferate for a certain
time, but mostly it has lost its ability to divide indefinitely, which is equivalent to apoptosis due
to the DNA damage. For targeted damage of the tumour, doses of approx. 20 - 100 Gy are
necessary; it is important that the dosage is adapted to the healthy tissue. Only the dose that
does not cause serious radiation consequences in the healthy tissue but still is high enough to
eliminate the tumour should be administered [7, pp. 25, 35]. [8, pp. 29—-30]

o i £ 316L steel weld
[] Steel cable ] 316L steel capsule [ ] Air

Figure 1: Structure of the Ir'% source with comparison to a photo of a dummy source. All dimensions
are in mm (Source: modified taken from [9, p. 79]).

Various devices such as applicators, tubes and needles are available for guiding the source
inside the patient. However, the core piece for successful brachytherapy is the afterloader.
It contains the Ir'®2 source with the dimensions 3.5/0.6 mm (W/H) [9, p. 79]. This source is
encased in a stainless steel capsule which is located at the end of a twisted steel cable. A
picture with the dimensions of the source and a source cable can be seen in figure 1. The
source itself is located in a safe in the afterloader. When irradiation is initiated, a dummy source
first travels through the applicator. This is to check that the transfer tube and applicator are
free of obstructions and of the correct length. Only then the source moves out of its safe and
travels via the transfer tube to the applicator. The dummy source and the source are controlled
by means of a stepper motors that can control step widths of 1 mm. It is also possible to move
the source out via one of several channels. An picture of the Afterloader devices is shown in
figure 2. [8, pp. 84—88]
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Figure 2: The Afterloader Treatment Delivery Unit (TDU) and his peripheral devices Treatment Control
Panel (TCP) and Treatment Communication Console (TCC) (Source: modified taken from [10]).

1.2.2 Ir'°2 Source

In brachytherapy in particular, it is necessary to use different nuclides depending on the area
of application. Whether irradiation is carried out by means of an afterloader or direct imple-
mentation in the body by means of seeds places different demands on the nuclide. For use in
afterloaders, nuclides with a long half-life and high specific activity are preferred. Long half-lives
allow the source to be in use for a long time, especially for nuclides that have to be produced
artificially, a long usability represents a cost saving. A high activity makes it possible to pro-
duce very small-volume sources, which in turn make it possible to produce small and elastic
source cables. Furthermore, it should be considered into which products the nuclide decays,
as the decay products could also form radioactive substances. The most widely used isotope
in brachytherapy in Europe is Ir'®2 [11]. Its half-life of 73.81 days and its high specific activity of
340.98 GBq mg" qualify it for use in afterloaders [12, p. 5]. [8, pp. 34-35]

Ir'92 is generated from an Ir'®" nuclide and the (n,y) reaction [13]. In the (n,y) reaction, a
thermal neutron is captured in a reactor by the target nucleus, in this case Ir'®', forming a com-
pound nucleus [14, p. 128]. By a thermal neutron Krieger et al. mentioned, that a "neutron
whose kinetic energy is of the order of the most probable thermal energy of a gas atom at room
temperature" [15, p. 203]. As a conclusion it can be said that a High Dose Rate (HDR) Ir'9?
source is created by Ir'9' absorbing a neutron. [11]. Sources whose dose rate is higher then
12 Gy/h count as HDR sources [2].
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Figure 3: Decay schema of the radioisotope Ir'®? (Source: modified taken from [16], [17]).

Ir'92 decays by 3 radiation into platinum and by Electron Capture (EC) into osmium, both nu-
clides are stable [16]. During its decay, it emits 2.3 gamma rays per decay with an average
energy of 0.355MeV [13], [8, p. 35]. A decay schema with the exact energy levels can be seen
in figure 3.

1.2.3 Treatment Planning System (TPS)

A TPS is defined in the standard Norm S5295 as a programmable electronic system, which
also includes all connected peripheral devices, that is used to simulate a radiation application
to a patient. In practice, this means that calculations are made with calculation algorithms and
stored databases that enable radiation planning. In addition to the special technical advances
of recent years, Computed Tomography (CT) images of the patient can be fed into the TPS and
thus optimise the treatment planning. Despite this progress, the formulas and data on which
the calculations are based have remained largely the same. For TPS, the basis is Task Group
No. 43 Report of American Association of Physicists in Medicine (AAPM). This report contains
all the necessary formulae, including an explanation of them. Furthermore, for each radiation
source of the different manufacturers a short description is given with a technical drawing as well
as the tables with the data for the anisotropy function. The Klinik Donaustadt has an Oncentra
Brachy TPS which calculates dose rate using the equation 1. [18], [9], [19]
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The treatment planning for patients includes the determination of different volumes. The gross
tumour volume is determined on the basis of image data and attention is also paid to the tu-
mour spread area. This area most likely already contains tumour cells. Once the tumour region
has been determined, the clinical target volume is defined, which includes not only the primary
visible tumour but also all regions that could already contain tumour cells. In order to be able to
intercept volume changes during treatment, a safety space is usually set up around the clinical
target volume, this is called the planning target volume. Since tumours usually do not grow
uniformly, the treatment planning must be adapted to this. This means that the planning target
volume differs from the treated volume. The treatment planning also takes into account the ir-
radiated volume, which includes all areas of the body that are unavoidably exposed to radiation
due to the treatment even though they are not part of the planning target volume. [7, pp. 252—
254], [6, pp. 489—-490]



1.2.4 Detectors

Detectors are designed to produce a signal by physical or chemical reactions when ionising
radiation is exposed. These can be divided into different groups based on the radiation effect
produced [5, pp. 143—-144]. lonisation chambers use the effect of ionisation in gases for de-
tection. Semiconductors and conductivity detectors have as main effect the ionisation in solids.
Semiconductor detectors include the RAZORDPode Detector and the Semiconductor detectors from
the manufacture PTW. The microDiamond is a conductivity detector, all other detectors used
are ionisation chambers.

The main components of an ionisation chamber are the filling gas and the electrodes. The
filling gas is usually air, as it is very similar to human tissue and water. When the filling gas is
irradiated with ionising radiation, electron-ion pairs are created through interactions. In order
to collect the primary charges generated by the ionisation of the gas and to detect them in the
measuring device, it is necessary to apply a voltage to the chamber. An image of an ionisation
chamber whit the main components is shown in figure 5. [20, pp. 25-30], [5, pp. 145-148]
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Figure 5: Cross-section view of an CC25 ionisation chamber. All dimension are in mm (Source: modified
taken from [21]).

As already mentioned, the microDiamond is a conductivity detector, it consists of a synthetic
single crystal diamond. Diamonds have the advantage that they are largely equivalent to soft
tissue due to their low atomic number. When irradiated with ionising radiation, free electrons
are produced in the conduction band, making the solid (diamond) conductive. This ionisation
current can be detected by means of a measuring device. A special feature of conductivity de-
tectors is the delayed signal detection when first irradiated. This is due to the traps (metastable
intermediate level energetically between valence and conduction band) which must first be filled
with electrons by means of pre-irradiation. Only when these free spaces are filled the ionisation
can current flow undisturbed. [20, pp. 89-91], [5, pp. 173-175, 167]

Semiconductor detectors mostly consist of a p-i-n combination. These are diodes with a charge-
free intrinsic zone. If a voltage is applied to the diode from the outside, the space-charge-free
radiation-sensitive zone is formed inside. This zone acts like the volume of an ionisation cham-
ber. [20, pp. 87-88], [5, pp. 170-172]



1.2.5 ONORM S 5296

The standard deals with the acceptance of TPS, whereby the acceptance takes place before
the clinical commissioning. It is essential that an acceptance test must always be carried out
when new radiation TPS are set up, or when essential components are changed. During the
inspection, it is checked whether the TPS has been installed according to the manufacturer’s
instructions and is functional. Furthermore, it is checked whether the users are able to use
the software without errors. In order to avoid subsequent errors, reference values are defined
for the recurring weekly or monthly checks in the course of the acceptance test, to which the
constancy tests must refer. [4]

2 Materials and Methods

2.1 Used Equipment and Detectors

The Klinik Donaustadt has two identical operating rooms, which two afterloaders. It is necessary
to replace the sources in regular intervals. In the course of this change, the calibration data of
the TPS were adapted to the new source. The calibration data of the sources used are listed
in table 1 and assigned to the individual devices. The reference air kerma rate was measured
by the department for quality assurance reasons. The results of the measurements chosen
differences to the value of the certificate of -0.22 %, +0.38 % and +0.63 %, respectively.

Table 1: Calibration details of the three used Ir'%? sources, specified by the production company Curium
Netherlands B.V. The source in the Afterloader 1 device was change on the 22™" of January.

: Calibration | Calibration | Reference air Apparent .
D Date Time kermarate | source activity Sl mulogr
’VcGyhcm “ [CZ]
28.10.2020 18:04 52020 12.88676 NLFO01D85E5606
Afterloader 1
07.01.2021 03:12 44810 11.10065 NLFO01D85E5930
Afterloader 2 | 02.03.2021 15:21 50810 12.58701 NLFO1D85E6191

The used phantoms were commercially available phantoms and self-made ones. The
self-made phantom called needle phantom and the in-vivo phantom are jigs made of
Polymethylmethycrylat (PMMA) that are immersed into a small water tank. The needle
phantom is 140/180/120 mm and the in-vivo phantom is 118/120/60 mm. The water tank is
695/503/595 mm (W/H/D).



The basic structure of a measurement setup consists of the afterloader, an electrometer, a
phantom, a detector and the accessories required for the individual components. Each phantom
can be combined with any electrometer and measurement detector, regardless of the manufac-
turer. In addition, all detectors are suitable for measurements in air and water. The detectors,
with the exception of the RAZORPIode Detector haq g calibration certificate from the companies
and thus also a calibration factor for Co®. The Semiconductor probes had a calibration fac-
tor measured by the department itself with Ir'°2. The equipment for the various measurement
setups is listed in table 2.

Table 2: List of the equipment and software used for the various measurement setups.

Device Manufacturer Model Firmware version
gr;;ter?ne?_trglsa)nnmg Nugl:&:gn/ Oncentra Brachy 46.0
Flexitron HDR Treatment Delivery Unit (TDU) -
Flexitron HDR Treatment Control Panel (TCP) | 3.3.0.0103
Afterloader Nucletron/ | Flexitron HDR Treatment Communication 3.3.0.0353
Elekta Console (TCC) T
Transfer tubes -
Application needles -
Electrometer iba Dose? 2.0.0.1
PTW Unidos T10001 2.40
Needle phantom self-made | Needle phantom -
Multidose AL Box T16008 -
. PTW Vividos T10018 2.40
In-vivo phantom
Multisoft 1.3
self-made | In-vivo phantom -
ba Blue Phantom? -
Water reservoir SMARTSCAN -
MP3 T4316 -
Water phantom MP3 Control Unit T41013 1.10
PTW MP3 Tandem T10011 1.10
Water reservoir MP3 T43163 -
Mephysto-Software 3.4
CCo4 -
CC13 -
iba CC25 -
RAZORChamber _
Detectors RAZORNano Chamber _
RAZORDiode Detector _
0.3 cm® Semiflex Chamber T31013 -
PTW microDiamond T60019 -

Semiconductor detector T9112 (Rectum)

Semiconductor detector T9113 (Bladder)




2.2 Test sequence

2.2.1 In-vivo phantom setup

For measurements with the semiconductor detectors, it was checked whether the serial num-
bers of the boxes matched those on the detectors. Then the two semiconductor detectors were
inserted into the in-vivo phantom. One probe was placed above and one below the application
needle. The application needle was placed in the intended location in the centre of the phan-
tom. The phantom was then placed in the plastic box. The internal dimensions of the box are
372/230/267 mm (W/H/D). The box was filled with water at room temperature until there was
about 50 mm of water above the phantom. The needle was connected to the afterlaoder at
channel five using a transfer tube. The two detectors were connected to the Multidos AL box.
The finished measurement setup is shown in figure 6.

Transfer tube
Afterloader-TDU

Semiconductor detector
T9112 (Rectum)

Applicator

28.04.2021 14:41 Semiconductor detector
T9113 (Blader)

Figure 6: Measurement set-up with the in-vivo phantom.

The department has three sets of rectum and bladder probes (set A, B and C). The measure-
ments were performed whit probe set B. Since all the probe sets were created in the Multisoft
programme, only the set that was connected to the Multisoft programme had to be selected. In
addition, the range was set to "High". A previously prepared irradiation plan was now started
at TCC. When starting the irradiation, the measurement of the radiation dose was started si-
multaneously in Multisoft. After the irradiation plan was executed and the TCC indicated that
the irradiation was finished, the measurement in the Multisoft software was stopped and the
measured values of the probes were saved as a Portable Document Format (PDF).

2.2.2 Needle phantom setup

First a thermometer and barometer was positioned in the operating room to measure the air
pressure and room temperature. These values were required for the calculation of the correc-
tion factor of the air density and temperature (ptp). Depending on the electrometer used, the
chamber had to be created first with the calibration certificate, if available. The instructions in
the manufacturer’s operating manual were followed. The exact setting options and operation of
the electrometers are described in the chapters "2.2.5 Timed continuous method" and "2.2.4



Timed collection method".

The needle phantom was placed in the centre of a plastic box. All four application needles were
positioned. To check whether the needles were positioned correctly, the distance between the
upper edge of the phantom and the end of the needles was measured. If this was 2.9cm, the
needles were correctly positioned. The box was then filled with water at room temperature until
the upper edge of the phantom was reached. The transfer tubes were now connected to the
needles and these were connected to the afterloader device (channel 1 to 4). Attention was
paid to the sequence (needle one to slot one etc.).

= N
Thermometer and Barometer | 4 ‘
v,

v

Needle(s)

lon chamber

\ Transfer tube(s)

Afterloader-TDU

Basin

Figure 7: Measurement set-up with the 4 needle phantom.

To prepare the detector, the serial number on the detector was compared to the one of the
box. Since there are several identical detectors, the risk of mismatch was minimized. The serial
number was used checking the calibration certificates and the measurement documentation.
The detector was connected to the already warmed-up electrometer via an extension cable
and the zero adjustment was done. During the zero adjustment, the protective cap was on
the measurement chamber. The detector was then inserted into the fixing device without the
protective cap until the indicator mark of the detector matched with the end of the fixing device.
The different detectors had different indicator marks, an example is shown in figure 8. A screw
was used to fix the detector in the fixing device. The device was then inserted into the phantom.
The measurement setup is shown in figure 7.

iba all lon chambers

. PTW microDiamond
(ilba RAZORPiode Detector same distance)

PTW 0.3 cm?® Semiflex Chamber

Figure 8: Indicator marks of the chambers when positioned in the fixing device.

For the "90° 2 needle" measurements, there were two holes for the needles on the side walls of
the phantom, you can see this setup in figure 9. The phantom was placed on a flat, hard surface
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so that one of the side walls faced downwards with the holes. The two needles were then
inserted into the holes one after the other until they were in line with the surface. The phantom
was placed in the water basin in this orientation. Now the transfer tubes were connected one
after the other. In order to position the detector correctly in the fixing device, the data of the
existing maximum signal measurement and the position of the two needles were used. With
a simple calculation, the position of the chamber could be determined and fixed in the fixing
device through the screw. The detector was then inserted into the phantom. Then the chamber
was connected to the electrometer and a zero adjustment was carried out. For each of the
chambers, the positioning of the detector was recalculated and implemented.
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— Reference point Aid line ----90°2 needle

Figure 9: The needle phantom with the comparison of the ion chambers used. The detectors were
always clamped in the fixture using a predefined indicator mark. Since the reference point
(i.e. the geometrical center of the active volume or the effective measurement point) of the
ion chambers is specified by the manufacturer, it can be determined at which extension length
of the source the detectors have the highest sensitivity. Unit for the measurements is mm
(Sources: influenced by [21]-[28]).

2.2.3 Water phantom setup

The basic measurement setup was the same for the two water phantoms, the Blue Phantom?
from the company iba and MP3 from the manufacturer PTW. Since all but one of the measure-
ments were done with the MP3 phantom, attention will be focused on this phantom.

The positioning of the needles was fixed to the water phantom in a designated and repro-
ducible position. Figure 10 shows the setup. The needles were then inserted into the phantom.
To check whether the needles were positioned correctly, the distance between the upper edge
of the phantom and the end of the needles was measured. If this was 2.8 cm, each needle was
placed correctly. The transfer tube was connected to the needle and to the afterloader. The
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water was started to be filled from the water tank into the water phantom. To do this, the water
tank was connected to the phantom and the pumping system was started. During the filling
process the serial number of the ion chamber was checked against that on the box.

Transfer tube(s)

Afterloader-TDU
Needle(s)
lon chamber

Holder

Figure 10: Measurement set-up with the Water phantom MP3 from the company PTW. In the top is the
overview of the test set-up, the pictures below shows the construction in the water tank.

Next step was to insert the detector in the fixing device. The detector was inserted into the
fixing device until the indicator mark of the detector matched with the end of the fixing de-
vice. An example of the different indicator marks is shown in figure 8. The microDiamond and
RAZQRPiode Detector jn the fixation was screwed in horizontal position on the undercarriage of
the water phantom, the ion chambers of iba was screwed on the undercarriage in vertically
position, you can see this in figure 12. The detector was connected to the electrometer via an
extension cable. The electrometer, and if necessary the detector, were warmed up. After the
warm-up phase, the detector was added to the electrometer library. Than a zero adjustment
was performed. In addition, the barometer and thermostat, which measured air pressure and
temperature, was positioned in the operating room.

After the MP3 Phantom had been filled to the wanted water level, the pump system of the
water tank was turned off. Now the MP3 Control Unit was connected to the control unit of the
MP3 landing gear. In addition, the Control Unit and the MP3 Tandem were connected to each
other. A control cable was positioned from the control unit out into the monitoring room and
connected to the laptop on which the Mephysto software was installed. Since the radiation was
measured with the electrometers and ion chambers, the Mephysto software and the control
unit only served to control and to change the positions of the detectors inside of the phantom.
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The position of the detector could be moved in three directions by means of the undercarriage.
These correspond to the usual x, y and z axes, but are named A, B and C by the manufacturer
PTW. It was important for the software to set a zero point. Using this zero point, it was possible
to move in all three coordinates using positive and negative values. This is shown in figure 11,
which also shows the different zero positions of the individual detectors.

o L
g 44%

G|
v A

% c*

v

A*

— Zero point — Reference point

Figure 11: Coordinate axis for the Water Phantom. The absolute zero points is in the centre of the nee-
dle, the height varies depending on the ion chamber used. On the left in the picture you can
see the PTW microDiamond, on the right the iba CC13 chamber at an A-coordinate of 20 mm.
Due to the different reference points, the distance at A = 20 mm is also different. Movements
of the detector in the A-axis enable depth dose measurements. B-axis motion make cross
profile measurements possible. The C-axis was only use for 5 needles in triangular measure-
ments. (Source: influenced by [23], [27]).

For a better understanding of the coming illustrations, it is important to explain two terms.

Absolute zero point: Centre of the radiation source and the reference point of the ion chamber
when they overlap each other. A- and C-axis coordinates are both zero in this area, B-
coordinate varies depending on the ion chamber. It is only a mathematical value.

Zero point: The range that can be set with the MP3 undercarriage. It is defined and stared in
the control system as the zero point. All movements are carried out from there.

For defining and setting up the zero point of the microDiamond, the detector was moved to the
needle until it touched the needle (A-plane). However, the needle should still be easy to move.
This was to ensure that the pressure on the needle was not so high that the needle was bent.
Then the detector was moved upwards from the needle tip to the centre of the needle until
80 mm was reached (B-plane). The height in the B-axis was measured using a rolling metre.
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For alignment in the C-plane, it was visually checked whether the measurement chamber and
needle were centred on each other (C-plane). The reference point of the ion chamber is 1 mm
behind the probe head. Now, if an A-axis change of 20 mm was to be made, 18 mm was entered
in the Mephysto system. This compensates for the 1 mm of the needle radius and the 1 mm of
the detector to absolute zero. A picture of the zero point and the coordinates system for the
microDiamond is shown in figure 11.
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Figure 12: Representation of the detectors positioning in comparison to the needle location in the water
phantom. The detectors were always clamped in the fixture using a predefined indicator
mark. Since the reference point of the ion chambers is specified by the manufacturer, it
can be determined at which extension length of the source the detectors have the highest
sensitivity. Unit for the measurements is mm (Sources: influenced by [21]-[25], [27]).

The iba ion chambers were moved so close to the application needle that the centre of the
needle and the centre of the detector were 30 mm apart (A-plane). This distance was checked
using a sliding gauge. Then the ion chamber was moved in the B-axis until the indicator mark
(black ring) of the detector was 45 mm away from the needle tip (B-plane). In the C-axis, the
needle and detector were again only checked to see if they were aligned centrally (C-plane).
This position was saved as the zero point. For the iba detectors, the reference point is located
centrally in the probe head. However, since the adjusted zero point was 30 mm away from ab-
solute zero, no mathematical corrections had to be made. The schema for the zero point for all
iba ion chambers is shown in figure 11.

For position changes of the ion chamber, either the Mephysto computer control or the remote

control of the phantom was used. The latter was only used to set the zero point. All coordinates
in the results and tables always refer to the absolute zero point.
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2.2.4 Timed collection method

This method was applicable to both electrometers of the manufacturers iba and PTW. If there
were setting options that are only available on one of the devices, this will be explicitly indicated
in the text.

After connecting the electrometer to the power supply and a warm up time, the ion cham-
ber was created in the device library. This was done according to the operating instructions
and all necessary data were taken from the calibration certificate of the detector, if available.
The power supply for the chambers was set. For the iba detectors and the 0.3cm?® Semiflex
Chamber this was 300V and for the microDiamond 0 V.

On the PTW Unidos, by selecting the detector in the library, the user is informed that the voltage
will be changed to the value stored for the ion chamber. The voltage is only changed when the
start button on the Unidos is pressed, any other button aborts the process.

Then the detector was connected. With the iba electrometer, we also had to choose which
channel the detector was connected to, and we always used channel one. For the selection
of the range "Low", was preferred, but for some measurements it was necessary to switch to
"High", otherwise the electrometer would display an error message instead of the result, be-
cause the measurement results were outside the range. With iba Dose?, X were displayed on
the measurement display instead of values [29]. The PTW Unidos showed the error message
"OL" on the display [30]. A measuring time was now set on the device, this was in the range of
6 to 200s. The measuring times are always given in the result tables. At the afterloader TCC
the irradiation time for each position was set to the measuring time plus 15s.

After these preparations, the actual measurement was started. The irradiation was started,
if the source was at the first position and already irradiated there for 1 to 2 s, the measurement
was started on the electrometer. After the specified measurement time, the device displayed
the measurement result. This was noted and the result was reset. The same procedure was
followed for each further position that was irradiated.

The manufacturer’s instructions for the various ion chambers had to be taken into account
during preparation. Some detectors required pre-irradiation or a certain minimum dose. The
pre-irradiation was always carried out before beginning of the measurement recordings by sim-
ply moving the source to a certain position and irradiating there for several minutes. In order
to check whether the required dose had been reached (the microDiamond requires e.g. 5 Gy),
measurements were taken. The irradiation dose was adjusted so that it never fell below the
dose required that some of the detectors needed.
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2.2.5 Timed continuous method

This method is again applicable to both electrometer models, if settings are only applicable to
one model, this will be explicitly stated in the text.

At the beginning, the electrometer was connected to the power supply and the warm-up of
the device was started. The ion chamber was then created in the library if it was not already
present. If it was available, it was simply selected. Then the detector was connected to the
electrometer.

By selecting the desired measurement detector in the library, one was asked on the Unidos
whether one now wanted to change the voltage to the stored value, with the Start button this
process had to be confirmed.

On the iba, the desired voltage was selected manually in the "Bias" menu and it could be read
on the display whether this was also achieved. In addition, the slot to which the ion chamber
was connected had to be selected for this device. Only channel one was used for the measure-
ments.

Next, the range was set to "Low". The range was set to "High" only when needed. The mea-
surement time was set to "continuous”, which allowed an infinitely long measurement.

After preparing the measurement chamber and the electrometer, the programming of the ir-
radiation plan was started or sent from the TPS to the TCC. First a test cable run was carried
out by the afterloader, after completion of this test cable run, a click sound indicated that the test
cable had arrived back in zero position. With this sound, the start button on the electrometer
was pressed and the measurement started. Then the active source moved from the safe to
the programmed position. After the irradiation schedule was completed and the source was re-
turned to the safe. The electrometer was checked for a few seconds to see if the measurement
result still changed. First, if the value remained stable, it was noted.

The same procedure was used for irradiation with several needles. Since a separate test cable
run was always carried out for each needle, there was enough time to note the measurement
result during this pause of irradiation. It should be noted here that the time on the electrometer
continued to run permanently during the entire measurement. The measurement result was not
reset at any time. The summed value was always taken. Only after all needles and positions
had been irradiated and the TCC indicated that the irradiation was finished, the measurement
was stopped on the electrometer.
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2.2.6 Radiation and measurement procedure

Due to its technical construction and the extensive possibilities, the TDU is able to move the Ir12
source at any position inside the needle. Due to this fact, two possible radiation applications
were used during the test series. On the one hand, the "point-source", where the source was
moved to a predefined position and remained at this position during the entire measurement
process. On the other hand, the "activ length", where the source moved a defined distance
inside the needle according to an treatment plan programmed in advance in the TCC. For both
applications, it was necessary to define the positions in the needle and the dwell times in the
positions. The needle itself has a length of 190 mm, in TCC it is possible to move the source
the positions in millimetre steps.

"Point-source" irradiation was used in the needle phantom and water phantom for the mea-
surements dose linearity of point-source, comperative measurments of 2 and 4 needles, point-
source - Depth dose, Point-source - cross profile and dependance on water heights. "Active
length" was applied in all three phantoms used and in the measurements not listed above. The
exception was the comparative measurements of all detectors an one day, where both point-
source and "active length" were used.

Another additional adjustment application is the water phantom. In contrast to the in-vivo and
needle phantom, where the chambers are fixed rigidly in the phantom, the chassis of the phan-
tom can be driven in three directions. The exact designation of the axes and the setting options
have already been explained in detail in the chapter "2.2.3 Water phantom setup”. For the
measurements, driving with the chamber in three coordinates also resulted in three measure-
ment possibilities. For the depth dose, the detector was moved away from the needle in the
A-axis. The distance between the chamber and the needle could be increased millimetre by
millimetre. In the cross profile, the detector was brought to a certain distance from the A-axis
(= equlaterial distance). Then the needle was moved along the B-axis by means of the cham-
ber. Since millimetre positioning was also possible here, the entire length of the needle could
be traversed. With the five needles in triangular configuration, the chamber was moved to an
equlateral distance of 18 mm. Then the chamber was moved step by step in the C-direction so
that the distance to the needle was increased further. The total of five setting options made the
high number of different measurement methods possible.
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3 Results

To calculate the correction factor for the air the equation 2 was used; this is specified in the
standard Norm S5234-2. There are two notations for the correction factor ptp [31] and the kp
[32], throughout the document the notation of standard S 5234-2 has been used.

For all the presented tables "deviation" (equation 3) and "deviation of normalised data" (equa-
tion 5) were calculated. The "derivation" is the difference between measured dose and the
calculated dose. For calculating the so called "deviation of normalised data" both, the mea-
sured and the calculated doses, were normalised to the dose in a specific point (equation 4)
and then compared. This specific point dependent on the individual measurements, see table 3.

Table 3: Listing of the specific dose points for normalisation.

Normalised to (Point X)
Treatment
A-axis ‘ B-axis

Needle phantom
Dose linearity of point-source Time per position 50 s

Water phantom
Dose linearity of point-source Time per position 60 s
Point-source - depth dose 20mm -
Point-source - cross profile e.g. 10, 15, 20, 30 mm 0mm
Active length - depth dose 20mm -
Active length - cross profile e.g. 10, 20, 30 mm 0mm
5 needles in triangular configuration 20mm -

prp=—" ;:) ()

prp...Air density correction factor []
po...Reference air pressure 1013 hPa [hPal]
p...Air pressure [hPa]

T...Temperature [K]

To...Reference temperature 293.2 K [K]|

Measured dose
Calculated dose

Deviation [%] = < . 100) — 100 (3)

Value - 100
Value at point X

Normalised calculated/measured dose [%] =

Deviation of normalised data [%] = Normalised calculated dose—Normalised mesured dose

(5)
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3.1 Findings of the in-vivo phantom measurements

The measurements with the semiconductor detectors showed that the Rectum probe (R)3 and
Bladder probe (B) samples with 4% in the mean value showed the lowest deviation from the
calculated dose. R5 showed the highest deviation with mean 13.6 %, from the individual mea-
surements shown in table 4 it can be seen that this high deviation applied to all Measurement
Series (MS).

Table 4: Difference between the calculation of the TPS and the measurements.
Setup | Ri1 R2 R3 | R4 | R5 B

o] | (%] | %] | %] | [%] | [%]
MS 1 44 | 82 | 81 |82 | 136 | -1.2
MS2 | 60 | 10.2| 76 | 8.7 | 156 | -2.9
MS3 | 101 | 94 | 21 | 6.6 | 154 | -4.6
MS4 | 35 | 40 | -02|1.2]| 9.9 | -51

Mean | 60 | 80 | 44 | 6.2 | 13.6 | -3.5
SD 25 | 24 | 35 |30 23 | 1.5

When comparing the linearity, the figure 13 shows that all detectors had linearity at 2 Gy. The
R3 and B samples were so congruent that they covered each other in the graph. It was also
observed that fluctuations, as they occurred at 0.5 Gy, were present in all probes, whereby the
R5 showed a larger drop here.
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Figure 13: Diagram of the linearity by different doses from the semiconductor detectors. Eight applica-
tions were made for the rectal probe and 40 applications was made for the bladder probe.
The measured values were normalised to 1 Gy. The abbreviation means Rectum probe (R)
and Bladder probe (B).
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3.2 Findings of the needle phantom measurements

The following graphs are used to compare the different chambers. The individual data for each
detector are presented in tables, where the results for each detector are listed. The value of
the max. signal calculated length in the tables was taken from figure 9. Exemplary for some
measurements the detailed data are attached to the appendix.

3.2.1 Dose linearity of "point-source" irradiation

The detectors shown in the figure 14 a linear behaviour from 100 s onwards. Between 40 and
100 s there was a continuous slight decrease, before that the highest fluctuation occurred. The
detectors all showed the same behaviour. Figure 15 shows, that the linearity was given for all
detectors except the microDiamond from the beginning of the measurement. The microDia-
mond shows a slight decrease in a range from 10 to 50 s.

Dose linearity of point-source
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Figure 14: Diagram showing the linearity of different radiation times from all used detectors. The point
dose was set for every detector individual and was placed at his max. signal high.
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Dose linearity of point-source

@ RAZORCaMDE" g R AZORNaN0 Chamber RAZORPI0de Detector g microDiamond n=52

w
3
S

300 e = = o — — — — — — — — ]

2,50

2,00

Measured dose normalised to 100 s [Gy]

10 20 30 40 50 60 70 80 90 100 110 120 140 160 180 200
Time per position [s]

Figure 15: Diagram showing the linear of different radiation times for all used detectors. The point dose
was set for every detector individual and was placed at his max. signal high.

3.2.2 Different "active lengths" irradiation

The irradiation of different lengths showed that the detectors CC04, CC25, RAZORPicde Detector
and microDiamond had a highest deviation of =1 %. The 0.3 cm?® Semiflex Chamber showed
a barely noticeable smaller variation of -1.5%. The detectors CC13 and RAZORChamber haq
a variation of £3%. With -6 % the RAZORNano Chamber haq the highest difference to the TPS.
From the figure 16 and 17 it could be seen that an increase of the irradiation length achieved a
better agreement to the TPS. The improvement was different for each detector.
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Figure 16: Diagram showing the deviations between calculated dose by the TPS (0 %) and measured
for the CC’s and the 0.3cm?® Semiflex Chamber. The point dose (4Needles-Ocm) was set for
detector individually and was placed at the max. signal high. The last three values (4Needles-
5cm-8step ) were the same.
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Different active length
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Figure 17: Diagram showing the deviations between calculated dose by the TPS (0 %) and measured
doses for the RAZOR'’s and the microDiamond detector. The point dose (4Needles-0cm) was
set for every detector individual and was placed at his max. Signal high. The last three values
(4Needles-5cm-8step ) were the same.

3.2.3 Comperative measurements of all detectors an one day
irradiation

In the direct comparison of all detectors for "point irradiation" (figure 18) and "active length" (fig-
ure 19), all detectors showed the same behaviour. The exception is RAZORDPiode Detector \yhjich
showed a higher deviation from the treatment planning at the 5¢cm "active length". The de-
tectors RAZORChamber and RAZORNano Chamber ghowed the highest difference to the calculated
dose for both measurement variants.
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Figure 18: Diagram showing the deviations between calculated dose by the TPS and measured doses
of a "point source" for the different detectors. The abbreviation mean Needle number (N).
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Comparision measurement and calculated dose of
5 cm active length
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Figure 19: Diagram showing the deviations between calculated dose by the TPS and measured doses
for the different detectors. The abbreviation mean Needle number (N).

3.2.4 Comperative of 2 and 4 needle irradiation

The direct comparison of the different measurement methods with 2 and 4 needles for the CC04
and CC25 showed the best agreement for measurement one and two. In figure 20 it could be
seen that the CC13 always has an 1 % offset.
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Figure 20: Diagram showing the deviations between the two possibilities using from the needle phantom.
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3.2.5 Overview of all detectors

The CCO04 (table 5) showed the smallest deviation between calculations of the treatment plan-
ning and the measurements for a "point-source". The dose linearity of "point-source" showed
with mean 5.93 % the highest deviation for all measurements made with the CC04. Here it must
be noted that the deviation of normalised data for this measurement was mean 0.24 %.

Table 5: Summary of all results for the measurements with the CC04 in the needle phantom.

CCo4
Length
Length
Treatment Parameter m ezrs]:%re d calculated
(from figure)
[mm] [mm]
Distance for the max. Signal 1110 + 1 1110 £ 1
L Deviation of
Deviation .
normalised data
(%] %]
Mean 5.93 -0.24
. : . SD 1.13 1.07
Dose linearity of point-source .
Min. 5.06 -3.38
Max. 9.25 0.59
Mean 0.44
Different active lengths SD 0.27
Min. 0.12
Max. 1.01
Comparative measurements Point-source 0.11
of all detectors an one day Active length -0.35
L Deviation
Deviation
4 needle Phantom
90° 2 needle
7] (%]
Mean 0.24 0.38
Comparative of 2 and 4 needle SD 0.07 0.16
Min. 0.15 0.27
Max. 0.31 0.61




The CC13 (table 6) detector showed the lowest deviation in the comparative measurements
with the "active-length". When comparing the measurement results it can be seen that with
mean 2.43 % the Dose linearity of "point-source" had the highest deviation between measured
and calculated dose. The deviation of normalised data for this measurement was mean 0.29 %.

Table 6: Summary of all results for the measurements with the CC13 in the needle phantom.

CC13
Length
Length
Treatment Parameter m ezr;%re d calculated
(from figure)
[mm] [mm]
Distance for the max. Signal 1111 + 1 1112 + 1
L Deviation of
Deviation .
normalised data
(%] (%]
Mean 243 -0.29
: : . SD 1.09 1.06
Dose linearity of point-source
Min. 1.47 -3.37
Max. 5.57 0.64
Mean 2.24
Different active lengths SD 0.16
Min. 2.00
Max. 2.42
Comparative measurements Point-source 1.62
of all detectors an one day Active length 1.26
L Deviation
Deviation
4 needle Flrerier
90°2 needle
7] (%]
Mean 1.93 2.08
Comparative of 2 and 4 needle SD 0.03 0.07
Min. 1.89 2.00
Max. 1.97 217
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The comparison of all the measurement results for the CC25 (table 7) chamber showed that
the comparative measurements with "point-source" had the smallest deviation. Again, the dose
linearity of "point-source" showed the largest difference to the calculated dose.

Table 7: Summary of all results for the measurements with the CC25 in the needle phantom.

CC25
Length
L h
Treatment Parameter m ezr;%tre d calculated
(from figure)
[mm] [mm]
Distance for the max. Signal 1113 + 1 1113 £ 1
. Deviation of
Deviation .
normalised data
(%] (7]
Mean 1.40 -0.08
: . . SD 1.13 1.11
Dose linearity of point-source .
Min. 0.38 -3.23
Max. 4.59 0.93
Mean 0.45
Different active lengths SD 0.15
Min. 0.28
Max. 0.65
Comparative measurements Point-source 0.38
of all detectors an one day Active length 0.49
I Deviation
Deviation
4 needle Phantom
90° 2 needle
(%] (7]
Mean 0.64 0.72
Comparative of 2 and 4 needle SD 0.04 0.06
Min. 0.62 0.64
Max. 0.70 0.77

The evaluation for the RAZORChamber (tapje 8) showed that the dose linearity of "point-source”
had the lowest real deviation from design compared to the other measurements for this cham-
ber. With mean 8.26 % the comparative measurements with "active length" had the highest
difference.

The RAZORNano Chamber (tahle 9) showed with mean 19.14 % deviation for the comparative
measurements with "active length", the highest achieved deviation between measured and cal-
culated dose of all detectors used. The dose linearity of "point-source" corresponded with
deviation between measured and calculated dose of mean 3.72 % to the measurements with
the lowest deviation for this chamber.
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Table 8: Summary of all results for the measurements with the RAZORC"m0er i the needle phantom.

RAZORChamber
Length calculated
Treatment Parameter Length measured (f?om figuure)
[mam] [mm]
Distance for the max. Signal 1112 £ 1 1112 +1
Deviation Deviation of
normalised data
(%] (7]
Mean -0.61 0.48
. . . SD 0.23 0.23
Dose linearity of point-source :
Min. -0.97 0.00
Max. -0.13 0.84
Mean -2.62
Different active lengths SD 0.30
Min. -2.96
Max. -2.17
Comparative measurements Point-source -6.79
of all detectors an one day Active length -8.26

Table 9: Summary of all results for the measurements with the RAZOQRNano Chamber i the needle phantom.

RAZORNano Chamber
Length calculated
Treatment Parameter Length measured (f?om figuure)
[mam] [mm]
Distance for the max. Signal 1113 £ 1 1113 £ 1
- Deviation of
Deviation .
normalised data
(%] (7]
Mean -3.72 0.12
. . . SD 0.15 0.16
Dose linearity of point-source :
Min. -4.03 -0.11
Max. -3.50 0.44
Mean -5.36
Different active lengths SD 0.41
Min. -5.77
Max. -4.58
Comparative measurements Point-source -15.81
of all detectors an one day Active length -19.14




The explanation of the following two tables is given on the next page 28.

Table 10: Summary of all results for the measurements with the RAZORPIede Detector jn the needle

phantom.
RAZORDiode Detector
Length calculated
Treatment Parameter Length measured oo fauis)
[mm] [mm]
Distance for the max. Signal 1104 £ 1 1101 £ 1
-~ Deviation of
Deviation .
normalised data
[%] 7]
Mean -0.32 -0.84
. . . SD 0.58 0.59
Dose linearity of point-source -
Min. -1.16 -1.68
Max. 0.51 0.01
Mean -0.25
Different active lengths SD 0.73
Min. -1.36
Max. 0.86
Comparative measurements Point-source 0.71
of all detectors an one day Active length 3.03

Table 11: Summary of all results for the measurements with the 0.3 cm® Semiflex Chamber in the needle

phantom.
0.3 cm?® Semiflex Chamber
Length calculated
Treatment Parameter Length measured oo Fawra)
[mm] [mm]
Distance for the max. Signal 1107 £ 1 1106 + 1
- Deviation of
Deviation .
normalised data
(7] (7]
Mean 0.40 -0.44
. . . SD 1.15 1.15
Dose linearity of point-source .
Min. -0.53 -3.20
Max. 3.16 0.49
Mean -0.81
Different active lengths SD 0.32
Min. -1.47
Max. -0.54
Comparative measurements Point-source -1.31
of all detectors an one day Active length -0.47




In the treatment of different "active lengths", the RAZORPode Detector (taple 10) reached the
lowest deviation of all detectors with mean 0.25 %. The evaluation further showed that the com-
parative measurements by "active length" showed the highest deviation. The measurement of

the max. signal had a difference of 3 mm when comparing measurements and the drawing.

The Semiflex Chamber (table 11) had the smallest deviation to the calculated dose with mean
0.40 % for the dose linearity of "point-source", compared to the other treatments. However the
highest deviation between measured and calculated dose of mean 1.31 % for the comparative

measurement with "point-source".

The microDiamond (table 12) had the lowest deviation of all chambers with mean 0.09 % for
comparative measurements with "point-source" by using the Unidos electrometer. The highest
difference to the treatment planning had the comparative measurements at "point-source" with

the Dose?.

Table 12: Summary of all results for the measurements with the microDiamond in the needle phantom.

microDiamond

Length e
Treatment Parameter - s?; o] calculated
(from figure)
[mm] [mm]
Distance for the max. Signal 1104 + 1 1103 £ 1
- Deviation of
Deviation .
normalised data
(%] (7]
Mean 0.31 -0.27
. . . SD 1.31 1.31
Dose linearity of point-source :
Min. -0.92 -3.94
Max. 3.97 0.95
Mean -0.76
Different active lengths SD 0.18
Min. -1.04
Max. -0.48
Point-source
(Unidos) 0.09
Active length -0.35
Comparative measurements (Unidos)
of all detectors an one day Point-source 1.19
(Dose?) :
Active length
(Dose?) 0.90
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3.3 Findings of the water phantom measurements

The following graphs are used to compare the different chambers. The individual data for each
detector are presented in tables, where the results for each detector are listed. The value of
the max. signal calculated length in the tables was taken from figure 12. Exemplary for some
measurements the detailed data are attached to the appendix.

3.3.1 Dose linearity of "point-source" irradiation

Figure 21 showed that all detectors had a linear behaviour during this measurement. But there
were three distinctive spots. In the case of the RAZORChamoer 3 grop occurred at 160's, which
then returned to a linear pattern. The CC25 dropped continuously from 10 to 30 s continuously
before it showed linearity. The RAZORNano Chamber gyhibited a short deviation of linearity in the
range of 20 s.

Dose linearity of point-source

CC04 =8=CC13 =@=CC25 =@=RAZORCMe" cugue RAZORNaN® Chamber n=50

w
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o
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w
o
o
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©
o

N
(2]
o
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Time per position [s]

Figure 21: Diagram showing the linearity of different radiation times from all used detectors. The point

dose was set for every detector individual and was placed at his max. signal high. The
measurement was normalised at 100 s.

3.3.2 "Point-source" - depth dose irradiation

For the "point-source" depth dose, all chambers showed a high level of agreement with the
treatment planning, as shown in figure 22. Only the values at 15 mm show a higher variation
with CC25 showing the highest difference.
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Figure 22: Diagram showing the deviations between calculated dose by the TPS and measured doses
for the different detectors. The different A-axis coordinates represent the depth dose. The
point dose was set for every detector individual and was placed at his max. Signal high. The
measurement was normalised at 20 mm.

3.3.3 "Point-source" - cross profile irradiation

The measurements of the microDiamond and the CC25 chamber showed in figures 23 and
25 that with increasing distance of the A-axis the percentage deviation from the calculated to
expected measurement result decreased more and more. The highest deviation was always
in the range of 0 mm of the A-axis. The CC13 showed in its figure 24 that the distance of the
A-axis caused a not so large change of the treatment planning difference. Whereby the positive

deflection at 20 mm was the best match with the calculated dose.

A-Axis coordinates:

__ 14,00
12,00
10,00
8,00
6,00
4,00
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-2,00

Deviation of measurement and calculation [%

Point-source - cross profile of the microDiamond

-40
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B-Axis coordinates [mm]
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\\
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Figure 23: Diagram showing the deviation between the different Axis-coordinates A and B for the micro-
Diamond. The different A-axis coordinates represent the depth dose. The B-axis represent
the variation of the detector in the cross profile. The point dose was set at his max. Signal

high.
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Point-source - cross profile of the CC13
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Figure 24: Diagram showing the deviation between the different Axis-coordinates A and B for the CC13.
The different A-axis coordinates represent the depth dose. The B-axis represent the variation
of the detector in the cross profile. The point dose was set at his max. Signal high.

Point-source - cross profile of the CC25
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Figure 25: Diagram showing the deviation between the different Axis-coordinates A and B for the CC25.
The different A-axis coordinates represent the depth dose. The B-axis represent the variation
of the detector in the cross profile. The point dose was set at his max. Signal high.

3.3.4 "Active length" - depth dose irradiation

In these measurement tests, the CC04 and the CC13 showed the smallest deviation with 3%
variation around the design. With 6 %, the CC25 and RAZORNano Chamber \yare those with the
highest deviation from the expected calculated measured value. Figures 26 and 27 did not show
that the accuracy of the measurements would increase with an increase in the "active length".
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Active length - depth dose
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Figure 26: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses. The active length was set for every detector individual and rise up form three to twelve
mm.
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Figure 27: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses. The "active length" was set for every detector individual and rise up form three to
twelve mm.

3.3.5 "Active length" - cross profile irradiation

When evaluating the figure 28 it became obvious that with an "active length" of 3cm the CC13
showed the smallest difference to the treatment planning. The microDiamond had its smallest
deviation at an A-axis distance of 20 mm. At an irradiation length of 5cm, see figures 29 and
30, the microDiamond the CC04 and CC25 showed the highest deviation at a B-axis of -10
to 10mm. Increasing the A-axis again contributed to a convergence to treatment planning.
The CC13 showed the best agreement with the calculated dose, whereby an increase in the
distance in the A-axis no longer provided a large improvement. With an "active length" of 8 cm,
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CC13 was closest to the calculated dose, the microDiamond varied most in the B-axis range
from -50 to 50 mm. Also again, see figure 31, that the higher distance to the needle (higher
A-axis) provided an provided an improvement in the knife edge. Figure 32 showed a consistent
deviation to the design for both detectors used.

3 cm Active length - cross profile

A-Axis coordinates: 20 mm CC13

s 10 mm microDiamond

30 mm CC13

20 mm microDiamond 30 mm microDiamond

Planning n= 65
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Figure 28: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses when the A- and B-Axis coordinates rise up. The different A-axis coordinates represent
the depth dose. The B-axis represent the variation of the detector in the cross profile.
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Figure 29: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses when the A- and B-Axis coordinates rise up. The different A-axis coordinates represent
the depth dose. The B-axis represent the variation of the detector in the cross profile.
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5 cm Active length - cross profile
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Figure 30: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses when the A- and B-Axis coordinates rise up. The different A-axis coordinates represent
the depth dose. The B-axis represent the variation of the detector in the cross profile.
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Figure 31: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses when the A- and B-Axis coordinates rise up. The different A-axis coordinates represent
the depth dose. The B-axis represent the variation of the detector in the cross profile.
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Figure 32: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses when the A- and B-Axis coordinates rise up. The different A-axis coordinates represent
the depth dose. The B-axis represent the variation of the detector in the cross profile.
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3.3.6 5 needles in triangular configuration irradiation

For the 5 needles in triangular configuration (see figure 33), the best match to calculated dose
was achieved with the CC25 at a C-axis spacing of 8 mm. The measurements showed that all
the chambers used had the same measurement curve, and were only offset by a few percent.
Furthermore, a higher C-axis distance did not lead to noticeably better measurement results.

5 needles in triangular configuration
® CCo4 CC13 @ CC25 Planning

RAZORChamoer ® RAZOQRNa Chambe! eemgems microDiamond n=129

8,00

6,00
4,00
2,00

0,00  ——

-2,00 e

-4,00

-6,00
0 8 16 24

C-Axis coordinats [mm]

Deviation of measurement and calculation [%)]

Figure 33: Diagram showing the deviations between calculated dose by the TPS (0,%) and measured
doses when the C-Axis coordinate rise up from zero to twenty-four mm. The different C-axis
coordinates represent the movement in horizontal direction.

3.3.7 Dependance on water heights irradiation

The CC13 showed a decrease in dose at a water height of 2.5cm. The RAZORNano Chamber
showed the decrease from 2.0cm. Both chambers showed, as can be seen in figure 34, an
increasing decrease of the dose with decreasing water height.

Dependance on water heights

—e—CC13 RAZORMNane Chamber n=20
1,12

1,10
1,08

1,06

\\\ 1'02
1,00
0,98
9,0 8,0 7,0 6,0 5,0 4,0 3,0 2,0 1,0 0,0

Water level [cm]

Measured dose [Gy]

Figure 34: Diagram showing the measured dose by different water level.
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3.3.8 Overview of all detectors

The CCO04 (table 13) showed the lowest deviation from all measurements made with this cham-
ber in the "active length" cross profile with mean 0.57%. The 5 needles in triangular con-
figuration had the highest deviation from treatment planning. When looking at the deviation
of normalised data, it was noticeable that all measured values were below 1.5 % related to the
mean values. The measurement with the lowest deviation was the dose linearity of point-source
with mean 0.02 %. The highest value for the "active length" of cross profile was mean 1.22 %.

Table 13: Summary of all results for the measurements setups with the CC04 in the water phantom.

CCo04
Length
Length
Treatment Parameter measured calculated
(from figure)

[mim)] i)

Distance for the max. Signal 1132 + 1 1130 + 1

o Deviation of
Deviation .
normalised data
%) (%]
Mean 2.29 0.02
. . . SD 0.06 0.05
Dose linearity of point-source

Min. 2.17 -0.03
Max. 2.34 0.14
Mean 3.27 0.85
Point-source - depth dose SD 0.95 1.07
Min. 1.95 0.00
Max. 5.04 3.63
Mean 2.12 0.65
Active length - depth dose SD 1.36 0.87
Min. -0.53 -0.43
Max. 4.93 3.31
Mean -0.57 1.22
Active length - cross profile SI_D 3.15 1.68
Min. -5.21 -4.89
Max. 4.18 3.88
Mean -4.55 1.13
5 needles in triangular configuration SD 6.78 0.84
Min. -19.64 -0.05
Max. 2.00 2.56

The CC13 (table 14) achieved its best result for the "active length" in the depth dose. The 5
needles in triangular configuration showed the largest difference to the calculated dose with
mean -3.55 %. The deviation of normalised data of this chamber showed the lowest difference
of mean -0.05 % for the "active length" by cross profile. With mean -0.85 %, the "point-source”
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depth dose was furthest away from the normalised values. Nevertheless, all deviations of
normalised data were below 1% related to the mean values. The measurement of max. signal
showed a difference of 4 mm for the CC13 when comparing measurements and the drawing.

Table 14: Summary of all results for the measurements setups with the CC13 in the water phantom.

CC13
Length
Length
Treatment Parameter POV calcullated
(from figure)
[rmm] [rmm)]
Distance for the max. Signal 1132 + 1 1128 + 1
L Deviation of
Deviation .
normalised data
) )
Mean -2.10 0.17
. . . SD 0.29 0.29
Dose linearity of point-source
Min. -2.66 -0.03
Max. -1.91 0.74
Mean 0.57 -0.85
Point-source - depth dose SD 1.52 0.50
Min. -2.24 -1.54
Max. 2.36 0.00
Mean -2.09 -0.43
. . SD 0.88 0.55
Point-source - cross profile :
Min. -3.11 -1.97
Max. 0.55 0.20
Mean 0.15 0.10
Active length - depth dose SD 215 1.25
Min. -6.36 -1.78
Max. 3.42 4.51
Mean -1.13 -0.05
Active length - cross profile SI_D 1.59 0.74
Min. -5.96 -3.89
Max. 2.51 1.74
Mean -3.55 -0.58
5 needles in triangular configuration Sl_j 2.06 1.54
Min. -8.65 -2.06
Max. -0.78 4.07
MS
Gyl
Mean 1.033
Dependance on water heights SI_D 0.012
Min. 1.002
Max. 1.042




The CC25 (table 15) showed the most ideal match to the treatment planning with mean -0.05 %
for the 5 needles in triangular configuration. For the dose linearity of "point-source" it was
mean 6.68 % with an deviation of normalised data of mean -0.48 %. The "point-source" cross
profile and 5 needles in triangular configuration with mean 0.33 % each were the measurements
with the lowest deviations of normalised data. The "active length" cross profile measurement
showed the highest deviation of normalised data with mean 0.89 %, whereby the chamber
always showed an deviation of normalised data of <1 % related to the mean values.

Table 15: Summary of all results for the measurements setups with the CC25 in the water phantom.

CC25
Length
Length
Treatment Parameter IR calcullated
(from figure)
[rmm] [mm]
Distance for the max. Signal 1129 + 1 1127 + 1
-~ Deviation of
Deviation :
normalised data
(7] )
Mean 6.68 -0.48
. . . SD 1.12 1.05
Dose linearity of point-source :
Min. 6.11 -3.14
Max. 9.51 0.06
Mean 5.40 -0.38
Point-source - depth dose SP 127 0.58
Min. 3.15 -1.56
Max. 6.75 0.55
Mean 5.21 -0.33
. : SD 1.89 0.75
Point-source - cross profile
Min. 2.72 -2.02
Max. 8.90 0.74
Mean 1.44 0.85
Active length - depth dose SD 4.24 0.88
Min. -12.75 -0.83
Max. 7.21 2.96
Mean 2.49 0.89
Active length - cross profile Sl_) 2.73 145
Min. -3.67 -2.89
Max. 5.62 2.83
Mean -0.05 0.33
5 needles in triangular configuration SD 0.93 0.82
Min. -2.18 -0.23
Max. 1.31 2.52
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The RAZORChamber (taple 16) had its highest difference to the calculated dose for the "point-
source" - depth dose, but the 5 needles in triangular configuration was at least mean 0.68 %.
The deviations of normalised data were mean 0.04 % for the dose linearity of point-source
measurement and mean 1.42 % for "active length" depth dose. It was found that the deviations

of normalised data were always below 1.5 % related to the mean values for this chamber.

Table 16: Summary of all results for the measurements setups with the RAZORChamber in the water

phantom.
RAZORChamber
Length
Length
Treatment Parameter measured calculated
(from figure)
[mm] [mm]
Distance for the max. Signal 1129 + 1 1128 £ 1
- Deviation of
Deviation :
normalised data
) (%]
Mean 6.54 0.04
. . . SD 0.02 0.02
Dose linearity of point-source :
Min. 6.51 0.00
Max. 6.58 0.06
Mean 6.68 0.60
Point-source - depth dose SD 147 0.28
Min. 411 0.00
Max. 9.00 1.06
Mean 5.72 1.42
Active length - depth dose SD 3.92 225
Min. -2.13 0.00
Max. 11.02 15.99
Mean 0.68 0.65
5 needles in triangular configuration Sl_j 1.72 0.52
Min. -2.35 -0.37
Max. 2.89 1.21
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For the RAZORNano Chamber (tapja 17), the measurements of the dose linearity of "point-source”,
showed the highest deviation to the treatment planning with mean 5.25%. The "active length"
by depth dose measurements showed the smallest difference for this chamber with mean -
0.72%. The comparison of the deviation of normalised data showed that the dose linearity of
"point-source" had the lowest value with mean 0.04 %. With mean 1.57 %, the measurements of
the "point-source" depth dose was the highest in summary. This chamber achieved deviations
of normalised data of less than 2 % related to the mean values.

Table 17: Summary of all results for the measurements setups with the RAZORNano Chamber i the water

phantom.
RAZORNano Chamber
Length
Length
Treatment Parameter measured calcullated
(from figure)
[mm)] [mm]
Distance for the max. Signal 1129 + 1 1127 + 1
- Deviation of
Deviation X
normalised data
(%] [%]
Mean 5.25 0.04
ineari i SD 0.10 0.10
Dose linearity of point-source _
Min. 5.00 -0.09
Max. 5.39 0.28
Mean 1.91 1.57
Point-source - depth dose SD 4.15 0.87
Min. -4.23 0.00
Max. 7.73 3.12
Mean -0.72 1.28
Active length - depth dose D 3-89 1.01
Min. -10.57 -0.66
Max. 4.97 2.98
Mean -2.20 1.50
5 needles in triangular configuration Sl_j 3.37 0.86
Min. -7.85 0.00
Max. 1.92 2.39
MS
[Gy]
Mean 1.089
Dependance on water heights S'_D 0.019
Min. 1.041
Max. 1.106
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For the RAZORPiode Detector (tahje 18) one measurement setup was looked at. It is visible that the
deviation for the "active length" at depth-dose was mean 10.3 % with an deviation of normalised
data of mean -0.22 %.

Table 18: Summary of all results for the measurements setups with the RAZQRDPode Detector i the water

phantom.
RAZORDiode Detector
Length
Length
Treatment Parameter measured calcullated
(from figure)
[mm] [mm]
Distance for the max. Signal 1119 £ 1 1118 £ 1
_ Deviation of
Deviation .
normalised data
[%] [%]
Mean 10.30 -0.22
Active length - depth dose SI_D 4.78 4.88
Min. 413 -7.63
Max. 23.59 16.24

In the case of the microDiamond (table 19), the measurements were carried out with different
electrometers. The comparison of the measurements showed that for both the Unidos and the
Dose? the highest deviation was found in the "point-source" depth dose measurements. No
systematic difference for the Unidos and Dose? electrometer could be found.

The microDiamond in combination with the Unidos showed the best agreement to the calcu-
lated dose for the "active length" depth dose. For the Dose?, the measurements of the "active
length" at cross profile with mean 3.70 % was the measurement that showed the smallest dif-
ference to the calculated dose.

When comparing the deviations of normalised data, for the microDiamond with both electrom-
eters, the lowest measured values were mean -1.25 % (Unidos) and mean 0.62 % (Dose?). For
the "active length" depht dose, the detector for the measurements with the Unidos achieved the
highest deviation of normalised data of mean 1.86 %.

The combination of microDiamond and Dose? achieved the most striking difference of mean
-32.90 % for the "point-source" depth dose. This high deviation resulted from the fact that the
microDiamond was at a distance of 5mm from the source. As a result, the detector received
more dose than was actually planned.

The measured deviations of normalised data were in a value range of less than 5% related
to the mean values.
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Table 19: Summary of all results for the measurements setups with the microDiamond in the water phan-

tom.
microDiamond
Length
Treatment Parameter m';ear;%trz d calcul_%ted
(from figure)
[mm)] [mm]
Distance for the max. Signal 1119 £ 1 1118 £ 1
Deviation Devigtion ol
normalised data
(7] (7]
Mean (Unidos) 8.55
SD (Unidos) 4.66
Min.  (Unidos) 3.95
Point-source - depth dose Max. _ (Unidos) 17.63
Mean (Dose?) 8.89 -32.90
SD (Dose?) 7.41 90.59
Min.  (Dose?) 3.71 -303.66
Max. (Dose?) 28.87 0.99
Mean 3.54 1.41
Point-source - cross profile SD 3.40 0.93
Min. -1.60 -0.70
Max. 13.38 4.02
Mean (Unidos) 2.37 -1.86
SD (Unidos) 2.25 4.98
Min.  (Unidos) -0.40 -18.25
Active length - depth dose Max. _ (Unidos) 6.80 0.46
Mean (Dose?) 6.25 -4.82
SD (Dose?) 3.29 13.09
Min.  (Dose?) 3.41 -51.88
Max. (Dose?) 18.55 0.71
Mean (Unidos) 5.55 -1.25
SD (Unidos) 2.71 1.33
Min. (Unidos) 212 -4.59
Active length - cross profile Max. _ (Unidos) 12.09 0.34
Mean (Dose?) 3.70 0.62
SD (Dose?) 2.81 0.95
Min.  (Dose?) -4.04 -1.96
Max. (Dose?) 11.58 3.70
Mean 4.46 -0.96
5 needles in triangular configuration SD 181 4.35
Min. 1.83 -23.24
Max. 12.37 5.42

43



4 Discussion

Furthermore, the subdivision enables a better comparison of the detectors with regard to their
accuracies and advantages. To highlight all these features, the detectors are subdivided into:

» Semiconductor detectors
— Semiconductor detector T9112 (Rectum)
— Semiconductor detector T9113 (Bladder)
— RAZORDiode Detector

* lonisation chambers
- CCo04
- CC13
- CC25
— RAZORChamber
— RAZORNano Chamber

— 0.3cm? Semiflex Chamber

« Diamond detector

— microDiamond

4.1 Analysis of the semiconductor detectors results

The semiconductor detectors T9112 and T9113 show higher deviation to the values of the
treatment planning. Whereas in the measurement results of the table 4 the Measurement Se-
ries (MS) 4 of the rectum probe shows significantly lower deviations. In the case of MS 4, the
cables of the rectum and bladder probe were deliberately twisted in the course of the mea-
surement in order to check whether the position of the diode cables had an influence on the
sensitivity of the diodes. The positioning of the diode cables does not play a role as can be
seen from the data of the measurement, which can be found in the appendix under "A; In-vivo
phantom Data". A comparison of the results of an earlier study with the same semiconductor
detectors by Waldhausl et al. confirms this assumption. Here, deviations between the mea-
sured dose of the detectors and the calculated dose of the treatment planning were achieved
with an average of 4.9 + 3 % [33].
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The linearity of the semiconductor detector’s shows a drop at 0.5 Gy as can be seen in figure 13.
A close examination of the measured values for exactly that range revealed a variation between
the previous (0.25) and subsequent measurement (1) of 0.002 to 0.008 Gy. This deviation is
so small that it can be declared as normal measurement fluctuations. Thus, the semiconductor
detectors T9112 and T9113 show a linear behaviour.

In the measurements with the RAZORPIede Detector in narticular the direct comparison between
the results of the needle phantom (table 10) and the water phantom (table 18) shows, that the
detector in the needle phantom achieves the smaller deviations to the calculated dose. For
the needle phantom, a value of less than 1 % was measured related to the mean values. This
value refers to both the deviation between measured and calculated doses and the deviation
of the normalised data. However, for the comparative measurements with "active length", the
deviation is about 3.03 % (see table 10).

No reason can be given for the higher deviation of the comparative measurements with "ac-
tive length". However, it can be assumed that this measurement result is an outlier because
the comparative measurements with "point-source" always delivered good results with all two
MS. Furthermore, the RAZORDPode Detector g|\ways showed very small deviations from the treat-
ment planning when measuring different "active lengths". To check whether this was an outlier,
further measurements should be carried out.

4.2 Analysis of the ionisation chambers results

For measurements in the water phantom, the CC chambers achieved better measurement re-
sults than the RAZOR chambers. Depending on the treatment, the deviation for the CC’s was
about 0.05-6.68 % (see table 15) and for the RAZOR’s about 0.68-6.68 % (see table 16). This
slightly higher deviation of the RAZOR’s corresponds well to a comparable study by Ballester
et al. where the existing measured values of a pinpoint chamber (volume 0.015cm?) using the
Monte Carlo method were compared. Maximum deviation of 10 % was calculated there [34].

In terms of deviation of normalised data, all ion chambers show measured values of less than
2% (see table 13-17). This is in contrast to the results of the needle phantom measurements
where all CC’s and RAZOR chambers show the lowest deviation from treatment planning, by
comparison needle and water phantom.

When comparing the CC’s, it is noticeable that the CC04 has performed the worst of all CC’s,
despite its low volume of 0.04cm?. Moura et al. carried out an investigation with an A1SL
(volume 0.053 cm?) that is similar to the dose linearity of "point-source". In the experiment of
Moura et al. a mean deviation from treatment planning of 4.81 % was calculated [35].
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The CCO04 show a deviation of 5.93 % (see table 5) for the linearity of "point-source" measure-
ment. The RAZOR’s also show a higher deviation from the calculated dose for the chambers
with lower volumes, this can seen in the graphs 18 and 19. However, this does not affect the
deviation of normalised data, which achieves good measurement results for all ion chambers.

The comparison of the linearity of the water phantom (figure 21) and needle phantom (figure 16
and 17) shows that all detectors have a linear behaviour above from a certain irradiation level.
Except the microDiamond and the RAZORDPIode Detector thege glways showed a linear behaviour
from the beginning of the measurements. Due to its design and the resulting physical behaviour,
the RAZORDiode Detector qaeg not require any pre-irradiation for the detection of radiation. For
the microDiamond and the ionisation chambers, a basic irradiation is recommended/required
by the manufacturer (microDiamond). In the case of the diamond, this can be explained by the
fact that the traps have to be filled with electrons [27], [20, pp. 89—91], [5, pp. 173—-175, 167].
For ionisation chambers it has been observed for a long time that pre-irradiation provides better
measurement results. This observation was investigated in detail by McCaffray et al. in a study
that identified radiation-induced conductivity as the physical cause necessary pre-irradiation
[36]. The deviations at the beginning of the linearity study can be explained by the fact that the
CC'’s basic irradiation was not taken into account, although even some manufacturers refer to it
in their operating instructions[22], [23], [21], [24], [25]. This was improved during the study.

In the experiments where "active length" were irradiate, it can be seen that the chambers whit
small active volume show better agreement to the treatment planning when the "active length"
increases. This can be seen in the figures 26 and 27. There is definitely a correlation between
"active length" and active volume of the different chambers. This could be due to the higher
sensitivity of the small-volume chambers.

In the course of the investigation, it was further noticed that with increasing distance to the
source, the agreement with the treatment planning coincided. At a distance of more than 90 mm
the deviations began to increase again until 6.04 % at 140 mm (measured with CC25 see ap-
pendix C; "Summary depth-dose - Length (3, 5, 8, 12 cm) in the water phantom"). This tendency
was also already observed by Vensella et al. and Gromoll et al. [37], [38]. Whereas Vensella
applied its distance in the clinically relevant range of 0 to 60 mm and Gromoll measured further
up to 180 mm. In the close range of 5 to 15 mm, the microDiamond and the RAZQRPcde Detector
achieved deviations of 0.16-18.55 % (see also the appendix C; "Summary depth-dose - Length
(3, 5, 8, 12 cm) in the water phantom"), respectively, and were thus significantly worse than the
measurements with a distance of more than 15mm. This is also in line with the investigations
of Vensella and Gromoll.
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4.3 Analysis of the diamond detector results

When comparing the results of the needle and water phantom for the microDiamond the devia-
tion between measured and calculated dose as well the normalised data in the needle phantom
is again less than 1%, relate to the mean values. For the comparative measurement with "ac-
tive length" the deviation is mean 1.19% (see table 12). This value may be an outlier, as
both the previous measurements of the comparative Measurement with "point-source" and the
treatment different "active length" show a much better agreement with the treatment planning.
Further measurements with the treatment comparative measurement with "active length" would
have been necessary to prove this.

In the measurements with the water phantom, the conformity between measured and calcu-
lated dose was not as good as with the needle phantom. This is expressed by the larger
difference between both deviations with a value of approximately 10 %, related to the mean
values (see table 19). This can be explained by the smaller distances between the source and
the microDiamond detector.

Laub et al. found that the microDiamond provides very good measurement results for mea-
surements in teletherapy [39]. Based on the measurement results from the study by Laub et
al., the microDiamond delivers very good results for the Brachytherapy too. This shows that the
microDiamond is also suitable for brachytherapy.

4.4 Conclusion of the investigations

In conclusion, the following essential findings can be summarised from the observed behaviour
of the detectors:

« All detectors, with the exception of the semiconductor detectors, require a basic irradiation
due to the physical properties of the detectors. Only when this is given, the detectors
deliver solid results.

» The type of irradiation "point-source" and "active length" plays an important role for the
measurement results. Depending on the chamber used, this fact contributes to the corre-
lation between measured and calculated dose.

» The measurements show a very good agreement with the treatment planning. This ap-
plies especially to the clinically relevant dose range of 15 to 50 mm.

» Chambers with a larger active volume achieve for some experimental setups better results
on average. This does not mean, however, that chambers with small active volume are
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unsuitable. Because of the steep dose gradient this could not been foreseen when starting
the measurements. The study shows, that all chambers can be used.

* The measurements with the needle phantom show very good agreement to the results of
the TPS. The water phantom shows sometimes higher deviations. The advantage of the
needle phantom is the easy and reproducible usage in fixed geometry. The advantage of
the much more complex water phantom is, that if offers more possibilities of measuring
the dose in each distance.

In summary, it can be said that (1) all detectors used in this study can be used for further dose
measurements in brachytherapy. Both, the deviations (mean 0.05 to 10 %) and the deviations of
normalised data (mean <2 %) demonstrate very good measurement results. Special care has
to be given to the RAZOR chambers, they should rather be used for deviations measurements
and not for deviations of normalised data measurements.

The study shows (2) that the use of the needle phantom enables precise measurements with
simultaneous easy handling of the phantom. Since the measurement effort is very manageable
with a significant improvement of routinely performed Quality Assurance (QA). Therefore it is
also recommended for brachytherapy to be include for regular comparative measurement be-
tween calculated dose and measured dose in the standard S 5296 [4].

The study also showed, that (3) the verification of TPS measurements with the water phantom
provides an additional control that would help to increase safety for the patient and is recom-
mend for commissioning of TPS.
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A In-vivo phantom Data

Table 20: Overview about the different project procedure for the in-vivo phantom. The values in the table
stand for the measurement days, the year was omitted.

Treatment Semiconductor detector | Semiconductor detector
T9112 (Rectum) T9113 (Bladder)
Measurements 14.01. 15.01. 14.01. 15.01.
Dose linearity 15.01. 15.01.
Number of measurements(n) ‘ 20 ‘ 20 ‘
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B Needle phantom Data

Table 21: Overview about the different project procedure for the needle phantom. The values in the table

stand for the measurement days, the year was omitted.

RAZOR | RAZOR | RAZOR | micro- | 0.3cmd
Treatment CCo4 CC13 CC25 Chamber Nano Diode Diamond Semiflex
. 23.02.
max. Signal 20.01. 21.01. 29.01. 17.02. 11.02. 19.02. 24.02. 4.0
Logs Ty e 10.02. 29.01. 29.01. 17.02. 11.02. 19.02. 24.02. 23.02.
point-source
Different active 12.02. 17.02. 12.02. 19.02. 12.02. 19.02. 24.02. 23.02.
lengths
Comparative 10.03. 10.03. 10.03. 09.04 10.03. 09.04 10.03. 10.03.
measurements 09.04. 09.04. 09.04. o 09.04. T 09.04. 09.04.
Comparative ot 2 29.04. 30.04. 30.04.
and 4 needle
IS Gl 295 218 252 17 114 72 158 141
measurements(n)
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C Water phantom Data

Table 22: Overview of the project procedure for the water phantom. The values in the table stand for the

measurement days, the year was omitted.

RAZOR RAZOR RAZOR micro- 0.3cm?®
Treatment CCo4 CC13 CC25 Chamber Nano Diode Diamond Semiflex
25.02.
14.04 07.04. ?282 12.03.
max. Signal ol 25.04. ol 21.04. 15.04. 29.04. 16.03. 08.04.
22.04. 22.04.
26.04. 23,04 -18.03.
o 25.08.
el 14.04. 26.03. 08.04. 21.04. 15.04. 25.02.
point-source
Point-source - 1.03.
del th dose 14.04. 25.03. 08.04. 21.04. 16.04. 16.03.
p 17.03.
Point-source - 11.03.
cross profile 26.03. 08.04. 12.03.
3cm active length - 12.083.
depth dose 15.04. 26.03. 08.04. 21.04. 16.04. 16.03.
3cm active length - 12.03.
cross profile 26.03. 18.03
. 08.04.
Scm active length - |45 ) 26.03. 22.04. 21.04. 15.04. 29.04. 12.03.
depth dose 16.04.
23.04.
Scmactivelength- | o5 oy | 2503 | 22.04. 18.03.
cross profile
8.cm active length - 16.03.
depth dose 14.04. 26.03. 14.04. 21.04. 16.04. 17.03.
£ EEE (g - 26.03. 17.03.
cross profile
lzem ZEE B | .y 07.04. 14.04. 21.04. 16.04. 17.03.
- depth dose
12cm actlvg length 07.04. 18.03.
- cross profile
5 needles in
. 15.04. 14.03.
trlan‘gular. 28.04. 07.04. 23.04. 21.04. 16.04. 25.03.
configuration
DEFIEEETESD @ 16.04. 16.04.
water heights
Number of
155 304 203 96 109 73 642 59
measurements(n)
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