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DEVELOPMENT OF END-TO-END TESTS FOR ONLINE ADAPTIVE MAGNETIC
RESONANCE-GUIDED RADIOTHERAPY

Magnetic resonance (MR)-guided radiotherapy (MRgRT) enables new treatment procedures such
as online treatment plan adaption based on daily imaging of the patient. This allows for the delivery
of high radiation doses to the tumor while optimally sparing surrounding healthy tissue. However,
such complex workflows require thorough quality assurance including dedicated end-to-end tests
to validate the feasibility and overall accuracy of each specific treatment workflow. In this thesis,
end-to-end tests for online adaptive MRgRT in presence of inter-fractional anatomy changes were
developed. For this, a standardized protocol for 3D polymer gel (PG) dosimetry and new
anthropomorphic materials simulating the image contrast of real patients in computed tomography
and MR imaging were developed. These methods were validated resulting in uncertainties < 5 %
for PG dose measurements and < 3.5 % for the imaging parameters of the phantom materials.
Finally, two end-to-end tests were developed and implemented at a 0.35 T MRgRT device using
(i) a highly reproducible geometric phantom and (ii) an anthropomorphic and deformable pelvis
phantom. These tests resulted in y-index passing rates (3 %/3 mm) of 93.1 % (i) and 98.9 % (ii)
for the PG-filled targets and demonstrated the feasibility of online adapted MRgRT in presence of

inter-fractional anatomical changes.

The thesis is presented in cumulative format and comprises six peer-reviewed publications.






ENTWICKLUNG VON END-TO-END TESTS FUR DIE ONLINE ADAPTIVE
MAGNETRESONANZ-GEFUHRTE STRAHLENTHERAPIE

Die  Magnetresonanz ~ (MR)-gefiihrte  Strahlentherapie ~ (MRgRT)  ermdglicht  neue
Behandlungsverfahren, wie die Online-Adaption des Bestrahlungsplans durch tégliche Bildgebung
des Patienten. Dies ermoglicht die Applikation hoher Strahlendosen im Tumor bei optimaler
Schonung des umliegenden Normalgewebes. Solche komplexen Arbeitsabldufe erfordern jedoch
umfassende Qualitdtssicherungsmafinahmen, einschlieflich spezieller End-to-End-Tests zur
Validierung der Durchfiihrbarkeit und Gesamtgenauigkeit jedes einzelnen Behandlungsablaufes. In
dieser Arbeit wurden End-to-End-Tests fiir die online adaptive MRgRT bei interfraktionellen
Anatomieénderungen entwickelt. Hierfiir wurden ein standardisiertes Protokoll fir die 3D-
Polymergel (PG)-Dosimetrie und neue anthropomorphe Materialien, die den Bildkontrast von
realen Patienten in der Computertomographie und MR-Bildgebung simulieren, entwickelt. Diese
Methoden wurden validiert und ergaben Unsicherheiten < 5 % fir PG-Dosismessungen und
< 3,5 % fur die Bildgebungsparameter der Phantommaterialien. SchlieSlich wurden zwei End-to-
End-Tests entwickelt und an einem 0,35 T MRgRT-Gerédt durchgefithrt, wobei (i) ein hoch
reproduzierbares geometrisches Phantom und (i) ein anthropomorphes deformierbares
Beckenphantom verwendet wurden. Die Tests ergaben «-Index Akzeptanzraten (3 %/3 mm) von
93.1 % (i) beziehungsweise 98.9 % (ii) fir die jeweilige PG-gefiillte Zielstruktur und belegen die
Durchfiihrbarkeit von online adaptierter MRgRT in Gegenwart von interfraktionellen

anatomischen Verdnderungen.

Die vorliegende Dissertation wurde kumulativ angefertigt und umfasst sechs von Experten
begutachtete Verdffentlichungen.
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1 INTRODUCTION

1 INTRODUCTION

The increasing life expectancy in the modern world is accompanied by an increasing risk of
developing cancer [1, 2]. In Germany, the lifetime risk of a cancer diagnosis was > 40 % in 2016
with numbers constantly rising [3]. Thus, almost one out of two people develops cancer in the
course of his or her life today. The term cancer is generally defined as an uncontrolled proliferation
of cells leading to a malignant tissue formation (the tumor), whereas pathological cells may spread
to distant parts of the body (so-called metastasis) and invade healthy tissue. Individual cancer
therapy depends primarily on tumor type, site and grade of spreading, but typically employs a
combination of the three main pillars of cancer therapy: surgery, chemotherapy and radiotherapy.

Radiotherapy (RT), which applies ionizing radiation to damage cancerous cells while aiming to
optimally spare surrounding healthy tissue, allows for an individual treatment based on anatomical
patient information [4]. Approximately 50 % of all cancer patients today receive RT treatment
throughout the course of their disease [5]. Radiation exposure to tissue induces DNA damage by
single- or double strand breaks, which eventually leads to cell death and a prevention of further
tumor growth [6]. However, one of the main challenges in RT is to precisely hit an ‘invisible’ target
with an ‘invisible’ radiation beam. Although the target may be visualized for treatment planning
using medical imaging modalities such as computed tomography (CT) or magnetic resonance (MR)
imaging (MRI), an accurate and precise delivery of the radiation is still limited by anatomical
changes that may arise during the treatment (intra-fractional motion) or between two radiotherapy
sessions (inter-fractional motion). In modern RT, medical imaging techniques are therefore often
installed directly at the treatment site to visualize the patient anatomy directly before or during
the actual irradiation. Nevertheless, the radiation must penetrate healthy tissue and so-called
organs at risk (OARs) in order to reach deep-seated tumor regions. Hence, a main limitation for
achieving tumor control by RT is the risk of damaging healthy tissue. As different tissue types are
differently sensitive to radiation damage, tolerance levels of normal tissues can be found in
literature [7, 8]. These may be used to define clinical recommendations of applied radiation doses
for local tumor control with an acceptable risk of possible side effects of the treatment.

1.1 Radiotherapy

External RT is a non-invasive method of cancer treatment that applies ionizing radiation to deliver
high amounts of energy to the tumor while aiming to optimally spare adjacent healthy tissue. The
amount of energy is typically described by the radiation dose D defining the mean absorbed energy
F per mass m in units of Gray (1 Gy = 1 J/kg) using water as reference material:

dE

p="2 (1)

However, many parameters associated with the patient anatomy influence the accurate dose

deposition. These have to be considered in treatment planning and delivery, which will be discussed
in the following sections.
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1.1.1 Treatment planning

Treatment planning relies on anatomical images of the patient (section 1.2) allowing for a
delineation of the so-called gross tumor volume (GTV) as well as adjacent OARs. The GTV is the
macroscopic part of the tumor visible in conventional imaging techniques. To account for geometric
and dosimetric uncertainties during treatment planning and delivery, several margins are
conventionally added to the GTV [9-11]. The clinical target volume (CTV) contains, as an extent
to the GTV, infiltrating tumor cells that may not be visible in conventional images used for
treatment planning. In case of moving tumors, the internal target volume (ITV) may be introduced
to account for physiological motion of the tumor in between or during treatment fractions. Finally,
the planning target volume (PTV) additionally covers machine- and patient positioning related
uncertainties. The extent of these margins is chosen based on international recommendations as
well as site-specific experience and may vary for different treatment techniques. To ensure a
homogenous coverage of the entire tumor and hence, to achieve a local tumor control, all margins
are prescribed the same high radiation dose as the GTV. This consequently leads to an increased
dose in adjacent healthy tissue, which may cause severe side effects of the treatment. Therefore,
new developments in RT aim at decreasing the size of the applied margins, which significantly
decreases the irradiated volume of healthy tissue. This is schematically visualized in figure 1.

10 % margin
reduction

=

27 % volume
reduction

Figure 1: Schematic visualization of a margin reduction for a spherical GTV (blue) with an isotropic
margin leading to an extended PTV (red). For simplicity, CTV and ITV are not shown. A reduction of the
margin by 10 % (light red shell) leads to a reduction of the irradiated volume by 27 % and thereby to a
significant sparing of healthy tissue.

While an irradiation of OARs may generally not be avoided, several approaches exist to minimize
radiation damage. These are mainly related to (i) a fractionation of the applied dose and (ii)
geometric tissue sparing. Dose fractionation exploits the typically better capability of healthy tissue
compared to tumor cells to repair sub-lethal cell damage [12]. Spreading the total dose of the
treatment over several days (e.g. 30 daily fractions of 2 Gy in six weeks, excluding the weekends)
allows the healthy tissue to repair potential radiation damage before the next fraction. A geometric
tissue sparing may be achieved by using specific beam arrangements and treatment techniques
(e.g. intensity modulated RT (IMRT') [13]), by choosing different ions beams instead of photons
(e.g. proton therapy, section 1.1.2) or by so-called image-guided treatment procedures (section 1.3).

In IMRT, non-uniform fluence distributions of the irradiation are applied with multiple radiation
beams of different orientation to achieve a highly conformal coverage of the target volume [13].
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Technically, this is realized by a multi leaf collimator (MLC, section 1.1.2) to adjust the shape of
the beams. Several individual MLC apertures (so-called segments) of different dose levels are then
superimposed for each beam to achieve the non-uniform fluence distribution. The fluence profile
and the resulting dose distribution are optimized in an iterative process using a so-called inverse
planning algorithm with the dose prescription and constraints to PTV and OARs as input
parameters [14, 15]. IMRT is the state-of-the art treatment technique conventionally applied in
clinical practice [4]. The entire process of treatment planning is performed in the treatment
planning system (TPS).

1.1.2 Treatment delivery

For treatment delivery, the patient is positioned on the treatment couch of the treatment device
and may be immobilized to ensure the same geometry as present in the images used for treatment
planning. In conventional RT, the treatment is delivered using high energetic photons generated
by a medical linear accelerator (Linac) [16, 17]. The Linac initially accelerates electrons to typical
energies of 6 — 18 MeV. These hit a target of high atomic number (e.g. tungsten) resulting in
bremsstrahlung and characteristic X-rays. Due to a directional dependence of the bremsstrahlung
and resulting beam profiles with spatially varying intensity, a flattening filter may be included to
homogenize the radiation field. However, most modern RT devices omit the flatting filter to avoid
a significant loss in radiation intensity (so-called flattening filter free irradiation). The beam is
afterwards collimated to a specific field size and shape using an MLC. The MLC consists of a large
number of tungsten leafs (e.g. 2 x 80 leafs) with a typical width of 0.5 cm, that are arranged in
opposing pairs. Independent spatial shifting of the leaves enables the generation of arbitrarily
shaped radiation fields required for advanced treatment techniques such as IMRT. For varying
beam orientations, the main parts of a Linac are mounted on a gantry that rotates the beam
around the patient.

As photons have no electric charge, they act indirectly ionizing. They deposit their energy in tissue
mainly via secondary electrons that are released by interaction processes of the photons with the
traversed tissue. In the RT energy range (MeV), these interactions are dominated by Compton
scattering. Subsequently, Coulomb interactions of the released secondary electrons with other
charged particles of the tissue lead to a local dose deposition. The dose deposited by photons
decreases exponentially with depth in tissue after a short build-up region due to increasingly
generated secondary electrons [18]. Several beams from different directions are required to achieve
a homogeneous dose distribution of deep-sited targets. Although a medical Linac is typically used
for photon irradiation, the tungsten target may be replaced by a scatter foil [19] for a direct
irradiation with the accelerated electrons. These have, however, only a short range within tissue
(< 5 cm at 6 MeV [20]) corresponding to the mean stopping point of the particles.

For a precise dose deposition in deep-sited tumors, also protons and light ions are used [21, 22].
These charged and hence directly ionizing particles lose their energy mainly via electromagnetic
interactions with orbital electrons of tissue atoms when traversing tissue, leading to an energy
transfer inversely proportional to their velocity. The ions have therefore a finite range in tissue
with the resulting depth-dose profile being denoted as Bragg-peak (figure 2) [23]. Hence, healthy
tissue along the beam path as well as beyond the maximum range can be optimally spared.
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However, the finite range also leads to a decreased robustness of treatment plans in presence of
anatomical changes in the entrance region of the beam.

The range of the ions depends on the beam energy as well as on the traversed material. Thereby,
the mean energy loss dF within a path dz is given by the stopping power S-

%. (2)

For treatment planning, the stopping power of a specific material is typically related to the stopping
power in water resulting in the so-called stopping power ratio (SPR):

S =

[SPR] = (3)

Characteristic depth-dose profiles of a photon, electron and proton beam are given in figure 2.
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Figure 2: Characteristic relative depth-dose profiles generated by a 10 MV photon (solid green), 9 MeV
electron (dotted blue) and 200 MeV proton (dashed red) beam in water normalized to the respective dose
maximum. Recreated from [24].

1.2 Imaging for radiotherapy

Imaging of anatomical structures is an essential part of RT in order to ensure an accurate delivery
of the applied radiation. From the initial diagnostics to treatment planning, setup and motion
control during treatment and the final monitoring of the treatment success (so-called follow-up),
non-invasive 2D and 3D imaging is crucial. CT imaging is most widely used for treatment planning
today as it provides information of the tissue’s electron density required for dose calculation.
Additional imaging modalities (e.g. MRI or positron emission tomography (PET)) may provide
further morphological or functional information to facilitate the differentiation of internal
structures. If several imaging modalities are combined, the acquired images have to be transferred
to a single coordinate system using rigid or deformable (DIR) image registration [25-27]. In modern
RT, additional imaging of the patient’s anatomy is typically performed directly before or even
during the treatment to correct the positioning or to compensate for inter-fractional anatomical
changes or intra-fractional motion of tissues within the patient (section 1.3). This is conventionally
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done using X-ray based planar imaging techniques with more advanced systems applying 3D
imaging (e.g. CT, MRI). The following section describes the principles of CT and MRI as the most
relevant imaging techniques within the scope of this thesis in more detail.

1.2.1 Computed tomography

Computed tomography is based on the measurement of the photon attenuation within tissue to
obtain information about the anatomical structure [28]. A conventional CT scanner applies a
rotating X-ray tube with a typical voltage of 80 — 140 kV together with an opposing set of
detectors. This setup is used to generate attenuation profiles from many different directions, which
are then reconstructed to a 3D image. The extent of X-ray attenuation due to tissue interaction
along a line element dx can be described by Lambert-Beer’s law. Here, the relation is given for the

specific case of a mono-energetic X-ray beam:

I=1,- e*fu(w)dﬂc7 (4)

with I being the intensity of the transmitted photons as a function of the incident intensity I, and
the photon attenuation coefficient p(z), which may vary within inhomogeneous objects.

The CT-values represented in a CT image as grey values relate the attenuation coefficient of the
respective tissue linearly to water and are given in Hounsfield units (HU):

[CT-value] = Htissue — Bwater 1909 7y, (5)

:uwater

Hence, the denser a material the higher is the CT-value with water having a CT-value of 0 HU.
Without attenuation (i.e. in vacuum) the CT-value corresponds to —1000 HU. Fatty tissues have
a lower density than water and CT-values in the order of —100 HU, while most soft tissues are
slightly denser than water with values in the range of 20 — 70 HU. Cortical bones reach CT-values
of up to 2000 HU [29].

CT imaging benefits from very short acquisition times in the order of a few seconds and a sub-
millimeter resolution with a high geometric accuracy. However, the images lack soft tissue contrast
compared to other 3D imaging modalities such as MRI (section 1.2.2) and expose the patient with
additional radiation dose [30]. While the dose exposure of a CT scan varies largely with scan
protocols and imaged organ site, the effective dose describing the associated radiation risk in units
of mSv of a typical abdomen and pelvis scan is in the range of 8 — 11 mSv [31].

Nevertheless, CT imaging is an integral part of almost all RT planning procedures providing the
electron density information required for dose calculation. Electron densities can be deduced from
CT-values using a CT specific Hounsfield lookup table (HLUT). Similarly, CT-values may be
transformed to SPRs for ion therapy planning [32]. However, there is no direct relationship between
CT-values and SPR. An uncertainty of the transformation of 1 — 3 % based on the experimental
determination of the lookup table was estimated [33-35]. Therefore, alternative methods for SPR
prediction, such as the use of dual-energy CT (DECT), have recently been introduced [36]. DECT
applies two X-ray beams with separated energy spectra simultaneously, allowing to directly extract
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radiological tissue parameters as for example the electron density or the effective atomic number.
Using these parameters the uncertainty of the SPR prediction can be reduced to < 1 % [36-38].

1.2.2 Magnetic resonance imaging

Magnetic resonance imaging is a tomographic imaging modality that generates 3D images of the
scanned object based on the interaction of its nuclear magnetic moments with an external magnetic
field B. In contrast to CT, MRI includes no additional dose exposure to the patient as no ionizing
radiation is used for image acquisition. Furthermore, an excellent soft tissue contrast may be
achieved, facilitating the differentiation of pathological structures such as the tumor and
surrounding OARs [39]. Image acquisition is based on the deflection of the magnetic moments
within the body by the main magnetic field B, as well as a combination of additional magnetic
field gradients and radiofrequency (RF) pulses. While a short introduction to the principles of MRI
is given in this section, a detailed description of the technique and underlying physical principles
can be found in literature [39-41].

Basic principle

Atomic nuclei with an odd number of nucleons (protons and neutrons) possess a non-zero nuclear
spin quantum number I and hence a non-zero magnetic moment. This allows the nuclei to interact
with an external magnetic field. The simplest case is the hydrogen (*H) nucleus consisting of a
single proton with I = 1/2. The typically high abundance and mobility of hydrogen in biological
systems as well as the high gyromagnetic ratio v of protons (v = 42.58 MHz/T) leads to an
increased MR signal as compared to other nuclei [39, 42]. Therefore, MRI based on hydrogen nuclei
is most widely spread in clinical applications today and this section will focus on hydrogen MRI.

Without an external magnetic field (B, = 0) the nuclear spins of the tissue have no preferred
orientation. However, if a non-zero magnetic field is applied, a slight preference in the order of ppm
is found for spins aligned parallel to B, compared to the anti-parallel direction due to Boltzmann
statistics. This leads to a static macroscopic net magnetization M, in z-direction. Due to
conservation of angular momentum, the individual spins precess around the direction of B, with

the Larmor frequency w:

wy = 7By. (6)

In MRI, this equilibrium state is disturbed by the application of a time-dependent RF pulse B, ()
with a frequency equal to w, and oriented perpendicular to B, to tilt the net magnetization from
the longitudinal z-direction (M) into the transversal x-y-plane (M, ). The resulting flip angle o
of the rotation depends on the duration ¢, of the RF pulse:

a:/p’yBl(T) dr. (7)
0

The tilted net magnetization then precesses around the direction of B, with the same frequency
w, as the individual nuclear spins. After RF excitation, the magnetization decays towards its
equilibrium state. This relaxation process is called free induction decay (FID) and is induced by
interaction of the spins with the environment as well as with the magnetic moments of other spins.
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To detect an MR signal, Faraday’s law is exploited according to which the time-dependent
transversal magnetization induces an oscillating electric signal in a receiver coil with an amplitude
proportional to [M,,|.

Relaxation processes

The interaction with the environment (the lattice) induces a relaxation of the longitudinal
magnetization M, and is called the longitudinal or spin-lattice relaxation characterized by the
material-specific relaxation time 77:

M o(t) =M, (1-¢7/m). (®)

The interaction of the spins between one another induces a dephasing of individual spins and hence
a relaxation of the transverse magnetization M,,. This process is called transverse or spin-spin

relaxation and is characterized by the corresponding material-specific relaxation time 7',:

M

zy,0 (t) =M y,0 eit/TQ‘ (9)

€T

While natural dephasing is induced by the interaction of neighboring spins, the measured
transversal decay is typically enhanced by local field inhomogeneities. These lead to varying Larmor
frequencies of the individual spins and thus an acceleration of the transverse dephasing. The field
distortions mainly result from inhomogeneities of the main magnetic field, but may also be induced
by different magnetic susceptibilities of the imaged materials. This effect is taken into account by
the time constant T3 < T,, which may replace T, in equation (9). In contrast to the natural
dephasing characterized by T}, influences leading to the shorter relaxation time 73 may be
reversed by special imaging techniques. The tissue specific time constants together with the density
of the nuclear spins (here proton density) are mainly responsible for different signal intensities and
image contrasts in MRI. Characteristic profiles of longitudinal and transversal relaxation are
depicted in figure 3.
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Figure 3: Characteristic profiles of longitudinal (M, (t), red) and transversal (M, (t), green) relaxation
described by equations (8) and (9). T} is defined as the time after which the longitudinal magnetization

has recovered to 63 % of the equilibrium value and T, and Ty as the times when the signal has decayed to
37 % of its initial value, respectively.
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Image acquisition

To generate an MR image, a sequence of RF pulses and additional magnetic field gradients with
varying timing, duration, strength and direction, called pulse sequence, is applied. First, a spatial
encoding of the signal is required to reconstruct a 3D image of the scanned object. This is
implemented by superimposing magnetic field gradients in the three spatial directions to the main
magnetic field B,. A slice selective gradient allows to exclusively excite the spins in a certain slice
of the transversal plane by the initial RF pulse, which deflects the magnetization from its
equilibrium state. For a spatial encoding of the signal within the selected slice, so-called phase and
frequency encoding gradients are applied in the remaining spatial directions. While the phase
encoding gradient is active only shortly prior to read-out, the frequency encoding gradient remains
active during signal read-out. As the additional gradients change the local magnetic field and thus
the Larmor frequency, the recorded signal can be assigned to a specific location. For each slice,
this procedure is repeated while changing the phase encoding gradient stepwise until the entire

volume can be reconstructed.

For signal acquisition, additional pulses are applied after the initial RF pulse. Without further
measures, the signal would present a FID caused by longitudinal and transversal relaxation of the
spins. Therefore, the pulse sequence is used to generate a so-called echo of the signal, which is
recorded by the receiver coil. The pulse sequence is mainly characterized by the so-called echo time
(TE), repetition time (TR) and the flip angle. While TE defines the time from the initial excitation
to the generation of the echo, TR describes the time between two consecutive excitations of the
longitudinal magnetization into the transversal plane. Pulse sequences used for MR image
acquisition can generally be divided into two groups categorized by the method of echo generation:
(i) spin echo and (ii) gradient echo sequences. In a standard spin echo sequence, the initial 90°
pulse to flip the longitudinal magnetization into the transversal plane is followed by a 180° RF
pulse at TE/2 that reverses the dephasing of the spins due to local field inhomogeneities leading
to a signal echo at time TE. In a gradient echo sequence, the dephasing of the spins after the initial
excitation is enhanced by an additional magnetic dephasing gradient. The gradient echo is
generated by switching the polarity of this gradient resulting in a rephasing of the spins and a
signal echo at TE. For both sequence types, different MRI contrasts may be achieved by varying
TE, TR and flip angle, which changes the signal intensity of tissues having different intrinsic
relaxation properties and proton densities. Based on these standard sequences a large variability
of sequences is available in modern MRI allowing for different image contrasts and acquisition
times. In addition, quantitative measurements of tissue properties (e.g. T} and 75, [43]) and the
representation of biological activities (e.g. diffusion-weighted MRI [44], functional MRI [45, 46]) is
possible. A few examples relevant for the scope of this thesis are given here.

A common variant of the gradient echo sequence is the so-called (balanced) steady state free
precession (bSSFP) sequence, which benefits from short acquisition times with a high signal-to-
noise ratio [47-49]. The bSSFP as well as most clinically applied sequences qualitatively represent
different tissues as different signal intensities. While this qualitative imaging is sufficient for most
clinical purposes, certain applications may require to quantify the tissue-specific properties (i.e. T
and T5) in order to further characterize the imaged materials. For this purpose, special pulse
sequences have to be applied to enable quantitative imaging. For a quantitative measurement of
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the T} relaxation time, a series of so-called inversion- or saturation recovery sequences can be used,
in which the actual sequence (both spin echo and gradient echo sequences are in principle
applicable) is preceded by a 180° or 90° preparation pulse, respectively. Here, the inversion time
TT defines the time between the preparation pulse and the beginning of the actual sequence. During
TI the magnetization relaxes longitudinally towards its equilibrium state until the image
acquisition starts. Hence, the signal of the FID measured is directly proportional to the longitudinal
magnetization that has recovered after the preparation pulse. By acquiring a series of pulse
sequences with varying TT the profile of the longitudinal relaxation process (see eq. (8) and figure
3) can be measured. The gold standard to quantitatively measure the T, relaxation time is a Carr-
Purcell-Meiboom-Gill sequence [50] also known as a multiple spin echo (MSE) sequence. This
sequence is based on a standard spin echo sequence with the 90° excitation pulse being followed
by multiple 180° refocusing pulses. With the refocusing pulses restoring signal decay due to local
field inhomogeneities, their signal decreases with an exponential function of the transversal
relaxation time T, (see Eq. (9) and figure 3). Hence, T, can be measured by acquiring the signal
at each of the refocusing pulses and applying an exponential fit to the signal. Similarly, series of
other spin echo sequences with different TEs may be applied to quantitatively measure 75,. The
turbo spin echo (TSE) sequence, for instance, also applies multiple 180° pulses, but uses varying

field gradients between the pulses for an accelerated image acquisition [51].

1.3 Image-guided radiotherapy

Modern RT typically applies additional on-site imaging directly before or during the irradiation to
validate and correct the patient’s position and to account for possible anatomical changes or organ
motion. These treatment concepts are known as image-guided RT (IgRT) [52-55]. In the simplest
case the images are used to ensure the correct position of the patient but more advanced techniques
are available today allowing for motion compensation of moving tumors and an adaption of the
treatment plan according to additionally acquired images. However, all image-guided techniques
increase the complexity of the treatment. An overview of the workflow development from
conventional RT to more advanced image-guided treatment procedures as displayed in figure 4 will
be given in this section. While the section will focus on image-guided photon therapy, most of the
presented techniques are available or under development for RT using protons and ions as well.
Due to the finite range of ions and the resulting steep dose gradients (figure 2), proton and ion
therapy are especially sensitive to anatomical changes and therefore largely benefit from image-
guided treatment techniques [56, 57]. Position correction and some motion compensation
techniques are often already defined as adaptive radiotherapy in the literature. In the context of
this thesis, however, only the actual recalculation of the treatment plan during the course of the
treatment is considered a plan adaption.

In conventional RT, images are acquired solely for treatment planning with a CT scan being
required for dose calculation. Other imaging modalities may be used in addition to acquire further
information relevant for planning purposes (section 1.2). The conventional treatment planning and
delivery procedure is described in section 1.1. The same patient position for imaging and treatment
delivery is typically ensured using external markers on the patient surface together with a laser
system in the treatment room. Furthermore, positioning can be facilitated using different
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positioning and immobilization aids such as thermoplastic masks and vacuum mattresses [58]. For
each treatment fraction, the patient is repositioned and immobilized in the same manner before

irradiation.

Conventional radiotherapy:

Days Treatment Days

Imaging T Irradiation [~ :
A
[ |
Position verification: Minutes
. Days Treatment Days . r
Imaging . Imaging Irradiation [~ 1
planning I

Motion compensation:
Simultaneous

Imaging
} I
1
|

Days Treatment Days
planning

Imaging

1

Irradiation

Offline plan adaption:

Days Treatment Days

Imaging

Image-guided radiotherapy
|
I
|
I
|

planning I

7Y

o 1

Online plan adaption: .
Minutes
| ¥ ]
. Days Treatment Days . Treatment ..
Imaging . Imaging . Irradiation [~ 1

planning planning I

Figure 4: Workflow development from conventional radiotherapy to image-guided radiotherapy techniques
including position verification, motion compensation, offline and online treatment plan adaption. The
dashed red arrow represents the workflow that is repeated for each treatment fraction, respectively. Adapted

from [59].
1.3.1 Position verification

In most IgRT procedures, the on-site images are used for a position verification prior to each
treatment fraction. Mostly X-ray based systems are clinically available using either the treatment
beam itself (MV beam) or an additional kV imaging system. For MV imaging, a flat panel detector
is mounted on the Linac gantry opposite the beam exit. However, due to the high photon energy
in the MV range, this so-called portal imaging lacks soft tissue contrast compared to conventional
kV imaging [60, 61]. For kV imaging, a kV source is typically mounted on the Linac gantry
perpendicular to the beam with an opposing flat panel detector to acquire planar (2D) or
tomographic (3D CT) images using the gantry rotation for multiple beam directions. As this on-
board imaging applies a cone beam instead of a standard fan beam geometry, the CT
reconstruction is termed (kV-) cone beam CT (CBCT) [62]. While the image contrast of kV CBCT
is higher than for MV imaging it still lags behind conventional fan beam CT imaging (section
1.2.1). Hence, some treatment sites additionally apply a mobile CT scanner (‘CT-on-rails’) for
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positioning verification. The implantation of metal markers in or near to the target can increase
the accuracy of an X-ray based correction, which otherwise relies primarily on the representation
of bony structures.

Today, position verification may also be performed using MRI in so-called MR-guided RT
(MRgRT'), which benefits from a better soft tissue contrast without additional radiation exposure
compared to X-ray based imaging (section 1.2). MR~guidance is available in an offline and online
setting. In offline MRgRT, dedicated shuttle systems for patient transportation between MRI
scanner and treatment device in treatment position may be used as well as special mobile MRI
systems (‘MRI-on-rails’) [63-65]. For online MRgRT, special hybrid systems have recently been
introduced combining an MRI scanner and a therapeutic Linac in a single device, so-called MR-
Linacs [66-69]. Currently, two of these systems are commercially available, the 1.5 T “Unity”
(Elekta AB, Stockholm, Sweden) and the 0.35 T “MRIdian Linac” (ViewRay, Inc., Oakwood
Village, USA). The main difficulty in combining MRI and irradiation devices is shielding the Linac
and its electronics from influences of the MRI’s magnetic field and RF pulses as well as the MRI
from the electronic noise generated by the Linac. Furthermore, since the main magnetic field of
the MRI is always present, its influence on the dose distribution and on the response of radiation
detectors has to be accounted for by the treatment planning algorithm. Although the photons
themselves are not affected by the magnetic field, secondary electrons will be forced into circular
trajectories due to Lorentz force, which shifts and deforms the entire dose distribution. At soft
tissue interfaces with air, low density tissue (e.g. lung) or bone, secondary electrons entering the
low-density material may be directed back to the dense material leading to an increased dose in
the denser material. This is also known as the electron return effect.

1.3.2 Motion compensation

A precise and accurate dose deposition becomes especially challenging in case of tumors that
significantly move within a single treatment fraction, i.e. in case of intra-fractional motion (e.g.
due to breathing). To nevertheless ensure a homogenous coverage of the entire tumor, an extended
ITV leading to a significantly increased PTV is typically introduced (section 1.1.1). The increase
in treatment volume, however, involves a significant dose increase to healthy tissue possibly leading
to severe side effects of the treatment (figure 1). Therefore, a reduction of the ITV by compensating
the motion with the support of continuous imaging is highly desirable. Motion compensating may
be realized by so-called tumor gating [70, 71] or tumor tracking [72, 73]. In a gated treatment, the
beam is only turned on as long as the tumor is in a certain position and is automatically turned
off as soon as it moves out of the so-called gating window. In contrast, tracking techniques attempt
to follow the tumor motion with the beam. In both cases, an accurate and continuous knowledge
of the tumor position is essential. Gating techniques may for example be implemented using X-ray
tubes mounted in the treatment room [74-76], surface imaging using optical camera systems [77]
or robotic ultrasound imaging systems [78]. Furthermore, the recent clinical introduction of MR~
Linacs allows for MRI-based gating techniques using the much better soft tissue contrast of MRI
[79, 80]. Fast imaging sequences (e.g. bSSFP or TSE sequences) with the possibility to acquire
several frames per second enables real-time imaging of the patient’s anatomy and hence an accurate
tracing of the tumor motion without additional exposure. Tumor tracking, which includes a real-
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time adaption of the treatment beam to the actual tumor position, is technically much more
complex to implement. In first studies, this has been realized using an electromagnetic transponder-
guided dynamic MLC response [81] or by robotic tumor tracking [82, 83]. However, an online
reoptimization of the treatment plan to account for intra-fractional tumor motion, has not yet
found its way into clinical practice.

1.3.3 Offline plan adaption

For slowly moving targets that may change position or shape between several treatment fractions
(i.e. inter-fractional motion) an adaption of the treatment plan to take these changes into account
is of high interest [84]. An inter-fractional motion may for example occur in abdominal tumors due
to different bladder and rectum fillings as well as in case of tumor growth or shrinkage. In offline
adaptive treatment techniques the treatment planning process, including imaging for planning
purposes of conventional RT, is repeated between treatment fractions. Replanning may be done
between single fractions or only after a number of fractions if the deviation becomes clinically
relevant. Furthermore, online imaging techniques for position verification (section 1.3.1) may be
combined with an offline recalculation of the treatment plan. Thus, it is possible to create several
treatment plans based on different anatomical geometries already before treatment start and to
select the most suitable plan for each fraction based on the online acquired image (so-called plan
of the day concept). If the quality of the image acquired at the treatment device itself is sufficient,
the new plan may also be calculated based on the online image directly without the need of further
offline image acquisition [85].

1.3.4 Online plan adaption

An online adaption of treatment plans requires high-resolution 3D images of the patient anatomy
acquired directly in treatment position. While CT imaging is typically used for treatment planning
and also allows for a fast image acquisition, no hybrid device combining a diagnostic CT scanner
with a treatment Linac is available today [85]. Hence, only with the introduction of hybrid MRgRT
devices, an online plan adaption became clinically relevant [86-88]. The online MRI provides high-
resolution images of the actual patient geometry but lacks the electron density information required
for dose calculation. Therefore, electron density maps have to be created e.g. by using a DIR of
pre-treatment CT images and/or by an assignment of bulk densities to specific tissue types [87].
Since dose recalculation is performed while the patient lies on the treatment couch, fast algorithms
capable of accounting for magnetic field effects (section 1.3.1) have to be applied. Both hybrid
MR-Linac systems available today employ a Monte-Carlo based dose calculation [89, 90]. A further
time consuming component of the online plan adaption process is the manual correction of target
and OAR structures, which are transferred to the online MRI from the pre-treatment plan using
a DIR. In total, long treatment times in the order of 45 min are required for online adaptive MR-
guided treatment procedures today compared to a total treatment time of a few minutes in
conventional RT [91]. However, automated segmentation and advanced planning tools may
accelerate the workflow in the future. A detailed description of the online adaptive treatment
workflow performed at the MRIdian Linac will be given in section 1.4.
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While the image quality of CBCTs has been mostly too low for online plan adaptions (low soft
tissue contrast), new approaches are now available that allow fast online plan adaption using
artificial intelligence-driven CBCT-guided systems [92, 93]. However, if several CBCT images are
acquired, a significant additional dose exposure may be accumulated.

1.4 Online adaptive MR~guided radiotherapy

The basic principles of MRgRT and online plan adaption have already been discussed in section
1.3. Online adaptive MR-guided treatments are clinically implemented at a limited number of
centers worldwide using the two commercially available MR-Linac systems [87, 88, 94-96]. While
first centers currently develop prototypes to demonstrate the future integration of MR-guidance
into proton therapy [97, 98], no system is, however, clinically available yet.

In this work, the online adaptive treatment workflow at the MRIdian Linac was investigated. The
system combines a 0.35 T MRI scanner with a 6 MV Linac mounted on a ring gantry between the
two superconducting magnet halves (double donut) of the MRI scanner [99]. The online adaptive
treatment workflow performed with the MRIdian Linac at the Heidelberg university hospital
(UKHD) in case of inter-fractional anatomy changes (figure 5) will be explained in this section.

The workflow can be divided into an offline and an online part. Treatment preparation including
pre-treatment imaging and treatment planning is performed offline several days before the first
irradiation. The online workflow is performed while the patient is positioned on the treatment
couch and is repeated for each treatment fraction.

1.4.1 Offline treatment preparation

Treatment planning is based on an external pre-treatment CT. In addition, a pre-treatment MRI
is acquired directly at the MRIdian Linac using a bSSFP imaging sequence with imaging
parameters being pre-set in clinical mode depending on the chosen field of view. Both images are
acquired in treatment position. The entire treatment planning is then preformed at the TPS of the
MR-Linac (ViewRay, Inc., Oakwood Village, USA). For this, the CT and MRI as well as potential
additional images (e.g. high-field MRI) are deformably registered to the coordinate of the pre-
treatment MRI using the integrated intensity-based registration algorithm of the TPS [100]. Once
the images are sufficiently aligned, planning volumes such as the PTV and OARs are delineated
based on the pre-treatment MRI while the CT image may support the delineation of bony
structures. In addition, the registered CT image is used together with a HLUT to generate an
electron density map representing the anatomical geometry of the pre-treatment MRI for dose
calculation. Based on dose prescriptions for the PTV and OARs an IMRT plan is calculated and
optimized iteratively. Before treatment, the accurate registration of pre-treatment images, the
delineated structure set as well as the final dose distribution have to be approved by the physician
in charge.
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Figure 5: Online adaptive treatment workflow at the MRIdian Linac as performed at the UKHD in case
of inter-fractional anatomy changes including initial treatment preparation performed offline.

1.4.2 Online treatment workflow

On the day of irradiation, the patient is positioned on the treatment couch using an external laser
system and an online MRI is acquired with the same field of view and sequence parameters as for
the pre-treatment MRI. The pre-treatment MRI is then transformed to the coordinate system of
the online MRI using a DIR and the resulting vector field is applied to deform the delineated
structures accordingly. A new electron density map is created via a second DIR of the pre-
treatment CT to the online MRI. In a first step, the patient position is corrected by transferring
the translation vector of the MRI-MRI registration (corresponding to a primary rigid registration)
as a spatial shift to the treatment couch. The treatment structures transferred to the online MRI
are then validated and, if necessary, manually corrected to ensure a precise alignment with the
actual anatomy. To save time, this manual correction is typically limited to a volume that extends
the PTV by 2 — 3 cm [87]. In a next step, the original treatment plan is recalculated on the new
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geometry without a plan adaption. This is used to decide whether it can be directly applied to the
patient or whether an online plan adaption is necessary. In case of an online adaption, the treatment
plan is reoptimized in an iterative procedure similar to the offline planning procedure while the
patient is waiting on the treatment couch. Once the plan satisfies the prescription, an online quality
assurance (QA) tool including a secondary dose calculation (section 1.5.2) is performed and, if
accepted, the adapted plan may be delivered to the patient. To further assure a correct dose
delivery, an additional online MRI may be acquired directly before treatment delivery to exclude
significant anatomical changes during the replanning procedure. Furthermore, an online adaption
of the treatment plan may be combined with motion compensation procedures accounting for intra-
fractional motion (e.g. gating, section 1.3.2).

1.5 Implementation of new MR-guided treatment procedures

The introduction of complex new treatment techniques such as online adaptive MRgRT into clinical
practice requires a thorough quality assurance of all included steps. As MRgRT is clinically only
available for photon beams, this section will focus on QA tests being applied in MRgRT with
photons. To ensure a correct functioning of the treatment device and a precise dose delivery, both
machine-related as well as patient-specific QA procedures are essential. These are based on
standard QA procedures that have to be performed routinely to provide the foundation for the
introduction of new techniques exceeding standard applications. A particular challenge of QA in
MRgRT is the combination of two devices. This means that all safety aspects of a conventional
Linac as well as those of an MRI device have to be tested separately. In addition, it requires
validation of all interfaces of the two devices. Furthermore, all measurement equipment must be
MR compatible and all procedures involving imaging must use phantoms providing MR contrast.
Finally, to demonstrate the possibility and accuracy of a new treatment technique, so-called end-
to-end tests are required that investigate not only all single components of a given workflow, but

also their interaction and accumulated uncertainty.

1.5.1 Machine-related quality assurance

Machine-related QA routinely validates technical aspects of a treatment device to ensure a correct
functioning of all components. In case of hybrid MR-Linacs, this includes both the Linac and the
MRI scanner as well as dedicated tests that validate the correct interaction of the two devices [87].
A routine implementation of these QA procedures meeting reliably predefined quality standards
provides the basis for the introduction of more advanced treatment techniques.

Machine-QA of the Linac comprises mainly dosimetric investigations such as the measurement of
depth and lateral dose profiles as well as the measurement of the so-called output of the Linac. For
dosimetric measurements, the MR, compatibility of the equipment is essential. Reference dosimetry
is mainly performed using ionization chambers that allow for absolute dosimetry at a certain
reference point. However, their specific measurement setup, i.e. orientation within the magnetic
field, as well as specific dose correction factors have to be considered [101-103]. Comparative
measurements may be performed using other point-like dosimeters such as thermoluminescence
detectors (TLDs) that are able to detect the absolute applied dose with the aid of specific
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calibration procedures. Besides dosimetric measurements other components of the Linac such as
the MLC calibration have to be checked regularly. Tolerance limits, test frequencies and
measurement specifications of these QA procedures are typically oriented to international
recommendations (e.g. [104, 105]).

On the imaging side, dedicated QA procedures ensuring high-quality and artifact-free patient
imaging are required. This includes quality checks of the magnetic field homogeneity, the signal-
to-noise ratio and the geometric accuracy of acquired images. For the use of MR images in the
treatment planning process the investigation of geometric distortions and possible corrections are
of special importance to ensure the accurate geometric representation of the patient’s anatomy
[106, 107]. These tests may be performed using dedicated QA phantoms for MRI [108-110].

In MRgRT, it is furthermore crucial that both systems work correctly together without
deteriorating the quality of the other. QA procedures of the combined system are therefore
necessary. Most importantly, the correct alignment of reference points, i.e. isocenters, of radiation
delivery and imaging has to be validated [111, 112]. Furthermore, specific QA tests are
recommended to investigate the interference of the two systems. This includes for example the
measurement of the magnetic field homogeneity as a function of the Linac’s gantry angle and the
image quality during irradiation and MLC movements [113].

1.5.2 Patient-specific quality assurance

Patient-specific QA predominantly refers to a dosimetric treatment plan verification for individual
patients. This verification became especially important with the introduction of complex dose
distributions using IMRT techniques (section 1.1.1) [114]. In clinical practice, a patient plan may
typically be verified using (i) a single- or multipoint dose measurement within a dedicated QA
phantom or (ii) an independent dose calculation [115].

To detect the entire dose distribution with a physical measurement, 2D- or 3D dosimetry systems
are particularly suitable. Several 2D- or 3D MR~compatible arrays of ionization chambers or diode
systems are commercially available for dose verifications [116-120]. However, these systems consist
of a finite set of dose measurement points with limited spatial resolution, which have to be
interpolated to receive full 2D- or 3D dose distributions. The interpolation may lead to a loss of
information in regions with steep dose gradients, which are especially sensitive to uncertainties in
the dose delivery. For a spatially continuous dose measurement, radiochromic films may be used.
Due to their high spatial resolution, films are routinely used in clinical practice to display complex
radiation fields. However, they only allow for 2D measurements. Today, only few dosimeters allow
for an accurate measurement of continuous 3D dose distributions. One such type of dosimeters are
polymer gels (PGs) [121-124]. Polymer gels employ radiosensitive chemicals that polymerize after
irradiation and the degree of polymerization depends on the absorbed dose. These chemicals are
typically embedded in a water-based gelatin matrix to ensure geometric stability. Hence, PGs are
radiologically equivalent to soft tissues. The gel’s polymerization leads to a local change in mass
density and the material specific T}, relaxation rate, which allows for a read-out of the dose
distribution by either (optical-) CT [121, 125, 126}, MRI [121, 127, 128] or ultrasound imaging
[129]. Within this thesis, PAGAT (PolyAcrylamide Gelatin gel fabricated at ATmospheric
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conditions) dosimetry gel being evaluated in MRI was employed [130]. Using a dedicated
calibration procedure together with a quantitative MRI evaluation of 7T}, relaxation times (e.g.
using a MSE sequence) allows to generate absolute dose maps in 3D. A detailed description of the
experimental workflow from gel production to evaluation can be found in publication I of this
thesis (section 2.2) [131].

If the patient is lying on the treatment couch during online plan adaption, a measurement-based
dose verification is not feasible. In these cases, the dose distribution may be verified by a
comparison with a secondary independent dose calculation. With the MRIdian Linac system a so-
called adaptive QA tool may be applied during online adaption. This tool performs a secondary
Monte Carlo-based dose calculation of the adapted plan for comparison with the original treatment
plan. Furthermore, additional comparisons are performed including a check of the total machine
output of the Linac (the so-called monitor units) and of the number of plan segments [132]. In
addition, adapted treatment plans may be verified retrospectively using measurements already
performed during treatment with so-called log file analyses [133] or portal dosimetry systems. Such
a portal dosimetry system is available at the Unity system but not at the MRIdian Linac [134].

For a quantitative evaluation of measured 3D dose distributions, the so-called y-index analysis
[135] is typically used to assess the geometric and dosimetric accuracy of the measurement. The
analysis tests if a measured dose value at a certain point in space can be assigned a dose value in
the reference distribution, e.g. the treatment plan, that lies within a radius Ad of the evaluation
point and has a maximum dose deviations of AD. If this is true for a certain criterion of relative
deviations (AD/Ad), the corresponding measurement point passes the analysis. By evaluating all
measurement points of the volume, a passing rate of the y-index analysis can be determined as the
rate of measurement points passing the respective criterion.

1.5.3 End-to-end testing

To implement new treatment techniques a correct functioning of not only each component but the
entire treatment chain is crucial. Hence, end-to-end tests simulating the treatment workflow from
pre-treatment imaging to dose delivery with the possibility to accurately measure the applied dose
are recommended. While standard QA procedures (section 1.5.1) estimate the uncertainty of single
components, the uncertainty accumulated over the entire treatment may only be detected using
end-to-end tests. Hence, such tests may demonstrate the feasibility to clinically implement complex
treatment procedures and quantify remaining uncertainties and limitations. To perform end-to-end
tests dedicated phantoms are necessary, which have to meet several requirements depending on the
tested treatment workflow. For the implementation of new MR~guided treatment procedures, the
phantom should ideally fulfill the following requirements:

(i) possibility of accurate dose measurements at selected spatial points as well as in 2D/3D,

(ii) anthropomorphic attenuation properties for the beam and anthropomorphic image
contrast in CT and MRI, and

(ili)  precise and realistic simulation of anatomical structures as well as inter- and/or intra-
fractional anatomy changes.
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End-to-end tests are especially important for the commissioning of new devices and the
introduction of new treatment workflows. A routine performance on a daily or weekly basis is
typically neither feasible nor intended, but a repetition after longer periods (e.g. yearly) are highly
recommended to ensure the stability of the workflow. However, only few end-to-end tests of online
adaptive MR-guided treatments have been reported yet [136-138]. These employ mostly static
phantoms, which are not able to simulate inter- or intra-fractional motion. Furthermore, the dose
was mostly measured only at some selected spatial points or in 2D. So far, 3D dose measurement
systems with high geometric and dosimetry accuracy, e.g. PGs, have been applied only in few cases
for end-to-end tests of MRgRT [136, 139]. PGs are typically highly sensitive to chemical
interactions with oxygen or the container material, temperature gradients during different steps of
the experimental workflow or magnetic field inhomogeneities during MRI evaluation [121, 140].
Therefore, end-to-end tests require highly standardized PG workflows as well as the possibility to
use PG in arbitrary geometries. A recent study demonstrated the compatibility of PAGAT
dosimetry gel with a 3D printing technique to produce PG containers [141]. This opens up new
possibilities for the development of anthropomorphic phantoms for end-to-end tests capable of
validating delivered 3D dose distributions. First end-to-end tests using a standardized PAGAT
dosimetry protocol have been performed at a conventional Linac [142-144].

1.6 Aim of the thesis

This thesis investigated, developed and implemented dedicated end-to-end tests to validate the
overall accuracy of an MR-guided radiotherapy workflow. The ultimate aim was to demonstrate
the feasibility of online adaptive MRgRT in case of inter-fractional anatomy changes. To this end,
existing methods were further improved, aiming for a standardized 3D dose evaluation with PG as
well as to produce anthropomorphic phantom materials with individually adjustable soft tissue
contrast in CT and MRI. These methods were validated by investigating the feasibility to perform
PG dosimetry in a deformable anthropomorphic pelvis phantom and by investigating the
radiological tissue equivalence of the developed phantom materials. The PG application in a set of
clinical QA phantoms was then explored. Finally, two end-to-end tests of an online adaptive
MRgRT treatment were developed and successfully implemented at the 0.35 T MRIdian Linac.
The tests include the simulation of inter-fractional motion and apply PG for 3D dose

measurements.
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The thesis is written in a cumulative format in accordance with the regulation of the Department
of Physics and Astronomy of Heidelberg University. The thesis comprises four manuscripts
published in international peer-reviewed journals, one additional manuscript being accepted for
publication in an international peer-reviewed journal as well as one manuscript being submitted
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2.1 Thematic overview

The major aim of the thesis was the development and implementation of end-to-end tests for online
adaptive MRgRT techniques in presence of inter-fractional motion. For this purpose, the projects
of the thesis can be divided into methodological developments, the validation of these methods
and final end-to-end tests. A thematic overview and an assignment of the publications to these
categories is presented in figure 6. In addition, the major results of these publications are
summarized. The original manuscripts are presented in sections 2.2 to 2.7.

Methodological developments

I Standardization of 3D dose verification using polymer dosimetry gel
II. Development of phantom materials with anthropomorphic

attenuation and image contrast

28

Validation of methods

1L Validation of anthropomorphic attenuation and image contrast for
developed phantom materials

IIT.  Feasibility of advanced dosimetry in an anthropomorphic pelvis
phantom

L

End-to-end tests

IV. 3D polymer dosimetry gel in clinical quality assurance phantoms

V.  End-to-end test of online adaptive MRgRT using a highly
reproducible geometric phantom

VI.  End-to-end test of multi-fractional online adaptive MRgRT using an
anthropomorphic pelvis phantom

Figure 6: Thematic overview of the six publications (I-VI).

2.1.1 Methodological developments

Dedicated phantoms are required for the implementation of specific end-to-end tests. For end-to-
end tests of online adaptive MRgRT in presence of inter-fractional motion, the phantom should
ideally comprise (section 1.5.3):

(i) the possibility of accurate dose measurements at selected spatial points as well as in
2D/3D,

(ii) anthropomorphic radiologic attenuation properties and imaging contrast in CT and
MRI, and

(ili)  precise and realistic simulation of anatomy changes.
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Only few end-to-end tests of online adaptive MRgRT have been presented in literature yet [136-
138], which typically fulfill only parts of requirements (i)-(iii). Hence, several methods have been
developed within the scope of this thesis to be implemented in new as well as already existing end-
to-end testing phantoms.

3D dose verification

A standardized workflow to perform highly accurate 3D dosimetry using PGs is presented in
publication I. For 3D dose verification with high geometric and dosimetric accuracy, PGs provide
a promising tool to be implemented in end-to-end tests of MRgRT techniques [139]. However, due
to the high costs of commercial gels and the complex workflows that are required to perform PG
experiments using in-house produced gels, only few centers apply PGs for clinical QA purposes
worldwide. Therefore, the entire workflow of PG experiments using PAGAT gel from production
to evaluation was described in great detail in publication I. The highly standardized workflow has
been implemented at the German Cancer Research Center (DKFZ) within a preceding dissertation
by Philipp Mann [144] and was already applied in several studies [112, 141-143, 145, 146]. In
publication I, the existing knowledge was summarized and supplemented with further literature
consultations to make the experimental workflow widely accessible to both experienced and
unexperienced PG users. In addition, a plugin for the post-processing of gel experiments was
developed within an open source image processing tool. This tool is provided free of charge as a
supplement to the publication and allows for a highly standardized and reproducible evaluation of
PG experiments. For the application of PAGAT gel in end-to-end tests, its use in anthropomorphic
shapes is highly desirable. Therefore, I previously demonstrated the compatibility of the PG with
a 3D printing material in my master thesis [141, 147]. This results in the possibility to produce
anthropomorphically-shaped PG containers by 3D printing. The technique was applied in
publications III-VI together with the gel production and evaluation workflow presented in
publication I. Furthermore, the use of TLDs to renormalize the gel’s dose response for absolute
dosimetry was previously described in literature [145, 146]. TLDs were used in publication IV to
independently measure the dose at selected positions and to validate the PG measurements (section
2.1.2). In addition, they were used in publication VI as an external reference measurement to
renormalize the PG dose response (section 2.1.3).

Phantoms with anthropomorphic attenuation and imaging contrast

In publication II, phantom materials were developed that represent anthropomorphic and
independently adjustable attenuation as well as imaging contrast in CT and MRI. In conventional
RT, end-to-end testing phantoms are typically produced from solid materials, which show
anthropomorphic radiation attenuation properties and CT contrast due to different material
densities (e.g. Alderson Radiation Therapy Phantom, Radiology Support Devices, Inc., Long
Beach, USA). However, these phantoms are not visible in conventional MRI sequences due to the
very short relaxation times of solid materials. Phantoms for MRgRT therefore require materials
that additionally exhibit anthropomorphic MRI contrast, i.e. T} and T}, relaxation times, such as
different liquids or gels. In publication II, phantom materials with individually adjustable CT and
MRI contrast in the soft tissue range were developed for three different magnetic field strengths
(0.35, 1.5 and 3.0 T'). These materials are based on potassium chloride (KCI) and nickel
diethylenetriaminepentaacetic acid (Ni-DTPA)-doped agarose gels. The concentration of KCl is
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mainly responsible for different CT-values, while the concentrations of Ni-DTPA and agarose
predominantly affect the changes in T and T, respectively. Within the scope of publication II, I
developed a set of equations relating the required concentrations of KCI, Ni-DTPA and agarose
with CT-, T} and 75, values and vice versa. These equations were implemented in a software tool
to automatically convert given imaging parameters into required chemical concentrations as well
as in the opposite direction. This enables also other groups to easily produce phantom materials
with anthropomorphic image contrast. Using this method, anthropomorphic phantom materials in
the soft tissue range with positive CT-values can be produced. Similar materials, in combination
with petroleum jelly (also known as ‘Vaseline’) and oil for fatty tissues as well as dipotassium
phosphate (K,HPO,) and gypsum for bony structures [148], have been applied in the so-called
AQUARIUM  (Anthropomorphic QUality Assurance phantom to study Interfractional
Uncertainties in MRgRT) and ADAM-PETer (Anthropomorphic, Deformable and Multimodality
pelvis phantom with PET Extension for Radiotherapy) phantoms used in publications IV-VI in
order to represent anthropomorphic imaging contrast.

Simulation of anatomical changes in phantoms

In this thesis, several phantoms were applied to simulate inter- or intra-fractional anatomy changes.
Inter-fractional motion, which refers to anatomical changes in between two consecutive treatment
fractions, may result from varying positioning, organ fillings (e.g. bladder, rectum) or tumor growth
and shrinkage. Both the AQUARIUM (publications IV & V) and the ADAM-PETer (publications
I, IV & VI) allow to simulate inter-fractional motion. The AQUARIUM enables for highly
reproducible changes of several geometrical structures. On the other hand, the ADAM-PETer
realistically represents the male pelvis including pelvic bones, bladder, rectum, prostate, fatty as
well all muscle tissues and allows for the simulation of realistic anatomical changes induced by
different bladder and rectum fillings [149, 150]. While benefitting from anthropomorphic
geometries, the anatomical changes in the ADAM-PETer are, however, less reproducible than those
of the AQUARIUM.

In contrast to inter-fractional motion, intra-fractional motion refers to anatomical changes during
the course of a treatment fraction such as breathing or swallowing. As part of publication IV, two
additional phantoms are presented, which simulate intra-fractional breathing motion. This includes
a highly reproducible geometrical motion phantom and a realistic, but less reproducible, porcine
lung phantom.

2.1.2 Validation of methods

In a second step towards the implementation of new end-to-end tests, the developed methods

(section 2.1.1) were validated in a clinical environment.

Phantoms with anthropomorphic attenuation and imaging contrast

The developed phantom materials (publication II) may be adjusted to different CT, T} and T,
values. To validate their anthropomorphic properties, nine specific soft tissue samples were
produced according to literature values at 1.5 T and measured contrast parameters were compared
with predictions at all three magnetic field strengths (0.35,1.5 and 3.0 T'). The comparison
revealed a good agreement of predicted and measured values with mean deviations of less than
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3.5 %. Furthermore, their long-term stability was confirmed by an additional acquisition of image
parameters (MRI at 1.5 T) in the same samples after five months. This measurement resulted in
only small mean deviations of —0.8 + 1.6 %, —0.2 4+ 1.5 % and —5.2 4+ 1.1 % for CT, T} and T,
values, respectively. However, the developed gels contain components of high atomic number
(Zy; = 28) as compared to materials being naturally present in the human body. Since HLUTS,
transferring CT-values to radiological attenuation properties, are typically optimized for materials
with Z < 20, anthropomorphic radiological attenuation can therefore not be guaranteed for the
developed phantom materials with a corresponding anthropomorphic CT-value. This is especially
pronounced in ion therapy due to the different interaction processes of X-rays and ions within
tissue. To be able to use the developed phantom materials also for future MR-guided ion therapy
applications, the SPR. of the specific soft tissue samples was experimentally determined and
compared to predictions from both single- and dual-energy CT measurements. While the use of
single-energy CT together with a conventional HLUT applied in clinical practice overestimated the
SPR of the soft tissue samples, DECT predictions agreed well with measurements, with a mean
deviation of only 0.2 + 0.3 %. These results are presented in publication II.

Advanced dosimetry in an anthropomorphic pelvis phantom

The use of PAGAT dosimetry gel and TLDs for dose measurements in the anthropomorphic pelvis
phantom (ADAM-PETer) was validated in publication III. The phantom was equipped with a 3D
printed and PG-filled prostate as well as nine TLDs being placed in the rectum using a dedicated
3D printed holder. A prostate treatment was performed at a conventional Linac (Artiste, Siemens
Healthineers, Erlangen, Germany) using a treatment plan based on an in-room CT-on-rails image.
In addition, a position verification was performed with the integrated CBCT system. The PG
evaluation resulted in a good agreement with the treatment plan, as demonstrated by a passing
rate of the 3D ~-index analysis (3 %/3 mm criterion) of 97.7 %. Furthermore, TLD measurements
deviated in mean only by 1.78 % from the respective planned values. This demonstrated the
feasibility to perform accurate PG and TLD measurements within the ADAM-PETer phantom.
The study presents important preliminary work for the end-to-end test of an online adaptive
MRgRT treatment presented in publication VI (section 2.1.3), where the same phantom was used.

2.1.3 End-to-end tests

Several end-to-end tests of general [gRT as well as specific MRgRT treatments have been developed
and implemented within the scope of this thesis. Publication IV presents an overview of QA
phantoms that employ PG for 3D dose measurements being clinically applied at DKFZ and UKHD.
An end-to-end test of an online adaptive MRgRT treatment within one treatment fraction using
the highly reproducible AQUARIUM is described in publication V. Finally, an end-to-end test of
a multi-fractional online adaptive MRgRT treatment was performed using the anthropomorphic
ADAM-PETer with different bladder and rectum fillings (publication VI).

3D polymer dosimetry gel in clinical QA phantoms

As PGs allow for 3D dose verification, they provide a promising tool to be applied in clinical QA
phantoms allowing for both hardware and end-to-end workflow tests of new IgRT treatment
techniques. Within publication IV, the phantoms that are equipped with PG and are applied for
clinical QA procedures at DKFZ and UKHD are summarized. This includes one machine-QA
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phantom capable of measuring the 3D isocenter alignment accuracy in MRgRT devices [112], two
motion phantoms to be used for end-to-end tests in case of intra-fractional breathing motion [142]
as well as the two deformable phantoms AQUARIUM and ADAM-PETer used for end-to-end tests

in case of inter-fractional motion.

Online adaptive MRgRT using a highly reproducible geometric phantom

In publication V, the AQUARIUM phantom is presented, which includes reproducibly rotatable
and shiftable inserts. These inserts are placed within a water-filled cylinder and may be filled with
anthropomorphic imaging contrast materials or PG. The phantom was used to perform an end-to-
end test of an online adaptive treatment at the MRIdian Linac. For this, two phantom inserts were
filled with PG to simulate a tumor and OAR, respectively. Three inserts contained different MRI
contrast materials and two further inserts represented different image contrasts in CT. In total,
the phantom was irradiated under three different conditions: (i) A static reference setup without
changes of internal structures between treatment planning and irradiation. A position correction
was performed according to the online MRI. (ii) Inter-fractional anatomy changes were simulated
by rotations and shifts of the phantom inserts. However, the online MRI was used for a position
correction only, the treatment plan was not adapted to the new phantom geometry. (iii) The same
rotations and shifts of phantom structures as in case (ii) were applied in order to simulate inter-
fractional anatomy changes. This time, however, an online adaption of the treatment plan was
performed according to the online MRI. The end-to-end test validated that the treatment plan
adaption resulted in very similar dose distributions of PG-filled tumor and OAR structures
compared to the static case (i), where no plan adaption was necessary. While a significant under-
dosage of the tumor and over-dosage of the OAR was found in case (ii), the dose was
homogeneously distributed in the target and the OAR was well spared in both irradiations (i) and

(ii).

Multi-fractional online adaptive MRgRT using a pelvis phantom

A final end-to-end test of a multi-fractional online adaptive MRgRT treatment is presented in
publication VI. Here, the ADAM-PETer was used, equipped with 3D printed and PG-filled
prostate and rectum inserts positioned at the same height. In addition, three TLDs were placed at
the center and on the surface of the prostate for additional dose measurements and an external
renormalization of the PG dose response. A total of five prostate treatment fractions were applied
in sequence with different bladder and rectum fillings. For each fraction, the treatment plan was
online adapted according to the online MRI. A good agreement of measured dose distributions in
prostate and the rectum inserts with the accumulated adapted treatment plans of the single
fractions was found. This was demonstrated by passing rates of the 3D +v-index analysis
(3 %/3 mm criterion) of 98.9 % and 93.7 % for the prostate and rectum insert, respectively. TLD
measurements revealed only minor deviations (mean —2.8 %). The end-to-end test validated the
feasibility and accuracy of multi-fractional online adaptive MR~guided prostate irradiations in case
of inter-fractional anatomy changes.
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Abstract

Polymer gel (PG) dosimetry is a valuable tool to measure compléx dose distributions in 3D
with a high spatial resolution. However, due to complex protocols that need.to be followed for
in-house produced PGs and the high costs of commercially available gels, PG gels are only
rarely applied in quality assurance procedures worldwide. In this work, we provide an
introduction to perform highly standardized dosimetric PGhexperiments using PAGAT
(PolyAcrylamide Gelatine gel fabricated at,ATmospheric conditions) dosimetry gel.
PAGAT gel can be produced at atmospheric conditiens, at low costs and is evaluated using
magnetic resonance imaging (MRI). The conduction of PG experiments is described in great
detail including the gel production, treatment planning, irradiation, MRI evaluation and post-
processing procedure. Furthermore, a plugin in_an open.source image processing tool for post-
processing is provided free of charge that allows a standardized and reproducible analysis of
PG experiments.

Keywords: 3D dosimetry, gel dosimetry, PAGAT, dosimetry gel production, dosimetry gel evaluation

1. Introduction

With techniques and warkflows jof radiation therapy (RT) treatment devices becoming more and more advanced,
the use of radiation detectors.that can validate the applied doses with a high geometric and dosimetric accuracy in
three dimensions (8D) areof great interest. Polymer gel (PG) dosimeters (Baldock et al. 2010) provide a promising
method to measure_complex dose distributions for different treatment techniques (e.g. within magnetic fields
(Dorsch et al. 2018), invintensity-modulated RT (Sandilos et al. 2004; Vergote et al. 2003), intensity-modulated arc
therapy (Vergote et al. 2004) and stereotactic radiosurgery (Ertl et al. 2000; Novotny et al. 2002)) with a high spatial
resolution. Howevery only few centers worldwide use PGs for quality assurance (QA). This is mostly related to the
high costs of commercially available dosimetry gels and the lack of expertise in the use of in-house developed gels
as the application requires highly standardized and complex workflows to gain high geometric and dosimetric
accuracys The large variety of gel dosimeters in literature combined with their individual workflows for production,
application and evaluation poses a challenge to the inexperienced user. Not considering seemingly unimportant or
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not mentioned details in literature may lead to inaccurate or even unusable results. This hinders establishing and
widely using gel dosimetry for validation of complex treatment techniques in radiotherapy.

In this work, we present a detailed description of all relevant steps to obtain highly accurate and reproducible results
in PAGAT (PolyAcrylamide Gelatine gel fabricated at ATmospheric conditions) dosimetry gel measurements.
PAGAT gel benefits from a small dose rate dependence (De Deene et al. 2006), can be produced at,atmospheric
conditions at low costs and is evaluated using magnetic resonance imaging (MRI). We provide detailed protocols
for gel preparation, treatment planning, irradiation, gel evaluation using MRI and post-processing using the in-house
developed image processing platform Medical Imaging Interaction toolkit (MITK), which“is made,publicly
available free of charge. The presented workflow is intended for applications with small PG.volumes ( ~20 —
100 ml) inserted into larger QA phantoms, where the PG container represents for example.a,tumour.er an organ at
risk within an anthropomorphic end-to-end testing phantom.

2. General workflow of a PG experiment

A schematic overview of the time course of a PG experiment together with the temperature required at each step is
displayed in figure 1. Typically, four days are needed from gel production to evaluation in.MRI. After PG production
on the first day (section 3), the gel samples are stored in a refrigerator at 4 °C until,4 h before irradiation. This
storage time may be used to acquire images for treatment planning and to generate'a treatment plan (section 4).
Approximately 24 h after gel production, the irradiation is performed (section 5) and the gel samples are stored at
room temperature. Gel evaluation is then performed 48 h after irradiation using' MRI (section 6). Finally, post-
processing is performed to determine the dose distribution (section 7).
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Figure 1: Schematic overview of the workflow of a typical gel dosimetry experiment giving the timeline and temperature
profile.

3. Gel preparation

PAGAT dosimetry gelisbased on two monomers (acrylamide and N,N-methylene-bis-acrylamide) embedded in a
gelatine matrix and ¢an be produced under atmospheric conditions. The following production workflow, which is
based on De Deene et al. 2006, allows to produce the PG in-house at very low costs, exhibits no significant influence
of_penetrating oxygen and shows accurate (< 4 % (De Deene and Jirasek 2015; Mann, Schwahofer, and Karger
2019)) results,under temperature-controlled conditions when evaluated with MRI. The entire production process
can be divided into three steps: (i) preparation of monomer and gelatine solutions, (ii) mixing and (iii) filling
procedure. For each step, specific temperatures are required. A schematic overview of the temperature profile during
the produetion procedure is displayed in figure 2 and a detailed list of ingredients and equipment required can be
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found in the supplementary material via http://suppl.dkfz.de/E040_210305/Supplementaries_GelDosimetry.7z. The
production procedure described was tested for gel volumes up to 1.5 [. For the production, a chemical fumeé hood
should be used due to potential health hazards of the chemicals used (Baldock et al. 2010).
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Figure 2: Schematic overview of the workflow of the dosimetry gel praduction.; Monomers (blue, section 3.1.1) and gelatine
(orange, section 3.1.2) solutions are prepared separately at the same time andare/then mixed for the final dosimetry gel (green,
section 3.2) using a highly standardized protocol (sections 3.1-3.3).

3.1 Preparation of monomer and gelatine solutions

Monomer and gelatine solutions are prepared at the sametime inbeakers inside a water reservoir using temperature
controlled magnetic hot-plate stirrers, respectively. A metallic'placeholder under the beakers is used to prevent the
beakers from overheating. Magnetic stirrers areplaced in both the water reservoirs and the beakers. The beakers are
covered with aluminium foil to prevent water/0ss due to evaporation. A picture of the setup is shown in figure 3.
For preparation, both water reservoirs are heated to a temperature of 42 °C.

Figure 3: Picture of the gel production setup: magnetic hot-plate stirrer for the preparation of the gelatine (1) and monomer
(2) solution, respectively, water reservoirs (3), metallic placeholders (4), magnetic stirrers (5), thermometer for temperature
control of both magnetic hot-plate stirrers (6), thermometer for temperature control of both water reservoirs (7) and aluminium
foil to seal the beakers (8). All components depicted (3)-(8) are used for the gelatine as well as for the monomer solution.
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3.1.1 Monomer solution. 60 % of the deionized water is given into the first beaker and heated to 42 °C. At
this temperature, the acrylamide is poured into the water followed by the bis-acrylamide. A continuous stirring.using
the magnetic stirrer ensures a uniform distribution of the chemical components. The acrylamide dissolves within
1 min and leads to a temperature decrease of about 1 — 2 °C, while the bis-acrylamide takes up to/30min to
dissolve completely. When working with the monomer solution, a lab coat, protection gloves, glasses and a\P2
respiratory mask should be worn.

3.1.2 Gelatine solution. The remaining 40 % of deionized water is placed in the second beaker together
with a magnetic stirrer and followed by the gelatine. After a swelling process of at least 12 mimat room temperature
outside a water reservoir, the beaker is placed into the second water reservoir and heated to 42 °C.

3.2 Mixing procedure

Once the monomers and the gelatine are completely dissolved, the two solutions (both*beakers) are cooled down to
a temperature of 32 °C, e.g. by adding ice cubes to the water reservoirs. However, thetemperature should not drop
below 30 °C to assure the gelatine solution to stay fluid. When both solutions,have reached the temperature of
32 °C, the monomer solution is carefully poured into the gelatine beaker to obtain thefinal dosimetry gel. It is very
important to pour the monomers into the gelatine and not vice versa to preventithe gelatine from solidifying due to
a fast cooling of the beaker when removing it from the water bath. To reduce the-amount of dissolved oxygen (De
Deene et al. 2002), nitrogen is flushed for approximately 2 min with a pressure,of 1.5 bar into the gel using e.g. a
Tygon® tubing connected to a large cannula. It is recommended to moveithe cannula slowly through the entire gel
as to assure the nitrogen is homogeneously distributed, within® the solution. Finally, the
bis[tetrakis(hydroxymethyl)phosphonium] chloride (THPC) is ddded as)an antioxidant and stirred for 1 — 2 min.
The THPC is and oxygen scavenger and allows for a gel production at'atmospheric conditions in contrast to so-
called hypoxic PAG-type gels that need to be produced in a‘nitrogen environment (De Deene et al. 2002; Venning
et al. 2005).

3.3 Filling procedure

After adding THPC, the gel thickens quickly and should therefore be directly filled into containers, which were
previously flushed with nitrogen. Due to the'high.reactivity of the polymer gel with oxygen and other contaminations
(De Deene et al. 2006), containers that are impermeable to oxygen should be used, e.g. Barex™, glass (De Deene
and Vandecasteele 2013) or VeroClear™ 3D printing material without using support material on inner walls during
the printing process (Elter et al. 2019). In addition,te‘the primary PG volume to be evaluated (from now on called
test containers), a minimum of eight calibration containers having a volume similar to the test containers (e.g.
Barex™ flasks, VELOX GmbH, Hamburg, Germany) are filled with PG, if absolute dose is to be measured. Using
the same container size is recommended to-minimize any uncertainties related to different volumes between test
and calibration containers. To avoid dose uncertainties up to 25 % in the peripheral regions of larger phantoms
reported elsewhere (Vandecasteeleand De Deene 2013b) small container sizes ( ~20 — 100 ml) are recommended.
Furthermore, the same batchhof gel proeduction is to be used for both the test and calibration containers to avoid
uncertainties due to inter-batChiwvariations (De Deene and Vandecasteele 2013). For renormalization of the
calibration curve by ansionization chamber (IC) measurement, an additional test container being filled with a
gelatine solution (monomers may be omitted) is required that allows inserting the IC into the gel volume. PG-filled
containers are wrapped in‘aluminium foil to avoid light influencing the polymerization (Koeva et al. 2009) and
stored within a nitrogen-flushed desiccator inside a refrigerator at 4 °C.

4. Treatmentsplanning

For treatment planning, a CT image of the investigated phantom is acquired using an established clinical protocol.
For this, the PGsrare removed from the refrigerator, stored at room temperature and the test container is placed
withinsthe phantom of choice. This should be done approximately 4 h prior to irradiation. The applied CT dosage
is negligible compared to the applied irradiation dose with regard to the accuracy of the gel experiment. To visualize
the orientation of the test container within the phantom, which is later required for proper alignment of the measured
dose distribution to the CT-image of the phantom (section 7.3), up to three external markers (e.g. PinPoint® #128
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Multi-Modality Fiducial Markers, Beekly Medical, Bristol, USA) are attached to the test container. A treatment
plan is then generated using a standard treatment planning system. Typically, a dose grid resolution of
1 x 1 x 1 mm3 is used matching the image resolution of the MRI evaluation (section 6). Due to saturation ofithe
calibration curve at higher doses and the resulting reduction in PG sensitivity (Jirasek et al. 2009), the'maximum
planned dosage within the evaluated gel volume should be in the range of 4 — 5 Gy.

5. Irradiation

Approximately 24 h after gel production, the PG can be irradiated using photons with beam energies of 6 = 25 MV
(De Deene et al. 2006). If not yet done, the containers have to be removed from the refrigerator 4 h prior to
irradiation to adapt to room temperature at the irradiation site. Test containers are then irradiated aceording to the
treatment plan. In case of absolute dosimetry, the calibration containers have to be irradiated under reference
conditions, e.g. within a water phantom, with known doses covering the range being irradiated in'the gel evaluation
volume (e.g. 0 — 7 Gy in steps of 1 Gy). In case of renormalization of the measured dose distribution, a reference
measurement with an 1C or thermoluminescence detectors (TLD) may be additionallysperformed (Mann et al. 2019;
Vandecasteele and De Deene 2013a). After irradiation, all PG containers are wrapped inaldminium foil.

6. MRI evaluation

After irradiation, the gels are stored at room temperature for approximately»48 h to ensure that there is no further
polymerization within the PG (De Deene and Vandecasteele 2013). (However,if the gel shall be evaluated only
geometrically rather than dosimetrically, MRI evaluation may also be perfermed directly after irradiation (Dorsch
et al. 2018). For the subsequent PG evaluation, a quantitative T, measurement is carried out to acquire R, = 1/T,-
maps that can then be translated to dose. For this, a multiple spin-echo sequence is used. To gain optimal results
and to minimize uncertainties related to (i) temperature, variations during the scan, (ii) magnetic field
inhomogeneities or (iii) the choice of MR scanner and the appliedysequence parameters, a dedicated measurement
protocol needs to be applied. We achieved very good esults with the following protocol (sections 6.1 — 6.3),
however, suitable protocols may not be limited to thissuggestion:

6.1 Temperature stability

Temperature variations may be induced by energy absorption during long MR measurements (De Deene and De
Wagter 2001), temperature differences between gel'centainers of different sizes (e.g. test vs. calibration container)
or within a large gel container. For temperature stability during MR scanning, the gels are inserted into a water-
flow phantom (e.g. 3D-printed, a censtruction file can be found in the supplementary material via
http://suppl.dkfz.de/E040_210305/Supplementaries_GelDosimetry.7z) attached to a water reservoir via a circulation
pump (e.g. refrigerated circulator,F6/C25; Thermo Haake GmbH, Karlsruhe, Germany) to maintain a temperature
stability within 0.1 °C. Approximately 2 A prior to MR scanning (Mann et al. 2017), the gel containers should be
inserted into the flow phantom with the temperature being adjusted to that of the scanner bore (e.g. 20 °C). The gel
containers should be fixed by dedicated (e.g. 3D printed) holders so that they do not move when the water flow is
operated. To reduce motion artifacts in the image caused by the continuous water flow, a contrast agent
(e.g. 4 mmol/l GADOVIST® (Bayer AG, Leverkusen, Germany) (Rohrer et al. 2005)) is substituted to the water
resulting in T, and T, relaxations timesy< 50 ms. To avoid temperature differences between test and calibration
containers, both container.typesdare imaged in the same scan. Temporal stability should be checked by acquiring a
calibration curve at'the beginning and at the end of the MR evaluation (see section Calibration in the documentary
of the of the provided gel evaluation plugin in MITK).

6.2 Magnetic/field inhomogeneities

To reduce dose,uncertainties resulting from magnetic field inhomogeneities of both the static field B, and the time-
dependent field By, the use of small test containers is recommended (Vandecasteele and De Deene 2013c).
Furthermorepa.manual B, shim should be applied prior to each measurement sequence.
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6.3 MR scanner and scanning parameters

Since final dose resolution depends on the signal-to-noise ratio (SNR) of the MR images (De Deene and Baldock
2002), which increases with the magnetic field strength of the MR scanner, the use of an MR scanner with higher
main field strength (e.g. 3 T) as well as a signal acquisition coil with as many receiver channels as possible'is of
advantage. Furthermore, the choice of imaging parameters is essential to acquire high-resolution images (down to
1 x 1 x 1 mm3 voxel size) with large SNR while minimizing the total measurement time. ldeallypa standard-Carr-
Purcell-Meiboom-Gill (CPMG) sequence (Meiboom and Gill 1958) with 32 equidistant echoes,is used, where the
repetition time (TR), echo time (TE) and voxel size (VS) are optimized for the type of irradiation performed: (i) TR
should be chosen to be long enough to avoid influences in the signal intensities from longitudinal, relaxation (T;),
e.g. TR > 3 s; (ii) T, of the PG decreases with higher radiation doses and hence, shorter TE should be selected.
Ideally, TE is chosen such that the signal intensity has decreased to 20 % of its initial value at\the last acquired
echo, e.g. TE = 22.5 ms. It is important that the signal of the last echo has not yet decreasedsto the noise level as
this would result in an inaccurate fit to determine R, = 1/T, values. Furthermore, nosbackground signal of the
contrast agent-enhanced water of the water-flow phantom should be present after the'third echo. If this cannot be
achieved, the concentration of the contrast agent has to be increased further; (i) finally;?"VS should be adjusted to
match the dose grid resolution of the treatment plan, e.g. VS = 1 x 1 x Lanm?3. The number of image slices is
adjusted to the irradiated PG volume, whereas the acquisition of a single transversal slice is sufficient for the
calibration containers. It is important to select identical acquisition parametersfor the calibration and test containers.
Additionally, a high-resolution (0.5 x 0.5 x 0.5 mm?3) 3D image of the test containers is acquired, e.g. by using a
standard true fast imaging sequence with steady state precession (TrueFISP) (Chavhan et al. 2008; Scheffler and
Hennig 2003), to allow the alignment of the measured dose distribution,with'the planning CT. A detailed list of all
sequence parameters at a diagnostic 3 T Magnetom Prisma™ MRI scanner (Siemens Healthineers, Erlangen,
Germany) can be found in the supplementary material via
http://suppl.dkfz.de/E040_210305/Supplementaries_GelDosimetry.7z.
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37 Figure 4: Schematic overview of the post-processingyworkflow for gel evaluation performed with the MITK plugin for evaluation being provided in the supplementary
38 materials. Steps performed using the image of the calibration containers, the treatment plan and the test container are marked in blue, orange and green, respectively.
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7. Post-processing

Post-processing of the acquired data for PG evaluation requires several steps that can be executed in a dedicated
plugin of the image processing platform MITK (Debus et al. 2019; Nolden et al. 2013). This plugin is provided for
interested users for free via https://www.mitk.org/wiki/MITK_Geldosimetry together with an example @ata set in the
supplementary material via http://suppl.dkfz.de/E040_210305/Supplementaries_GelDosimetry.7z. A ndetailed
description on the usage of the evaluation tool can be found in its documentary. The post-processing,workflow_is
summarized in figure 4.

7.1 Calibration

From calibration container measurements, the R,-dose calibration curve is established. Forthis, quantitative
R, = 1/T, values are calculated for each calibration container. After defining regions of.interest (ROI) in the
container images, the mean R, value of each container is determined by fitting a mono-exponential curve to 29 of
the 32 acquired MR images using a Levenberg-Marquard X?-minimization algorithmi{Marquardt 1963). Image 1 —
3 are excluded to minimize any influence of stimulated echoes on the fitting process,(Hennig 1991). The calibration
curve is then established by fitting the mean relaxation rates R, against the known doses; D, by a mono-exponential
function (Vandecasteele and De Deene 2013a):

R,(D) = Ry sat — ARze_aD, (1)
With R, .. corresponding to the saturation relaxation rate, AR, to the/range of R, and the fit coefficient a.

7.2 Test container and image filtering

After calculating a T, map of the PG-filled test container (section 7.1).an edge-conserving total variation filter is
applied (Rudin, Osher, and Fatemi 1992). The filter reduces the'noise level within regions of constant intensities
while preserving steep dose gradients.

7.3 Image registration

As irradiation and MR evaluation of the gel containers are generally performed in different phantoms, a spatial
alignment of the measured and planned dose distribution is required. This is done by a rigid co-registration of the
planning CT- and the high-resolution MR image. Using the three landmarks (e.g. Beekly markers, sections 4 and 6)
on the surface of the test container, the high-resolution' MR image is registered to the CT image using the MITK
registration algorithm RigidClosedForm3D, (a“paint-based closed-form solution approach to deduce the rigid
registration matrix). The generated registration is subsequently applied together with a b-Spline 3" order
interpolation algorithm to align the 7-, Ry- or.dose map of the gel evaluation volume with the planned dose of the
treatment plan.

7.4 Renormalization

Various factors during PG production (Vandecasteele and De Deene 2013a), storage and irradiation (Vandecasteele
and De Deene 2013b) or evaluation'may influence the gel response (De Deene and Vandecasteele 2013). Therefore,
a renormalization of the calibration“curve is usually performed, if absolute dose values are of interest. This
renormalization may use (i) the treatment plan or (ii) a reference measurement (e.g. with an IC or TLD). In general,
a renormalization is performed using either the known doses at two points in uniform low- and high-dose regions
(2-point-renormalization) or one known dose at a single point in the high-dose region (1-point-renormalization), if
no low-dose regionisipresent in the irradiated gel volume or if only a single reference measurement was performed
(Vandecastegle and De Deene 2013a).

7.4.1 2-point-renormalization. For a 2-point-renormalization, the mean R, values in a low- (R, ;) and a high-
(R32)rdoese ROI within the test container are determined. Known dose values (D1, D) are assigned to these R,
values based on (i) corresponding ROIs in the treatment plan or (ii) given reference measurements. Employing the
fit coefficient a of equation 1, R, ¢4+ and AR, are recalculated (Vandecasteele and De Deene 2013a):
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AR} = —227Re1 3)

e—aDz _o—aDq’

Using these recalculated instead of the original parameters in equation 1 leads to the renormalized R,-dose
calibration curve.

7.4.2 1-point-renormalization. If only a high-dose region is available for dose renormalization, the calibration
curve remains fixed at the R, value measured for 0 Gy (Tremblay et al. 2011). Following the procedure/in section
7.4.1, R, ¢q¢ and AR, are recalculated using:

Ré,sat = AR% + RZ,O (4’)
AR, = S50 )

With R, o = R, sqt — AR, being the intersection of the original calibration curve with«the y-axis. Replacing the
original by the recalculated parameters in equation 1 results in the renormalized calibration curve.

7.5 3D dose calculation

To receive the final dose distribution, the R, map of the test container is converted into a dose map using the
renormalized calibration curve created in section 7.4.

7.6 Gamma index analysis

To evaluate the measured dose distribution within the PG-filleditest container, a comparison with the treatment plan
is recommended. For quantitative evaluation of dose distribution‘differences a y-index analysis (Low et al. 1998)
is typically performed. In gel dosimetry, passing criteria of¥AD,, = 3 % and Ady = 3 mm for the y-index are
generally applied. The y-index analysis can also be performed in MITK using the RTToolbox (Zhang et al. 2013).

8. Discussion

In this work, a detailed overview on the conduetion,of high quality PG experiments using PAGAT gel is presented
including gel production, treatment planning, irradiation, MRI evaluation and post-processing procedures. This
allows performing 3D dosimetry of complex‘dese distributions applied with different treatment techniques in a
highly standardized and reproducible/way without having prior experience in the field of gel dosimetry.
Furthermore, the free post-processing taol/offers an easy and accurate evaluation of the experiments.

PAGAT gel was chosen due to its,comparably low costs and low dose-rate dependence (De Deene et al. 2006).
However, a large variety of different'desimetry gels and corresponding protocols exist in literature (Baldock et al.
2010) that might also be suitabletoyperform 3D dosimetry depending on the specific application.

The presented workflow was,optimized to minimize uncertainties of the PG experiment that might occur during gel
production, irradiation and MR evaluation. However, remaining uncertainties during production may result from
small chemical variations“due to aniinhomogeneous mixing, remaining impurities in the gel or in the containers or
oxygen penetration effects/{De Deene and Jirasek 2015). During irradiation and storage it is usually not feasible to
perform a temperature contrel‘as done for the MR evaluation. Hence, temperature variations between test and
calibration containers may\lead to differences in the gel response and it is therefore advised to store all gel containers
of one experimentiin the same room and to use similar gel volumes for test and calibration containers. Furthermore,
variations in theidose rate and energy spectrum of the irradiation may lead to variations in the gel response and have
to be avoided (De Deene and Jirasek 2015). Applying the proposed MR evaluation protocol using a water-flow
phantom keeps,the 4emperature stable and to reduces the uncertainties of the MR evaluation to a minimum.
Hewever, small remaining temperature variations as well as By- and B, - field inhomogeneities and other scanner-
related error’sources may have an influence on the gel response (Vandecasteele and De Deene 2013c). While a
general uncertainty analysis in PG dosimetry can be found elsewhere (De Deene and Jirasek 2015; De Deene and
Vandecasteele 2013; Mann 2017), a similar overall uncertainty of < 4 % has been found applying the presented
PG workflow (Mann et al. 2019).
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Although PAGAT gel can be produced under atmospheric conditions, its handling is still challenging as is it strongly
reactive with oxygen and other contaminations (De Deene et al. 2006). This limits the choice of suitable container
materials. Furthermore, a PG experiment is time-consuming (approximately one week for a single experiment).and
requires a well-equipped laboratory and access to an MRI device for gel evaluation. Therefore, PG experiments as
described in this work might not be feasible for daily or weekly QA procedures in clinical routine. However, they
optimally complement the process of commissioning new treatment devices, end-to-end testing of new treatment
workflows prior to clinical implementation and repeated QA-tests on an intermediate- or long-term time scale
(Baldock, Karger, and Zaidi 2020).

9. Conclusion

In this work, instructions for 3D gel dosimetry experiments using PAGAT gel are presented in such detail that
especially inexperienced users have all necessary information to establish highly accurate measurements. All
relevant steps and technical details from gel production to evaluation are explained’and supplementary material is
provided including a detailed list of ingredients, the required lab equipment as welliasi@ post-processing tool.
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33 Abstract

gg Quality assurance in magnetic resonance (MR)-guided™ radiotherapy (RT) lacks
36 anthropomorphic phantoms that represent tissue-equivalentiimaging contrast in both computed
37 tomography (CT) and MR imaging. In thisistudy, we developed phantom materials with
38 individually adjustable CT value as well as T; - and T, -relaxation times in MR imaging at three
39 different magnetic field strengths. Additionally, theirexperimental stopping power ratio (SPR)
40 for carbon ions was compared with predictions based on single- and dual-energy CT.

41 Ni-DTPA doped agarose gels were used for individualadjustment of T, and T, at 0.35, 1.5 and
42 3.0T. The CT value was varied by @adding potassium chloride (KCI). By multiple linear
43 regression, equations for the determination of agarose, Ni-DTPA and KCI concentrations for
44 given Ty, T, and CT values were derived and:employed to produce nine specific soft tissue
45 samples. Experimental T;, T, and CT values, of these soft tissue samples were compared with
46 predictions and additionally, carbon ien SPR obtained by range measurements were compared
47 with predictions based on single- and dual-energy CT.

48 The measured CT value, T, and.T, of the produced soft tissue samples agreed very well with
49 predictions based on the derived equations with mean deviations of less than 3.5 %. While
50 single-energy CT overestimates the measured SPR of the soft tissue samples, the dual-energy
51 CT-based predictions,showed a.mean SPR deviation of only (0.2 + 0.3) %.

32 To conclude, anthropomorphic phantom materials with independently adjustable CT values as
gi well as T; and T relaxation times at three different magnetic field strengths were developed.
55 The derivedrequations._describe the material specific relaxation times and the CT value in
56 dependence on agarose, Ni-DTPA and KCI concentrations as well as the chemical composition
57 of the materials based on given Ty, T, and CT value. Dual-energy CT allows accurate prediction
58 of the carbon‘ionrange in these materials.

Zg Keywords: phantom materials, magnetic resonance imaging (MRI) and Computed tomography (CT) contrast, MR-guided

radiotherapy (MRgRT), end-to-end tests, quality assurance
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1. Introduction

Modern radiotherapy (RT) systems used in clinical practice usually combine a treatment beam, consisting of
photons or ions, with an imaging modality, e.g. X-rays (computed tomography (CT), fluoroscopy and«cone beam
CT) or magnetic resonance (MR)-imaging. Especially hybrid MR-guided RT devices combining an MRI with a
linear accelerator (MR-Linac) for treatment with high energetic photons (MRgXT) became popular inthe lastyears.
This is especially due to the superior soft tissue contrast and the reduction of radiation dose to normal tissue allowing
for inter- and intrafractional motion management (Paganelli et al. 2018). However, the use ‘of MRI for online
adaptive irradiation procedures poses new demands on phantoms for quality assurance and,end-to-end tests that
reflect the complexity of real patient treatments.

Conventional phantoms as routinely used in radiotherapy are mostly optimized with respect to X-ray based imaging
at a Linac and are therefore mostly not visible in MRI due to the absence of liquids. Furthermore, tissue-equivalent
materials are usually optimized in terms of photon attenuation by adding substitutes of variable electron densities;
however, these materials typically do not show anthropomorphic imaging contrast in MRI. Therefore, phantoms
with a correct representation of anthropomorphic contrast in CT as well as in MRI are currently not available, but
are needed to validate MRgXT treatment strategies.

Various studies addressed the requirements of contrast materials that can be used in MRI as well as in RT. These
studies characterized potential phantom materials for their applicability in MRgXT,end-to-end tests by determining
their CT value and visibility in different MRI sequences (Steinmann et‘al»2018), characterized different materials
quantitatively in CT and MRI to simulate anthropomorphic image contrast inthe pelvic region (Niebuhr et al. 2016)
or in the general soft tissue range (Kim et al. 2020). Furthermore, anthropamorphic MRI phantom materials with
individually adjustable T; and T, relaxation times at a magnetic field of 1.5 T are available using Nickel- or
Gadolinium diethylenetriaminepentaacetic acid (Ni-, GD-DTPA) (Tofts et.al. 1993). Ideally, contrast parameters in
both imaging modalities (X-ray and MRI) should be individually. adjustatﬂe. This issue was already addressed in a
recently published study that introduces phantom materials with individually adjusted CT- and MR contrastat 3.0 T
using carrageenan-based gels doped with gadolinium, agarose, glass microspheres and calcium carbonate (Singhrao
et al. 2020a; Singhrao et al. 2020b) which are based on‘Hattori.and Yoshimura (Hattori et al. 2013; Yoshimura et
al. 2003). However, MRI contrast parameters (Typand T, relaxation times) depend on the magnetic field strength B,
and the presented fit-models can therefore not be transferred:to other field strengths. To our knowledge no individual
adjustment of both CT value and T; and T, relaxation times at different magnetic field strengths has yet been
published. All field strengths that are potentially included in the MR-guided treatment process (e.g. pre-RT at a
diagnostic MRI and online imaging at the MR-=Linac for daily plan adaption) should be included in the development
of new phantom materials. In principle, itis desirable to use such materials also in phantoms for end-to-end tests in
recently proposed MR-guided ion therapy (MRgIT) treatments (Hoffmann et al. 2020; Oborn et al. 2017;
Raaymakers, Raaijmakers, and Lagendijk 2008). Due to the different interaction processes of X-rays and ions,
however, the ion range in these materials has to be verified and in the optimal case tissue-equivalence may be
obtained in terms of the stopping powerratio (SPR).

In this study, we first improved a previously developed method (Tofts et al. 1993) to produce phantom materials
with individually adjustable T;- and T5= relaxation rates using Ni-DTPA-doped agarose gels and present equations
to obtain tissue-equivalent material with predefined T;- and T,-relaxation times at three different field strengths
(0.35, 1.5 and 3 T) as.well as. the not necessarily tissue-equivalent CT-value of these materials. In a second step,
we extended the method to independently adjust the CT value of the gels by adding potassium chloride (KCI) and
equations are derived todetermine the concentrations of agarose, Ni-DTPA and KCI to achieve a specific soft tissue
contrast in bothimaging modalities. Finally, we produced a set of nine specific soft tissues (kidney medulla, kidney
cortex, prostate, spleen,@rey matter, white matter, muscle, liver and pancreas) with adjusted T; -, T,- and CT-values
and validated these valuges by quantitative MR and CT measurements. In addition, carbon (*2C) ion range predictions
based on single- and dual-energy CT were compared with measurements of the stopping power ratio (SPR).
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2. Materials and Methods

2.1 Contrast Materials

It has been shown that the contrast of Ni-DTPA doped agarose gel may be individually adjusted to given T;- and
T,- relaxation times in MRI by selecting appropriate Ni-DTPA and agarose concentrations (Tofts et al..z1993). Here,
Ni-DTPA is mainly responsible for a reduction in T; while an increasing agarose concentration mainly decreases T, .
In our study, Ni-DTPA was produced in-house following the same method (Tofts et al. 1993)4and was chosen as
guantitative T; values show a reduced temperature and B, dependence as compared to other frequently used contrast
materials that are based on Copper, Manganese or Gadolinium (Tofts et al. 1993). Additionally, potassiumhloride
(KCI) was added to increase CT values. In total, three sets of phantom material samples were produced: (a) Ni-
DTPA doped agarose gels without the addition of KCI used solely for MR contrast_adjustment (termed as MR
contrast calibration), (b) Ni-DTPA- and KCI-doped agarose gels for a combined adjustment of MR and CT contrast
(termed as MR/CT contrast calibration), and (c) adjustment of Ni-DTPA, KCI and agarose concentrations to obtain
specific tissue contrasts based on results found in (a) and (b) (termed as tissue-specific\samples using the MR/CT
contrast calibration). The separate MR contrast calibration (a) was performed to allow application of the method
also for MR-only users who are not interested in reproducing also tissue-specific CT-values.

For gel preparation, agarose (Agarose HEEO Ultra-Quality, Carl Roth GmbH& Co.’KG, Karlsruhe, Germany), in-
house prepared Ni-DTPA and, if required, KCI (= 99,5 %, Carl Roth GmbH & Co. KG, Karlsruhe, Germany) were
solved in water (HPLC Gradient grade) and heated under continuous stirring tox(75 — 80)°C. After filling test tubes,
gels were stored for at least 4 h in the refrigerator for hardening. As gel containers for MR and CT measurements,
plastic conical centrifuge tubes (50 ml, diameter: 28 m, Falcon™, Thermo Fisher Scientific Inc., Waltham, USA)
were used (experiments | and I1), whereas the stopping powersatios(SPR) of the material relative to water for ion
beams were measured in single 3D printed containers consisting of 14 seﬂally aligned cuboidal subvolumes (inner
volume: 15 X 17.8 x 17.8 mm?3) described in (Méhler et al. 2018) (experiment 111).

Table 1 displays the chemical compositions of the samples.used forthe MR (a) and MR/CT (b) contrast calibration.
The range of Ni-DTPA and agarose concentrations is based an,the concentrations in (Tofts et al. 1993). However,
this range was extended in this study to achieve a greater variability in T; and T,. The KCI concentration was
increased up to its solubility. The MR/CT-calibration was:then used to produce 9 specific soft tissue contrasts (c)
with relaxation times optimized to match literature values at 1.5 T given in (de Bazelaire et al. 2004) and (Bottomley
et al. 1984) and CT values in (Schneider, Bortfeld, and Schlegel 2000).

Filled centrifuge tubes were well sealed by-means of superglue, sealing tube and gluing tubes and stored at room-
temperature for long-term stability measurements after the main experiments have been performed.

N
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Tab. 1. Chemical composition of the produced samples. Agarose concentration ([Ag]) is.given in mass percent (%)?, Ni-DTPA ([Ni]) in mM® and KCI ([KC1]) in mass permille (%o)°.

a) MR contrast calibration

AgNi-1 AgNi-2 AgNi-3 AgNi-4 AgNi-6 AgNi-7 AgNi-8 AgNi-9 AgNi-10 AgNi-11 AgNi-12 AgNi-13 AgNi-14
[Ag] 1.0 2.0 15 4.4 2.0 1.0 0.5 3.0 35 1.0 3.0 5.0 0.5
[Ni] 2 2 4 6 8 8 10 10 15 20 25 35 35
b) MR/CT contrast calibration .
KCI-1 KCI -2 KCI -3 KCI -4 KCI-5 KCI -6 KClI -7 KCI -8 KCI -9 KCI -10 KCI -11 KCI -12
[4g] 1.0 35 2.5 0.5 2.0 3.0 5.0 1.5 4.0 15 3.0 1.0
[Ni] 6 4 2 6 20 8 10 15 4 6 4 10
[KCI] 5 5 10 10 15 15 20 20 25 25 30 30
KCI-13 KCI-14 KCI -15 KCI -16 KCI -17 KCI -18 KCI -19 KCI -20 KCI-21 KCI -22
[Ag] 2.5 15 4.5 0.5 2.0 1.0 3.0 2.5 35 2.0
[Ni] 12 6 2 4 4 2 8 10 4
[KCI 35 35 40 45 50 60 100 140 260
c) tissue-specific samples using thedMR/CT contrast calibration at 1.5 T
Kidney medulla Kidney cortex Prostate Spleen Grey matter White matter Muscle Liver Pancreas
[Ag] 1.79 1690 N 1.70 1.90 145 1.54 5.29 3.04 3.02
[Ni] 3.03 6.20 3.56 5.26 6.82 8.45 5.38 11.78 11.82
[KCI] 19.7 16,5 12.7 25.1 14.3 7.9 7.4 12.3 0.0

%relative to water
Prelative to the agarose solution
‘relative to the agarosé/Ni-DTPA solution
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2.2 Experiments

Using the different samples, three different experiments were performed:

I.  CT measurements: Single-energy CT (SECT) measurements were performed on a clinical Somatom
Confidence RT Pro scanner (Siemens Healthineers, Erlangen, Germany) at a tube voltage of 120 kV to
assess the x-ray attenuation (CT values). For realistic beam hardening conditions, samples in,centrifuge
tubes were placed in a water-filled phantom (diameter: 12 cm) (Mann et al. 2017).. The 3D printed
containers used for SPR measurements were placed at the center of a cylindrical PMMA cylinder (diameter:
16 cm). Additionally, dual-energy CT (DECT) measurements of the 3D printed containers were acquired
on a Somatom Definition Flash (Siemens Healthineers, Erlangen, Germany) at anvoltage pair of
80/Sn 140 kV (Sn: with additional tin filtration) to determine the electron density relative to water (5,)
and the effective atomic number (Z,;f) of the phantom materials. All images:were reconstructed with the
D34s reconstruction kernel on a cubic grid of 1.0 mm edge length. To investigate the long-term stability
of the developed materials SECT measurements of the specific soft_tissue. samples (table 1c¢) in the
centrifuge tubes were repeated after 5 months. ~

II. MRl measurements:  Quantitative T; - and T, measurements were_carried out at (i) a clinical 0.35 T MR-
Linac (MRIdian Linac, Viewray Inc., Oakwood, USA), (ii) a diagnostie,1.5 T-(Magnetom Aera) and (iii) a
diagnostic 3 T MRI (Magnetom Prisma'™) (Siemens Healthineers, Erlangen, Germany). For (i), a surface
flex coil with 12 channels was used whereas measurements for (i) and (iii) were carried out with a 20- and
64-channel head/neck coil, respectively. For quantitative T4 measurement, a saturation recovery sequence
was applied using at least 32 inversion times. For T, i/measurement; either a set of 5 turbo-spin echo
sequences with 3 equidistant echoes for (i) or a multi-spin.echo.sequence with 32 equidistant echoes (ii and
iii) was used. To keep the temperature constant within +0.5 °C during MRI acquisitions for (ii) and (iii),
the samples were put into a water-flow phantom with'T = 20.0 °C (Mann et al. 2017). At 0.35 T, samples
were measured at room temperature of T = 20.8 °C, Since‘sample temperature is not expected to rise
significantly during measurements at such a low.field.strength. To investigate the long-term stability of the
developed materials T; and T, of the specific softitissue 'samples (table 1c) were re-acquired at 1.5 T after
5 months.

I1l.  SPR measurements: lon ranges, defined.as the 80 % isodose at the distal fall-off of the Bragg-peak,
were measured at the Heidelbergilon Beam Therapy Center (HIT, Germany) using a 200.28 MeV /u carbon
(*2C) ion pencil beam with a nominal full width at half maximum (FWHM) of 5.1 mm. For this, the
PeakFinder (PTW, Freiburg, Germany) was employed with a step size of 0.1 mm as described previously
(Médhler et al. 2018). For this, the cubic subvolumes of the 3D printed containers used were filled with the
9 specific soft tissue samples; three additional subvolumes were water-filled and two remained air-filled.
The experimental SPR was then/alculated from the measured ranges for each sample according to

Ta—Ts
SPR = 25 €Y

Ta=Tw

with the indices a, wyand s referring to air, water and the sample, respectively.

2.3 Evaluation

SECT values were evaluated as the mean of a circular region of interest (ROI) placed to the center of the sample
using the image processing platformyMITK (Nolden et al. 2013). The respective stopping power ratios (SPRSECT)
were then determined from the Hounsfield look-up table (HLUT, (Schneider, Pedroni, and Lomax 1996)) clinically
implemented at HIT. DECT images were evaluated in the image processing software syngo.via (Siemens
Healthineers, Erlangen, Germany) and p, and Z,r were calculated using the syngo.CT DE Rho/Z application
(Htinemohr etal. 2014) based on a circular ROI at the center of the sample. The stopping power was then determined
according to the parametrization give n in (Hiinemohr et al. 2014):

~ 12.77—(a-Zeff+b)
SPRpgct = Pe T gas

(2)
With
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a = 0.125,b = 3.378 for Z,;; < 8.5 5
a = 0.098,b = 3.376 for Z ;s > 8.5. )

MR data was processed using an in-house developed Matlab (The Mathworks Inc., Natick, USA) evaluation tool
(Mann et al. 2017) and mono-exponential fits performed to determine T; and T, respectively.

For the MR contrast calibration, a multi-linear regression (MLR) using the linear least square methodwas performed
to describe the measured T, T, and CT values as a function of the material concentrations listed in Tab. 1a:

x = ay + by[Ag] + c[Ni], 4)
with x standing for Ti or Ti or CT value, a,, b,, and c, being the fit parameters that depend on the magnetic field
1 2

strength B, respectively, and with the concentrations of agarose [Ag] in mass percent'(%) relative to water and
Ni-DTPA [Ni] in mM relative to the agarose solution. It needs to be kept in mind that*for this.calibration method
CT values refer to the intrinsic attenuation of the contrast materials as no KCI was added. In the same way, a multi-
linear system may be used to describe the concentrations [Ag] and [Ni] as a function of T; and T:
1 1 ~

YB, = €y +fy T, + gy T, (5)
with yg  standing for [Ag] or [Ni] and the fit parameters e,, f,, and g,, depending,onBg. Repeating this for all three
field strengths B,. In total, this leads to 7 equations predicting the contrast parameters (7; and T, for 0.35T,
1.5 T and 3.0 T plus the CT contrast, Eg. 4) and 6 equations for the determination of the concentrations ([Ag] and
[Ni]at0.35T,1.5T and 3.0 T, Eq. 5).
For the combined MR/CT contrast calibration, the above method Wwas extended by the adding KCI to modify the CT
value of the contrast materials. Using the samples listed in Tab. 1a.and:1b together, the parameters a,, by, c, and
d, of the linear system of equations were fitted: v

x = ay + b [Ag] Ac,[Ni] +d,[KCI], (6)
again, with x standing for Tl Tl or the CT value. Eq. 6 additionally includes the concentration of KCI, [KCI], in
1 2

mass permille (%o) being added to the agarese/Ni-DTPA-solution. In the same way as for the MR contrast
calibration, equations for [Ag], [Ni] and [KCl] were derived as a function of the measured T;, T, and CT values:

1 1
VB, Fey fyT_ Tyt hyCT, @)
1 2
with yp standing for [Ag], [Ni] or [KCl].andthe additional fit parameter h. Repeating this fitting procedure for all
three field strengths B,. In total, this leads to 7 equations predicting the contrast parameters (T; and T, at 0.35 T,

1.5T and 3.0 T plus the CT contrast; Eg. 6)/and 9 equations for the determination of the concentrations
([Ag], [Ni]and [KCl] at0.35T, 1.5T and 3.0.T, Eq. 7).

3. Results

3.1 MR contrast calibration

Measured T;, T, and CTavalues of the MR contrast calibration samples in Tab. 1a are listed in Tab. 2a. T; values
cover a range of 226mms — 1665/ms (331 ms — 1769 ms, 165 ms — 1868 ms) and T, values from 27 ms —
239 ms (29 ms — 283 ms,30ms — 241 ms) at 1.5 T (0.35 T, 3 T). Without modifying the CT value by adding
KCI, CT values in the range of (8 —74) HU were found. The resulting fit parameters of Eqg. 4 and 5 are listed in
Tab. 3a. A software tool torconvert T;- and T,- values into agarose and Ni-DTPA concentrations and vice versa is
provided via this link: http://suppl.dkfz.de/AE/ParameterCalculation.7z.
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1 Tab. 2. Measurement results of contrast calibration. T; and T, times are given in ms, CT values'in Hounsfield units (HU).

w a) MR contrast calibration

4 AgNi-1 AgNi-2 AgNi-3 AgNi-4 AgNi-5 AgNi-6 AgNi-7 AgNi-8 AgNi-9  AgNi-10 AgNi-11  AgNi-12  AgNi-13 AgNi-14
5 T, 1769+ 9 1519+ 8 1359 + 4 909 + 4 1066 +3 989+ 5 1073+ 6 1059 + 8 735+ 4 567 +2 553 + 2 41842 33142 363+ 1
6 0357 T, 155+ 5 86 +2 104+ 2 33+2 58 +2 79+3 136+ 3 28317 47 +2 40 2 140 + 8 46 £ 2 2942 188 + 4
7 15T T, 1665+ 5 1566 + 4 1197 £ 2 850 + 2 900 + 2 Nmowm 821+2 765+ 8 672+ 1 485+ 1 414 42 317+ 1 226+ 1 253 +4
8 ’ T, 151+ 4 81+1 10142 32+1 54 #1 76+ 2 130 +3 239+ 6 45+1 39+1 11943 43+1 27+1 143 +3
wo - T, 1868+20 173449 1241+ 7 84441 877+ 2 73442 761+ 4 691+7 591+1 392+1 329+ 2 254+ 1 165+ 1 216 +2
11 T, 163 + 4 88+1 106 + 1 35+1 5941 80+1 13542 24142 49+1 42+1 119+ 3 45+ 1 30+1 128 +1
12 CT value 8+3 11+3 13+3 24+3 19+ 3 20+3 17+3 18+3 25+3 36 +4 36 +4 50 +3 74 +3 59 +3
13 b) MR/CT contrast calibration

“M KCI-1 KCI -2 KCI -3 KCI'-4 KCI -5 KCI -6 KCI -7 KCI -8 KCI -9 KCI -10 KCI -11 KCI -12
16 035 T T, 1210+ 7 103146 142147 1305+ 8 575+ 4 836 + 4 72245 733+ 4 1007 + 7 1108 + 4 1155+ 4 887 + 3
17 T, 145+ 7 42+2 64+2 21947 7545 50+2 3242 10045 39+2 119+ 4 45+1 140 £5
18 T, 975+ 3 1031+ 4 1581+ 2 998 + 3 420+ 1 812+1 656 + 1 523+1 1066 + 3 984 + 3 1097 + 4 703 + 2
19 LT T, 159 + 4 40+1 63+ 1 266 +9 67 +1 46+1 30+2 93+2 37+1 110 +2 46+1 128 £ 3
20 T, 1066 + 11 1106 + 5 1460+ 4 978+ 8 375+ 3 723 + 2 589 + 1 502 + 2 1161+ 6 958+ 5 1210+ 7 646 + 4
ww 3T T, 172+ 4 45+ 1 69 1 270+ 9 71+1 52+1 34+2 98 + 2 4341 118+ 2 51+1 133+3
23 CT value 2344 27 £.4 2943 29+ 4 64 + 4 48+ 4 66 + 4 63+ 4 62+ 4 57+ 4 67 +3 70 + 4
24 KCI-13 KCI -14 KCI -15 KCI -16 KCI -17 KCI -18 KCI -19 KCI -20 KCI -21 KCI -22
25 T, 707 + 4 1179+.6 1221+6 1106 £ 5 1324+ 7 1480 + 8 1393+ 7 877 + 4 769 + 5 1453 + 14
26 0351 T, 61+3 168+ 9 3942 311+13 88+ 4 170 +5 5342 5942 60+3 147 + 6
27 T, 629 + 1 991+ 3 1332+ 6 876 +4 1302+ 3 1313+ 4 1552+ 4 828 + 2 699 + 2 1242+ 4
ww 15T T, 57 £1 159 + 3 38+1 296 +3 91+2 181+ 4 53+1 56+ 1 56+ 1 185+ 4
30 3T T, 520+ 1 8931t 5 1527+ 6 776 + 6 1347 + 10 1156+ 5 1470+ 5 638 + 3 53144 861+9
31 T, 62,41 166 + 4 43+1 294 +2 9% +1 195 + 4 58+ 1 62+2 63+2 205+8
32 CT value 86+3 7143 7945 78 + 4 84 + 4 91+ 4 110 + 4 170 + 4 219+ 4 354 +4
33

34

35

36

37

38

39

40

41

42 7

43

44

45
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Tab. 3. Resulting fit parameters of Eq. 4-7 based on measured data in Tab.2.given together with the respective standard error and the adjusted R? (RZ,;) value.
a) MR contrast calibration
b, [ms~1%™1] ¢, [ms~imM~1] 2 fy [% ms] gy [% ms] 2
X -1 HU * * RZ% 4: e, [%] or [mM y Y R%:
@y [ms™] or [HU] or [HU %™1] or [HU mM ] adj y y [%] or [mM] or [mM ms] or [mM ms] adj
035 T T;! (331.1+41.6) x 107¢ (90.5 + 14.7) x 1076 (67.5 + H.80x 1076 0.991 035T (0.139 4 0.069) (—143.1 +43.0) (149.0 £+ 3.5) 0.994
. T;1  (-529.1+442.0)x 1070 (67649 + 156.1) X10~° (64.2 + 19.7) x 1076 0994 | [Ag] 15T (0.120 £ 0.066) (—134.7 + 28.3) (143.3 £ 3.4) 0.994
LT T;! (254.0 + 29.0) x 1076 (80.1+10.3) x 107 (105.6 + 1.3) x 107¢ 0.998 3T (—0.011 4 0.080) (—126.8 + 26.6) (164.3 + 4.9) 0.990
. T,  (—541.7+4348)x 107  (7009.4 + 153.6) x 1075 (102.1 + 19.4) x 1076 0.994 035T (—4.936 + 0.64) (14895.0 + 396.9) (—199.8 + 32.3) 0.992
a7 T{! (904 +1083)x 1076 (166.3 +38:2) x 1076 (141.9+ 4.8) x 1076 0987 | [Ni] 15T (—2.496 + 0.312) (9551.4 + 133.1) (-106.2 + 15.7) 0.998
T;! (23.0 + 419.6) x 107¢ (6149.5 + 148:2) x 1076 (1183 +18.7) x 1076 0.993 3T (0.649 £ 0.822) (7071.8 £ 275.0) (—175.0 £ 50.3) 0.983
CT value (0.686 + 0.466) (3.180 + 0.165) (1.611 £ 0.021) 0.998
b) MR/CT contrast calibration
% ms], % ms], h,[% HU™1],
X a, [ms™] b, [ms™1%"] Cxms™'mM™]  d, [msT'%o07!] R2 y e, [%], [mM] Wmsosa_oq mmwsosa_% ?wwsom:-:_oq R2
or [HU or [HU-%72 or [HU mM ™1 or [HU %o~ ! adj 9 adj
[HU] (AU %I _ ] [HU %] or [%o] [%0 ms] [%o ms] [%0 HU1]
T;! awm..\ww 24.8) Gm.w.w 1) am.m.w 13) Top.m +021) 0.989 0.35T (0.10940.074) (—186.6+49.8) (149.9 £ 3.3) G.S.Nw £ 0411) 0.984
035 T AxS o) AxMo v AxS v VME v Mﬁo v
: _1  (~162.2+435.1 6645.0 + 14147 61.9+22.4 —-18.6 + 3.7 3 2.426 + 0.441
T; 106 106  10-6 o 10-6 0985 | [Ag] 15T (0142£0074) (-181.4£340)  (1419%33) 7 "5 0.982
3T  (0.010+0.072) (—173.4+265)  (163.6+3.9) mwoo.w 10455 981
_1 (286.8 + 23.8) (61.0 + 7.8) (105.0 + 1.2) (~0.29 £ 0.20) 3 (15084.0 B (-1.17 £ 2.17)
51 T % 10-6 X 10-6  10-6 o 10-6 0.996 0.35T (—4.989 +0.388) T 1633) (-2103£17.5) 1o 0.990
. _1  (=505.84471.5)n.  (6951.9 + 153.6) (112.8 +£24.3) (—23.8 £ 4.0) , 3 (9559.5 | (0.797 + 1.476) )
T, % 10-6 105 % 10-6 % 10-5 0.984 | [Ni] 15T (-2.79440.247) T 114.0) (-81.72£10.99) ;7,3 0.995
(71016 B (=9.01 £ 3.32)
3T  (0.243+0.529) +193.4) (-11124286) 15 0.976
1 (—12.5 + 71:8) (106.0 + 23.4) (141.6 +3.7) (137 £0.61) (~15721.0 B
- T  10-6 < 10-6 % 10-6 < 10-¢ 0.978 0.35T (0.789 + 1.852) T 1255.9) (-157.0 +83.5)  (0.736+0.010)  0.993
1 (0.9 + 412,9) (6057.7 £ 134.5) (131.2+21.3) (-22.6 + 3 (-96943+
T, %106 % 10-6 % 10-6 3.5) x 10-¢ 0984 | [KCl] 15T (-1.724+1.769) 817.4) (—279.9+788) (0.733+0.011)  0.993
CT value (6449 + 2.205) (3.310 + 0.718) (1.441 + 0.113) (1.344 + 0.019) 0.993 3T  (—4.664+1.788) mﬂmﬂ%wuw.vu (—-304.3+96.6) (0.742+0.011)  0.992
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3.2 MR/CT contrast calibration

T;, T, and CT values measured for the combined MR/CT contrast calibration samples in Tab. 1a and 1b are listed
in Tab. 2b. Here, T; values range from 420 ms — 1581 ms (575 ms — 1480 ms, 375 ms — 1470ms) and T,
values from 30 ms — 296 ms (32 ms — 311ms,34ms —294ms) at 1.5T (0.35T,3T). CT values up to
(354 + 4) HU were achieved. The resulting fit parameters of Eg. 6 and 7 are given in Tab. 3b. A software.tool to
convert T; -, T»,- and CT values into agarose, Ni-DTPA and KCI concentrations and viceversa is provided via this
link: http://suppl.dkfz.de/AE/ParameterCalculation.7z.

3.3 Specific soft tissues

MRI and CT measurement results of the specific soft tissue samples (Tab. 1c) are listed in Tab. 4 together with
predicted values (Eq. 6 and 7). Deviations between predicted and measured contrast parameters averaged over all
samples were (1.6 +1.4) % for the CT value, (—1.7 +3.3) % ((0.3 £ 3.6):%,(1.6 +4.6) %) for T; and
(34+1.9)% ((1.7 £ 3.6) %, (3.0 + 2.1) %) for T,, respectively, at 1.5T (0.35 T4:3:0.T). Fig. 1 visualizes the
MRI and CT contrast and the distribution of the contrast parameters T;, T,.andithe CT walue for 7 representative
soft tissue samples. Tab. 5 displays results of the SECT and DECT measurements together with the predicted and
measured SPR. While SPRSECT deviates significantly from the experimental SPR by a mean of (—2.3 + 0.4) %,
SPRPECT js in good agreement with the experimental SPR with a mean error.of (0.2 + 0.3) %.

Long-term stability measurements of the specific soft-tissue samples resulted in‘mean deviations of all samples of
(=0.8+1.6) %, (—0.2 £ 1.5) % and (—5.2 + 1.1) % for the CT value, T, and T,, were found after 5 months,
respectively.

4
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Tab. 4. MRI and CT contrast parameters determined for specific soft tissue samples compared with predicted values. T, and T, times are given in ms and CT values in Hounsfield units (HU).
Predicted values were calculated using Eq. 6 and fit parameters given in Tab. 3b. Differences between measured and predicted values (AT;, AT,, ACT) are given in per cent (%), respectively.

035T

15T

3T

CT
ﬁ.ﬂ.ﬁﬁ@&
ACT

T,
d
N-NHS\.&
AT,
T,
pred
N;N
AT,
T,
d
N-NHS\.N
AT,
T,
d
N-WQ.N
AT,
T,

pred
N.H

AT,
T,
.Hs.m&

2

AT,

Kidney medulla

1448 + 8
1428 £ 60
1.4
85 +2
87 +4
-2.3
1373 +£3
1412 £ 56
-2.8
87 £2
85+ 4
2.4
1634+ 16
1580 + 211
3.4
97 £2
93+6
4.3
44+ 4
43 £3
2.3

Kidney cortex

1121+ 6
1108 £ 36
1.4
87 +£3
90 +4
-3.3
916 + 3
965 + 26
=5.1
88 £1
87+ 4
ﬁ
927 5
937 £75
-1.1
94 +1
94+6
0.0
44 +3
4313
2.3

Prostate
1383 +5
1372 £ 54

0.8

86 + 2

90+ 4

—-4.4
1243+ 3
1314 + 48

~5.4

91+2
88+4
3.4
1458 +£ 13
1450 + 176
0.6
99 +2
9516
4.2
34+4
3443
0.0

Spleen
1178 +£5
41166 + 41
1.0
8214
81+t4
1.1
1004 +3
1056 + 32
—4.9
83+1
79+ 4
5.1
993 +8
1033 + 94
-39
89+1
86+5
35
55+3
54 +3
1.9

Grey matter
105145
1085 + 34
-3.1
110+ 5
104 +£5
5.8
882+ 2
920 +23
—4.1
107 £ 2
100+ 5
7.0
869+ 5
888 + 66
-2.1
112+ 2
107 +7
4.7
4144
40+3
2.5

White matter

907 £ 6
962 + 28
=57
101+7
96+ 5
5.2
80142
790 + 18
1.4
97 +2
915
6.6
705+5
737 + 47
—4.3
104+ 2
98+ 6
6.1
35+4
3413
2.9

Muscle
797 £ 4
846 + 36

-5.8

30+2
28+1

7.1
857 +2
853 +35

0.5

29+3
2741

7.4
907 + 3
758 +83

19.7

33+2
31+1

6.5

44 +3
42+ 4
4.8

Liver
764+ 5
714 + 20

7.0

50+3
49+2

2.0
609+ 1
586 +13

3.9

47+1
46 +2

2.2
532+2
501 + 28

6.2

51+1
51+2

0.0

50+ 4
50+3

0.0

Pancreas
770 £ 4
714 + 19

7.8
51+3
49+2

4.1

598+ 1
584 +12

2.4
46+1

46 +2

0.0

507 +1

505 + 28
0.4
51+1
51+2
0.0

3213

33+3

-3.0

10
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Tab. 5. Measurement results for SPR comparison of specific soft tissue samples. Single-energy CT-values (CT) in HU, electron densities relative to water (p,) , effective atomic numbers (Z, ;)
and carbon ion ranges (r;) in mm were measured for cubic 3D printed containers using the Peak-Finder system (Mohler et al. 2018). Predicted stopping power ratios using SECT (SPRSE¢T) and
DECT (SPRPECT) are given as well as the experimental stopping power ratio (SPR) calculated using Eq. 1 and mean ion ranges in water 7,, = (66.22 + 0.04) mm (N,, = 9) and air r, =
(84.00 + 0.01) mm (N, = 6). Values are given as mean + standard.dewviation over N samples produced. Note: The muscle tissue samples was excluded from ion range measurements and SPR

coONOUVT A~ WN =

predictions due to air bubbles in the sample. IS

Tissue (N)

Kidney medulla (2)

Kidney cortex (2)
Prostate (3)
Spleen (3)
Grey matter (3)
White matter (2)
Liver (2)
Pancreas (2)

CT
473109
475+ 0.4
377122
59.7+ 1.1
4351 0.6
375+ 1.5
552+14
33.5+0.7

NwN
1.0293 £0.0009
1.0252 £ 0.0002
1.0243 £ 0.0013
1.0283 + 0.0015
1.0248 £0.0013
1.0237 £ 0.0008
1.0313 £ 0.0015
1.0256,+ 0.0009

Zesf
8.03 +0.02
8.02 +0.03
7.81 4 0.03
8.17 + 0.04
8.00 + 0.01
7.84 + 0.01
8.02 + 0.03
7.63 4 0.03

ﬁ.h
65.86 £ 0.00
65.86 £ 0.03
65.91 + 0.01
65.83 £ 0.03
65.90 + 0.02
65.95 + 0.01
65.86 + 0.08
65.95 + 0.07

hﬁthnﬂ
1.0449 + 0.0008
1.0451 £ 0.0005
1.0358 £ 0.0020
1.0567 + 0.0010
1.0413 + 0.0006
1.0356 + 0.0014
1.0524 + 0.0014
1.0318 + 0.0007

hﬁzumaﬂ
1.0221 £ 0.0008
1.0182 £ 0.0000
1.0205 £ 0.0016
1.0191 £+ 0.0022
1.0181 + 0.0013
1.0194 + 0.0006
1.0242 + 0.0019
1.0246 £ 0.0005

SPR
1.0203 + 0.0000
1.0203 + 0.0017
1.0174 + 0.0004
1.0221 £ 0.0018
1.0182 + 0.0010
1.0155 £ 0.0003
1.0205 + 0.0042
1.0155 £ 0.0037

11
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4, Discussion

In this study, radiologically soft tissue equivalent phantom materials with individually adjusted CT nalues as well
as T; and T, relaxation times were developed for three different MRI scanners with varying field. strength
(0.35,1.5 and 3 T) using Ni-DTPA- and KCI-doped agarose gels.

A similar study using different materials has been published just recently (Singhrao et al. 2020a). Singhrao et al.
used carrageenan-based phantom materials doped with a gadolinium-based MRI contrast agent (Gadofosveset),
agarose, glass microspheres and calcium carbonate. The fitting procedure to determine CT-,/; - and T, values was
similar as in our study and was also validated by specific tissue samples. However, although:the MR eontrast
properties of the carrageenan-based materials were later quantified at three different field\strengths (Singhrao et al.
2020b), an adjustment can only be performed at 3.0 T, where the calibration was performed. In our study, the
calibration was performed at all three field strengths and individual fit models were/calculated.

A first calibration of T; and T, values was performed based on agarose and Ni-DTPA-concentrations without the
addition of KCI. Here, the CT value is dependent on the agarose and Ni-DTPA concentrations needed for a specific
T; and T,, and cannot be adjusted independently. Hence, a second calibration was performed with KCI being added
to the samples to additionally adjust also the CT values. This lead to a final set of.equations describing T;, T, and
CT values as a function of the agarose, Ni-DTPA and KCI concentration as well as equations describing the
concentrations as a function of T;, T, and CT values. The fit parameters (table4) of these functions represent the
influence of the three ingredients on the respective imaging parameter. The, latter equations were then used to
determine the concentrations of agarose, Ni-DTPA and KCI for a set of specific soft tissue samples, using literature
values of T;, T, and CT at 1.5 T (de Bazelaire et al. 2004; Bottomley e‘al. 1984; Schneider et al. 2000). These
samples were then produced and measured with MRI as well as with CT. The resulting Ty, T, and CT values were
validated against the predictions of the derived equations. In addition; ion range measurements were performed to
compare experimental SPR with predictions based on\SECT and DECT. It has to be noted that since the MR-
contrast of the specific tissue samples were optimized based on.T;- and T,-values in the literature determined at
1.5T, they provide true tissue-equivalent MR=contrast enly for this magnetic field strength. Nevertheless,
employing the specific T;- and T,-values for 1.5.T. for all"three magnetic field strengths allowed validating the
consistency of predicted and measured contrast parameters, which might be compromised by fit uncertainties or
problems in the specific tissue sample production or by uncertainties in the experimental determination of their
contrast parameters.

The calibration of Ni-DTPA doped agarose gels provides an improvement of a previously published method (Tofts
et al. 1993) using a simultaneous two-dimensional MLR instead of two separate one-dimensional linear regressions
with one concentration being fixed in each fit. This approach then was extended to a three-dimensional MLR for
the final calibration of agarose, Ni-DTPA; and KCI concentrations as a function of T,,T, and CT value. The
calibration approach presented could also be applied using different materials changing T;, T, and the CT value,
respectively. However, the adjustment of 7; and T, values is limited to the range of data used in the calibration to
assure calculated agarose:and Ni-DTPA concentrations are positive. Since some MLR parameters were found to be
negative, the insertion=of values' beyond the employed range could therefore lead to unphysical negative
concentrations. For @ wide applicability, contrast parameters from the literature of the most important soft tissues
were included in the contrast calibration procedure. A limitation, however, is that a high concentration of agarose,
such as for muscle ([Ag] =:5.29 %, T, < 35 ms) leads to a high viscosity of the gels and subsequently to problems
in gel production and container filling. In addition, the range of achievable CT values is limited by the maximum
solubility of IKCl in.water and the CT value of the employed agarose/Ni-DTPA mixture. In this study, CT values up
to (354 £ 4) HU were achieved, which is well covering literature values of soft tissues having positive CT values.
For a simulation of bony structures with higher CT values, materials based on dipotassium phosphate (K, HPO,)
and gypsum-astdescribed in (Niebuhr et al. 2016) may be used. The limitation with respect to higher CT values
results:from the water base of the gels. To simulate fatty tissues that typically have slightly negative CT values,
various fatty materials such as Vaseline or oils are recommended, as shown previously in (Niebuhr et al. 2016).

13
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Finally, for a lung equivalent material, petroleum jelly and Styrofoam based materials may be used as demonstrated
in (Steinmann et al. 2018).

All measured Ty, T, and CT values of the specific soft tissue samples (table 4) do not differ significantly from the
values predicted by Eq. 6 and 7 using the fit parameters given in Tab. 3b. This demonstrates the consistency of the
established contrast model with the contrasts of the specific soft tissue samples, which includes_the technical
reproducibility of production, imaging uncertainties and the uncertainties in the fit. Remaining deviations:between
measured and predicted values are within uncertainties resulting from the production and may beexplained by small
variations in agarose, Ni-DTPA and KCI concentrations as well as by uncertainties in the experimental
determination of T;, T, and CT value. However, T, values at 1.5 and 3.0 T were constantly a few ms higher than
predicted (mean: +2.7 ms (4+2.6 ms) at 1.5 T (3.0 T)). This systematic offset is most_likely not enly related to
above-mentioned uncertainties, but may also be caused by small temperature variations between the measurement
of the tissue and calibration samples, which may occur in spite of using the water flow phantom. In (Tofts et al.

1993), a T, temperature dependence of approximately —1.4 Oi; was found for Ni-DTPA doped agarose gels of

different concentrations, which would indicate an ~2 °C lower temperature in/the measurement of the soft tissue
samples than in the calibration vessels. However, regarding the measures taken for.temperature stability during MRI
measurements, this appears rather unlikely and we therefore assume an increased temperature dependence of our
gels due to the additional substitution of KCI. Although systematic, the deviations.are still in the order of only a
single standard deviation of the predicted T, values at 1.5 T and 3.0 T, respectively, and are therefore considered
as not being significant.

Measurements of CT-values and T; and T, relaxation times at 1.5 T of the specific soft tissue samples after 5 months
confirmed a long-term stability of the produced gels within a_wellacceptable range with a mean deviation of
(—0.8+1.6) %, (—0.2 +1.5) % and (—5.2 + 1.1) % with respect to thg first measurements of the CT-value, T,
and T, respectively. Slightly larger deviations in T, result most likely from small temperature deviations between
the measurements. In this study, only small gel yolumes (up.to 50 ml) were used. However, the increased
conductivity of the gels due to the use of Ni-DTPA and KChcould lead to image artifacts caused by standing waves
in the MRI, if larger gel volumes are used (Erturk et al.©2009).:The presence of Nickel (Z = 28) presumably also
causes the deviation of SPR values between measurement and prediction when using SECT (mean (—2.3 £+ 0.4) %).
This deviation results from a wrong translation of €T valuesto SPR using a HLUT that was calibrated for materials
with atomic numbers <20. Such deviations were found earlier for iodine (Z = 53) containing contrast agents
resulting in range errors of up to 2.5 % (Wertz and Jakel 2004). In our study significant range deviations up to
—3.3 % (spleen sample) were found, whereas the higher value as compared to (Wertz and Jakel 2004) might result
from a higher Nickel concentration within the gels. Using DECT instead of SECT, deviations could be reduced to
a mean error of (0.2 £ 0.3) %. With DECT,, even more accurate predictions could be achieved using more complex
evaluation methods, i.e. as described in (Mdohler et al. 2016). The SPR prediction method used in our study
(Hinemohr et al. 2014) was chosenfarsimplicity and technical availability. As the resulting range uncertainties are
in the same order as the typical‘range uncertainties in ion beam RT of 2 to 3 % (Paganetti 2012), this demonstrates
that the developed specific soft-tissue materials may also be employed in ion beam RT. In principle, similar effects
may also occur in photon therapy dueto different photon energies used in CT imaging and treatment delivery. To
assure an accurate dosetcalculation for the developed materials, determination of correction factors might be
necessary to perform full:dosimetric end-to-end tests.

5. Conclusion

In this study, we presented anthropomorphic phantom materials with independently adjusted contrasts in CT and
MRI. To our knowledge, this is the first method that allows adjusting independently CT values as well as T; and T,
relaxation times at.different relevant magnetic field strengths. After production, the specific soft tissue samples
showed very goodagreement with the predicted CT values as well as with T; and T, with mean deviations of less
than 3.5 %z Finally, it has been shown that SECT-based SPR prediction overestimates measured SPRs by a mean
of (2.3 + 0.4) %, whereas a DECT-based prediction agrees well with the measurement with a mean deviation of
(0.2°40:3) %.

14
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Abstract

Objective: To assess the feasibility of performing dose measurements in the
target (prostate) and an adjacent organ at risk (rectum) using polymer dosimetry
gel and thermoluminescence detectors (TLDs) in an anthropomorphic, deform-
able, and multimodal pelvis phantom (ADAM PETer).

Methods: The 3D printed prostate organ surrogate of the ADAM PETer phantom
was filled with polymer dosimetry gel. Nine TLD600 (LiF:Mg,Ti) were installed in
3 x 3 rows on a specifically designed 3D-printed TLD holder. The TLD holder
was inserted into the rectum at the level of the prostate and fixed by a partially
inflated endorectal balloon. Computed tomography (CT) images were taken and
treatment planning was performed. A prescribed dose of 4.5 Gy was delivered
to the planning target volume (PTV). The doses measured by the dosimetry gel
in the prostate and the TLDs in the rectum (“measured dose”) were compared
to the doses calculated by the treatment planning system (“planned dose”) on a
voxel-by-voxel basis.

Results: In the prostate organ surrogate, the 3D-y-index was 97.7% for the 3%
dose difference and 3 mm distance to agreement criterium. In the center of the
prostate organ surrogate, measured and planned doses showed only minor de-
viations (<0.1 Gy, corresponding to a percentage error of 2.22%). On the edges
of the prostate, slight differences between planned and measured doses were
detected with a maximum deviation of 0.24 Gy, corresponding to 5.3% of the
prescribed dose. The difference between planned and measured doses in the
TLDs was on average 0.08 Gy (range: 0.02—0.21 Gy), corresponding to 1.78% of
the prescribed dose (range: 0.44%—4.67%).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

In prostate cancer radiotherapy, a highly accurate
dose deposition is of utmost importance due to the
proximity of the prostate to radiation-sensitive organs
at risk (OARs) like rectum and bladder. Image-guided
and adaptive radiotherapy workflows using multimodal
functional and anatomical imaging are expected to
improve the accuracy of dose delivery. In particular,
magnetic resonance imaging (MRI) has evolved as a
promising technique for image guidance in prostate
cancer radiotherapy.1'2

Recent data additionally demonstrate the high po-
tential of prostate-specific membrane antigen ligand
positron emission tomography (PSMA-PET) for tumor
delineation®* and detection of frequently occurring me-
tastases in lymph nodes and bones.>® We therefore
expect PSMA-PET imaging to become an increasingly
important imaging modality for diagnosis and treatment
planning of prostate cancer patients.

The clinical implementation of image-guided adap-
tive radiotherapy workflows is complex. The treatment
planning chain consists of multiple steps including pa-
tient positioning, imaging, image co-registration, adap-
tation, and irradiation. Uncertainties may occur in any
of these steps. The accumulation of uncertainties can
be measured in workflow specific end-to-end tests.
End-to-end tests require appropriate phantoms and
the possibility to measure dose distributions from 1D to
3D. Most phantoms currently used in radiotherapy are
static and only visible in computed tomography (CT),
but not in MRI, nor in PET. Recently, a new multimodal
(CT and MRI) phantom capable of simulating inter-
fractional motion in a reproducible manner and mea-
suring the dose in 3D, was introduced by Elter et al.’

However, coarse phantoms can hardly imitate un-
certainties originating from the characteristic features
of the human body. In that respect, anthropomorphic
phantoms, for example, the ADAM phantom, that we
recently introduced, are promising options.8 The ADAM
phantom is an anthropomorphic, deformable and mul-
timodal phantom of the male pelvis. It has successfully
been used for end-to-end tests in MRI-guided radio-
therapy9 and for an end-to-end empirical validation of
dose accumulation in MRI-guided adaptive radiother-
apy of prostate cancer.'”

Conclusions: The present study demonstrates the feasibility of using polymer
dosimetry gel and TLDs for 3D and 1D dose measurements in the prostate and
the rectum organ surrogates in an anthropomorphic, deformable and multimodal
phantom. The described methodology might offer new perspectives for end-to-
end tests in image-guided adaptive radiotherapy workflows.

3D dosimetry, anthropomorphic phantom, polymer dosimetry gel, thermoluminescence dosimetry, TLD

However, the ADAM phantom suffers from a few
shortcomings: Since it was manually constructed, the
design and shape of the organ surrogates are fixed.
The phantom mimics human image contrast in CT and
1.5-T MRI, but an insertion of radioactive tracers for
PET imaging is not possible. In addition, dosimetry is
limited to 2D film measurements on the surfaces of the
bladder and rectum organ surrogates.

To overcome these shortcomings, we recently de-
veloped an updated and extended version of ADAM,
named ADAM PETer, where PETer stands for positron
emission tomography (PET) extension radiotherapy.11
ADAM PETer is completely based on 3D printing tech-
niques allowing to change the design of the phantom into
a completely modular structure. The formerly manually
manufactured silicone organ surrogates were replaced
by 3D printed organ shells that can be easily produced
in high numbers for repetitive measurements.”’ In a
first study, we demonstrated the phantom's suitability
as multimodal, anthropomorphic model for CT, 3T MRI,
and PET measurements.

In the present work, we present a methodology for
how dosimetry can be performed in the new ADAM
PETer phantom using polymer dosimetry gel in the
prostate and an array of nine thermoluminescence de-
tectors (TLDs) in the rectum. In a second step, we val-
idate the accuracy of our approach by irradiating the
phantom and comparing the dose planned by the treat-
ment planning system with the dose measured by the
dosimetry gel and the TLDs. Our described approach
significantly extends the possibilities of dose measure-
ments compared to the ADAM phantom, where do-
simetry was limited to films in distinct pockets on the
surfaces of bladder and rectum. We therefore believe
that the new phantom and the results of our study might
offer novel perspectives for end-to-end tests in image-
guided and adaptive radiotherapy.

2 |
21 |

MATERIALS AND METHODS
Phantom specification
The design and construction of the new ADAM PETer

phantom are detailed in Gillmann/Homolka et al."
Therefore, only a brief description is given here.
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All parts of the phantom except the bladder are 3D
printed. The phantom contains organ models for the
prostate, the bladder, the rectum, and the hip bone
that were derived from 3D segmentations of a CT scan
of a prostate cancer patient. Two intraprostatic le-
sions, four iliac lymph node metastases and two bone
metastases in the pelvis simulate prostate cancer as
multifocal and metastatic disease. The flexible rectum
traverses the phantom and is accessible from outside.
The silicone organ model of the bladder includes im-
aging marker points. Bladder filling and content can be
varied from outside via a syringe. Radiological proper-
ties (CT and 3T MRI) of cortical bone, bone marrow,
and adipose tissue were simulated by heavy gypsum,
a mixture of Vaseline and K,HPO, and peanut oil, re-
spectively. For soft tissues, agarose gels loaded with
different concentrations of gadolinium-based contrast
agent and sodium fluoride were developed (Table S1
available in the Supplementary Material). Along the
outer case of the phantom, pink alignment lines were
printed to allow reproducible positioning using the
laser systems installed at imaging and radiotherapy
units. Three Beekley spots mark the prostate iso-
center. A 3D model of the ADAM PETer phantom is
shown in Figure 1a.

Note: the original ADAM PETer design of the pros-
tate organ surrogate contained two intraprostatic
lesions since it was optimized for PET/MRI measure-
ments. As the focus of the present study lies on dosim-
etry measurements, we now used a 3D printed prostate
organ model without intraprostatic lesions. In that way,
the complete volume of the prostate can be filled with
dosimetry gel. A 3D model of the prostate organ surro-
gate is showcased in Figure 1b.

(b)

FIGURE 1

MEDICAL PHYSICS ™

2.2 | Dosimetry

For 3D dose measurements in the prostate, polyacryla-
mide gelatin gel fabricated at atmospheric conditions
(PAGAT) was used.'® The gel contains monomers that
polymerize locally depending on the absorbed dose."”
The degree of polymerization can be quantified as a
shortening of T2 relaxation times in MRL'™® An exponen-
tial calibration curve relates the R2=1/T2 relaxation rate
to a dose value. Polymer dosimetry gels offer a high
spatial resolution in the order of millimeters.'®2° A study
by Elter et al showed that the PAGAT dosimetry gel is
compatible with the 3D print material (VeroClear™)
used for the ADAM PETer prostate organ surrogate.21

In the rectum, 3D dosimetry using polymer dosime-
try gel was not possible since the rectum is flexible and
open to both sides. In addition, the dosimetry method
in the rectum should be compatible with an endorec-
tal balloon, whose use is common practice in prostate
cancer radiotherapy. We therefore decided to use an
array of TLDs due to the small dimension of the solid
crystals. TLDs have proven to be a suitable tool for
point-dose measurements and absolute dosimetry,
achieving high accuracies with a mean standard devia-
tion of 0.4%.2% The measurement setup is described in
the next section.

2.3 | Measurement setup

For measurements, PAGAT dosimetry gel was pro-
duced. The process of gel manufacturing is described
in detail by Deene et al." The dosimetry gel for the
prostate and the calibration vials were prepared in one

(a) 3D coronal cross section of the ADAM PETer phantom with the following organ surrogates highlighted in different colors:

prostate (red), bladder (blue), rectum (orange), bone metastasis (purple), and four lymph node metastases (green). Further details on the
phantom design and construction can be found in Gillmann/Homolka et al."! (b) 3D model of the prostate without intraprostatic lesions used
in the present study. (c) Specifically designed 3D printed holder for an array of nine TLDs. 3D model (left) and picture of the TLD holder
wrapped around the endorectal balloon (right) [Color figure can be viewed at wileyonlinelibrary.com]
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single batch, so that any batch-to-batch variations can
be ruled out. Prior to irradiation, both, prostate and cali-
bration vials filled with dosimetry gel were stored in the
same fridge at +4°C for 24 h. Four hours prior to ir-
radiation, prostate and calibration vials were moved to
the irradiation room for thermal stabilization. The phan-
tom was then prepared for irradiation. The PAGAT-filled
prostate organ surrogate was screwed onto the bottom
of the water-filled bladder. Both organ surrogates were
inserted into the phantom and secured in place using
a dedicated string system. The remaining volume of
the phantom was filled with peanut oil simulating fatty
tissue. The irradiation of the calibration vials was per-
formed immediately after phantom irradiation. After
irradiation, the prostate and the calibration vials were
wrapped in aluminum foil and kept at room temperature
for 48 h until MRI acquisition. This workflow is identical
to the one described in detail in Mann 2017. The vol-
umes of the prostate (29.5 ml) and the calibration vials
(26 ml) are very similar to avoid possible uncertainties
due to different gel evaluation sizes.

Dosimetry measurements in the rectum were per-
formed using TLDs. Therefore, nine TLD600 (LiF:Mg, Ti,
Harshaw, Thermofisher Scientific, USA) were installed
in 3x3 rows on a specifically designed 3D-printed TLD
holder (Figure 1 (c-left)). The TLD holder was made of
a combination of soft (Agilus30TM) and hard materi-
als (VeroClearTM). The holder was attached to an en-
dorectal balloon (Qfix Systems, MEDRAD PRO-TEKT)
and inserted into the rectum at the level of the prostate
(Figure 1 (c-right)). TLDs 1-6 were located directly pos-
terior to the prostate while TLDs 7-9 were positioned
below the prostate (Figure 2). Slightly blowing up the
rectum balloon fixed the TLD holder in place.

2.4 | Imaging, treatment planning, and
irradiation

The phantom ready for measurements was placed onto
the treatment couch of a 6 MV linear accelerator (linac)
(Artiste, Siemens Healthineers, Germany) in supine
position. The treatment couch was rotated by 90 de-
grees and CT images (Figure 3a) were acquired using
an in-room CT on rails (SOMATOM Emotion, Siemens

Healthineers, Germany). Treatment planning was per-
formed using the software Raystation8A (Raysearch
Laboratories, Stockholm, Sweden). The planning target
volume (PTV) was defined as the whole prostate vol-
ume plus a 4-mm margin. Seven beams (beam angles:
0°, 50°, 100°, 155°, 205°, 260°, and 310°) were planned
to deliver a prescribed dose of 4.5 Gy in one single frac-
tion to the PTV (Figure 3b). The dose value of 4.5 Gy
was chosen as polymer dosimetry gel performs best
in a dose range of 0—6 Gy.?® For the rectum, a dose
constraint of 3.4 Gy maximum to 5% of the rectum vol-
ume was set. Irradiation was performed directly after
treatment planning. The treatment couch was rotated
back to the Linac and a cone-beam CT (CBCT) was ac-
quired for position verification. For the dose calibration
of the polymer dosimetry gel, eight vials of dosimetry
gel were irradiated with doses from 0 Gy to 7 Gy in
steps of 1 Gy. The vials were placed at 5-cm depth in
a poly-methyl-methacrylate (PMMA) phantom, using a
source skin distance (SSD) of 100 cm (reference condi-
tions) according to Vening et al'e

2.5 | Dose evaluation

Two hours prior to MR, the prostate and the calibra-
tion vials were placed into the same water circulation
phantom adjusted to 20°C. MRI was performed at a
3T MRI (Prismafit, Siemens Healthineers, Germany).
The T2 relaxation time of the gel was measured using
a multi spin-echo sequence with 32 equidistant echo
times in the range of 22.5 ms to 720 ms with an echo
spacing of 22.5 ms and a repetition time of 10 000 ms.
The acquisition was done with a 1-mm? isotropic reso-
lution and a pixel bandwidth of 130 Hz/pixel. Besides, a
morphological high-resolution standard true fast imag-
ing sequence with steady state precession (TrueFISP)
of the prostate organ model was acquired for later
co-registration of the MRI with the treatment planning
CT. The MR images were evaluated using an in-house
written gel dose evaluation tool based on Matlab code
(Mathworks Inc, Natick).?* The data from the eight cali-
bration vials were used to establish a calibration curve
between dose and R2-relaxation rate. For each cali-
bration vial, a circular region of interest was defined to

FIGURE 2 Positioning of the TLDs

in the rectum visible on three consecutive
sagittal slices (a, b, and c, respectively) of
the treatment planning CT. The TLDs can
be identified by the red arrows and the
corresponding number [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 3 y maps (left column) and left-right dose profiles (right column) at different trans-axial positions of the prostate (indicated by the
orange line on the 3D prostate model) from bottom to top. The letters “B” and “R” represent the positions of the bladder and rectum relative
to the prostate. The y map shows the agreement rate between the planned and the measured dose for the 3%/3mm passing criterium. The
color map indicates accepted points (white to black) and failed points (red). The black line on the y maps corresponds to the LR dose profile
plotted for each y map. The dose profile is given as an absolute dose (Gray) as a function of the position (mm) for the planned (blue curve)
and the measured dose (red curve) [Color figure can be viewed at wileyonlinelibrary.com]
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determine the mean R2 value and the related standard
deviation on the different images of the MR-acquisition.
Using the eight mean R2-values from the calibration
vials, a mono-exponential curve was fitted to obtain
the calibration curve. Based on the calibration curve,
the measured R2-relaxation rates in the prostate were
transformed into a dose map. A detailed description of
the gel dose evaluation process is given in Mann et al.?*

The TLDs were read-out using a hot gas reader
(Harshow 5500, Thermofisher Scientific, USA) on the
day of irradiation. The complete process of TLD read-
ing is described in Schwahofer et al.?2

2.6 | Comparison of planned and
measured doses

For a voxel-based comparison of planned versus meas-
ured doses in the prostate, several steps had to be
taken: (1) The high-resolution morphological MR image
of the prostate organ surrogate was co-registered with
the treatment planning CT using the software Medical
Imaging Interaction Toolkit (MITK, DKFZ, Germany).?
(2) The deformation vector field of the co-registration
was applied to the T2-relaxation map and hence to
the dose map. (3) To decrease uncertainties, a renor-
malization of the measured dose was performed using
the high dose region in the treatment plan as a refer-
ence point."*1%26:27 (4) As a last step, a 3D compari-
son between the dose planned by the TPS (hereafter
called planned dose) and the dose measured by the
dosimetry gel (hereafter called measured dose) was
performed with the software Verisoft (PTW, Freiburg,
Germany).

A y-index evaluation between planned and mea-
sured doses was performed with two passing criteria:
the first one with 3% dose difference (DD) and 3-mm
distance to agreement (DA) (3%/3 mm) and the sec-
ond one with 5% DD and 3 mm DA (5%/3 mm). Dose

\ 1.\\\‘.& | N{‘ ‘-‘\l‘.L '
V p#s...;\';l',.:wz::...;, asmrssi) l%»@;,.:@:i...,‘,.!

deviations refer to the local dose, and doses below
10% of the maximum dose were excluded.

For the dose evaluation in the rectum, the dose mea-
sured by the TLD was compared to the dose planned
by the TPS at the position of the TLD visible on the
treatment planning CT. If the TLD was visible on more
than one CT slice, the dose was averaged.

For the measured doses of polymer gel and TLDs,
the additional doses of the treatment planning CT and
the CBCT were taken into account and were estimated
to be 0.01 Gy each.

3 | RESULTS
The 3D vy indices of the planned and the measured
dose distributions in the prostate were 97.7% for the
3%/3mm criteria and 99.6% for the 5%/3mm criteria.
Figure 4 showcases y maps (3%/3mm) of the measured
and the planned doses on different trans-axial slices
through the prostate. On the y map, the dose distribu-
tions agree very well in the center of the prostate (white
areas). Failed points (red areas) are observed only on
the edges of the prostate. Dose profiles that compare
the planned and the measured doses (Figure 4), show
a homogeneous dose distribution throughout the pros-
tate. The agreement of the measured and the planned
doses is very high in the middle of the prostate with a
deviation <0.1 Gy. On the edges of the prostate, meas-
ured and planned doses deviate slightly in the order of
0.24 Gy (corresponding to 5% of the prescribed dose).
The results from the punctual dose evaluation with
TLDs in the rectum are displayed in Table 1. TLDs 1-6
were placed close to the prostate target. Here, doses
in the range between 2.06 Gy and 4.20 Gy were mea-
sured. For TLDs 1-6, the average difference between
the measured and the planned dose was 2.22% (range:
0.67%—4.67%). TLDs 7-9 were located below the pros-
tate and measured doses between 0.18 Gy and 0.32 Gy.

FIGURE 4 Imaging and treatment
planning. (a): Median sagittal slice of
the treatment planning CT indicating
the position of the TLDs (green arrow)
relative to the prostate (red arrow).

(b): Radiotherapy treatment plan with

a prescribed dose of 4.5 Gy to the
prostate (color-coding on the right) on CT
image (grayscale). Both images contain
the following contours: GTV (white),
PTV (orange), rectum (blue), bladder
(pink) [Color figure can be viewed at
wileyonlinelibrary.com]
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TABLE 1 Comparison of planned
and measured doses for the TLDs in the A =D easured” _ | Dmeasured — Dplanned |
rectum planned D ed planned n Dprescribed
TLD N° [Gy] [Gy] [Gy] [%]
1 2.16 2.06 -0.1 2.22%
2 2.88 2.67 -0.21 4.67%
3 3.00 2.96 -0.04 0.89%
4 2.23 2.31 0.08 1.78%
5 3.18 3.32 0.14 3.11%
6 4.23 4.20 -0.03 0.67%
7 0.16 0.18 0.02 0.44%
8 0.25 0.29 0.04 0.89%
9 0.30 0.32 0.02 0.44%
Average difference 0.08 1.78%

A represents the dose difference between the measured and the planned doses in Gray. [] gives the
dose difference between the measured and the planned dose in % relative to the prescribed dose
(4.5 Gy). The normalization to the prescribed dose is done as the prescribed dose is a constant factor,
while the planned dose is different for each TLD.

Here, the average difference between the measured
and planned dose was 0.59% (range: 0.44%—-0.89%).
Regarding the absolute dose values in Gy, deviations
of 0.02 Gy to 0.21 Gy (mean 0.08 Gy) were observed
between measured and planned doses.

4 | DISCUSSION

Anthropomorphic phantoms are valuable tools for qual-
ity assurance in image-guided and adaptive radiother-
apy. The new ADAM PETer phantom was designed and
constructed for the simulation and optimization of the
clinical workflow of PET/MRI-guided radiation treat-
ment planning of prostate cancer patients. In a previ-
ous study, we demonstrated the suitability of the ADAM
PETer phantom as multimodal, anthropomorphic model
in CT-, 3T MRI- and PET-measurements." In the pre-
sent study, we assessed the potential of the ADAM
PETer phantom for 3D dose measurements in the pros-
tate and point-dose measurements in the rectum, using
PAGAT dosimetry gel and TLDs, respectively.

41 | Methodology

Our data demonstrate the feasibility of this approach
and suggest a high accuracy of the dosimetric meth-
ods employed. For the prostate, the 3D y index eval-
uation indicated an agreement of 97.7% between
planned and measured dose (3%/3 mm criterion). In
particular in the prostate center, the measured dose
overlaps almost perfectly with the planned dose.
Slight discrepancies (maximum 5%) between meas-
ured and planned doses were observed only on the
edges of the prostate organ surrogate. These discrep-
ancies could potentially result from the wall effect,?’

on the other hand they appear to have a nhonrandom
structure on the gamma maps (Figure 4). Further
measurements should be done to investigate this ef-
fect. In general, however, our data confirm the study
by Elter et al.?! that found a high compatibility of the
PAGAT dosimetry gel with the 3D printing material of
the prostate organ surrogate.

For dose measurements in the rectum, we used
an array of nine TLDs. The TLDs showed an average
dose difference of 0.08 Gy (1.78% of the prescribed
dose) between planned and measured doses. In our
study, the TLD dose evaluation shows less good re-
sults than in Mann et al., who found that the devia-
tions were <0.02% for a homogeneous irradiation.™
This difference in accuracy might be explained by the
high dose gradient between prostate and rectum in
our study: the highest discrepancies between planned
and measured doses were found for TLDs 1-6, with
a mean difference of 0.1 Gy (range: 0.03-0.21 Gy)
and a maximum of 0.21 Gy for TLD 2. TLDs 1-6
were placed in the dose fall-off area directly poste-
rior to the prostate (see Figures 2 and 3). Therefore,
these TLDs measured relatively high doses (~65% of
the prescribed dose) and experienced a strong dose
gradient. For TLDs 7-9, the mean difference between
planned and measured doses was very small: 0.03 Gy
(range: 0.02-0.04 Gy). As TLDs 7-9 were placed
below the prostate (Figure 2), they measured only low
doses (~5% of the prescribed dose) and did not expe-
rience a strong dose gradient.

Polymer dosimetry gel and TLDs have already been
combined in previous studies for dosimetry purposes,
either for a dose comparison between the gel and the
TLDs,"?" or the TLDs were used to renormalize the gel
dose measurement,'*"® but the present work seems to
be the first combining gel and TLDs in a multimodal
anthropomorphic phantom.
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Several uncertainties are involved in the described
methodology. First, there is the challenging handling
of polymer dosimetry gel due to its hyper oxygen re-
activity28 and the required thermal stabilization for the
irradiation.?®?° In addition, the dosimetric evaluation
of the irradiated gel including MRI acquisition, dose
calibration and co-registration of planning CT and
MRI requires several steps, each containing individual
sources of uncertainties. The rotation of the treatment
couch between the treatment planning CT and the
actual irradiation might have introduced a very slight
positioning error of the phantom in the order of a few
mm. As the 3D dose evaluation in the prostate is quite
robust against positioning errors, this mainly affects the
point dose evaluation in the TLDs and could explain
some of our observed differences between planned
and measured doses in the TLDs.

Overall, however, we consider these uncertainties
to be relatively small, which is indicated by the good
agreement of planned and measured doses in our ex-
periment. In addition, our group profits from several
years of experience in handling polymer dosimetry gel
and TLDs. Therefore, all workflows for dosimetry stud-
ies are well established at our institution.”!42122:24

4.2 | 3D printed anthropomorphic
phantoms for radiation dosimetry

Dosimetry measurements for treatment plan verification
using more and more realistic anthropomorphic phan-
toms have become more accessible with the develop-
ment of 3D printing methods. Advanced 3D printing
methods allow to tailor the design and construction of
anthropomorphic phantoms according to very specific
needs since the phantom and the organs can be eas-
ily and reproducibly printed with different size, shape,
or composition. Today, several anthropomorphic phan-
toms for different anatomical regions (i.e., head® and
pelvisﬂm) have been developed to perform dose meas-
urements using different dosimetry detectors (i.e., ra-
diophotoluminescence glass dosimeters,° polymer
dosimetry gel,” TLDs,? films'®). However, to the best of
our knowledge, the new ADAM PETer phantom is the
first anthropomorphic phantom that (i) simulates pros-
tate cancer as multifocal and metastatic disease in-
cluding metastasis in lymph nodes and bones, (ii) has
a modular setup in which organ surrogates can be ex-
changed within 15 min, (iii) allows for simulation of inter-
and intrafractional organ motion and deformation, and
(iv) is compatible not only with CT and MRI, but also with
PET. Together with the here presented methodology of
performing polymer gel and TLD dosimetry in prostate
and rectum, ADAM PETer has a high potential for end-
to-end tests in image-guided adaptive radiotherapy.

4.3 | Potential applications in image
guided radiotherapy planning

The suitability of our previous ADAM phantom for
image-guided and adaptive radiotherapy workflows
has already been demonstrated by two independ-
ent studies at different institutions. Hoffmanns et al.®
used the previous ADAM phantom for end-to-end
testing in MR-guided online adaptive radiotherapy.
Bohoudi et al.™ performed a phantom-based end-
to-end empirical validation of dose accumulation in
MRI-guided adaptive radiotherapy simulating six MR-
guided prostate stereotactic body radiotherapy treat-
ment courses.

These studies demonstrate the phantom's gen-
eral suitability for end-to-end testing in image-guided
adaptive radiotherapy. However, in the previous ADAM
phantom, dosimetry measurements were limited
to films in distinct pockets at the surface of bladder
and rectum. The new 3D printing technique of ADAM
PETer now significantly extends these possibilities
as it allows for performing 3D dose measurements
in the prostate and point-dose measurements in the
rectum. In addition, the prostate organ shell can be
easily produced in high numbers, allowing for serial
measurements, for example, using different adapta-
tion methodologies. The compatibility with PET opens
further perspectives. Assuming a compatibility of the
dosimetry gel with PSMA Iigands33 or radioactive iso-
topes in general (which still has to be shown), the do-
simetry gel and the radioactive isotope could be mixed
before being filled into the prostate, potentially allow-
ing for end-to-end tests in PET/MRI-guided radiother-
apy. Another important aspect for end-to-end tests in
image-guided and adaptive radiotherapy workflows
is the possibility to induce organ motion and defor-
mation. One approach for simulating organ motion in
the previous ADAM phantom is described in Bohoudi
et al.'® Bohoudi's approach could be transferred to the
ADAM PETer phantom. In future studies, we will fur-
ther investigate the possibility to induce reproducible
organ motion and deformation in the ADAM PETer
phantom.

4.4 | Conclusions and prospects

In the present study, we demonstrate the feasibil-
ity of using PAGAT dosimetry gel and TLDs for dose
measurements in the prostate and the rectum organ
surrogates of an anthropomorphic, deformable, and
multimodal pelvis phantom. The described methodol-
ogy might offer new perspectives for the simulation and
optimization of image-guided adaptive radiotherapy
workflows and ultimately end-to-end test.
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Abstract. The implementation of new image-guided radiotherapy (IGRT) treatment techniques
requires the development of new quality assurance (QA) methods including geometric and
dosimetric validation of the applied dose in 3D. Polymer gels (PG) provide a promising tool to
perform such tests. However, to be used in a large variety of clinical applications, the PG must
be flexibly applicable. In this work, we present a variety of phantoms used in clinical routine to
perform both hardware and workflow tests in IGRT. This includes the validation of isocenter
accuracy in magnetic resonance (MR)-guided RT (MRgRT) and end-to-end tests of online
adaptive treatment techniques for inter- and intra-fraction motion management in IGRT. The
phantoms are equipped with one or more PG containers of different materials including 3D
printed containers to allow for 3D dosimetry in arbitrarily shaped structures. The proposed
measurement techniques and phantoms provide a flexible application and show a clear benefit
of PG for 3D dosimetry in combination with end-to-end tests in many clinical QA applications.

1. Introduction

New radiotherapy (RT) treatment techniques, such as image-guided RT (IGRT), applied in clinical
routine increase tumor-conformity while sparing surrounding organs at risk (OAR). However, the
increasing complexity of such techniques requires the development of new quality assurance (QA)
procedures ensuring correct dose delivery. Especially for new hybrid machines combining magnetic
resonance imaging (MRI) and conventional RT (so-called MR-Linacs), the implementation of new QA
protocols is of great interest. These protocols range from single component testing to the validation of
new motion management and adaptive treatment strategies (such as gating and daily plan adaption).
However, the complexity of such tests requires dedicated detectors allowing to test (i) geometric and
(i1) dosimetric accuracy of the 3D dose distribution in (iii) phantoms, which are visible in MRI. One
promising method meeting requirements (i)-(iii) are so-called polymer gels (PG) [1]. To be used in a
larger variety of clinical QA procedures, the PG applications should be as flexible as possible including
the use of arbitrarily shaped gel containers to simulate anthropomorphic structures. Furthermore, a
geometrical evaluation of the gel directly after irradiation instead of after the long stabilization times of



the gel’s polymerization processes of up to 48h [2] is of high importance for the evaluation of
geometrical parameters. In this paper, we present a set of dedicated phantoms that can be equipped with
arbitrary 3D printed gel containers [3] and that are used at the German Cancer Research Center (DKFZ)
and University Hospital in Heidelberg, Germany, for a variety of clinical QA procedures of advanced
treatment techniques. The experimental PG workflow as validated in [2] was applied in this work.

2. Polymer gel

2.1. Fabrication
As PG, the PAGAT (PolyAcrylamide Gelatin gel fabricated at ATmospheric conditions) was used and
in-house produced following the protocol described elsewhere [2].

2.2. Gel containers

We used three different types of gel containers: (i) borosilicate glass flasks and (ii) Barex™ (VELOX
GmbH, Hamburg, Germany) containers, which are two well established materials for the use with PG,
but which are also limited in size and shape. Hence, we have developed a method to (iii) 3D print gel
containers in arbitrary shapes using the VeroClear™ printing material of the Objet500 Connex 3 3D
printer (Stratasys, Eden Prairie, USA) [3].

2.3. Evaluation

Gel evaluation was performed either (i) purely geometrically directly after irradiation on a 0.35T MR-
Linac (ViewRay Inc., Ohio, USA) or (ii) dosimetrically 48h after irradiation on a diagnostic 3T Prisma™
(Siemens Healthineers, Erlangen, Germany). For this, a turbospin- or multispin-echo sequence with 1/32
equidistant echoes acquired with an isotropic image resolution of 1 mm?* was used for (i)/(ii). For
quantitative dose comparison, a 3D y evaluation with a passing criterion of 3%/3mm (dose difference/
distance-to-agreement) was employed, taking only dose levels larger than 10% of the maximum dose
into account.

3. Clinical applications

A schematic overview of the phantoms presented in this paper is shown in Figure 1. Each phantom is
equipped with one or more PG containers to either perform 3D geometric and/or dosimetric
measurements in different scenarios.

3.1. 3D isocenter accuracy measurement in MRgRT

To test the alignment of imaging and irradiation isocenter in MRgRT, we used an in-house developed
QA phantom [4]. The phantom is equipped with a spherical PG-filled glass flask of 8cm diameter (Fig.
1a). The phantom was aligned with the imaging isocenter of the MRI using dedicated fiducials (Fig. 1b,
red marking) while the irradiation isocenter was measured by a star shot irradiation of the PG container.
The PG was then geometrically evaluated in 3D using a T»-weighted turbo spin echo sequence directly
after irradiation without moving the phantom to determine the radius of the irradiation isocircle (IC;)
and the distance between the imaging and irradiation isocenter (ICq). Results showed a mean IC,/ ICq4 of
(0.4+0.1)mm/ (0.44+0.6)mm, which were well within the tolerance levels of 0.5mm and 1mm,
respectively [4].

3.2. End-to-end tests of online adaptive IGRT procedures

3.2.1. Inter-fractional motion. With the introduction of new IGRT devices, the online adaption
of treatment plans in case of inter-fractional anatomy changes became feasible. To validate these
techniques, we used two deformable phantoms that can be equipped with 3D printed and PG-filled
structures to validate the dose delivery.
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Figure 1: Schematic overview of the phantoms presented in this paper: a) a picture of the phantom for 3D isocenter
accuracy measurements in MRgRT including the gel container (green) and b) the geometric PG evaluation
including fiducials (red) for a correct positioning in the imaging isocenter. Pictures of the phantoms used for end-
to-end tests of online adaptive IGRT procedures are given in ¢), e), g), and i) together with the respective treatment
plan in d), ), h), and j).

i AQUARIUM. To validate the online plan adaption process in MRgRT the AQUARIUM
(Anthorpomorphic QUality AssuRance phantom to study Interfractional Uncertainties in MRgRT) [5]
was equipped with two PG-filled structures (OAR, tumor) as well as structures filled with
anthropomorphic imaging contrast (Fig. 1¢). PG containers were either 3D printed or made of Barex™.
By a reproducible shift and rotation of the inner structures, a patient’s inter-fractional anatomy change
was simulated and the applied dose to the tumor and OAR with and without an adaption of the treatment
plan was evaluated in 3D. Results showed a very good agreement of PG evaluation with calculated
treatment plans with passing rates >93% in 3D y-analyses. The online plan adaption successfully
compensated under-/over-dosages (down to 45%/ up to 180% of the prescribed dose) in the tumor/OAR
that occurred without plan adaption.

ii. ADAM-PETer. Inter-fractional motion was simulated in a realistic setup using the ADAM-
PETer phantom (Fig. 1e) [6]. To test a fractionated prostate irradiation scheme at a conventional linear
accelerator (Artiste, Siemens Healthineers, Erlangen, Germany) with a microboost irradiation of an
intraprostatic lesion (Fig. 1f), the phantom was equipped with a 3D printed and PG-filled prostate. The
treatment fractions were irradiated directly after each other with the same PG container in the phantom.
Between fractions, the position of the prostate was altered by changing the filling of an endorectal
balloon. As expected, an under-dosage and a dose smearing within the microboost-volume were
measured. Additionally, we could demonstrate significant inter-fractional shifts of the microboost
volume of up to Smm by the gel evaluation.

3.2.2. Intra-fractional motion. In case of intra-fractional patient motion (e.g. breathing), new
IGRT treatment methods such as gating or tracking may be used for compensation. To test and validate



an existing gating procedure at the MR-Linac, two motion phantoms were equipped with a PG-filled
Barex™ container simulating the tumor.

i Geometric motion phantom. In a first experiment, the gating procedure at a clinical MR-Linac
was simulated with a geometrical motion phantom consisting of a water-filled cylindrical case (d=22cm,
1=50cm) holding a movable smaller water-filled cylinder (d=9cm, 1=50cm) that can be loaded with the
PG-filled Barex™ tumor (Fig. 1g). The phantom motion was based on a cos* trajectory with a peak-to-
peak amplitude of 1.5cm. The gel was evaluated dosimetrically. Results for a gated treatment showed a
homogenous target coverage similar to that of a static case with high 3D y passing rates of >98.6%.
Irradiation without motion compensation resulted in poor dose coverage with a y3p passing rate of
68.6%.

ii. Porcine lung phantom. To test the gated treatment at a clinical MR-Linac in a realistic
setup, we used a porcine lung phantom (Fig. 11) [2]. The PG tumor was sewed onto the mediastinum of
the lung, which moved according to a real patient’s breathing pattern. The target structure could be
tracked by MRI throughout the entire treatment session. Additionally, homogeneous dose coverage
without significant under or over-dosage was found indicating a successful gated irradiation. Dosimetric
evaluation yielded a high 3D y passing rate of 95.9%.

4. Discussion and Conclusion

In this paper, we present a variety of phantoms equipped with PG, which were used in clinical routine
to perform both hardware and workflow tests in IGRT. This includes 3D isocenter alignment
measurements at a clinical MR-Linac and end-to-end tests of online adaptive treatment procedures for
both inter- and intra-fractional motion management. One important step to achieve a realistic setting is
the use of 3D printed PG containers. This allows for adapting and extending existing phantoms to
applications that require 3D dose measurements in irregularly shaped structures, e.g. for the simulation
of specific organ sites. Furthermore, experiments have also shown that a geometric evaluation of the PG
is possible directly after the irradiation. If, however, a full dosimetric evaluation is required, it is a
common procedure in PG dosimetry to await the stabilization time and to normalize the required
calibration curve at a reference point with a known dose determined e.g. by an ionization chamber (IC).
However, due to the lack of bores in our anthropomorphic phantoms, independent absolute dose
measurements with an IC were not possible. Hence, we based the reference dose on the treatment plan.
To overcome this limitation, a recently developed technique combining thermoluminescence detectors
(TLD) with PG can be used. Due to their compact design, TLDs can be attached on the surface of various
phantom structures (OARs and/or tumor) serving as a reference system for absolute dosimetry [7,8].
Overall, the presented techniques and phantoms provide a flexible application of PG for 3D dosimetry
in complex radiotherapy treatment techniques.
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Abstract

Online adaptive treatment procedures in magnetic resonance (MR)-guided radiotherapy

(MRgRT) allow compensating for inter-fractional anatomical variations in the patient. Clinical
implementation of these procedures, however, requires specific end-to-end tests to validate the
treatment chain including imaging, treatment planning, positioning, treatment plan adaption

and accurate dose delivery. For this purpose, a new phantom with reproducibly adjustable
anthropomorphic structures has been developed. These structures can be filled either with contrast
materials providing anthropomorphic image contrast in MR and CT or with polymer dosimetry gel
(PG) allowing for 3D dose measurements. To test an adaptive workflow ata 0.35 T MR-Linac, the
phantom was employed in two settings simulating inter-fractional anatomical variations within the
patient. The settings included two PG-filled structures representing a tumour and an adjacent organ
atrisk (OAR) as well as five additional structures. After generating a treatment plan, three irradiation
experiments were performed: (i) delivering the treatment plan to the phantom in reference setting,
(ii) delivering the treatment plan after changing the phantom to a displaced setting without adaption,
and (iii) adapting the treatment plan online to the new setting and delivering it to the phantom. PG
measurements revealed a homogeneous tumour coverage and OAR sparing for experiment (i) and
asignificant under-dosage in the PTV (down to 45% of the prescribed dose) and over-dosage in the
OAR (up to 180% relative to the planned dose) in experiment (ii). In experiment (iii), a uniform dose
in the PTV and a significantly reduced dose in the OAR was obtained, well-comparable to that of
experiment (i) where no adaption of the treatment plan was necessary. PG measurements were well
comparable with the corresponding treatment plan in all irradiation experiments. The developed
phantom can be used to perform end-to-end tests of online adaptive treatment procedures at MR-
Linac devices before introducing them to patients.

1. Introduction

One of the major advantages of radiation therapy (RT) is the possibility to deliver a highly conformal dose
distribution to the tumour while sparing the surrounding normal tissue. However, for such high precision
treatments, precise knowledge of the actual tumour position and the surrounding organs at risk (OARs) is
essential (Verhey et al 1982). Changes in patient anatomy between treatment planning and radiation delivery as
well as between treatment fractions (Barker et al 2004, Sonke et al 2019), the so-called inter-fractional motion, are

© 2019 Institute of Physics and Engineering in Medicine
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therefore one of the most prominent uncertainties in RT. Conventionally, this is accounted for by restricting the
anatomical changes by means of immobilization aids (Verhey et al 1982) and by adding safety margins around
the tumour volume (van Herk 2004 ), which however, increases the irradiated normal tissue volume.

The development of online adaptive radiotherapy procedures using image-guidance has the potential of
correcting for anatomical changes over the treatment course (Dawson and Sharpe 2006, Martinez et al 2001,
Kontaxis et al 2015, Green et al 2019) and can be used to reduce margin sizes potentially leading to less side
effects in normal tissue (Kron 2008) as well as the safe application of dose escalation to the tumour (Yan et al
1997). Mostly, image-guidance is performed by x-ray imaging using on-board kilo voltage cone beam computed
tomography (kV-CBCT) (Jaftray et al 2002). However, kV-CBCT provides only poor soft tissue contrast and thus
tumour visibility (Njeh 2008) and its applicability for identifying daily changes of the tumour and OAR is lim-
ited. To improve the soft-tissue contrast and to reduce the patient’s exposure to ionizing radiation (Chang et al
1987), new hybrid devices have been introduced recently by combining a conventional linear accelerator (Linac)
with magnetic resonance (MR) imaging for MR-guided radiotherapy (MRgRT) (Lagendijk et al 2008, Fallone
etal 2009, Keall et al 2014, Paganelli et al 2018, Kliiter 2019). With these MR-Linac machines, it is now possible to
identify anatomical changes of soft tissue structures with much higher precision and based on online (i.e. while
the patientis on the treatment couch) acquired images, the treatment plan may be adapted to the new anatomical
situation.

Due to the complex adaption, end-to-end tests are needed to validate the entire chain of treatment plan-
ning, positioning, imaging and image registration, plan adaption and irradiation. Such workflow-specific end-
to-end tests evaluate the accumulation of uncertainties throughout the treatment procedure which may not be
detected by component-by-component testing only (Zakjevskii et al 2016). Such end-to-end tests are already
well established in conventional radiotherapy using phantoms such as the StereoPHAN"" (Sun Nuclear Corp,
Melbourne, FL, USA) or Lucy 3D® QA Phantom (Standard Imaging Inc, Middleton, W1, USA) in stereotactic
radiosurgery (Sarkar et al 2016). However, typical phantom inserts are static and only visible in CT, but not in
MRI. For MR-Linac systems several MRI compatible phantoms are already available to perform end-to-end test-
ing in case of intra-fractional motion, such as breathing motion, e.g. the QUASAR"™ MRI*P phantom (Modus
Medical Devices Inc, London, ON, Canada). To our knowledge, however, no phantom is commercially available
yet being capable of simulating inter-fractional anatomical changes in a realistic and reproducible manner and
being visible in both MRI and CT. While tests of image registration algorithms can be realized by a deformable
phantom, the validation of dose delivery requires the use of dosimeters in 1D to 3D. A promising method to per-
form 3D dose measurements is the use of polymer gels (PG) (Schreiner 2006, Baldock et al 2010). PGs are based
on radiation sensitive chemicals, which polymerize as a function of the absorbed dose when being irradiated.
The resulting change in mass density and relaxation rate can be evaluated using either x-ray computed tomog-
raphy (CT) (Hilts et al 2000) or MR imaging (MRI) (Venning et al 2005). PGs offer a high spatial resolution ena-
bling measurements of steep dose gradients as they occur e.g. in intensity-modulated radiation therapy (IMRT)
(Sandilos et al 2004, Vergote et al 2004). Moreover, they exhibit minimal influences by magnetic fields on their
radiation response (Lee eral 2017),and radiation absorption properties equivalent to that of soft tissues (Baldock
etal2010,Schreiner 2015). In addition, structures mimicking various anthropomorphic imaging contrasts in CT
and MRI are required to provide realistic conditions for image registration algorithms and treatment planning.

In this study, we developed a new phantom with reproducibly adjustable anthropomorphic structures that
can be filled either with PG or anthropomorphic imaging contrast materials. This phantom was used to perform
an end-to-end test of an online adaptive treatment procedure at a 0.35 T MR-Linac (Mutic and Dempsey 2014,
Kliiter 2019).

2. Materials and methods

2.1. Phantom

2.1.1. Phantom design

For use in end-to-end tests of online adaptive treatment workflows in MRgRT, a phantom was designed according
to the following requirements: (i) the phantom contains adjustable irregular geometric structures that can be
reproducibly shifted and rotated. (ii) These structures provide anthropomorphic imaging contrasts in CT as well
asin MRI. (iii) 1D, 2D or 3D detectors for dose measurements can be inserted into the structures. While (i) and
(ii) are necessary to test the performance of image registration algorithms used for treatment plan adaption, (iii)
enables verification of beam guidance and dose delivery.

The ‘Anthorpomorphic QUality AssuRance phantom to study Interfractional Uncertainties in MRgRT
(AQUARIUM)’ consists of a polymethyl-methacrylate (PMMA) cylinder (diameter: 25 cm, height: 25 cm, wall-
thickness: 0.5 cm) which was filled with milliporous water enriched with 3.6g 17! sodium chloride (NaCl) and
1.25g17! copper sulphate (CuSO,) to increase the conductivity (American Association of Physicists in Medicine
2010) and to reduce T relaxation. Up to eleven reproducibly shiftable and rotatable hollow PMMA rods fixed to
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Figure 1. The AQUARIUM including the inserted structures (a): (1) the PG-filled tumour, (2) the PG-filled OAR, (3) CT contrast
element ‘bone’, (4) CT contrast element “air’ displayed as a multi-exposure image, including an exemplary shift and rotation of the
element, and (5) exemplary MR contrast elements; the longitudinal and angular scales (10 mm and 10° partitions) to shift and rotate
the structures (b), and the arrangement and numbering of the insert positions on the phantom lid (c).

various structures can be inserted into the phantom (figure 1). In addition, thimble ionization chambers can be
led through the rods into the structures to perform absolute dose measurements.

2.1.2. Phantom structures

In this study, seven structures were designed and filled with different anthropomorphic image contrast materials
or with PG, respectively. Five structures were 3D printed with the Objet500 Connex 3 3D printer (Stratasys, Eden
Prairie, USA) using the VeroClear " printing material, which has been shown to be compatible with PG (Elter
etal 2019). For the other two, PG compatible Barex " (VELOX GmbH, Hamburg, Germany) container were used
(Mann etal2017). The following structures have been fabricated:

(i)  CT contrast.To simulate bone, 1250 g1~! dipotassium phosphate (K;HPO,) and 1.6 g1~! CuSO,
was solved in water (Niebuhr e al 2016) and filled into a 3D printed element (figures 2(a), (f) and
(k)). Three layers of gypsum bandages (Cellona, REF 20 110, Lohmann & Rauscher International,
Rengsdorf, Germany) were additionally attached to the structure to ensure a high attenuation and
were impregnated with a clear lacquer to protect the gypsum from the surrounding water (Lackspray
Spezial SaBesto, Wiirth, Kiinzelsau, Germany). An identical 3D printed element was left air-filled to
simulate low CT contrast (figures 2(b), (g) and (1)).

(ii) MR contrast. Three different MRI contrasts were produced using Ni-DTPA doped agarose gel (Tofts
etal 1993) with a 50 mM Ni-DTPA solution and filled into two 3D printed spheres with a diameter
of 20 mm (44.2% Ni-DTPA solution, 1.6% Agarose, 54.2% water resulting in relaxation rates similar
to fat) and 25 mm (15.6% Ni-DTPA solution, 3.3% Agarose, 81.1% water resulting in relaxation
rates similar to muscle) (figures 2(c), (h) and (m)), respectively,and a Barex" " vial (12.2% Ni-DTPA
solution, 1.3% agarose, 86.5% water resulting in relaxation rates similar to prostate tissue).

(iii) PG container. Two PG containers providing water-equivalent contrast were prepared. A 3D printed
irregularly shaped container served as a tumour (figures 2(d), (i) and (n). Additionally, a PG filled
Barex' " container was used to simulate an organ at risk (OAR) (figures 2(e), (j) and (0)).

2.2. Polymer gel dosimetry

For 3D dosimetry, the PAGAT (PolyAcrylamide Gelatin gel fabricated at ATmospheric conditions) PG was used
(Venning et al 2005). When being irradiated, the gel polymerizes as a function of the absorbed dose, which locally
alters the relaxation rate R, of the transverse magnetization in MRI (Baldock et al 2010). The PAGAT gel was
selected as it shows a small dose rate dependence (De Deene et al 2006) and can be produced in-house at low
costs under atmospheric conditions. For conversion of R,-values to dose, a calibration was performed using
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Figure2. Photos (a)—(e), CT images (f)—(j), and MR images (k)—(0) of the structures: CT contrast element representing ‘bone’ (a),
(), (k) and ‘air’ (b), (g ) and (1), an exemplary 3D printed sphere serving as an MR contrast element (c),(h) and (m), the 3D printed
and PG-filled tumour (d), (i), (n), and the PG-filled Barex"" container serving as an OAR (e), (j) and (o).

eight additional PG-filled Barex"" vials being irradiated with doses from 0 to 7 Gy in steps of 1 Gy under reference
conditions (Venning et al 2005, Mann et al 2017).

2.2.1. Fabrication

The PG is based on two monomers (2.5% w/w acrylamide and 2.5% w/w N,N’-methylene-bis-acrylamide)
which are added as active components to a gelatin matrix (6% w/w Gelatin, 300 bloom, SIGMA Aldrich). Due
to the high reactivity of the PG with oxygen the gel was flushed with nitrogen for 1 min to reduce the amount of
dissolved oxygen (De Deene et al 2002) and 5 mM bis[tetrakis(hydroxymethyl)phosphonium] chloride (THPC)
was added as an antioxidant. To protect the gel from light-induced polymerization (Koeva et al 2009), the gel
containers were enwrapped in aluminum foil. Afterwards, they were placed in a desiccator, which was flushed
with nitrogen for 10 min and stored in a refrigerator at 4 °C for 2024 h. The gel containers were then removed 4 h
prior to irradiation to adapt to room temperature.

2.2.2. MRI evaluation

48h after irradiation, the gel containers were evaluated on a diagnostic 3T Magnetom Prisma'™ (Siemens
Healthineers, Erlangen, Germany). For temperature constancy within +0.1 °C during MRI measurement, the
containers were placed in a dedicated water-flow phantom (Mann et al 2017). For quantitative R, measurement,
the phantomwasscanned withina 64-channelhead/neck coil usingamultispin-echo sequencewith 32 equidistant
echoes and echo times of TE = 22.5-720.0 ms and an echo spacing of 22.5ms. The scans were performed with
a repetition time TR = 10000 ms to avoid influences of Tj-relaxation, a resolution of 1.0 x 1.0 x 1.0 mm>,
and a band width of BW = 130 Hz/pixel. Furthermore, an additional high-resolution (0.5 x 0.5 x 0.5mm?)
3D-image was acquired for registration purposes to compare the measured 3D PG dose distribution with the
planned dose (see section 2.2.3). This was performed with a standard true fast imaging sequence with steady
state precession (TrueFISP) (Scheftler and Hennig 2003, Chavhan ef al 2008) as implemented by the MRI vendor
using the parameters TR = 11.68 ms, TE = 5.84 ms, number of averages = 2, and a flip angle of 70°. For this
scan, the water flow in the phantom was turned off to avoid flow artifacts.

2.2.3. Post-processing

The MR data was transferred to a personal computer and processed using an in-house developed Matlab (The
Mathworks Inc., Natick, USA)-based PG evaluation tool (Mann et al 2017) to pixel wise calculate the spin—spin
relaxation rate R, = 1/T, and generate R, maps. An edge conserving total variation filter (Rudin et al 1992)
was used for noise reduction while steep dose gradients are conserved (Mann 2017). Absolute dose maps were
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generated using the mono-exponential calibration curve, which was previously renormalized according to the
high dose region in the treatment plan (De Deene and Vandecasteele 2013, Vandecasteele and De Deene 2013,
Mann et al 2017). Afterwards, co-registration of the MR-images for PG evaluation to the planning MR-images
of the MR-Linac was performed on the image processing platform MITK (Nolden et al 2013) using a point-
based RigidClosedForm3D b-Spline 3rd order interpolation algorithm as implemented by the software and
three uniquely defined landmarks on the surface of the gel containers. A 3D -map analysis (Low et al 1998)
was performed of the TPS-calculated and measured dose distributions in the commercial software VeriSoft
(PTW, Freiburg, Germany) using a passing criterion of 3%/3 mm (dose difference with respect to the local dose/
distance-to-agreement) and taking only dose levels larger than 10% of the maximum dose into account. The
results of the y-map analysis are presented as passing rates, i.e. the percentage of evaluated voxels that meets the
gamma criterion.

2.3. Onlineadaptive MRgRT

2.3.1. General treatment workflow

The online adaptive treatment workflow to be tested in this study is visualized in figure 3. In this possible adaption
workflow, first CT and MR scans of the patient are performed (pre-treatment imaging) with the MRI being
acquired at the MR-Linac. For treatment planning, the CT is registered to the MRI and an electron density map
(pseudo-CT) is created for dose calculation. Structures used for planning are now delineated based on the pre-
treatment MRI and a treatment plan is calculated based on the generated pseudo-CT. For the actual treatment,
the patient is positioned again on the couch of the MR-Linac and an additional MRI (termed as online MRI) is
acquired at each treatment session (Raaymakers et al 2017). To correct for anatomical changes, the treatment
planisadapted online to the current patient anatomy using the information of the online MRI and the previously
generated treatment plan. For this, the pre-treatment MRI is registered deformably to this online MRI and
the contours are transferred (Paganelli ef al 2018). Using the resulting deformation, the electron density map
is deformed accordingly to generate a pseudo-CT of the actual anatomical situation. Changes of the tumour
position are first corrected by a setup correction. If there are further clinically relevant anatomical changes, the
initial treatment plan is adapted and the new treatment plan is delivered to the patient.

2.3.2. End-to-end test of an online adaptive MRGRT treatment procedure

The AQUARIUM was used to perform an end-to-end test of an online adaptive treatment procedure at a clinical
0.35 T MR-integrated 6 MV flattening filter free linear accelerator (MR-Linac, MRIdian® Linac, ViewRay,
Inc., Oakwood Village, OH, USA). For this, the AQUARIUM was used in two different settings (table 1). As a
preparation, a pre-treatment CT and MRI of the phantom in the reference setting were acquired and a treatment
plan was generated. After planning, the AQUARIUM was positioned again at the MR-Linac and after an
image-based setup correction, it was irradiated with a nominal dose rate of 630 MU/min under three different
conditions: (i) the AQUARIUM being in the reference setting, (ii) after changing the AQUARIUM setting to
the displaced setting without adapting the treatment plan, and (iii) after changing the AQUARIUM setting to
the displaced setting and adapting the treatment plan online to the new phantom setting. For each experiment
(1)—(iii), a new set of PG containers for both tumour volume and OAR was used and the AQUARIUM setting was
exactly reproduced. The different steps of the treatment workflow including the online adaption are described in

the following.

2.3.2.1.CT imaging
A pre-treatment CT was acquired for treatment planning at a SOMATOM confidence RT Pro (Siemens
Healthineers, Erlangen, Germany) scanner using the following parameters: voltage 120 kVp, current 216 mAs,

slice thickness 1 mm, and a resolution of 1 x 1 mm?.

2.3.2.2.MR imaging

A pre-treatment MRI was performed directly at the MR-Linac (By = 0.35 T) for treatment planning using
the surface flex coil with 12 receiver channels of the MR-Linac system. A standard TrueFISP sequence as
implemented by the vendor was applied with a field of view (FOV) of 35.0 x 36.0 x 40.0cm’, TR = 1.45m:s,
TE = 3.35ms, BW = 537 Hz/pixel, slice thickness = 0.15 cm, resolution of 0.15 x 0.15cm?, flip angle = 60°,
and an acquisition time of 92 s.

2.3.2.3.Treatment planning

For treatment planning, the pre-treatment CT of the AQUARIUM in reference setting was registered to the
corresponding pre-treatment MRI. As the configuration of the AQUARIUM was exactly the same in both images,
a rigid registration was used to simulate optimal irradiation conditions. An intensity modulated radiotherapy
(IMRT) treatment plan was calculated using the treatment planning system (TPS) of the MR-Linac with a dose
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Figure 3. Schematic overview of the online adaptive treatment workflow. The pre-treatment CT is registered to the pre-treatment
MRI to generate the pseudo-CT and the MRI-based treatment plan. Prior treatment, MRI is repeated and the pre-treatment MRI is
deformably registered to the online MRI and the electron density values of the pseudo-CT are transferred accordingly. Anatomical
changes are corrected by a couch shift and by adapting the initial treatment plan to the new anatomy, the new treatment plan is
generated and subsequently delivered to the patient.

Table 1. Setting of the AQUARIUM structures used for measurement (ii) and (iii) relative to the reference setting (measurement (i)). The
changes are given as longitudinal shifts (Az) and rotations (A«) of each rod (see figure 1(b)).

Modified setting relative to reference setting

Rod Structure Az [mm] Aal°]
1 PG-filled tumour 0.0 —40
2 MR contrast sphere 25 mm 10.0 0
3 CT contrast ‘bone’ 10.0 —70
4 MR contrast sphere 20 mm 10.0 0
5 CT contrast ‘air’ —10.0 50
6 PG-filled OAR —10.0 0
7 MR contrast Barex"" vial —10.0 0

calculation grid of 0.2 cm. The treatment plan was optimized to irradiate the PG-filled tumour at the centre
of the phantom with nineteen equally spaced beams prescribing a homogenous dose of 4 Gy. The PG in the
target was delineated as the gross target volume (GTV) and a uniform margin of 3mm was added to define
the planning target volume (PTV). The following objectives were used for optimization: Vy g9 gy = 50%, V359
Gy > 95%, ViasGy < 1% of the PTV and Vg9 gy < 30%, Va.00Gy < 1.00 cm’ of the OAR (V, Gy being the volume
in % or cm® receiving more than x Gy). The dose volume parameters achieved for the initial treatment plan with
the AQUARIUM in reference position are displayed in table 2. The dose calculation was performed based on the

electron density of the pseudo-CT.

2.3.2.4.Irradiation workflow
Prior to irradiation, an additional MRI was acquired using the same parameters as for the pre-treatment MRI.
Subsequently, irradiations were performed under the three different conditions:

(i) TheAQUARIUM in reference setting. The AQUARIUM in the reference setting was aligned at the
MR-Linac by means of the laser-system and moved to the isocentre position. Then, an online MRI was
acquired and a setup correction was derived by rigidly registering the planning to the online MRI. After
realizing the setup correction by a couch shift, the PG tumour was irradiated without any adaption of
the treatment plan.

(i) The AQUARIUM in displaced setting without plan adaption. In the second experiment, the PG
container were replaced and the configuration of the AQUARIUM was changed to the displaced setting
(table 1). After positioning of the AQUARIUM at the MR-Linac, an online MRI was acquired and the
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Table 2. Dose volume objectives used for treatment plan optimization and the actually values obtained for the treatment plans of the three
irradiation experiments (i)—(iii).

PTV OAR
Vioo Gy [%] Vi.s0Gy [%] Viagay [%]  Vigogy [%] V.00 Gy [em’]
Treatment plan optimization >50.00 >95.00 <1.00 <30.00 <1.00
(i) reference setting 54.08 98.11 0.00 23.41 0.13
(ii) displaced setting without plan adaption 20.74 43.80 0.16 40.58 1.47
(iii) displaced setting with plan adaption 52.12 97.47 0.00 32.22 0.00

planning MRI was registered to the online MRI using the intensity-based deformable registration
algorithm as implemented by the vendor (Bohoudi et al 2017) to transfer the contours of the treatment
plan to the actual MRI data set. For this, the advanced registration mode of the system was used with
the following parameters: deformation in both ways, tissue stiffness = 1, number of pyramids = 2,
downsampling method = minimum, final grid size = 6, max. final iterations = 10, max. intermediate
iterations = 8, and contour smoothing = 2. After applying an image-derived couch shift, the
treatment plan was delivered without any adaption. Finally, the dose distribution was recalculated on
the actual MRI without reoptimization using the respective pseudo-CT.

(iii) The AQUARIUM in displaced setting with plan adaption. In the third experiment, the PG container
were again replaced while keeping the displaced setting of the AQUARIUM (table 1). The deformable
registration was performed in the same way as in (ii) and after applying an image-based couch shift, the
treatment plan was adapted to the new configuration of the AQUARIUM using the same optimization
objectives as for the initial treatment plan. The adapted treatment plan was then delivered to the
phantom.

3. Results

3.1. Deformableimage registration

Qualitative evaluation revealed that the deformable image registration algorithm was able to deform the planning
MRI of the AQUARIUM in the reference setting to the online MRI of the AQUARIUM in the displaced setting.
All shifted and rotated structures were accurately matched. The corresponding deformation vector field was then
applied to the contours and the treatment planning CT to generate the pseudo-CT required for dose calculation
on the actual geometry. No artefacts were found in the deformed images. All deformed contours matched well
the corresponding structures in the online MRI, in the deformed planning MRI, and in the pseudo-CT.

3.2. Treatment plan evaluation

The dose volume parameters of the three treatment plans delivered to the AQUARIUM are depicted in table 2
and figure 4 displays the corresponding dose volume histograms (DVH). While all dose objectives were met for
the AQUARIUM in reference setting (i), application of the same plan for the displaced setting (ii) lead to a clear
under-dosage of the PTV (43.80% at 3.80 Gy) and an over-dosage in the OAR (40.58% at 1.00 Gy). In contrast,
applying the adapted plan to the AQUARIUM in the displaced setting (iii), the dose distribution was restored and
the dose objectives in the PTV were met. In addition, the over-dosage in the OAR was reduced again (32.22% at
1.00 Gy).

3.3. PGevaluation
Figure 5 displays representative dose profiles for the PG-filled tumour and OAR measured in the AQUARIUM in
reference setting when delivering the initial treatment plan (i). No significant dose deviation from the prescribed
dose was found in the tumour and the dose volume parameters of the OAR met the objectives used for plan
optimization. This is also reflected by the dose calculation, which agrees well with the measurement. Comparing
measurement and calculation results in 3D passing rates of the y-index of 96.4% and 93.7% with only a few
voxels with absolute dose differences of up to 0.25 Gy and 0.12 Gy for the tumour and the OAR, respectively.
Figure 6 shows representative dose profiles for the PG-filled tumour and OAR measured in the AQUARIUM
in displaced setting when delivering the initial treatment plan (ii). As a result, a significant under-dosage down
to 45% of the planned dose was measured in the PG tumour while the OAR experienced a large over-dosage of
up to 180% of the initially planned dose. These results correspond well with the dose distribution recalculated
for the new geometry. Comparing measurement and calculation results in 3D passing rates of 96.1% and 94.7%
with only a few voxels with absolute dose differences of up to 0.30 Gy and 0.18 Gy in the PG tumour and OAR,
respectively.
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Figure4. DVHs of the PTV and the OAR for the three irradiations experiments with the AQUARIUM in (i) reference setting (solid
line), (ii) displaced setting without plan adaption (dashed line), and (iii) displaced setting with plan adaption (dotted line).
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Figure 5. Representative axial PG dose profile for the tumour (top, left) and OAR (bottom, left) compared to the planned profiles
together with the 2D y-map (right) of the corresponding slice containing the profile (black line). The AQUARIUM was irradiated in

0.8

0.6

0.4

0.2

Figure 7 shows representative dose profiles for the PG-filled tumour and OAR measured in the AQUARIUM
in displaced setting when delivering the adapted treatment plan (iii). The online re-optimization of the treat-
ment plan restored the dose distribution. No significant dose deviation from the prescribed dose was found in
the tumour and the dose levels in the OAR were comparable to the case, when the AQUARIUM was irradiated in
the reference setting using the initial treatment plan. This is also reflected by the dose calculation, which agrees
well with the measurement. Comparing measurement and calculation results in 3D passing rates of 93.1% and
94.1% with only a few voxels with absolute dose difference of up to 0.25 Gy and 0.12 Gy in the PG tumour and

OAR, respectively.
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Figure 6. Representative axial PG dose profile for the tumour (top, left) and OAR (bottom, left) compared to the planned profiles
together with the 2D y-map (right) of the corresponding slice containing the profile (black line). The AQUARIUM was irradiated in
the displaced setting using the initial treatment plan and no plan adaption.

4. Discussion

In this study, an end-to-end test of an online adaptive treatment workflow was performed at an MR-Linac using
the newly developed AQUARIUM. The new phantom allows simulating the complete workflow including the
validation of the implemented image registration algorithms, the online adaption of the treatment plan and the
verification of the dose delivery. To our knowledge, already existing phantoms (e.g. StereoPHAN" by Sun Nuclear
Corp, Lucy 3D® QA Phantom by Standard Imaging Inc, QUASAR™ MRI*P by Modus Medical Devices Inc.,
Niebuhr et al 2019) used for end-to-end testing in various radiotherapy treatment procedures are either static,
do not resemble anthropomorphic image contrasts in CT and MRI, focused on intra-fractional motion, or are
not able to simulate anatomical changes in a highly reproducible way. As compared to the existing phantoms, the
AQUARIUM is capable of simulating inter-fractional anatomical changes in a realistic and reproducible manner
and it provides anthromorphic imaging contrasts in both CT and MRI. In this work, the image registration
algorithm was challenged by using adjustable irregular geometric structures having anthropomorphic image
contrast. The reproducible setting of the structure configuration is ensured by scales allowing for adjustments
with an accuracy of better than 1 mm and 2.5°, respectively, if settings defined by the scale marks are used (figure
1(b)).For dose measurements, it is possible to use 3D polymer gels, ionization chambers or thermoluminescence
detectors (TLD) that can be inserted or attached to the tumour or OAR structures.

Experiments in this study were performed at the ViewRay MRIdian® Linac machine using a magnetic field
strength of By = 0.35 T. However, the use of the AQUARIUM is not limited to this device. All phantom materials
are as well compatible with higher magnetic field strengths used in other MR-Linac devices. This makes the
phantom a versatile tool for comparative end-to-end tests at different MR-Linac centres. However, higher magn-
etic field strengths might induce additional image artefacts in specific imaging sequences not being observed at
By = 0.35 T. These image artefacts could have an impact on the image registration accuracy and would have to be
evaluated when using the AUQARIUM at higher field strengths.

In this work, three irradiation experiments were performed. While experiment (i) acts as a reference measure-
ment under ideal conditions, where no adaption was necessary, (ii) represents a negative control demonstrating
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Figure7. Representative axial PG dose profile for the tumour (top, left) and OAR (bottom, left) compared to the planned profiles
together with the 2D y-map (right) of the corresponding slice containing the profile (black line). The AQUARIUM was irradiated in
the displaced setting using the adapted treatment plan.

the effect on the dose distribution, when geometrical changes are not considered by treatment plan adaptions.
Experiment (iii), finally, represents an end-to-end test of the clinically intended adaptive treatment workflow.

In this study, the parameters of the deformable image registration algorithm were optimized to cope with the
geometrical changes in the AQUARIUM. To register the pre-treatment CT with the pre-treatment MRI, a rigid
registration was chosen, since there were no displacements within the phantom. Hence, the two images were
perfectly aligned after registration allowing for treatment planning under ideal conditions. This was also the case
for the registration of the pre-treatment to the online MRI in experiment (i). In the irradiation experiments (ii)
and (iii), the pre-treatment and the online MRI were registered deformably and the parameters of the algorithm
were optimized until all structures were fully aligned and the treatment planning contours were deformed using
the resulting deformation vector fields. In this study, the choice of the downsampling method had the largest
impact on registration quality. Similar to a real patient treatment, where a physician has to check the transferred
contours prior treatment, we also checked this for the new phantom geometry. However, the systematic evalua-
tion of the registration algorithms as well as the identification of its limitations was beyond the scope of this study
and requires further work. This also includes testing of the deformable registration algorithm for other scenarios
such as tumour growth or shrinkage, which may be simulated using the AQUARIUM with differently shaped and
sized 3D printed tumour structures. For this purpose also flexible inserts may be inserted to the AQUARIUM to
simulate organ deformations (Niebuhr et al 2019).

Comparing the results of the 3D dose measurements clearly demonstrates the benefit of the online treatment
plan adaption for the shifts and rotations of the phantom structures employed in our study: The deteriorated
dose distribution within the PTV and the significant increased dose within the OAR obtained in experiment (ii)
were completely restored by the adapted treatment plan in experiment (iii) leading to a uniform dose in the PTV
and asignificantly reduced dose in the OAR. Both dose distributions agree well with those of the reference experi-
ment (i), where no adaption was necessary. This is also reflected by the dose volume parameters (table 2) and the
DVH (figure 4).

For the present study, it was important to capture the dose distribution within the tumour and OAR in 3D.
As this is not feasible with point-like detectors such as ionization chambers or TL-detectors, PG was used. As
the dosimetric accuracy of PG is usually lower than that of standard detectors, high efforts were taken to be as

10



I0P Publishing

Phys. Med. Biol. 64 (2019) 225003 (13pp) AElteretal

accurate as possible. Interestingly, measured and planned dose distributions agreed very well for the standard
irradiation as well as in the new geometry in experiment (ii) and (iii). This is demonstrated by the ~ passing
rates of 96.4%, 96.1%, and 93.1% in the tumour and 93.7%, 94.7%, and 94.1% in the OAR for irradiation (i)—
(iii), respectively. Maximum deviations relative to the planned dose were in the order of 0.1-0.3 Gy, which can
be considered as small for PG measurements (Baldock et al 2010) and are within the overall dose resolution of
gels (Baldock et al 2001, 2010). The registration of the measured dose distributions within the PG containers to
the phantom images allows for a geometric validation of the planned dose distribution. The good agreement
between measured and calculated dose confirms that our PG measurements are reliable and that the combina-
tion of the AQUARIUM with PG-filled structures can be used to perform full end-to-end tests of adaptive treat-
ment procedures at MR-Linac devices. Moreover, due to its generality, the method can also be applied to verify
image-guided treatment workflows at other modern image-guided radiotherapy devices, such as conventional
Linacs, Tomotherapy (Mackie et al 1999), or Cyberknife (Kilby et al 2010) machines.

For the 3D dose evaluation, it should be kept in mind that the calibration curve was normalized based on a
reference point within the calculated dose distribution for the AQUARIUM, which is a standard procedure in PG
dosimetry (De Deene and Vandecasteele 2013). A recently published method by Mann et al (2019) suggested a
new method, which uses TLDs within the same experiment to normalize the calibration curve. In principle, this
method can also be adapted to the present experimental setup by additionally attaching several TLDs around
both the OAR and target structures. Since both PG and TLDs measure time-integrated doses (De Deene and Van-
decasteele 2013, Murthy 2013), such a combined dosimetric system within the AQUARIUM may also be used to
simulate a whole fractionated treatment scheme with anatomical changes between the fractions being corrected
by online adaptions of the treatment plan.

As a major draw-back, quantitative PAGAT dosimetry requires up to 48 hours until the polymerization pro-
cess stabilizes (Vandecasteele and De Deene 2013). It is therefore not feasible to evaluate the PG at the MR-Linac
directly after irradiation. However, as recently shown by Dorsch et al (2019), evaluation of geometrical param-
eters such as isocenter alignment and image distortions directly after irradiation is feasible and exhibits results
comparable to those of films. This would allow the visualization of sharp dose gradients, e.g. an under-dosage
within OARs directly after irradiation as long as no absolute dose levels are required.

In our treatment simulation there was no independent online quality assurance (QA) of the adapted treat-
ment plan. Although this is a required step in patient treatment, the PG measurements in the AQUARIUM con-
firmed that the re-optimization of the treatment plan and dose delivery was correctly performed. In this study,
we developed an end-to-end test for the whole chain of an online adaptive treatment workflow and successfully
performed a dosimetric validation.

5. Conclusion

In this study, a new phantom with adjustable anthropomorphic structures has been developed. The phantom was
used to perform an end-to-end test of an online adaptive treatment procedure ata 0.35 T MR-Linac by simulating
the complete workflow including the validation of image registration, treatment plan adaption and dose delivery.
3D dosimetry gel measurements confirmed that the adapted treatment plan resulted in dose distributions in
the tumour and the OAR that were well-comparable to a static case, where no adaption of the treatment plan
was necessary. The developed phantom can be used to perform end-to-end tests of online adaptive treatment
procedures at MR-Linac devices before introducing them to patients.
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Abstract

Obijective: In MR-guided radiotherapy (MRgRT) for prostate.cancer treatments inter-
fractional anatomy changes such as bladder and rectumfillings may be corrected by an online
adaption of the treatment plan. To clinically iamplement such.complex treatment procedures,
however, specific end-to-end tests are required that are able to validate the overall accuracy of
all treatment steps from pre-treatment imaging'to dose delivery.

Approach: In this study, an end-to-end test of a fractionated and online adapted MRgRT
prostate irradiation was performed using the.so-called ADAM-PETer phantom. The phantom
was adapted to perform 3D polymer gel (PG).dosimetry in the prostate and rectum.
Furthermore, thermoluminescence detectors (TLDs) were placed at the center and on the
surface of the prostate for additionalrdose measurements as well as for an external dose
renormalization of the PG. For the end-to-end test, a total of five online adapted irradiations
were applied in sequence withdifferent bladder and rectum fillings, respectively.

Main results: A good agreement of measured and planned dose was found represented by
high y-index passing rates{3 %,/3 mm criterion) of the PG evaluation of 98.9 % in the
prostate and 93.7 % in the rectums TLDs used for PG renormalization at the center of the
prostate showed a deviationof —2.3 %.

Significance: The presented end-to-end test, which allows for 3D dose verification in the
prostate and rectum, demonstrates the feasibility and accuracy of fractionated and online-
adapted prostate irradiations in presence of inter-fractional anatomy changes. Such tests are of
high clinical importance for the commissioning of new image-guided treatment procedures
such as online adaptive MRgRT.

Keywords: Magnetic resonance-guided (adaptive) radiotherapy (MRgRT), inter-fractional motion, fractionated treatment,
end-to-endtest, deformable anthropomorphic pelvis phantom, 3D gel dosimetry (PAGAT), thermoluminescence detectors
(TLD)
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1. Introduction

Magnetic resonance (MR-) guided radiotherapy (RT, MRgRT) aims to deliver high treatment doses for tumour
control while optimally sparing surrounding healthy tissue in presence of inter- and intra-fractional anatomical
changes. Two MRgRT systems are currently available commercially, the 1.5 T Unity system (Elekta’ Instrument
AB Stockholm, Sweden) (Raaymakers et al. 2017, Raaymakers et al. 2009, Winkel et al. 2019) and the 0.35 T
MRIdian Linac (Viewray, USA) (Kliter 2019, Mutic and Dempsey 2014). The excellent soft tissuecontrast without
additional radiation exposure from MR imaging (Chang et al. 1987) allows adapting the treatment plan according
to the actual anatomical situation found in the online acquired MR images. This online@adaption of.the treatment
plan prior to each fraction may enable the application of higher doses to the tumour while reducing safety margins
that conventionally account for anatomical changes during the course of the treatment (van Herk 2004). Hence, an
online adaption of the treatment plan may increase the radiation effectiveness of the tumour and decrease the risk
of severe side effects by the reduction of the irradiated normal tissue volume. Especially RT. treatments of the
prostate may benefit largely from MR-guided online adaptive irradiations by sparingbladder and rectum as the main
organs at risk (OAR), which are constantly changing their fillings (Tetar et al. 2029; Tocco et al. 2020).

Due to the complex treatment chain of adaptive MRgRT, it is essential to perform end=te-end tests to validate the
accumulated accuracy of all steps from pre-treatment imaging to dose delivery. Such tests require phantoms
allowing for reproducible changes of anatomical structures (inter- or intra-fractional changes) that have to be
compensated by adapting the treatment plan, for anthropomorphic and artefact-freesimaging contrast in computed
tomography (CT) and MR imaging (MRI), and for accurate dose measurements to'validate the dose delivery in 1D
to 3D.

First end-to-end tests for online adaptive MRgRT treatments have already been published (Elter et al. 2019b,
Hoffmans et al. 2020, Pappas et al. 2019, Stark et al. 2020). In Stark et:al. (2020) a static and homogenous phantom
without the possibility to change the geometry of inner structures wasiapplied to test the online adaptive workflow
in case of inter-fractional motion. Hoffmans et al. (2020) applied the anthropomorphic male pelvis phantom ADAM
(Niebuhr et al. 2019) equipped with small pieces of radiochromic. films at the interfaces of organ structures and
performed a fractionated and online adapted irradiation of the prostate with different bladder and rectum fillings of
the phantom for each fraction. However, the use of radiochromic film samples only allowed to measure the delivered
dose at some selected positions in 2D. Pappas etal..applied polymer dosimetry gel in an anthropomorphic head
phantom, however, this phantom again was static. In.our previous study (Elter et al. 2019b), polymer gel (PG)-filled
inserts were applied in the AQUARIUM . phantom to measure the applied dose to the target volume as well as to an
OAR-representing structure in 3D. While, this phantom simulated inter-fractional anatomy changes highly
reproducible, it did not represent real anthropomorphic geometries and, moreover, the end-to-end test included only
a single fraction.

Other studies have suggested the use ofthermoluminescence detectors (TLDs) to renormalize the absolute PG dose
distribution (Mann et al. 2019, Schwahofer et.al. 2020) as well as to combine PG and TLDs for dose measurements
within the updated version of the ADAM phantom (ADAM-PETer, Marot et al. (2021)). Marot et al. (2021) applied
the same phantom as used in the present study equipped with a PG-filled prostate and TLDs in the rectum. However,
the phantom was used only statically.without employing MR-guidance or online adaption of the treatment plan. As
a main result, the study demonstrated the feasibility of PG and TLD measurement in the complex ADAM-PETer
phantom.

In this study, the ADAM=PETer was equipped with PG-filled prostate and rectum inserts as well as with additional
TLDs for point dose measurements at the center and on the surface of the prostate. An end-to-end test for a
fractionated and onlineadapted MRgRT treatment in presence of inter-fractional anatomy changes was performed
using (i) a deformable anthropomorphic pelvis phantom, (ii) dose measurements by 3D polymer gel dosimeters and
TLDs in the prostate as‘well as in the rectum, (iii) simulated organ deformation and MR-based online-adaption of
the treatment-plan;.and (iv) a fractionated irradiation.
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2. Materials and Methods

2.1 Phantom

The experiment was carried out using the so-called ADAM-PETer (Anthropomorphic, Deformable And Multimodal
pelvis phantom with positron emission tomography (PET) Extension for Radiotherapy), which<was, initially
designed to perform a variety of different end-to-end tests in radiotherapy (Gillmann et al. 2021, Marotet al. 2021).
In the present study, however, no PET measurements were performed and the included lymph node system was not
used. The phantom is anthropomorphic with respect to organ shapes and imaging contrast in CT and MRI and allows
for the insertion of different dosimeters. In this study, two small adaptions were made for.the prostate and the
rectum:

(1) The prostate (figure la, volume 24 ml) was 3D printed with the Objet500 Connex3 3D printer
(Stratasys, USA) using the VeroClear™ material that has been shown to-be compatible with the PG
used in this work (Elter et al. 2019a). At the center of the prostate, a holder has been included, which
allows for insertion and removal of a TLD from the outside. This TLD.allows for a renormalization of
the dose distribution measured with PG (Mann et al. 2019, Schwahofer et.al=2020). Two additional
TLDs enclosed in dedicated PMMA capsules were attached to the surface of the prostate using an
additional 3D printed holder.

(i) A silicone rectum (figure 1b) as used in the original version of the ADAM phantom (Niebuhr et al.
2019) was inserted into the phantom due to a better long termistability as compared to the flexible 3D
printed version described for ADAM-PETer (Gillmann etal. 2021). An additional 3D printed PG
container (figure 1b, volume 8.5 ml)) was placed in the rectum-at.the height of the prostate.

During the irradiation experiment, the bladder and the rectum balloon were filled with six different water (100 —
200 ml) and air volumes (0 — 20 ml), respectively, using externally attgched syringes (table 1). The first set of
fillings served for pre-irradiation imaging and treatment planning while‘the other five induced anatomical changes
for the five treatment fractions.

(@) (b)

Figure 1: CAD-drawings/of the 3D printed prostate including the central TLD holder (1) and the two TLD holders on the
surface (2) (a) aswell as the, ADAM-PETer phantom configured with the bladder (3), prostate (4) and rectum (5) including
the 3D printed rectum insert (6) (b).
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Table 1: Bladder and rectum fillings of the ADAM-PETer used for pre-irradiation imaging and treatment planning and for
the five treatment fractions, respectively.

Bladder (water) [ml] Rectum balloon (air) [ml]
Pre-irradiation 170 15
Fraction 1 185 20
Fraction 2 150 5
Fraction 3 200 15
Fraction 4 100 10
Fraction 5 170 20
2.2 Dosimeter preparation o

Two detector systems were used in this work: (i) PAGAT (PolyAcrylamide Gelatin gel fabricated at ATmospheric
conditions) dosimetry gel and (ii) TLDs that are used to renormalize the PG dose distribution as described earlier
(Mann et al. 2019, Schwahofer et al. 2020).

PAGAT exhibits a small dose-rate dependence and allows for in-house production at low costs and under
atmospheric conditions (De Deene et al. 2006). The PG is evaluated by MRl employing a quantitative map of the
R, relaxation rate (Baldock et al. 2010). The entire PG experiment workflow from production to evaluation is
described in detail elsewhere (Elter et al. 2021). The PG was filled into the 3D printed prostate and rectum inserts
and in addition, a set of ten Barex™ (VELOX GmbH, Germany) containers were filled with PG of the same
production batch and were irradiated with known doses fram 0 to 9 Gy in steps of 1 Gy to perform a R,-dose
calibration for absolute dosimetry.

TLDs (TLD600, LiF:Mg,Ti, Harshaw, Thermofisher Scientific, USA) were inserted at the center and on the surface
of the prostate for additional point dose measurements. The calibration and evaluation procedure of the TLDs has
been described earlier (Schwahofer et al. 2020).

2.3 End-to-end testing

Using the ADAM-PETer phantom equipped, with PG and TLDs for dose measurement, an end-to-end test was
performed for a fractionated and online adapted:MRgRT treatment. In this study, the MRIdian Linac system was
used, which combines a 0.35 T MRI system with a 6 MV flattening filter free linear accelerator (Linac, MR-Linac).
For the end-to-end test, an initial treatmentyplan was generated based on the pre-irradiation MR and CT images. The
actual treatment was delivered in five directly consecutive fractions with the bladder and rectum filling being
changed prior to each fraction (table 1)‘and for each fraction, the initial treatment plan was adapted according to an
online MR image of the respective fraction. A schematic overview of the online adaptive workflow applied in this
work is shown in figure 2.
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Figure 2: Schematic overview of the online adaptive treatment workflow applied in this study. The pre-irradiation CT is
registered to the pre-irradiation MRI, treatment structures are delineated and theinitial pre-irradiation plan calculated based
on the pre-irradiation images. Prior to each fraction, the MRI is repeated and the pre-irradiation MRI registered to the online
MRI. Treatment structures are corrected and the treatment plan is adapted according to.the actual geometries before irradiation
of each treatment fraction. The online adaption process is repeated for each fraction with bladder and rectum fillings being
adjusted.

&
2.3.1 Pre-irradiation imaging. Initial CT and MR ‘images of the phantom were acquired for treatment
planning using the pre-irradiation bladder and rectum balloon fillings (table 1). CT imaging was performed at a
SOMATOM confidence RT Pro (Siemens Healthineers, Germany) scanner with a voltage of 120 kVp, exposure of
500 mAs and voxel size of 1 x 1 x 1 mm3. Pre-irradiation MR’imaging was performed at the MR-Linac (B, =
0.35T) using a clinical planning true fast imaging sequence with steady state precession (TrueFISP) sequence
(Chavhan et al. 2008, Scheffler and Hennig 2003) as.implemented by the vendor with a field of view (FOV) of
35.0 x 36.0 X 40.0 cm3, a repetition4time TR = 1.45ms, echo time TE = 3.35ms, band width BW =
537 Hz/pixel and a voxel size VS = 1.5 X 15 x 1.5 mm3. PG-filled inserts and TLDs were replaced after pre-
irradiation imaging.

2.3.2 Treatment planning. Treatmentyplanning was performed using the treatment planning system (TPS) of
the MR-Linac. For this, the pre-irradiation CT was rigidly registered to the pre-irradiation MRI and the skin and
bone contours were delineated based on the CT image due to better visibility, while the contours of prostate, bladder
and rectum were based on the MRI."The PG insert within the rectum was not separately delineated, but was
considered as part of the rectum Structure. An intensity-modulated radiotherapy (IMRT) plan was generated using
a set of 15 beams. Dose was caleulated with the TPS’s (Viewray, USA) Monte Carlo algorithm considering the
magnetic field with a dose grid resolution of 0.2 cm and prediction uncertainty of 0.5 %.

To dosimetrically visualize a potentially incomplete coverage of the planning target volume (PTV) within the PG,
the PTV was defined to be 0.2«cm smaller than the PG volume of the prostate. A uniform dose of 5 Gy delivered in
5 fractions was prescribed to‘the PTV applying the following objectives for optimization according to clinically
applied values/(ClinicalTrials.gov NCT04845503): Vs o0 gy = 50 %, Vs35 6y < 2 %, Va75 6y > 95 % of the PTV

and Vs 43 gy <'0.20 cm? of both the rectum and the bladder (V,, Gy being the volume in % or in cm? receiving more

than x Gy): The planned dose of 5 Gy was chosen due to the optimal dose resolution of the PAGAT gel at 0 — 6 Gy
(Matrosic et al. 2017).

2.3.3 Irradiation. Prior to each irradiation, the bladder and rectum balloon fillings were adjusted according
to table L.and an online MRI was acquired at the MR-Linac using the same sequence as for pre-irradiation imaging
(section2.3.1). The pre-irradiation MRI was then registered to the online MRI using the intensity-based deformable
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algorithm as implemented by the vendor (Bohoudi et al. 2017). All contours were then transferred to the online MRI
using automatic deformation followed by a manual correction of the skin, prostate, bladder and rectum structures.
Rectum and bladder correction were restricted to a 2 cm margin around the previous PTV structure. The treatment
plan was re-optimized according to the actual anatomical geometry using the same dose prescription and.constraints
as used for the initial treatment plan (section 2.3.2). This procedure was repeated for all five fractions,using the
same PG inserts and TLDs in the phantom.

2.3.4 Quality assurance (QA) procedures. Prior to each irradiation, the online-adapted treatment plan was
checked by the so-called adaptive QA tool (AQA) of the MR-Linac system, which performs a secondary dose
calculation and evaluates the number of monitor units (MU) and plan segments per fraction compared to the initial
pre-irradiation plan (Kliter et al. 2021). The secondary dose calculation is compared to the primary by a 3D y-
analysis (Low et al. 1998) using a 2 %/1 mm (dose difference with respect to the local dose/distance-to-agreement)
criterion. In addition, the adapted treatment plan of fraction 1 was recalculated to a solid water,phantom and the
dose at the isocenter was retrospectively verified with an ionization chamber (A1SL, Standard Imaging, Inc., USA).

2.4 Dosimeter evaluation ~

The PG containers were evaluated 48 h after irradiation on a diagnostic 3T Magnetom Prisma™ MRI scanner
(Siemens Healthineers, Germany). For this, the containers were placed in a dedicated water flow phantom to ensure
a temperature stability of + 0.1 °C (Elter et al. 2021, Mann et al. 2017).“A.quantitative R, map was acquired with a
64-channel head/neck coil using a multiple spin echo sequence with«32,equidistant echoes (TE = 25 — 800 ms),
TR = 7000 ms, BW = 130 Hz/pixel and VS = 1 X 1 x 1 mm?. In addition, a high resolution standard TrueFISP
sequence with TR = 11.66 ms, TE = 5.83 ms, BW = 130 Hz/pixel, number of averages = 2, flip angle = 70°
and VS = 0.5 x 0.5 x 0.5 mm? was acquired to register the imagesof the MR evaluation with the images used for
treatment planning. y

TLDs were read out directly after irradiation using a hot gas reader (Harshow 5500, Thermofisher Scientific, USA)
with a time temperature profile of 10 °C/s up to 350 °C. The signal'was gathered by a photomultiplier and exported
in an ASCII file (Schwahofer et al. 2017).

2.5 Post processing

To compare the measured and planned dose distributions, a dose accumulation of the adapted treatment plans of the
five fractions was performed using the treatment planning system RayStation 10A (Raysearch Laboratories,
Sweden). For this, the online MR image of-each.fraction were registered to the pre-irradiation MRI, which served
as reference, using a hybrid deformable image registration algorithm as implemented by the vendor with the prostate
structure being selected as a so-called .controlling structure (Weistrand and Svensson 2015). The resulting
deformation vector fields were then‘applied to the dose distribution of the respective fraction and the resulting dose
distributions were summed. For camparison of planned and measured dose distributions, the accumulated dose
distribution was then rescaled by the relative difference found in the QA measurement of fraction 1 (sections 2.3.4
& 3.1.3).

Evaluation of the TLDs was performed within the in-house developed software ‘TLD Analyzer’ (Schwahofer 2016).
To compare the measured dose of the TLDs with that of the plan, the accumulated and scaled dose of the treatment
plan was averaged over-threesslices, which included the respective TLD in the pre-irradiation MRI.

The post-processing/of the MR images for PG evaluation was performed using the in-house developed evaluation
tool based on the image processing platform MITK (Elter et al. 2021, Nolden et al. 2013). After generation of a
R, = 1/T, mapyanedge conserving total variation filter (Rudin et al. 1992) was applied and a dose map was created
by means of a'mono-exponential calibration curve. The measured dose maps of the PG inserts in the prostate and
rectum were_separately mapped to the accumulated planned dose distribution based on a rigid registration of the
respective morphological images. For this, the point-based closed-form MITK registration algorithm
RigidClosedForm3D with three uniquely defined landmarks on the surface of the PG containers and a b-Spline 3™
order interpolation algorithm was used. The PG calibration curve was then linearly renormalized using two
reference points of the dose distribution in the high and low dose region, respectively, and new dose distributions
were generated accordingly (Vandecasteele and De Deene 2013). The measured dose of the central TLD of the
prostate served as an external reference in the high dose region (for details, see Mann et al. (2019) and Schwahofer
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et al. (2020)), while the PG was renormalized to the treatment plan in the low dose region of the rectum insert. Since
the PG-based dose is not available directly at the central TLD position of the prostate, a neighbouring point with
the same planned dose was chosen to renormalize the PG-dose distribution. Finally, a 3D y-analysis (Low et al.
1998) was performed using a 3 %/3 mm (2 %/2 mm) criterion (dose difference with respect to, the local
dose/distance-to-agreement) disregarding dose values below 10 % of the maximum dose.

3. Results
3.1 Treatment plan evaluation

3.1.1 Dose statistics. ~ The dose statistics for the calculated pre-irradiation plan and the‘adapted. treatment. plans
of the five delivered fractions are given in table 2. Each plan was scaled to the total planned dose of 5'Gy. Prescribed
objectives for optimization were always met.

Table 2: Dose statistics including the minimum, mean and maximum dose as well as the actually realized dose volume
objectives (V) of the pre-irradiation plan and the five adapted treatment plans of the five fraction\s.

Structure Min [Gy] Mean [Gy] Max[Gy]a V500 cy/Vs.35cy/Varscy/Vsazay
PTV Pre-irradiation plan 3.44 4.96 5.23 50.0%/0.0%/95.2% / —
Fraction 1 4.26 499 5.30 50.0 %/0.0%/96.9% / —
Fraction 2 4.39 4.99 5:26 50.0 %/0.0%/98.5% / —
Fraction 3 4.20 4.99 5.25 50.0 %/0.0%/97.7% / —
Fraction 4 4.49 4,99 5.29 50.0 %/0.0%/98.7% / —
Fraction 5 431 4,99 5.34 50.0 %/0.0%/96.9% / —
Rectum Pre-irradiation plan 0.01 0.28 2.07 % —/—/—/0.0 cm3
Fraction 1 0.01 0.28 2.34 —/—/—/0.0 cm3
Fraction 2 0.01 0.29 2:49 —/—/—/0.0 cm3
Fraction 3 0.01 0.29 2.42 —/—/—/0.0 cm?3
Fraction 4 0.01 0.28 2.53 —/—/—/0.0 cm?3
Fraction 5 0.01 0.29 2.67 —/—/—/0.0 cm?
Bladder Pre-irradiation plan 0.04 0.24 4,56 —/—/—/0.0 cm3
Fraction 1 0.03 0:23 4.50 —/—/—/0.0 cm3
Fraction 2 0.04 0.27 4.74 —/—/—/0.0 cm3
Fraction 3 0.03 0.24 4.61 —/—/-/0.0 cm3
Fraction 4 0.05 0.31 4,55 —/—/-/0.0 cm3
Fraction 5 0.04 0.24 4.40 —/—/—/0.0 cm3

3.1.2 Dose volume histograms. Dase volume histograms (DVH) of the online-adapted treatment plan accumulated
over five fractions in comparison-to the pre-irradiation treatment plan are shown in figure 3. An improved coverage
of the prostate and PTV as well as a better sparing of OARs was achieved in the accumulated adapted treatment
plans compared to the pre-irradiation plan.
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Figure 3: DVHs of the accumulated adapted treatment plans (solid line) and pre-irradiation treatment plan (dashed line) for

the rectum (yellow), bladder (blue), skin (green), prostate (purple) and PTV (red) structures.

3.1.3 Quality assurance. The AQA-tool revealed y-passing rates of the secondary dose calculation of >
97 % for all adapted treatment plans. Furthermore, the average deviation in the number of MUs per fraction and
treatment segments relative to the pre-irradiation plan was found to be —0.2 + 6.4 % and —0.3 + 6.0 %,
respectively. The additional dose verification measurement of fraction 1 resulted in a relative difference of —3.1 %
between measured and planned dose, which was then used to rescale the onling=adapted treatment plan accumulated
over the five fractions.

. . %
3.2 Dosimeter evaluation

3.2.1 TLD evaluation. The results of the TLD measurements in'the prostate are given in table 3. A maximum
deviation of —0.11 Gy and —4.7 % with respect to the planned dose was found at the surface. The measured dose
of the central TLD of 4.75 Gy was used for dose renormalization of the PG.

Table 3: Measured and planned dose of the three TLD measurements at the center (high dose region) and the surface (dose
gradient) of the prostate.

TLD position Measured dose [Gy] Planned dose [Gy] Deviation [%]
Center 4.75 4.86 —2.3
Surface 1 2:24 2.35 —4.7
Surface 2 2.01 2.04 —1.5

3.2.2 PG evaluation.  Representative’ dose profiles at different heights for the PG-filled prostate together with
respective 2D y-maps are shown in figure4: No significant dose deviation of measured and planned dose was found
as shown by the high 3D_passing. rates of the y-index of 98.9 % (3 %/3 mm) and 91.4 % (2 %/2 mm),
respectively. A total of 6436 voxels was evaluated and only few voxels exhibited absolute deviations up to 0.4 Gy.
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Figure 4: Comparison of measured and planned dose profiles (center) through the prostate at three representative heights. The
position of the profiles is indicated in the sagittal MR images with the overlaid measured dose distribution (left) and in the

transversal 2D y-maps (3 %/3 mm, right). Moxels violating the y-criterion are indicated in red.

Representative dose profiles of two different orientations for the PG-filled rectum insert together with respective
2D y-maps are shown in figure:5. A good agreement of planned and measured dose was found as indicated by 3D
passing rates of the y-index of 93.7.% (3 %/3 mm) and 80.0 % (2 %/2 mm) with a total of 1853 voxels being

evaluated.
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Figure 5: Representative measured and planned dose profiles (center) through the rectum insert for two different orientations
as indicated by the green arrows in the PG dose map overlaid on the reference MRI (left, sagittal view) and the corresponding
2D y-maps (3 %/3 mm, right). Voxels violating the y-criterion.are indicated in red.

4, Discussion

In this study, a successful end-to-end test of a fractionated and online adapted MRgRT treatment was performed
using the ADAM-PETer phantom. The ADAM-PETer was adapted to perform 3D dosimetry using PG in the
prostate and the rectum as well as additignal point measurements using TLDs at the center and on the surface of the
prostate. To our knowledge, this is the first study that applies a deformable phantom with anthropomorphic imaging
contrast in CT and MRI to accurately simulate nter-fractional anatomy changes for an end-to-end test of multiple
fractions while being able to measure the.applied dose in 3D. Previous studies have either used static phantoms
without anthropomorphic geometries; have'performed point-like or 2D dose measurements or applied one treatment
fraction only (Elter et al. 2019b, Hoffmans et al. 2020, Pappas et al. 2019, Stark et al. 2020). The performed test
included all steps of an online adapted MRgRT treatment from pre-irradiation MRI and CT imaging, treatment
planning, inter-fractional anatomy. changes, the corresponding online adaption of the treatment plan, dose delivery
to specific QA measurements:

Due to the complexity of the presented workflow including PG and TLD measurements, the end-to-end test may
not be suited for regular-patient-specific QA purposes on a weekly or monthly basis. We therefore propose such
measurements as end=to-end tests in the commissioning phase of new treatment techniques such as MR-guided
treatments at a MR-Linac. Here, PGs provide a promising tool for 3D dose evaluations with a high dosimetric and
geometric accuracy. Conventionally used dosimetry systems (e.g. ionization chambers, films) do typically not allow
for a 3D dose/evaluation-and therefore lack the possibility to fully represent steep dose gradients as present in
complex dose distributions. Hence, they may not be able to detect geometrical errors in the dose delivery.

Bladder and rectumifillings of the five fractions were adapted to typical medium to high bladder and empty rectum
fillings in clinicalrostate irradiations, e.g. implemented by drinking instructions to the patient before irradiation
(Alongi et al. 2020, Bruynzeel et al. 2019, Tetar et al. 2019). Therefore, the bladder filling was mostly varied
between a baselevel of 150 ml corresponding to a full, but not expanded, bladder and a maximum filling of 200 ml.
Howeveryarather small bladder filling of 100 ml in fraction 4 was included in the current study to simulate scenario
of a nearly empty bladder. To simulate an empty rectum, only air fillings of the rectal balloon were used, although
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water fillings are generally possible (Niebuhr et al. 2019). Besides this, bladder and rectum fillings were randomly
selected within the range of technically feasible fillings.

Dose measurements in this study showed a very good agreement with the accumulated treatment plan represented
by very high 3D passing rates of the y-index (3 %/ 3 mm criterion) of 98.9 % in the PG-filled prostate and 93.7 %
in the PG-filled rectum insert, as well as maximum deviations of the TLD measurements to the: accumulated
treatment plan of —4.7 %.

While the chosen threshold level of 10 % of the local maximum dose does not influence the y-analysis in the high
dose region of the prostate, it might slightly influence the passing rate of the rectum due to the lower dose level and
the included dose gradient.

The deviations in the TLD measurements on the surface of the prostate may result from small pesitioning
uncertainties in the dose gradient region or small uncertainties in the TLD dose calibration process.

Both PG and TLDs are generally considered to accumulate the applied dose (De Deene.and Baldock 2004, Murthy
2013). However, first studies have shown a dependency of the gel response on the dose fractionation scheme, which
can be corrected by a dose renormalization (Karlsson et al. 2007). In this study, a so-called two point renormalization
was performed using two reference points in the high and low dose region, respectively(Vandecasteele and De
Deene 2013), since the delivered dose distribution was evaluated in both the high dose (prostate) and low dose
(rectum insert) region. While a normalization to an external dose measurement using.a TLD was possible in the
homogenous dose region of the prostate (Mann et al. 2019, Schwahofer et al.'2020), this was not feasible in the
dose gradient region of the rectum insert. In the dose gradient, a slight shift.in position between a possible TLD and
the PG would directly lead to a large shift in the applied dose of up to 0:1Gy/mm. Furthermore, a second
independent dose measurement using TLDs or ionization chambers positioned within the rectum insert was not
feasible as the anatomy of the ADAM-PETer phantom is not perfectly reproducible. Hence, the PG was
renormalized to the treatment plan in the low dose region of‘the rectum.insert. Remaining deviations in the PG
response may result from the dose delivery as well as from the(15 radiation beams, each using multiple IMRT
segments, since PG response to fractionated irradiations was earlier found to be dose dependent (Karlsson et al.
2007). The small PG volumes, which were necessary for technical‘reasons, may also have been affected by effects
from the container material on the PG response as well‘as by slight variations in temperature gradients during the
cooling process after production or during irradiation.

Due to the optimal dose resolution of the PG at 0.— 6 Gy:(Matrosic et al. 2017), a uniform dose of 5 Gy delivered
in 5 fractions (1 Gy per fraction) was prescribed to the prostate in this end-to-end test as compared to 5 x 7.5 Gy
applied in the clinical study used as reference (ClinicalTrials.gov NCT04845503). As the absolute dose output of
the treatment device is regularly checked by routine QA measurements e.g. using ionization chambers in simple
water phantoms, the dose prescription of complex workflow tests as presented in this study may be scaled without
significantly compromising the accuracy of .the measurement.

In the dose verification measurement of f%ction 1 with an ionization chamber, a difference to the planned dose of
—3.1% was found. This may result from slight variations in the MR-Linac output calibration, but also from
systematic errors in the dose‘calculation.and the delivery of the IMRT plan with 15 beams and > 30 segments per
fraction. Due to the low absolute dese applied of 1 Gy per fraction, this leads to small numbers of monitor units per
segment, which may additionally. increase the uncertainty of the dose delivery. In addition, positioning errors,
volume effects or disregarding the plan-specific reference field in the ionization chamber measurement may also
contribute to the overall.uncertainty. Furthermore, an additional systematic error source cannot be excluded. The
QA measurement was performed-for one fraction only, since all treatments were applied on the same day in direct
succession and all adaptions were based in the same pre-irradiation plan. Therefore, no significant deviation between
the fractions was:expected.

Uncertainties in the accumulated dose distribution may result from the deformable registration required for each of
the five fractions: In the air-filled rectum these uncertainties may increase further as the interface of air and water-
equivalent material ‘may increase the dosimetric effect of small registration errors and moreover disturbs the
secondary electron equilibrium.

Furthermore;,the AQA-tool revealed a variation of monitor units and number of segments with a corresponding
standard deviation in the order of 6 %. However, this variation, which may appear to be large, is not surprising due
to the independent re-optimization of the treatment plan for each fraction.
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As a result, the DVH (figure 3) shows a slightly better coverage of the PTV for the accumulated adapted treatment
plan compared to the pre-irradiation plan. This is in good agreement with the dose statistics in table 2 and might
result from a slightly different organ positioning during the treatment compared to the pre-irradiation scenario
allowing for a better optimization of the treatment plan.

Overall, the presented end-to-end test demonstrated the feasibility and accuracy of fractionated and online-adapted
prostate irradiations in presence of inter-fractional anatomy changes. In all fractions, optimal sparing-of.the rectum
as most important OAR was achieved. Due to the anthropomorphic imaging contrast of the phantom in'CT and
MR, the experimental setup is of similar complexity as that in patients and it may therefore alsa be used in future
experiments to validate so-called MR-only treatment planning techniques.

5. Conclusion

In this study, we presented a successful end-to-end test of a fractionated and online adapted MR-guided radiotherapy
treatment using a deformable pelvis phantom with anthropomorphic imaging contrast in CT and MR. 3D polymer
dosimetry gel and thermoluminescence detectors allowed for comprehensive dose.measurements in the prostate as
well as in the rectum. A good agreement of measured and planned dose /was foundsy-index passing rates
(3 %/3 mm) of 98.9 % and 93.7 % were found for the prostate and rectum, respectively, and point measurements
with thermoluminescence detectors revealed deviations of —2.3 % at the center.and up.to —4.7 % on the surface of
the prostate.
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3 DISCUSSION

In this thesis, end-to-end tests were developed and implemented to validate online adaptive
MRgRT treatment procedures at the 0.35 T MRIdian Linac. The recent clinical introduction of
MR-Linacs allows to improve the treatment accuracy of RT treatments using daily online acquired
MR images of the patient anatomy. These online images may be used to correct the patient
positioning and, more importantly, to adapt the treatment plan to the actual patient geometry
and for motion compensation during the treatment. With the improved accuracy, OAR toxicity
may be reduced while the dose to the target per treatment fraction may be increased (so-called
dose escalation). However, the correct and precise dose delivery in such a scenario has to be verified
on a regular basis using dedicated machine- and patient-specific QA procedures. Furthermore, end-
to-end tests are required to validate the feasibility and accuracy of the entire treatment workflow.
A crucial part of such tests is the identification of remaining uncertainties, which may not be
detected by solely testing each single step of the workflow. Especially for complex procedures such
as online adaptive MRgRT, end-to-end tests are essential to deduce the potential and possible
limitations of this novel treatment technique. To implement these tests, dedicated phantoms that
realistically represent the patient in terms of anthropomorphic geometry, radiation attenuation and
image contrast are required. A further challenge for the development of end-to-end testing
phantoms is the integration of measurement systems that may verify the delivered dose distribution

with high geometric and dosimetric accuracy.

For the final implementation of end-to-end tests for online adaptive MRgRT, several methods were
developed within the scope of this thesis. This includes the standardization of PG experiments for
3D dose measurements (publication I) and the development of anthropomorphic phantom materials
(publication IT). These methods were validated in a clinical environment (publication II & IIT) and
finally, several end-to-end tests of IgRT procedures were introduced and clinically implemented
(publications IV-VI) focusing on online adaptive MRgRT. Within this section, the main results of

the six publications, which comprise this thesis, will be discussed and put into a general context.

3.1 Methodological developments

3.1.1 3D dose verification

A crucial part for the implementation of end-to-end tests is the applied dose measurement system.
In the ideal case, dose measurements allow for a highly accurate 3D dose evaluation. Hence, PGs
provide a promising tool for end-to-end tests. However, this method is normally associated with
many uncertainties especially related to the complex experimental workflow [151]. For PAGAT
gels, these uncertainties may originate from the production process (e.g. chemical impurities or
unwanted chemical reaction processes), from irradiation and storage (e.g. temperature and dose
rate variations), as well as from the MRI evaluation (e.g. temperature variations or magnetic field
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inhomogeneities). In literature, several different PGs with different properties were applied to
different workflows and each PG requires specific measures to minimize uncertainties [121]. This
limits the feasibility of PG experiments and further complicates their clinical introduction.
Therefore, a standardized protocol for the experimental workflow to conduct PAGAT gel dosimetry
was presented in publication I. Such a standardization is highly important to track and minimize
uncertainties and to allow for a wide range of applications. Hence, it is a prerequisite for the
reproducible use of PGs in advanced end-to-end tests of new RT treatment techniques. However,
despite the standardized workflow and a dedicated calibration procedure, an external
renormalization of the PG response has to be performed in order to conduct absolute dosimetry
[122]. Such a renormalization of the calibration curve may be performed using the treatment plan
or an external dose reference measurement, e.g. using TLDs [145, 146]. By renormalizing the dose
to an external reference, a high dosimetric accuracy of PG experiments with an overall uncertainty
of <4 % can be achieved with the workflow reported in publication I [144, 146]. The presented
workflow was applied for various QA measurements in publications III-VI. However, PAGAT
experiments require experimental times of several days from gel production to evaluation
(approximately one week for a single PG experiment), well-equipped laboratories for gel
production, and access to an MRI device for gel evaluation. The required time might be reduced
if only geometrical aspects are analyzed, since they are insensitive to chemical stabilization of the
PG after irradiation [152]. For dosimetric purposes in regular QA, other dosimetry systems, e.g.
ionization chamber arrays, may present an alternative as they allow an online read-out.
Nevertheless, PG dosimetry in anthropomorphic phantoms provide a valuable method for the
commissioning of new radiotherapy treatment techniques such as MRgRT.

3.1.2 Phantoms with anthropomorphic attenuation and imaging contrast

Besides a 3D dose measurement system, a phantom for end-to-end testing in MRgRT should have
the same attenuation properties and image contrast in CT and MRI as patients. In general,
anthropomorphic attenuation properties are associated with CT-values as relative attenuation
coefficients for photon therapy, or with SPRs for proton and ion therapy, which may be derived
from CT-values using dedicated HLUTS (for a further discussion on attenuation properties see
section 3.2.1). However, typical phantom materials presented in literature represent either
anthropomorphic CT or MRI contrast, do not allow for an individual adjustment towards specific
contrast values [148, 153], or do not account for different relaxation times at the magnetic field
strength of the applied MRI [154]. Therefore, phantom materials with individually adjustable CT
as well as MRI contrast at three different field strengths were developed and presented in
publication II. The chosen magnetic field strengths (0.35,1.5 and 3.0 T) cover the full range of
potentially applied field strengths in MRgRT, i.e. diagnostic MRI devices and MR-Linacs. The
developed system of equations allows for the prediction of required concentrations of chemical
ingredients for given CT, T} and T, values at each magnetic field strength and vice versa. This
enables the preparation of phantom materials with defined image contrast (CT and MRI) to
represent soft tissues. An exception is the simulation of materials with very low to negative CT-
values or CT-values > 350 HU. The limitation on positive CT-values is due to the water base
(CTater = 0 HU) of the materials and the fact that the chemical ingredients used for varying the
CT-value (KCl) or MRI contrast (agarose and Ni-DTPA) increase the CT-value. However, soft
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tissues with negative CT-values may easily be simulated using oil or Vaseline [148], which is applied
in the ADAM-PETer phantom [150] used in publications III, IV and VI. On the other hand, high
CT-values beyond the soft tissue range are limited by the solubility of KCIl in the developed
method. Hence, other materials such as K,HPO, and gypsum have to be used for the simulation
of bony structures in end-to-end testing phantoms [148]. This was done in the AQUARIUM and
ADAM-PETer (publications ITI-VI). Furthermore, the MRI contrast of the developed materials is
limited towards low T, values (T, < 30 ms), since high agarose concentrations are required for
lower values, which would lead to a very high viscosity of the gels resulting in a poor mixing ability
and the formation of air bubbles. Nevertheless, the range of achievable imaging parameters well
covers the range of most important soft tissues with positive CT-values (section 3.2.1).

3.1.3 Simulation of anatomical changes in phantoms

The simulation of realistic anatomical changes is essential to perform end-to-end tests of complex
adaptive image-guided treatment procedures. Depending on the tested workflow, the anatomical
changes may include inter- or intra-fractional motion. While two phantoms capable of simulating
intra-fractional motion were presented in publication IV, this thesis focusses on inter-fractional
motion to investigate the feasibility and accuracy of treatment plan adaptions (publications III-
VI). In both types of motion, the anatomical changes may be simulated either by rather simple
non-anthropomorphic phantoms or by phantoms that represent realistic anthropomorphic
geometries. Purely geometric phantoms such as the AQUARIUM (publications IV & V) typically
benefit from an easy use and from a high reproducibility of the applied change, allowing for
repeated measurements under identical conditions. Hence, errors and uncertainties in the tested
workflow that can be attributed to the respective motion pattern may be detected. End-to-end
tests using such geometrical phantoms are therefore essential to generally validate the feasibility
of a specific workflow and to successively identify specific limitations. However, these phantoms
are typically not able to simulate realistic anatomical changes in patients due to the lack of an
anthropomorphic geometry. To overcome this limitation, anthropomorphic phantoms such as the
ADAM-PETer representing a male pelvis may be used (publications III, IV & VI). End-to-end
tests using such realistic phantoms are necessary to validate a specific image-guided workflow under
clinical conditions. However, just as in the patient, an identical geometry of the phantom cannot
be guaranteed in repeated experiments. Hence, errors occurring in a single measurement may not
be reproducible. Therefore, both geometric phantoms allowing for high reproducibility as well as
realistic anthropomorphic phantoms should be used in end-to-end tests for new image-guided
treatment procedures before introducing them into clinical practice.

3.2 Validation of methods

3.2.1 Phantoms with anthropomorphic attenuation and imaging contrast

To validate the developed phantom materials, nine specific soft tissue materials were produced
according to CT and MRI (1.5 T) literature values (publication II). A good agreement of the
imaging parameters of the phantom materials with literature values was found, which is
demonstrated in figure 7 for the example of 7} and T, values at 1.5 T for six representative soft
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tissue samples. Using these material samples the consistency of predicted and measured parameters
could be validated with mean deviations of less than 3.5 %. The deviations may result from fit
uncertainties of the developed equations to predict weights of the material’s chemical ingredients
as well as contrast parameters. Furthermore, uncertainties in the phantom material production
and in the experimental determination of measured contrast parameters may have influenced the
measured imaging parameters. For an application in end-to-end testing phantoms, an
anthropomorphic image contrast between different tissue types is particularly important, whereby
a deviation of the absolute imaging parameters in the range of a few percent should not have a
significant influence. In addition, the materials must be stable over time without significant changes
in image contrast. This was confirmed by a repeated measurement of CT, T} and T}, values at
1.5 T after five months resulting in mean deviations of —0.8 + 1.6 %, —0.2 + 1.5 % and —5.2 4+
1.1 %, respectively.
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Figure 7: Comparison of 7', and 7, values of the developed phantom materials at 1.5 T with literature
values [155, 156] for six representative soft tissues. The values of the phantom materials and the literature
values (mean + standard deviation) are indicated in red and blue, respectively. The phantom materials
were optimized for the mean of the corresponding literature value.

Although anthropomorphic attenuation is generally given by anthropomorphic CT-values,
deviations can occur in materials with high-Z components (Z > 20), if their amount is higher than
in human tissues. This is due to a typical calibration of clinical HLUTs based on materials with
Z < 20. These deviations may be especially significant in proton and ion therapy due to the
different dependence of the attenuation coefficient (CT) and SPR on the material’s atomic number
and ionization potential as well as due to the finite range of protons and ions. As the developed
materials contain a significant amount of Nickel (Zy; = 28), the SPR of the specific soft tissue
samples was experimentally determined and compared with predictions via single- and dual-energy
CT. This resulted in an SPR over-estimation using single-energy CT and a clinical HLUT (mean
deviation of 2.3+ 0.4 %), but in a good agreement of measurements and predictions via DECT
(mean deviation of 0.2 4+ 0.3 %). Hence, the developed materials are well suited to develop
phantoms for future end-to-end tests of MR~guided ion therapy, if treatment planning is based on
DECT measurements.
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A HLUT is similarly used in photon therapy to convert CT-values to electron densities, which are
needed to calculate the dose distribution. The high-Z components of the developed phantom
materials may therefore also impact the dose calculation in conventional photon RT. This may
require the determination of a specific correction factor. However, since the depth dependence of
the photon dose is much less than for ions (figure 2), the impact of high-Z components in the
developed materials is considered to be negligible for the application in photon therapy.

3.2.2 Advanced dosimetry in an anthropomorphic pelvis phantom

To assure feasibility of performing dosimetry using PG and TLDs in complex deformable phantoms
such as the ADAM-PETer, a test measurement was performed and presented in publication III.
This study served as important preliminary work for the final end-to-end test presented in
publication VI by using the same phantom, but a much simplified treatment workflow. The high
accuracy of both dosimetry systems within the complex setup was demonstrated by an overall
good agreement of measured and planned doses with maximum deviations of less than 5 % in PG
regions close to the container wall or TLD measurements in regions experiencing strong dose
gradients. Larger deviations in peripheral regions of the PG volume may be caused by so-called
wall effects (e.g. interaction of the PG with the container material or partial volume effects during
MRI evaluation), or by generally slight dosimetric fluctuations in the PG evaluation, which were
corrected in the central region by a PG renormalization to the treatment plan. Using the treatment
plan for PG renormalization in a relatively small central volume of interest could have led to a
misleadingly good agreement between measured and planned dose in this volume but poorer
agreement in more distant regions. To avoid a dependence of the measurement on the treatment
plan, the PG renormalization may be performed using additional external point-like dose
measurements (e.g. TLDs [145, 146], publication VI). The rather simple treatment workflow
applied in this test allowed for a thorough evaluation of the dosimetry systems without significant
influences from organ deformations and advanced treatment procedures. A large margin of 4 mm
to generate the PTV from the prostate structure ensured a uniform irradiation of the PG volume
even for slight displacements despite having kept internal organs untouched between treatment
planning and delivery (no adjustment of bladder and rectum fillings). As the treatment plan was
calculated based on an in-room CT-on-rails system, only the treatment couch was rotated for
treatment delivery without moving the phantom itself. Hence, potential displacements of the
phantom as well as of internal structures were minimized and consequently, no treatment plan
adaption was required.

3.3 End-to-end tests

End-to-end tests of complex RT treatment procedures are required to demonstrate their feasibility,
to investigate the overall uncertainty, as well as to determine possible limitations. As all developed
tests presented in this thesis combine advanced dosimetry systems such as PG and TLDs with
complex (anthropomorphic) phantoms, they are typically not suited for regular QA measurements
on a weekly or monthly basis, but rather for verifications of the specific workflow on longer time
scales (e.g. yearly). Moreover, these tests are especially important in the commissioning phase of
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new image-guided treatment devices, such as MR-Linacs, and of new treatment workflows, e.g.
online adaptive MRgRT in presence of inter-fractional anatomical changes.

3.3.1 3D polymer dosimetry gel in clinical QA phantoms

A summary of phantoms equipped with PG for 3D dose measurements as applied for various QA
purposes at DKFZ and UKHD was presented in publication IV. For such versatile applications
from machine-related QA to end-to-end tests in case of inter- as well as intra-fractional motion,
the use of PG must be as flexible as possible. This includes for example 3D printed PG containers
in order to measure the dose in anthropomorphically-shaped volumes as well as a geometrical
evaluation of the dose response directly after irradiation instead of full dosimetric evaluations after
typical waiting times in the order of several days [152]. While the versatility of the presented
phantoms and workflows demonstrates a wide applicability of PG for various QA purposes, all
workflows share a high complexity due to elaborated PG experiments, in some cases combined
with complex anthropomorphic phantoms. Therefore, these tests are not recommended to be
performed routinely on a weekly or monthly basis, but rather for the commissioning of new image-
guided treatment techniques such as online adaptive MRgRT. For this purpose, the implementation
of PG dosimetry into clinical QA phantoms offers a great possibility for accurate 3D dose

measurements in a wide range of scenarios.

3.3.2 Online adaptive MRgRT using a highly reproducible geometric phantom

In publication V, an end-to-end test of an online adaptive MRgRT treatment was performed using
the AQUARIUM phantom. For this test, the water-filled phantom was equipped with several
geometric structures fixed to reproducibly shiftable and rotatable rods. The structures were filled
with PG or anthropomorphic image contrast in CT or MRI. The dose was measured in 3D using
PG in the target structure and in an OAR. The high reproducibility of the phantom inserts allowed
to compare three different irradiation scenarios: (i) delivering the treatment plan to the phantom
in a reference setting without changing its geometry, (ii) delivering the same treatment plan after
displacing the phantom’s internal structures without a plan adaption, and (iii) performing a
treatment plan adaption and delivering this reoptimized plan to the phantom in the displaced
setting. Scenario (i) served as a reference by representing the optimal, but typically unrealistic,
case where no inter-fractional anatomy change has occurred and no adaption of the treatment plan
was required. On the contrary, a displacement of internal structures was simulated in scenarios (ii)
and (iii). While irradiation (ii) showed a worst-case scenario, where the geometry significantly
changed but no adaption was performed, the actually tested workflow of an MR~guided online plan
adaption to account for this changed geometry was applied in irradiation (iii). The end-to-end test
performed in this study demonstrated the feasibility to uniformly cover the target with a prescribed
dose while significantly reducing the dose to the OAR in case of structure displacements by online
adapting the treatment plan. The dose evaluation in both target and OAR structures of irradiation
(iii) was well-comparable to the reference scenario (irradiation (i)). In contrast, a significant under-
dosage in the PTV and over-dosage in the OAR was found in irradiation (ii), demonstrating the
strong necessity to adapt the treatment plan. In conventional RT, such changes in the dose
distribution due to geometrical variations of internal organs may either remain undetected or force
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the treatment to be postponed, if an online plan adaption is technically not feasible. In all three
irradiation scenarios of this study, the PG evaluation agreed well with the respective treatment
plan (in irradiation (ii), the treatment plan was recalculated to the displaced phantom setting
based on the online MRI, but was not adapted). The y-index analysis (3 %/3 mm criterion)
resulted in passing rates > 93 % for target and OAR structures in all three irradiations,
respectively. Only small maximum deviations between measured and planned dose of 0.1 — 0.3 Gy
were found, which is in the order of the PG’s dose resolution [121, 127]. However, a limitation of
the AQUARIUM is that the internal structures are made of rigid materials, which do not allow
deformations occurring e.g. by varying bladder and rectum fillings. In addition, the structures were
surrounded by water which may lead to an unrealistic image contrasts as compared to patients.
This may influence the accuracy of automated contouring and image registration algorithms.
Therefore, this setup may not fully reflect the complexity of online adaptive treatments in patients.
However, the end-to-end test using the AQUARIUM successfully demonstrated the overall
necessity and technical feasibility to perform online adaptive MRgRT procedures at the MRIdian
Linac with a high accuracy.

3.3.3 Multi-fractional online adaptive MRgRT using a pelvis phantom

A second end-to-end test of an online adaptive MRgRT procedure was performed using the
anthropomorphic and deformable ADAM-PETer phantom. This time, treatment plan adaption
and delivery over five fractions was simulated with varying bladder and rectum fillings. The
accumulated dose was measured in 3D in the prostate as well as a rectum insert. Furthermore,
TLDs were placed at the center and on the surface of the prostate for additional point-like dose
measurements. In the preceding studies (publications III-V), the PG dose was normalized to the
treatment plan, which is a standard procedure in PG dosimetry. Here, the dose measurement of
the central TLD was used as a renormalization reference in the high-dose region to avoid the
dependence of the dose evaluation on the treatment plan [145, 146]. However, the treatment plan
still had to be used as a reference in the low-dose region, since an additional measurement, e.g.
using a TLD, was not feasible in the low-dose region of the rectum. This is due to the phantom’s
technical construction as well as the present dose gradient, which would not allow to simultaneously
measure the same dose in the PG and the additional reference TLD. In this study, the renormalized
PG dose maps and TLD measurements agreed well with the treatment plan being accumulated
over the five applied treatment fractions. High passing rates of 98.9 % and 93.7 % were found for
the PG evaluation of the prostate and rectum insert, respectively, when performing a y-index
analysis using a 3 %/3 mm criterion. Only few voxels of the PG evaluation in the prostate showed
deviations up to 0.4 Gy. Slightly higher deviations of up to 0.5 Gy were found in the PG
evaluation of the rectum insert. The increased deviation in the rectum may result from a
dependency of the PG response on the dose fractionation scheme [157] as well as the small container
size [121]. While the fractionation effect may be corrected by a renormalization of the PG dose,
the dependency was shown to vary with the applied total dose [157]. Hence, increased deviations
may occur in regions with dose levels between the two reference points used for the PG
renormalization. The small container size of the rectum insert, which was technically required, may
have led to an increased effect of PG interactions with the container material and of temperature
gradients during PG storage times. Furthermore, TLD measurements showed a maximum
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deviation of 0.1 Gy corresponding to 2.3 % at the center of the prostate and 4.7 % on the surface.
These deviations may result from small variations in the TLD dose calibration or small positioning
errors of the TLDs on the prostate surface within the dose gradient. In addition, the measured
dose of both PG and TLDs may be influenced by slight variations in the calibration of the MR-
Linac output, systematic errors in the dose calculation or in the various post-processing procedures.
In addition, the DIRs of online MRIs and adapted dose maps to accumulate the dose of the
treatment fractions may lead to uncertainties in the treatment plan used as reference for the
measurement. In this end-to-end test, a comparison of different irradiation scenarios or dose
measurement systems by successive experiments with the same phantom geometry was not
possible, since the phantom’s anatomy is not exactly reproducible. However, the test simulates the
online adaptive MR-guided treatment scenario under highly realistic conditions. It therefore
successfully demonstrated the feasibility and accuracy of online adapted MR-guided prostate
irradiations, which is especially important for the commissioning of such new treatment techniques.
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4 CONCLUSION

4 CONCLUSION

In this thesis, end-to-end tests for online adaptive MR~guided radiotherapy were developed and
implemented at a 0.35 T MR-Linac. The recent introduction of MRgRT devices allows for online
plan adaption and motion compensation and hence a potential increase of the dose in the tumor
while sparing surrounding healthy tissue. However, such complex workflows need to be thoroughly
validated before clinical implementation. This includes dedicated end-to-end tests that validate the
feasibility and overall accuracy of the workflow, while identifying potential limitations. In the ideal
case, such end-to-end tests should simulate patient treatments as realistically as possible and
measure the applied dose distribution with high geometric and dosimetric accuracy. Several
methods for the final implementation of end-to-end tests for online adaptive MRgRT, were
therefore developed and validated in this thesis. This includes the standardization of 3D dosimetry
using polymer gel and the development of anthropomorphic phantom materials. Finally, a set of
end-to-end tests to validate complex image-guided radiotherapy procedures was established

focusing on online adaptive MR-guided treatments in case of inter-fractional anatomy changes.

End-to-end testing phantoms to validate MRgRT procedures should comprise in the ideal case an
accurate 3D dosimetry system, phantom materials with anthropomorphic radiological properties
in CT and MRI as well as the possibility to simulate realistic anatomical changes. In the first part
of this thesis, methods were therefore developed to be integrated into new as well as already
existing end-to-end testing phantoms. This includes a standardized protocol to use PAGAT
dosimetry gel, which allows for an accurate and reproducible conduction and evaluation of gel
experiments. For an easy and consistent post-processing of such experiments, a dedicated open-
source software tool was developed. Furthermore, phantom materials with individually adjustable
CT and MRI contrast at three different magnetic field strengths (0.35,1.5 and 3.0 T') were
developed. These gel-like phantom materials exhibit anthropomorphic radiological properties in

the range of soft tissues with positive CT-values.

In a next step, the developed methods were clinically validated. In this context, the radiological
tissue equivalence of the developed phantom materials was demonstrated by comparing predicted
and measured imaging parameters of nine specific soft tissue samples, which revealed mean
deviations of less than 3.5 %. It was furthermore shown that the materials may be used for future
MR-guided ion therapy applications, if treatment planning is performed based on dual-energy CT.
In addition, the feasibility of using advanced dosimetry systems (polymer gel and
thermoluminescence detectors) in an anthropomorphic and deformable pelvis phantom was
demonstrated. Polymer gel measurements in the prostate resulted in a good agreement with the
treatment plan with a passing rate of the 3D ~-index analysis (3 %/3 mm criterion) of 97.7 %.

TLD measurement resulted in a mean deviation from the treatment plan of 1.78 %.
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CONCLUSION

In the third part of this thesis, end-to-end tests of complex treatment procedures were developed
and clinically implemented. First, a set of clinically applied quality assurance phantoms equipped
with polymer dosimetry gel for dose evaluation was presented, which demonstrated the variable
application of polymer gels for various quality assurance purposes. Finally, two end-to-end tests
for online adaptive MR~guided radiotherapy in case of inter-fractional motion were developed and
implemented at the 0.35 T MR-Linac using (i) a highly reproducible geometric phantom applying
a single treatment fraction and (ii) a deformable and anthropomorphic pelvis phantom applying a
total of five treatment fractions in a highly realistic setting with varying bladder and rectum
fillings. These two tests demonstrated the feasibility to perform online adaptive MR-guided
treatments with high accuracy in case of inter-fractional anatomy changes. Passing rates of the -
index analysis (3 %/3 mm criterion) of 93.1 % (i) and 98.9 % (ii) were found when comparing
the respective polymer gel measurement of the target structure with the online adapted treatment
plan. Such end-to-end tests are of high importance for the commissioning of new image-guided
treatment devices such as MR-Linacs and the implementation of complex treatment procedures

such as online treatment plan adaption.
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