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Introduction

With the help of intensity-modulated radiation therapy (IMRT), which became
widespread in the 2000s, one can create steep dose gradient at the edge of the target volume,
and at the same time the reference isodose surface can accurately follow the irregularly shaped
target volume [1]. Multiple beam angles are used for IMRT treatments and from each direction
inhomogeneous photon flux is generated by intensity modulation. From a given direction, not
a single field covers the entire volume, but many smaller subfields, so-called segments, are
created with the help of a multi-leaf collimator (MLC). The leaves forming the segments
produce the desired photon flux distribution. In the early years of IMRT 7-13 static fields were
used and the radiation was stopped during the formation of the segments created by the MLC.
This technique is called “step and shoot” IMRT (SS) treatment. With the further development
of the MLC, it has become possible to move the leaves continuously during the radiation, thus
significantly reduce the treatment time. In the case of “sliding window” IMRT (SW) technique
there are still 7-13 static beams, but the MLC modulates the dose intensity with a continuous
motion, without interrupting the irradiation. Volumetric modulated arc therapy (VMAT)
techniques have been available since 2007, during which the dose is delivered with continuous
gantry rotation and MLC modulation without uninterrupted irradiation.

In radiotherapy practice the planning target volume (PTV) is created by adding a safety
margin around the clinical target volume (CTV). The magnitude of the safety margin depends
on the total targeting error of the entire radiotherapy process, and can be significantly reduced
with the application of image guided radiotherapy (IGRT). In the case of IGRT, we acquire
verification images of the patient before and/or during the treatments, and by using this
information we reduce the patient setup errors between the treatments (interfractional) and/or
during the treatment (intrafractional).

Breast cancer is the most common malignancy in women in developed countries
therefore, in Hungary as well. In recent decades, radiation therapy for total remaining breast
after breast-conserving surgery has become generally accepted for the local treatment of early-
stage breast cancer [2,3]. In some low-risk patient groups, radiation therapy to the tumour bed
and its surroundings has been shown to be sufficient [4,5]. The smaller irradiated volume allows
the use of higher daily doses and thus accelerated treatments. With appropriate patient selection
and strict quality assurance the results of accelerated partial breast irradiation (APBI) are
comparable to the results of whole breast irradiation [6]. The first APBI studies were performed
with brachytherapy and 3D conformal external beam radiotherapy.

In the Centre of Radiotherapy at the National Institute of Oncology (OOIl), the first
external beam APBI study was performed between 2006 and 2014 as a sequential, phase Il
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clinical study. As a first step, 3D conformal radiotherapy (3D-CRT) had been introduced [7],
and in 2011, as a second step, image-guided, intensity-modulated radiotherapy (IG-IMRT) was
started [8]. Due to continuous technical developments, several IMRT and IGRT techniques
have become available for APBI worldwide and in our institution also. In my doctoral
dissertation | defined the dosimetrical advantages of the application of the new intensity-
modulated and image-guided techniques for APBI.

Objectives

1. Todosimetrically analyse the SS, SW and VMAT IMRT plans in the case of accelerated
partial breast irradiation (APBI), and to compare them to 3D-KRT plans. To determine
the recommended technique for clinical use.

2. To measure and compare the absorbed dose of different IGRT techniques available in
the case of APBI on four different linear accelerators.

3. To determine the patient setup errors and the size of the recommended CTV-PTV safety
margin for the “in-room” kV CT verification technique used in the APBI IMRT Phase
Il study.

4. To prove the dosimetric non-inferiority of the intensity modulated radiotherapy
compared to the invasive interstitial brachytherapy in the case of APBI.

5. To introduce the stereotactic, respiratory movement tracking method for ABPI on a
robotic linear accelerator system in clinical practice.

6. To determine the total targeting error with end-to-end tests achievable with various
modern linear accelerators.

Methods

For the dosimetrical comparison of the three different IMRT and 3D-CRT techniques, 40
patients previously treated with APBI at the National Institute of Oncology were randomly
selected. Plans with all four irradiation techniques were created and then dosimetrical and
practical aspects were evaluated. Dose-volume parameters of the target volume and the organs
at risk were analysed, as well as the homogeneity, conformity and plan quality indices of the
dose distributions were compared. As a first step of statistical evaluation, the normality was
tested for each parameter. In case of normal distribution, repeated measures ANOVA and
Tukey post hoc test were used, otherwise Friedman test and Dunn post hoc test were applied.



Five different imaging techniques available on 4 different linear accelerators were
evaluated with respect to absorbed dose and image quality. Farmer type ionization chamber
(PTW 31003) was used for point dose measurements. For dose calculation, the formalism given
in TRS-398 was used. Measurements were performed in a CIRS Model 74-007 IMRT Thorax
phantom made of tissue equivalent materials containing 3 types of inhomogeneity (lung, bone,
and normal tissue). The image quality, in terms of resolution and contrast of 2D planar and 3D
imaging, was evaluated with LEEDS TOR 18FG and with Catphan 604 phantoms, respectively.

Verification images, taken with the kV CT “on-rail” system of the Siemens Artiste linear
accelerator, were evaluated in nine fractions of 15 patients. With the analysis of nine image
series of each patient the systematic and random errors were calculated for the population from
the daily setup error values. Using the van Herk formula, the values of the recommended safety
margins were determined.

For the dosimetric comparison of interstitial brachytherapy (IBT) and the SW IMRT 34
patients previously treated with APBI IBT were randomly selected. Since the same CT image
series, contours and fractionation were used, the analysis clearly shows the differences between
the techniques. The only difference was that while in IBT the PTV is equal to CTV, for IMRT
a 5 mm safety zone is required around the CTV to get the PTV. The dose coverage of the target
volume and the dose to the organs at risk were compared. For statistical analyses, a paired
Wilcoxon sign test was used to determine significant differences.

A series of “end-to-end” tests were performed to measure the total targeting error of two
modern linear accelerators (CyberKnife and TrueBeam). During the test, a spherical target
volume in a “Ball Cube II” insert, placed in an anthropomorphic skull phantom was irradiated.
Two perpendicular, laser-cut, EBT3 Gafchromic films can be placed into the insert, on which
the exact position of the sphere is known. The first steps of the measurement are to make a
planning CT of the assembled phantom, to contour the spherical target volume and create a
treatment plan in which the 70% isodose curve symmetrically fits to the surface of the sphere.
To determine the total targeting error, the deviation of the centre of the dose distribution and
the centre of the films has to be calculated using a dedicated software.

New scientific results

T1) I have proved that the most appropriate teletherapy technique for accelerated partial breast
irradiation (APBI) is the “sliding window” (SW) IMRT. Some dosimetric parameters are
more favourable with 3D conformal radiotherapy due to the non-coplanar field
arrangement, which, however, has significant practical disadvantages. Among the IMRT
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T2)

T3)

T4)

T5)

techniques, volumetric-modulated arc therapy achieves the best conformity and the
shortest treatment time, but the dose to organs at risk is higher in the low dose region than
at other techniques. The SW IMRT technique has a relatively short treatment time,
excellent dose homogeneity and good conformity with doses to the organs at risk
remaining well below the dose limits defined in the protocol. [P1, P2, P3]

I determined the dose exposure and image quality of the image guidance techniques
applicable to APBI on four different vendors of linear accelerators. If it is possible to
implant gold markers in the immediate vicinity of the tumour bed, then the kV image pair
with the lowest dose and the best image quality is the recommended technique. In the
absence of gold markers, 3D CT imaging is required to determine the location of the
tumour bed, of which kV-CBCT is the best method. Using the same imaging parameters,
there was no significant difference between the image quality of the different linear
accelerators. For MV image pairs, the lowest dose was measured on the TrueBeam
accelerator. For kV image pairs, | measured almost the same dose on TrueBeam and
Synergy, however the imaging dose of CyberKnife was significantly lower. There was
no significant difference between the two accelerators equipped with KV-CBCT imaging.
[P4, P5]

I determined the accuracy of the applied image control method by analysing the
verification images of 15 patients in the phase 1l APBI study. | found that due to the
shortcomings of the patient positioning system, the required table rotations and the use of
inappropriate image registration methods, the calculated safety margin values were
greater than that was used before. I modified the image guidance and patient setup
protocols. [P6]

| have proved that, from a dosimetric point of view, “sliding window” IMRT is non-
inferior to interstitial brachytherapy (IBT). | have demonstrated that SW IMRT is better
in terms of target volume coverage and dose to the heart. In terms of the dose to other
organs at risk, better results can be obtained with the use of IBT. However, the risk of
side effects can be kept sufficiently low with IMRT, as well. [P7, P8]

I have demonstrated that stereotactic APBI treatments are feasible on a robotic linear
accelerator (CyberKnife) equipped with a respiratory tracking system. | have proved that
this technique, due to the benefits of non-coplanar field arrangement, real time respiration
tracking and intrafractional image guidance, can be a viable alternative to invasive
interstitial brachytherapy. [P9]



T6)

I determined and compared the total targeting error of CyberKnife and TrueBeam devices
using end-to-end tests. | have found that the accuracy of the CyberKnife is 0.36 mm,
while 0.48 mm for the TrueBeam, so both are below the tolerance limit of 0.95 mm. |
have also found that for the TrueBeam the total targeting error of non-coplanar treatments
was 0.53 mm, while for coplanar treatments it was 0.43 mm. Based on my results, both
of these devices can be safely used to perform hypofractionated treatments such as APBI.
[P10]
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