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Development and implementation of 3D-dosimetric end-to-end tests in adap-
tive radiation therapy of moving tumors

Clinical implementation of novel advanced treatment techniques in adaptive radiation therapy
requires proper workflow verification. However, this subject is not satisfactorily solved yet as
current experimental validation techniques do not reflect the complexity of real patient treat-
ments. In this thesis, several methods for patient-specific end-to-end tests were developed and
applied to clinical workflows especially including treatments of moving tumors. End-to-end-tests
were performed with geometrically well-defined phantoms as well as with an anthropomorphic
dynamic ex-vivo porcine lung phantom in combination with a 3-dimensional (3D) polymer gel
dosimeter (PGD). Different experimental settings of increasing complexity were tested in terms
of (i) accuracy, (ii) feasibility of clinical workflows testing, (iii) validation of clinical concepts for
motion-compensated treatments, (iv) additional integration of real-time markerless fluoroscopic
imaging, and (v) validation of 4D dose calculation algorithms. Phantom irradiations were per-
formed under static and dynamic conditions with and without beam gating. PGD evaluation
revealed good tumor coverage for all treatment concepts and beam gating significantly reduced
normal tissue exposure. In all cases, good agreement with the calculated dose distribution was
obtained. As a conclusion, the established experimental workflow provides a versatile and valua-
ble tool for geometrical and dosimetrical validation of advanced motion-compensated treatment
techniques in adaptive radiation therapy.

Entwicklung und Implementierung von 3D-dosimetrischen End-to-End-Tests
in der adaptiven Strahlentherapie fiir bewegte Tumore

Die klinische Implementierung neuer Behandlungsmethoden in der adaptiven Strahlentherapie
erfordern eine ordnungsgeméafie Validierung der einzelnen Arbeitsschritte. Allerdings ist diese
Thematik noch nicht zufriedenstellend gelost, da die derzeitigen experimentellen Verifikations-
verfahren nicht die Komplexitit realer Patientenbehandlungen widerspiegeln. In dieser Arbeit
wurden mehrere Methoden fiir patientenspezifische End-to-End-Tests entwickelt und auf
klinische Workflows, insbesondere die Behandlungen von sich bewegenden Tumoren, angewendet.
Die End-to-End-Tests wurden sowohl mit geometrisch gut definierten Phantomen als auch mit
einem anthropomorphen dynamischen FEz-vivo-Schweinelungenphantom in Kombination mit
einem dreidimensionalen (3D) Polymer-Gel-Dosimeter (PGD) durchgefithrt. Unterschiedliche
experimentelle Konfigurationen zunehmender Komplexitdt wurden hinsichtlich (i) Genauigkeit,
(ii) Durchfihrbarkeit klinischer Arbeitsablaufe, (iii) Validierung von klinischen Konzepten fiir
bewegungskompensierte Behandlungen, (iv) zusétzliche Integration markerloser fluoroskopischer
Echtzeitbildgebung und (v) der Validierung von 4D-Dosisberechnungsalgorithmen getestet.
Phantombestrahlungen wurden unter statischen und dynamischen Bedingungen mit und ohne
Gating durchgefithrt. Die PGD Evaluierung zeigte fiir alle Behandlungskonzepte eine gute
Tumorabdeckung und die Normalgewebsexposition konnte durch eine Gatingbestrahlung deutlich
reduziert werden. In allen Féllen wurde eine gute Ubereinstimmung mit der berechneten
Dosisverteilung erzielt. Es wird daher geschlussfolgert, dass der etablierte Workflow ein
vielseitiges und wertvolles Werkzeug fir die geometrische und dosimetrische Validierung
fortschrittlicher — bewegungskompensierender — Behandlungstechniken in  der  adaptiven
Strahlentherapie darstellt.
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1 Introduction

Advances in the field of medical care, especially the developments of new medical treatment de-
vices, pharmaceuticals and medical education resulted in an always growing life expectancy. Es-
pecially in the field of cancer research both, diagnostics- and treatment methods could be con-
tinuously improved and therefore increases the quality of life of patients. However, cancer still
remains one of the main causes of death in industrialized countries all around the world. In 2013,
a total of 482.500 persons were diagnosed with cancer in Germany while 223.088 died in the
same year (Zentrum fiir Krebsregisterdaten im Robert Koch-Institut 2016). These numbers show
that in spite of an increasingly personalized medical care, the mortality still remains at a very
high level. Tailoring treatments to the needs of the individual patient is therefore still an im-
portant field of research and new developments and treatment techniques should be quickly
transferred into clinical routine.

In general, cancer is a diseases type that causes malignant tissue cells (called: tumor cells) to
proliferate uncontrolled, which is often accompanied by invasion of the tumor into adjacent
healthy tissue as well as the ability of tumor cells to spread in other parts of the body. The un-
derlying processes are very complex and not fully understood. Therefore, a large variety of differ-
ent treatment approaches were developed. Standard treatment modalities include surgery, chem-
otherapy and radiation therapy, which follow either a curative- or palliative approach.

In case of radiation therapy (RT), the fundamental paradigm relies on delivering a high thera-
peutic dose (D) to the tumor volume while sparing the surrounding normal tissue. A major ad-
vantage of radiation therapy is its non-invasive nature thereby providing the possibility to treat
tumors that cannot completely be resected by surgical interventions (e.g. because vital organs
(organs at risk, OAR)) as they are located in the surgical access path. Using radiation therapy
together with dedicated immobilization techniques, irradiations even of deep-seated tumors can
be performed with high accuracy (in the order of 1 —2 mm). However, this can only be realized
if the exact tumor position inside the patient is known within the same accuracy. For this, three-
dimensional (3D) imaging modalities are used to localize the tumor as well as the OARs. Nowa-
days, imaging includes computed tomography (CT) and often additionally magnetic resonance
imaging (MRI). Images are then used to delineate the tumor (gross and clinical target volume,
GTV and CTV) and the OARs (ICRU Report No 50 1993) and to optimize optimal treatment
parameters such as dose, beam shapes and beam direction to maximize the dose within the tu-
mor, while minimizing the dose to adjacent OARs. This process is the essential part of treatment
planning which is performed separately for each individual patient. This process, however, is still
accompanied by several uncertainties that need to be taken into account. This includes uncer-
tainties due to patient positioning, anatomical changes between two irradiations sessions (so-
called inter-fractional changes of the anatomy) or during the treatment itself (e.g. by intra-
fractional motion). To account for these uncertainties, additional safety margins are usually in-
cluded in the definition of the planning target volume (PTV).
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Uncertainties related to patient positioning and inter-fractional anatomical changes can be re-
duced by a combination of (i) a proper patient immobilization and (ii) additional image infor-
mation acquired in the treatment position directly before the treatment. While (i) can be real-
ized by stereotactic systems or personalized immobilization molds, (ii) is realized by on-board
imaging systems. These images are then compared against reference images from treatment
planning and, if necessary, the patient position is corrected. This technique is known as image
guided radiation therapy (IGRT).

However, this task becomes especially challenging for intra-fractional motion as the tumor may
exhibit larger displacements caused by respiratory- (e.g. for lung tumors (Plathow et al. 2004,
Keall et al. 2006)) or cardiac motion. In conventional radiation therapy planning, this is compen-
sated for by delineating the so-called internal target volume (ITV), which includes the whole
tumor in all breathing phases (ICRU Report No 62 1999). Adding additional margins to take
account for remaining uncertainties caused by positioning and beam delivery, then results in the
PTV. This concept assures that the tumor is covered with dose in all breathing phases. Depend-
ing on the magnitude of the motion, this technique is usually accompanied by a higher normal
tissue exposure and therefore leading to an increased risk of long term side effects.

Modern adaptive radiation therapy aims at compensating for such organ motion e.g. by including
beam gating (Kubo & Hill 1996, Jiang 2006) or tracking (Tacke et al 2010). While gating aims at
irradiating the tumor only, if it is located at a specific position, tracking techniques attempt to
follow the motion trajectory of the tumor during irradiation. Both methods require information
on the exact tumor position during irradiation. This can be realized by either direct tumor moni-
toring using fluoroscopic imaging (Cui et al. 2007, Tang et al 2007, Moser et al. 2008, Witte
2016) or indirect surrogate techniques, such as spirometer (Keall et al 2006), breathing belts
(Moser et al 2008b), body surface imaging (Bert et al. 2006, Bert et al. 2005) or by means of
implanted electromagnetic markers (Schmitt et al 2012). However, clinical implementation of
such techniques require end-to-end tests where the entire intended workflow from image acquisi-
tion to dose delivery is validated by dedicated phantom measurements as well as by dose calcula-
tions. An ideal experimental setting should therefore include phantoms with (i) anthropomorphic
image contrast for a large variety of different imaging modalities (e.g. CT, MRI and fluoroscopy),
(ii) realistic motion patterns comparable to those in patients, (iii) the possibility to measure the
delivered dose within the phantom in three dimensions (3D), and (iv) real-time acquisition of the
tumor position using clinically accepted tracking devices to retrospectively perform a 4D
(3D+time) dose calculation.

Such an experimental setting is required to simulate the entire chain of patient-treatment for
moving targets which includes CT imaging, treatment planning, dose delivery and retrospective
4D dose calculation. Various settings have been proposed including both, in-house developed or
commercially available breathing phantoms (Vedam et al. 2003, Court et al. 2010a, Szegedi et al.
2010, Court et al. 2010b, ‘Quasar’ (Modus Medical Devices Inc., London, Canada) and the ‘Dy-
namic Thorax Phantom’ (CIRS, Norfolk, VA, USA)). However, these phantoms do usually not
include the complexity, uncertainties and difficulties present in real patient treatments and usual-
ly lack of 3D dose measurements.
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In this work, an experimental setup was developed and implemented that meets the above men-
tioned requirements by combining a 3D polymer gel dosimetry-based target volume (Venning et
al 2005) with various phantom settings of increasing complexity. This includes well-reproducible,
geometrical, static and dynamic phantoms with various tissue-equivalent inserts as well as a dy-
namic anthropomorphic porcine lung phantom (Biederer and Heller 2003), which reflects the

complexity of real patients.

The polymer gel dosimeter (PGD) has shown to be a suitable method to measure 3D dose dis-
tributions (Schreiner 2006) within containers of arbitrary shape and has already been applied for
IMRT (Vergote et al. 2004, Sandilos et al. 2004) as well as in combination with respiratory
motion (Ceberg et al 2008) and 4D dose calculation (Niu et al 2012). The entire setup was used
to evaluate various radiation techniques including static and dynamic targets with and without
application of beam gating. Experiments include (i) investigation of the accuracy of the PGD,
(ii) feasibility of the application of PGD within the porcine lung phantom (iii) validation of a
clinical workflows including the application of clinical margins and motion-compensation con-
cepts, (iv) integration of fluoroscopy for the validation of the surrogate signal, and (v) validation
of an in-house developed 4D dose accumulation algorithm (Schlegel et al 1992, Schmitt et al
2012).
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2.1 Image-guided radiation therapy

The fundamental idea of radiation therapy relies on the process of delivering a therapeutic dose
to the tumor volume while sparing the surrounding normal tissue. On one hand, the major ad-
vantage of RT is its non-invasive nature and ability to locally deposit dose with high precision
that allows treating tumors that are located close to OARs. On the other hand, however, this
involves various challenges as “radiation therapy is the art of hitting an invisible target with an
invisible beam” (Schlegel 2005). The following section will give a short introduction to the basic
principle of RT, including tumor localization, treatment planning, state-of-the-art beam delivery
techniques and an outline on current developments in IGRT.

2.1.1 The general RT process

Generally, the principle of radiation therapy is based on energy deposition within a previously
defined target volume by ionizing radiation. In RT, the term dose is precisely defined as the

dE

amount of absorbed energy dFE per irradiated unit mass dm (D = 57) using water as reference

medium. The absorbed dose to water is expressed in units of Gray (1 Gy = 1%) As the lethal
dose for a whole body irradiation amounts to 4.5 Gy (Mole 1984), the underlying reason of
radiation induced tumor death cannot be correlated to a temperature increase AT [K]| as this
is only a minor effect (AT =~ 0.23 mK /Gy in tissue). On a microscopic level, the ionization
radiation induces DNA damage within the cell (either single- or double strand breaks). As a
result, depending on the dose and radiobiological properties, this can lead to cell death. How-
ever, this effect occurs for both, tumor- and normal tissue. Since the main goal of precise radi-
ation therapy is to kill the tumor cells while avoiding normal tissue- or OAR irradiation, spe-
cial measures needs to be taken. For this, two radiobiological principles are applied (i) tissue
sparing and (ii) fractionation. Tissue sparing is realized by conformal radiation techniques and
will be explained in the following sections. Fractionation, on the other hand, uses the fact that
repair of sub-lethal damage in cells is more efficient in normal than in tumor cells (Sauer
2010). Consequently, treatment is usually split in many small doses (“fractions”) delivered
over a larger period of time (typically 30 fractions of 2 Gy in 6 weeks). Optimization of RT
using these two principles, however, is not within the scope of this work.

The general RT process can be divided into three major steps:
(i) Imaging

(ii) Treatment planning
(ili)  Treatment delivery
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2.1.1.1 Imaging

Prior to the treatment planning procedure, an anatomical CT image of the patient is acquired,
which is then used for segmentation of tumor and OARs and by this defines a geometrical model
of the patient. The segmentation process may be supported by additional images of other imag-
ing modalities (e.g. MRI, positron emission tomography (PET) or single photon emission tomog-
raphy (SPECT)), which provide additional morphological or functional information on the tumor
and the normal tissues. As second important feature, the CT provides information about the
attenuation of the ionizing radiation in the tissue, which is then used to calculate the dose distri-
bution within the patient. Thus, the geometrical model gets complemented by an attenuation
model of the patient. This is possible as the image acquisition of CT and the irradiation of the
tumor underlie the same physical principles. Although CT images are usually acquired in a volt-
age range between 80 £V and 120 kV compared to the energy spectrum of conventional photon
RT ranging from 6 — 18 MeV, CT-based attenuation coefficients (usually given in Hounsfield
units, (HU)) can also be extrapolated to higher energies and are thus used for dose calculation in
treatment planning.

Accurate delivery of the dose distribution requires identical patient immobilization and position-
ing during imaging and treatment delivery. For this, different techniques are used in clinical rou-
tine, ranging from a rather simple point marker approach (usually attached to the patient’s body
surface) up to a fixation with customized molds. In the case of moving tumors (e.g. caused by
breathing inside the lung), additional information on tumor trajectory is required for proper
treatment planning. This is usually realized with the acquisition of an additional 4D-CT dataset
(Korreman 2012). For this, an external trigger signal (e.g. from a breathing belt or internal
markers, Section 2.1.2) captures the current motion state, which can then be used to correlate
each CT image projection to a specific motion state. The complete CT image at each breathing
phase is then reconstructed using only the projection of the respective breathing phase. Although
CT images provide time resolved images with high spatial resolution, the morphological- and
functional information is rather low. Depending on the irradiation site, other imaging modalities
are additionally used to achieve a much better soft tissue contrast (as for MRI) or functional
information (MRI and PET) that can further improve tumor- or OAR localization.

2.1.1.2 Treatment planning

The planning process itself can be divided into three sub-steps: (i) image registration and seg-
mentation, (ii) definition of treatment parameters and (iii) dose calculation. Although each sub-
step requires a large variety of different techniques, including image processing and iterative op-
timization, the entire planning process is usually performed on a single platform, the so-called
treatment planning system (TPS). As a first step, the images are transferred to the TPS. If more
than a single CT dataset is used, all images need to be co-registered by means of proper registra-
tion algorithms which are optimized with respect to the imaging modalities (e.g. MR and CT
(Brock and Dawson 2014)). As a next step, different volumes have to be delineated on the plan-
ning CT (ICRU Report No 62 1999) prior to dose prescription and calculation. For the tumor
volume, up to four different areas are defined to account for (i) tumor location, (ii) clinical
spread of the tumor, (iii) tumor motion, and (iv) both, machine- and positioning-related uncer-
tainties. The delineation of the gross tumor volume (GTV) includes the visible part of the tumor.
As there may be some infiltration of tumor cells in the surrounding normal tissue, which is not
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visible on the image data, an additional clinical target volume (CTV) is defined by a physician.
The CTV is usually based on historical series of large patient cohorts, tumor types and tumor
location. Additional information from different imaging modalities can assist the CTV delinea-
tion, as the CTV is most likely one of the most difficult volumes to define (Burnet et al 2004).
However, it should be noted that including co-registered images from other modalities may also
introduce additional geometrical uncertainties originating from the co-registration algorithm
(Chuter 2015). In case of tumor motion, the ITV is defined as the superposition of all CTVs that
have been delineated on all 4D-CT phases (Vinet and Zhedanov 1970). The final PTV addition-
ally accounts for machine- and positioning related errors. For a standard treatment plan design
where neither image guidance (see Figure 1) nor tumor metabolism is taken into account, the
entire volume is uniformly irradiated. An example, how various margins can significantly increase
the size of the irradiated volume is shown in Figure 2, where a spherical tumor with a diameter
of d =10 mm has been assumed. The PTV-volume is displayed assuming an isotropic margin
between CTV and GTV including a one dimensional tumor motion on the vertical axis (see also
Figure 1(a)). In this example, the final PTV increases by a factor of 4 with respect to the GTV,
if only the margins for CTV and PTV are considered and it increases up to a factor of 30 if mo-
tion is additionally considered. This exemplary calculation shows the importance of minimizing
patient- and treatment-related uncertainties. A short overview on various treatment techniques
allowing for reduction of margins will be given in Section 2.1.2. As a next step, the parameters of
the treatment plan (e.g. number and orientations of beams and field shapes) have to be defined
and for these parameters, the dose distribution is calculated by the TPS. In an iterative process,
the dose distribution is optimized with respect to the clinical goals. Depending on the shape, size
and location of the target volume and OAR, different treatment techniques can be applied:

3D conformal radiation therapy (3D-CRT):

This technique uses a pre-defined number of beam directions to uniformly irradiate the delineat-
ed PTV. The beam shape and dose per beam are manually optimized to match the tumor with
the contour of the PTV to a pre-defined level of uniform dose distribution. This is visualized by
the so-called isodose line and is usually equals the median dose. In modern radiation therapy,
shaping of the beam is realized by means of a multi leaf collimator (MLC, Section 2.1.1.3).

Intensity modulated radiation therapy (IMRT):

To further optimize dose delivery with respect to a uniform PTV coverage while sparing the dose
to OARs, beams with non-uniform fluence distributions are used. This can be realized by super-
imposing various beam apertures that are individually formed by the MLC. As a result, very
complex-shaped dose distributions may be generated allowing for sparing of OARs even in cases
where the tumor surrounds the OAR. As the number of degrees of freedom is strongly increased
in IMRT, so called inverse dose optimization techniques have to be used. This aims at automati-
cally determining shapes and weights of the beams based on dose constraints for the tumor and
the OAR. Nevertheless, the first optimization result may not be satisfying and an iterative ap-
proach may be required. Different techniques to deliver IMRT are available, including the step-
and-shoot-, the sliding window- and the rotating arc-technique. For more information, the reader
is referred to a review on IMRT by Bortfeld 2006.



2.1 Image-guided radiation therapy

[APTV
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Figure 1. (a) Schematic overview of delineated target volumes for treatment planning: GTV (red), CTV
(orange), ITV (grey), PTV (blue). A refers to the margins between the different target volumes. (b) In
addition to the target volumes, various OARs (green) and the skin (black) are visualized for an anony-

mized treatment plan.

2.1.1.3 Treatment delivery

Prior to the treatment, the patient is positioned on the treatment table by means of an individu-
al fixation aid using external- or internal-markers. Dose delivery is then performed in most cases
with high-energy photons generated by a medical linear accelerator (LINAC). The treatment
beam is produced by electron acceleration which is directed to a target made of materials with
high atomic number (e.g. tungsten). As a result, the electron-target interaction produces brems-
strahlung and characteristic X-rays. As a next step, a so-called flattening filter (usually a cone-
shaped peace of tungsten) is used to produce a uniform beam fluence. The beam shape is then
defined by means of a MLC, which typically consists of 2 x 80 opposing tungsten leafs having a
width of 0.5 ecm. These leaves can be moved independently to create a large variety of beam-
shapes. The entire setup is mounted on a so-called gantry which allows rotating the beam around
the patient. As a result, a large variety of different beam shapes and —directions can be produced
to realize a highly personalized tumor treatment. Depending on the depth of the target, different
beam energies may be selected (typical range: 6 —18 MV'). A schematic sketch of a medical
LINAC is visualized in Figure 3.
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2.1.2 Motion-compensation concepts

Radiation therapy aims at covering the tumor uniformly with dose while minimizing the dose to
the surrounding normal tissue, a task which becomes very challenging in case of moving targets.
In particular, lung tumors may exhibit large displacements due to respiratory motion (Vedam et
al 2003, Plathow et al 2004, Keall et al 2006) and conventional extension of the PTV with the
purpose of full ITV coverage (Vinet and Zhedanov 1970) leads to higher normal tissue exposure.
This is especially problematic if the precision and accuracy of beam delivery is very high and the
dose delivery is divided into several fractions on different days. Although patient positioning can
in principle be reproduced on the LINAC site by using a dedicated protocol (e.g. by external
markers or fixation masks) it cannot be guaranteed that internal structures maintain a constant
position when comparing to the planning CT-acquisition. As a result, positioning uncertainties
may occur and internal structure may change during the treatment which can therefore lead to a
deviation between planned and delivered doses.

In the following, techniques are described that allow compensating for (i) positioning errors and
inter-fractional motion and (ii) uncertainties that are related to delivery errors in presence of

intra-fractional motion.
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Figure 3. Side- (a) and front view (b) of a medical linear accelerator for photon irradiation. Beam shap-
ing is realized by the MLC (c). It consists of multiple opposing leafs that can individually be moved in x-
direction (1) to match die contour of the PTV (2). In addition, y-jaws (3) limit the beam in y-direction
and consist of two solid independently movable blocks made of tungsten.



2 Material and methods

2.1.2.1 Inter-fractional motion-compensation

Inter-fractional motion describes all geometrical uncertainties, which may occur from fraction to
fraction. This includes changes within the patient like tumor shrinkage, different bladder fillings
or organ deformations. In principle, these uncertainties can be compensated for by applying the
ICRU margin concept (ICRU Report No 50 1993). However, as visualized in Figure 1, this may
lead to a significant PTV increase. A widely used workflow to minimize uncertainties that are
related to positioning or inter-fractional errors is offered by IGRT which uses additional images
acquired in the treatment room. This is usually realized by an imaging system that is mounted
on the LINAC. The acquired images can then be used to compare the actual position of im-
portant structures (e.g. PTV or OARs) with that in the reference CT. Deviations are corrected
for either by re-positioning or in case of larger deviation (e.g. caused by significant PTV shrink-
age or growth) by re-planning. Imaging is realized either by an on-board kV-imaging system with
an opposed flat panel detector or by using the treatment beam itself in combination with addi-
tional detectors. Depending on the tumor location either planar- (2D) or CT-images (3D) are
acquired. In contrast to a diagnostic CT, which uses a fan beam geometry, the CT at the LINAC
uses a cone beam and is therefore referred to as cone-beam CT (CB-CT). One major drawback
of this image acquisition technique is that both, image quality due to high scatter contribu-
tion (Siewerdsen and Jaffray 2001) and time resolution are significantly lower. This is the

reason why CB-CT are not routinely used for on-site re-planning yet.

2.1.2.2 Intra-fractional motion-compensation concepts

Intra-fractional motion is defined as tumor or organ motion, which is present during the treat-
ment. Prominent examples include breathing and prostate motion (Schmitt et al 2012). Adaptive
radiation therapy techniques attempt to compensate such organ motion e.g. by gating (Kubo
and Hill 1996, Jiang 2006) or tracking (Tacke et al 2010). While gating aims at irradiating the
tumor only, if it is located at a specific position (so-called gating window), tracking techniques
attempt to follow the motion trajectory of the tumor during irradiation. As a successful imple-
mentation of both methods requires the knowledge of the exact tumor position, different tech-
niques were proposed that use either direct tumor monitoring by fluoroscopic imaging (Cui et al
2007, Tang et al 2007, Moser et al 2008) or electromagnetic markers (Shah et al 2013) or alterna-
tively indirect surrogate signals, such as body surface imaging (Bert et al 2006, 2005), spirometer
(Keall et al 2006), or breathing belts (Moser et al 2008). More recent developments in real-time
non-invasive intra-fractional motion monitoring also focus on the implementation of MRI in
combination with a LINAC (Kontaxis et al 2015). Major advantages of this so called MRI-guided
RT approach include continuous image acquisition and a very high soft tissue contrast. As in this
work, motion monitoring is realized by either a breathing belt or electromagnetic markers, a
short introduction to both systems will be given in the following:

Anzai Respiratory Gating System.:

The Anzai respiratory gating system (Anzai Medical, Co., Ltd, Tokyo, Japan) is a well-
established motion management system that can be used for both, image acquisition and radia-
tion therapy treatment. It consists of a pressure sensitive sensor which is attached by means of
an additional belt on the thorax or abdomen of the patient. It measures the relative change in
pressure on the sensor which is caused by patient breathing and is then converted into a digital
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signal with an update rate of 40 Hz. This system is widely used for CT imaging as it allows cor-
relating the current breathing phase to a specific CT projection to acquire 4D-CT datasets. Ac-
quisition of time-resolved CTs is an essential step for the definition of the ITV. Nonetheless, this
system is a rather simple approach to visualize patient motion as the signal is provided in 1D
only and should therefore be used with care. This is especially valid when the system is applied
in radiation therapy (e.g. gating) as a unique correlation between the surface signal and tumor
position is not necessarily given (Korreman et al 2006) and different breathing pattern (e.g. ab-
dominal and thoracic) can cause signal variation that do not correspond to the actual tumor
position. Nevertheless, the system was used in this work for both, 4D-CT acquisition as well as
for the realization of gated irradiations as the used phantom (see Section 2.2.3 for more details)
shows a highly reproducible correlation between breathing signal and tumor position. An exem-
plary Anzai signal, which was acquired during a gated phantom irradiation, is shown in Figure 4.

Electromagnetic marker system:

The Calypso™ tracking system (Varian Medical Systems Inc., Palo Alto, CA, USA) is designed
to monitor both, patient positioning and tumor motion during radiation therapy (e.g. for pros-
tate- (Balter et al 2005) and lung tumors (Shah et al 2013)). Data acquisition is realized by
means of three implanted electromagnetic transponders being located either within or close to
the target volume. These so called beacons™ are excited by external electro-magnetic source
coils (Mate et al 2004) with resonance frequencies of 300, 400 and 500 kHz. The excited beacons
emit resonance signals which are then detected by a sensor array. An optical infrared camera
system is used to locate the spatial position of the sensor array within the treatment room (see
Figure 5). This information is used by the implemented tracking algorithm to estimate the abso-
lute location of the beacons with an accuracy of < 1 mm with an update rate of 10 Hz (Franz et
al 2014). A major advantage of this tracking system is that neither visibility of the markers nor
cable connections to the electromagnetic transponders are required. A patient-based lung tumor
tracking record is displayed in Figure 6 for tumor motion in x-, y- and z-direction. Besides its

TM

tracking capabilities, the Calypso™-system allows to monitor the beam-on/off time during the
irradiation such that acquired data can be used to retrospectively perform a 4D dose calculation

(Schmitt et al 2012).
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Figure 4. Respiratory motion signal of the porcine lung phantom (Section 2.2.3) recorded by the Anzai

breathing belt (blue). The gating window was set to phase signal of 40% based on 4D — CT data. The cor-

responding gating- (vellow) and beam-on signal (green) are also displayed. During the gantry rotation, the

beam signal is switched off.

Optical System

4D Localization System

MEDcaAL !

CALYPSO:

4D Electromagnetic

4D Console

Figure 5. Schematic setup of the Calypso™-system in patients (adapted from Calypso™ Medical
Technologies 2010). Prior to treatment, electromagnetic markers are implanted into the patient. The 4D
electromagnetic array is placed close to the marker region. To correlate the markers to the coordinate
system of the treatment machine, fiducials are located on top of the electromagnetic array and are local-
ized by three stationary infrared cameras. The control unit is located in the LINAC control room and

allows monitoring of the electromagnetic markers.
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Figure 6. Breathing curve of a patient recorded with the Calypso™ tracking system. Different motion
directions are displayed in different colors: blue (anterior-posterior), red (superior-inferior) and orange
(right-left).

2.2 Phantoms for end-to-end-tests

Before new treatment concepts in IGRT for intra-fractional motion-compensation can be imple-
mented and tested in the clinic, the intended workflow need to be validated first. This is usually
done with dedicated phantoms that provide (i) realistic motion patterns ideally from real patient
data, (ii) an anthropomorphic image contrast for radiological imaging, and (iii) the ability to
measure the delivered dose in 3D. This phantom could in principle be used to perform the entire
chain of adaptive radiation therapy. This includes CT imaging, treatment planning and dose
delivery. A large variety of different phantoms have already been developed (Szegedi et al 2010),
Vedam et al 2003, Court et al 2010, ‘Quasar’ (Modus Medical Devices Inc., London, Canada)
and the ‘Dynamic Thorax Phantom’ (CIRS, Norfolk, VA, USA)). However, up to now there is no
phantom available that meets (i) — (iii) as they usually do not reflect the complexity of real pa-
tients, and if they do, information on dose delivery is not provided in 3D. In this work, a new
and unique approach is presented that meets (i) — (iii) by combining a dynamic anthropomorphic
porcine lung phantom (Biederer and Heller 2003) with polymer gel dosimetry (Section 2.3) which
allows measuring the dose in 3D.

2.2.1 Cylinder phantom

Initial quantification of the implemented workflow in terms of accuracy and precision had to be
validated first. For that, a phantom was developed which allows to benchmark 3D polymer gel
dosimetry experiments with TPS-based dose calculations under different, well-defined conditions
(see Figure 7). This is realized by a phantom with a modular structure. It consists of a double-
walled cylindrical polymethyl-methacrylate (PMMA) shell (inner and outer diameter: 16 cm and
18 cm, respectively, height h=10 c¢m) that allows using different inserts for each phantom region.
The ring-shaped space between the walls was designed to simulate the outer part of the human
body (muscle and/or fat tissue) and can be filled with different solid or liquid materials, while
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the inner cylindrical volume mimics different parts of the inner human body. In our experimental
setup, the outer shell was filled with water, while the inner volume was either filled with water or
lung-equivalent material (LEM, Obomodulan 302, OBO-Werke GmbH & Co. KG, Stadthagen,
Germany). Obomodulan has similar density and x-ray absorption properties as real lung tissue
(Vasquez et al 2012). Additionally, a 3D printed mounting was developed that allows holding a
dosimetry gel-filled flask (subsequently referred to as gel tumor) which can be placed at the cen-
ter of the phantom. For absolute dose measurements, an ionization chamber or diode can be al-
ternatively placed in the center of the phantom.

Figure 7. The cylinder phantom consists of two separate modules, namely a water-filled PMMA ring
(1) and (2) a cylindrical insert, which can be filled with different materials . Dose measurements can be
performed by either inserting a PGD container (3) by means of a dedicated holder (4) or a diode for

absolute dose measurement in 1D (5).

2.2.2 Motion robot

To further increase the complexity of the experimental setting in combination with the PGD
measurements, a motion robot was used to move a phantom in 3D with a high reproducibility.
The motion robot allows performing any arbitrary motion in three dimensions with amplitudes
of up to 20 cm with a maximum speed of 7.9 em/s. It is also possible to load datasets contain-
ing individually designed or patient-specific motion trajectories (e.g. acquired from Calypso™
data) to the control unit and transfer it to the motion robot.
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Figure 8. (a) The motion robot that can move in x-, y- and z-directions by means of three independent
motors. The phantom is placed on the front part of an extension plate (1). (b) Graphical user interface
(GUI) of the in-house developed motion robot control software. The control unit (2) is used to perform dif-
ferent robot motion protocols (e.g. reference scan, isocenter positioning). The robot can be moved either

manually (3) or by means of externally provided files (4). Current coordinates and speed is shown in (5).

2.2.3 Dynamic porcine lung phantom

The dynamic porcine lung phantom (see Figure 9(a)) has previously been used for several radio-
logical experiments that include dynamic 4D-CT and MRI experiments (Biederer and Heller
2003). This includes investigation of tumor motion patterns that were simulated by means of
agarose-gel (Biederer et al 2009) directly injected into the porcine lung. As the phantom setting
is well-described in literature, only a brief description will be given here. The corpus of the dy-
namic lung phantom consists of a double-walled PMMA shell (wall distance 2 — 5 cm), in which
a post-mortem explanted porcine lung is inserted. A realistic attenuation during irradiation is
achieved by filling the shell with water. To reduce the development of alga, 1.25 g/L Nickel-
Sulfate is added.

An under-pressure of approx. -20 to -30 hPa within the phantom corpus is applied to realize in-
flation of the inserted lung by means of an on-board vacuum pump (VP0940, Nitto Kohki
GmbH, Steinenbronn, Germany). The diaphragm is simulated by a water-filled silicon balloon
located inferior to the lung. This allows changing the porcine lung volume by varying the pres-
sure inside the artificial diaphragm by means of a computer-controlled air flow unit. Different

breathing patterns can be applied that are comparable to those measured in patients.

Fresh porcine lungs were obtained from a slaughtery 2-3 hours prior to the experiment. They
include the heart, trachea and esophagus to achieve a realistic image contrast. Before inserting
the lung into the PMMA shell, the quality had to be checked first. This includes checking for
elasticity, gas tightness and size of the inflated lung. The gel tumor was then sewed to the medi-
astinum by means of a special mount (see Figure 9(b)). As the inflation of the lung requires a
continuous air flow through the PMMA shell, the inner wall, the silicon bladder and porcine lung
were treated with ultrasound gel (P.J. Dahlhausen & Co. GmbH, Cologne, Germany) to ensure
smooth and continuous lung motion during the experiment.
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(b) (c)
Figure 9. (a) The water-filled corpus of the dynamic lung phantom consists of PMMA (1) and con-
tains a fresh porcine lung (2). A water-filled silicon-balloon (3) is located at the lower part of the
phantom and is used to apply pre-defined motion pattern to the lung located superior to a water-
filled silicon-balloon (3), which is used to apply arbitrary breathing patterns to the lung. The PGD
(4) is sewed to the mediastinum of the lung. (b) The PGD holder (5) incorporates two evelets (6)
which are used for sewing the holder onto the lung. It additionally holds a CT marker (7) which is
used for image registration later. (¢) A transversal CT image of the closed phantom which is ac-
quired for treatment planning. In this experiment, the PGD (4) is located anterior to the heart (8).

As the on-board vacuum pump requires a high-voltage power supply, it had to be switched off
for the transport of the phantom (e.g. from planning CT to the LINAC). To prevent the lung
from collapsing, the under-pressure system was connected to an external vacuum pump (Accuvac
Rescue, Weinmann Geréte fiir Medizin GmbH + Co. KG, Hamburg, Germany) with a portable
battery. For that, the on-board system was switched off.
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2.3 3D polymer gel dosimetry

Quality control and workflow verification in modern adaptive RT should also be able to perform
dosimetric measurements. Standard measurements are usually performed in 1D (e.g. by ioniza-
tion chambers (IC) or diodes) or in 2D using films (Ehrbar et al 2016). However, this is not pos-
sible for the lung phantom setting as the insertion of either films or an IC is not feasible. In addi-
tion, films provide only 2D rather than 3D information. By using the porcine lung phantom, an
ideal dosimeter should be able to (i) measure dose in 3D while (ii) showing a tissue or water
equivalent image contrast and (iii) be placed at different positions within the phantom without
changing the phantom dynamics. A very promising dosimeter meeting requirements (i) — (iii)
which is currently used only for research purposes, is the application of polymer gel dosimeters
(PGD). PGD have shown to be a suitable method to measure 3D dose distributions (Schreiner
2006) and has been applied to measure dose distributions from intensity-modulated radiation
therapy (Vergote et al 2004, Sandilos et al 2004) as well as to acquire the delivered dose in pres-
ence of respiratory motion (Ceberg et al 2008). In addition, it exhibits both, water-equivalent
image contrast and attenuation properties. Gel dosimetry is therefore a versatile tool that can be
used to measure the delivered dose distribution in such an experimental setting. The following
sections provide an introduction to the general principles, fabrication and irradiation procedures
of PGD as well as the developed evaluation procedure. For a more detailed description on poly-
mer gel dosimetry the reader is referred to the topical review of Baldock et al.

2.3.1 General principle

Polymer gel dosimeters are fabricated from radiation sensitive chemicals embedded within a gela-
tine matrix which, upon irradiation, polymerize as a function of the absorbed radiation dose.
This polymerization process locally changes material specific constants like the T}, relaxation or
optical density. These changes can be measured by MRI (Baldock et al. 2010) or CT (Jirasek
and Hilts 2014), respectively. Due to the larger polymer structures as compared to the pore size
of the gelatine matrix, dose information stays locally bound (Baldock et al 2010). In general,
polymer gel dosimetry is especially interesting, if the dose measurement intends to acquire spatial
information in 3D as well as for irradiation setups where steep dose gradients are present, e.g in
IMRT or stereotactic surgery (Vandecasteele and De Deene 2013a, Papagiannis et al 2005). To
perform absolute dose measurement, the PGD requires a set of calibration samples that are irra-
diated with known doses. This calibration method needs to be repeated for each batch of PDG
(Venning et al. 2005). It should be mentioned that the application of PGD is challenging and
time-consuming as a specific workflow needs to be followed between gel fabrication and evalua-
tion. The entire workflow from production to evaluation takes approx. four days. It is also very
important to minimize the influence of external factors such as oxygen contamination of the gel
as this would significantly impact the polymerization process (De Deene et al 2002). However, if
a dedicated protocol for fabrication, storage, irradiation and evaluation is applied, polymer gel
dosimetry is a versatile tool for 3D-dose measurements

A large variety of different PGD is described in literature. These are made of various radiosensi-
tive chemicals of different concentration. This work focuses on two kind of PGD, (i) the commer-
cially available Pre BANG-kit (MGS Research, Inc. Madison, USA) and the in-house produced
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PAGAT dosimetry gel (PolyAcrylamide Gelatine gel fabricated at ATmospheric conditions (Ven-
ning et al. 2005)). As the commercial solution allows to easily fabricate the polymer gels by fol-
lowing an optimal and well-established protocol, initial measurements were focused more on the
irradiation- and evaluation workflow. However, due to the superior properties of the PAGAT gel
dosimeter in terms of dose-rate dependence (De Deene et al 2006, Karlsson et al 2007), easier
evaluation protocols and lower costs, the Pre BANG-kit was replaced by the PAGAT dosimetry
gel.

2.3.2 Fabrication

A short introduction into the fabrication procedure for both, the commercially available BANG-
kit and the in-house produced PAGAT, will be given in the following section. Both dosimetry gel
production procedures follow similar protocols, starting with the separate preparation of mono-
mer- and gelatine solution, followed by the mixing- and the filling procedure. The interested
reader will find a detailed description of the protocol in Appendix A. The chemical composition
of the different gel dosimeters will be given in the following.

Pre BANG-kit: This type of dosimetry gel is based on monomers (not more than 6% methacrylic
acid or sodium methacrylate) as active components embedded within a gelatine matrix consisting
of gelatine (not more than 6%, 300 bloom), a nontoxic thickening agent (not more than 12%),
deionized water (at least 70%) and an oxygen scavenger (no further information available). A
description of the exact chemical concentration is not provided by the vendor.

PAGAT: This type of dosimetry gel is based on monomers (3% acrylamide and 3% N,N-
methylene-bis-acrylamide as active components embedded within a gelatine matrix (6% Gelatin,
300 bloom, Sigma Aldrich, St. Louis, MO, USA) and 88% deionized water. Due to its high reac-
tivity to oxygen penetrating the gel during production and storage, 10 mM
bis[tetrakis(hydroxymethyl)-phosphonium] chloride (THPC) is added as antioxidant.

2.3.3 Gel containers

After production, the gel was poured into suitable storage containers (Section 2.4) at a tempera-
ture of 32 °C. Prior to this, all containers were rinsed with nitrogen gas to remove the oxygen. To
further reduce the potential impact of oxygen on the gel response, all containers were placed
inside a desiccator flushed with nitrogen for 5 min and were then stored in a refrigerator at 4 °C
for 20-24 h before the gel was irradiated (Vandecasteele & De Deene 2013¢). To minimize the
influence of light as an additional cause of polymerization (Koeva et al 2009) the flasks were cov-
ered with aluminum foil during storage.

2.3.4 Irradiation

At the day of irradiation, the PGD were removed from the refrigerator 4 h prior to irradiation
and transferred to the irradiation facility. The PGD were irradiated at room temperature with a
clinical 6 MV linear accelerator (Artiste, Siemens Healthineers, Erlangen, Germany) at a dose
rate of 300 monitor units per minute (MU /min). To acquire the calibration curve for the gel, the
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calibration flasks were subsequently irradiated with doses from 0 —7 Gy in steps of 1 Gy. These
irradiations were performed under reference conditions at room temperature inside a 30 x
30 x 30 cm? stationary cubic water phantom (T4322, PTW, Freiburg, Germany) using a field
size of 10 x 10 cm? at a depth of 5 cm and a gantry angle of 270°. At the end of the experiment,
the PGD were enwrapped in aluminum foil and stored together with the calibration flasks at
room temperature for at least 48 h prior to MRI-evaluation.

2.3.5 MR-based evaluation

Quantitative polymer gel evaluation can be realized using a large variety of different devices. All
these methods measure locally-dependent radiation-induced chemical or physical changes within
the polymer gel. A commonly used and widely accepted method is to measure the mobility of
water protons surrounding the polymerized gel structure using MRI. Alternatively, changes in
optical density can be measured by optical CT devices, variations in mass density may be visual-
ized by X-ray CT or ultrasound measurements can detect changes in acoustic propagation speed.
A detailed description of each acquisition method is not within the scope of this work, but can
be found elsewhere (Baldock et al 2010). In this work, quantitative 3D dose evaluation was real-
ized using MRI. As the MR image acquisition is a crucial part of the polymer gel dosimetry
evaluation procedure, a brief description to the applied MR image acquisition technique will be
given in this section. This is then followed by a detailed description of the polymer gel dosimetry
evaluation procedure including an analysis of the impact of MR-based errors on quantitative 3D
dose distribution and how these can be minimized.

2.3.5.1 MR — Basic principles
A short overview on MR-basics and its importance for polymer gel dosimetry will be given in
this section. A detailed description, on the physical principles of magnetic resonance imaging,

however, is not within the scope of this work. For this, the reader is referred to the book from
Haacke et al 1999.

Magnetic resonance imaging is a tomographic imaging modality, which uses non-ionizing radia-
tion to acquire images with an excellent soft tissue contrast. Major applications include the mus-
culoskeletal system, brain tumors, spinal cord and imaging of the abdomen (Reiser et al 2008).
The physical principle of MRI is based on the nuclear spin I, which is different from zero for
nuclei with an uneven number of protons and/or neutrons. In the presence of an external static
magnetic field B, the spins start to align parallel or anti-parallel. According to the Boltzmann
statistics, the parallel spins exceed the number of anti-parallel spins. As a result, this leads to a
measurable time independent macroscopic net magnetization or polarization P (e.g. for protons:
P=167x10"°% at T=293 K and B, =3 T). According to Faraday s Law, however, only a
time dependent magnetization component can be measured. This can be realized by applying a
time dependent radio-frequent (RF)- field B, ¢ to the system which causes the equilibrium oc-
cupation of parallel and anti-parallel spins to change. An RF-pulse, which is applied perpendicu-
lar to By, rotates the net magnetization around the x- or y-axis towards the z — y-plane. The
corresponding flip angle o of the magnetization can then be calculated by:

t,
a:/ vB, T dr (2.1)

0
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with the gyromagnetic ratio 7, the time dependent RF amplitude By 7 and the pulse duration
t,. In case of a static By, Equation (2.1) simplifies to a« = vByt,,. As the resulting magnetization
signal starts to decay, the transversal magnetization becomes time-dependent and can be meas-
ured by a receiver coil. This decay process is driven by: (i) the spin-lattice-, (ii) spin-spin interac-
tions, and (iii) by local field inhomogeneities. While (i) causes transitions of the polarized spins
towards the equilibrium state, (i) and (iii) lead to a dephasing of the spins in the transversal
plane. All processes are characterized by material specific relaxation times T, T5 or 1%, respec-
tively. By using a sequence of RF-pulses of different length, direction and power, a large variety
of image contrasts can be achieved. In case of polymer gel dosimetry, the irradiation-induced
polymerization leads to changes of the absolute T, values. The aim of the polymer gel dosimetry
evaluation is therefore to quantitatively measure this value and convert it to absolute dose val-
ues.

A very prominent and widely used method to acquire quantitative Th-images is to perform a so-
called spin-echo (SE) experiment. It consists of a 90° excitation pulse that rotates the z-
component of the macroscopic magnetization M, into the transversal plane. Both, local field
variations and spin-spin interactions cause the transversal magnetization M,, to decay. This so
called free induction decay (FID) can be measured by the receiver coil. By applying a 180° - refo-
cusing pulse at time t = 7, spin dephasing due to local field inhomogeneities is reversed and re-
sults in rephasing of the spins at the time ¢t = 27, which leads to a maximum signal intensity
(“spin echo”). The decrease of this maximum signal intensity over time is then mainly governed
by the spin-spin relaxation time T,. Applying a series of multiple 180° pulses allows acquiring
the spin echoes at times ¢ = 47, t = 67 and so on. The decrease in signal intensity of the multi-
ple SE-echo signals can then be fitted against a mono-exponential function with the T)-
relaxation rate as characteristic decaying constant:

S = Soexpf%i (2.2)

where S, is the initial signal intensity and the echo time (TE) is the time between two consecu-
tive echoes. In principle, two SE are sufficient to acquire quantitative 75, values, however, it was
shown that a set of multiple SE measurements is preferable for the polymer gel dosimetry evalu-
ation procedure to achieve a better dose resolution (De Deene and Baldock 2002) and a lower
signal to noise ratio (SNR) (De Deene et al 1998). In this work, a standard Carr-Purcell-
Meiboom-Gill sequence (CPMG) (Meiboom and Gill 1958) with a fixed number of 32 consecu-
tive echoes was used (see Figure 10). After the repetition time (TR) the multi-SE experiment is
repeated with a new 90 ° excitation pulse to acquire sufficient data for image reconstruction.

2.3.5.2 MR and polymer gel dosimetry — potential error sources

Besides errors that may occur during the PGD production procedure or irradiation, the MR ac-
quisition can introduce additional uncertainties in absolute 75, measurement. The largest influ-
ence on quantitative 75, measurement is caused by temperature variations, which can arise during
very long MR measurements due to energy deposition by the alternating RF-field inside the
evaluated phantom (De Deene and De Wagter 2001), temperature differences between phantoms
of different volumes or within very large phantoms if no dedicated measures for temperature
control are taken. As temperature variations have a major impact on the proton mobility and
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therefore on the spin-spin interaction process, T, is strongly influenced. Increasing the tempera-
ture will result in larger T, values and vice versa (Vandecasteele and De Deene 2013d). This is
especially problematic, if a temperature gradient e.g. within larger phantoms is present as this
would result in a spatially distributed T, values, even for phantoms where a homogeneous T},
distribution is expected (e.g. for uniformly irradiated phantoms). In addition, even if a constant
temperature can be assured within the large phantom, temperature differences with respect to
the calibration containers would also cause errors in the absolute dose determination.

500 1000 1500
Echo Time [ms]

Figure 10. CPMG multi-SE acquisition for 32 consecutive echoes, with TEF = 40 ms and TR = 3 s. The
signal intensity for one representative ROI is plotted against the echo number TE and fitted against a
mono-exponential function.

As an additional error source, inhomogeneities of both, the static By-, and time dependent B-
field may introduce errors. While uncertainties in B, potentially cause the spatial information to
be shifted by several pixels (Vandecasteele and De Deene 2013d) a non-uniform slice excitation
pattern due to B;-field inhomogeneities can result in 7, deviations of up to 20% as compared to
the real value (De Deene et al 2000). This effect is especially pronounced for the peripheral re-
gion of larger phantoms.

Besides this, as the visualization of steep dose gradients over a 3D volume is desirable for the
purpose of 3D dose measurements, the correct choice of imaging parameters is essential to ac-
quire high-resolution images (down to voxel sizes (VS) of 1 x 1 x 1 mm?) with a large signal to
noise ratio (SNR). As a result, the imaging parameters TE and TR were optimized with respect
to the applied radiation plan and the total MR acquisition time. This is especially important as
the choice of suboptimal parameters can significantly influence the accuracy of PGD (De Deene
and Baldock 2002)
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In summary, it should be kept in mind that uncertainties in polymer gel dosimetry do not only
originate from the production- or irradiation protocol, but also from the MR image acquisition, if
no dedicated MR protocol is applied.

2.3.5.3 Evaluation of the polymer gel dosimeters

Calibration- and gel tumor flasks were scanned simultaneously on a 3T Biograph mMR (Siemens
Healthineers, Erlangen, Germany) using specially designed adapter plates for both, calibration
flasks and gel tumor (Figure 11(a) and (b)). The holder was placed inside a dedicated tempera-
ture controlled water phantom (Section 2.4.2) which was placed at the center of a 16-channel
head/neck RF coil. Relaxation rate images were acquired in a transversal plane with a multi-SE
CPMG sequence. Calibration flasks were scanned twice, at the beginning and the end of the ses-
sion. This allows identifying any measurement-related T, variations that occur during the scan.
For volumetric gel tumor scanning between 15 and 28 slices were measured using identical imag-
ing parameters as for the calibration flask. A comparison between MRI-based PGD dose meas-
urement and TPS-based dose calculation requires image registration between MR and planning
CT (see 2.2.5, image registration). This was realized by acquiring an additional high-resolution
(0.5 x 0.5 x 0.5 mm?®) 3D-image of the gel tumor using a standard TRUe Fast Imaging with
Steady Precession (TRU-FISP) sequence as implemented by the vendor.

(b)

Figure 11. (a) Eight calibration flasks (1) were equally distributed using a dedicated PMMA holder (2).
(b) The mounting (3) of the gel tumor (4) is attached to an adapter plate (5) and the metal fiducial is re-
placed with high accuracy (<1 mm) by an MRI-visible marker (6) using a special template.
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2.3 3D polymer gel dosimetry

2.3.6 Calibration of the dosimetry gel

To perform absolute dose measurements in 3D, the gel tumor T, maps need to be calibrated
using a set of calibration vessels. As external influences on the production procedure can not
completely be avoided (Vandecasteele and De Deene 2013b), a calibration is necessary for each

experiment.

For the evaluation of the calibration vessels, MR data was transferred to a personal computer
and imported into an in-house developed, Matlab (The Mathworks Inc., Natick)-based polymer
gel dosimetry evaluation tool (Witte 2010). For each calibration vessel, a circular region-of-
interest (ROI) was automatically delineated with a canny segmentation algorithm (Canny 1986).
To acquire mean T, maps and the related standard deviation for each gel probe, a mono-
exponential curve was fitted to 29 of the 32 acquired MR-images using a Levenberg-
Marquard X? -minimization algorithm (Marquardt 1963). Due to stimulated echoes that can
occur during the quantitative T, measurement (Hennig 1991), the first three images were not
included in the fitting procedure. Based on the calibration flasks, the calibration curve was then
determined from the calculated mean relaxation rate Ry = 1/T2-values. The PAGAT dosimetry
gel was fitted using a mono-exponentially saturated dose-dependent fit function (Vandecasteele
and De Deene 2013a):

R"Z (D) = R’Q,sat - AR"Ze_ ob (23)
where R, ,,; corresponds to the saturation relaxation rate, AR, to the range of R, values and «

being the fit coefficient of the exponential function. The basic calibration procedure is visualized

in Figure 12.
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Figure 12. Calibration workflow of PAGAT-based PGD. Calibration vessels were irradiated with well-
known doses between 0 and 7 Gy and subsequently measured at the MR to acquire quantitative T, images
(left). Based on an automated segmentation algorithm, mean T,values were calculated (middle) within dif-
ferent ROIs D,. The corresponding dose was then related to the R, and fitted by a mono-exponential func-
tion (right).
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2.3.7 Image filtering

One of the major challenges in quantitative MRI acquisition is noise reduction as it can signifi-
cantly influence quantitative data evaluation. This is especially pronounced if a pixel-wise quan-
titative evaluation is necessary since averaging over a larger area is not desired in 3D dosimetry.
In addition, if a non-linear conversion between the relaxation rates and doses by means of a cali-
bration curve are necessary, the influence of noise depends on the absolute measured values. One
option of noise reduction is to modify the measurement procedure by averaging over a larger
period of time or by increasing the voxel size. However, if the measurement volume is rather
small and the resolution of steep gradients is important, an increase in voxel size is not desirable.
A suitable image filtering procedure is therefore a very important step towards quantitative 3D
dose measurements. The applied filter should (i) reduce the noise level within regions of constant
intensities while ensuring that (ii) steep gradients are not smeared-out. In this work an edge con-
serving total variation (TV) filter was used (Rudin et al 1992).

The TV of an image y is defined as the sum of the difference between two neighbouring pixels.
v Yy = Z’ynJrl - yn’ (24)

which is minimized while assuming that the new image is similar to the initial one. A similarity
measure, which is proposed for this algorithm, is given by the sum of square errors:

1
S €T,y 25 Z Ty, —Yn 2 (25)

where x,, is the unfiltered image data and y,, corresponds to a similar image with smaller total
variation. Combining Equations (2.4) and (2.5) leads to the following minimization problem
min S x,y — X 1TV (y) (2.6)
Y
with the regularization parameter A, which can then be solved by using the Euler-Langrange

equation. A one-dimensional example dataset with and without TV-filtering is displayed in Fig-

ure 13.

10

—Noisy data
- - Filtered data

Figure 13. The data shows an
arbitrary signal (blue) which was
filtered by a TV filter (orange).
The resulting filtered signal
clearly shows less noise while
steep gradients or edges are still
maintained.
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Time [a.u.]

25



2.3 3D polymer gel dosimetry

2.3.8 Spatial alignment of the measured and planned dose distribution

As the MR evaluation was not performed inside the phantom which was used for treatment
planning and irradiation, both dose distributions had to be spatially aligned. This was realized
by co-registering CT- and high-resolution MR images by means of three uniquely defined land-
marks on the surface of the gel tumor: (i) the center of the lid, (ii) the center of the bottom and
(iii) a previously attached marker. Both, (i) and (ii) could be geometrically reconstructed. For a
uniquely definition of (iii), two kinds of fiducial markers were used (X-Spot for the CT- and a
PinPoint™ MR-marker for the MR-measurement, Beekly Medical, Bristol, USA). Corresponding
markers were attached to the gel tumor mounting before inserting the gel tumor into the phan-
tom by means of a special template (Figure 11(b)) that allows replacing the CT marker by the
MR marker with high accuracy. The registration was performed on the image processing
platform MITK (Nolden et al 2013) together with a point-based RigidClosedFrom3D b-Spline 3™
order interpolation algorithm as implemented by the software. This registration procedure will be
referred to as standard marker based point registration (SMR).

A schematic sketch of the registration procedure is shown in Figure 14. As the measured dose
distribution includes only a limited sensitive volume as compared to the calculation, a threshold-
based delineation was applied to the gel tumor volume. It was ensured that both, the flask wall
and clearly visible dose errors, caused either by the PGD or MR (such as gas- bubbles or imaging
artefacts) were not included in the delineated volume.

2.3.9 Renormalization of the calibration curve

In general, the challenge of gel dosimetry is to perform dose measurements in an absolute man-
ner. However, this is rather challenging as there are various factors that influence the gel re-
sponse. These factors are not only limited to the production procedure (Vandecasteele and De
Deene 2013b), gel storage or irradiation (Vandecasteele and De Deene 2013¢) but also show a
very sensitive behavior on the evaluation process (De Deene and Vandecasteele 2013). This
makes polymer gel dosimetry a very challenging technique for absolute dose measurement in 3D.
There is a large variety of reports on how to perform polymer gel dosimetry, but most of the
published work focuses on relative dosimetry. Furthermore, in contrast to our experimental set-
ting, most experiments were performed under well-defined conditions. Combining polymer gel
dosimetry with the porcine lung phantom might introduce further, yet unknown uncertainties.
Therefore, the acquired calibration curve was renormalized as described by Vandecasteele and De
Deene which is especially useful for small volumetric phantoms like the gel tumor. Renormaliza-
tion is carried-out by using the mean doses in two uniform low- and high-dose regions. As the
small gel tumor volumes do not show a uniform low-dose region, only the information inside the
high-dose region was used for renormalization. For this, a manually segmented ROI within the
gel tumor was normalized either (i) to the measurement of an ionization chamber which is locat-
ed at the same position, or (ii) a corresponding ROI was defined in the treatment plan, if it was
not possible to perform an ionization chamber measurement (e.g. inside the porcine lung phan-
tom).
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Figure 14. Standard Marker based point Registration (SMR). Corresponding reference points are defined
in both, the high-resolution MR and the CT images. A 3D point-based rigid registration is performed,
stored and subsequently applied to the dose image of both, TPS and MR.

The previously acquired calibration curve (Section 2.3.6) was then renormalized such that the
original shape was preserved while the new fit parameters R5 ,; and AR were calculated from

Equation (1) as follows:

, RQ,O - R2,1 2.7
R’é,sat = ARé + R’2,(’) (28)

D, corresponds to the mean value inside the high-dose ROI of the IC measurement or TPS cal-
culation and Ry ; to the measured R, data within the same ROI. R, ; is the intersection of the

original calibration curve with the y-axis and is defined by

RQ,O = R2,sat - ARQ (2‘9)

As for experiments with steep dose gradients performed inside the porcine lung phantom no IC
could be inserted and only a small high-dose area (Section 2.5.4 and Section 2.5.5) is present, the
renormalization coefficients R ., and AR were calculated using the maximum rather than the

ROI-based mean values for D and R, ;.
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2.3 3D polymer gel dosimetry

2.3.10 Calculation of the 3D dose distribution

The final dose distribution was acquired by subsequently converting the R,-map of the gel

tumor into a dose map by means of the renormalized calibration curve.

2.3.11 Gamma index analysis

The validation of a three-dimensional dose distribution requires a comparison between the TPS-
based calculation and the measured data. A well-established and widely used method in clinical
quality assurance (Schreiner 2006, Oldham et al 2012, Bakai et al 2003)) was developed by Low
et al. This method uses a combination of two independent evaluation techniques: (i) the local
dose-difference criterion AD;; and (ii) the distance to agreement (DTA) criterion Ad,,;. The
dose-difference criterion calculates the absolute dose difference between measurement and calcu-
lations in areas of uniform dose distribution (low dose-gradients). In the presence of large dose-
gradients, however, a small position shift of the measured dose would cause the dose-difference
criterion to fail. To compensate for that, the DTA is used as quality index. It requires the calcu-
lated dose to be located around the measured dose within a certain radius Ad,,. It was therefore
concluded that a combination of both methods ideally complement each other in regions of low-
(i) and high dose gradients (ii), respectively.

The evaluation procedure is performed by evaluating a set of calculated data points D (r.) that
are located at a distance

" ThyTe = |r(: - r'm,| (210)
around the measured data point D,,(r,,). Subsequently, the dose difference 6 r,,,r. is calculat-
ed:

O Ty Te = D(',<T(:) - Dm,<rm)' (211)

The suggested acceptance criterion taking both, dose-difference and DTA into account can then

be visualized by an ellipsoidal surface

T ,r‘2 r‘m,? ,r‘(‘, + 62 r‘m,? r(‘, 2 12
TmrTe = .
Az, T TAD 242

where AD,,; and Ad,, are defined as the acceptance threshold for the maximum dose-difference

and DTA| respectively.

A quantitative value for a single measurement at position r,, that allows describing the agree-
ment between measured and calculated dose distribution can be defined by the gamma-index:

f)/ TT’I, = mill{T r'ﬂb’ ,r‘(f }v{r('} (213)
With this definition, the passing criteria becomes

v(r,,) < 1, calculation passes, (2.14)

Y¥(r,,) > 1, calculation fails. (2.15)
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Figure 15. Basic principle of y-map
analysis exemplified in 1D. A
measured point D, (r,,) is com-
pared against a calculated data
point D,(r,). Calculated points are [ ]
only evaluated within a radius Ad,,. I

In addition, a threshold AD,, for
the dose difference 0,(rs) s
defined. If a single evaluated point is
located  within the green area

(y<1) the ~—map analysis is
passed for D, (r

m/°

A schematic visualization of the principle of y-index calculation in 1D is displayed in Figure 15.
The calculated and measured dose distributions were compared using the 3D «-map analysis as
implemented by the commercial software VeriSoft (PTW, Freiburg, Germany). A passing criteri-
on of 3% / 3 mm (dose-difference / DTA) was used, taking only dose levels > 10% of the maxi-
mum dose into account. The dose threshold of 10% was selected as dose calculation algorithms at
this dose level are less accurate on the one hand, but also clinically less relevant on the other.
Results in this thesis are given as passing rates, i.e. the percentage of evaluated points passing
the y-criteria. Voxels presenting clearly visible image artifacts (e.g. caused by the MR image ac-
quisition or dosimetry gel based errors) were excluded from the evaluation procedure.

In case of small field irradiations, y-map analysis was performed for two different settings. First,
only the SMR was performed prior to the vy -calculation. As residual positioning errors may
strongly affect the agreement for small dose distributions, an additional automated post registra-
tion (APR) as implemented by the VeriSoft-software was applied to correct for these errors to

determine the maximum possible agreement.

2.3.12 Workflow summary

As the polymer gel dosimetry evaluation procedure requires a large number of steps, the devel-
oped workflow is briefly summarized: For a detailed description the reader is referred to Section
2.3.5 - 2.3.11. In principle, the evaluation procedure can be divided into six sub-steps (Figure
16): After acquiring quantitative T, images by means of an MR measurements using a dedicated
temperature control protocol, a voxel-wise 7% calculation is performed. Noise removal is achieved
by applying an edge conserving TV filter. As a next step, high-resolution images of both, CT-
and MR-data are consecutively registered using a point-based registration. This registration pro-
cedure is then applied to spatially correlate the measured to the calculated dose distribution.
The measured calibration curve is then renormalized by means of a point-dose measurement or a
high-dose region within the calculated dose distribution before converting the Ry-map into dose.
As a last step, measured and calculated dose distributions are compared using the 3D -y-
evaluation procedure.
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Figure 16. Schematic overview of the implemented polymer gel dosimetry evaluation workflow

noise removal, (3) registration (4) renormalization, (5) dose calculation and (6) dose comparison.
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which can be summarized in six different sub-steps: (1) T, calculation, (2)
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2.4 Polymer gel characterization

As polymer gel dosimetry is still not implemented into the clinical routine and therefore not im-
plemented as a standard workflow in our institution yet, the PGD handling in terms of produc-
tion, storage, irradiation, evaluation and post-processing was thoroughly investigated. PGD irra-
diation was performed inside the water-tank which is used for gel calibration purposes with
known doses from 0 — 7 Gy in steps of 1 Gy with a field size of 10 x 10 cm? and a dose rate of
300 MU /min if not stated otherwise.

2.4.1 Gel container materials

Besides the well-known polymerization inhibition characteristics of oxygen penetrating the con-
tainer wall, chemical interactions of the PGD with the wall material are known to influence the
dose response (Baldock et al 2010, Vandecasteele and De Deene 2013d, Mann et al 2015). There-
fore, the selection of an adequate flask material was considered highly critical. A suitable gel
storage container for our application should meet the following requirements: (i) excellent oxygen
barrier, (ii) limited interactions with the PGD (iii) water equivalent image contrast for CT imag-
es (iv) tumor equivalent size and shape, and (v) should only show a minor influence on motion
properties of the lung within the phantom. Several containers of different volumes were investi-
gated and characterized, namely latex, silicon, borosilicate glass and BAREX™ material. Initial
measurements were performed with the commercially available BANG-kit™ as they were the
only dosimeters available at the beginning of the project. However, in the process of investigating
the compatibility with the above requirements the PAGAT dosimetry gel turned out to be better
suited for the purpose of the project. Nonetheless, the results of the investigations of the BANG-
gel could easily be transferred as the basic underlying properties and potential error sources are

the same.

2.4.2 Temperature control protocol

As mentioned in Section 2.3.5, temperature fluctuations during MR scanning have a significant
influence on quantitative PGD evaluation. To minimize the impact of temperature differences,
special measures were taken during and prior to the MR measurement. All containers were
stored at room temperature 2 h prior to 7% evaluation inside a light shielded water filled ther-
mobox (Figure 17(a)). To additionally monitor the water temperature and to ensure that the
influence of RF-induced energy deposition (especially for longer measurements) is kept to a min-
imum, the initially used thermobox was replaced by a water-flow phantom, which was developed
to keep the temperature constant within 4+ 0.1 °C' (Figure 17(b)). Motion artefacts caused by
the water flow were reduced by substituting a contrast agent (Gd-DTPA) to the water (7}- and
T,- <50 ms). Both storage method aimed at achieving the temperature of the scanner-bore
(approx. 20 °C'). To directly visualize whether temperature fluctuations occur during the meas-
urement, a set of eight calibration vessels were measured at different slice positions at the begin-
ning and the end of each MR measurement procedure. As they often include time consuming 3D
measurements (up to 3 h), the preferable temperature control protocol should be able to keep

deviations between both calibration curves to a minimum.
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2.4 Polymer gel characterization

(b)

Figure 17. MR measurements of the gel tumor and calibration probes were performed under isother-
mic conditions using either a thermobox (a) or a water-flow phantom (b). In the water-flow phantom
the water inlet (1) is located below the measurement volume (2) containing the gel tumor and calibra-

tions probes.

2.4.3 Measurement parameters

Besides the influence of temperature variations during the MR acquisition, CPMG measurement
parameters can cause absolute T, values to vary. Therefore, these parameters had to be opti-
mized first which includes (i) number of echoes used for the evaluation procedure, (ii), TR and
(iii) echo time TE. The presence of stimulated echoes are known to introduce uncertainties in the
T, fitting procedure as they cause the SE amplitude to differ from a pure T, decay. TR was op-
timized as to assure that on the one hand sufficient signal is available for each new excitation
and on the other hand to minimize the total measurement time. This was realized by acquiring a
quantitative T image for doses ranging between 0 — 7 Gy by using a saturation recovery (SR)
sequence as implemented by the scanner with a total of 18 contrasts ranging from 20 ms —
3000 ms. Unlike T, the T, values significantly change with higher doses. Therefore, TE had to
be optimized in terms of the applied irradiation schemes (small-field and uniform irradiation,
Section 2.5.2) and the corresponding dose-range. It had to be assured that the image noise of the
last echo number for high-resolution 7% acquisition shows only a small contribution. For this, the
SNR was calculated which amounts to:

SNR mean signal intensity in ROI (2.16)

~ standard deviation of background noise

In addition, the relative T, error was calculated for different radiation schemes, image resolution
and T, values.

2.4.4 Dose resolution

To quantify the intrinsic precision of the PGD, the metric of dose resolution was used. It takes
both, dose sensitivity and MR induced noise into account. The exact formalism is based on the
work of Baldoc ef al 2001 and is defined as the minimal dose difference at which two doses D,
and D, can be distinguished (see Figure 18) with a given level of confidence p by the following
equation:
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DX =V2-k,- op (2.17)

where the coverage factor k,, is given by the t-distribution and o, is estimated to be the stand-

ard dose uncertainty given by the derivative 0D/JR,. For that, Equation (2.3) was rearranged
to calculate the Dose with respect to R,.

1 AR
D(R,) =1 2

S 2.18
& nR’Q,sat _R'Q ( )

Combining Equation (2.17) and (2.18) the final equation for the calculation of the dose resolu-
tion becomes:

1
DPA:\@.kp.a

_ 2.19
(RZ,sat - RQ) O-Rz ( )

where o is defined as the standard uncertainty in R, for a given dose value. For a given confi-

dence level of p = 95% the coverage factor is equal to k,, = 1.96.
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Figure 18. Schematic illustration of the basic principles of dose resolution. By means of a calibration
curve (a) measurement uncertainties o R, 8te converfed to dose uncertainties . (b) The term of dose res-
olution AD aims at defining the minimum distance at which two doses D, and D, with an uncertainty
Op, can be separated with a level of confidence p which is directly related to the red area under the dose

curves.

It should be noted that this definition of dose-resolution does not include stochastic variations in
production procedure (chemical concentration, homogeneity of gel mixing, temperature during
production) or dose delivery. All experiments were performed with the in-house produced PA-
GAT dosimetry gel which is why a systematic evaluation of the commercially available Pre
BANG:-kit in terms of dose-sensitivity and —resolution was not necessary.
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2.4.5 B; and B, inhomogeneities

Besides temperature related error sources, local field inhomogeneities that are present during
image acquisition can significantly influence quantitative T3, measurements. This effect is espe-
cially pronounced in the outer region of larger phantoms (De Deene and Vandecasteele 2013).
However, as our polymer gel dosimetry workflow differs from the standard procedure, this effect
needs to be investigated first. Quantitative By and B, field-inhomogeneity maps were acquired
using the recently published water shift and B; approach (WASABI) (Schuenke et al 2017). It
enables simultaneous flip angle (FA)-B; and Bj-mapping in a single acquisition. Measurements
of a uniformly irradiated gel tumor were performed inside the water-flow phantom which was
switched off during image acquisition. Prior to the scan, a manual B, shim was applied to reduce
the influence of field inhomogeneities caused by the static magnetic field. B, and B; maps were
acquired in 2D for a central slice located within the gel tumor and compared with the corre-
sponding T}, distribution.

2.4.6 Dose rate dependence

In polymer gel dosimetry and the application for patient-specific workflow verification, the gel
tumor is irradiated to ensure uniform coverage. In clinical routine, this is usually realized by ir-
radiating the target from different directions / gantry angles. As a result, a continuous irradia-
tion of the target cannot be performed as for the step-and-shoot technology, the irradiation
comes to a halt until the next gantry angle is reached. Depending on the location, motion behav-
ior and target size, irradiation length can differ from gantry angle to gantry angle and therefore
the rate at which the total dose is delivered to the target volume varies. To analyse this dose-rate
dependency, two sets of gel tumors from the same batch were irradiated inside the cylinder phan-
tom with a total of 520 MU from a gantry angle of 90°. While for gel tumor (i) the dose was
continuously delivered, the irradiation for gel tumor (ii) was divided into 4 fractions of
130 MU each with a time delay of At = 60 s.

2.5 Phantom measurements

In this study, four experimental series were performed taking the results of Section 2.4 into ac-
count. The goals of these measurements were (i) to determine the accuracy of the PGD using the
implemented workflow under geometrically and dosimetrically well-defined conditions (Section
2.5.3), (ii) feasibility testing in the dynamic lung phantom (Section 2.5.4), (iii) to investigate
different clinical margin and motion-compensation concepts (Section 2.5.5 - 2.5.6) and (iv) to
validate a 4D dose calculation algorithm (Section 2.5.7). Experiments (i) - (iv) involved the fol-
lowing steps: phantom preparation, imaging, treatment planning and irradiation according to the
standard patient protocols.

2.5.1 CT imaging

Images for treatment planning were acquired on a SOMATOM Definition Flash (Siemens AG
Healthineers, Forchheim, Germany). Prior to the scan, a reference point was defined by three
fiducial X-Spot markers (Beekley Medical, Bristol, USA) being attached in the intersection point
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of the sagittal, the two horizontal and the transversal laser lines on the surface of the phantom.
The phantoms were then aligned with respect to the in-room CT laser system. CT acquisition
was performed using the following imaging parameters: voltage 120 kVp, current 300 mAs and
VS=1x1x1cm?.

CT scans with the cylinder phantom were performed without gel tumor motion whereas for the
porcine lung phantom, scans were performed either with (dynamic mode) or without (static
mode) gel tumor motion. In the dynamic mode, gel tumor motion was realized by applying a
breathing pattern previously acquired from a patient at 12 respiration cycles per minute. In this
case, both, a static and a 4D-CT scan was performed. For the 4D-CT, the breathing curve was
detected with the ANZAI™ pressure sensor, previously connected to the air flow unit by means
of a dedicated adapter. Time-resolved CT images were reconstructed at breathing phases corre-
sponding to 0%, +£20%, +40%, +£60%, +80% and +100% of the breathing phase.

2.5.2 Treatment planning

3D-CRT treatment planning was performed with the Raystation TPS (RaySearch Laboratories,
Stockholm, Sweden) using a collapsed cone dose calculation algorithm and a dose grid resolution
of 1 x1x1mm?or2x 2x 2mm 3? depending on the beam shape and irradiation procedure.

Treatment plans for the various experimental series will be described in the following.

2.5.3 Accuracy of gel dosimetry

As in polymer gel dosimetry, uncertainties in terms of gel production, storage, irradiation and
MR evaluation are well-known and could significantly influence the measured dose distribution,
an initial experiment was performed to benchmark the accuracy of the PGD under geometrically
and dosimetrically well-defined conditions. For this, the outer ring of the cylinder phantom was
filled with water while the inner part was filled either with water or LEM. Dose measurement
was performed in 3D by inserting a dosimetry-gel flask in the center. For both, LEM- and water-
insert two different treatment plans were generated: (i) Uniform target coverage using two oppos-
ing beams (90°, 270°) with field sizes of 10.0 x 10.0 cm? and a median dose of D = 4 Gy and
(ii) small-field irradiation using three equally-spaced beams (0°, 120°, 240°) with a field size of
1.0 x 1.0 em? and a maximum dose of D,,,, =5 Gy with dose gradients of up to 5 Gy/cm.
Here, the dose maximum is located within the central region of the gel tumor. Experiment (i)
was motivated as to quantify the absolute precision of the gel and the implemented evaluation
workflow whereas experiment (ii) was performed as to quantify the overall accuracy in terms of
positioning uncertainties, dose gradient, shape and absolute dose. In both cases, the gel meas-

urement was supplemented by a 1D dose measurement (either by a standard PinPoint™!

ioniza-
tion chamber (31014, PTW, Freiburg, Germany) for (i) or a diode (sensitive volume 0.03 mm,
Dosimetry Diode E, Type 60017, PTW, Freiburg, Germany) for (ii)) positioned at the center of a
new gel tumor which acts only as an absorber and is not used for dose measurement. Both, the
calibration flasks and the gel tumor, were stored inside the water-flow phantom two hours prior
to and during the quantitative T, evaluation. A total of 15 slices for the uniform irradiation and
28 slices for the small-field irradiation were measured. All measurements were performed with a

single batch of dosimetry gel allowing both, qualitative and quantitative comparison between the
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measured and planned dose distributions. As a first experiment, where quantitative data was
analyzed, the entire workflow of polymer gel dosimetry had to be evaluated. This also includes
the evaluation of the proposed data filtering process in terms of (i) dose gradient conservation
and (ii) noise reduction for the uniform irradiation. Both properties were subsequently analyzed
for a small-field irradiation and uniform gel tumor coverage using the water-insert.

2.5.4 Feasibility of 3D gel dosimetry inside the dynamic lung phantom

As the combination of polymer gel dosimetry and the anthropomorphic lung phantom has not
yet been performed, initial experiments focus on the feasibility testing of the entire experimental
setup. As a first step a suitable position of the gel tumor within the porcine lung phantom had to
be identified. As the gel tumor is sewed to the lung by means of a special holder the following
requirements in terms of positioning should be met: (i) direct sewing onto the lung should be
avoided because of air leakage, (ii) sufficient and (iii) reproducible gel tumor motion and (iv) the
influence of the gel tumor on the motion pattern of the porcine lung should be kept to a mini-
mum. As a next step, the PGD was irradiated using different irradiation settings. For this, three
equally-spaced beams (0°, 120°, 240°) were planned with a maximum dose of 5 Gy located com-
pletely in the center of the gel tumor and a field size of 1.0 x 1.0 em? . As a result, steep dose
gradients of up to 5 Gy/cm could be realized. Three independent irradiation experiments, each
with a new batch of dosimetry gel, were performed for the following conditions: (a) static gel
tumor, (b) moving gel tumor without applying any motion-compensation techniques, and (c) a
moving gel tumor including a gated treatment with a gating window (GW) of £20% relative to
the end-inspirative breathing phase.

2.5.5 End-to-end tests for standard motion-compensated treatments

As the overarching objective of this work is to use the combination of PGD and the porcine lung
phantom for clinical workflow verification, the setting was also tested in terms of clinical margin
and motion-compensation concepts. This includes a uniform irradiation of the target volume.
Therefore, the entire sensitive volume of the gel tumor was considered as the CTV, which should
be irradiated uniformly without causing hot- or cold-spots. Treatment planning was performed
using a set of nine equally spaced beams (0°, 40°, 80°, 120°, 160°, 200°, 240°, 280°, 320°), a single
segment per beam and a dose-gradient of 3 Gy / ¢m. Again, three independent irradiation ex-
periments, each with a new batch of dosimetry gel, were performed for the following conditions:
(a) static gel tumor, (b) moving gel tumor including an adequately defined ITV to compensate
for motion and (c¢) moving gel tumor compensated by a gated treatment (GW = +40%) and an
accordingly reduced ITV. In the case of the moving gel tumor, the final ITV was obtained using
both, the previously defined CTV and the individual 4D-CT breathing phases in combination
with a semi-automatic deformable registration algorithm as implemented by the TPS. The final
PTV was generated by additionally adding a 2 mm safety margin to compensate for positioning

or machine related errors.
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2.5.6 End-to end test for real-time markerless fluoroscopic tumor detection for

treatments with beam gating

Although the standard motion-compensation techniques are widely used in clinical practice, the
problem of inter- and intra-fractional tumor motion is not completely solved, yet. As the treat-
ment plan is usually based on a single 4D-CT dataset, a uniform tumor irradiation can only be
guaranteed if the motion trajectory does not significantly change. This is especially not guaran-
teed, if beam gating is applied as the time-dependent tumor position is obtained by correlating
an external surrogate signal with the different phases of the 4D-CT during treatment planning. If
this correlation is not maintained during treatment, a wrong tumor position will be assigned to
the surrogate signal and as the surrogate signal steers the irradiation, significant deviations in
the delivered relative to the planned dose distribution may be obtained. It is therefore very im-
portant to include an intra-fractional real-time-validation of the tumor position during irradia-
tion to assure that the correlation of the surrogate signal with the tumor position is still correct.

In this work, such a real-time validation method was realized by a combination of fluoroscopic
real-time imaging and an in-house developed online lung tumor detection algorithm (Teske et al
2015). An in-house developed hardware communication system (Fast et al 2012) was used to
acquire fluoroscopic images in anti-parallel direction of the beam during the irradiation. Major
advantage of this imaging direction as compared to orthogonally mounted systems is that tumor
motion perpendicular to the beam can be visualized.

The applied tumor detection algorithm is based on a multiple template matching algorithm
(MTMA), which compares a tumor template acquired from a training dataset with the fluoro-
scopic image. The final tumor location is then determined as the template position with the
maximum normalized-cross-correlation-coefficient (NCC) within the fluoroscopic image (Mercea
et al 2015).

As fluoroscopic images consist of time resolved 2D images (2D+t) the MTMA had to be trained
on a similar dataset. This training data set was obtained by generating so-called digitally recon-
structed radiographs (DRR) for all motion phases of the 4D-CT dataset and for all beam angles.
The DRRs were calculated by means of a ray-tracing algorithm as published by Siddon 1985,
using the open-source program Plastimatch (Sharp et al 2010). Thus the tumor trajectory has to
be validated for all breathing phases at each beam angle. The calculated template positions with-
in the DRRs were then used to define a tumor position acceptance region (TPAR) for all breath-
ing phases and each beam angle. For a more detailed workflow description and a systematic
analysis of the detection algorithm, the interested reader is referred to the work of Witte 2016.

To validate the combination of a gated treatment with the real-time validation of the tumor po-
sition, an end-to-end test was carried out. In this experiment a gating window of +£40% was used
and the surrogate signal was obtained from the Anzai system. However, in contrast to section
2.5.5, the Anzai signal was used to trigger the imaging system for the real-time fluoroscopic vali-
dation of the tumor position rather than to gate the beam. Only if the gel tumor position as
calculated by the MTMA is located within the TPAR, the beam is switched on. A schematic
overview of the developed workflow is displayed in Figure 19.
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2.5 Phantom measurements

In this experiment, the entire sensitive volume of the gel tumor was considered as the CTV and
the goal was to deliver a uniform dose of 4 Gy to this volume. According to previous experiments
(Witte 2016), a set of 10 gantry angles (0 °, 20 °, 80°, 90 °, 120 °, 160 °,180 °, 240 °, 270 °, 300 °)
with a single segment per beam was planned. The final PTV was then generated by additionally
adding a 2 mm safety margin to compensate for positioning or machine related errors.

Prior to the experiment, potential error sources caused by the imaging system were evaluated. As
the imaging detector is placed in front of the MLCs, the primary beam may cause severe imaging
artefacts and dedicated correction protocol might be necessary. Furthermore, as the primary
beam penetrates the detector, it is additionally attenuated. Dedicated measurements were per-
formed with a Farmer IC (30001, PTW, Freiburg, Germany) under reference conditions with and
without the imaging detector in front of the beam line. This measurement was repeated for vari-
ous field sizes, ranging from 3 x 3 em? to 20 x 20 cm?.

2.5.7 Validation of the 4D dose calculation for a moving target

Beam gating aims at irradiating the tumor only, if it is located at a specific position. However, residual
motion of both, tumor and OARs might still be present that can cause the calculated dose distri-
bution to deviate from measurements. Therefore, a dedicated workflow needs to be implemented
that allows detecting and correcting for such motion. A possible solution is to perform a retro-
spective 4D dose calculation using externally acquired tumor-trajectory data. However, such a
dose calculation algorithm needs to be validated first before it can be integrated into the clinic.

In a previous work, a motion robot has been used to reproduce the treatment delivery of clinical-
ly applied prostate treatment plans using the tumor-trajectories acquired with the Calypso™-
system during the treatment of the patient. The delivered dose was then measured in 1D or 2D
using an ionization chamber or films. As a next step, the experimental data was then compared
with an in-house developed 4D dose calculation using exactly the same motion pattern (Schmitt
et al 2012).
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2.5 Phantom measurements

In the present study, we used the PGD to measure the 3D accumulated dose distribution in the
gel, while the gel tumor is moving. The information about the tumor trajectory, required for the
4D dose distribution, was obtained from two sources: (i) from the transmitted position of three
Calypso™ beacons, which were fixed close to the irradiated target volume by means of a special
holder (Figure 20) and (ii) from the log-file information of the motion robot (including both,

speed and exact position).

The first experiment was performed with the cylindrical phantom using only the water insert. A
4D dose distribution has been calculated retrospectively using in-house developed software by
shifting the target point within the planning CT based on the motion information (from the Ca-
lypso™
the Calypso™-system. For each target point position, a new sub-beam was assigned together with

-system or the motion robot, respectively) and based on the beam status recorded with

a weighting factor corresponding to the duration of the irradiation at the respective target point
position (Figure 21). In total, 1227 sub-beams were applied for the 4D dose calculation. As the
4D dose calculation uses the pencil beam algorithm of the in-house developed VIRTUOS TPS
(Schlegel et al 1992), which has some limitations, the dose distribution for the static case was

additionally recalculated with the Raystation TPS using the same treatment parameters.#

Figure 20. The gel tumor (1)
is attached to a dedicated
adapter (2), which also in-
cludes three Calypsom bea-

cons (3). For absolute dose

measurement, a PinPoint™ IC

can be inserted (4).

The gel tumor plus a 1 mm margin was considered as PTV and was covered uniformly with the
median target dose of D = 4 Gy. The treatment plan included 5 beams (0°, 40°, 80°, 240°, 280°)
using only one beam segment per gantry angle. Lateral dose fall-off included dose gradients of
2 Gy/cem. That only five different gantry angles could be realized results from the experimental
setting as (i) the patient table had to be moved to a peripheral position (90° table rotation) to
allow the motion robot to be placed in front of the LINAC and (ii) we tried to avoid to irradiate
through the motion robot table as this could influence the accuracy of our dose algorithm (280°).
In addition, the Calypso™-system had severe problems to localize the electromagnetic array used
for the recording of the beacons for an angle of 320° as the combination of gantry angle and mo-
tion robot were blocking the view of the infra-red cameras that are used to locate the array (see
Figure 22).

In total, three experiments were performed using separate gel tumors from the same batch. The
experiments were performed under the following conditions: (i) no phantom motion with the gel
tumor center located at the machine isocenter to identify any gel related errors, (i) no phantom
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2 Material and methods

motion with a positioning shift of 2.5 ¢m towards the container bottom to characterize the dose
gradient within the PGD and (iii) including tumor motion. During irradiation, the phantom was
moved periodically perpendicular to the incident beam in axial direction with 2.5 ecm peak-to-
peak amplitude and a period of 7.5 s. A cos® motion trajectory was applied as it has been
demonstrated to provide a good fit to the population data for respiratory motion (George et al
2005).

As additional absolute dose measurement, the entire irradiation procedure was repeated with a
PinPoint™ Tonization Chamber (31014, PTW, Freiburg, Germany) positioned at the center of a
new gel tumor which acts only as an absorber dose and was not evaluated. All measurements
were performed with a single batch of dosimetry gel allowing for quantitative comparison be-

tween dose distributions.

Amplitude [a.u.]

Time [a.u.]

Figure 21. Basic principle of the applied 4D dose accumulation algorithm. Each motion

phase t; is correlated to the corresponding beam parameters (gantry angle and MLC settings)

and individually weighted with respect to the average position to acquire the irradiated MU.

The dose distributions at all time steps ¢, are then summarized to acquire the total integrated
T

dose Dyy =320 Dy -
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2.5 Phantom measurements

Figure 22. Experimental setup for the validation of the 4D dose calculation using independent motion
monitoring by the Calypso™ tracking system (1) and 3D polymer gel dosimetry (2). Irradiation was per-
formed with a conventional LINAC (3). The cylindrical phantom (4) is placed on top of a three axis mo-
tion robot (5), which can describe arbitrary motion trajectories. Besides the PGD, a PinPoint™ chamber

can be placed at the center of the phantom (6).
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3 Results

Parts of this section are already published (Mann et al 2017a, 2017b) and reproduced with per-

mission.

3.1 Polymer gel characterization

The goal of the following section was to implement a suitable workflow that allows performing
various PGD measurements in a large variety of different environments. This includes the evalua-
tion of suitable gel container materials (Section 3.1.1), the definition of a dedicated temperature
control protocol (Section 3.1.2), optimization of MR measurement parameters (Section 3.1.3) as
well as the evaluation of dose resolution (Section 3.1.4). In addition, the influence of B; and B,
inhomogeneities as well as the dose rate on quantitative polymer gel dosimetry were evaluated in
Section 3.1.5 and 3.1.6.

3.1.1 Gel container materials

Since the application of the PGD as described in this work strongly differs from the standard
workflow in gel dosimetry, where usually large containers filled with dosimetry gel are irradiated
(Vergote 2005 and Vandecasteele and Deene 2013), different storage materials were tested to find
the most suitable container for irradiation in combination with the porcine lung phantom. The
choice of materials was mainly driven by the requirements as defined in Section 2.4.1, namely (i)
excellent oxygen barrier, (ii) limited interactions with the PGD, (iii) water equivalent image con-
trast for CT images (iv) typical tumor size and shape, and (v) the container should only show a
minor influence on motion properties of the lung. At the beginning of the project, it was not
clear how to combine both, the PGD and the porcine lung phantom. It was therefore essential to
find a possibility to insert the gel tumor flask into the phantom and to assure that its location
and motion pattern can be well-reproduced during the entire experiment.

Initial work was focusing on the application of a latex-balloon attached on top of a urinary cath-
eter by means of two O-rings to keep the balloon in place. This combination was chosen as the
urinary catheter (i) allows guiding the balloon through the pulmonary artery and (ii) acts as an
extension that allows inserting the liquid PGD from outside the lung into the latex-balloon.
However, a substantial investigation showed that the latex-balloon or other flexible materials
(different latex-based materials and silicones) are not suitable for the application of polymer gel
dosimetry (Mann et al 2015). The oxygen barrier has been shown to be rather weak and addi-
tional interactions of the wall material with the PGD and a surrounding aqueous environment,
such as for a fresh porcine lung, did also occur. As a result, dose measurements with a homoge-
neous dose response in the whole volume were not possible with these materials. A more detailed
description on the investigation of these materials in combination with the PGD are summarized
in the thesis of Witte 2010. In the course of these previous tests, the idea to directly insert the
gel tumor into the porcine lung via a catheter turned out to be impractical and was therefore not
further investigated.
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3.1 Polymer gel characterization

A promising and practical approach was to sew the gel tumor (Section 2.2.3) to the mediastinum
of the lung by means of a dedicated holder. The mediastinum turned out to be tear-resistant and
highly flexible, which makes the gel tumor sewing onto the lung very easy. In addition, the size of
the mediastinum allows placing the gel tumor at various positions, which allows varying the mo-
tion amplitude (Section 3.3). As a result, the gel tumor material was not only limited to flexible
materials and would allow the usage of rigid materials such as borosilicate glass or BAREX™
material (BAREX™ distributed by VELOX GmbH, Hamburg, Germany). Initial experiments
with borosilicate glass showed no measurable influence on dose response due to (i) penetrating
oxygen or (ii) the storage environment (water or air). However, the large CT numbers of the
glass (1176.4 £139.9 HU, see Figure 23(a)) as compared to the PGD (22.3 & 3.8 HU) does
significantly influence the anthropomorphic image contrast. Therefore, glass turned out to be not
suitable for our application.

(a). (b).

—_Glass |
—BAREX™ |

1000 100

a0

Attenuation coefficient [HU]

500}

-10 1} 10
Position [mm]

]

50 0 50
(c) Position [mm]

Attenuation coefficient [HU]

Figure 23. Transversal slice of a CT images for two different gel tumor storage containers,
namely (a) glass and (b) BAREX™. Corresponding attenuation profiles are displayed in (c)
in blue for glass and red for BAREX™, respectively.
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The BAREX™ material on the other hand turned out to be a very promising material that can
be used in combination with the porcine lung phantom. It consists of a thermoformable acryloni-
trile-methyl acrylate copolymer with a negligible oxygen permeability and interaction rate with
other chemicals, a high chemical stability (Vergote 2005) and it also has a water equivalent image
contrast for CT images (48.4 4 24.3 HU, see Figure 23(b)). In addition, the BAREX™ flasks
provides a sufficiently large sensitive PGD volume (V' = 25 ml) and in combination with its cy-
lindrical shape (length [ = 45 mm, diameter d = 28 mm, wall thickness t = 0.6 mm), it can be
used to simulate a non-small cell lung cancer (NSCLC) of stage T2a (Giaccone 2012). Further-
more, the BAREX™ container can also be used for the PGD calibration purposes and by this,
volume-related uncertainties that are described in literature when calibration and gel tumor
flasks differ in size are minimized (De Deene et al 2007).

3.1.2 Temperature control protocol

As temperature fluctuations during quantitative T, measurement are known to significantly alter
calculated values, two different settings were evaluated to keep the temperature constant within
the measurement volume. Figure 24 shows the variation of the calibration curves caused by tem-
perature changes for two measurements separated by 3 h when using (i) the thermobox or (ii)
the water flow phantom, respectively. In case of (i), corresponding calibration curves showed a
shift to higher doses for a specific R, (Figure 24(a)). As a result, this would lead to large relative
dose differences of up to 25% (Figure 24(c), blue curve) for lower doses and up to 6.5%. for doses
larger than 6 Gy. A significant stabilization of the calibration curve over time was realized by
using the water-flow phantom. No significant shift to higher doses was visible (Figure 24(b)) and
maximum dose differences of only 4.1% for low- and 2.0% for high-dose regions were found
(Figure 24(c), red curve). Furthermore, the dose differences became stable already at doses larger
than 2 Gy.

Variations on the calibration curve acquired in (ii) for three different slice positions (top, middle
bottom) are visualized in Figure 26.(a) and (b). Figure 26.(c) additionally displays the relative
dose difference between two slices (top and middle, bottom and middle). It can be seen that only
minor difference of 1.7% and 1.5% for the top and bottom slice, respectively, were calculated.

3.1.3 Measurement parameters during image acquisition

Besides the presence of temperature related dose uncertainties, the MR acquisition sequence pa-
rameters can also have a significant influence on quantitative polymer gel dosimetry evaluation.
For this, various parameters such as number of acquired echoes, TR, TE and image resolution

were optimized in terms of dose uncertainty, dose resolution and acquisition time.
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Figure 24. Calibration curves acquired for phantom measurements using (a) a thermobox or (b) a
water-flow phantom at the beginning (black) and after 3 h (red). The relative dose difference (c)
shows a decreasing temperature-dependence with increasing doses. This effect is especially visible for
data acquired inside the thermobox where differences amount up to 25% in low-dose regions. It
should be noted that measurements in the thermobox and water-flow phantom were performed with
a different batch of PGD, therefore, a quantitative comparison of fit parameters of the calibration is

not meaningful for investigating the temperature dependence.

Stimulated echoes

T, values acquired with a CPMG sequence are known to suffer from stimulated echoes that can
cause variations. A comparison between two calculations, where all echoes are included (see Fig-
ure 26(a)) or the first three echoes were excluded (see Figure 26(b)) from the fitting process re-
vealed only minor differences in absolute T}, values in the order of 3%. However, the correspond-
ing T, uncertainty for each calibration flask and therefore the uncertainty in the resulting cali-
bration curve have a strong influence on the overall dose resolution (see Figure 26(c) and (d)).
When all echoes were included into the fitting procedure, the relative mean dose resolution
amounted to D%’/D = 0.23. However, by removing echo one to three, the resolution could be
significantly increased to D% /D = 0.05.

46



3 Results

—bottom

R, 1/s

4
(b) Dose [Gy]

15 T T T T T T
—bottom
—top

—
o

Relative dose difference [%]
91

4 5 6 7 8
Dose [Gy]

Figure 25. (a) Three different parallel slice positions used for the measurement of the calibration curve
inside the water-flow phantom: bottom (blue), center (black) and top (red). (b) Comparison of the re-
sulting calibration curves. (¢} Relative dose difference for the three evaluation positions as function of

dose. Differences relative to the central slice amounts to less than 2%.

TR optimization

An optimal TR was chosen as to provide adequate primary magnetization while keeping the to-
tal acquisition time to a minimum. A previously acquired quantitative T map for a set of eight
calibration flasks did not show significant variations in 7 with varying dose. The mean meas-
ured 1) value amounted to 17 = 2.01 £ 0.04 s. As the correct choice of TR is a trade-off be-
tween measurement time and signal intensity, two different TR values were selected (3 s and 6 s)
to acquire a calibration curve with TE = 40 ms (Figure 27). A comparison between both cali-
bration curves showed only minor dose differences in the order of 2% for doses between 1 Gy and
6 Gy. An SNR = 17.4 (high-dose ROI, D =7 Gy) and SNR = 93.3 (low-dose ROI, D = 0 Gy)
were calculated for TR = 3 s while data acquisition for TR = 6 s could increase SNR by approx.
34% in both cases. However, as the MR acquisition was optimized to acquire single slices and
therefore an increase in TR by a factor of 2 would double to total measurement time, TR was set

to 3 s as it still provides sufficient SNR over a large range of dose values.
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Figure 26. One set of PGD calibration flasks were measured inside the water-flow phantom including
either 32 echoes ((a), (¢) and (e)) or 29 echoes ((b), (d) and (f)) for the fitting procedure. A representa-
tive T, decay for a high-dose region (4 Gy) is shown in (a) and (b). Calibration curves are displayed in

(c) and (d) with its corresponding dose resolution ((e) and (f)).
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Figure 27. (a) One set of PGD calibration flasks was measured for TR =3 s (blue) and TR =6 s
(red). The relative dose difference for both calibration curves for a given dose value was also calculat-
ed (b).

TE optimization

The correct choice of an optimal echo spacing allows minimizing uncertainties in the fitting pro-
cedure. This is especially important if no ROI-based averaging is performed as averaging would
significantly lower the influence of noise. Depending on the application and experimental setting,
two different image resolutions were chosen, VS =1x1x1cm® for a small-field and
VS =2 x 2 x 2 em? for a uniform irradiation. Since the voxel size significantly changes the SNR,
the echo spacing was correspondingly adjusted to ensure that there is still sufficient signal avail-
able for higher echo numbers. On the other hand, it had to be assured that the signal decrease
was sufficiently measured along a wide range of the mono-exponential decay. The echo spacing
was also adjusted as to cover a large range of different T), values (usually between 300 ms and
650 ms). An echo spacing of 40.0 ms was chosen VS =2 X2 x 2 cm®. A pixel-wise fitting
showed only minor 75 uncertainties in the order of 0.5% with a SNR for higher echo numbers
(Neoho = 32) of SNR =42.1 (Figure 28(a)). Using the same parameters for a voxel size of
1 x 1 x 1 em? resulted in AT, for both, high-dose and low-dose regions of 3% and 1.9%. In ad-
dition, the SNR of the last echo was significantly reduced to values of SNR;; , = 4.4 and
SNR,,, =10.2 (Figure 28(b)), which is why the internal echo spacing was decreased to
TE = 22.5 ms (Figure 28(c)). As a result, both, AT, and SNR could be improved to 1.0% and

1.6% for AT, and an SNR of 17.4 and 33.4 for the high-dose and low-dose region, respectively.
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Figure 28. Single-voxel T, measurement using a multi-SE CPMG acquisition scheme for two different types of irradiation (uniform (a) and small-field (b)
and (¢)) for TE = 40 ms ((a) and (b)) and TE = 22.5 ms (c¢). In case of a small-field irradiation, both, low-dose and high-dose regions were analyzed cor-
responding to high- and low 7T, values, respectively. The signal intensity was fitted against a mono-exponential function. The first three echoes were not in-
cluded into the fitting procedure. Besides the relative error of quantitative T, calculation, the SNR was also measured. As expected, a reduced voxel size re-
sults in lower SNR and larger AT, values. By adjusting the echo spacing TF, both, SNR and AT, could be significantly improved.
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3.1.4 Dose resolution and calibration

The dose resolution is defined as the minimal dose difference between two measured doses that
can be resolved at a confidence level of 95%. Since the dose conversion is performed by means of
a calibration curve, the uncertainty in R, calculation has a direct influence on dose resolution.
Previous measurements also showed a dependence of the calibration curve on the measurement
parameters TE and slice thickness. Therefore, dose resolution was determined for two different
parameter settings: (i) TE = 22.5 ms with VS =1x1x1mm? and (ii) TE = 40 ms with
VS =2 x2x2mm? (Figure 29(a)) and a total of 18 calibration curves each were included in
the evaluation procedure. The relative dose resolution for (i) was calculated to be 4.6 +1.1%
while (ii) amounted to 4.9 4+ 0.4%. That means that for a measured dose of e.g. 4 Gy, the next
dose value which can be resolved is 4.184 Gy and 4.196 Gy, for the cases (i) and (ii), respective-
ly. In addition, a mean calibration curve for both cases was calculated as well (Figure 29(b)). A
comparison between both mean calibration curves indicated that choosing a short TE and a
small voxel-size resulted in a broader coverage of R,values (AR, =2.6 s™' as compared to
TE = 40 ms and AR, = 1.8 s !) while relative variations in R, values are larger and amount to
9.5% (i) as compared to 5.5% for TE = 40 ms.
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Figure 29. (a) Relative dose resolution for a set of 2 x 18 calibration flasks irradiated with doses
between 0 and 7 Gy. A CPMG mulit-SE sequence with TR = 3 s and two different TE = 22.5 ms
(blue) and TE = 40 ms (ved) with a slice thickness of 1 mm and 2 mm was used for image acquisition.
(b) Mean calibration curves acquired using the same parameters as for (a). Note that vertical bars do
not correspond to dose uncertainties but should rather describe the variability of calibration curves be-

tween different PGD batches.
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3.1 Polymer gel characterization

3.1.5 B; and B, inhomogeneities

The influence of local B, and B, field inhomogeneities on quantitative T, measurement were
evaluated for a central slice of a gel tumor uniformly irradiated with 4 Gy (Section 2.5.5 (¢)).
Measurement, parameters were set as suggested by Schuenke et al 2017. For comparison, a quan-
titative T, map of the same slice was also acquired. Corresponding maps are visualized in Figure
30 in which an additional line profile along a central region of the sensitive gel tumor volume
(Figure 30(d)) is shown. Uncertainties of AB,, are given in parts per million (ppm) and corre-
spond to frequency shifts of individual voxels with respect to the static magnetic field B,,. Devia-
tions in B, are given in relative flip angle maps (AFA) and are normalized with respect to an
optimized reference flip angle. Deviations can then be calculated by simply multiplying any pre-
viously defined flip angle with AFA. Mean values for B, and B, inside the gel sensitive volume
amount to 0.033 4 0.455 ppm and 1.035 4 0.021, respectively. The evaluated line profile showed
both, an increase of AB, (from approx. —0.41 ppm to 0.06 ppm) and of AFA (ranging between
3.1% and 6.1%), while the corresponding 7, profile showed only minor variations (369 —
367 ms). These variations in both, B, and Bj, are comparable with those reported in literature
for smaller phantoms and are known to have only a minor influence on quantitative polymer gel
dosimetry (Vandecasteele and De Deene 2013d). As a result, uncertainties caused by local field
inhomogeneities were not taken into account and therefore no additional WASABI measurement

was performed.
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Figure 30. Uniformly irradiated gel tumor measured inside the water-flow phantom. Images are
viszualized for (a) AB,, (b) AFA and (c¢) T,. For clarity,the T, acquisition is superimposed to a high-
resolution MR image. (d) Line profiles along a central line for AB,, (-), AFA (--) and T, (-). The left
y-axis correpsonds to both, AB, and AFA while the y-axis on the right correpsond to T, values. No

significant correlation between local filed inhomogeneities and the T, values was found.
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3 Results

3.1.6 Dose rate dependence

The dose rate dependence was evaluated by performing two different dose delivery schemes fea-
turing: (i) continuous irradiation with 1 x 520 MU and (ii) fractionated irradiation with
4 x 130 MU and breaks of At =60 s between two subsequent fractions. The irradiation was
performed using the cylinder phantom with two gel tumors of the same batch. Therefore, pro-
duction, storage and evaluation were identical and allowed to quantitatively compare both meas-
urements. As visualized in Figure 32, quantitative comparison between (i) and (ii) showed no
significant dose differences and no systematic trend could be identified by the analysis of repre-
sentative dose profiles. A gel tumor difference image was additionally taken to generate a dose
differences histogram (Figure 31). A Gaussian fit was applied to the data and the calculated
mean dose difference was rather low (AD,, .., = 0.01 £ 0.07 Gy).

—(Gaussian fit

Figure 31. Dose difference histogram for
two gel tumors irradiated either continuously
(1 x520 MU) or in a fractioned way
(4 x 130 MU, 60 s breaks). A total of 1170
voxels were evaluated resulting in a mean

dose difference of AD =0.014+0.07 Gy.
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3.1.7 Summary

In the following, a brief point-like summary is given to point out important findings of the pre-
ceding Sections 3.1.1-3.1.6:

1. BAREX™ was found to be the most suitable material for application in the porcine
lung phantom in combination with the implemented workflow

2. Temperature fluctuations can be kept to a minimum by using the water-flow phantom

3. The optimized evaluation parameters for the irradiation scheme are:

Protocol 1 (small-field irradiation): TR =3 s, TE = 22.5 ms, VS =1 x 1 x 1 mm?
Protocol 2 (uniform irradiation): TR =3 s, TE = 40.0 ms, VS =2 x 2 x 2 mm?

4. The mean dose resolution amounts to 4.75% + 0.75%
5. The influence of uncertainties on quantitative polymer gel dosimetry caused by local
field inhomogeneities and dose rate variations are only of minor importance and can

therefore be neglected.
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3.1 Polymer gel characterization
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Figure 32. Uniform gel tumor irradiation for two different fractionation schemes. Dose profiles
along the three main axis (black line, right column) of the gel tumor ((a),(c) and (e)) for a frac-
tioned (blue) or continuous (red) dose delivery. Corresponding 2D-y-maps ((b),(d) and (f)) are

displayed as well with areas failing the 3%/3 mm ~-criterion marked in red. It should be men-

tioned that the calculated dose distribution was not renormalized as this would significantly in-

fluence the results.
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3 Results

3.2 Accuracy of gel dosimetry

Two sets of experiments were performed to check the accuracy of the PGD within the cylinder
phantom. These include the water- or the lung-insert combined either with a uniform or a small-
field irradiation. Additional point dose measurement with a diode at the center showed only
small deviations of 0.46% and 0.27% for the uniform and 2.21% and 1.36% for the small-field
irradiation as compared to the planned dose.

The influence of the TV filter on the dose distribution of a small-field and uniform irradiation is
displayed in Figure 33. It displays profiles for both R,- and dose values along a central slice. For
the uniform irradiation (a), profiles showed only minor differences in the flat area while steep
dose gradients are not significantly influenced by the filtering process, as visible for the small-
field irradiation (b). However, the effect of the data filtering becomes more pronounced after
converting the T-signal to dose. Nevertheless, the filtered data showed less noise in the flat area
while the shape and position of the dose gradients are maintained.

The measured gel tumor experiments were evaluated and compared to the TPS-based dose dis-
tribution. This was performed for the filtered but non-renormalized data. Corresponding results
are summarized in Table 1.

Table 1. A comparison between measured and calculated dose for both small-field and uniform
irradiations using the cylinder phantom with either the water or the lung insert. Absolute dose
values for the high-dose region are given as mean # SD. n is the number of evaluated voxels in

the respective region.

Phantom insert Measured [Gy] Planned [GY] Deviation [%]

Uniform irradiation
Water (n=1480) 4.14 £ 0.23 4.00 3.6+5.8
Lung (n=1267) 4.22 +0.25 4.00 5.5+ 6.1
Small-field irradiation (mazimum)
Water (n=2) 5.63 + 0.02 5.00 12.6 £ 0.3
Lung (n=3) 5.66 £ 0.01 5.00 13.2+0.2
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3.2 Accuracy of gel dosimetry

The calculated, measured and renormalized dose distribution along the three main axes of the
irradiated gel tumor volume are displayed in Figure 34 for the water- and lung-insert for the case
of the small-field irradiation. Due to the high positioning accuracy of better than 1 mm, only the
SMR was applied. Independent of the type of insert, the shape and position of the measured
dose profile agreed well with the calculated data. High ~-passing rates of 93.7% and 97.1% for
the water- and lung-insert, respectively, were obtained. Performing a diode-based renormalization
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Figure 33. The influence of image filtering for a small-field irradiation ((a) and (¢)) and a uniformly
irradiated gel tumor ((b) and (d)) inside the cylinder phantom using the water-insert. R, profiles ((a)
and (b)) show only minor differences. While the mean dose value in case of a uniform irradiation for
the filtered and unfiltered data differs by less than 0.2%, a larger contribution of noise is visible in the
dose distribution for the unfiltered data (d). The shape and positions of dose gradients, however, re-
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further increased the y-index acceptance rate to 98.5% and 99.9%, respectively.
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3 Results
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Figure 34. Small-field irradiation using the cylinder phantom with either the water-((a), (¢) and (e))
or the lung-insert ((b), (d) and (f)). Measured and calculated (blue) dose profiles using only the SMR
are shown along the three main axis of the gel tumor without (green) and with (red) renormalization.
Renormalization is based on a 1D point dose measurement at the dose maximum. By the renormaliza-

tion, the vy-index increased from 93.7% to 98.5% for the water- and from 97.1% to 99.9% for the lung-

insert, respectively.
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3.3 Feasibility of 3D gel dosimetry inside the dynamic lung phantom

3.3 Feasibility of 3D gel dosimetry inside the dynamic lung phantom

As the lung phantom has not been previously used with an externally attached gel tumor flask,
its motion amplitude was evaluated for different locations. The gel tumor flask was attached to
the mediastinum of the lung (i) close to the heart or (ii) close to the water-filled diaphragm. 4D-
CT images were acquired and the corresponding amplitude was measured. Gel tumor flasks lo-
cated very close to the heart did only show small motion amplitudes (in the order of less than
1 em peak-to-peak). On the other hand, when the gel tumor was located closer to the dia-
phragm, a significantly larger motion amplitude is detected. In this case, tumor motion can ex-
ceed peak-to-peak amplitudes of up to 4 cm. It should be kept in mind, however, that the mo-
tion amplitude and pattern does also depend on the quality of the porcine lung, which may differ
from experiment to experiment.

A total of three independent experiments using a small-field irradiation were evaluated to check
the feasibility of the PGD within the porcine lung phantom. Since each experimental setting
used a new porcine lung, exact reproduction of the gel tumor position inside the lung was not
feasible. In addition, separate batches of dosimetry gel were used for each experiment making a
quantitative comparison between the measurements difficult. For all experiments, the gel tumor
was sewed to the mediastinum at a position located close to the diaphragm to assure sufficiently
large motion amplitudes. The measured data were renormalized based on the maximum dose of
the treatment plan as it was not possible to perform absolute dose measurements with a diode.
Both, the calibration flasks and the gel tumors were stored inside the thermobox two hours prior
to and during the quantitative T’ evaluation since the water-flow phantom was not available at
this time. MR protocol 1 was used for image acquisition. The results of the individual experi-
ments are displayed in Figure 35 for the static gel tumor, in Figure 36 for the gel tumor with
motion but no motion compensation, and in Figure 37 for the gel tumor with motion-

compensation by gating.

For the static gel tumor irradiation (Figure 35) a comparison between planned and measured
dose profiles already showed good agreement if only the SMR was applied. However, a clearly
visible geometrical shift in the order of patient positioning uncertainties was present. Performing
additionally the APR significantly increased the agreement and both shape and position of the
dose profiles could be well reproduced. 3D v-evaluation increased the passing rate from 80.7% to
90.4%.

In case of the moving gel tumor without any motion-compensation (Figure 36), 4D-CT data
showed a dominant motion in z-direction of 25.0 mm. Gel tumor motion in x- and y-direction
was less pronounced (3.4 mm and 7.4 mm, respectively). As a result, large deviations in the
comparison of measured and calculated doses were expected in z-direction. When only the SMR
was taken into account, the 3D v-index did not exceed 61.0%. In contrast to the static case, ad-
ditional APR did also not improve the agreement significantly (3D ~-index 63.1%). Further
analysis of the dose profiles including corresponding 2D -maps clearly showed an over-dosage in
regions of large dose-gradients. This effect is especially pronounced in z-direction.
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3 Results
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Figure 35. Static gel tumor irradiation with a field size of 1 x 1 ¢m? performed in the porcine lung phan-

tom. Calculated and measured dose profiles are shown along the three main axis of the phantom for the
SMR ((a), (d) and (g)) and after APR was applied ((b), (e) and (h)). Additionally, 2D-y maps are displayed
((¢), (f) and (1)), showing regions where the 7-criterion is violated in red. The resulting positioning shift

amounts to 1.54 mm in z-, 1.42 mm in y- and —1.03 mm in z-direction. As a result, APR-based image reg-

istration increased the 3D 7-index calculation from 80.4% to 90.4%.

Keeping in mind that the motion amplitude is comparable to the field size, an under-dosage in
the central region and an over-dosage in the periphery of the gel tumor is expected. This effect is
referred to as dose-smearing. By performing the renormalization to the maximum value of the
planned dose, the under-dosage within the central region is compensated for while the measured
dose profile in the direction of dominant motion is significantly broader than the calculated pro-
file. Therefore, dose measurements without renormalization were additionally compared to the
calculated profiles (see Figure 36, column 4) and, as expected, the measured profiles show a
clearly visible dose-smearing in the central region of the gel tumor. As a consequence, the dose
maximum is only 50% of the planned dose maximum and the corresponding v-index of 74% was

still relatively low.
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Figure 36. Moving gel tumor irradiation with a field size of 1 x 1 ¢rn? performed inside the porcine lung phantom without motion-compensation. Calculated and measured dose profiles are
shown along the three main axis of the phantom for the SMR ((a), (e) and (i)) and after APR was applied ((b), (f) and (j)). Additionally, 2D-y maps are displayed ((c), (g) and (k)), showing

regions where the y-criterion is violated in red. The resulting shift of the dose maximum after SMR was —1.97 mm in x-, 0.1 mm in y- and 0.61 mm in z-direction. Additionally, dose profiles

without renormalization ((d), (h) and (1)) showed the predicted dose-smearing effect in direction of dominant motion. All evaluations methods show only poor passing rates for the y-index.
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3 Results

For the moving gel tumor including motion-compensation by a gated irradiation (Figure 37), gel
tumor motion during irradiation could be significantly reduced from 8.4 mm in x-, 14.4 mm in
y- and 24.7 mm in z-direction to 1 mm, 3.6 mm and 6 mm, respectively. As a result, dose pro-
files agreed much better for the SMR with the calculated data as compared to the uncompen-
sated case. However, a clearly visible shift in the direction of the most dominant motion in the
order of 2.0 mm was still visible. After this shift was corrected for by applying the APR, 3D ~-
evaluation showed an increased passing rate from 72.8% to 91.3% which is comparable to the
agreement for the static gel tumor irradiation.
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Figure 37. Gated gel tumor irradiation with a gating window of 420% and a field size of 1 x 1 cm? per-
formed in the porcine lung phantom. Calculated and measured dose profiles are shown along the three
main axis of the phantom for the SMR ((a), (d) and (g)) and after the APR was applied ((b), (e) and (h)).
Additionally, 2D-y maps are displayed ((c), (f) and (1)), showing regions where the ~y-criterion is violated
in red. The resulting positioning shift amounted to —0.04 mm in z-, 0.15 mm in y- and 2.00 mm in z-
direction. As a result, APR-based image registration increased the 3D v-index from 72.8% to 91.3%.
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3.4 End-to-end tests for motion-compensated treatments

3.4 End-to-end tests for motion-compensated treatments

A total of three independent experiments were performed to verify clinical margin and motion-
compensation concepts. Therefore, gel tumor irradiation was performed in a way to cover the
entire volume uniformly with dose. The gel tumor was sewed on the mediastinum located close to
the diaphragm to assure sufficient motion. The measured data was renormalized based on the
maximum dose of the treatment plan as it was not possible to perform absolute dose measure-
ments with a diode in the lung phantom. Both, the calibration flasks and the gel tumors, were
stored inside the water-flow phantom two hours prior to and during the quantitative T, evalua-
tion. Measurement parameters were set as defined by protocol 2. Comparisons between calculated
and measured dose profiles along the three main axis of the phantom are displayed in Figure 38
for a static gel tumor including an isotropic 2 mm safety margin (column 1), a moving gel tumor
without motion-compensation but including an adequately increased ITV (column 2) and for a
gel tumor with motion including gating and an accordingly reduced ITV (column 3). In contrast
to the feasibility testing (Section 3.3), this experimental setup only allowed measuring over- or
under-dosages inside the gel tumor and is thus not sensitive to positioning-related errors. There-
fore, the APR was not applied.

For all experiments, uniform gel tumor coverage was achieved, showing a good agreement be-
tween measured and calculated doses. Areas of significant under- or over-dosage were not pre-
sent. In case of the moving gel tumor without motion-compensation, the calculated dose distribu-
tion was much broader as compared to the static case which consequently resulted in an in-
creased dose to adjacent OARs. This effect, however, could be reduced by the application of a
respiratory-gated irradiation.

High 3D ~-index passing rates were found in all three cases (93.6%, 87.4% and 94.4%). While
the experiments for the static- and gated-case showed similar values, the agreement for uncom-
pensated gel tumor motion was lower. To additionally quantify the exposure of the adjacent
OARs, dose volume histograms (DVH) were calculated for the (i) esophagus, (ii) lung and (iii)
heart (Figure 39). The DVHs showed that an increased ITV is accompanied with a larger dose to
OARs. This effect is especially pronounced for the esophagus as it was located very close to the
gel tumor. When gating is included in the irradiation procedure, a reduced ITV resulted in a
significantly decreased dose in the corresponding OARs. To further quantify the beneficial influ-
ence of the gated treatment, a DVH was simulated for an uncompensated irradiation using the
same 4D-CT data but including all phases to calculate the resulting PTV. As a result, the in-
creased PTV is accompanied by a larger dose to OARs. It should be kept in mind, however, that
location, size and shape of corresponding OARs with respect to the gel tumor position differed
for each experiment. Therefore, the DVHs for the different cases cannot be quantitatively com-
pared.
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3 Results
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Figure 38. Uniform gel tumor irradiation for three different experimental setups. A comparison between
the calculated and measured dose profiles along the three main axis of the phantom is shown for the sta-
tic gel tumor ((a),(d) and (g)), the moving gel tumor with an additional ITV ((b),(e) and (h)) and a gat-
ed treatment with a GW of £40% for a moving gel tumor with an reduced ITV ((¢),(f) and (i)). For each
experiment an additional 2 mm safety margin was added to define the PTV. Uniform dose coverage was
achieved in all cases without performing the APR. Calculated doses are well reproduced resulting in high
3D v-index values ranging between 87.4% and 94.4%.

63
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Figure 39. DVHs for tumor and OARs for a uniform gel tumor irradiation. Compared to the static
condition (a), the irradiated normal tissue volume increased for the moving gel tumor without gating
(b). Beam gating (¢) reduced the irradiated normal tissue volume again to a level comparable to the

static situation. For the gated experiment, an irradiation without gating was simulated based on the
4D-CT (dashed lines).
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3.5 End-to end test for real-time markerless fluoroscopic tumor detection

for treatments with beam gating

In this experimental setup, fluoroscopic imaging was included in the gating workflow to verify
the actual gel tumor position by means of an real-time and markerless tumor detection algo-

rithm.

As the on-board imaging detector is located in the beam, uncertainties caused by interactions of
the primary beam and the imaging detector were evaluated first. This includes a repeated
readout of the detector after the beam was switched off. Measurements showed large detector
signal intensities of up to 30 s after the beam was switched off (this effect is subsequently termed
as after-glow). If the x-ray tube is triggered within this period of time, both, after-glow- and
fluoroscopic images are overlaid and could in principle cause the detection algorithm to fail.
Therefore, to ensure that the gel tumor detection algorithm is not influenced by the after-glow
effect, both, fluoroscopic imaging as well as the irradiation itself were performed only every forth
respiratory cycle.

Furthermore, a significant beam attenuation in the order of 20% caused by the imaging detector
was measured, which turned out to be independent of the field size. As no dedicated CT dataset
of the detector was available, this could not be included in the TPS. Therefore, the calculated
dose distribution was retrospectively corrected for by applying a constant factor of 0.80.

As for the previous experiment (Section 3.4), gel tumor irradiation aimed at covering the entire
volume uniformly with dose. The gel tumor was sewed to the mediastinum at a position close to
the diaphragm to assure sufficient motion. The measured data were renormalized based on the
maximum dose of the treatment plan. Evaluation of the gel was performed according to
protocol 2 inside the water-flow phantom.

Both, training and real-time tracking of the gel tumor showed good results, which were inde-
pendent of the beam angle a. A representative DRR is displayed for o = 0 ° without and with
segmentation (Figure 40 (a) and (b)). For the MTMA, the gel tumor detection success rate was
100%. The mean latency time for the detection and evaluation was found to be 120 + 9 ms. The
measured data of the breathing pattern, GW as well as the time points of the fluoroscopic imag-
ing and beam-on signal are shown for a representative time interval (Figure 40(c)). Figure 40(d)
— (f) displays the comparison between calculated and measured dose profiles along the three
main axis of the phantom. As for the previous experiments, uniform gel tumor coverage and a
good agreement between measured and calculated doses were achieved. The 3D ~y-index passing
rate of this experiment was 91.2%.
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treatments with beam gating
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Figure 40. (a) and (b) 4D-CT-based DRR image used for the training of the MTMA. Images were calculat-
ed for a beam angle of @ =0 ° and show the gel tumor (1), the porcine lung (2), the heart (3), the dia-
phragm (4) as well as the corresponding automatically performed segmentation (red, only in (b)). As the ac-
tual images obtained during the experiment were not stored, comparable images are displayed. (c) The
breathing signal (blue) acquired by the Anzai systems shows a very regular pattern throughout the entire
treatment. The Anzai-system-based gating windows (yellow) successfully triggered the x-ray imaging system
(red). Using the MTMA, the tumor position was successfully verified and the beam was switched on accor-
dingly (green). At the end of the Anzai-signal based gating window, the beam was switched off again. For
technical reasons, this procedure was applied only every forth breathing cycle (see text for details). (d)-(f)
the comparison of calculated and measured dose profiles along the three main axis of the phantom shows a

uniform dose coverage (no APR performed).
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3.6 Validation of the 4D dose calculation for a moving target

Figure 41 displays the results of the 4D dose calculation for two static gel tumor ((a),(b) high
dose and (c),(d) gradient region) as well as for a periodically moving gel tumor ((e) and (f)). All
gel tumors were taken from a single batch and were evaluated with protocol 1 inside the water-

flow phantom.

For the static case, the PinPoint™ measurements showed only minor differences of +1% com-
pared to the planned dose. It turned out, however, that for the dynamic case, placing the Pin-
Point™ chamber at the isocenter position was not an optimal choice, as motion induced dose -
smearing was already seen. Therefore, the plateau region of this measurement was renormalized

to the corresponding plateau region of the planned dose.

For the static cases, measured and calculated dose distributions agreed very well in the homoge-
neous region as well as the dose gradient region measured in the shifted phantom. The corre-
ponding 3D y-index pass rates showed high values of 88.9% and 88.6%, respectively. Towards the
bottle-neck of the gel tumor flask, however, a significant dose decrease in the order of 14% and
27%, respectively, was visible. As this region was uniformly irradiated in both experiments, the
dose difference is most likely caused by a modified dose response of the gel. When the bottle-
neck area was not included in the y-calculation, values increased to 93.2% and 93.5%, respective-
ly.

When the phantom was moved by the motion robot, a significant dose-smearing effect in the
direction of dominant motion was found (Figure 41 (e) and (f)), resulting in a dose decrease of
more than 60%. If the dose calculation was performed without taking the gel tumor motion into
account, a comparison with the measurement would result in a very poor 3D 7-index pass rate of
only 54%. Applying the in-house developed dose accumulation algorithm, however, the pass rate
increased to 84.6%. Similar as for the static irradiations, the bottle-neck region showed a dose
reduction in the order of 13%. Excluding this region from the evaluation, the ~y-index pass rate
increased to 90.4%.
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Figure 41. Results of the irradiation of the centered ((a) and (b)) and shifted ((¢) and (d)) static
and water-filled cylinder phantom as well as that of the periodically moving phantom ((e) and
(). Calculated (blue) and measured (red) dose profiles are displayed along the z-direction of the
gel tumor (black line in the 2D ~y-maps on the right side). Areas, where the ~-criteria is violated,
are indicated in red. When the bottle-neck region (right column, black arrow) is not included in
the evaluation procedure, the y-index increased significantly from 88.6% to 93.2% for the static
case, from 88.6% to 93.5% for the shifted static case and from 84.6% to 90.4% for the dynamic

case.



4 Discussion

4 Discussion

New concepts in adaptive radiation therapy for moving targets have the potential to signifi-
cantly reduce the dose to normal tissue and thus the risk of side effects while keeping high
dose levels to the target. Although several approaches have been proposed in literature show-
ing the potential of beam gating or tracking (Cui et al 2007, Glide-Hurst and Chetty 2014,
Moser et al 2008), clinical implementation of these concepts presents a major challenge as the
intended clinical workflow needs to be tested under realistic conditions prior to clinical appli-
cation. This especially includes both, geometric- and dosimetric accuracy and precision. Alt-
hough several experimental workflows have been proposed that include solid motion phantoms
(Vasquez et al 2012) and dose measurements at certain points in 1D (e.g. by ionization cham-
bers (Ceberg et al 2010), or in 2D (e.g. by films (Schmitt et al 2012)), dynamic phantoms usu-
ally lack the ability to measure the delivered dose in 3D. Additionally, a suitable verification
workflow requires a realistic image contrast for radiological imaging e.g. by fluoroscopic imag-
ing. This includes applications in image processing-based real-time tumor detection that can be
used for tumor position verification and the generation of a corresponding gating signal. Dose
verification should be ideally performed in 3D while a realistic image contrast is required for
testing the implemented algorithm and workflow under realistic conditions.

In this study, we established a new workflow, which allows for breaking down patient specific
problems to reproducible, workflow-oriented dosimetric measurements. This was realized by
successively increasing the complexity of the experimental setup by means of (i) a geometrical-
ly well-defined cylindrical phantom with various inserts and (ii) an anthropomorphic porcine
lung phantom with realistic breathing patterns. While (i) was used to implement the workflow
of 3D dose verification it still shows limitations. Therefore (ii) was established as a new flexible
setup to test well-established clinical concepts for static (ICRU Report No 50 1993) and mo-
ving targets (ICRU Report No 62 1999) with and without gating. Due to the realistic motion
pattern of the embedded gel tumor and the anthropomorphic image contrast, it was possible to
simulate the entire treatment chain of radiation therapy under patient-like conditions.

4.1 Polymer gel characterization

Prior to the implementation of 3D polymer gel dosimetry into the environment of the complex
porcine lung phantom, which includes motion, air gaps and real tissue of different density, vari-
ous experiments were performed to establish an optimal workflow for the (i) production, (ii)
storage, and (iii) evaluation of the polymer gels.

As a first step, the process of polymer gel production was successfully implemented. The
BAREX™ material turned out to be a suitable gel container as it showed superior properties in
terms of the required oxygen barrier and chemical stability. In addition, the gel container pro-
vides soft-tissue equivalent CT image contrast and both, size and shape are well comparable to
that of lung tumors in patients. By application of an optimized imaging protocol acquisition-
related uncertainties could be minimized. B, inhomogeneities were reduced by including a manu-
al shim before each T, acquisition and variations in B, turned out to be negligible. However, it is
a crucial part of the MR acquisition to use identical imaging parameters for both, the 3D gel
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4.1 Polymer gel characterization

tumor evaluation as well as for the calibration flasks. Considering these aspects, the entire work-
flow of polymer gel production, storage and evaluation was successfully implemented allows ap-
plying it to a large variety of different applications. Especially the absence of a dose rate depend-
ence makes the PAGAT-based polymer gel dosimeter a valuable tool to evaluate clinically rele-
vant irradiation techniques such as gating with an overall dose resolution of less than 5%.

A more detailed discussion of the technical aspects of the polymer gel characterization experi-
ments (Section 3.1.1-3.1.6) is given in the following sub-sections.

4.1.1 Gel container materials

Investigation of new gel container materials turned out to be a very time consuming task. Only a
limited amount of suitable materials that can be combined with polymer gel dosimetry without
influencing the gel response are reported in literature. If additionally, a specific image contrast,
shapes and sizes are required, the number of available materials is further reduced. Flexible ma-
terials have shown to be not compatible with the gel dosimeter as both, oxygen permeability and
chemical interaction with the gel itself significantly altered the dose response. Although not flex-
ible, BAREX™ material turned out to be a near-optimal choice among the investigated materi-
als. The gel response has been shown to be unaffected and image contrast, shape and size are
well suited for experiments with the porcine lung phantom. However, the potential benefit of 3D
polymer gel dosimetry is not limited to these experiments. To perform a large variety of different
experimental settings, the construction of container materials of any arbitrary shape and size is
desirable. A very promising material is VeroClear (Stratasys, Minnesota, USA) which is used for
3D printing. Initial 2D measurements showed a uniform dose response for uniformly irradiated
calibration vessels and the calculated calibration curve was well comparable to previous results.
However, the applicability for 3D dose measurements need to be further analysed, especially for
uniform and small-field irradiations in 3D as well as for a quantitative comparison with the
planned dose distribution.

4.1.2 Control of temperature

As the influence of temperature variations during MR measurements is known to significantly
influence quantitative 1% values for polymer gel dosimetry, a dedicated temperature stabilization
protocol had to be developed. Initial measurements were performed inside a thermobox, where
the intersection parameter R, of two calibration curves was varied by 2.6%, which caused the
dose-conversion to deviate up to 25%. This shift is most likely due to temperature variations as
shown by a detailed investigation by Vandecasteele and De Deene, where a temperature increase
was proven to be correlated with a decreased R, . The influence of this effect could be mini-
mized using the water-flow phantom, where only minor fluctuations of R, in the order of 0.6%
were found. These fluctuations, however, were assumed to be negligible as the corresponding dose
uncertainty was shown to be less than the overall dose resolution. It could also be shown that
these fluctuations are constant for different container positions within the phantom (e.g. bottom-
, middle- or center-position). An additional temperature measurement with an electronic ther-
mometer (EN13485 HANNA Instruments, Woonsocket, RI, USA)) inside both, gel containers
and gel tumor, revealed identical temperature values with an accuracy of 0.1 °C. As a conclu-
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sion, the water-flow phantom is a versatile tool to minimize temperature drifts throughout the
entire measurement volume and can therefore be used for quantitative 75, measurements.

4.1.3 Measurement parameters during image acquisition

MRI-sequence parameters were optimized in such way that the total measurement time was min-
imized while maintaining a sufficiently high SNR. The measurements showed that it is very im-
portant that sequence parameters are identically chosen for both, calibration and 3D gel tumor
flask, when quantitative comparison between calculations and measurement shall be performed.
The optimized measurement parameters are summarized in Appendix B. In addition, it is rec-
ommended to set an isotropic image resolution as this minimizes any interpolation-related uncer-
tainties that may occur during the post-image registration procedure.

4.1.4 Dose resolution and calibration

Over a dose range of 2 — 7 Gy the mean relative dose resolution (D" /D) for 36 independently
fabricated sets of dosimetry gel was found to be 4.75%. Although a trend to larger Df% /D val-
ues was identified for larger TE, no relevant differences for varying MR measurement parameters
were found. However, variations of DX” /D were more pronounced for smaller TE and are most
probably caused by the applied measurement protocol. As the smaller TE was chosen for a
smaller voxel size, the lower signal intensity in each voxel causes the statistical noise to be more
pronounced, which resulted in larger uncertainties.

Furthermore, reproducibility of the calibration curves was analyzed. It was found that the
agreement was quite poor (Section 3.1.4, Figure 29(b)). This finding is due to the fact that minor
differences in the gel fabrication procedure cannot be avoided and they may lead to differences in
the polymerization characteristics. In addition, a clear shift to higher doses for shorter echo spac-
ings was identified, which is most probably caused by the T} fitting procedure. In principle, a
mono-exponential T, fit, as generally applied in polymer gel dosimetry, has shown to be a good
representation of the T, decay. However, this must be considered only as an approximation as
the underlying decay process of the magnetization should be rather described by a bi-exponential
fit function. Both, the polymer- as well as the gelatine-structure have different T, decay con-
stants Ty ye1qin and 15 4,0, respectively, and the measured 75, value is therefore a superposition
of both. However, T ,.41in. Was shown to be unaffected by the gel irradiation and Ty 4ejqi &
40 ms is therefore significantly lower than 75 ., (Lepage et al 2001). As a result, its contribu-
tion to T, is more pronounced for shorter echo spacings and therefore resulted in an underesti-
mation of 7T, and an overestimation of R,. This could also be shown for a simulated bi-
exponential signal decay with

Sbi TE = S(),gelatin ' exp<_ ,IYE‘/T’2 ) + S(),poly ! eXp(_ T'E‘/T’2 poly)

(4.1)

,gelatin

The weighting factors Sy jeiqtin and Sy .1, Were set to 0.2 and 0.8, respectively. A T5 acquisition
was simulated by choosing 29 equidistant TE values along S,; TE and was then fitted against a

mono-exponential function
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S

mono

TE =a~exp(—TE/T2’ ) (4.2)

where a is the initial signal intensity for TE = 0. As shown in Figure 42(a) and (b), a smaller
echo spacing did cause the first term of Sj; to be more pronounced and therefore resulted in a
smaller T ,,,,,,, value. As shown in Figure 42(c) a simulated calibration curve for representative
values of T, ,,,, and different echo spacings could clearly reproduce the measured dose offset to

larger Ryvalues for shorter TE (Figure 42(e)).
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Figure 42. (a) and (b) Simulated bi-exponential T}, decay (blue) using the decaying constants T, .5, =
40 ms (yellow) and T,
ings (TE, = 22.5 ms and TE, = 40 ms) and 32 equidistant echoes was performed. Ignoring echo 1-3 re-

sulted in fit coefficients for (a) of T, .1 = 580.8 ms and (b) of T, .00 = 598.0 ms for TE, and TE,,

= 600 ms (black, dashed line). A mono-exponential fit (red) for two echo spac-

respectively. T, ,, ..o agreed better with the simulated polymer-based decaying constant T, ;. (c) Simu-

lated calibration curve for representative T, ,,;, values for doses between 0 — 7 Gy and echo spacings T'E,
(blue) and TE, (red). (d) Representative temperature controlled calibration measurement for T'E, (blue)

and T'E, (red) also showed a clear trend to higher R,-values for shorter TFE.

Based on these investigations, it is therefore concluded that polymer gel dosimetry is a suitable
tool for 3D verification of new workflows or treatment techniques, where uncertainties can easily
add up to large deviations (>D9A5%). The maximum dose resolution of the gel, however, should
be kept in mind for the design of new experiments as e.g. a uniform irradiation of 4 Gy can only
distinguish doses that differ by AD > 0.19 Gy. Especially for quantitative measurement it is
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very important to perform a calibration measurement using the same batch of dosimetry gel as
well as the same MR parameters as for the measurement of the gel tumor.

4.1.5 B; and B, inhomogeneities

The influence of B; and B, inhomogeneities on the measured dose distribution was found to be
negligible. The resulting dose errors for the small gel tumor volume were significantly lower than
the overall dose resolution (1.4% as compared to 4.75%). However, this is only true for small gel
containers. Uncertainties have been reported to be in the order of up to 25% for the peripheral
region of larger phantoms (Vandecasteele and De Deene 2013b). It is therefore a crucial part of
the evaluation procedure to previously analyze any new gel container material or gel container
size in terms of B, and B, inhomogeneities prior to its application in new experiments.

4.1.6 Dose rate dependence

As the polymer gel was selected to verify and test clinically relevant irradiation techniques, it
had to be assured that the dose response does not vary significantly for irradiations performed at
different dose rates (e.g. as for an extended delivery timed for gating). The corresponding exper-
iments showed no significant dose rate dependence for two uniformly irradiated gel tumors (Sec-
tion 2.4.5). Dose difference amounted to 0.2 £ 1.6% of the maximum dose value and were well-
comparable to uncertainties given in the published literature (Ceberg et al 2008). Minor differ-
ences in the 3D 7-evaluation are most likely related to positioning uncertainties. As no clear
trend to higher or lower doses was identified, the obtained deviations are most probably related
to statistical fluctuations and do not originate from systematic errors. The applied fractionation
scheme of 4 x 130 MU with breaks of 60 s is considered as a realistic time pattern for the dose
delivery of a clinical irradiation with four different gantry angles while a continuous dose delivery
of 520 MU is more comparable to the implemented calibration irradiation workflow. As the irra-
diation technique of beam gating is a combination of consecutive beam delivery including shorter
and longer breaks (e.g. caused by beam gating and gantry rotation) the dose rate dependence is
expected to be in the same order of magnitude as in this measurement.

4.1.7 Renormalization

The applied renormalization procedure has proven to work well to compare measurements and
calculations in 3D for both, static and dynamic scenarios. The agreement was especially high
for experiments where an ionization chamber or diode was used. An exemplarily comparison
between non-renormalized and renormalized data is shown in Figure 43. Although a uniform
dose distribution was delivered, a clear offset to larger doses is visible resulting in very poor -
passing rates of only 27.1%. Renormalization significantly improved the agreement and result-
ed in large ~y-passing rates of 95.9%. Other experiments also showed a clear trend to higher
doses of the measurement as compared to the calculations and therefore the observed discrep-
ancy seems to be of systematic nature. This finding has also been reported in literature and is
especially pronounced when calibration- and volumetric gel flasks (here: gel tumor) are treated
differently during the experiment (Vandecasteele and De Deene 2013b). Although special pre-
cautions were taken to identify and minimize such differences by applying a dedicated protocol
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for production, storage, irradiation and evaluation (Section 3.1), the problem of absolute dose
measurement with gels is still not satisfactorily solved yet. In spite of the applied highly-
controlled conditions, a few factors still seem to be present, which can introduce uncertainties
to the measurement: This includes (i) temperature differences during the irradiation and (ii)
uncertainties introduced by the dose calculation of the TPS. As shown by De Deene et al 2006,
the influence of (i) is only of minor importance for PAGAT polymer gels. However, uncertain-
ties for the dose calculation for treatment planning of lung tumors in patients (ii) have been
reported in literature (Korreman 2012). Therefore, for experiments with the dynamic porcine
lung phantom (which includes various materials such as water, lung, muscle tissue and
PMMA), dose calculations may not be as accurate as for conditions under which the gel cali-
bration is usually performed. In principle, this uncertainty can be reduced by the insertion of
an additional point dosimeter. Ongoing projects are currently evaluation the feasibility of opti-
cally stimulated luminescent dosimeters (OSLDs) being attached on the gel tumor’s surface.
This point dose measurement could be used for both, gel tumor renormalization as well as for
cross validation of the calculated dose.

4.2 Accuracy

The overall accuracy for the implemented polymer gel dosimetry workflow was investigated un-
der well-defined conditions. A cylinder phantom was used containing either water- or lung equiv-

alent material.

1D dose measurement showed good agreement with the planned dose for both, the water and the
lung-insert, and thus confirmed the accuracy of the dose calculation algorithm. Remaining errors
for the small-field irradiation are most likely caused by positioning uncertainties of the diode
inside the gel tumor. In addition, the applied TV filter has proven to be a suitable tool to ensure
that both, the position and shape of strong dose gradients was preserved while the data in re-
gions of a uniform dose distribution showed less noise. This is especially important when 3D ~y-
evaluations for quantitative comparison of measured and calculated data are performed. Gamma
values may be significantly underestimated, if the measured dose distribution contains noise and
it would therefore lead to a misinterpretation of obtained agreement. This effect was found to be
especially pronounced for regions of shallow dose gradients (Low 2010). Absolute dose measure-
ment for a uniformly irradiated gel twmor showed systematic deviations to higher doses in the
order of 3% to 6% as compared to the planned dose. These deviations are well comparable to
polymer gel measurements as described in literature (Vandecasteele and De Deene 2013a).
Agreement between the standard deviation and the corresponding dose resolution are quite good
(4.4% and 6%, respectively). Improvement can in principle be achieved by increasing the number
of averages for the MR acquisition. However, this is accompanied by a significantly increased

measurement, time and was therefore not performed.
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Figure 43. (a) Uniform gel tumor irradiation performed inside the cylinder phantom. Calculated (blue)
and measured (red) dose profiles are shown along the y—axis of the phantom for the non-renormalized (a)
and renormalized (d) measured dose distribution. Corresponding calibration curves are displayed in (c).
Additionally, 2D~y maps are displayed ((b) and (e)), showing regions where the ~-criterion is violated in
red. As a result, the diode-based renormalization procedure significantly increased the 3D ~-index calcula-
tion from 27.1% to 95.9%.

Investigation of the non-renormalized small-field gel tumor irradiation revealed good agreement
between measured and planned dose. Location of the dose maximum and shape of the dose pro-
file were well reproduced and not influenced by the TV filter. However, a shift towards higher
dose values was still observed without renormalization. This shift is especially pronounced in the
high-dose region. However, the number of voxels at the maximum is very small and therefore the
agreement is strongly affected by statistical fluctuations of the measured 1) values. Applying the
proposed renormalization procedure resulted in very high ~y-passing rates of 98.5% and 99.9%,
respectively, for the water- as well as for the lung-insert.

As a result of these investigations, it can therefore be concluded that the entire workflow of gel
fabrication, storage, irradiation, and MR-based evaluation using the optimized protocol and im-
aging parameters was successfully implemented within the specifications necessary for applica-
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tions in radiation therapy. In addition, the post-processing procedure consisting of data filtering,
image registration and renormalization allows verifying both, small-field as well as uniform gel
tumor irradiation with an overall accuracy of 5%. Even though the accuracy is lower when com-
pared to other 1D or 2D dosimeters, polymer gel dosimeters can be used in challenging environ-
ments, which are not accessible with standard dosimeters, and provide dose information in 3D
rather than 1D or 2D.

4.3 Feasibility of the experimental setup

The combination of polymer gel dosimetry and the porcine lung phantom turned out to be a
versatile setting to test various treatment techniques under clinically realistic conditions. The
entire chain of radiation therapy from CT acquisition to treatment planning and dose delivery
was successfully implemented and the results showed very good agreement with dose calcula-

tions.

4D-CT data revealed an average gel tumor motion of 7.5 £ 6.6 mm in x-, 9.3 £ 4.9 mm in
y- and 25.5 £ 4.7 mm in z-direction (mean £+ SD). All measurements showed sufficiently
large gel tumor motion and were well comparable to typical lung tumor motion amplitudes
described in literature (Knybel et al 2016). As the agreement between calculations and meas-
urements for the gated case was very high, it is concluded that the motion trajectory did not
significantly change between 4D-CT and irradiation. Various experiments showed that this can
only be achieved if the cylindrical BAREX™ gel tumor flask is aligned parallel to the axis of
dominant motion (z-direction) and if it is located between the right and left lobe of the lung.
Sewing the gel tumor with an orientation perpendicular to the z-direction revealed a significant
drift of the gel tumor position and should therefore not be used if reproducibility is crucial for
the experiment. However, even if the motion trajectory is not significantly changed, there may
still be some variations. Two independent effects influencing the gel tumor dynamics were identi-
fied: (i) during transportation between the CT and the LINAC, the external vacuum pump
caused the lung volume to decrease slightly. Although this effect could be reversed by switching
on the on-board vacuum system again, small changes in the gel tumor trajectory cannot be ruled
out. (ii) The biomechanical properties of the lung may change during the experiment. As the
experiment can last for up to 3 h, drying of the lung can influence the elasticity and thus the
motion trajectory. However, the problem of limited reproducibility of the tumor trajectory may
also occur during treatment of patients. Further analysis of this effect in the experimental as well
as in the clinical setting could be realized by performing an additional 4D-CT after the irradia-
tion or by including fluoroscopic imaging during the treatment.

Technical limitations of the experimental setting were evaluated with a small-field irradiation
providing very steep dose gradients. Without gel tumor motion, the ~y-criteria showed very good
agreement of 90.4% after the APR was applied. The maximum positioning shift of 2 mm is well
comparable to setup uncertainties assumed in patients. The origin of this offset is most likely a
combination of uncertainties in positioning, dose delivery and the registration procedure. Prior to
irradiation, a CB-CT was acquired to correct for any positioning shift. However, due to the an-
thropomorphic and thus partly challenging soft tissue contrast and the finite image resolution,
small residual positioning errors cannot be ruled out. Image registration as implemented in the

76



4 Discussion

post-processing procedure can additionally cause the gel tumor position to deviate from the plan.
This may occur due to the finite image resolution of both, the CT — and MR-datasets used for
image registration as well as that of the corresponding markers.

Irradiation of the moving gel tumor without applying any motion-compensation technique result-
ed in very poor agreement between measured and planned dose distribution and a significant
dose-smearing in the direction of dominant gel tumor motion was found. This also showed the
limitation of the applied renormalization procedure. Since the actually delivered maximum dose
is already expected to be significantly lower than the planned, treatment plan-based renormaliza-
tion to the maximum dose should not be performed. Although agreement in the central region is
expected to be very high in this case, the dose-smearing effect causes the lower dose levels to be
significantly shifted to higher dose values. Therefore, the passing rate of the 7y-critera remains
rather low (735 = 61.3%). If no renormalization is applied, the measured dose profile shows the
expected dose-smearing but the vy-critera still remains similarly low (v4p = 74.0%). This shows
that the normalization procedure is only reasonable, if the relative distributions of measured and
planned dose are the same, which is not the case in presence of motion.

When gating was applied, the dose distribution could be successfully restored and it showed very
good agreement with a ~y-criteria passing rate of 91.3%. At the level of very low dose values,
mean deviations of up to 6% of the maximum Dose D,,,, were found. The source of this dis-
crepancy was most probably a combination of (i) residual motion during the irradiation and (ii)
the renormalization procedure. As the gating window was set to £20%, residual motion during
irradiation was still present, thereby increasing the dose in regions where no dose is expected to
be delivered. As a consequence, the dose maximum is expected to be lowered and by applying
the renormalization, the dose maximum is then overestimated and accompanied by a dose in-

crease of low-dose regions (see previous paragraph).

The established setup has proven to be a versatile tool to measure and verify steep dose gradi-
ents under different conditions (static and gating) within a pre-defined target region. It is there-
fore concluded that this experimental setting can now be used to verify both, well-established
and highly advanced clinical concepts for the irradiation of moving targets.

4.4 End-to-end tests for motion-compensated treatments

Clinical application requires the target volume to be uniformly irradiated while any under-or
over-dosage including local cold - or hot-spots need to be avoided. In clinical application these
requirements are usually taken into account by the medical physicist and the treatment plan-
ning software while quality assurance protocols are used to verify the correct delivery of the
calculated plan. Plan verification, however, is usually performed on rather simple phantom
settings that do not reflect the patient’s anatomy or movements and therefore excluding any
patient-or workflow-specific uncertainties. To take these uncertainties additionally into account
and measure the effect on the delivered dose for static and dynamic target motion with and
without gating, experiments with the porcine lung phantom were performed while the gel tu-
mor was uniformly irradiated (see Figure 44). Results show very good gel tumor coverage while
no relevant cold- or hot-spots are visible. The agreements with the planned dose are especially
comparable for the static and the gated case (73p = 93.6% versus 94.4%). Although the gated
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case showed slightly better agreement, it has to be kept in mind that the v-values result from
different experiments (i.e. from different batches of dosimetry gel) and differences in the order
of 1% are therefore not considered to be significant (Vandecasteele and De Deene 2013b). Nev-
ertheless, achieving this small dose discrepancy without performing the APR demonstrates the
feasibility of the applied margin concept. The applied margins could successfully compensate
for any setup-related errors and residual motion in both, the static and the gated case. The
choice of appropriate margins was based on previous findings (see 3.3), where the maximum
positioning shift amounted to 2 mm. Therefore, adding an additional safety margin of
APIV =2 mm to the GTV/ITV was assumed to be sufficient to ensure uniform gel tumor cov-

erage in both experiments.

Analysis of the uniform dose distribution showed only minor statistical fluctuations in the or-
der of the maximum achievable dose resolution (see Table 2). Furthermore, the dose uniformity
within the irradiated gel tumor volume was relatively good, leading to the conclusion that the
motion trajectory did not significantly vary between 4D-CT acquisition and irradiation. How-
ever, it cannot be ruled out if the maximum motion amplitude was decreased during irradia-
tion as a uniform dose distribution would still be expected in this case.

For the dynamic gel tumor without motion-compensation, the PTV increased (see Figure 44)
from 35.6 cm® to 96.7 ¢m® which is accompanied by a significant dose enhancement to adja-
cent OARs. This effect was especially pronounced for the esophagus as the gel tumor was at-
tached to the mediastinum (see Figure 39). This location was used as a representative example
and using a different gel tumor location would have caused the dose distribution to change also
in the adjacent OARs of the new location. Including gating into the experimental setup could
significantly decrease the PTV from 96.7 em? to 62.6 cm?.

Table 2. Comparison between measured and calculated dose for a uniform irradiation inside the porcine
lung phantom for a static, dynamic and gated case. Absolute dose values are given as mean # SD.

Measured [Gy]
Experiment Planned [Gy]
(relative dose error)

Static 4.00 + 0.17 (+4.3%) 4.06 4 0.06
Dynamic 4.02 + 0.17 (+4.2%) 4.09 £ 0.05
Dynamic + Gating 4.17 + 0.15 (£3.6%) 417 £0.17

While the reduced PTV still showed uniform gel tumor coverage, the dose to adjacent OARs
could be reduced. Quantitative comparison between the corresponding DVH and an additional-
ly recalculated plan taking all phases of the 4D-CT into account (without applying gating),
revealed a significant dose reduction for all OARs. Especially, the esophagus showed 30.8% less
dose than for the uncompensated case. The entire experimental setting has therefore proven to
be a valuable tool to verify clinically relevant workflows and new treatment techniques in a

patient-like environment.
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moving gel tumor

static gel tumor moving gel tumor
and gating

(f)

Figure 44. Planning CT (grey) and superimposed calculated dose distribution (colored) for a gel tumor ir-
radiation in the (1) static ((a), (d)), (2) dynamic non-gated ((b), (e)) and (3) dynamic gated case ((¢), (f))
for a representative transversal ((a), (b) and (c)) and sagittal ((d), (e) and (f)) slice. Nine intersecting beams
(blue) are optimized to ensure a uniform PTV coverage (red area). As the gel tumor position could not ex-
actly be reproduced, corresponding PTVs differ in shape and location. The beam width significantly varies

for individual experiments and is largest for (2) followed by (3) and smallest for the static case (1).

It should be kept in mind, however, that the experiments did not fully address all error sources
that can arise during lung tumor treatment of real patients. Due to the reproducible breathing
pattern, both, the gel tumor motion trajectory during 4D-CT and irradiation showed very high
correlation. This is not necessarily true for patients. Therefore, future research should focus on
the dosimetric impact for the case, if the gel tumor motion is changing over time and, in addi-
tion, if the correlation between surrogate signal and the real gel tumor position is disturbed. To
detect such distortions, real-time fluoroscopic imaging of the gel tumor will be included into the
workflow. This will require the connection of the experimental setup to the x-ray as well as to

the interlock system of the linear accelerator.
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4.5 End-to end test for real-time markerless fluoroscopic tumor detection

for treatments with beam gating

As shown by previous experiments, the advantage of a gated tumor irradiation is clearly visible
as the dose to adjacent OARs can be significantly reduced while the tumor is still uniformly ir-
radiated. However, clinical implementation is rather difficult as an intra-fractional position verifi-
cation of the tumor position is important, but usually not available. As a result, a disturbance of
the correlation of the surrogate signal with the tumor position could in principle cause wrong
beam triggering and therefore a significant tumor under-dosage while the dose to the surround-
ing normal tissue could be increased. To prevent this, a possible solution is the integration of a
real-time image-based tumor detection algorithm, which allows verifying the actual tumor posi-
tion prior to each irradiation. As a prove-of principle, an end-to end test for real-time markerless
fluoroscopic tumor detection was performed for treatments with beam gating.

In this experiment, the implemented algorithm has proven to be a good choice for the markerless
gel tumor detection in real-time. As the training data was based on DRRs from the 4D-CT used
for planning, no additional images had to be acquired. Moreover, fluoroscopic images showed a
highly comparable image contrast as compared to patients (see Figure 45). The additional ex-
posure expected for the patient was measured to be 7.8 4+ 0.1 mGy (Witte 2016), which is
comparable to a single additional CT acquisition of the chest. Results showed very good gel
tumor coverage without relevant cold- or hot-spots in the gel tumor volume and the agreement
with the planned dose distribution was comparable to previous experiments (v, = 91.2%). It
can therefore be concluded that the implemented workflow of online gel tumor position verifi-
cation can be used to trigger the irradiation. This enables validating the correlation between
the surrogate signal of the Anzai respiratory belt and the current tumor position obtained dur-
ing the 4D planning-CT.

However, further optimization is still required before this technique can be implemented into
clinical routine. This especially includes the reduction of the total irradiation time which lasted
for about 35 min. This long irradiation time was mainly due to the fact that only every forth
breathing cycle was used to minimize the impact of the after-glow effect. Although the imaging
detector was in principle designed to be irradiated by the therapeutic beam, the present instal-
lation showed severe limitations with this respect. Besides an optimization of the imaging de-
tector, the overall treatment time could also be reduced by (i) acquiring less fluoroscopic imag-
es, (ii) increasing the dose rate of the irradiation, e.g. by using the flattening filter free tech-
nique, or (iii) by using fewer beam angles within an IMRT-approach, which typically used only
five equally-distributed beams.

As the correlation between surrogate signal and the tumor position is not expected to signifi-
cantly change between two respiratory cycles, fluoroscopic images may not be required for each
breathing cycle. The position verification should rather be performed for a pre-defined time
interval (e.g. every 60 s) and additionally, if the breathing pattern shows significant irregulari-
ties (e.g. caused by coughing). This would further reduce the dose to the patient. Finally, the
setting in the performed experiment assumed a perfectly reproducible respiratory breathing pat-
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tern, which led to a perfect correlation with the surrogate signal. As previously mentioned, this is
not necessarily the case for real patients. As a next step, it is therefore important to demonstrate
that the developed method is able to detect irregularities in the correlation of the surrogate sig-
nal with the tumor motion.

(b)

Figure 45. Fluoroscopic image of a real tumor-patient (a) and that of the porcine lung phantom

with the gel tumor (b). In both cases, the tumor is automatically detected (displayed in red).

4.6 Validation of the 4D dose calculation for a moving target

With the implementation of the PGD, various treatment- and dose delivery techniques were suc-
cessfully verified. In all performed experiments, the dose calculation was always considered to be
the ground truth which is a good approximation if the target is uniformly irradiated. However, in
presence of dose gradients, the calculated static dose distribution cannot be considered to be a
reasonable approximation for the actually delivered dose (see dose-smearing effect in Figure 36).
In this case, it is therefore important to consider the target motion within the dose calculation.
As the dose-rate independent PGD integrates the dose distribution over its trajectory, it presents
a versatile tool that allows verifying a 4D dose calculation algorithm in 3D.

Prior to the dynamic measurement, two static irradiations were performed to identify any gel-
related errors. Results agreed very well with the calculated data when using a PinPoint™-
chamber-based renormalization procedure. However, deviations of up to 1 Gy towards the bottle-
neck region were identified. As this seemed to be systematic and did not depend on the irradia-
tion schemes, it was most likely caused by an altered gel response. A possible explanation could
be an oxygen contamination of the gel. As the BAREX™-lid might capture some oxygen during

the filling process, a local oxygen contamination near to the lid may still be possible.

Irradiation under dynamic conditions resulted in high 3D 7-passing rates above 90% when meas-
urements were compared against the 4D dose calculation. These results are well comparable with
previously published work for measurements with the same 4D dose calculation algorithm, which
used only a film-based 2D-evaluation (Schmitt et al 2012). However, the calculated dose profiles
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showed deviations in the gradient regions (Figure 46(a)). This finding could be related either to
errors resulting from (i) the 4D dose calculation, (ii) the Calypso™-system, which provided the
motion trajectory for the dose calculation or (iii) a positioning error of the phantom. As the
basic principle of the 4D dose calculation algorithm has already been shown to provide good
results, (i) was not considered to be the causes of the deviation.

Analysis of the acquired gel tumor motion trajectory, however, showed small deviations between
the motion trajectory derived from the Calypso™-system and that acquired directly from the
motion robot. Deviations were especially large for regions of maximum elongation, where the gel
tumor positions was underestimated for 24 out of 39 cases (mean deviation: —1.07 £ 0.38 mm).
Therefore, the 4D dose calculation resulted in a dose overestimation in corresponding regions. To
analyze this effect in more detail, the 4D dose calculation was repeated using the robot-based
rather than the Calypso™-system-based gel tumor trajectory. Although the 3D ~-analysis was
only slightly improved (pass rates increased from 90.4% to 91.8%), the shape of the profile in the
dose gradient showed a better agreement with the measured data (Figure 46(b)). Nevertheless,
the profiles showed a constant offset in the order of 0.2 Gy in the gradient region that could have
been caused by a minor positioning shift. Correcting this shift of < 1 mm by an APR resulted in
an almost perfect agreement of the profiles (Figure 46(c)).

It is therefore concluded that the 4D dose calculation algorithm in combination with 3D polymer
gel dosimetry is very accurate to calculate dynamic target irradiation without the application of
motion-compensation techniques. It should be emphasized that the PGD was able to detect both
small deviations being caused by the Calypso™ —based 4D calculation as well as a small posi-
tioning shift caused by inaccurate positioning of the phantom. Therefore, the PGD can be con-
sidered as a valuable and robust tool for the purpose of workflow verification in adaptive radia-
tion therapy.

In spite of the good agreement found in this study, the implemented dose calculation algorithm is
known to have certain limitations when applied in very inhomogeneous media. These limitations
may also apply for 4D calculations in the dynamic porcine lung phantom. In addition, the accu-
racy of the Calypso™-systems as implemented in this experimental setting may show deviation
of up to 1.07 mm with respect to the true position.

Similar to previous applications of polymer gel dosimetry in IMRT (Sandilos et al 2004,
Gustavsson et al 2003, Zhen et al 2011), future projects will include the insertion of gel-based
OARs to optimize IMRT-treatment plans and to test their robustness in the presence of organ
motion. In addition, gel tumor motion may be simulated in x-, y-, and z-direction using motion
trajectories acquired from patients. The corresponding dose distribution of both, the gel tumor
and OARs, can then be evaluated in 3D and residual motion can be considered by 4D dose cal-

culations.
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Figure 46. Measured (red) and calculated (blue) dose profiles along the direction of dominant gel tumor
motion. Gel tumor trajectory was obtained either from the Calypso™-system (a) or from the predefined
motion trajectory of the robot (b) and (c). The corresponding dose difference ADrppg_ posimetry get 1 dis-
played in green. While for (a) relatively large variations and large dose differences in the order of 0.4 Gy
were present, agreement was much better for the robot-based trajectory (b). Here, the maximum dose dif-
ference was only 0.2 Gy with very small variations indicating a small positioning error. After applying the

APR both profiles agree very well (¢).

83






5 Conclusion
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The purpose of this thesis was the development and integration of new methods for workflow
validation of novel adaptive treatment techniques in radiation therapy. These end-to-end tests
are crucial for safe application of advanced treatment techniques and the developed methods
were demonstrated for various phantom settings of increasing complexity.

As a first step, suitable procedures for production-, irradiation- and evaluation for polymer gel
dosimetry were established. By following a dedicated protocol, the relative 3D dose distribu-
tions could be measured with an average dose uncertainty of less than 5%. The polymer gel
dosimeter was used to validate patient-specific irradiation procedures with an anthropomorphic
porcine lung phantom. This phantom provided both, a realistic image contrast as well as a
patient-like respiratory motion pattern. For small-field irradiations under static as well as dy-
namic motion conditions with and without beam gating, feasibility of gel dosimetry in the por-
cine lung phantom was demonstrated and good agreement between measured and calculated
dose distributions was obtained. The same experimental setting was then used to perform end-
to end-tests for different motion-compensated treatment techniques (uniform irradiation for a
static phantom, dynamic phantom plus ITV, dynamic phantom plus beam gating and reduced
ITV). As a result, high y-index passing rates between 87.4% and 94.4% were found using the
3%/3 mm mm passing criteria. To independently validate the tumor position in gated treat-
ments, real-time markerless fluoroscopy-based tumor detection was implemented using a tem-
plate matching algorithm and the result of the tumor-detection was used to trigger the beam.
3D dosimetric evaluation revealed high ~-index passing rates of 91.2%. As the comparison of
measured and planned dose is also affected by residual motion, which is normally not reflected
in the dose calculation, an in-house developed 4D dose calculation algorithm was verified in 3D
for a dynamic phantom setting. This resulted in very good agreement with a high ~y-index

passing rate of 91.8%.

In conclusion, this thesis established an experimental setting, which allows testing highly ad-
vanced adaptive radiation therapy treatment techniques under realistic conditions. The per-
formed end-to-end tests especially included 3D polymer gel dosimetry in anthropomorphic
phantoms as well as the real-time evaluation of images of realistic contrast. In all tested clini-
cal workflows, a good agreement between measured and calculated dose was obtained. The
established experimental setting can be used to test further advanced treatment techniques in
case of intra-fractional tumor motion such as beam gating with additional online tumor locali-
zation and the consideration of the impact of residual motion in treatment planning by a 4D

dose calculation.

85






Appendix A

Appendix A

Due to the strict and non-flexible dosimetry gel workflow, the availability of the laboratory,
planning CT (if necessary), TPS, LINAC and MR-device need to be checked prior to the gel

production.

A.1. Fabrication instructions for the Pre-BANG kit

PLEASE READ THESE INSTRUCTIONS CAREFULLY AND TO THE END
BEFORE STARTING THE PREPARATION.

The heat-sealed aluminized Mylar bag labeled "ADDITIVES" includes, in addition to the 500 mL PET bottle
with the methacrylic acid monomer (labeled “Ma"), the following small plastic vials with the additives:

Two plastic vials labeled "S" (for oxygen scavenger)
Three plastic vials labeled "DIW" (for de-ionized water)
Two plastic vials labeled "M" (for modifier)

Six plastic vials labeled “C" (for catalyst)

- 8 " ®

For making the BANG polymer gel dosimeter from all ten kits, use ane "S” vial plus ane “DIW" vial, one “M" vial
plus one “"DIW" vial, and three "C” vials.

The remaining "S” and "C" vials can be used for de-oxygenation of inner surfaces of a plastic (e.g. PET or
Barex) container used as phantom.

The remaining set of the “DIW”, “S®, “C" , and “M" vials may also be used if higher radiation doses are

going to be delivered and measured (contact MGS for details). One extra “M* vial alone can also be
used for that purpose.

Storage and handling

+ Methacrylic acid monomer (labeled “Mo”, shipped in the ADDITIVES bag) MUST be stored at ROOM

TEMPERATURE in a dark place. DO NOT REFRIGERATE THE MONOMER, or it will crystallize and

may then violently polymerize upon thawing!

Store the Pre-BANG kits and all other additives in a refrigerator until the day of activating the gel.

Additive “C” may be stored at room temperature under normal laboratory lighting if necessary.

Use dust-free environment when activating BANG gel!

Atmospheric oxygen inhibits the dose response of polymer gel dosimeters. Therefore, phantoms

should be made of glass containers sealed with rubber stoppers or high-gas-barrier-lined screw-

caps. Some plastics such as PET or Barex 210 (this one is preferable) may provide sufficient

oxygen barrier short-term.

+ Daylight or fluorescent light will photo-polymerize the activated BANG gels. To protect the gel from
light, use black electrical tape to cover the entire outer surface of the phantom.

+ lrradiate BANG gels not earlier than four days and not later than two weeks after activating.

. 8 8 &

Safety
« USE PROTECTIVE LABORATORY GLOVES, A LAB COAT, SAFETY GLASSES AND GOOD

VENTILLATION (FUME HOOD OR CANOPY HOOD) WHENEVER HANDLING THE GELS OUTSIDE OF
THEIR ORIGINAL CONTAINERS. AVOID BREATHING THE VAPORS OR SKIN CONTACT.
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Equipment, reagents, and glassware needed (some optional

Heavy-duty magnetic hot-plate-stirrer,

2" or 3" long stir bar

Chemical fume hood

Amber or yellow filtered lamp for gel activation procedure

A 6L Erlenmeyer flask or a 10L bottle (Pyrex glass) for mixing the gel.

Isopropyl alcohol and deionized water (or triply-distilled water) for cleaning and rinsing the

phantom container

Al (aluminum) foil

+ Compressed nitrogen gas

+ A clean Tygon tubing (clean by passing hot water with detergent through the tubing, then do the
same with cold de-ionized water alone).

+ A clean glass or stainless steel (grade 316L) tube connected tightly to the Tygon tubing for
bubbling nitrogen gas through the melted gel

* Thermometer

« Lint-free tissue paper for wiping the glassware dry (white coffee filter paper is excellent!).

Making the scavenger solution (must be done just before mixing the gel).

Open the ADDITIVES pouch. Transfer the entire amount of the de-ionized water from ONE vial labeled
“DIW" into ONE vial labeled “S" (it has the scavenger powder inside). If a few drops of the water are
left in the “DIW" vial, it does not matter. Close the “S" vial tightly and shake it well until all the powder
is completely dissclved. It may take a few minutes. This solution contains the oxygen scavenger
needed for utilizing all ten PreBANG kits.

Three “C" (catalyst) vials are needed for that amount of gel.

Making the modifier solution {(must be done just before mixing the gel).

Transfer the entire amount of the de-ionized water from ONE vial labeled “DIW" into ONE vial labeled
“M" (it has the scavenger powder inside). If a few drops of the water are left in the “DIW" vial, it does
not matter. Close the “M” vial tightly and shake it well until all the powder is completely dissolved. It

may take a few minutes. This solution contains the response modifier needed for utilizing all ten
PreBANG kits.

GENERAL PROTOCOL FOR MAKING THE DOSIMETER

1. Melt the pre-BANG kits by placing them, tightly closed, in a hot water bath (such as a lab sink, or, even
better, a cooler box that can keep the temperature for longer, filled with hot water) at 55-60 degress
centigrade, for ninety minutes. Maintain the water bath temperature in the 55-60 deg C range by adding hot
water to the bath and draining the excess water as necessary. Shake the pre-BANG kits from time to time
to accelerate melting and make it more uniform.

2. Place the magnetic stir bar at the bottom of a clean beaker, bottle or an Erlenmeyer flask (from now on
called mixing flask), with the capacity of at least 1.5 of the desired volume of the final gel to be activated.
Keep covered with Al foil to keep the dust out.

3. Inafume hood, place the mixing flask described abave on a heavy-duty magnetic hot-plate-stirrer. Turn on
the hot plate and select about 20% level heat.
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10.
11.
12.
13.
14.

15.

16.

17.

18.

19.

Remove pre-BANG kits, one by one, from the hot water bath. Wipe each pre-BANG kit bottle dry, then
unscrew the cap and transfer the melted gel (=sol} into the mixing flask.

When all pre-BANG kits have been transferred to the mixing flask, measure the temperature in the solution.
Bring the temperature of the melted pre-BANG to 55 deg C.

At this point the amber (ar yellow) filtered light should be turned on and the overhead fluorescent light
turned off.

Under the fume hood, open the bottle labeled "Mo”, then VERY SLOWLY add the contents, while
continuously stirring the gel solution, to allow the monomer to be dispersed without ferming clumps.

Keep stirring the solution at 55 deg C for 30 minutes.

SLOWLY add the freshly preparad “S" solution while continuously stirring the sol.

SLOWLY add the “C" solution (THREE VIALS) while continuously stirring the sol.

SLOWLY add the freshly preparad “M” sclution while continucusly stirring the sal.

Using the Tygoen tubing with a glass (or stainless steel) tube, start bubbling nitrogen gas through the sol at
a slow flow rate {avoid creating foam or spilling the sol outside the beakerl).

Continue stirring at 55 deg C for another 30 minutes, with continued bubbling of nitrogen gas through the
sal.

Stop stirring to allow the bubbles to rise up for about 15 minutes, and retfrieve the nitrogen gas dispensing
tube just above the surface of the sol. Cover tightly with Al foil. This nitrogen "blanketing” prevents
atmospheric oxygen from entering the sol while the bubbles are rising up.

Slowly and very gently dispense the sol into your phantom container(s). Minimize bubble formation by
pouring the sol along the inner walls of the container.

After dispensing, blow nitrogen gas above the surface of the sol in the phantom for about 15 seconds, then
quickly cover the cantainer's filling port tightly with Al foil. Leave at 20-22 deg C for at least 12 hours,
without moving or shaking, well protected frem light.

When the gel has set, remove the Al foil and blow nitrogen gas over the surface of the gel while having the
screw cap or a stopper ready. Quickly retrieve the nitrogen gas dispensing tube and close the container air-
tight.

The gel may be irradiated after 96 hrs from dispensing into phantom containers, at room temperature or
refrigerated. The gel's dose response is temperature dependent; therefore it is very important to make sure
that the temperature is uniform throughout the gel volume during irradiation within +/-1 deg C. This can be
obtained by placing the gels overnight in an insulated container (a cooler or Styrofoam box) which has
previously been equilibrated to the storage room temperature.

If very low doses (down to 5 cGy) are to be measured, use half the amount of the scavenger solution ("S” plus
“DIW™), half the amount of the catalyst, {"C"), and do not use “M" at all.
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A.2. Fabrication instructions for the PAGAT dosimetry gel

The following workflow of gel fabrication, -irradiation and -evaluation showed to be a suitable
workflow to (i) minimize the influence of penetrating oxygen, (ii) to assure chemical stability
after fabrication and (iii) irradiation:

Equipment, reagents and glassware needed for 1 kg of PAGAT

e Deionized water (880 g)

e  Gelatine, 300 bloom (60 g)

e Acrylamide (30 g)

e Bis-Acrylamide (30 g)

e THPC (10 mMol)

e  Chemical fume hood

e 2 x Temperature controlled magnetic hot-plate stirrers
e 4 x Stir bars (length = 4 cm)

e 2 x Water bath container as heat reservoir (1.5 /)
e 2 x Beakers, (2 1)

e Scale (1 g—100 g)

e Syringe (50 ml)

e Single-channel Pipette (100 pl — 1000 pl)
e Spatula / Spoon

e Respirator

e Safety glasses

e Protection gloves

o Gel flasks (ideally BAREX™)

e Compressed nitrogen gas

e Tygon tubing and a large cannula

e  Aluminum foil

e Desiccator

General protocol for making the dosimeter

The production of the gel is based on a protocol described elsewhere (De Deene et al 2006). The
entire gel production process can be divided into three general steps: (i) preparation of gelatine
and monomer solution, (ii) mixing- and (iii) filling procedure. A schematic sketch of the produc-
tion procedure is displayed in Figure 47.

Preparation of gelatine and monomer solution

Monomer and gelatine solution are both prepared in separate beakers using one temperature
controlled magnetic hot-plate stirrer, each. For preparation, the water reservoir is filled with hot
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water and heated up under constant stirring to a temperature of 42 °C. The preparation of gela-
tine and monomer solution needs to be prepared simultaneously.

Monomer Production:

Due to the low solubility of the bis-acrylamide monomer in water, 528 ml (60%) of the deionized
water is used to prepare the monomer solution. For that, the deionized water is placed within the
water bath and heated to 42 °C using the digital thermometer placed within the beaker. To en-
sure a homogeneous distribution of the chemical components, a stirrer is used with a maximum
speed between level 1 and 1.5. When the maximum temperature is reached, 30 g acrylamide is
poured into the water followed by 30 ¢ of bis-acrylamide. The acrylamide will be dissolved within
1 minute followed by a temperature drop of approx. 1 - 2 °C. The bis-acrylamide, however, will
take up to 30 minutes to be completely dissolved.

Gelatine production:

60 ¢ gelatine is mixed with the remaining 352 ml deionized water. It is important to insert the
magnetic stirrer prior to inserting the gelatine. After a 12 min swelling process, the solution is
placed inside the water bath and heated up to 42 °C using the digital thermometer. A stirrer is
used to ensure homogeneous mixing with a maximum speed between level 1 and 1.5

Once both, gelatine and monomers are completely dissolved, the solution is cooled down to a
temperature of 32 °C. This is realized by replacing the hot water bath by colder water of approx.
20 °C. It is very important at this point to avoid temperatures lower than 30 °C as the gelatine
will then start to thicken.

Mixing procedure

Once the final temperature is reached, the monomer solution is carefully poured into the gelatine
beaker to obtain the final dosimetry gel. It should be ensured that the water level of the water
bath matches the level of the dosimetry gel. To reduce the amount of dissolved oxygen (De
Deene et al 2002), nitrogen is flushed for approx. 5 minutes with a pressure of 1.5 bar into the
dosimetry gel using the tygon tubing and a large cannula. To finalize the gel production, the
THPC is then added to the polymer gel under constant stirring. It should be noted that the
equipment for the filling process should be well prepared as the dosimetry gel starts to thicken
once the THPC is added.

Filling procedure

After approx. 1 — 2 minutes, the THPC is homogeneously distributed and can then be filled into
the gel flasks that have been previously flushed with nitrogen. For that, use a 50 ml syringe and
carefully pour the dosimetry into the gel flask avoiding any air inclusions inside the flask. To
further guarantee a clear and bubble-free dosimetry gel probe, existing bubbles on the tip of the
syringe need to be removed prior to filling dosimetry gel into the flasks. As the influence of light
is known to cause polymerization, the flasks were covered with aluminum foil during storage. As
the creation of small bubbles inside the gel flask can still occur after production it is recommend-
ed to prepare some back-up gel flasks. At the end of the filling process, the gel flasks are stored
within a nitrogen flushed desiccator inside a refrigerator at a temperature of 4 °C.
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Figure 47. Schematic overview of the PAGAT fabrication workflow
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Settings for a standard polymer gel dosimetry measurement

Measurement parameters were optimized regarding the type of PGD irradiation (small-field or
homogeneous). All measurements were performed on a Siemens 3T Biograph mMR.

Table 3. Settings of the standard PGD protocol for both, small-field and homogeneous gel tumor irradiation.

parameter MR

small-field homogeneous
Echo time (TE) [ms] 22.5 40
Repetition time (TR) [ms] 3000
Field of view (FoV) [mm?] 128 x 128 256 x 256
Matrix 128 x 128 128 x 128
Slice Thickness [mm)] 1 2
Number of slices 27 —-30 14 —16
Number of echoes 32
Acquisition time (TA) [min] 6:24 /slice
Bandwidth (BW) [Hz/Pix] 130
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