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1. Introduction

Pancreatic cancer poses significant challenges due to its aggressive progression and
poor prognosis (Liu et al. 2022). The treatment options for this cancer are
scarce, with the surgical intervention being the only potential cure (Rawla et al.
2019). However, pancreatic cancer patients are often diagnosed in an advanced
and inoperable stage. Consequently, there is a pressing need for novel therapeutic
approaches to enhance survival rates and quality of life. Recent advancements
in radiotherapy have yielded two promising treatment modalities: mini-beam
radiotherapy (MBRT) and carbon ion radiotherapy (CIRT). Latter has already
demonstrated favorable oncological outcomes in clinical studies (Kawashiro et al.
2018). Nevertheless, factors such as breathing and bowel motion within the abdomen
may lead to inadequate coverage of the tumor and overexposure of the organs at
risk (OARs) during radiotherapy (Velec et al. 2011). Therefore, accurate evaluation
of the dose distribution in both, the tumor and OARs, is crucial for assessing the
effectiveness of these techniques.

1.1 Pancreatic cancer

Pancreatic cancer ranks as the seventh leading cause of global cancer-related
mortality, with a five-year survival rate ranging from 5 % to 10 %. By 2030, it is
estimated to become the second leading cause of cancer-related death in the United
States (Anderson et al. 2021). Approximately 90 % of pancreatic cancer cases
are attributed to pancreatic ductal adenocarcinoma (PDAC) (Park et al. 2021).
Despite the application of standard treatments including the three foundational
pillars of cancer treatment, namely surgery, chemotherapy, and radiotherapy, their
effectiveness remains only partially satisfactory (Figure 1) (Jan and Ch’ang 2023).
This may be attributed to factors such as late diagnosis or significant resistance
exhibited by PDAC against these treatment modalities.

Treatment of pancreatic cancer

The assessment of resectability, referring to the capacity to remove the cancer fully, is
crucial in selecting the most suitable treatment method for PDAC. For each patient,
the tumor is categorized as either resectable PDAC, borderline resectable PDAC, or
locally advanced PDAC, depending on factors such as tumor size and invasion into
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Figure 1: Treatment options for pancreatic cancer including surgery, chemotherapy
and radiotherapy. Created using Biorender, adapted from (Liu et al. 2023).

neighboring vessels (Park et al. 2021). Locally advanced PDAC is characterized by
the extent of tumor invasion into adjacent blood vessels. Unfortunately, a significant
number of patients experience an asymptomatic early onset of the disease, leading
to its discovery only in an advanced and therefore mostly inoperable state (Bouchart
et al. 2020). In general, the initial treatment of locally advanced PDAC
involves different chemotherapy regimes such as FOLFIRINOX or Gemcitabine /nab-
Paclitaxel (Principe et al. 2021). If a tumor is still unresectable after chemotherapy,
the combination of simultaneous chemotherapy and conventional radiation therapy,
also called chemoradiotherapy, might be an option. Nonetheless, its role remains
disputed since several randomized studies have failed to demonstrate a survival
benefit (Garajova et al. 2023). An analysis of 11 trials with 794 patients
indicated that chemoradiation led to improved survival compared to radiotherapy
alone (Sultana et al. 2017, Park et al. 2021). Comparing chemotherapy with
concurrent chemoradiotherapy, the addition of radiotherapy contributed to an
extension in median survival time, increasing from 9.2 months to 11.1 months.
However, this was associated with an increased occurrence of adverse side effects,
such as fatigue and gastrointestinal (GI) toxicities (Loehrer et al. 2011, Falco et
al. 2023). However, another study yielded contrasting findings, indicating that
chemoradiotherapy led to more toxic and less effective treatment of locally advanced
PADC compared to chemotherapy with gemcitabine alone (Chauffert et al. 2008).
Transitioning from conventional radiotherapy to other treatment regimes such as
intensity-modulated radiation therapy or image-guided radiotherapy, decreases the
previously found toxicity, while the same outcome is achieved (Bittner et al. 2015,
Falco et al. 2023).
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CHAPTER 1. INTRODUCTION

Challenges in pancreatic cancer

Nevertheless, uncertainties remain regarding the role of radiation, the optimal
radiation modality, and the dosing schedule for locally advanced PDAC. Although
the combination of radiation therapy with chemotherapy might provide an improved
treatment approach, several challenges must be addressed. One of them is the
pronounced hypoxia in the micro-environment of locally advanced PDAC (Wang et
al. 2022). During tumor progression, the chaotic and rapid growth of the tumor
stimulates increased angiogenesis, resulting in a permeable vasculature lacking the
ability to effectively transport oxygen and nutrients to each part of the tumor
tissue, making the tumor partially hypoxic (Abou Khouzam et al. 2023). Treating
hypoxic tumors, particularly with photon irradiation, is difficult because oxygen is
required to generate reactive oxygen species (ROS), which play a key role in causing
deoxyribonucleic acid (DNA) damage. As a result, achieving the desired tumor
control is challenging (Dewhirst et al. 2008, Graham and Unger 2018, Huang et al.
2020, Telarovic et al. 2021).

Additionally, the radiation dose for treating locally advanced PADC is constrained
by the proximity of critical intestinal organs also referred to as OARs. In the case of
the pancreas, the main OARs to be considered are the duodenum, the two kidneys,
the spine and the spinal cord (Petit et al. 2012, Malouff et al. 2020, Wang et
al. 2022). Nevertheless, the recent advancements in technology, particularly MR-~
guided radiotherapy (MRgRT) and adaptive planning have reopened the possibility
of irradiating PDAC due to improved protection of OARs (Meyer et al. 2023).

The pancreas’s position in the abdomen, along with its neighboring OARs, presents
an additional challenge for radiotherapy. These organs are prone to motion caused by
respiration and digestion, further complicating the treatment of pancreatic cancer.
Typically irradiation treatments aim at delivering a homogeneous dose distribution.
However, breathing-induced pancreas motion can be significant, reaching up to
27.3 mm with high variations in standard deviation (Bussels et al. 2003, Bhasin
et al. 2006, Knybel et al. 2014, Dolde et al. 2019, Jing et al. 2021). Therefore, this
organ motion can blur the boundaries between the tumor and its OARs, potentially
leading to a higher dose in the OARs and inhomogeneous dose distribution within the
pancreas tumor (Jing et al. 2021). Apart from breathing-induced motion, gradual
displacement of GI organs can occur due to bowel peristalsis, muscle relaxation, or
tensioning (Grimbergen et al. 2021). Given these challenges and only moderate
improvements in treatment outcomes with chemotherapy and radiotherapy, there is
a need for further progress in therapeutic options.

1.2 Photons and ions for radiotherapy

Radiotherapy continuously evolves, providing a non-invasive approach to treat
cancer by employing ionizing irradiation. The primary modalities for ionizing
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irradiation of cancer treatments are photons, electrons and charged particles such
as protons and carbon ions. Each of these modalities possesses distinct physical and
biological characteristics that determine their efficacy in treating different tumor

types.

Physical properties of irradiation

The radiation response of the tumor is influenced by several physical factors such
as the linear energy transfer (LET), determining the energy deposition events
of radiation. Photon irradiation disperses energy in all directions, resulting in
sparse energy deposition, and is thus classified as low-LET radiation. In contrast,
charged particles focus their energy along the primary track, leading to dense energy
deposition, and are consequently termed high-LET radiation (Nickoloff 2015, Busato
et al. 2022). This property is advantageous as it leads to increased and complex
DNA damage, which results in a high relative biological effectiveness (RBE). The
RBE is the ratio of biological effectiveness between one form of ionizing radiation,
usually considering photons as reference and another radiation type when the same
dose is absorbed (Busato et al. 2022, Vedelago et al. 2022). In clinical practice,
treatment planning takes into consideration both RBE and LET to tailor therapeutic
doses for effective cancer treatment while minimizing adverse effects (Palumbo et
al. 2019).

Another advantage of particle radiotherapy is that the majority of the dose is
concentrated in a well-defined depth in the tissue determined by the initial energy
of the particle. This characteristic in-depth dose deposition of charged particles
is known as the “Bragg peak” (Figure 2 A). Thereby, improved dose localization
compared to photons can be achieved by employing a spectrum of energies to cover
the whole tumor geometry, named “spread-out Bragg peak” (SOBP) (Figure 2 B).
This results in the possibility of modulating radiation dose intensity along the beam
trajectory, resulting in a relative increase in dose to the tumor target compared
to normal tissue in the entrance region. This way, the effect of dose to OARs
is minimized, thus potentially reducing toxicity. Furthermore, since only a small
percentage of energy is emitted beyond the point where the particles come to
rest, normal tissue located behind the tumor receives minimal to no radiation
dose (Schardt et al. 2010, Nichols 2015, Jakel 2020, Wang et al. 2022).

Biological effects of radiotherapy

Radiation absorbed by cells can lead to DNA damage, initiating processes such as
apoptosis, necrosis, and senescence in cancer cells (Wang et al. 2018). It causes DNA
damage either directly by energy deposition leading to single-strand breaks (SSBs),
double-strand breaks (DSBs), DNA crosslinks and DNA-protein cross-links or
indirectly by generating ROS, which damages DNA| lipids, and proteins (Dertinger
and Jung 1970). Particular DSBs are difficult to repair and are the major factor
responsible for cell death (Mahaney et al. 2009, Vignard et al. 2013). One main
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Figure 2: Dose distribution of photon beam (black), proton beam (green) and carbon
ion beam (blue) over tissue depth (A). Multiple mono-energetic carbon ion beams
are used to create the SOBP to cover the whole target (B).

indicator for DSBs induced by ionizing irradiation is the phosphorylation of histone
H2AX on serine 139 (known as yYH2AX) (Sak and Stuschke 2010). In general, DSBs
can be repaired by two different pathways, homologous recombination (HR) and
non-homologous end-joining (NHEJ). However, if the repair mechanisms fail, these
lesions can trigger apoptosis or senescence (Wang et al. 2018). Photon irradiation
primarily results in isolated lesions such as SSBs. In contrast to photons, carbon ions
induce more direct and clustered DNA damage, making them more lethal (Lopez
Perez et al. 2019, van de Kamp et al. 2021). Consequently, the landscape of
radiotherapy modalities has rapidly expanded over recent decades, with particle
therapy emerging as a promising treatment option.

Comparison of carbon ions and protons

Particle therapy mainly involves the use of either carbon ions or protons (Kiseleva
et al. 2022). Although they have some physical attributes in common, such as
the Bragg peak, carbon ions and protons differ according to their radiobiological
properties and characteristics of the beam. Carbon ions exhibit a narrower lateral
penumbra compared to protons, due to their increased mass, which leads to reduced
deflection, resulting in a more localized dose distribution (Wang et al. 2022).
Additionally, proton beams have a lower LET similar to photons, while carbon
ions exhibit high LET characteristics. The radiobiology associated with low LET
irradiation is well understood, however, there is limited clinical data characterizing
the RBE of high LET irradiation (Glowa et al. 2017, Vedelago et al. 2022).
While the RBE of protons compared to photons is accepted as 1.1, indicating that
proton beams offer a 10 % higher RBE compared to photons for equivalent physical
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dose delivery, the RBE of carbon ions is higher, within 2.5 and 3.5, depending on
the initial energy of the carbon ions, also varying between the tumor and normal
tissue (Nichols 2015, Wang et al. 2022). When RBE models are used for the dose
calculation in the treatment plan, usually the units Gy (RBE) are used instead of
Gy.

Additionally, carbon ions are more effective against hypoxic tumors due to their
low oxygen enhancement ratio (OER) (Wang et al. 2022). The OER is the ratio
of radiation required to produce the same biological effect for hypoxic conditions
and oxygenated conditions (Sokol and Durante 2023). Heavy ions primarily cause
direct DNA damage, thus reducing their dependence on free radical production and
surrounding oxygen concentrations (Hirayama et al. 2009, Sokol and Durante 2023).

However, certain aspects related to CIRT require further consideration. For instance,
the fragmentation tail distal to the tumor deposits more dose beyond the Bragg peak
compared with protons. This is attributed to the presence of lower atomic weight
particles resulting from the fragmentation of primary carbon ions or fragments
generated within the target tissue atoms. Additionally, carbon ion irradiation may
result in increased damage to normal tissue, particularly in the entrance region of
the beam compared to lighter ions (Volz et al. 2023). This could potentially increase
the risk of secondary cancer (Girst et al. 2016, Martinez-Rovira et al. 2017, Volz et
al. 2023).

Carbon ion treatment for pancreatic cancer

Due to the radioresistance and lack of therapy options for pancreatic cancer, carbon
ions might be a highly promising choice. Nevertheless, CIRT facilities are expensive
and ongoing clinical studies are still evaluating the potential benefits of CIRT for
pancreatic cancer. Currently, there are only 12 carbon ion radiotherapy facilities
operational in Austria, China, Germany, Italy, and Japan (Malouff et al. 2020,
Liermann et al. 2020b, Durante et al. 2021).

Therefore, CIRT trials are sparse, however, they were already introduced as a
preoperative treatment modality as well as a definite treatment method for locally
advanced PDAC and locally recurrent pancreatic cancer (Liermann et al. 2020b).
Thus far, Shinoto et al. (2013) demonstrated a phase I trial for CIRT as a
preoperative treatment modality, increasing the dose from 30 Gy (RBE) up to
36.8 Gy (RBE) in 8 fractions over 2 weeks (Shinoto et al. 2013). CIRT was
well tolerated and resection could be performed in 81 % of the cases. An overall
survival of 48 % over 5 years was reported (Shinoto et al. 2013, Liermann et al.
2020b). As a drawback, distant metastasis were found in a majority of the patients
increasing the need for additional chemotherapy. Nonetheless, the data provide
a promising foundation for subsequent trials, which are currently ongoing with
concurrent chemotherapy applications of Gemcitabine or FOLFIRINOX (Vitolo et
al. 2019).
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Another trial treating locally advanced PDAC with CIRT and concurrent
Gemcitabine application has been demonstrated by Shinoto et al. (2016) using
a dose-escalating radiation scheme from 43.2 Gy (RBE) up to 55.2 Gy (RBE)
for 12 fractions (Shinoto et al. 2016). There was only one instance of clearly
radiation-induced grade 3 toxicity, including severe pain and vomiting, but the
overall survival was 19.6 months. Kawashiro et al. (2018) conducted a retrospective
analysis of CIRT for locally advanced PDAC (Kawashiro et al. 2018). Concurrent
chemotherapy was administered to 57 % of the patients. The 1- and 2-year
overall survival rates were reported as 79 % and 51 %, respectively. A significant
improvement in overall survival compared to photon irradiation, increasing from
approximately one to two years, was observed. Notably, no instances of clearly
radiation-induced grade 3 toxicity were found.

A currently ongoing study is the pancreatic cancer and carbon ion radiotherapy
(PACK)-study at the Heidelberg Ion Beam Therapy Center (HIT), Germany, that
investigates CIRT in patients with locally advanced PDAC or locally recurrent
pancreatic cancer looking for the overall survival after 12 months (Liermann et
al. 2020a). Additionally, secondary endpoints are assessed including progression-
free survival, safety, and quality of life. In this study, 48 Gy (RBE) was applied in
12 fractions. In general, due to the limited data worldwide on further prospective
studies, the efficacy of CIRT needs to be further evaluated as precise radiobiological
responses to charged particle irradiation remain incompletely understood (Liu et al.
2022).

1.3 Spatial fractionated dose delivery

Recent advancements in technology, such as mini-beam radiotherapy (MBRT),
aim to minimize normal tissue damage in the entrance channel. Therefore, the
combination of MBRT with CIRT presents a promising possibility, offering a
synergistic approach to enhance the strengths of both techniques (Martinez-Rovira
et al. 2017, Volz et al. 2023).

Mini-beam dose distribution parameters

MBRT is a form of spatially fractionated radiation therapy (SFRT), a technique
that uses spatially modulated beams to create alternating regions of high and low
doses, which strongly differs from homogeneous conventional radiotherapy (Mali
2024). It has a century-long history and was pioneered in 1909 when the initial
method of SFRT was delivered as GRID therapy (Kohler 1909, Laissue et al. 2012,
Yan et al. 2019). With this technique, bulky tumors were frequently treated by
administering a non-uniform dose using an attenuation block. Selected areas were
blocked, creating a field of high and low doses, resulting in higher tolerance for the
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healthy tissue (Yan et al. 2019). In the 1990s, spatial fractionation was rediscovered,
leading to the introduction of microbeam radiotherapy (MRT) and MBRT (Meyer
et al. 2019, Datzmann et al. 2020). While MRT employs usually peak sizes of up
to 50 pm and valley sizes of 200 pm to 400 pm, the mini-beam pattern typically
employs valley regions ranging from 1.0 mm to 4.0 mm, being separated by air gaps
ranging from 0.2 mm to 1.0 mm, thus creating the peaks (Prezado 2017, Bazyar et
al. 2017, Treibel et al. 2021, Tubin et al. 2023).

To describe the geometry of the mini-beam pattern, different parameters have been
reported (Schneider 2022, Ortiz et al. 2022). Two commonly used geometrical
parameters are the full width at half maximum (FWHM) and the center-to-center
distance (ctc). Modifying the FWHM of the peaks significantly affects radiation
toxicity. For instance, FWHM ranging from 0.5 mm to 1.0 mm did not result in any
observable toxic effects. However, in an in vivo mice experiment, a peak width of
3.0 mm led to severe skin reactions (Sammer et al. 2019). Another commonly used
parameter, linked to the biological response is the peak-to-valley dose ratio (PVDR).
It was found, that a higher PVDR was associated with a more pronounced tissue
sparing (Dilmanian et al. 2002, Schneider et al. 2020).

Mechanisms of the mini-beam effect

The so-called mini-beam effect, responsible for the sparing of healthy tissue and the
preferential targeting of tumors remains poorly understood, especially considering
the biological processes leading to this effect (Girst et al. 2016, Mazal et al. 2020,
Bertho et al. 2023). In SFRT, potential mechanisms may include the bystander
effects, as well as changes in vascularization and immunomodulation (Billena and
Khan 2019). The bystander effect is usually defined as the biological response of a
cell reacting to an event in a nearby cell. This effect is dependent on intercellular
communication and can amplify the outcomes of the original event (Mitchel 2004).
In the context of spatial fractionation, bystander cells are those located in the valley
area. These cells undergo cell death to a greater extent than would be expected
solely from exposure to valley dose, indicating a cytotoxic bystander effect (Asur
et al. 2012). An additional factor playing a role in the mini-beam effect might be
the altered tumor microvasculature. Spatial fractionation demonstrated selective
vascular damage in immature tissue, such as tumor tissue, compared to mature
tissue. For the immature tissue, the regeneration of the vessel was not possible
anymore (Bronnimann et al. 2016). On top of that, the immune system might also
be a factor playing a role in the mini-beam effect. Spatial fractionation increased the
secretion of interleukin 10 (IL-10) and proinflammatory cytokines such as interleukin
6 (IL-6) and interferon-y (INF-). These cytokines are rapidly released upon SFRT,
aligning with the observations of rapid and increased intratumoral infiltration of T-
cells compared to broad beam irradiation. However, within immunodeficient mice,
spatial fractionation did not lead to an anti-tumor immune response linking the
mini-beam effect to the immune system (Bertho et al. 2023).
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MBRT: X-ray and proton applications

Originally, MBRT was developed in synchrotrons, but it has been demonstrated
that this technique can also be applied in conventional orthovoltage small animal
irradiators (Treibel et al. 2021, Sotiropoulos et al. 2021). For X-rays, the mini-
beam pattern traverses the entire tissue depth with uniform intensity similar to
broad-beam X-ray irradiation (Figure 3 A). It was demonstrated that MBRT with
X-rays could enhance the therapeutic index compared to conventional radiotherapy
as the tissue tolerance in mice brains increased significantly. Normal brain tissue
appeared to tolerate peak doses up to 100 Gy with valley doses of 7 Gy (Sotiropoulos
et al. 2021). Another study investigated MRT with X-rays of the spinal cord of rats
with similar findings (Dilmanian et al. 2006). It was reported that three out of four
mice survived over 7 months after a 400 Gy peak dose MRT irradiation. In contrast,
using a comparable broad-beam dose led to a 75 % rate of paralysis in the mice.

Nonetheless, the amount of mini-beam studies with X-rays remains limited.
Particle radiotherapy, especially with protons, shows potential benefits over X-
rays by providing improved dose conformity at the tumor site. Similar physical
characteristics of spatial fractionation can be achieved when using charged particles
for generating mini-beams. As an advantage of the mini-beams generated with
charged particles, the multiple Coulomb scattering leads to a broadening of the
FWHM of every single mini-beam resulting in a homogeneous coverage of the target
site, similar to conventional radiotherapy (Figure 3 A, B). Consequently, there has
been an increase in particle MBRT studies over the last decade (Dilmanian et al.
2015, Schneider 2022). One of the pioneering studies with protons produced a mini-
beam pattern with a FWHM of 400 gm and 700 pm and ctes of 3200 ym and
3500 pm (Peucelle et al. 2015). Biological analysis from this study, along with
others, demonstrated enhanced healthy tissue sparing, as evidenced by the absence
of skin damage and significantly reduced brain damage compared to broad-beam
irradiation, later confirmed by subsequent publications (Prezado et al. 2017b, Meyer
et al. 2019).

Generation of mini-beam patterns

For generating proton mini-beam patterns, there are several options available
including the use of a mini-beam collimator made from various metals like brass
or tungsten or the magnetically focusing of the beam to achieve the desired beam
width (Prezado et al. 2017a, Schneider et al. 2020, Prezado 2021, Volz et al. 2023).
Magnetically focused beams lead to an increase in the achievable PVDR and an
overall improvement of the efficiency of the treatment outcome. This, however,
makes modifications to the current proton beam nozzles necessary, or even the
installation of a new linear accelerator (Kim et al. 2022). Additionally, up to
date, there are no facilities with the technology to deliver magnetically focused
carbon ions for mini-beam patterns (Volz et al. 2023). This limitation extends to
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Figure 3: Tllustration of beam distribution in tissue for conventional X-rays (A, top-
left) and changes when a mini-beam collimator is applied (A, top-right), with high
doses depicted in red and low doses in blue. Particle beam distribution in tissue
(A, bottom-left) and changes when a mini-beam collimator is applied (A, bottom-
right). Mini-beam pattern at skin level highlighting important parameters such as
FWHM, cte, peak and valley doses (B, top), and mini-beam pattern at tumor level

for particle MBRT (B, bottom).
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X-rays, where such technology is also not feasible. Hence, mini-beam collimators
emerge as the preferred choice for these modalities. Nevertheless, most available
mini-beam collimators are rigid and non-modular, requiring costly wire eroding
for manufacturing. Consequently, there is a growing demand for a more versatile
mini-beam collimator that facilitates easy and cost-effective adaptation to various
experimental setups.

1.4 Combination of CIRT and MBRT

Dilmanian et al. (2015) initially investigated the combination of CIRT and MBRT,
referred to as carbon ion mini-beam radiation therapy (iMBRT). This study on
rabbit brains demonstrated no cognitive damage following a single dose of 40 Gy
iMBRT treatment. MRI and histological examinations conducted six months post-
irradiation indicated the potential for healthy tissue sparing (Dilmanian et al. 2015).
Other than that, there are not many in wvivo studies but publications focussed
on the characterization and dosimetry of iMBRT. Martinez-Rovira et al. (2017)
demonstrated that iMBRT was feasible with a mini-beam collimator producing a
mini-beam pattern with 700 ym FWHM peak size and 3200 pm ctc (Martinez-
Rovira et al. 2017). Dependence of the PVDR with depth was observed, with
a significant PVDR decrease over a depth of 80 mm from 60 to 10 (Martinez-
Rovira et al. 2017). Similar findings were demonstrated by experimental studies
and simulations revealing a decreased PVDR over depth for different ctcs (Gonzalez
et al. 2017, Volz et al. 2023). The simulations also suggest that the valley region
mainly comprises scattered primary particles, indicating a comparable LET in both
the peak and the valley (Gonzalez et al. 2017). While some studies on iMBRT have
been conducted, their number remains limited and largely restricted to either the
physical characterization of the beams or biological experiments focused solely on
the cranial region of animal models. Thus, future research efforts to evaluate this
technique’s clinical potential, particularly in human-sized conditions, will provide
insights into the feasibility of translating iMBRT to patients.

1.5 Organ motion impact on radiotherapy

When considering radiotherapy treatment for humans, the motion of the internal
anatomical structures plays a crucial role, making the treatment region a moving
target (Bert and Durante 2011, Brandner et al. 2017). Organ motion manifests in
various forms, including breathing-induced motion and bowel motion. Each type of
motion presents unique challenges for radiotherapy, with differing susceptibility to
errors in the dose delivery. Breathing-induced motion provides the main challenge for
the treatment of thoracic and abdominal tumors, causing significant displacement of
the tumor and nearby healthy tissue. Additionally, bowel motion complicates dose
delivery for abdominal tumor treatments due to the fluctuation of organ positions
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and the introduction of gases in the intestine (Li et al. 2020).

The breathing-induced motion diminishes the effectiveness of irradiation in treating
moving tumors, particularly in particle therapy due to the precise positioning of
the Bragg peak and its sensitivity to organ position changes (Kalantzopoulos et al.
2020, Lebbink et al. 2022). If the mass density distribution of the patient changes
from the one used for the treatment plan to the one at the actual moment of the
beam delivery, the ranges of the charged particles will be altered, modifying the
planned dose distribution. Thus, due to the breathing-induced motion, blurring of
the dose distribution can appear, leading to significant discrepancies in the applied
dose compared to the planned dose (Kim et al. 2020). Furthermore, bowel motion
can influence the dose distribution in the tumor and the OARs. Kumagai et al.
(2009) demonstrated that bowel gas motion during pancreatic cancer treatment with
carbon ion caused dosimetric variations, leading to either over- or underdosing of the
tumor and overdosage of OARs such as the spinal cord and the duodenum (Kumagai
et al. 2009). Therefore, it is crucial to optimize beam arrangements such that the
interference with the bowel is minimized (Narita et al. 2021).

Preclinical testing of MBRT and iMBRT has so far predominantly focused on cranial
anatomical regions of animal models (Dilmanian et al. 2002, Kundapur et al. 2022).
This narrow focus has resulted in a limited understanding of how to address moving
volumes in humans if treated with SFRT, especially concerning abdominal organs
such as the pancreas.

The mini-beam effect depends on the application of a sharp and well-distinguishable
mini-beam pattern with high peak doses and low valley doses. Breathing-
induced motion, however, can potentially reduce the mini-beam effect due to the
blurring of the mini-beam pattern. In the brain, the breathing-induced motion is
relatively small in comparison to abdominal organs. While mini-beam irradiation
of the murine brain was found to have no significant impact due to breathing
motion (Bazyar et al. 2017), MRT led to a 50 % reduction in the PVDR (Chtcheprov
et al. 2013). This implies that the degree of motion effects varies depending on
the size of the SFRT structure. For instance, when considering breathing-induced
motion in the abdomen, which can be significantly greater than that observed in
the brain, even with grid therapy, employing beam sizes as large as 10 mm, it has
been demonstrated that accounting for the motion of abdominal tumors in humans
becomes necessary (Naqvi et al. 2008). Given the susceptibility of mini-beam
irradiation to breathing-induced motion, it is crucial to conduct further analysis
of the impact of breathing-induced motion on the mini-beam pattern.

1.6 Phantoms for radiotherapy

To characterize the dose delivery during radiotherapy treatment without harming
the patients, phantoms are typically employed. There is a wide range of different
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phantoms available including static and geometrical phantoms as well as more
realistic and anthropomorphic phantoms. These are either commercially available
phantoms or in-house developed phantoms (Tino et al. 2019, Yadav et al. 2021,
Tajik et al. 2022). Of particular interest is the development of anthropomorphic
phantoms with features such as organ motion. This capability gains significance
in scenarios where tumor and OAR movement needs to be evaluated (Cheung and
Sawant 2015, Ehrbach et al. 2019, Colvill et al. 2020).

Phantom classification

The classification of phantoms commonly distinguishes between two main categories:
geometrical and anthropomorphic. Geometric phantoms, characterized by
simple geometry and mostly uniform distribution within the phantom body, are
used for various applications, including assessing image quality and radiation
accuracy (Lennie et al. 2021, Kadoya et al. 2021). Geometric phantoms meet
the needs of numerous routine quality assurance procedures in the clinic and even
some research questions, but they fall short of addressing situations where the effect
of radiation impact during motion or adaptative treatment planning needs to be
examined. In contrast, anthropomorphic phantoms are realistic models of the human
body that mimic anatomical structures, replicating organ characteristics in terms
of imaging and radiotherapy modalities (Figure 4 A). Thus, the demand for more
realistic anthropomorphic phantoms, encompassing both structural and functional
aspects, arises from the continual need to enhance existing and under-development
imaging and radiation methodologies (Medeiros Oliveira Ramos 2017).

Commercially available phantoms

One commercially available phantom is the motion management phantom offered
by the company CIRS/SunNuclear (Figure 4 B)'. This phantom replicates the
size of the human abdomen and features imaging contrast suitable for computer
tomography (CT) scans. Within the phantom, a moving cylinder can be placed to
simulate tumor motion. However, the shape of the organs and coordinated motion of
several organs can not be simulated. Another commercially available phantom from
the same company is the ZEUS: MRgRT motion management quality assurance
phantom, which can be employed in magnetic resonance imaging (MRI) including
anthropomorphic organs such as the liver and the spine 2. Nonetheless, also in this
phantom, only a rod can be moved within the phantom.

Thttps:/ /www.sunnuclear.com/products/motion-management-phantoms, accessed on 26 April
2024.

2https://www.sunnuclear.com /products/zeus-mrgrt-motion-management-qa-phantom,
accessed on 01 May 2024.
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In-house developed phantoms

There have also been efforts to develop anthropomorphic phantoms tailored
to address specific research questions. For example, the MRgRT dynamic
lung motion thorax anthropomorphic quality assurance phantom was developed
(Figure 4 C) (Steinmann et al. 2019). It facilitates lung motion via a pneumatic
system during both imaging and treatment, enabling the implementation of MRI
workflows and the development of new methods to address motion uncertainties.
Another in-house developed phantom is an anthropomorphic phantom with a
deformable lung and liver (Figure 4 D) (Colvill et al. 2020). It allows for imaging
of simultaneous lung and liver motion, representing an improvement compared to
the phantoms where a single cylinder moves inside the phantom. Similarly, an
anthropomorphic abdominal phantom including the liver and kidneys with breathing
motion capability has been developed, featuring human equivalent tissue contrast in
MRI and CT, enabling end-to-end tests in radiotherapy (Weidner et al. 2022). In
many cases, the in-house phantom development was assisted by the advances in 3D
printing technology (Cloonan et al. 2014, Filippou and Tsoumpas 2018, Okkalidis
2022). Nonetheless, these in-house phantoms have only been recommended or used
for linear accelerators (Linacs) and tomotherapy so far and not for particle therapy.

Phantoms for CIRT
The in-house developed Advanced Radiation DOSimetry (ARDOS) phantom

represents an advancement in radiation dosimetry as it can be used to measure
the dose during ion beam therapy for a lung tumor (Figure 4 E) (Kostiukhina et
al. 2017, Kostiukhina et al. 2020, Lebbink et al. 2022). The phantom’s motion
involves independent movements of the chest wall with the lungs, the rib cage and
the tumor insert cylinder with translational and rotational motions. The dose in
the tumor can be measured with different dosimeters including thermoluminescent
detectors (TLDs), radiochromic films and ionization chambers (ICs) (Kostiukhina et
al. 2017). However, an anthropomorphic abdomen phantom with motion capability
for CIRT that can measure the dose in different organs simultaneously has not been
developed yet.
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Figure 4: Anatomy of a human body serving as the model for anthropomorphic
phantoms (Created with biorender) (A). Commercially available motion
management phantom from CIRS/SunNuclear (B). Abdomen phantom for
MRgRT (Steinmann et al.  2019) (C). Anthropomorphic, deformable lung
phantom (Colvill et al. 2020) (D). ARDOS phantom for ion beam therapy using IC
for dose measurements (E).
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1.7 Goal of this thesis

The general goal of this thesis is to investigate the impact of organ motion on dose
distribution during carbon ion mini-beam radiotherapy for pancreatic cancer using
an anthropomorphic phantom. To reach this goal, three specific aims are set:

1. The first specific aim 1is the development and application of an
anthropomorphic Pancreas Phantom for Ion beam Therapy (PPIeT) that
integrates respiratory and gastrointestinal motion dynamics for precise
dose measurements. By replicating tissue properties and organ motion
characteristics observed in patients, PPIeT should enable accurate motion
simulation of the pancreas and its OARs to measure the dose during carbon
ion radiotherapy at the target and in the OARs.

2. The second specific aim is the development of a novel, adaptable mini-
beam collimator designed for pre-clinical dosimetry and in wvitro studies. To
facilitate spatially fractionated dose delivery tailored to specific experimental
setups the mini-beam collimator should offer flexibility in adjusting dosimetric
parameters including FWHM, ctc and PVDR.

3. The last specific aim is to evaluate organ motion effects in carbon ion mini-
beam therapy. For this, the dose at the target in the pancreas and OARs
of PPIeT should be simultaneously measured for different breathing-induced
organ motions comparable to those of humans.

Investigating the effects of motion across various organs, including both target
and OARs, would help to advance the understanding of carbon ion mini-beam
dose distributions. As an ultimate goal, this research seeks to contribute to a
comprehensive analysis of the dose uncertainties due to organ motion, leading to
improved outcomes in the radiotherapy treatments delivered to pancreatic cancer
patients.
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2. Publications for cumulative
thesis

In this thesis, breathing-induced motion effects during CIRT and iMBRT were
investigated for pancreatic cancer. In this chapter, the three peer-reviewed papers
that comprise the cumulative thesis are framed in the overall context of iMBRT
for pancreatic cancer. A graphical summary is depicted in Figure 5, presenting
an overview of the publications and their connections. The three publications are
from here on labeled as Paper I, Paper II and Paper III. The full text of each
publication is added in this chapter. Additionally, the published supplementary
material of each paper is added in the Appendix.

Paper I: Christina Stengl, Kathrin Panow, Eric Arbes, Ivan D. Munoz, Jeppe B.
Christensen, Christian Neelsen, Fabian Dinkel, Artur Weidner, Armin Runz, Wibke
Johnen, Jakob Liermann, Gernot Echner, José Vedelago, Oliver Jékel (2023). A
phantom to simulate organ motion and its effect on dose distribution in carbon
ion therapy for pancreatic cancer. Physics in Medicine € Biology, 68(24), 245013.
DOI: 10.1088/1361-6560/ad0902

Journal impact factor: 3.5.

Paper II: Christina Stengl, Eric Arbes, Long-Yang Jan Thai, Gernot Echner, José
Vedelago, Jeannette Jansen, Oliver Jékel, Joao Seco (2023). Development and
characterization of a versatile mini-beam collimator for pre-clinical photon beam
irradiation. Medical Physics, 50(8), 5222-5237. DOI: 10.1002/mp.16432

Journal impact factor: 3.8.

Paper III: Christina Stengl, Ivan D. Munoz, Eric Arbes, Evelyn Rauth, Jeppe B.
Christensen, José Vedelago, Armin Runz, Oliver Jikel, Joao Seco (2024). Dosimetric
study for breathing-induced motion effects in an abdominal pancreas phantom for
carbon ion mini-beam radiotherapy. Medical Physics. DOI: 10.1002/mp.17077
Journal impact factor: 3.8.
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2.1 Paper 1

A phantom to simulate organ motion and its
effect on dose distribution in carbon ion therapy
for pancreatic cancer

Authors: Christina Stengl*, Kathrin Panow, Eric Arbes, Ivan D.
Munoz, Jeppe B. Christensen, Christian Neelsen, Fabian Dinkel,
Artur Weidner, Armin Runz, Wibke Johnen, Jakob Liermann, Gernot
Echner, José Vedelago, Oliver Jakel.

*Corresponding author.
Journal reference: Phys. Med. Biol. 2023, 68, 245013

DOI: 10.1088/1361-6560/ad0902

Journal Impact Factor: 3.5
Source: https://iopscience.iop.org/journal /0031-9155/page/About_the_journal#metrics, accessed
on 24 May 2024.
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Abstract

Objective. Carbon ion radiotherapy is a promising radiation technique for malignancies like pancreatic
cancer. However, organs’ motion imposes challenges for achieving homogeneous dose delivery. In
this study, an anthropomorphic Pancreas Phantom for Jon-beam Therapy (PPIeT) was developed to
simulate breathing and gastrointestinal motion during radiotherapy. Approach. The developed
phantom contains a pancreas, two kidneys, a duodenum, a spine and a spinal cord. The shell of the
organs was 3D printed and filled with agarose-based mixtures. Hounsfield Units (HU) of PPIeTs’
organs were measured by CT. The pancreas motion amplitude in cranial-caudal (CC) direction was
evaluated from patients’ 4D CT data. Motions within the obtained range were simulated and analyzed
in PPIeT using MRI. Additionally, GI motion was mimicked by changing the volume of the
duodenum and quantified by MRI. A patient-like treatment plan was calculated for carbon ions, and
the phantom was irradiated in a static and moving condition. Dose measurements in the organs were
performed using an ionization chamber and dosimetric films. Main results. PP1eT presented tissue
equivalent HU and reproducible breathing-induced CC displacements of the pancreas between

(3.98 + 0.36) mm and a maximum of (18.19 = 0.44) mm. The observed maximum change in distance
of (14.28 £ 0.12) mm between pancreas and duodenum was consistent with findings in patients.
Carbon ion irradiation revealed homogenous coverage of the virtual tumor at the pancreas in static
condition with a 1% deviation from the treatment plan. Instead, the dose delivery during motion with
the maximum amplitude yielded an underdosage of 21% at the target and an increased uncertainty by
two orders of magnitude. Significance. A dedicated phantom was designed and developed for breathing
motion assessment of dose deposition during carbon ion radiotherapy. PPIeT is a unique tool for dose
verification in the pancreas and its organs at risk during end-to-end tests.

© 2023 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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1. Introduction

Pancreatic cancer is one of the deadliest cancers worldwide and it progresses aggressively with a five-year
survival rate of 2%-9% (McGuigan et al 2018, Rawla et al 2019, Michl et al 2021). Its treatment options are
scarce, and the best potential curative treatment is complete resection (Doi et al 2008). However, 80% of
pancreatic cancer patients are diagnosed in alocally advanced or metastatic state, suffering from unresectable
cancer. In non-metastasized unresectable cases or as a neoadjuvant therapy concept, radiotherapy can
improve local tumor control (Chang et al 2009, Mahadevan efal 2010, Yovino et al 2011, Hammel et al 2016,
Versteijne et al 2022). Nevertheless, factors such as motion induced by breathing can lead to an inaccurate
dose delivery during radiotherapy, increasing the potential exposure of the organs at risk (OARs). In
pancreatic cancer treatment, the main OARs are the kidneys, the duodenum and the spinal cord (Hassanzadeh
etal 2021, Liermann et al 2021).

Among different radiation techniques, pancreatic cancer patients presented promising results when treated
with carbon ions (Kawashiro et al 2018). A favorable outcome with a 47% overall survival rate after 2 years was
shown, compared to 36% when using intensity-modulated radiation therapy with high-energy x-rays (Krishnan
etal 2016). Following these results, multiple prospective clinical trials testing carbon ion radiotherapy in
pancreatic cancer are currently being conducted (Vitolo et al 2019, Liermann et al 2022). Nevertheless,
inconsistencies between planned and delivered doses in carbon ion radiotherapy can be large due to variations of
depth-dose distribution, even when considering small spatial displacements of the target (Fontana eral 2016).
Additionally, organ motion can lead to underdosage of the target volume and over-dosage of the OARs (Phillips
etal 1992, Bert et al 2008).

The pancreatic motion is highly variable, where values from 1.0 mm up to 27.3 mm in the craniocaudal (CC)
direction were found (Bhasin et al 2006, Knybel et al 2014, Dolde et al 2019a, Jing et al 2021). Although motion
management strategies have improved pancreatic treatment outcomes, these often impose unease on the patient
by the obligation of breath holding or wearing a corset (Dolde et al 2019a). Additionally, gastrointestinal (GI)
motion is a challenge during carbon ion radiotherapy since it causes internal anatomic variation during dose
delivery. In fact, peristalsis and gas accumulation make it difficult to deliver a homogenous dose to the tumor
while sparing the bowel (Kumagai et al 2009). Previous studies reported relative motion differences between the
pancreas and the duodenum from 13.0 up to 18.5 mm (Mostafaei et al 2018).

The use of phantoms in radiotherapy enables dose measurements by providing quality assurance (QA)
procedures and allowing for the testing of new treatment scenarios without harming patients. Most of these
phantoms have geometrical shapes that do not resemble the human body while anthropomorphic phantoms
enable end-to-end tests in a more human-like environment (Tajik et al 2022, Vedelago eral 2022). In the last
years, the development of anthropomorphic phantoms increased continuously, and specialized phantoms have
gained significant attention due to their ability to simulate human-like characteristics, particularly in terms of
breathing motion. This capability becomes especially relevant when considering scenarios involving the
movement of tumors and OARs (Cheung and Sawant 2015, Kim efal 2016, Mann et al 2017, Ehrbar et al 2019).
Recently, the development of a phantom for liver treatment made it possible to combine breathing motion of
different organs with human equivalent CT and MRI contrast to perform end-to-end studies in MR-Linacs
(Weidner et al 2022). Notably, there is a growing emphasis on compatibility with MRI systems, leading to the
design of phantoms tailored for optimal performance within these environments. Other authors presented a
Magnetic Resonance Image-Guided Radiotherapy dynamic lung motion thorax anthropomorphic QA
phantom (Steinmann et al 2019) as well as an anthropomorphic phantom developed for deformable lung and
liver studies, which (Colvill ez al 2020) have tackled the increasing need for MRI-compatible phantoms (Colvill
et al 2020). One other phantom to be named is the Advanced Radiation DOSimetry phantom (ARDOS) which
incorporates a moving rigid ribcage and can be used to measure dose during ion beam therapy (Kostiukhina et al
2017, Kostiukhina et al 2020, Lebbink et al 2022). Additionally, an anthropomorphic thorax breathing phantom
was developed specifically for pencil beam scanning proton therapy (Perrin et al 2017).

The present study aims to develop a Pancreas Phantom for Ion-beam Therapy (PPIeT), in which the
pancreas is the target organ, while the duodenum, kidneys, spine, and spinal cord serve as OARs. Breathing-
induced organ motion within PPIeT was analyzed for different motion inputs with increasing amplitudes. In
addition, the influence of the tested motion on dose distribution within the organs in carbon ion therapy was
explored. Thanks to the designed features, PPIeT could be used to conduct thorough end-to-end tests for
upcoming pancreatic cancer treatment with carbon ions.
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2. Materials and methods

2.1. Phantom design

Based on the development of a phantom for liver treatment (Weidner et al 2022), PPIeT was constructed out of
two 51 cylindrical polypropylene containers, with a height 0f 26.0 cm, a wall thickness of 2 mm and a transversal
ellipse shape with 29.0 cm major axis and 21.0 cm minor axis. These two containers were interlocked and had a
frontal cut-out of (24.0 x 10.5) cm? for a flexible abdominal wall. This area was covered with a 3 mm thick TEC
silicone caoutchouc type 6 layer with a shore of 22 (Troll Factory Rainer Habekost e.K., Germany), and clamped
between the two containers. The bottom of the inner container was removed, yielding a cavity with a total
volume of 6.5 1, which was filled with a 0.25% w/w superabsorber-water mixture (Schauch, Germany). The top
part was covered with a diaphragm made from TFC silicone and attached to the lid with 23 screws (figure 1). The
circumference of the phantom is 75 cm, in agreement with an average woman’s body.

2.2. Design and construction of the organs

The organ models were designed with anthropomorphic shapes using Inventor 2018 (Autodesk, USA) and
Meshmixer (Autodesk, USA). A total of five organs were included in PPIeT, namely the pancreas, two kidneys,
flexible duodenum and spine with a spinal cord. The pancreas and kidneys consist of a hollowed structure with
an outer shell of 3 mm thickness 3D printed using VeroClear (Stratasys, Israel, 3D printer Stratasys J55). In each
of the outer shells a cavity was designed to fit the 3D printed detector inserts. The dimensions and volume of the
organs (table 1) correspond to those of humans (Brant 2006, Cheong et al 2007). Figures 1(A)—(D) illustrate
PPIeT and its organs.

The pancreas and kidney shells (figures 1(E), (F)) were filled with a mixture made from agarose, nickel-
diethylene triamine pentaacetic acid (NiDTPA) and potassium chloride (KCI) to mimic human tissue within
different imaging techniques and in terms of the stopping power ratio (SPR) (Elter et al 2021). Briefly, agarose,
NiDTPA, KCl, and water were mixed according to the compositions of supplementary table 1 and heated up to
80 °C. Agarose was degassed using a desiccator to 150 mbar and the mixture was used to fill the 3D printed
organs via openings. Afterward, the holes were closed with a polyethylene plug with a diameter of 12.8 mm (BN
1095, TL-4-128, Bossard, Germany), and cooled down to room temperature. The outer shells were designed
such that they could remain sealed containing the agarose mixture inside during the experiments.

For the spine, Diran 410MF07 (Stratasys, Israel, 3D printer Stratasys F370) was used, and one cavity was
designed in each of the three vertebrae to fit the 3D printed detector inserts (figure 1(G)). The spinal cord
imitation made of VeroClear was fixed to the posterior part of the spine. Elastico (Stratasys, Israel, 3D printer
Stratasys J55) with shore 60 served as the flexible material for the duodenum, so its volume can be modified to
mimic GI motion. To mimic the human body, the duodenum was designed with a C-shape and positioned
around the pancreas’ head. The hollow internal cavity of the duodenum is connected to the exterior through a
polyurethane tube (Festo, Germany) of 6 mm outer diameter and 1 mm wall thickness, so fluids can be taken in
or out atany time (figure 1(H)).

2.3.3D printing of detector inserts

Pluggable detector inserts were 3D designed to fit each organ. In these detector inserts, EBT3 Gafchromic films
(Ashland, USA) or a 0.03 cm® PinPoint 31015 ionization chamber (PTW, Germany) can be inserted. Inside the
pancreas insert, either the films or the ionization chamber could be fitted, while for the kidneys only a film insert
was placed on the medial side. In the spine, film inserts were positioned in each of the three segments,
complemented by one insert in the spinal cord. The size of each insert is reported in table 2, and an illustration of
each organ with its detector inserts is shown in supplementary figure S1.

2.4. Reproducibility of organ positioning inside the phantom

The pancreas, duodenum and kidneys are attached to the diaphragm, whereas the spine is screwed to the bottom
of the phantom. When the phantom is opened to exchange detector inserts, the diaphragm lid and the organs
attached to it are removed. Thus, for the pancreas and kidneys, guiding pins in the CC direction were fixed to the
bottom of the phantom, enabling reproducible re-positioning. Since some of the superabsorber-water mixture
can be lost during this process, PPIeT was refilled with the superabsorber-water mixture to weigh 8.50 kg each
time after the inserts were changed. Therefore, the phantom was not damaged while changing the inserts or
applying motion. The exchange procedure can be done by a trained user in 8 min. The quantification of the
organs’ re-positioning was done by repetitively opening and closing PPIeT’s lid and measuring the deviations
from the original position ina 3 T MRI scanner (Biograph mMR, Siemens Healthineers, Germany) usinga 3D
MRIT1 vibe Dixon sequence with a resolution of (1 x 1 x 1) cm’.
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Figure 1. Schematic drawing of PPIeT and its organs (A), where each organ is arranged according to the human body (B). Photo of
PPIeT with a flexible abdominal wall (C). Photos of organs of PPIeT attached to the diaphragm, including the pancreas, duodenum
and two kidneys (D). 3D model of the pancreas (E), the right kidney (F) and the spine (G), where the arrows indicate the position of the
3D printed detector inserts. The opening for the detector insert of the pancreas is considered the virtual tumor. Additionally, a spinal
cord insert is located at the posterior side of the spine (G, white color). 3D model of the flexible duodenum, where the arrow marks the
hole for a tube to fill and empty it with fluids (H).
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Table 1. Dimensions of organs in PPIeT for height in CC direction, length in
right-left (RL) direction, and thickness in anterior—posterior (AP) direction.
The given values are the maximum values in each direction since the
measures vary due to the anthropomorphic shape.

Height Length Thickness
Organ CC [mm] RL [mm] AP [mm]
Pancreas 65 140 35
Kidney 106 64 40
Duodenum 145 138 36
Spine 164 46 44
Spinal cord 102 10 10

Table 2. Size of inserts for each organ along with the film size and number of
films fitting in each of them.

Film size Number

Insert size [mm®] [mm?] of films
Pancreas 25.6 X 37.6 X 23.3 34.0 x 23.0 4
Kidney 20.0 x 50.0 x 8.6 37.0 X 18.0 4
Spine 14.8 x 429 x 11.5 29.0 x 11.0 4
Spinal cord 10.0 x 100.6 x 7.0 54.0 X 6.0 1

2.5. Motor-controlled movement: fixed displacement and breathing motion

Breathing motion was simulated with a hydraulic system, including two MRI-compatible double-acting
cylinders (PSK Ingenieurgesellschaft mbH, Germany). One of the cylinders was connected to a linear stage, and
the other to an actuator positioned cranial from the diaphragm. The stage was moved by a Nema 23 stepper
motor (EC Motion GmbH, Germany) and controlled by a PLC CX5020 (Beckhoff, Germany) using TwinCat
Version 3 (TcXaeShell Version 15.0.28010.2050 D15.8, Beckhoff, Germany), as illustrated in supplementary
figure S2. Therewith, fixed input displacements including 10 mm, 20 mm and 30 mm were applied.
Additionally, sinusoidal breathing motions over time t were used as described by Weidner et al (2022):

Position(t) = A * sinz(%),

where A is the amplitude, set to 10 mm, 20 mm or 30 mm, and T is the motion period set to 7 s. A video showing
the breathing motion in the phantom is given in the supplements (supplementary video S1).

2.6. CT measurements for contrast evaluation

CT measurements were performed with a Definition Flash CT scanner (Siemens Healthineers, Germany). An
abdominal scan with 480 mA and 120 kV was used, with a voxel size of (1 x 1 X 1) mm?®. Average Hounsfield
units (HU) were retrieved from several slices of each organ using RadiAnt Dicom viewer (Medixant, Version
2022.1.1). The CT numbers of PPIeT’s organs were compared to previously published data from humans for the
pancreas, kidneys and spine, whereas the CT number of the superabsorber-water mixture was compared to the
one of water (Cropp etal 2013, Lamba et al 2014, Lim et al 2014, Irie et al 2021).

2.7.MRI measurement for motion analysis

Thanks to its MRI compatibility, the position of the organs in PPIeT during motion was evaluated usinga 3 T
MRI scanner (Biograph mMR, Siemens Healthineers, Germany) by applying two different sequences. First,a T1
vibe Dixon sequence was applied with a 3D resolution of (1 x 1 x 1) mm?, a repetition time of 4.22 ms and an
echo time of 1.35 ms for organ motion induced by fixed input displacements. Three independent measurements
of each amplitude were then compared to 0 mm input displacement, which is the static condition of PPIeT. For
this, a free medical image processing platform MITK v2021.10 was used with an affine registration algorithm
(Nolden et al 2013), with the center of mass of each organ used as the position.

To measure the position of the pancreas and kidneys during breathing, a fast real-time single-slice cine
sequence was used for each breathing motion input amplitude. For these acquisitions, the repetition time was
265.35 ms and the echo time was 1.26 ms. 2D images were acquired every 0.315 s with a resolution of
(256 x 256) pixels® for a (187 x 187) mm? area. Organs were segmented in MITK and the center of mass of each
organ over all slices was calculated to retrieve the position over time.
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The filling and emptying of the duodenum were done with water and therefore its movement was realized by
connecting the tube to a 50 ml syringe. For emptying the duodenum, 25 ml of the water was suctioned out of it,
representing a reduction of 8.6% of its total volume, in agreement with other studies (Mudie et al 2014, Waal et al
2020). In both states, full (control) and empty, measurements with a 3 T MRI scanner (Biograph mMR, Siemens
Healthineers, Germany) were conducted using a T1 vibe Dixon sequence with a resolution of (1 x 1 x 1) mm? to
measure the duodenum shape as its distance to the pancreas. To assess reproducibility, the filling and emptying
procedure was repeated three times and parameters were compared with a two-tailed t-test.

2.8. Human pancreas motion analysis from patient data

For analysis of the pancreas motion in CC direction, 4D CT data from 23 patients from Heidelberg University
Hospital (Heidelberg, Germany) were retrospectively analyzed. The pancreas was segmented by a radiology
expert with MITK and registered using the same methodology used for the phantom. This study was performed
in accordance with the ethical standards of the institutional and national research committee, along with the
1964 Helsinki Declaration and its later amendments. This study was approved by the ethics committee of the
Medical Faculty of Heidelberg University (Heidelberg, Germany) under No. S-688,/2020.

2.9. Carbon ion irradiation

PPIeT was irradiated with carbon ions at the Heidelberg Ion-Beam Therapy Center (HIT; Heidelberg,
Germany). A treatment plan was calculated using RayStation (Version 11B (12.0.0.932), RaySearch
Laboratories, USA) with the dose calculation engine Pencil beam (Version 4.4) for the virtual tumor in the
pancreas head as target. In the treatment plan, the dose grid was set to 2 mm isotropically, the spot spacing was
3.6 mm hexagonal and the energy layer spacing was 3.1 mm. As usually done for patients, two beams at angles
250° and 290° were used. A relative biologic effectiveness (RBE)-weighted dose of 4 Gy (RBE) was planned at the
target, calculated with the Local effect model 1. Constraints of a maximum of 3 Gy (RBE) were set for the
duodenum, spinal cord and kidneys as done in clinics (Liermann et al 2022). During irradiation, static
conditions and 30 mm input amplitude breathing motion were compared, either with the pinpoint chamber in
the pancreas or EBT3 films in all organs. In the course of irradiation, the duodenum was in control state and did
not change its shape. The collected charge in the ionization chamber for four independent irradiations was
corrected by temperature and pressure, multiplied by the detector calibration factor from PTW to get the
absorbed dose. Finally, the physical dose was multiplied by the RBE factor, calculated as the mean RBE-weighted
dose divided by the mean physical dose within the virtual tumor retrieved from RayStation. Next, control and
motion conditions were compared by a two-tailed t-test. The EBT3 films were scanned 24 h after irradiation
with an Epson Expression 10000XL (Epson, Japan), using a standardized film scanning procedure (Niroomand-
Rad etal 2020, Stengl et al 2023).

3. Results

3.1. Internal structure of PPIeT

The internal disposition of the organs inside the assembled phantom can be seen in the CT images reported in
figures 2(A)—(C), along with the CT numbers for the pancreas (48.4 £ 7.5) HU, kidneys (26.58 + 6.3) HU, and
spine (259 =+ 18) HU plotted in figure 2(D). For the kidneys, the mean values of the two kidneys were averaged.
The CT numbers of PPIeT’s organs present no significant differences compared to human data for the pancreas
(54.6 £5.8) HU, kidneys (29.5 £ 5.1) HU and spine (203 = 76) HU. For the superabsorber-water mixture, the
measured (2.1 & 5.8) HU presents no significant difference compared to water with (0 + 7) HU.

Anillustration of the open PPIeT, with the pancreas, duodenum and two kidneys hanging from the
diaphragm lid and the spine remaining inside is shown in figure 3(A). The quantification of the organs’ re-
positioning was done by repetitively opening and closing PPIeT’s lid and measuring the deviations from the
original position. As reported in figure 3(B), the differences in the mean values of the absolute position in the CC
direction were less than 1 mm. The measured differences in the positions are in the range of the MR resolution
and the segmentation uncertainty.

3.2. PPIeT’s organs motion: fixed displacements, breathing and GI motion

Pancreas motion of patients was evaluated revealing a range of 0.11 mm up to 19.84 mm with an average value of
(5.7 £ 4.6) mm (figure 4(A)). The induced displacements in PPIeT’s pancreas (figure 4(B)) agreed with those of
the patients. Linear dependencies from the fixed input displacements were obtained for the pancreas,
duodenum and two kidneys in PPIeT (figure 4(C)). The parameters of each linear fit y = a*x + b where xis the
fixed input displacement and y is the measured displacement, are depicted in table 3. The linear dependency is
supported by the obtained R” values higher than 0.99 for all the organs and makes it possible to obtain a desired

6

33




CHAPTER 2. PUBLICATIONS FOR CUMULATIVE THESIS

10P Publishing

Phys. Med. Biol. 68 (2023) 245013 CStengletal

/ l! 2.5cm
e L T R T RN T g

et I e

5 Bl Kidneys
uy BN Pancreas
— 200- )

o) El Spine
Ko}

S

2 100+

}_

(@]

& & & & & &
& 2 &k & &k @

Figure 2. CT images of PPIeT in the coronal plane of the pancreas (A) and kidneys (B). Axial plane with all organs visible (C). The
orange arrows indicate the film positions inside the organs in (A), (B) and (C). The measured CT numbers of PPIeT are reported in
(D), along with values from literature.
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Figure 3. Reproducibility of organ re-positioning. To exchange the detector inserts, the lid of PPIeT was opened and closed (A).
Absolute position difference from the original position of each organ during this procedure, where each dot represents an independent
measurement (B).
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Figure 4. Organ motion analysis of patients and PPIeT. Pancreas displacements retrieved from patients’ data in CC direction (A),
compared to the displacements PPIeT can simulate in CC direction (B). Organ displacement for different fixed input displacements
for the pancreas, duodenum, and kidneys (C).

Table 3. Parameters of the linear fit y = a * x + b for each organ

when applyinga fixed input displacement, as reported in figure 4(D).

Organ)\parameter a[mm/mm] b[mm] RrR?

Pancreas 0.7114+0.016 —3.03+0.84 0.996
Duodenum 0.693 +0.018 —2.62+0.94 0.995
Leftkidney 0.647 +0.015 —2.21£0.78 0.996
Right kidney 0.666 +0.017 —1.22+0.87 0.995

displacement between (3.98 £ 0.36) mm and (18.19 & 0.44) mm. The y-intercepts are negative due to a small
offset between the actuator and the diaphragm, thus the minimum fixed input amplitude used was 10 mm.

The breathing-induced motion of the pancreas and kidneys is reported in figure 5, where it is observed that
the organs follow the sinusoidal shape of the input motion. When increasing the input amplitude, an increase in
the organs’ amplitudes was found with a mean maximum amplitude of (18.02 + 0.79) mm. The resulting
amplitudes of the breathing motion profiles in the pancreas agree with the fixed displacement amplitudes
reported in figure 4(C) with mean differences of 0.8 mm, 0.7 mm and 0.2 mm for input amplitudes of 10 mm,
20 mm and 30 mm, respectively. By averaging the results from the three input amplitudes, the pancreas motion
yielded a period of (6.9 4 0.2) s, in accordance with the input period of 7 s.

To simulate GI motion, the duodenum was filled with water and partially emptied, resulting in a shape
change. MR images of PPIeT with the full duodenum, considered as the control condition, and the empty
duodenum, are reported in figures 6(A)—(D), respectively (for azoomed-in region). The distance between the
duodenum and pancreas yielded an increase from (1.62 + 0.20) to (15.91 & 0.21) mm for the control and empty
state, respectively (p = 0.0001), as plotted in figure 7(A). For further quantification, the outer shape of the
duodenum in the axial plane was modeled by an ellipse. The major and minor axes were quantified, and the
obtained axis lengths are reported in figure 7(B). Significant differences were obtained for the major axis
(p=0.0319) and the minor axis (p = 0.0001), showing the capabilities of PPIeT to mimic GI motion.

3.3. Dosimetric validation of carbon ion dose delivery

To test the feasibility of an end-to-end test using PPIeT, the phantom was irradiated with carbon ions to treat the
virtual tumor located at the pancreas head. The treatment plan consists of two beams at different angles, as
shown in the planned RBE-weighted dose distribution in figure 8(A). The similarity of PPIeT’s treatment plan
compared to two different patients is reported in supplementary figure S3.

First, static irradiation of PPIeT was carried out, yielding a total physical dose of (1.39 & 0.03) Gy and an
RBE-weighted dose of (4.05 £ 0.08) Gy (RBE) in the virtual tumor, for an RBE factor of 2.89. Instead, when
breathing motion was applied to PPIeT, lower ionization chamber readings with higher variability were
obtained, resulting in a total physical dose of (1.09 + 0.10) Gy and an RBE-weighted dose of (3.18 £ 0.29) Gy
(RBE). A significant difference (p = 0.0009) in the mean values was found (figure 8(B), supplementary
figure S4(A)), with an increase in the relative uncertainty from less than 0.04% in the static condition to 8.67%
during the breathing motion. The physical dose from every single beam is shown in supplementary figure S4(B).
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Figure 5. Organ motion of PPIeT over time. Breathing-induced motion for input amplitudes of 10 mm (A, B), 20 mm (C, D) and
30 mm (E, F). The motion of the pancreas is shown in blue, left kidney in orange and right kidney in green. The black dashed line
indicates the input amplitude. For each of the breathing motions a period of 7 s was applied.

To further quantify this effect with higher spatial resolution, film dosimetry measurements were done in
both static and during breathing motion of PPIeT. Two-dimensional differences between films in static and
motion conditions are shown in figure 8(C). The mean profiles from three independent measurements are
reported in figure 8(D) for the pancreas and right kidney. Supplementary figure S5 reports raw film data, two-
dimensional OD differences of films in static and motion conditions, and mean OD profiles for all the organs. As
reported in figure 8(D) for the pancreas, films irradiated during static conditions show reproducibility with a
relative uncertainty of at most 1.3%. However, films irradiated during breathing motion show inhomogeneous
target irradiation with a relative uncertainty of 5.3%. For the right kidney, a maximum relative uncertainty of
19.0% was found, while for the static condition, the maximum relative uncertainty was 1.1%. For the left kidney,
adeviation in the mean value of up to 8.4% comparing static to motion conditions was detected. For the non-
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Control Empty

Figure 6. MRI of the full duodenum as control state (A) and of the emptied duodenum (B) in the coronal plane. The pancreas is visible
in white and its virtual tumor in black. The orange arrows indicate the measured distance between the pancreas and the duodenum.
Zoomed region of the control (C) and empty (D) duodenum (marked by the orange arrows) in the axial plane. The white dashed
arrows indicate the length of the major axis (1) and the minor axis (2) in both conditions.
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Figure 7. Distance between pancreas and duodenum in control and empty duodenum states (A). Axis length of major and minor axis
for control and empty states (B).
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Figure 8. Carbon ion treatment plan of the virtual tumor in PPIeT (A). Ionization chamber measurements at the virtual tumor in the
pancreas (B). OD difference of films with and without motion from the pancreas and right kidney (C). The black boxes indicate the
region used for the profiles. OD mean profiles for the static condition, in black, and for the motion condition in blue, and green, for
the pancreas and the right kidney, respectively (D).

moving organs of PPIeT, namely the spine and the spinal cord, films showed mean value deviations lower than
1.5% between static and motion conditions.

4. Discussion

4.1. Phantom setup

PPIeT incorporates anthropomorphic organs of the abdomen that are composed of tissue-equivalent material in
terms of their CT contrast. The outer shell of the organs was constructed by 3D printing, which allowed the
design and manufacturing of artificial organs with a size and shape resembling human organs. Previous studies
have already shown the capability of 3D printing to incorporate customized features in anthropomorphic
phantoms (Colvill eral 2020, Halloran et al 2021). This technique enables personalized phantom adaption and
easy prototyping. Furthermore, the combination of diverse materials and printing architectures provides a
versatile toolkit for achieving different image contrasts or deformability (Colvill ez al 2020). For PPIeT, Diran
was used as 3D printing material for the spine due to its increased density compared to VeroClear, thus
increasing the HU in CT imaging. For the duodenum, a flexible 3D printed material was chosen, making it
possible to change duodenal filling independent from breathing motion. So far, the use of flexible 3D printed
material for phantoms is scarce. One example is the use of flexible material for artery design (Toepker et al 2013,
Filippou and Tsoumpas 2018). However, in most studies, 3D printing material was only used for the molds,
which were then filled with silicone or similar flexible materials (Hazelaar et al 2018, Gillmann et al 2021). As
shown, when using 3D printing with flexible material, the complex manufacturing steps are streamlined,
offering a simplified and more efficient process.

11

38




CHAPTER 2. PUBLICATIONS FOR CUMULATIVE THESIS

10P Publishing

Phys. Med. Biol. 68 (2023) 245013 CStengletal

The possibility of detector exchange has already been presented in other anthropomorphic phantoms, and it
is an important feature to measure with several detectors since they can have different advantages (Kostiukhina
etal 2017, Pallotta etal 2019). Thanks to the versatile process of 3D printing, different inserts can be easily
prototyped for the organs such that a straightforward exchange of dosimeters is possible. For instance, in PPIeT,
either an ionization chamber insert or film insert can be positioned in the pancreas, and simultaneously film
inserts can be positioned in the OARs. In the future, this innovative design can be directly expanded to other
detectors without major efforts.

Besides the usage of the versatile technique of 3D printing, the phantom design also incorporates NiDTPA-
KCl mixtures to fill the pancreas and kidneys with tissue-equivalent material. With this approach, CT contrast
and SPR values match the ones in humans (Elter et al 2021). This method was also used within an
anthropomorphic phantom in the publication of Weidner et al (2022). Compared to already published
anthropomorphic phantoms, PPIeT uses a superabsorber-water mixture as a filling matrix instead of agarose.
Thereby, it is possible to avoid drawbacks resulting from structural breaks of the agarose during motion as well
as water collection in these lesions. This can lead to changes in the phantom that are not considered in the
treatment plan (Weidner efal 2022). The superabsorber-water mixture has the advantage that it can be
physically displaced without harming its structure. It also enables the exchange of dosimeters without destroying
the internal matrix, yielding mean differences in the re-positioning of the organs below the MRI resolution.

4.2. Phantom motion

When dealing with pancreatic cancer, it is important to consider the movement of the pancreas and the OARs
because this can lead to differences between the planned and delivered doses. A previous study on patients
treated with protons showed the robustness of dose coverage for pancreas motion below 3.7 mm (Knusl et al
2023). Nevertheless, patients’ pancreas movement is not restricted to the margin of the so-called small movers
but can increase individually up to several cm in the CC direction (Bhasin et al 2006, Knybel et al 2014, Dolde
etal 20194, Jing etal 2021). To cover this wide range of pancreatic movement observed in patients, breathing-
induced motion from 3.98 to 18.19 mm was studied with PPIeT. Smaller displacements were not studied since
their influence on dose delivery is expected to be mostly neglectable (Lebbink et al 2022). Since it was possible to
linearly correlate the fixed input displacement to the displacement of each organ, any desired organ motion can
be achieved. These linear relations made it possible to study the breathing-induced organ motion in PPIeT.
Moreover, the lowest amplitude movements achieved in the pancreas and kidneys presented a more precise
shape compared to a previous phantom (Weidner et al 2022). Based on the obtained results, it is possible to
calculate a desired breathing motion amplitude matching the values of an individual patient.

In addition to the breathing motion, it is important to consider the GI motion, since this can significantly
change the dose at the duodenum, one critical OAR in pancreatic cancer treatment (Uchinami et al 2023). A
recent study presented a computational phantom that models GI motion in 4D (Subashi et al 2023), but so far
and to the best of the authors’ knowledge, there is no anthropomorphic phantom that can simulate GI motion
for radiotherapy. PPIeT enables mimicking GI motion by changing the volume of the duodenum, making it
possible to study the impact of changes in the distance between the pancreas and duodenum in the course of
radiotherapy. The quantitative analysis of this distance change in the phantom matched the results found in
patients revealing a relative change from 13.0 up to 18.5 mm (Mostafaei et al 2018). In the future, PPIeT can also
be used to study gas accumulation inside the duodenum as this causes dosimetric variations in carbon ion
radiotherapy treatments (Kumagai ef al 2009).

4.3. Carbon ion treatment of PPIeT

The feasibility of using PPIeT for carbon ion irradiation was tested with a treatment plan equal to that of a
patient. Measurements done with the ionization chamber in the pancreas were reproducible within the static
condition. A significant reduction in the mean dose value of 21% was observed during breathing-induced
motion. The observed difference can have several reasons, one of them being related to the size of the target
volume making the ionization chamber partially move out of the beam, especially for the largest input breathing
amplitude used. In addition, a larger dispersion in these measurements was obtained, probably caused by dose
rate changes, directly influencing the accuracy of the chamber measurements, as reported by Lebbink et al (2022)
for carbon ion irradiation during motion. Furthermore, the breathing motion in PPIeT was not synchronized
with the beam delivery leading to a possible interplay effect between each single beam spot position and the
chamber position (Bert et al 2008, Bert and Durante 2011, Dolde et al 2019b). Additionally, dosimetric films
were used in the pancreas and OARs to achieve a high spatial resolution in 2D. Considering that film dosimetry
has alimitation related to LET-dependent response (Castriconi et al 2017), the films were positioned facing the
beam within their organ position to reduce this effect.
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Both, ionization chamber and films, were used to respectively achieve 1D or 2D dose estimations within
PPIeT. To extend this to 3D, a possibility would be to use dosimetry gel, a technique that was used in an
anthropomorphic phantom with a breathing feature (Mann et al 2017). However, the irradiation modality used
in this study was photons and dosimetry gel presents challenges for carbon ion irradiation due to its LET-
dependent response (Maeyama et al 2023).

In summary, the presented results point towards the need for motion management techniques during
carbon ion irradiation for pancreatic cancer. The performance of PPIeT would make it possible to conduct end-
to-end tests accounting for breathing motion effects, like gating.

5. Conclusion

To the best of the authors’ knowledge, PPIeT is the first anthropomorphic Pancreas Phantom for Ion-beam
Therapy with a breathing and gastrointestinal motion feature for dose QA. PPIeT enables tissue equivalent CT
contrast, reproducible positioning of the organs and can simulate the pancreas motion values retrieved from
patient data in the range from 4 to 18 mm. The organ motion was achieved for fixed input displacement and
sinusoidal breathing motion, following the input period with 99% accuracy. In the gastrointestinal motion
study, a mean change of distance between the pancreas and the duodenum of 14 mm was achieved, in
accordance with previous patient studies. To assess the influence of the breathing-induced motion in the organs
during carbon ion treatment, the developed detector inserts were used. Thereby, an increase of at least one order
of magnitude in the dose uncertainty was found during motion conditions compared to static conditions. This is
aclinically relevant difference to decide whether carbon ion radiotherapy of pancreatic cancer could be
improved by using gating techniques. Overall, PPIeT is a one-of-a-kind tool for dose verifications in the
pancreas as well as related organs at risk for precision radiotherapy.
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Abstract

Background: Interest in spatial fractionation radiotherapy has exponentially
increased over the last decade as a significant reduction of healthy tissue
toxicity was observed by mini-beam irradiation. Published studies, however,
mostly use rigid mini-beam collimators dedicated to their exact experimental
arrangement such that changing the setup or testing new mini-beam collimator
configurations becomes challenging and expensive.

Purpose: In this work, a versatile, low-cost mini-beam collimator was designed
and manufactured for pre-clinical applications with X-ray beams. The mini-beam
collimator enables variability of the full width at half maximum (FWHM), the
center-to-center distance (ctc), the peak-to-valley dose ratio (PVDR), and the
source-to-collimator distance (SCD).

Methods: The mini-beam collimator is an in-house development, which was
constructed of 10 x 40 mm? tungsten or brass plates. These metal plates were
combined with 3D-printed plastic plates that can be stacked together in the
desired order. A standard X-ray source was used for the dosimetric characteri-
zation of four different configurations of the collimator, including a combination
of plastic plates of 0.5, 1, or 2 mm width, assembled with 1 or 2 mm thick metal
plates. Irradiations were done at three different SCDs for characterizing the per-
formance of the collimator. For the SCDs closer to the radiation source, the
plastic plates were 3D-printed with a dedicated angle to compensate for the
X-ray beam divergence, making it possible to study ultra-high dose rates of
around 40 Gy/s. All dosimetric quantifications were performed using EBT-XD
films. Additionally, in vitro studies with H460 cells were carried out.

Results: Characteristic mini-beam dose distributions were obtained with the
developed collimator using a conventional X-ray source. With the exchange-
able 3D-printed plates, FWHM and ctc from 0.52 to 2.11 mm, and from 1.77
to 4.61 mm were achieved, with uncertainties ranging from 0.01% to 8.98%,
respectively. The FWHM and ctc obtained with the EBT-XD films are in agree-
ment with the design of each mini-beam collimator configuration. For dose rates
in the order of several Gy/min, the highest PVDR of 10.09 + 1.08 was achieved
with a collimator configuration of 0.5 mm thick plastic plates and 2 mm thick
metal plates. Exchanging the tungsten plates with the lower-density metal brass
reduced the PVDR by approximately 50%. Also, increasing the dose rate to
ultra-high dose rates was feasible with the mini-beam collimator, where a PVDR
of 24.26 + 2.10 was achieved. Finally, it was possible to deliver and quantify
mini-beam dose distribution patterns in vitro.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.
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Conclusions: With the developed collimator, we achieved various mini-beam
dose distributions that can be adjusted according to the needs of the user in
regards to FWHM, ctc, PVDR and SCD, while accounting for beam divergence.
Therefore, the designed mini-beam collimator may enable low-cost and versatile
pre-clinical research on mini-beam irradiation.

KEYWORDS

3D printing, dosimetry, mini-beam collimator, spatial fractionation

1 | INTRODUCTION
Mini-beam irradiation is a novel radiotherapy technique
that utilizes spatial fractionation of the beam to increase
the target dose while sparing organs at risk. This has
the potential to improve tumor control and decrease
side effects.!? First applied using synchrotron radiation,
mini-beam irradiation introduces adjacent high-dose
and low-dose regions in the target area referring to
peaks and valleys, respectively. Thereby, it was pos-
sible to show high normal brain tissue tolerance to
several hundred Grays.>~® At the same time, significant
tumor growth control could be achieved. The mechanism
behind this so-called “mini-beam effect” is, however, not
yet fully understood. Theories on the influence of the
immune system, the abscopal effect, the vascular effect,
or a combination of all three were already considered 57

Mini-beam irradiation typically refers to a 0.2 to 1 mm
slit width spaced by a 1 to 4 mm metal structure®-'0
Thereby, two different parameters define the geometrical
form of the mini-beam pattern including full width at half
maximum (FWHM) and center-to-center distance (ctc).
Varying the peak width and therefore the FWHM has
a significant impact on radiation toxicity. While a peak
width of 0.5 to 1 mm did not reveal toxic outcomes, 3 mm
of peak width induced severe skin reactions in an in vivo
mice experiment.!! The ctc usually considers the dis-
tance from the center of one peak to the center of the
peak immediately next to it, and it is ideally a constant
value throughout the mini-beam dose distribution. Com-
mon ctc values range from two times up to four times
the given FWHM.2 %12 Another relevant parameter for
the biological response is the peak-to-valley dose ratio
(PVDR). The mini-effect in vivo was shown even with
PVDR values of 2.7, whereas PVDR values up to 20.1
were reported for different X-ray sources.'3~1°

To make mini-beam irradiation available to a broad
group of users, its feasibility on a small animal X-ray
irradiation device was first tested in 201728 Thereby,
it was shown that mini-beam irradiation can be made
affordable and easy to access on these X-ray devices.
Nevertheless, to introduce mini-beam dose delivery, a
mini-beam collimator is required. One advantage of
mini-beam collimators is their easy installation in such
X-ray sources.'® However, the collimator must be suited
for the source in terms of divergence to achieve a
sharp and distinct pattern, thus making the change of

the source-to-collimator distance (SCD) and the switch-
ing of one collimator for different devices a challenging
task. Furthermore, testing of different PVDRs is also
necessary, as changes in this parameter have already
been identified as one of the main players in the mini-
beam irradiation effect. Two of the mainly used materials
for mini-beam collimators are tungsten or brass.'®!”
In particular, tungsten is known for its high attenuation
coefficient for X-ray beams, making it a suitable mate-
rial to achieve high PVDR values. Finally, the ability to
control FWHM, ctc, and PVDR is crucial in pre-clinical
studies of the mini-beam effect to understand the impact
of each parameter separately.'%"18

This work concentrates on the development of a spa-
tially and angularly adjustable mini-beam collimator for
pre-clinical photon beam irradiation with a small ani-
mal irradiation device. The X-ray source was operated
at 200 kV as standard condition and at 225 kV for ultra-
high dose rate irradiations. The design of the mini-beam
collimator aims at delivering reproducible spatially frac-
tionated dose patterns, providing flexibility to explore the
mini-beam effect. By combining tungsten or brass plates
with 3D-printed plastic plates it was possible to change
the divergence of the collimator as well as the dosi-
metric parameters, such as PVDR, FWHM, and ctc. To
evaluate the feasibility of the collimator design, a dosi-
metric study was conducted by means of radiochromic

films and complemented with in vitro irradiation
of cells.

2 | METHODS

2.1 | Design of the mini-beam collimator

The mini-beam collimator consists of a variable number
of metal plates with a size of 10.0 x 40.0 x 1.0 mm?3.
The metal plates were combined with 3D-printed plas-
tic material VeroClear (Stratasys, Israel) which has
the same density as polymethyl methacrylate (PMMA).
These plates are arranged in a 3D-printed scaffold, also
made of VeroClear. A 40.2 x 40.2 mm? cavity in the
center of the scaffold enables the positioning of the
plates. For all 3D-printed parts, a J55 3D printer was
used (Stratasys, Israel). To assemble the collimator, the
metal plates are placed alternately with 10.0 x 40.0 mm2
plastic plates with different widths in the scaffold. Three
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40 mm

10 mm

FIGURE 1 Rendering of the mini-beam collimator. The
3D-printed scaffold (1) holds the metal and plastic plates (2) screwed
with three locking screws (3). The size and shape of the metal and
plastic plates are represented on the right.

TABLE 1 Mini-beam collimator configurations with the
information on material and collimator ID. Each collimator ID states
the nominal plastic plate thickness, followed by the thickness of the
metal plates, and a capital letter for the metal material, where T refers
to tungsten and B refers to brass.

Mini-beam Plastic Brass Tungsten
collimator ID [mm] [mm [mm
171B 1.0 1.0

2/2B 2.0 2.0

0.5/1B 0.5 1.0

0.5/2B 0.5 2.0

mT 1.0 - 1.0

22T 2.0 2.0
051T 0.5 - 1.0
0.52T 0.5 2.0

M4 screws allow the locking of plates in their position in
a reproducible way (Figure 1).

To obtain various FWHMSs, the 3D-printed plastic
plates were designed with nominal thicknesses of 0.5,
1.0 and 2.0 mm (Inventor Professional 2018, Autodesk,
USA). To obtain different ctc values, either one or two
metal plates were positioned in between the plastic
plates. To gain distinct PVDR values, either tungsten (T)
or brass (B) metal plates were used. For each mini-beam
collimator configuration, the nominal thicknesses of the
plates and the collimator IDs are given in Table 1.

A height of 10 mm of the tungsten plates was cho-
sen to reach 100% attenuation of the applied X-ray
beams of 200 and 225 kV.'® With 10 mm brass plates, no
full attenuation of the beam is possible, yielding higher
valley doses and consequently lower PVDR. Further
details of the attenuation quantification for both met-
als are depicted in Figure S1. For easy handling of
the mini-beam collimator, the plastic plates were 3D-
printed with the same height of 10 mm. This 10 mm of
plastic only attenuates 13.2% and 12.6% of a mono-
energetic photon beam with an energy of 200 and 225
keV, respectively,'® making it possible to compensate for
the X-ray beam divergence with a minor impact on the
transmitted beam.

2.2 | Implementation of the mini-beam
collimator at an X-ray device

The mini-beam collimator was tested at a Faxitron
MultiRad 225 X-ray irradiation system (FAXITRON
BIOPTICS, LLC, USA) which operates at accelerating
voltages from 20 up to 225 kV. An in-house manu-
factured, custom-fit Plexiglas insert was used to avoid
shaking and moving of the collimator at the different
SCDs, enabling reproducible measurements by grant-
ing the right collimator position. A 3D-printed holder
was fixed via two pins on top of the insert contain-
ing a positioning aid for a well plate to irradiate cells
or to place a 2 x 2 cm? cut EBT-XD Gafchromic film
(Ashland, USA). The collimator was reproducibly posi-
tioned 25.0 cm apart from the source corresponding
to SCD,4 (Setup A in Figure 2). For this setup, paral-
lel plastic plates were used (Figure S2). To measure
the dose in an in vitro simulating experiment, one well
of a 12-well plate was filled with 2 mL of water, and
an EBT-XD film was fixed beneath the well plate such
that a distance of 20.5 mm was between the collima-
tor and the film. A home-made MCP96 shielding, with
outer dimensions of 136.95 x 110.00 mm?, a height of
25.18 mm, and a 38.00 x 38.00 mm? inner cavity, was
placed on top of the mini-beam collimator to reduce
scattering contributions. To measure dose profiles at var-
ious water-equivalent depths below the collimator, five
films were positioned underneath the mini-beam colli-
mator at a depth of {0; 2; 4; 10; 20} mm with 3D-printed
VeroClear plates in between.

The collimator was also tested at an SCD of 9.6 cm
(SCDg) (Setup B in Figure 2). Positioning the collima-
tor at SCDg required 3D-printed plastic plates with an
angle of 37.5° according to the beam angle reported
by the manufacturer of the X-ray source to compensate
for beam divergence (Figure S2). The setup is similar to
the setup for SCD,4, however, due to the reduced space,
no MCP96 shielding was used. Here, dosimetric films
were positioned at a depth of 2 mm to simulate sub-
cutaneous conditions. For both setups, irradiation was
delivered using a voltage of 200 kV,a current of 17.8 mA,
and a 0.5 mm thick Cu filter at the MultiRad.

To achieve ultra-high dose rates the collimator was
placed 4.9 cm apart from the source (SCD¢). Therefore,
the setup was changed to get closer to the source in the
hole at the top of the MultiRad (Setup Cin Figure 2),as it
has been previously done in other studies with the same
radiation deviceZ? The plastic plates were designed
according to the X-ray beam divergence (Figure S2). A
lab jack' made it possible to adjust the height of the
collimator to SCD¢. Similar to SCDg, the EBT-XD films
were placed at a 2 mm depth for SCD¢. The holders
were constructed in such a way that it is also possible to

" For the render of the lab jack presented in Figure 2, an stl file from https:/
grabcad.com/library/lab-jack-100mm-1, accessed on 13 April 2022, was used.
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SCD, = 25.

0cm

SCD.,=4.9cm
D¢ =443 Gy/s
SCDg=9.6 cm
Dy=17.74 Gy/min

TT
Ll

FIGURE 2

D,=4.217 Gy/min

Mini-beam collimator positioning scaffolds for reproducible setup in the MultiRad. A shielding made from MCP96 (1) covers the

setup except for the mini-beam collimator (2). Beneath, a 12-well plate (3) can be placed and arranged in a positioning aid (4), which was used
at SCD, and SCDg. For irradiation with ultra-high dose rates at SCD¢, the mini-beam collimator (5) and a cavity for the petri dish (6) were
positioned using a lab jack (7) to regulate the height. On the right, a schematic drawing of the MultiRad with the three SCDs used is shown. The
X-ray beam is coming from top to bottom, and the inclined lines represent the beam divergence.

position a 35 mm petri dish beneath the collimator for in
vitro studies. For the ultra-high dose rates studies, irradi-
ation was delivered using a voltage of 225 kV, a current
of 17.8 mA, and without the Cu filter at the MultiRad.

2.3 | Dose evaluation and film analysis
By using RW3 plates, a calibrated Semiflex lonization
Chamber 0.125 cm?® Type 31010 (PTW, Germany)
was positioned at the same water-equivalent depth
as the films for calibration purposes (Figure S3). The
absolute dose rate was measured on four consecutive
days to assess the MultiRad reproducibility, always
considering temperature and pressure corrections. At
SCD, a mean dose rate of D, = (4.217+0.035) Gy/min
(Table S1) was obtained, and at SCDg a mean dose rate
Dg = (17.74+0.20) Gy/min (Table S2) was measured.
For measuring a dose-response curve with the EBT-XD
films, irradiation times of {10; 30; 60; 120; 300; 420; 600;
720; 900} s and {5; 10; 30; 60; 120; 180; 240; 300} s
were used for SCD, and SCDg, respectively. Measuring
the dose rate at SCD¢ was not feasible with the ion-
ization chamber due to the lack of space in the device.
Therefore, film dosimetry was used for the dose rate
estimation, yielding a dose rate of D¢ = (44.3+1.1) Gy/s.
Irradiated EBT-XD films were scanned with the
Epson Expression 10000XL scanner (Epson, Japan)
24 h after irradiation, and the scanning procedure
was standardized with a fixed film orientation, scanner

operating temperature, and the scanning region accord-
ing to a previous methods?' Briefly, the scanner had
a 1 h warm-up phase followed by five prescans of
the total scan area. Next, films were positioned in the
middle of the scanner using a black carton. Scanning
was performed with a 48-bit color channel at 300 dpi
and no color correction was applied. Once digitized as
uncorrected TIFF files, the images were analyzed by
an in-house written script (MATLAB 2021b, MathWorks,
USA), in which the intensity values of the red channel
were converted to an optical density (OD) by using
an empty reference scan according to the following
formula:

OD(pixel) = log1o(lo/Ipixer) (1
where [y is the reference intensity of a non-irradiated
film, and /e is the intensity of the exposed film. For
fitting the single measurement points, a fourth-order
polynomial equation was used on the film calibration
data set?' As an example, the resulting calibration
curve for SCD is reported in Figure S4. For mini-beam
irradiated films (raw data shown in Figure S5), scans
were automatically rotated to align mini-beam stripes
vertically. Once the stripes were aligned, the mean value
of 50 pixels was computed along one dimension to
get a dose profile. The obtained profiles were used to
determine the dosimetric parameters FWHM, ctc and
PVDR (computed as the ratio of the peak dose over the
valley dose).
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For the parameters of the mini-beam pattern, the
intra-profile-variation (gj,,) of the mean values of the
single peaks in one experiment was computed and in
addition, the inter-profile-variation (o) of the mean
values for three independent experiments were calcu-
lated. Since the readout resolution is of the order of
85 um, all the mean values are reported rounded up to
the tenths of micrometers.

2.4 | Mini-beam pattern in vitro

In addition to the film dosimetry characterization, in
vitro studies were conducted using the H460 cell line.
H460 cells were cultured to 80% confluency at 37°C
with 5% CO, in Roswell Park Memorial Institute (RPMI)
medium (22400-089, Gibco, Thermo Fisher Scientific,
USA), supplemented with 10% fetal bovine serum (FBS,
10500064, Thermo Fisher Scientific, USA) and 1%
PenStrep (15140122, Thermo Fisher Scientific, USA).
For passaging, cells were first washed with 10 mL
phosphate-buffered saline (PBS, D8537, Sigma Aldrich,
USA) and then trypsinized with 3 mL TrypLE Express
(12604-103, Gibco, Thermo Fisher Scientific, USA) for
8 min at 37°C. TrypLE was neutralized with 7 mL RPMI
medium and centrifuged for 4 min at 1200 rpm. Next,
cells were passaged 1:10, seeded with 10 mL RPMI
in a 75 cm? culture flasks, and incubated at 37°C and
5% CO,. For further experiments, cells were seeded on
sterilized glass coverslips with a diameter of 19 mm in
12-well plates with a density of 500 000 cells/well one
day before the irradiation.

24 h after seeding, cells were irradiated at SCD,,
with the setup proposed in Section 2.2 at a distance of
20.5 cm to the collimator. To enable equal irradiation in
the valley for the given configurations, calibration curves
were established for each mini-beam collimator config-
uration. Therefore, the applied dose is considered as the
one obtained with the ionization chamber at SCD, and
the measured dose as the dose acquired from EBT-
XD films using each mini-beam collimator configuration.
To acquire these dose-response curves, EBT-XD films
were irradiated with the mini-beam collimator for {1; 3; 5;
7;10} min, and afterward, each peak and valley dose was
quantified separately. Next, linear fits were computed for
the valley dose values and the peak dose values using
Prism 8 (GraphPad, USA) setting the intercept to the ori-
gin. Therewith, irradiation times for equal valley doses
were calculated (Figure S6). For each mini-beam colli-
mator configuration including 1/1 T, 2/2 T, 0.5/1 T, and
0.5/2 T, the valley dose was set to 4 Gy. Therefore, irra-
diation times were adjusted to {600; 635; 952; 1268}
s, respectively.

Cell samples were fixed 30 min after irradiation with
0.5 mL 4% para-formaldehyde (PFA, 28908, Thermo
Fisher Scientific, USA) for 15 min at room tempera-
ture (RT) and washed twice with PBS. Next, cells were

treated with 500 uL 0.25% TritonX in PBS solution for 10
min and blocked with 4% bovine serum albumin (BSA,
AB003-25G, Sigma Aldrich, USA) in PBS for 1 h. After-
ward, cells were stained with a rabbit yH2AX antibody
(ab2893, Abcam, UK) in 1% BSA solution (1:1000) and
incubated in a wet chamber overnight at 4°C. The next
day, cells were washed three times with PBS, and the
secondary anti-rabbit antibody (ab150077, Abcam, UK)
coupled to Alexa 488 and dissolved in 1% BSA (1:1000)
was applied for 60 min at RT in the dark. Then cells
were washed twice with PBS and incubated with 4’,6-
Diamidino-2-phenylindol (DAPI, D9542, Sigma-Aldrich,
USA) dissolved in PBS (1:1000) for 15 min. Subse-
quently, two washing steps with PBS were performed.
Cells were imaged using a Zeiss Eclipse Ti2 Microscope
(Zeiss, Germany) with a 10x/0.45 objective. Images for
yH2AX and DAPI were taken over the entire cover glass
using a stitching algorithm with an exposure time of
800and 400 ms, respectively. Since DAPI was only used
to find the right layer for fluorescence imaging, DAPI
results were not included in the analysis.

After the acquisition of three independent coverslips
for each configuration, images were analyzed regarding
their fluorescence intensity profiles using an in-house
written MATLAB script. Due to the non-homogeneous
nature of cells on a coverslip, intensity profiles were
smoothed with local regression weighted linear least
squares to obtain the geometrical parameters FWHM
and ctc. For the in vitro results, instead of reporting a
PVDR, a peak-to-valley intensity ratio (PVIR) was cal-
culated by dividing the fluorescence peak intensities by
the valley intensities.

2.5 | Overview of experiments and
irradiation conditions
In this study, a large variety of mini-beam collimator con-

figurations and irradiation settings were used, and they
are summarized in Table 2.

3
31 |

RESULTS

Mini-beam collimator performance

To assess the performance of the designed mini-beam
collimator with plastic plate widths from 0.5 to 2 mm
and metal plate width of 1 or 2 mm (photos shown in
Figure 3), the different mini-beam collimator configura-
tions were positioned at SCD,. The dosimetric parame-
ters FWHM, ctc and PVDR of the resulting spatially frac-
tionated dose distributions were evaluated from three
independent EBT-XD film measurements. As an illustra-
tion, raw data is shown in Figure S5. The resulting dose
profiles correlated with the given parameters of the mini-
beam collimator configurations and indicated repetitive
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and uniform patterns (Figure 3c,fjil). It was observed
that a doubling or quadrupling of the plastic width trans-
lated into a similar increase in peak width. Furthermore,
a twofold increase in the metal width resulted in a dou-
bling of valley width. Finally,comparing tungsten to brass
collimators revealed an increase in valley dose by a fac-
tor of 2.3 when comparing 0.5/2 B to 0.5/2 T (Figure 3l).

The lowest PVDR mean value is 3.86 for 1/1 B, and
the maximum PVDR mean value reaches 10.09 for
0.5/2 T. When comparing the results from brass and
tungsten, it is evident that the geometrical features
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Pictures of the arranged mini-beam collimator configurations at SCD 1/1 T (a,b),2/2 T (d,e),0.5/1 T (g,h) and 0.5/2 T (j, k), are
shown from a top view in the left and a side view in the middle column. On the right column (plots c, f,i and I), the resulting mini-beam dose
profiles for each case are reported for brass (orange) and tungsten (gray).

FWHM and ctc are not affected by the metal type, as
no differences were found (Figure 4a,b,d,e). However,
mini-beam dose distributions obtained with the tungsten
plates show a strong increase of PVDR by a factor of
1.5 to 2.5 compared to brass (Figure 4c,f). In these
kinds of bar plots, the three dots correspond to three
independent measurements for each collimator config-
uration. The bar indicates the mean value and the error
bar is the standard deviation.

The smallest gjp, and oy, Were obtained for the
ctc values, which are below 1% for all configurations
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FIGURE 4 Dosimetric parameters obtained for the studied mini-beam collimator configurations. For tungsten (gray) and brass (orange),
FWHM (a, d), ctc (b, e) and PVDR (c, f) were evaluated at SCD, showing no difference in the first two parameters, but indicating an increase in
PVDR using the tungsten collimator configurations. ctc, center-to-center distance; FWHM, full width at half maximum; PVDR, peak-to-valley
dose ratio; SCD, source-to-collimator distance.

TABLE 3 Mean value of the dosimetric parameters FWHM, ctc and PVDR for all mini-beam collimator configurations. The ¢y and oy
are reported.

— FWHM ctc PVDR
collimator ID Mean [mm]  Ginter [%%]  Gintra [%] ~ Mean [mm]  Ginter [%]  Cintra [%] ~ Mean  Ginter %] Tintra [%]
nT 0.98 147 8.54 2.30 0.1 0.46 6.38 1.13 2.68
118 1.02 0.80 8.76 2.28 0.22 0.51 386  0.21 1147
22T 2.1 0.89 4.16 4.61 0.04 0.46 703 238 2.20
22B 2.13 0.31 4.47 458 0.01 0.26 416 072 2.72
0.51T 0.53 1.39 8.98 1.77 0.20 0.49 866 262 8.20
0.5/1B 0.55 0.19 6.65 1.75 0.03 0.63 389  0.16 7.45
0.512T 0.52 3.25 8.28 2.93 0.68 0.54 1009 274 10.32
0.52B 0.54 0.53 6.11 2.92 0.02 0.55 427 0.14 8.67

Abbreviations: ctc, center-to-center distance; FWHM, full width at half maximum; PVDR, peak-to-valley dose ratio.

including tungsten and brass (Table 3). The FWHM and metrical properties. Therefore, in the following sections,
the PVDR, however, show higher variations, since the the mini-beam collimator was always assembled with
Ointra for the 0.5/2 T mini-beam collimator are 8.28% the tungsten plates.

and 10.32%, respectively. On average, gj,s are smaller Dosimetric parameters were evaluated at several
than o;n;.. Nevertheless, both types of variations are not depths, aiming at further characterizing the performance
larger than 11% (Table 3), indicating that the designed of the mini-beam collimator. For this, the 1/1 T mini-
mini-beam collimator is capable of generating proper ~ beam collimator was used and dosimetric films were
mini-beam dose distributions while making the selection positioned in between PMMA slabs at several depths
of the desired dosimetric parameters, such as FWHM, (Figure 5a). Thereby, an increase in valley dose and a
ctc and PVDR, possible according to the user’s needs.  decrease in peak dose of 33% and 40% were found,
These results show that higher PVDR values can be respectively, comparing a depth of 0 mm with a depth of
achieved with tungsten while maintaining the same geo- 20 mm (Figure 5b,c). This resulted in a reduction of 60%
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FIGURE 5 Depth dose measurement with 1/1 T configuration at a SCD4. Setup of five films below the mini-beam collimator and plastic

slabs (a). Depth-dependent valley (b) and peak doses (c), PVDR (d), FWHM (e) and ctc (f) over a range of 20 mm depth. ctc, center-to-center
distance; FWHM, full width at half maximum; PVDR, peak-to-valley dose ratio.

in PVDR over the 20 mm depth (Figure 5d). The FWHM
and the ctc were less affected by increasing depths,
resulting in an increase of 17% and 9%, respectively
(Figure 5e,f).

3.2 | Mini-beam collimator accounting
for beam divergence

To increase the dose rate, the collimator was placed
closer to the X-ray source at SCDg. For the mini-beam
collimator configurations at SCDg, plastic plates were
3D-printed accounting for the divergence of the photon
beam (photos shown in Figure 6).

The obtained mini-beam dose profiles at SCDg
(Figure 6c,f ) showed a 38% and 5% increased peak and
valley dose after 10 min irradiation compared to SCD4
(Figure 3), respectively. gyt and ojny, had @ maximum
of 3.52% and 7.18%, respectively (Table 4). PVDR val-
ues around 7 were obtained for the mini-beam collimator
configurations 1/1 T and 2/2 T (Table 4).

Additionally,dependencies of dose in depth were ana-
lyzed for 1/1 T using divergence-adjusted plastic plates
(Figure 7a ). For these, the same trends were observed

at SCD,. Briefly, over a depth of 20 mm, a valley dose
increase of 57% and a peak dose decrease of 49% was
observed (Figure 7b,c). Thereby, the PVDR decreased
from 9.58 to 3.15 (Figure 7d). FWHM and ctc were
increased by 46% and 20%, respectively (Figure 7e,f).

3.3 | Mini-beam collimator for ultra-high
dose rates

By reducing the distance to the source to SCD¢, it was
possible to achieve ultra-high dose rates. For this case,
an extra set of 3D-printed plastic plates was designed to
account for the X-ray beam divergence at SCD¢ (photos
shown in Figure 8).

As in the previous sections, the obtained geomet-
rical parameters FWHM and ctc corresponded to the
collimator design and increased with increasing plas-
tic and metal plate widths (Figure 8c,f). The maximum
Tinter @Nd Ty, found were 1.40% and 16.28%, respec-
tively (Table 5). The measured mini-beam dose profiles
showed a mean peak dose of 15.96 and 19.60 Gy com-
pared to mean valley doses of 0.71 and 0.82 Gy for
1/1 T and 2/2 T, respectively. Therefore, for the 1/1 T and
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Pictures of the assembled mini-beam collimator for irradiations at SCDjg including configurations 1/1 T (a,b) and 2/2 T (d, e), are

shown from a top view on the left column and a side view in the middle column. On the right, the exemplary resulting mini-beam dose profiles for
each case are reported (c, f). From these, dosimetric parameters FWHM (g), ctc (h), and PVDR (i) were calculated. ctc, center-to-center distance;
FWHM, full width at half maximum; PVDR, peak-to-valley dose ratio; SCD, source-to-collimator distance.

2/2 T mini-beam collimator configurations, mean PVDR
values of 22.58 and 24.26 were found, respectively.

3.4 | Invitro response to mini-beam
irradiation

The spatially fractionated irradiation generated with the
mini-beam collimator caused a successive pattern of
low (valley) and high (peak) yH2AX fluorescence inten-
sities indicating DNA damage. The intensity of the
profiles in the valley regions presented maximum devi-
ations of less than 7.1% from the mean value when
comparing all the mini-beam collimator configurations,
as intended when estimating the same valley dose of
4 Gy for each configuration. The characteristic mini-
beam patterns were obtained, depicting a geometrical
agreement with each mini-beam collimator configura-

tion (Figure 9a—d), and can also be interfered from the
intensity profiles achieved from the fluorescence images
(Figure 9e—h).

To further quantify the obtained results, FWHM and
ctc were evaluated, revealing FWHM mean values from
0.66 mm to 2.35 mm,and ctc mean values from 1.75 mm
to 4.60 mm (Figure 9i—j). The o/, uncertainties for both
geometrical parameters are lower than 6% (Table 6).
Since the mini-beam profiles correspond to the yH2AX
fluorescence intensities, larger standard deviations of
13% were obtained for the PVIR (Figure 9k), as com-
pared to the PVDR values obtained with EBT-XD for the
same mini-beam collimator configurations. Neverthe-
less,a maximum PVIR mean value of 1.68 was achieved
for 1/1 T. As shown, different mini-beam dose distribu-
tions were successfully quantified in vitro. These results
support the capabilities of the developed mini-beam
collimator for in vitro studies.
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TABLE 4 Mean value of the dosimetric parameters FWHM, ctc and PVDR for the mini-beam collimator configurations accounting for the
X-ray beam divergence at a SCDg. For each parameter the o/, and ojpy, are shown.

FWHM ctc PVDR
Mini-beam collimator ID  Mean [mMm]  ojper [%]  GTintra [%]  Mean [mm]  ointer [%]  Tintra [%]  Mean  oipger [%]  Tingra [%]
mT 0.89 3.52 3.16 213 0.05 2.46 7.33 3.10 3.38
22T 1.58 3.46 7.18 4.27 0.07 0.20 7.65 1.51 1.99

Abbreviations: ctc, center-to-center distance; FWHM, full width at half maximum; PVDR, peak-to-valley dose ratio; SCD, source-to-collimator distance.

4 | DISCUSSION

Most mini-beam collimators found in the literature are
rigid and inflexible, in terms of FWHM, ctc, PVDR,
and divergence compensation, making it demanding
to adapt the setup to variable needs.'%'” Therefore,
during this pre-clinical study, a simple and affordable
flexible mini-beam collimator was developed by com-
bining rectangular metal plates with 3D printing. This
mini-beam collimator can be easily adapted to any setup
and SCD, by adjusting the mini-beam delivery for dif-
ferent FWHM, ctc, and PVDR, while accounting for the
beam divergence.

For building the mini-beam collimator, two main
materials were used, namely rectangular-shaped metal
plates and 3D-printed plastic plates. The rectangular-
shaped metal plates create the valley region in the
mini-beam dose profile. Due to their form, the produc-
tion is easier and cheaper, compared to wire eroding,
a method often used to manufacture thin slits for mini-
beam collimators® Furthermore, this geometry also
allows fast exchange of different metal types to be
used for the mini-beam collimator. The 3D-printed plas-
tic plates enable the peak dose in the mini-beam dose
profile. Thanks to the fast prototyping of the 3D-printing
technology,>~2* it was not only possible to create sev-
eral plastic plates with different thicknesses and angles
to change FWHM and ctc as well as compensate for
beam divergence but also to design mounting setups for
reproducible positioning of the mini-beam collimator in
the MultiRad. The relevance of aligning the mini-beam
collimator properly in the center of the X-ray radiation
field is illustrated in Figure S7.

FWHM and ctc were quantified as dosimetric param-
eters to characterize the mini-beam collimator. These
two parameters are necessary to understand the geo-
metrical composition of the mini-beam pattern, as they
are directly correlated to the peak and valley width. It
was possible to change the nominal FWHM in the mini-
beam collimator design by changing the plastic plates’
width, whereas the ctc was determined by the sum of
plastic and metal plates. Thereby, a large set of different
FWHMSs and ctcs was covered, with mean values within
0.52 to 2.13 mm for the FWHM, and from 1.75 up to
4.61 mm for the ctc (Figure 4, Table 3).

Different FWHM and ctc may be easily achieved
by implementing relatively small changes in the mini-

beam collimator design. Furthermore, the change
in metal type for the collimator did not affect these
geometrical parameters and yielded changes in the
PVDR values. For each parameter, gj,, and oipger
were calculated to give a more in-depth analysis of
the dose profiles. Therefore, it was possible to mea-
sure differences between independent irradiations
to evaluate the reproducibility, and additionally to
compare each peak intensity within the same mini-
beam dose profile to acquire knowledge on the beam
divergence compensation.

The different FWHM and ctc values were achieved
by varying the widths of the 3D-printed plastic plates
with nominal thicknesses of 0.5,1.0 and 2.0 mm. Never-
theless, 3D printing also has some limitations including
its resolution of 0.05 mm for the used geometries.
This could be improved in the future with the newly
emerging high-performance laser lithography systems
for 3D printing,? that can resolve smaller than 200 nm
and would enable a FWHM below 0.5 mm. Designing
the plastic plates with a specific angle according to
the radiation source, which is greatly feasible with 3D
printing, allows the adaption of the mini-beam collimator
to any divergence (Figure 6 and Figure 8). Additionally,
VeroClear has the same density as PMMA and a 10 mm
thick plate does only attenuate 13.2% and 12.6% of
a mono-energetic photon beam with an energy of 200
keV and 225 keV, respectively.'® Therefore, with these
plastic plates it is possible to compensate for the X-ray
beam divergence with a minor impact on the transmitted
beam within the peak areas.

Valley regions were created in the mini-beam pattern
using two different metals including tungsten and brass
with a height of 10 mm. Thereby, almost 100% of irra-
diation is absorbed for energies of 200 and 225 keV
for tungsten, while brass enables attenuation of 75% at
these energies (Figure S1). The exchange of the mate-
rial enabled the alteration of the PVDR values. Using
other metals with different mass attenuation coefficients
would enable even finer graduation of the PVDR values.
For example, it could be worth considering aluminum
and iron for further studies. However, to achieve PVDR
values higher than 10, other properties must be changed
such as the beam source. The highest PVDR value

2 hitps://www.kit.edu/kit/english/pi_2013_12589.php, accessed on 20 February
2023.
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FIGURE 7 Simplified representation of divergent mini-beam collimator with EBT-XD films in different depths (a) at SCDg. In-depth

dependencies for valley dose (b), peak dose (c), PVDR (d), FWHM (e) and ctc (f). ctc, center-to-center distance; FWHM, full width at half

maximum; PVDR, peak-to-valley dose ratio.

for the 200 kV X-ray at 20.5 mm depth was 10.09 +
1.08. Prezado et al. '° reported results at a very simi-
lar depth of 20.0 mm, using a 220 kV X-ray beam, and
achieved a PVDR of 9.4 + 2.0. These two results are in
agreement, supporting the capabilities of the design of
the mini-beam collimator, when compared to an already
established, more complex to manufacture, and fixed
collimator.'® Therefore, 3D printing in combination with
the metal plates is a cost-efficient and easy way of build-
ing a mini-beam collimator with the possibility to change
FWHM, ctc and PVDR.

When comparing the behavior of dose as a function
of depth for the peak and valley doses (Figure 5),
the obtained results are in agreement with previous
publications.? 162526 Although slightly different X-ray
beams were used for irradiation, the trends of an
increasing valley dose and decreasing peak dose, as
well as the resulting steadily decreasing PVDR are sim-
ilar. Additionally, the findings of increasing FWHM and
ctc with increasing depth agree with previous studies,
where the same trend was observed.?®

Decreasing the SCD enabled the increase of dose
rate, reaching even ultra-high dose rates to combine
these with mini-beam irradiation, a relatively new field
in radiotherapy proposing the question of these effects

superimpose.?” Decreasing the SCD, however, imposes
the challenge of adapting the mini-beam collimator to
the beam divergence. To achieve this, 3D-printed plastic
plates were adapted to the beam divergence angle of
the MultiRad. While for setups SCDg and SCD diver-
gence was accounted for, SCD, was far enough from
the beam source to assume parallel beams. By intro-
ducing divergence already at SCD,, the lateral fall-off
in the collimator configurations 0.5/1 and 0.5/2 could be
improved. However, that would imply 3D printing plastic
parts with height differences lower than 0.03 mm which
is not feasible with the 3D printer used. Additionally, the
drop of the intensity in the lateral peaks is a common
effect in mini-beam dose distributions, and differences
in intensities from the central peak to the laterals up
to 40% were observed.'*?829 These values are even
higher than the differences in our results, namely 8.2%
and 10.3% for the mini-beam collimator configuration
0.5/1 and 0.5/2, respectively. When the divergence of
the X-ray beam is not considered at lower SCDs worse
effects are observed. For instance, a test irradiation was
done at SCD. assembling the mini-beam collimators
with parallel plastic plates, so no beam divergence was
considered. Comparing the resulting mini-beam profiles
with the ones that compensate for the beam divergence
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FIGURE 8 Mini-beam collimator for ultra-high dose rates at SCD from top (a, d), side view (b, €) and resulting dose profile for 1/1 T and
22T

(c, f), respectively. Dosimetric parameters including FWHM (g), ctc (h) and PVDR (i) were analyzed. ctc, center-to-center distance; FWHM, full
width at half maximum; PVDR, peak-to-valley dose ratio.

TABLE 5 Mean value of the dosimetric parameters FWHM, ctc and PVDR for the mini-beam collimator configurations 1/1 T and 2/2 T at
SCD¢ for ultra-high dose rates irradiation conditions. For each parameter, gjnse, and ojqy, are reported.

FWHM ctc PVDR
Mini-beam collimator ID  Mean [Mm]  Tjpser [%]  Tintra [%]  Mean [mm]  Ginger [%]  Tintra [%]  Mean  oineer [%]  Tintra [%]
mT 0.86 1.40 13.93 2.20 0.09 1.27 2258 1.14 8.57
22T 1.64 1.14 16.28 4.42 0.21 0.99 2426 6.30 4.80

Abbreviations: ctc, center-to-center distance; FWHM, full width at half maximum; PVDR, peak-to-valley dose ratio; SCD, source-to-collimator distance.

(Figure S8), only 6 peaks are observed instead of 9.  are not many dedicated studies about the response
The drop in intensity of the lateral peaks is evident, of EBT-XD films in UHDR for photon beams, a dose
with less than 31% of the intensity of the central peaks.  overestimation of 3% — 5% for a dose rate of over
Therefore, it is essential to compensate for divergence 40 Gy/s was reported for protons.%-32 The dose over-
at lower SCDs. estimation trends to increase with increasing dose

In this study, EBT-XD films were used as dosimeters, rate, for instance, 12% overestimation was reported for
also for UHDR irradiations at SCD¢. Although there  dose rates of 7500 Gy/s.3° Other studies have reported
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TABLE 6 Mean value of FWHM, ctc, and PVIR for the tungsten m
intensity. For each parameter, gy, and ojyy, are reported.
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ini-beam collimator configurations in vitro, calculated from fluorescence

FWHM ctc PVIR
Mini-beam collimator ID  Mean [mMm]  ojper [%]  GTintra [%]  Mean [mm]  ointer [%]  Tintra [%]  Mean  oipger [%]  Tingra [%]
mT 1.18 5.58 6.47 229 0.44 1.28 1.68 13.17 3.78
22T 2.35 2.68 6.88 4.60 1.22 3.56 1.56 3.40 5.89
051T 0.69 2.20 10.99 1.75 0.39 2.07 1.57 5.69 4.91
0.5/2T 0.66 2.54 16.70 2.87 3.83 2.82 1.64 13.65 4.30

Abbreviations: ctc, center-to-center distance; FWHM, full width at half maximum;

differences below 2% or even less for dose rates up to
20 000 Gy/s.33-35 The results obtained from the films
irradiated at SCD¢ might be affected by this overesti-
mation effect. While this has probably no quantifiable
impact on the geometrical parameters, the PVDR values
might be overestimated by at most 5%, since the used
UHDR is in the lower limit of the discussed ranges.

In addition to the characterization of the mini-beam
collimator with EBT-XD films, in vitro studies were car-
ried out. Thereby, it was shown that the developed
mini-beam collimator is capable to induce successive
peak and valley patterns with the desired geometrical

Intensity [a.u.]
Intensity [a.u.]

©) (b)
121 lin
(e) ()

PVIR, peak-to-valley intensity ratio.

outcome, showing a similar trend for FWHM and ctc
compared to film dosimetry (Figure 9). DNA damage,
visualized indirectly with yH2AX, could be detected in
areas of peak regions, while valley regions were less
affected and therefore show less yH2AX fluorescence
intensity. Furthermore, our results match similar exper-
iments that have been conducted before in which the
peak regions could be clearly distinguished from val-
ley regions.'® To enable the analysis of the large area
of the coverslip, a tile scan was acquired, resulting in
small artifacts of black dots in the corners of every sin-
gle image. To overcome these issues when computing

Intensity [a.u.]
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FIGURE 9 Microscopy images of H460 cells for the mini-beam collimator configurations 1/1 T (a), 2/2 T (K),5/1 T (c) and 0.5/2 T (d), along
with their intensity profiles (e—h). Fixed cells were stained with yH2AX and imaged with a 10x objective. Contrast and brightness were adjusted
for better visualization. The parameters FWHM (i), ctc (j), and PVDR (k) derived from the intensity profiles of microscopy images were
calculated. ctc, center-to-center distance; FWHM, full width at half maximum; PVDR, peak-to-valley dose ratio.
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FWHM and ctc, each tile scan was averaged, and the
resulting intensity profiles were smoothed. The calcu-
lated PVIR was lower compared to the PVDR measured
with films. This can be explained by the signal acqui-
sition of both methods. The intensity of the yH2AX
staining can not be directly compared to the dose mea-
surements of a dosimetric film. Furthermore, mini-beam
irradiation seems to induce a non-linear dose response
using yH2AX staining.2%%7 Despite this, the in vitro cell
response showed a good agreement with film measure-
ments in terms of the geometrical parameters FWHM
and ctc (Figure S9), as it can be observed when compar-
ing the results reported in Table 3 to the ones reported in
Table 6 (Table S3 for a direct comparison of the value).

In the future, in vivo studies could also be per-
formed with the developed mini-beam collimator, to
further characterize the mini-beam irradiation effect.
Especially, translational research can benefit therefrom
as more evidencing data is needed to confidently start
patient mini-beam treatment. Furthermore, treatment
with protons and also heavier ions in combination with
mini-beam irradiation will be the next step that needs to
be studied with the proposed mini-beam collimator as
promising results have been published in this growing
field 23839

5 | CONCLUSION

A new, variable mini-beam collimator was developed for
pre-clinical photon beam irradiation that enables the
selection of FWHM, ctc, PVDR, and divergence for an
arbitrary desired setup. Herewith, a versatile tool for
spatially fractionated dose delivery was created, that
can be fitted to any irradiation device using 3D print-
ing. The simplicity of this approach gives access to a
low-cost mini-beam collimator. The FWHM and ctc of
the mini-beam dose distribution were easily adapted by
positioning 3D-printed plastic plates of several sizes,
and increasing or decreasing the number of metal
plates. The divergence of the X-ray beam was prop-
erly accounted for by dedicated designs of the plastic
plates, providing the additional opportunity of chang-
ing the SCD. Furthermore, by exchanging brass with
tungsten, different PVDR values were achieved. The
mentioned dosimetric parameters were quantified using
film dosimetry at three different SCD, and mean PVDR
values from 3.86 up to 24.26 were obtained. Addition-
ally, cell experiments were carried out confirming the
mini-beam dose patterns in vitro.
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Background: Particle mini-beam therapy exhibits promise in sparing healthy
tissue through spatial fractionation, particularly notable for heavy ions, fur-
ther enhancing the already favorable differential biological effectiveness at
both target and entrance regions. However, breathing-induced organ motion
affects particle mini-beam irradiation schemes since the organ displacements
exceed the mini-beam structure dimensions, decreasing the advantages of
spatial fractionation.

Purpose: In this study, the impact of breathing-induced organ motion on the
dose distribution was examined at the target and organs at risk(OARs) during
carbon ion mini-beam irradiation for pancreatic cancer.

Methods: As a first step, the carbon ion mini-beam pattern was characterized
with Monte Carlo simulations. To analyze the impact of breathing-induced organ
motion on the dose distribution of a virtual pancreas tumor as target and related
OARs, the anthropomorphic Pancreas Phantom for lon beam Therapy (PPleT)
was irradiated with carbon ions. A mini-beam collimator was used to deliver
a spatially fractionated dose distribution. During irradiation, varying breathing
motion amplitudes were induced, ranging from 5 to 15 mm. Post-irradiation,
the 2D dose pattern was analyzed, focusing on the full width at half maxi-
mum (FWHM), center-to-center distance (ctc), and the peak-to-valley dose ratio
(PVDR).

Results: The mini-beam pattern was visible within OARs, while in the virtual
pancreas tumor a more homogeneous dose distribution was achieved. Applied

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.
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motion affected the mini-beam pattern within the kidney, one of the OARSs, reduc-
ing the PVDR from 3.78 + 0.12 to 1.478 + 0.070 for the 15 mm motion amplitude.
In the immobile OARs including the spine and the skin at the back, the PVDR
did not change within 3.4% comparing reference and motion conditions.

Conclusions: This study provides an initial understanding of how breathing-
induced organ motion affects spatial fractionation during carbon ion irradiation,
using an anthropomorphic phantom. A decrease in the PVDR was observed in
the right kidney when breathing-induced motion was applied, potentially increas-
ing the risk of damage to OARs. Therefore, further studies are needed to explore
the clinical viability of mini-beam radiotherapy with carbon ions when irradiating

abdominal regions.

KEYWORDS

1 | INTRODUCTION

Carbon ion radiotherapy (CIRT) has attracted increasing
interest due to its unique physical and radiobiological
characteristics during the last decade.? In comparison
to conventional photon radiotherapy, CIRT demonstrates
increased dose conformity and enhanced relative bio-
logical effectiveness (RBE).>* Abdominal tumors, such
as pancreatic cancer, have shown improved radio-
oncological outcomes with CIRT, as demonstrated by
a Japanese multi-institutional study indicating a sub-
stantial increase in median overall survival from around
1 to 2 years® Due to the absence of standardized
beam configurations for pancreatic cancer treatment
with carbon ions, various plans have been implemented
across different centers. These plans may include two,
three, or even four beams, based on the experience and
RBE models used5-"

However, carbon ion irradiation can result in higher
damage to normal tissue, particularly in the entrance
region of the beam when compared to lighter ions.
This could potentially elevate the risk of secondary
cancer.'>% New technologies such as mini-beam radio-
therapy (MBRT) aim for reduced normal tissue damage
in the entrance channel. Hence, integrating MBRT with
CIRT presents a promising prospect, combining the
advantages of both techniques.'® 4

MBRT is a novel treatment modality based on the
creation of a distinctive dose profile consisting of
neighboring peak and valley regions characterized
by high and low doses, respectively.'>'® This allows
not only tumor control but also a high level of normal
tissue preservation. Usually, the mini-beam pattern can
be achieved by a mini-beam collimator. Hence, metal
structures ranging from 1 to 4 mm form the valley and
are separated by air with a thickness of 0.2 to 1 mm to
create the peak.!’~'° The important geometrical param-
eters used to describe the mini-beam pattern are the full
width at half maximum (FWHM), representing the width
of individual beams, and the center-to-center distance

breathing-induced motion, mini-beam irradiation, pancreas phantom, spatial fractionation

(ctc), representing the distance between successive
peaks. The peak-to-valley dose ratio (PVDR) serves
as an important biologically relevant parameter, with a
higher PVDR favoring the sparing of normal tissue.?

Both, MBRT and CIRT techniques, offer poten-
tial advantages over conventional photon radiotherapy.
Preclinical studies on MBRT using protons have demon-
strated a reduction in side effects in normal tissue while
effectively controlling the tumor.'>2"-22 Additionally, CIRT
has shown superior cancer outcomes in phase 1 and
2 human trials across various malignancies, including
head and neck tumors, non-small cell lung cancer, and
prostate carcinoma.232* The combination of CIRT and
MBRT, termed ion mini-beam radiation therapy (iMBRT),
was initially explored by Dilmanian et al?> Their study,
conducted on rabbit brains, reported no cognitive dam-
age following iIMBRT treatment, suggesting the potential
for healthy tissue sparing.

Nevertheless, the scope of preclinical testing of
MBRT and iMBRT has been primarily confined to cra-
nial anatomical regions of animal models, resulting in
limited knowledge concerning the treatment of mov-
ing volumes in humans, especially when dealing with
organs like the liver and pancreas.'2222526 Although
efforts have been made to simulate mini-beam radiation
on a non-deformable and anthropomorphic phantom to
evaluate lung tumor treatments?’ the data on motion
effects remains limited. This limitation exists despite
the recognized susceptibility of both MBRT and CIRT
to errors induced by motion, leading to uncertainties
in dose delivery2282% Although it has been already
demonstrated that the mini-beam pattern does not blur
within the murine brain due to heartbeat and breathing
motion,!” the excess of tumor and OAR motion in the
abdomen of humans with significantly larger dimensions
have not been studied yet. In humans, the lengths of
the breathing-induced organ motion can easily exceed
the FWHM and ctc of the mini-beams?%-3° directly
affecting the dose delivery and potentially reducing the
iMBRT advantages.
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FIGURE 1 Exploded-view rendering of
the collimator with a 3D-printed scaffold to
position the tungsten plates 1 mm apart from
each other and the plate spacer to guarantee
correct plate positioning (a). Rendering of the
collimator from top and side views with
dimensions (b).

Plate
spacer

To assess the effects of motion, anthropomorphic
phantoms are a valuable tool for conducting tests
without subjecting patients or animals to harm dur-
ing treatment. Numerous breathing motion phantoms
with varying degrees of anthropomorphism have been
developed thus far®*37 Only recently, an anthropo-
morphic abdomen phantom with a breathing motion
feature was developed which enables the measure-
ment of simultaneous effects within the target and the
OARs %’

This work aims to investigate the impact of breathing-
induced motion on the mini-beam pattern when treating
a virtual pancreas tumor with carbon IMBRT. The
previously mentioned anthropomorphic abdominal
phantom was used to reproduce breathing-induced
organ motions from 5 to 15 mm during irradiation. The
mini-beam pattern was quantified using FWHM, ctc,
and PVDR in the virtual pancreas tumor and its OARs,
namely skin, kidney, and spine.

2 | METHODS
2.1 | Mini-beam collimator for carbon
iMBRT

To investigate carbon iIMBRT it is necessary to use a
suitable mini-beam collimator. In this study, the mini-
beam collimator consisted of 15 tungsten plates with a
size of (40 x 20 x 1) mm3 that were positioned parallel
to each other in a 3D-printed scaffold, with a 1 mm gap
of air in between them (Figure 1). A similar design was
presented in a previous publication®® but the mini-beam
collimator was adapted for carbon ions. One of the
major changes was adjusting the height of the tungsten
plates from 10 to 20 mm. For this, the maximum energy
previously used in the pancreatic cancer treatment
plan®” namely carbon ions with 291.34 MeV/u, was
considered as the maximum energy that needs to be
attenuated by the mini-beam collimator to theoretically

Tu

plates

(b)

wuw ot
wuw g8

1 1
ngsten 3D printed

wuw Qg

111

scaffold 'W'

achieve no radiation in the valleys. Carbon ions with
that energy have a range of approximately 16 mm
in tungsten®® As a conservative size, the mini-beam
collimator was constructed using tungsten plates with a
height of 20 mm. This ensures that the primary carbon
ions are fully attenuated in the tungsten plates, leading
to the valley regions. The dose in the peak regions is
generated by the primary carbon ions traveling through
the air gaps in between the tungsten plates. To ensure
the 1 mm distance between the tungsten plates, a
3D-printed plate spacer was attached to the collimator,
holding the plates precisely aligned in parallel with
each other.

2.2 | Anthropomorphic phantom PPleT
The Pancreas Phantom for lon beam Therapy (PPleT),
designed to evaluate dose distribution in the pancreas
and related OARs, was used to resemble the human
abdomen during carbon iIMBRT®” PPleT is equipped
with 3D-printed organs, each capable of hosting a
3D-printed insert that holds up to 4 EBT3 films. The
film insert within the pancreas serves as the “virtual
pancreas tumor”in this setup, with a volume of 22.4 cm?.
For this study, 4 EBT3 dosimetric films were inserted
in each organ insert, with a size of (34 x 23) mm?
for the pancreas, (37 x 18) mm?2 for the kidney and
(29 x 11) mm? for the spine.

The films were consecutively labeled as Film 1 to
Film 4, with Film 1 positioned proximal to the beam
entrance and Film 4 positioned distally. In addition, a
(30 x 30) mm? film was attached to the skin in the
position of the beam entrance. For the application of
breathing motion, a Nema 23 stepper motor (EC Motion
GmbH, Germany) and a linear stage (igus GmbH, Ger-
many) were coupled to a 3D-printed actuator to press
on the flexible diaphragm to induce motion into the
internal organs. The system was controlled by Twincat
version 3 using a PLC CX5020 (Beckhoff Information
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TABLE 1 Main irradiation parameters used for carbon iMBRT in
the treatment plan for PPleT.

Parameter Beam 1 Beam 2

Step size (mm) 3.6 (hexagonal) 3.6 (hexagonal)
from 10.0 to 10.3 from 10.0 to 10.2

from 226.05 to 278.29 from 229.76 to 291.34

Focus (mm)

Energy (MeV/u)
Energy step (mm) 3.1 3.1
Number energy layers 16 19

Abbreviations: iIMBRT, ion mini-beam radiation therapy; PPleT, pancreas phan-
tom for ion beam therapy.

Systems, Germany) and sinusoidal breathing motions
were applied with different input motion amplitudes.
The resulting breathing-induced organ motion had
motion amplitudes of 5, 10, and 15 mm as described
in a previous study®” In the present study, the static
condition where no motion was applied is called the
“reference” condition.

2.3 | Carbon iMBRT for PPleT
Carbon iMBRT was performed at the Heidelberg lon
Therapy Center with a scanned carbon ion beam (HIT;
Heidelberg, Germany).*-? A treatment plan for the vir-
tual pancreas tumor was calculated in RayStation 11B,
version 12.0.0.932 (RaySearch Laboratories, Sweden).
The plan prescribed a consistent dose of 4.00 Gy (RBE),
equivalent to 1.37 Gy physical dose, within the plan-
ning target volume (PTV), represented by the virtual
pancreas tumor®’ The dose grid was defined with a
2 mm isotropic spacing, utilizing a 3.6 mm hexago-
nal spot spacing, and maintaining a 3.1 mm spacing
between energy layers. The plan included two beams
from two angles, namely at 250° (Beam 1) and at 290°
(Beam 2), to resemble an actual patient treatment plan
for carbon ion pancreas irradiation. PPleT was irradi-
ated on a rotation table with the mini-beam collimator
positioned 50 mm apart from the phantom’s surface
(Figure 2a). The main parameters for both beams are
summarized in Table 1 and further information is given
in Tables S1 and S2. For Beam 1, the skin, the kid-
ney, and the pancreas were at depths of 0, 45, and
120 mm from the entrance, respectively. For Beam 2, the
spine and pancreas were at depths of 40 and 120 mm
from the beam entrance, respectively (Figure 2b). Films
inside the dosimetric inserts within each of the organs
were always irradiated with the complete plan, including
the two beams. Measurements were conducted three
times independently with the setup shown in Figure 2c,d,
and the mean as well as the standard deviation were
calculated for each condition.

To compare the results obtained with PPleT, mini-
beam dose profiles were measured in a simplified
and geometrical phantom. For this, a (300 x 300 x

150) mm® RW3 phantom (PTW, Germany) was irradi-
ated with the mini-beam collimator 50 mm apart from the
RWS3 plates. Films were placed within this phantom at
depths of {0; 40; 45; 120} mm, representing the position
of the skin, the spine, the right kidney, and the pancreas
of PPleT, respectively.

2.4 | Film dosimetry for carbon ions

To analyze the dose distribution induced by the mini-
beam collimator in carbon iIMBRT, EBT3 radiochromic
films (Ashland, USA) were used in PPleT within the
skin, the spine, the right kidney, and the virtual pancreas
tumor. To perform film dosimetry, a calibration curve was
acquired for each of the four measurement depths using
the RW3 phantom. A detailed description of the method-
ology used for the calibration of the films is included
in Section S.II. “Film calibration for carbon ion beam
dosimetry” and Table S3.

The films were read out 24 h after irradiation*® using
an Epson scanner 10 000 (Epson, Japan) in landscape
mode with 300 dpi after scanner warm-up for 1 h. No
color corrections were applied during the scan. The opti-
cal density (OD) values were calculated from the red
channel of each film. For each depth, namely {0; 40; 45;
120} mm, the corresponding calibration curve was used
to calculate the dose from the OD values for each organ
(Figure S1).

For the mini-beam pattern analysis, the mean of
20 pixels in the direction perpendicular to the carbon
iMBRT structure was used to compute a mean dose pro-
file. Afterwards, the mini-beam parameters, FWHM, ctc,
and PVDR, were calculated for each mini-beam profile.

2.5 | Monte Carlo simulations

To further characterize the mini-beam dose pattern in
depth and compare it with the mini-beam parameters
achieved experimentally, Monte Carlo (MC) simula-
tions were done with the MC particle transport toolkit
TOPAS. The dose and linear energy transfer (LET) dis-
tributions were computed with TOPAS. The simulation
parameters are detailed in Table S4 following the Amer-
ican Association of Physicists in Medicine (AAPM)
recommendations** Previously, the TOPAS model of
the beam nozzle as well as the scoring of dose
and LET underwent experimental validations against
ionization chamber measurements.*® The simulations
were run with and without the mini-beam collimator
placed in front of the phantom. The dose-averaged LET
(LETg) was calculated following the averaging approach
defined in Method C*® Electrons and particles heavier
than the primary particle were excluded from the LET
averaging.
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FIGURE 2 Setup for carbon iMBRT in PPleT. PPIeT is rotated to 250° or 290° for Beam 1 and Beam 2, respectively (a). Treatment plan for
PPIeT in the axial plane, showing the pancreas as target, the right kidney (red outline), left kidney (blue outline), spinal cord (orange outline), and
the duodenum (light blue outline). The white lines indicate the distance from the beam entrance into PPIeT to the examined organs including the
spine ((i): 40 mm), the right kidney ((ii): 45 mm), and the pancreas ((iii): 120 mm) for each beam (b). Experimental setup with PPleT and the
mini-beam collimator in front of the back (c). Detailed close-up view of the mini-beam collimator in front of the phantom (d). iIMBRT, ion
mini-beam radiation therapy; PPleT, pancreas phantom for ion beam therapy.

3 | RESULTS
3.1 | Monte Carlo simulation for carbon
iMBRT

To compare the mini-beam parameters FWHM, ctc, and
PVDR, obtained from the film measurements in PPleT,
MC simulations for carbon iMBRT were conducted. The
dose distributions were simulated at the four depths in
the RW3 phantom, namely at 0, 40, 45, and 120 mm
corresponding to the skin, the spine, the kidney, and the
pancreas positions in PPleT, respectively (Figure 3).

As illustrated in Figure 3a, the broadening of the mini-
beams is visible starting from approximately 100 mm
depth. By analyzing the profiles, a distinct mini-beam
pattern was achieved for Beam 1, Beam 2, and the sum
of the two of them. The mini-beam profiles at each
depth reflect the spatial fractionated dose distribution,

with similar values for the profiles at 0 and 45 mm corre-
sponding to Beam 1, and the profile at 45 mm for Beam
2. The profile at 120 mm presented overall higher val-
ues, with peak dose values roughly two times larger than
those of the other profiles (Figure 3b).

In addition, the LETy was computed to support the
film calibrations at each depth. For the three shallower
film calibration depths, namely 0, 40, and 45 mm, the
variation of the calculated LET4 was found to be below
10.8% (Figure S2). The LETy increased towards the
end of the SOBP. At a depth of 120 mm, it has a mean
value 76.2% higher than at the three shallower depths.
This trend agrees with the experimentally obtained
calibration curves of the films since almost the same
dose responses were found for the three shallower
depths but a reduced response was observed for
120 mm (Figure S1). Moreover, the consistent trend in
the LET4 supports the use of the calibration curves
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conducted at each depth, accounting for the quenching
in the response of the films. Consequently, the results
of the film measurements done in PPIleT are reported
in absolute dose values.

3.2 | Mini-beam dose profiles within the
organs of PPleT

To assess the uniformity of the mini-beam profiles within
the spine, kidney, and pancreas in PPleT, four films with
increasing distance to the phantom surface were ana-
lyzed (Figure 4). In the spine, there was no significant
difference in the PVDR between Film 1, Film 2,and Film
3. A significant decrease in the PVDR of 9.21% was
observed from Film 1 to Film 4 (p = 0.0034, one-way
ANOVA) (Figure 4a). Within the kidney, the mini-beam
pattern is also visible in the four films with no significant
variations of the PVDR values over depth (Figure 4b).
The peak and valley structure of the mini-beam
pattern in the virtual pancreas tumor is less prominent
in Film 1 compared with the pattern of the OARs, and
it broadens with increased distance to the phantom
surface from Film 2 to Film 4 (Figure 4c), aligning with
the intended outcome for carbon iIMBRT. The PVDR

15

Distance [mm]

FIGURE 3 2D mini-beam pattern obtained with the MC simulations for Beam 1, Beam 2 and the sum of the two of them (a). Mini-beam
dose profiles at depths of 0 mm (orange), 40 mm (red), 45 mm (green), and 120 mm (blue) (b). The horizontal black lines in (a) indicate the

was only calculated for Film 1 yielding a value of (1.084
+ 0.039). The average peak dose for Film 1, measuring
(0.841 +0.085) Gy, constitutes 61.4% of the intended
physical dose of 1.37 Gy for the virtual pancreas tumor.
This aligns with the results from MC simulations, show-
ing that the mean peak dose is 61.3% of the mean dose
without the mini-beam collimator (Figure S3).

Comparing the mini-beam parameters FWHM, ctc,
and PVDR for the measurements in PPleT with the
MC simulation and independent film measurements
done in the RW3 phantom, a general alignment in the
trends for all the mentioned parameters was observed
(Figure 5). The FWHM showed a slight increase from
0 to 120 mm depth but consistently remained around
the expected 1 mm. The ctc consistently measured
around 2 mm, in line with the mini-beam collimator
geometry expectations. For the PVDR, the MC simula-
tions indicated an increased PVDR for each depth, but
comparable to the experimental values, whereas no dif-
ferences were found between the measurements done
in the RW3 phantom and the organs of PPleT. Overall,
these findings support the experimental estimation of
the mini-beam parameters using the film dosimetry in
PPleT for assessing the impact of breathing-induced
organ motion in the FWHM, ctc, and PVDR.
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FIGURE 4 Dose measured with films in inserts of the spine (a), the right kidney (b) and the pancreas (c). Four films with increasing
distance to the phantom surface are shown for each organ insert. For the spine and the kidney the PVDR was calculated (a,b), whereas in the
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pancreas the mini-beam pattern blurred from Film 1 to Film 4 (c). PVDR, peak-to-valley dose ratio.

MEDICAL PHYSICS -1~

Q0 ‘602vELYE

wdee//sdny woiy

PIQ Aq £202T AWI/Z00T OT/10P)

PUOO PUE S L 241 395 (202 /70/8T] U0 AIGI 2UIINO K311

nipL

5U9017 SUOWLIOD SAIESID 31GE01fdde a4 A PRUIBAB 22 SIPIE YO ‘961 JO'S9INI 10} AT BUIIUO AI1A U

68




CHAPTER 2. PUBLICATIONS FOR CUMULATIVE THESIS

MOTION EFFECTS IN CARBON ION MINI-BEAMS

® L MEDICAL PHYSICS

(@) (b) (c)
15 25 6
I I
— 20= - =
E 104 - — 4 I
£ I I €15 g
s £ S
< 210 o
= 05 (5 2
[
05
0.0 0.0 o
QA RO AN QD P DA QAR QAN DO QO QL LQAD P
XY OO ROV L. oxe) & 0T RN X e) & o0 R?
& SV S S RS P X & PR XS

FIGURE 5 Comparison of mini-beam parameters for the measurement in the RW3 phantom, the MC simulations and the measurement
done in PPleT, including FWHM (a), ctc (b), and PVDR (c). ctc, center-to-center distance; PPleT, pancreas phantom for ion beam therapy; FWHM,

full width at half maximum; PVDR, peak-to-valley dose ratio.

3.3 | Breathing-induced organ motion
impact on the mini-beam pattern

The impact of breathing-induced organ motion on the
mini-beam pattern within the organs was assessed with
films by varying the motion amplitudes, and the results
were compared to the reference condition where no
motion was applied (Figure S4). Within the film posi-
tioned at the skin on the surface of the PPleT, the
peak and valley areas can be distinguished show-
ing a reproducible pattern (Figure 6a). The FWHM
mean value of (0.813 + 0.058) mm and the ctc mean
value of (2.0176 + 0.0018) mm for reference con-
dition aligned with the mini-beam collimator design.
With increasing motion amplitude, these parameters
remained stable, exhibiting differences lower than 5.2%
and 0.3%, respectively. The mean PVDR in the reference
condition was (4.29 + 0.32) and remained consistent
within a margin of 3.2% when motion was applied
(Figure 6b).

Similar to the skin, the spine is an immobile organ,
and therefore, breathing-induced motion has almost
no impact on the mini-beam pattern (Figure 6c).
The FWHM in the reference condition measured
(1.020 + 0.032) mm and remained unaffected by motion,
with differences below 2.8%. Similarly, the ctc with a
value of (2.154 + 0.018) Gy for the reference condition,
did not exhibit changes with varying motion amplitudes,
staying within differences below 0.4%. The PVDR mea-
sured (3.89 + 0.31) for the reference condition and
did not change significantly during motion application
(Figure 6d).

In contrast, the kidney is a mobile organ where
breathing-induced motion has a greater impact on
the mini-beam pattern (Figure 6e). Within the mini-
beam pattern of the kidney films, the mean FWHM
was (0.899 + 0.041) mm, (0.930 + 0.034) mm,
(0.960 + 0.056) mm, and (1.06 + 0.11) mm for refer-
ence condition, 5 mm motion, 10 mm motion,and 15 mm
motion, respectively. Therefore, the FWHM increased

significantly from the reference condition to the 15 mm
motion by 19.4% (p = 0.0029, one-way ANOVA), indi-
cating the broadening and blurring of the mini-beam
pattern. The ctc matched the given mini-beam collima-
tor structure and did not change within 1.4%. The PVDR
decreased with increasing motion amplitude resulting
in (3.783 + 0.056), (3.36 + 0.26), (2.61 + 0.71), and
(1.478 + 0.051) for reference condition, 5 mm motion,
10 mm motion, and 15 mm motion, respectively. Notably,
a significant difference of 60.9% was observed between
the reference condition and the 15 mm motion condition
(p = 0.0011, one-way ANOVA) (Figure 6f).

In the pancreas, the mini-beam pattern exhibited
increasing blurring with motion, while the mean dose
decreased. For the reference condition, a FWHM of
(1.115 + 0.054) mm, a ctc of (2.149 + 0.035) mm,
a PVDR of (1.084 + 0.039) and a mean dose of
(0.827 + 0.092) Gy was measured. For the motion
conditions, no clear mini-beam pattern was observed,
therefore it was not possible to quantify the FWHM, ctc,
and PVDR. The mean dose decreased by 2.4%, 12.6%,
and 24.6%, for 5 mm motion, 10 mm motion, and 15 mm
motion, respectively (Figure 7).

4 | DISCUSSION

The exploration of proton and carbon IMBRT in
pre-clinical animal studies has shown promising
results.'>21-22 However, these experiments were mainly
focused on the brain, neglecting the challenges posed
by patient-specific respiratory-induced motion, which is
larger in humans compared with rodents. To address
these challenges, our study investigated the effects
of breathing-induced organ motion during carbon-
ion mini-beam irradiation. To the best of the authors’
knowledge, this is the first study to apply a pancreatic
cancer treatment plan for carbon ions on an anthro-
pomorphic phantom with a breathing feature using a
mini-beam collimator.
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4.1 |
iMBRT

Mini-beam collimator for carbon

The mini-beam collimator employed in this study is a
versatile and cost-effective tool for spatial fractionation.
Its composition of 3D printing and rectangular tungsten
plates allows for easy adaptation to various experi-
mental setups, making it resource- and time-efficient.
Previously,components of this collimator were used in a
recently published study, focusing on the variation of ctc
and FWHM within the collimator itself by testing differ-
ent collimator configurations.®® For the adaptation of the
presented collimator for carbon iIMBRT, a new 3D-printed
scaffold was designed, while tungsten plates maintained
the same.

In this study, one mini-beam collimator configuration
was used with tungsten plates of 1 mm width spaced
by 1 mm air, serving as a proof-of-concept study. In
future studies, other configurations can be examined,
such as 2 mm tungsten spaced by 0.5 mm air. This explo-
ration aims to understand the interplay of motion when
using various collimator setups. Such investigations
are essential when seeking agreement on standard-
ized parameters for mini-beam irradiation to achieve
successful treatment outcomes. This can also involve
considering factors like beam size, collimator size, dose
rate,and beam current to achieve the desired mini-beam
effect 6

Another possibility to change the mini-beam collima-
tor is to replace the tungsten plates with brass, which
might reduce the secondary neutron generation” Sec-
ondary neutrons could be further decreased by mag-
netically focusing the carbon ion beam to shape the
mini-beam pattern without a collimator, which is nowa-
days used for protons.'*4® However, in the current
state, clinical beamlines are not capable of magneti-
cally focused carbon ion beams specifically designed for
mini-beam irradiation. Consequently, the only available
option for generating mini-beam carbon ions is using a
mini-beam collimator.'*

4.2 | Carbon iMBRT quantification
lonization chambers can provide precise absolute dosi-
metric measurements for carbon ions but are usually
limited to one dimension.*° 2D ion chamber arrays, like
the OCTAVIUS (PTW, Freiburg, Germany)', are suit-
able for two-dimensional dose measurements, however,
the spatial resolution of 2.5 mm is not enough for
the used mini-beam collimator setup with 1 mm beam
width.

Therefore, the mini-beam pattern was evaluated
using EBT3 films, chosen based on their capability to

1 https://www.ptwdosimetry.com/en/products/octavius-4d-ga-phantom,
accessed on 28 February 2024.

display two-dimensional distributions with high spatial
resolution. However, the films used for carbon beam
irradiation also have limitations, mainly the LET depen-
dence of their response, leading to quenching of up
to 60% in the Bragg peak region.>%-52 While the LET
change within the entrance region of the beam is
negligible, it increases sharply towards the distal edge
(Figure S2), leading to an under-response of the films.
To address the quenching effect, particularly within the
virtual pancreas tumor, calibration curves were estab-
lished for the films at the specific depths (Figure S1),
matching the depth of the organs inside PPIeT. In line
with the MC simulations, the experimentally obtained
dose calibration curve showed reduced sensitivity in the
Bragg peak region, where the LET is higher (Figure S2).
Despite this, the mean peak dose within the virtual
pancreas tumor only represents 61.4% of the planned
dose. This reduction is attributed to the mini-beam
collimator, as confirmed by MC simulations, which con-
sistently showed the same reduction in the presence of
the collimator compared to the configuration without it
(Figure S3).

An independent experimental validation of the film
dosimetry was done with optically stimulated lumines-
cent dosimeters (OSLDs)*° within PPleT, as explained
in Section S.V. The OSLDs are capable of determining
the dose and LET4 simultaneously*>5 The agree-
ment between the dosimetry with radiochromic films
and OSLDs validates the mean peak dose values
measured in the kidney and the spine (Figure S5).
Corrected by the effect of having the mini-beam colli-
mator, the mean peak dose value measured with the
films matches the OSLD measurement and the previ-
ously reported measurement with a pinpoint ionization
chamber?”

4.3 | In-depth mini-beam parameters

FWHM, ctc, and PVDR were assessed numerically with
the MC simulations and experimentally with the film
measurements. For the measurements done with the
RW3 phantom, the MC simulation, and the anthropo-
morphic phantom, a trend of increasing FWHM was
observed for increasing depths. At the same time, the ctc
remained constant and the PVDR decreased (Figure 5).
The obtained results are in agreement with two previous
studies.'®5* When comparing the values of the PVDR,
the MC simulation demonstrated increased PVDRs
compared to the experimentally obtained ones. This dif-
ference can be explained by the absence of angular
spreading in the source particles of the simulations,
which would decrease the primary particles reaching
the peak and increase the number in the valley, hence
decreasing the PVDR. Nonetheless, the consistent trend
observed in the mini-beam parameter results under-
scores the feasibility of employing films in PPleT to
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investigate the influence of organ motion caused by
breathing on the mini-beam pattern.

In-depth measurements were not only conducted
throughout the entire phantom but also within each spe-
cific organ. A trend of decreasing PVDR with increasing
distance between the surface of the phantom and
the position within the spine was found. A significant
change in PVDR is observed from Film 1 to Film 4,
which are 9 mm apart (Figure 4). In contrast, the mini-
beam pattern within the kidney shows no significant
change over a distance of 7 mm. These results indi-
cate that the size of the volume to be treated has
a direct impact on the mini-beam pattern within such
a volume.

4.4 |
pattern

Impact of motion on the mini-beam

In general, it is important to consider the amplitude
of the motion compared to the width of the peak and
the valley when assessing the motion effect. Breathing-
induced motion in animals, such as mice, is typically
only a few millimeters for a tumor within the lung and
even less in the brain%% While mini-beam irradia-
tion of the brain showed no significant impact due
to breathing motion,'” micro-beam irradiation resulted
in a 50% reduction in the PVDRS5 In contrast, in
humans, lung motion can reach up to 45.5 mm® and
pancreas motion can be as high as 27.3 mm30-33
When applying grid therapy to lung tumors with beam
sizes of 10 mm, it becomes necessary to consider the
motion of abdominal tumors in humans®® Therefore,
even with smaller beam sizes, such as in mini-beams,
the breathing motion of humans must be taken into
consideration.

The present study with PPleT showed that immo-
bilized organs resulted in no significant differences
during the motion conditions. Instead, within the kidney
the blurring of the mini-beam pattern was evident, as
reported in the dose profiles for 15 mm motion (Figure 6).
The resulting decreased PVDR could potentially reduce
the effectiveness of the mini-beam irradiation 20-60-62
Also within the pancreas, the motion-induced blur-
ring effect is visible with a low offset of only 5 mm
organ motion. Within the target, the increased homoge-
neous tumor coverage might be beneficial for the tumor
treatment 5364

One approach to mitigate the motion effect is
using motion management systems, such as gat-
ing, already available in clinical settings. With
this technique, the beam is delivered only within
a specified breathing cycle amplitude window.
Studies involving micro-beams and rodents have
demonstrated that gating could significantly reduce
blurring®” However, it is worth noting that this method

requires more treatment time compared to standard
irradiation 5°

4.5 | Significance of iMBRT for the clinic
So far, MBRT and iMBRT, remain in the pre-clinical
testing phase.’® However, when comparing iMBRT with
CIRT notable advantages emerge, particularly in terms
of reduced radiation impact on the OARs. This reduc-
tion in radiation dose could potentially lead to either
a decreased number of treatment fractions or an
increase in the prescribed target dose without com-
promising the OARs2® A first randomized dog trial
demonstrated that MBRT was superior to traditional
fractionated photon treatment in terms of both tumor
control and normal structure preservation.” Notewor-
thy these tests were conducted on immobilized organs,
such as the brain, thus leaving the impact of motion
unexplored.

The evaluation of the potential for a first clinical
trial in humans was recently reported, where treatment
plans for irradiation of metastases using proton mini-
beams were studied.?® Initial results are promising, as
the integration of mini-beams into the treatment plan-
ning system indicates a reduction in the biologically
effective dose of OARs, coupled with the simultane-
ous achievement of superior target coverage. However,
Ortiz et al® did not account for organ motion, which
significantly increases the complexity of the problem.
Employing an anthropomorphic phantom in combina-
tion with a mini-beam collimator, as done in this study
with PPleT, has the potential to enhance research in this
domain, providing a more comprehensive perspective on
the impact of motion.

5 | CONCLUSION

This is the first anthropomorphic phantom study to eval-
uate motion effects for carbon iIMBRT. These findings
are more closely applicable to human breathing com-
pared to mini-beam patterns in animal measurements.
The observed mini-beam patterns under reference con-
ditions revealed a homogeneous dose distribution in
the virtual pancreas tumor and a well-defined mini-
beam pattern in the OARs, showing the potential to
successfully cover the tumor while sparing healthy
tissue.

The mini-beam pattern in the immobilized organs
was not affected by the 15 mm amplitude breat%
lhing-induced motion, since the mini-beam parameters
FWHM, ctc, and PVDR remained constant within the
immobilized organs. However, the mini-beam pattern is
altered within the moving organs, as evidenced by a
decrease in the PVDR by up to 60.9%, particularly in
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the kidney. The decreased PVDR suggests a potential
increase in damage to the OARs.

This research highlights the value of employing
an anthropomorphic phantom as a necessary tool
for evaluating how breathing-induced organ motion
affects the mini-beam pattern across diverse organs,
including the tumor site and OARs. To achieve a more
comprehensive understanding of the mini-beam effect
during motion, further studies are needed, including
experiments with different mini-beam configurations to
assess potential dependencies.
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3. Discussion

In this thesis, an anthropomorphic abdomen phantom with breathing motion
features for carbon ion radiotherapy of pancreatic cancer was developed. PPleT
is an in-house designed model comprising the pancreas with a virtual tumor in the
pancreas head and critical OARs including the duodenum, the two kidneys, the spine
and the spinal cord (Paper I). Additionally, a versatile mini-beam collimator was
engineered for investigating various parameters in dosimetry and in-vitro studies
including FWHM, ctc and PVDR for photon irradiation (Paper II). Subsequently,
the mini-beam collimator was adapted for CIRT, enabling the analysis of breathing-
induced organ motion effects during iMBRT treatment for pancreatic cancer in
PPIeT (Paper III).

3.1 3D printing for radiotherapy

3D printing served as a central technique in this thesis. In Paper I, the
anthropomorphic organs of the phantom were fabricated using this technique. It
allowed for the production of anatomically accurate organ shapes through computer-
aided design software, making complex and customized structures feasible.

3D printing techniques

Two different 3D printing techniques were used for prototyping. First, the polyjet
technique was employed, involving the layer-by-layer curing of a liquid photopolymer
material using UV light, achieving high precision down to 18.75 pm. This
method allows for the combination of different materials within a single print,
including mixtures of solid and flexible materials by using varying shore strengths.
Furthermore, transparent resins like VeroClear (Stratasys, Israel) can be used to
visualize the inner structures of a complex prototype®. Second, fused deposition
modeling (FDM) was used, which operates by melting and depositing material
through a nozzle, gradually constructing the desired shape layer by layer?. The
materials from FDM printers are most often more durable compared to VeroClear

3https: //www.stratasys.com/en/stratasysdirect /technologies/3d-printing /polyjet/, accessed on
20 April 2024.

4https: //www.stratasys.com/en/guide-to-3d-printing/technologies-and-materials /fdm-
technology/, accessed on 05 May 2024.
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and offer high flexibility in available materials that differ in Hounsefield unit (HU)
values. However, its applicability may be restricted for tasks demanding high spatial
resolution due to the 330 pum layer thickness. With these two techniques, 3D
printing offers versatility in material selection enabling the use of various printing
material types with different properties within the phantom. These properties
include features like different contrasts for CT and MRI and diverse flexibilities
for simulating internal organ motion.

3D-printed parts for PPIeT

The pancreas and the two kidneys were printed with VeroClear using the polyjet
technique (Stratasys, Israel, 3D printer J55). The majority of materials used with
this technique have densities similar to PMMA, leading to comparable HU values like
water. As a result, they do not provide different contrast for imaging purposes (Gear
et al. 2016). One approach to introduce varying HU values for CT imaging and
different T'1 and T2 times for MR imaging of different organs is to print a shell of the
organ or the tumor and fill it with tissue equivalent agarose mixtures (Niebuhr et al.
2019). This method allows for achieving a realistic, human-like anatomical shape
while simultaneously adjusting the imaging contrast individually. This technique
was used for the pancreas and the two kidneys, which were filled with a nickel-
diethylenetriaminepentaacetic acid (NiDTPA)-doped agarose gel, closely matching
human tissue imaging properties (Elter et al. 2021, Weidner et al. 2021) (Paper I).
This approach was not feasible for the spine, as each vertebra was too small
to be printed hollow, filled with a NiDTPA-agarose mixture and fit a dosimeter
insert. Another method to achieve different HU values is the use of material
from the FDM printer. Therefore, the spine of PPleT was printed with Diran
410MFO07 (Stratasys, Israel, 3D printer Stratasys F370) to achieve higher HU values
comparable to the spine of a human (Paper I). The duodenum was 3D-printed with
the polyjet technique again, however, using a flexible 3D printing material, allowing
for organ deformation based on gas-filling or liquid-filling conditions. This flexibility
facilitated changes in the duodenum’s shape and simultaneously its positioning
relative to the pancreas. Consequently, 3D printing proved to be a versatile tool
in the development of PPIeT.

Medical imaging with 3D printing

Already in previous studies on phantom development, 3D printing has been
extensively used to create various in-house developed phantoms allowing for the
customization of parts through rapid prototyping at low cost (Filippou et al. 2018,
Cloonan et al. 2014, Okkalidis 2022). Exploring materials from different printing
technologies allows for the assessment of HU values, as well as other relevant
parameters for ultrasound or MR imaging such as T1 and T2 times. Gear et
al. (2016) developed a 3D-printed liver phantom using VeroClear, VeroWhite and
TangoBlack Plus (Stratasys, Israel). This approach enabled the adaptation of
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the liver geometry to match that of a selected patient, allowing for customized
imaging contrasts using CT and SPECT modalities (Gear et al. 2016). With
the same 3D printing technique Leng et al. (2016) 3D-printed a realistic liver
phantom that incorporated anatomical structures such as lesions and vessels (Leng
et al. 2016) and Woliner van der Weg et al. (2016) designed a pancreas and
kidney phantom for single photon emission computed tomography (SPECT)/CT
reconstruction optimization (Woliner-van der Weg et al. 2016). Biicking et al.
(2017) employed the FDM printing technique, using polylactic acid (PLA) with
different infill densities to create realistic ultrasound images of the ribcage, liver, and
lung (Biicking et al. 2017). The use of PLA resulted in realistic shadowing similar
to real ultrasound imaging. Also, Robinson et al. (2016) made use of the FDM
printing technique and printed kidneys and livers of varying sizes with acrylonitrile
butadiene styrene (ABS) to investigate size effects on SPECT imaging (Robinson et
al.2019).

3D printing for radiotherapy

It is important to highlight that 3D printing has not only been described for
generating phantoms for medical imaging but also for radiotherapy applications.
For instance, a patient-specific 3D chest phantom was developed using PLA and
was equipped with radiochromic EBT3 films to measure dose during intraoperative
radiation therapy (Choi et al. 2021). In this study, gypsum was employed for bone
representation for the 3D-printed pelvis to enhance imaging contrast. Unfortunately,
gypsum could not be used for the bone representation in PPIeT as it reacted with
the superabsorber-water mixture, which was used as the matrix in the phantom and
the chemical reaction led to an altered matrix consistency (Paper I). Additionally,
encasing the 3D-printed spine in gypsum would hinder the insertion of holes required
for the radiochromic film inserts in each vertebra.

In future, the 3D printing approach holds the potential to achieve an optimal
scenario in which each organ is replicated using a material that accurately mimics
human tissue properties across various imaging modalities and for different radiation
therapy regimes. Ultimately, this could enable the 3D printing of whole-body
phantoms based on the CT or MRI of a patient in a single print, achieving human-
like imaging contrast and stopping power ratios for ion therapy.

3D printing for collimator development

In addition to the use of 3D printing for phantom construction, 3D printing is also
highly valuable in various prototyping applications. In this thesis, 3D printing was
used to develop a versatile mini-beam collimator, as outlined in Paper II, and to
adapt it for carbon ion irradiation, as described in Paper III. In Paper II, 3D
printing enabled the production of 40 mm x 10 mm plastic plates with different
thicknesses and angles to achieve various ctcs and to compensate for the X-ray
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beam divergence at different source-to-collimator distances (SCDs). In between the
plastic plates, metal plates of either tungsten or brass were positioned, by using a
3D-printed scaffold. For Paper III, the scaffold design was adapted to eliminate the
need for plastic plates as a parallel beam was assumed. Without the plastic plates,
the primary carbon ions were not attenuated in the peak regions leading to a sharper
mini-beam pattern. Therefore, 1 mm cavities were designed to position the metal
plates spaced by 1 mm air gaps. While a similar scaffold design was initially tested
for photon irradiation, it encountered two main challenges. First, during the testing
of smaller SCDs, which required greater adaptation for X-ray beam divergence, the
precise angular positioning of the metal plates became crucial to achieve a sharp
peak. However, employing an undercut design for the 3D-printed scaffold required
additional supporting material from the 3D printer. Unfortunately, this support
material couldn’t be fully removed without leaving residues, resulting in openings
too small to fit the metal plates. Conversely, setting tolerances too high in the
3D-printed scaffold to accommodate the metal plates led to difficulties in achieving
reproducible positioning.

In general, 3D printing is increasingly acknowledged as a rapidly advancing
technology and its ability to manufacture customized objects tailored to diverse
requirements in radiotherapy. Patient-specific and individualized solutions are
particularly notable, reflecting the potential for enhanced precision and efficacy in
cancer treatment. In the studies described in Paper I, Paper IT and Paper 111,
advanced 3D printing techniques were employed to create an anthropomorphic
phantom, using a variety of materials and a versatile mini-beam collimator for both,
X-ray and CIRT.

3.2 Anthropomorphic phantoms

The ultimate objective of radiotherapy is to achieve more effective treatment
outcomes by ensuring precise radiation dosage to target the tumor while
safeguarding the functionality of healthy tissues. Phantoms, whether produced
through 3D printing or other manufacturing techniques, play a key role in achieving
this goal. They are employed for quality assurance purposes of the treatment
plans, encompassing both quantitative and qualitative measurements, as well as
for investigating new research inquiries without posing risks to patients (Tajik et al.
2022, Wegner et al. 2023). Given the high complexity of anthropomorphic phantoms
and the growing demand for phantoms tailored to specific research inquiries, there
is an increased need for in-house developed anthropomorphic phantoms that are
specifically designed to address these requirements.
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Development of PPleT

Within this thesis, the anthropomorphic phantom PPIeT was specifically developed
to address the research question regarding the treatment of pancreatic tumors with
carbon ion beams (Paper I, Paper III). For this, it was necessary to assess the
radiation dose during breathing-induced motion within the target and the OARs.
A simple geometric phantom, however, could not simulate the complexity of the
organ shape and positioning representing a realistic model of the human body, and
simultaneously allowing the study of the interplay during motion. Thus, PPIeT
encompasses the anthropomorphic shape and position of the organs in the abdominal
region as well as imaging tissue equivalent materials for each of the considered
organs. Moreover, the size of each organ matches real human proportions and their
shape mimics those found in humans.

End-to-end test with PPleT

This facilitates the examination of the multi-step process of radiotherapy, also known
as end-to-end test, where each step of the radiotherapy chain is evaluated. Shortly,
an end-to-end test would start with imaging using either CT or MRI, followed
by the treatment planning, and lastly the verification of the delivered dose. For
PPIeT, an end-to-end test is feasible. First of all, the phantom includes human
equivalent CT and MRI contrast, which was achieved by dedicated mixtures of
NiDTPA-doped agarose gel for each organ (Elter et al. 2021). The 3D-printed
shells surrounding the mixture for organs like the pancreas and the kidneys ensure
long-term stability by preventing material exchange with the environment (Weidner
et al. 2022). The next step of the end-to-end test is the contouring of the organs
and structures to be considered in the treatment planning, where the target and
the OARs are delineated. However, contouring introduces potential errors, not only
within the phantom but especially within the patients due to subjective physician
interpretation. For example, Lappas et al. (2022) reported a displacement of the
center of mass from (0.08 £ 0.04) mm for the lungs to (0.5 £ 0.3) mm for the spinal
cord for two different examiners (Lappas et al. 2022). The enhanced visibility
of contours in PPIeT compared to patients suggests that uncertainties are likely
smaller. Next, the treatment plan for PPIeT was computed following the procedure
used for patients. Raystation (Version 11B (12.0.0.932), RaySearch Laboratories,
USA) was used for this, which allows for quasi-automatic treatment plan calculation.
The phantom was then positioned in the HI'T experimental room mimicking patient
positioning, and dose delivery was evaluated using various detectors such as IC and
radiochromic films. Custom-made inserts in each organ allowed for the interchange
of dosimeters to measure doses with different detectors, similar to other phantoms
like the ARDOS phantom, for which an IC, radiochromic films or TLDs can be
inserted (Kostiukhina et al. 2017). In comparison, PPIeT distinguishes itself by
enabling dose measurements within OARs and the target simultaneously during
CIRT, a capability not present in previous phantoms. With this feature, it is possible
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to understand the dose distribution in both, target and OARs for the same motion
pattern.

Advances and challenges in phantom development

The dose measurement simultaneously at the target and OARs during motion
within a realistic human geometry is primarily feasible because PPIeT exhibits
a high degree of anthropomorphism, with organs closely mimicking their real-life
counterparts in shape and image contrast. While further refining anthropomorphism
by incorporating additional organs, such as the stomach, intestine and spleen,
and structural tissues like muscle and fat was considered, it complicates the
swift exchange of dosimetric inserts needed for dose measurements under varying
conditions while ensuring reproducibility. To mitigate these limitations, the
superabsorber-water mixture, denser than water yet flexible, was chosen as the
internal matrix of the phantom housing the organs over introducing additional
structural tissue. This viscose matrix allows organs to be positioned without
hindering the process of motion or insert exchange. The chosen superabsorber-
water mixture remains stable throughout the irradiation process during the motion
application as well as the detector exchange. Compared to other phantoms this is
a main advantage as e.g. agarose matrices can rupture during motion application,
compromising reproducibility and image quality due to water infiltration in the
cracks of the agarose matrix, leading to imaging contrast differences (Weidner et al.
2022).

Moreover, a potential improvement could involve the integration of living materials
such as cell lines or organoids into the phantom. This might include introducing
cell lines that correspond to the organ or tumor type, facilitating the simultaneous
irradiation of various cell types. With this, it would be possible to understand not
only the exact physical effect of the absorbed dose but also the biological effect of
CIRT within the different organs. This could provide a deeper understanding of the
RBE models, which can not be determined with physical dose measurements alone,
thus being an important factor since one of the main advantages of CIRT is the
increased biological effect compared to photon radiotherapy (Clausen et al. 2019).
Although studies have already reported irradiation of cells within a phantom, these
mostly comprise a geometrical phantom environment (Altman et al. 2009, Clausen
et al. 2019). For example, Clausen et al. (2019) developed a block-shaped PMMA
phantom capable of hosting 16 cell culture flasks, each containing a mono-layer of
cells (Clausen et al. 2019). This setup enabled the irradiation of cells at different
depths of the beam, facilitating the investigation of depth dose effects in proton
irradiation. However, including cells in a more anthropomorphic environment would
enable the examination of parameters beyond RBE, such as the exact influence of
radiation scattering and breathing-induced motion. In Paper II, initial in witro
studies for spatially fractionated doses are detailed, focusing on exploring the DNA
damage effects at the valley and peak regions. As this was a feasibility test, these
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studies were conducted in 12-well plates rather than using an anthropomorphic
phantom. Future experiments could involve integrating cells into PPIeT using
biocompatible 3D printing materials (MED610, MED625FLX, Stratasys, Israel)
that support cell growth. Given the convenient design of inserts for each organ
within PPIeT, positioning cells within specific organs would be straightforward to
implement.

Another aspect that could be explored in phantom development is the investigation
of variations according to age, gender and body mass index (BMI) as the tumor
might respond differently to irradiation (Medeiros Oliveira Ramos 2017). While
the anatomy in the abdomen tends to remain relatively consistent across genders,
an increasing BMI can influence the amount of fat tissue around the organs and
thus impact the treatment planning and scattering within the body, impacting the
dose deposition in the body. Similarly, ageing brings about changes in pancreas
anatomy, including volume, dimensions, contour, and increased intra-pancreatic fat
deposition (Sato et al. 2012, Moller et al. 2023). Since PPIeT represents a woman
with an average BMI, radiotherapy treatment planning and dose application changes
due to the mentioned factors are not considered in PPIeT. One potential approach
to personalize this process could involve replacing the pancreas and other organs
of PPIeT with those reproducing the size and shape of each patient, eventually
also adjusting the size of the whole container. Nonetheless, it’s important to
recognize that these suggestions may result in the development of more complex and
challenging phantoms, that could pose difficulties in clinical environments (Medeiros
Oliveira Ramos 2017).

3.3 Carbon ion therapy

As highlighted, radiotherapy is one of the primary applications of phantoms
and phantom design becomes especially interesting in a field where the expertise
is limited or controversial, like pancreatic cancer treatment with carbon ions.
Recent studies showed improved oncological outcomes for CIRT compared to
photon irradiation (Kawashiro et al. 2018, Baltazar et al. 2023). However,
drawing definitive conclusions is challenging due to the use of a variety of energy
spectra, beam depths and RBE models across different facilities and countries.
Also, the applied concomitant chemotherapy of the different studies leads to
challenges in comparison, necessitating further studies to confirm both efficacy and
safety (Liermann et al. 2020a).

CIRT for pancreatic cancer at HIT

At HIT pancreatic cancer treatment is currently offered to a rather small group of
patients, resulting in a limited dataset. Therefore, PPIleT was specifically designed
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to enable measurements with CIRT for pancreatic cancer patients. Typically,
pancreas patients at HIT receive treatment with two beams from the back at angles
of 250° and 290° (Liermann et al. 2020a). This setup is designed to allow the beams
to traverse between the kidneys and the spine to reach the pancreas. Interestingly,
within other centers, different beam configurations are employed ranging from one
to four angles in a star configuration (Mori et al. 2014, Batista et al. 2017).
The choice of two beams from the back is possible because at HIT a gantry is
available, enabling rotational movement of the beam around the patient. Since the
gantry is not available for experimental settings, irradiations were performed in the
experimental room with a horizontal beam line. To allow the same beam geometry
for PPIeT as for pancreas patients at HIT, a rotation table was designed to enable
the reproducible positioning of PPIeT at both angles (Paper I).

A comparable challenge arises for facilities without access to a gantry, which is
frequently the case. One alternative that is currently being explored at HIT is the
use of a capsule that facilitates patient rotation instead of beam rotation (Dietrich
et al. 2024). Furthermore, upright positioning is under assessment, as it may
facilitate the convenient and cost-effective irradiation of specific body parts with
beam configurations that might be impractical with a horizontal beam line if the
patient was in a supine position (Volz et al. 2022, Boisbouvier et al. 2022, Hegarty
et al. 2022).

CIRT comparability across facilities

Additionally to the beam configuration, each irradiation facility uses its specific
treatment planning system, leading to variations in dose calculation models that
affect the accurate calculation of dose considering the RBE. Currently, three models
for calculating RBE are used, with the local effect model (LEM) employed in
Europe, and the Microdosimetric Kinetic Model and Mixed-Beam Model used in
Japan (Malouff et al. 2020). At HIT, RayStation (RaySearch Laboratories, USA)
and the “Syngo RT Planning” (Siemens, Erlangen, Germany) are applied, which
employ the LEM I (Kramer et al. 2000, Dreher et al. 2017). In this model,
the RBE of carbon ions relies on factors such as the a/f ratio, serving as input
for the LEM and subsequent dose calculations. Conversely, at Chiba (Heavy lon
Medical Accelerator, HIMAC), the RBE is assumed to have an average value of 3.0
in the SOBP region (Mori et al. 2014, Dreher et al. 2017). As a result, there are
no established standard protocols for CIRT and comparing studies from different
centers becomes challenging. PPIeT could potentially aid in refining RBE models
through in wvitro studies in future research by measuring cell response at different
facilities. Nevertheless, it is important to note that the versatility of PPIeT extends
beyond CIRT, as the materials used have also been validated for use with photons or
positron emission tomography (PET) in other phantom studies (Mayer et al. 2015,
Kim et al. 2017, Gillmann et al. 2021). For photon irradiation, also radiochromic
films and ICs could be used to measure the dose during motion in the different
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organs and for PET, specific inserts could be 3D-printed to insert the radioactive
isotopes in the organs.

Addressing LET challenges in CIRT

Another challenge that needs to be addressed is the variation of LET within the
tissues of the pancreas and the OARs (Baltazar et al. 2023). Therefore, the
dosimeters used to measure the physical dose corresponding to the RBE-optimized
plan can lead to misinterpretation. It is well known that the dose-response of
radiochromic films is LET-dependent as a quenching effect for high LET carbon ions
can lead to dose underestimations of up to 30 % to 40 % in the Bragg peak, depending
on the initial energy of the carbon ions (Martisikova et al. 2010, Castriconi et al.
2017, Yonai et al. 2018). For this reason, Paper I only reports optical density
(OD) differences instead of dose values. Nevertheless, the dose in the pancreas was
verified with a pinpoint IC, showing variation in the static setup from the planned
dose of less than 1 %. Due to the constraint space lateral to the kidneys and
the spine, it was not feasible to insert an IC within the OARs. Therefore, only
passive detectors were used, such as radiochromic films, but also LET independent
detectors such as optically stimulated luminescence detectors (OSLDs) (Paper III).
In summary, PPIeT successfully allowed for carbon ion dose measurements using
various detectors in different organs simultaneously. This capability also allows
testing other irradiation schemes such as SFRT and thereby provides valuable
insights into the dosimetric behavior within specific anatomical structures.

3.4 Spatial fractionation in radiotherapy

While CIRT has become established in clinical practice, SFRT, particularly mini-
beam irradiation, remains in the preclinical stage. There is no reported reason for
this, especially considering that newer modalities like FLASH have swiftly advanced
into clinical application (Daugherty et al. 2023, Kinj et al. 2024). According to the
International Commission on Radiation Units and Measurements (ICRU) reports,
prescribed doses are typically constrained within a narrow range, typically from
95 % and 107 % (ICRU report, 2010). Therefore, physicians continue to follow the
predominant paradigm of delivering a homogeneous dose to the entire tumor, while
the preclinical evidence concerning mini-beam irradiation remains inconclusive.

Dosimetry of SFRT

One potential reason for the relative delay in the implementation of mini-beams for
therapy might be that, in contrast to conventional radiotherapy, the dosimetry for
SFRT is more complex. Determining the appropriate dose and comparing between
studies poses significant challenges, resulting in a range of incomparable data. This
is not only true for photons, where the mini-beam pattern dominates throughout the
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depth but also for protons and carbon ions. While the mini-beam pattern diminishes
over depth for protons and to a lesser extent for carbon ions, the dosimetric challenge
is even more pronounced in these cases and yet there are no guidelines. In Paper 11,
dosimetry for X-ray mini-beam irradiation was performed with radiochromic films,
measuring the dose at the x-y plane of the cell layer. To convert the OD values of the
radiochromic film into dose values, a calibration curve was implemented and doses
were correlated using an IC. For the obtained mini-beam pattern several parameters
were calculated such as peak dose, valley dose, FWHM, ctc and PVDR.

The impact of key parameters in SFRT

Unfortunately, the relevance of each parameter in SFRT for clinical outcome remains
uncertain, requiring further investigations to achieve optimal tumor control and
minimize toxicity (Fernandez Palomo et al. 2022). It was observed that the
valley dose demonstrates a strong association with tumor treatment response.
Conversely, the peak dose exhibits the weakest correlation with the tumor treatment
response (Rivera et al. 2020a, Rivera et al. 2020b, Fernandez Palomo et al. 2020).
However, this leads to another problem, as most publications do not provide a
clear definition of peak and valley doses, nor are there established guidelines. In
Paper II, for instance, the highest and lowest dose values respectively for the peak
and valley doses were considered and the mean of each peak and valley in a mini-
beam pattern was calculated. A more robust definition could be the calculation of
a certain region around the peaks and valleys, for example considering the 5 % to
10 % of the highest and lowest dose values to define the peak and valley doses. With
this approach, outliers could have a less pronounced impact. Another approach to
reduce outliers would be the smoothing of the mini-beam pattern. However, the
criteria for smoothing must be carefully considered, as it would impact the resulting
peak and valley values. These considerations highlight the need to address these
questions before SFRT can advance further.

Another parameter in close correlation to the peak and valley doses is the
PVDR, which is widely used in the mini-beam and micro-beam community within
simulations and experiments (Dilmanian et al. 2002). However, as the valley dose
approaches zero, the PVDR tends to infinity, making it difficult to interpret the
PVDR value alone (Reaz et al. 2023). Tsubouchi et al. (2018) introduced a new
parameter, known as the valley-to-peak dose ratio (VPDR), which avoids the issue
of division by a number approaching zero (Tsubouchi et al. 2018). Given that
the valley dose is an important parameter, this new concept could be considered
in future. Yet, the widespread adoption of this parameter across the research
community presents its challenges, which is why Paper II and Paper III report
the PVDR value instead of the VPDR.

Additionally to the dose-related parameter, the geometrical setup of the collimator,
which determines the FWHM and the ctc, must be considered. For Paper II,
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the FWHM was tested from 0.5 mm to 2.0 mm and the ctc from 1.0 mm to
2.0 mm, allowing for doubling or quadrupling of the spacing between two peaks.
This geometry aligns with previous research indicating improved outcomes when
the ctc was increased to double or four times the FWHM (Prezado et al. 2017b). In
Paper III, however, the FWHM and the ctc were both set at 1.0 mm to simplify the
collimator design and conduct a proof-of-concept irradiation of the pancreas virtual
target of PPleT with iMBRT.

Mini-beam collimator design

In general, the mini-beam collimator presented was developed to facilitate testing of
each of these parameters for MBRT. This device can simplify the establishment of
standardized parameters such as FWHM, ctc and PVDR to achieve the desired mini-
beam effect and clinical outcome. The mini-beam collimator offers the flexibility to
easily adapt to various experimental setups, enabling in vitro testing and potentially
facilitating future in vivo studies. Other available mini-beam collimators are mostly
rigid and lack flexibility in parameter adjustment. These mini-beam collimators are
typically manufactured through wire-eroding, an expensive process that consumes a
lot of material (Prezado et al. 2017a, Kim et al. 2022). For the mini-beam collimator
developed in this study, the same tungsten plates were used in both Paper II and
Paper III, with only adjustments made to the 3D-printed scaffold. This approach
saves time, materials and costs since the same mini-beam collimator components
can be reconfigured.

3.5 Phantom irradiation with iMBRT

The adaption of the mini-beam collimator for carbon ions made it possible to
irradiate PPIeT with iMBRT (Paper III) by using the very same treatment
plan geometry previously used (Paper I). The mini-beam pattern was successfully
quantified in the OARs and a rather homogeneous pattern was observed at the
pancreas (Paper III).

Treatment planning for iMBRT

As a general point when considering the translation of iMBRT to patients, it is
worth considering that there is currently no commercial treatment planning system
available for this. The only mini-beam treatment plans available are in-house
programmed treatment plans with Monte Carlo (MC) for proton beams, where the
RBE is considered constant, simplifying the calculations (Lansonneur et al. 2020,
Ortiz et al. 2023). These MC codes optimize both PVDR and dose objectives
concurrently, aiming to achieve a maximal PVDR (Lin et al. 2023).

As presented in Paper III, the treatment plan was applied in one fraction with
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a peak dose of 4 Gy (RBE) as a proof-of-concept study. For in wvivo studies, the
dose is usually also applied in one fraction but escalated to peak doses of several
100 Gy and valley doses of around 10 Gy (Fernandez-Palomo et al. 2022). This would
result in an increased irradiation time compared to the 4 minutes used in Paper 111,
potentially leading to more pronounced motion-induced mini-beam pattern blurring.
To address this issue, MBRT could be implemented using ultra-high dose rates.
However, this capability is not commonly accessible in all radiation facilities, and
if available, it typically involves proton beams rather than carbon ions (Reindl et
al. 2019, Schneider et al. 2022). Therefore, another option would be to apply
mini-beams via multiple fractions as done in conventional radiotherapy. However,
with several fractions, sub-millimeter precision in positioning the mini-beams across
multiple irradiation sessions would be necessary to always irradiate the same tissue
point with either peak or valley. This requires technical resources and is mainly
challenged by organ motion, potentially reducing the mini-beam effect (Sammer et
al. 2021a). A study on fractionation with SFRT observed increased toxicity in the
ears of mice when different positions for the peak and valley regions were chosen
for each fraction (Sammer et al. 2021b). Hence, in the abdominal region where
precise positioning of internal organs on a sub-millimeter level is not feasible, the
implementation of SFRT within a single fraction should be considered.

Dosimetry for iMBRT

Although single-fractionated MBRT would simplify dosimetry, dosimetry for iMBRT
remains challenging. For Paper III the dose could not be verified with a pinpoint
IC due to the inhomogeneous dose distribution of the mini-beam pattern. Instead, a
calibration curve for each depth of the different organs including 0 mm for the skin,
40 mm for the spine, 45 mm for the right kidney and 120 mm for the pancreas was
established with radiochromic films to quantify the dose distribution in each organ.
As radiochromic films are LET dependent iMBRT poses an additional challenge
due to the high and low doses subsequently to each other theoretically also the
LET changes within the pattern. However, it was shown that these LET changes
are neglectable (Gonzalez et al. 2017). To gain a deeper understanding of the
irradiation in various depths during iMBRT, the beamline at HIT and the mini-
beam collimator were modeled, and the mini-beam pattern was simulated in depth
using MC simulations. This analysis revealed a similar broadening of the beam at
the target compared to experimental results observed in PPIeT, as well as a distinct
mini-beam pattern within other organs. However, the PVDR obtained from the MC
simulation was higher compared to the experimental data. This observed difference
can primarily be attributed to the radiochromic film not being perfectly positioned
perpendicular to the beam direction within PPIeT. In contrast, for MC simulations,
a simplified geometry was implemented, with the beam always perpendicular to the
radiochromic film. In the future, a CT of PPIeT can be imported into the MC
code and simulations with the anthropomorphic geometry could be implemented to
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allow for exact scattering, beam direction contribution and organ densities when
calculating the mini-beam pattern.

Comparing peak doses of the mini-beam pattern with doses measured with OSLDs
showed good agreement, except in the pancreas. Here, the radiochromic film dose
was significantly lower compared to the OSLD-measured dose and the planned dose.
This can be explained by MC simulation, which revealed a 61.3 % reduction in the
target region if the collimator was present compared to homogeneous irradiation
without a collimator. Applying this correction factor to the radiochromic film dose
in the target region aligned it with both the OSLD-measured and planned doses.

3.6 Organ motion during radiotherapy

The concern about organ motion during radiotherapy is about balancing the delivery
of a high dose to the target while minimizing exposure to surrounding tissues
to optimize the therapeutic outcomes (Korreman et al. 2012). To quantify the
impact of organ motion effect during pancreatic cancer CIRT, Paper I reports the
construction of a pancreas phantom for CIRT with breathing-induced organ motion
and GI motion. Pancreas motion of about 20 mm led to a significant reduction in the
target dose within the virtual pancreas tumor and also increased the variability of
dose for each treatment plan application. A similar result was reported by Lebbink
et al. (2022), where a motion of 20 mm reduced the dose significantly and deviations
of up to 14 % were found in the ARDOS phantom measured with an IC (Lebbink
et al. 2022). Taking into account that pancreas patient motion was found to be
1.0 mm up to 27.3 mm, there will likely be a subset of patients with even greater
motion, necessitating appropriate consideration of motion management (Bhasin et
al. 2006, Knybel et al. 2014, Dolde et al. 2019, Jing et al. 2021).

Motion challenges in radiotherapy

Especially the Bragg peak and sharp lateral penumbra characteristic of CIRT render
it more sensitive to intrafractional motion compared to photon irradiation (Malouff
et al. 2020). However, this problem is multifaceted, as other parameters like the
scanning mode of the beam delivery might also play a crucial role when considering
organ motion. Due to the scan direction of the beam, interplay effects can appear,
and this is highly dependent on the characteristics of the beamline, spot sizes, the
direction of the scanning and the time needed to switch the energy layer, in an active
beam delivery system (Lambert et al. 2005).

When combining MBRT and CIRT, the motion of the organs becomes an even
more critical problem, as the mini-beam dose pattern can be blurred, potentially
leading to worsened patient treatment outcomes. One first step to reduce undesired
effects caused by organ motion is to position the mini-beam collimator with the
slits parallel to the main direction of the organ motion, the cranial-caudal (CC)
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direction, as done in Paper III. Theoretically, the motion effect in this direction
could be omitted. Nevertheless, the human breathing-induced organ motion does
not only extend in one direction but in all three dimensions, presenting also minor
components in the right-left (RL) and anterior-posterior (AP) directions (Fukada et
al. 2015, Fontana et al. 2016). For PPIeT, mainly the CC direction of the organs’
motion was simulated, but there is slight motion in the other directions similar
to humans. Therefore, the mini-beam pattern within the kidney was significantly
reduced by motion, while the non-moving organs were not affected.

Patient-specific motion simulation with PPIeT

Another aspect that needs to be accounted for is the unexpected motions of
the patient, such as coughing, sneezing or yawning (Brandner et al. 2017).
This can not be predicted and poses a potential risk which is hard to account
for. PPIeT’s breathing motion was simulated with an amplitude from 5 mm
to 20 mm with a squared cosine function, thus resulting in a regular breathing
pattern and consequently in an induced organ motion following the same temporal
pattern (Paper I). Nevertheless, the versatility of PPIeT and its motion system
allows the use of any arbitrary patient-specific breathing motion pattern, including
irregularities like coughing or breath hold. In the future, this feature could be used
to evaluate novel techniques aimed at predicting or adapting irradiation to motion
in real time.

Gastrointestinal motion simulation with PPleT

Beyond respiratory motion, PPIeT can also account for GI motion. This is
particularly significant due to the proximity of the duodenum to the pancreas,
where GI motion can dynamically change the distance between the pancreas and the
duodenum. This variability in the distance upon the filling state of the duodenum
was shown by Mostafaei et al. (2018), where changes in distance between the
duodenum and the pancreas from 13.0 mm up to 18.5 mm were found. With distance
changes of 14 mm, PPIeT could mimic the duodenal motion as reported in Paper I,
underscoring the complex interplay between organs during radiotherapy treatment
delivery. Although the feasibility of GI motion was tested without CIRT, future
studies could explore this aspect further by coupling breathing-induced organ motion
with GI motion during CIRT. Another aspect of GI motion is not only the motion
of the organ itself but also the gas motion within the bowel. If gases are present
in the charged particle beam path but are not accounted for in the treatment plan,
it can significantly affect the range of the particles, potentially failing to accurately
target the intended area (Kumagai et al. 2009).
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Motion mitigation strategies

To mitigate motion, various strategies have been implemented in radiotherapy to
address breathing-induced tumor and organ motions, such as rescanning, abdominal
compression, deep inspiration breath hold (DIBH), or respiratory gating (RG). Each
technique offers distinct trade-offs among ease of implementation, patient comfort,
and effectiveness in motion reduction (Zeng et al. 2020). Rescanning reduces
the interplay effect of carbon ions with motion as investigated by Lebbink et al.
(2022), observing a reduced dose distortion if layer-rescanning was applied with
the ARDOS phantom (Lebbink et al. 2022). However, improvements for motion
mitigation were predominantly found in plans with a limited number of fields and
when field directions were nearly orthogonal to the direction of motion (Knopf et al.
2011). Abdominal compression showed effective motion mitigation of CC motion.
However, AP and RL motions were increased slightly (Daly et al. 2022). DIBH is
a motion mitigation technique that implies the irradiation only if the patients hold
their breath, reducing the dose to the heart and lungs. However, it necessitates
patient cooperation and requires additional time and effort from the staff (Zeng et
al. 2020). Additionally, even with DIBH, significant motion of the pancreas was
observed (Lens et al. 2016). The most effective motion mitigation strategy was
RG for motion in all directions (Campbell et al. 2017). While the effectiveness of
RG for pancreatic cancer treatment has been demonstrated for protons, leading to
a noticeable improvement in dose homogeneity within the target, the evaluation of
RG for carbon ions remains largely unexplored (Dolde et al. 2019).

In summary, the major novelty of this work is the simultaneous measurement of
the dose at the target and the OARs during breathing-induced motion. Previous
studies have mainly focused on the dose in the target during organ motion, but
there is no quantification of the impact of motion on the dose distribution in the
OARs. In future studies, PPIeT could be used to test motion mitigation strategies
for carbon ions while simultaneously measuring the dose at the target and the OARs.
Ultimately, the results obtained from such studies could improve pancreatic cancer
treatment outcomes, increasing the survival time of patients.
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4. Conclusion

This cumulative thesis presents three original studies evaluating carbon ion
radiotherapy combined with mini-beam irradiation to perform dose measurement
within an anthropomorphic phantom with motion features.

The developed abdominal phantom PPIeT offers human-like motion features and
tissue-equivalent C'T and MRI contrast for precise dose assessment during carbon ion
radiotherapy. Furthermore, PPIeT proved useful for simultaneous dose measurement
at the target and the OARs. During breathing-induced organ motion, a dose
decrease of 21 % was found in the virtual pancreas tumor compared to the treatment
plan. Significant dose variations were also found in the OARs, particularly in the
right kidney. These findings highlight the importance of considering organ motion
for carbon ion irradiation.

Additionally, this thesis presents the development of a versatile and low-cost mini-
beam collimator that enables the adjustment of various mini-beam parameters. This
was achieved by arranging metal and plastic plates of different sizes within a 3D-
printed plastic scaffold. Experimental validations and in wvitro studies confirmed
the collimator’s efficacy in achieving the desired mini-beam patterns. For the mini-
beam collimator configuration with 1 mm metal and 1 mm plastic plates, a maximum
deviation of 2 % was found for the FWHM compared to the expected value according
to the mini-beam collimator design.

Combining these two studies, the mini-beam collimator was adapted for carbon
ion radiotherapy and used for irradiating PPIeT. This was the first analysis of the
impact of breathing-induced organ motion during carbon ion mini-beam therapy for
pancreatic cancer. The breathing-induced motion led to a 61 % decrease in PVDR
of the mini-beam pattern within the kidney, potentially leading to increased OAR
damage during treatment. This provides pioneering insights into how the mini-beam
pattern changes under different motion conditions.

The scientific outcomes of this thesis provide three original advancements to the
field: the anthropomorphic abdominal phantom with breathing motion feature, the
versatile mini-beam collimator and the findings on the organ motion impact on
tumor and OARs during carbon ion mini-beam radiotherapy. These developments
and findings offer opportunities for dose measurements across different radiation
therapy methods, ultimately contributing to advancing patient treatment outcomes.
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5. Summary

Pancreatic cancer is an aggressive tumor, with approximately 50 % of cases
diagnosed at an advanced and metastasized stage and a five-year survival rate
ranging only from 5 % to 10 %. Conventional therapies for this type of cancer
encounter significant challenges due to pancreatic tumor resistance to radiation
and complications arising from organ motion. To overcome these obstacles, this
thesis proposes the combination of carbon ion radiotherapy (CIRT) and mini-beam
radiotherapy (MBRT'). However, both methods are susceptible to organ motion,
therefore it is essential to investigate its impact on dose distribution, simultaneously
considering the target and the organs at risk (OARs).

An anthropomorphic abdominal Pancreas Phantom for Ion beam Therapy (PPIeT)
was developed aiming at investigating the organ motion impact. Constructed from
3D-printed anatomical structures with realistic imaging contrasts for CT and MRI,
PPIeT can simulate breathing-induced organ motion and gastrointestinal movement.
Different dosimeters, including ionization chambers and radiochromic films, were
employed to measure doses within the pancreatic tumor and OARs, including the
duodenum, kidneys, spine, and spinal cord. In parallel, an affordable and versatile
mini-beam collimator was constructed using a 3D-printed scaffold to position metal
plates for various configurations. The performance of the mini-beam collimator was
validated during in wvitro studies with x-ray irradiations. Subsequent irradiations
of PPIeT involved conventional and spatially fractionated CIRT during different
breathing-induced organ motion conditions.

For conventional irradiation of PPIeT with CIRT a significant under-dosage of
the tumor was observed when breathing was applied, while dose fluctuations
in the OARs varied. When using the mini-beam collimator, precise mini-beam
pattern generation was achieved, with an accuracy higher than 98 % for the
1 mm peak and 1 mm valley configuration. This configuration was selected for
irradiating PPIeT with carbon ions, leading to uniform irradiation of the tumor even
during organ motion. However, organ motion blurred mini-beam patterns within
the kidneys, potentially compromising the tissue-sparing mini-beam effect. This
research contributes to advance carbon ion-based cancer treatments, highlighting
the need for tailored strategies considering motion-induced risks in pancreatic cancer
radiotherapy.
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6. Zusammenfassung

Bauchspeicheldriisenkrebs wird in etwa 50 % der Félle in einem fortgeschrittenen
und metastasierten Stadium diagnostiziert und die Fiinfjahresiiberlebensrate betragt
nur 5 bis 10 %. Konventionelle Bestrahlung stoft auf erhebliche Probleme aufgrund
von Strahlenresistenz und Komplikationen durch die atembedingte Organbewegung.
Aus diesem Grund wird in dieser Arbeit eine Kombination aus Kohlenstoff-
Ionen-Therapie (CIRT) und Minibeam-Bestrahlung (MBRT) vorgeschlagen, um
die Wirksamkeit der Behandlung zu erhohen und gleichzeitig die Schadigung
kritischer Risikoorgane zu minimieren. Beide Methoden sind jedoch anfillig fiir
Organbewegungen.

Um diesen Effekt zu untersuchen, wurde ein anthropomorphes abdominales
Pankreas-Phantom fiir die Ionenstrahltherapie (PPIeT) entwickelt.  PPIeT
wurde aus 3D-gedruckten anatomischen Strukturen mit realistischen CT- und
MRT-Kontrasten konstruiert und simuliert atembedingte Organbewegungen und
gastrointestinale Bewegungen. Die Dosis wurde mit einer Ionisationskammer
und radiochromen Filmen innerhalb des Pankreastumors und der Risikoorgane,
wie dem Zwolffingerdarm, der Nieren, der Wirbelsdule und dem Riickenmark,
gemessen. Zudem wurde ein kostengiinstiger und adaptierbarer Minibeam
Kollimator entwickelt, um verschiedene Minibeam Kollimator Konfigurationen
zu erzeugen. Primére Tests mit Rontgenstrahlung wurden durchgefiihrt, um
die Leistung des Kollimators zu validieren. Nachfolgende Bestrahlungen von
PPIeT umfassten homogene und rdaumlich fraktionierte CIRT unter Verwendung
verschiedener atmungsinduzierter Bewegungsamplituden.

Bei der homogenen Bestrahlung von PPIeT mit CIRT wurde eine signifikante
Unterdosierung des Tumors beobachtet, wahrend die Dosisschwankungen in
den Risikoorganen je nach Organ variierten. Mit der Minibeam Kollimator
Konfiguration von 1 mm Peak- und 1 mm Valley-Breite konnte eine Genauigkeit
von iiber 98 % erreichte werden. Diese Konfiguration wurde fiir die Bestrahlung
von PPIeT ausgewahlt, was unter statischen Bedingungen zu der Erzeugung eines
prazisen Minibeammusters fithrte. Durch atembedingte Organbewegung kam es
jedoch zu unscharfen Minibeammustern in der Niere was den gewebeschonenden
Minibeam-Effekt beeintrachtigen konnte. Somit unterstreicht diese Forschung die
Notwendigkeit mafigeschneiderter Strategien, die die durch Bewegung induzierten
Risiken in der Strahlentherapie bei Bauchspeicheldriisenkrebs berticksichtigen.
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8. Personal Contribution to Data
Acquisition / Assessment and
Personal Publications

8.1 Contribution to publications for cumulative
thesis

The contribution of Christina Stengl (CS) to each of the three publications
constituting this cumulative thesis is detailed below, according to the Contributor
Roles Taxonomy®.

Paper 1

CS played a key role in the conceptualization of Paper I, outlining the design
of the phantom and defining research objectives to ensure compatibility with MRI,
CT, and CIRT. Additionally, CS implemented the methodology and developed
both the phantom’s external and internal structures, did the 3D design and printing
of organs and dosimetric inserts, and planned the experiments and irradiations. CS
programmed the software for the motion system. CS led the investigation by
performing MRI and CT measurements and the irradiation at HIT. Furthermore,
CS contributed to the validation and formal analysis, conducting MRI and CT
image analysis, motion analysis as well as IC and film analysis. In addition to data
curation, CS wrote the original draft and subsequent review and editing
stages. Her contributions also encompassed visualization, including the creation
of all the pictures and graphs used in the publication.

Paper 11

CS made significant contributions to Paper II. CS conceptualized the idea of
a variable mini-beam collimator with interchangeable metal and plastic plates. In

Shttps://credit.niso.org/, accessed on 8 May 2024.
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terms of methodology, CS 3D-designed the plastic plates and scaffold for the
mini-beam collimator, and planned the irradiation of films and cells with an X-
ray machine. Her contribution in software was conducting the film analysis. In
the investigation phase, CS performed experiments with the mini-beam collimator,
conducting film and IC dosimetry and in vitro studies. Additionally, CS significantly
contributed to formal analysis, including film and microscopy analysis of cell data,
as well as data curation. CS did the visualization, which encompassed creating
all plots and microscopy images for the paper. CS wrote the manuscript, including
original draft preparation, as well as review and editing stages.

Paper II1

CS conceptualized the integration of carbon ion radiation therapy and mini-beam
radiotherapy with the developed phantom and the mini-beam collimator, as reported
in Paper III. In terms of methodology, CS adapted the mini-beam collimator for
carbon ion irradiations and planned and executed irradiation at HIT. CS refined
the software to conduct film analysis. For the investigation, CS supervised
the experiments at HIT. Additionally, CS did the formal analysis, including
the analysis of films and mini-beam patterns from Monte Carlo simulations and
experiments. CS played the main role in data curation and visualization, which
involved creating and adapting all the plots and images. Furthermore, she wrote
the manuscript, including the original draft preparation, as well as the review
and editing stages.
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1. Stengl, C., Munoz, I. D., Arbes, E., Rauth, E., Christensen, J. B.,
Vedelago, J., Runz, A., Jdkel, O., & Seco, J. (2024). Dosimetric study
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for carbon ion mini-beam radiotherapy. Medical Physics, Advance online
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luminescence detectors for dosimetry and LET measurements in light ion
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8.3 Conference contributions

1. Invited Talk: ASI Seminar 2024, Paul Scherrer Institute (PSI), Switzerland,;
Optimization of pancreatic cancer therapy - Potential and challenges of
treatment approaches.

2. Invited Talk: Science@DKFZ 2023, Heidelberg, Germany; Development and
characterization of a versatile mini-beam collimator for pre-clinical photon
beam irradiation.
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3. Oral Presentation: ESTRO
2023, Vienna, Austria; Multimodal anthropomorphic pancreas phantom with
real-time breathing motion for Carbon Ion radiotherapy.

4. Oral Presentation: International Workshop on Particle Minibeam Therapy
2023, Paris, France; Dosimetry and in vitro studies using a novel and versatile
mini-beam collimator.

5. Poster: NCRO Retreat 2023, Heidelberg, Germany; PPIeT: Pancreas
Phantom for Carbon Ion beam Therapy.

6. Oral Presentation: FRPT 2022, Barcelona, Spain; Development of a versatile
mini-beam collimator.

7. Oral Presentation: ECMP 2022, Dublin, Ireland; Spatial fractionation:
Development of a variable and low-cost mini-beam collimator.

8. Oral Presentation: DGMP 2021, online: Development of an anthropomorphic
breathing phantom for IGRT.

9. Poster, ESTRO 2021, online: Multimodal anthropomorphic abdomen
phantom with real-time breathing motion for IGRT
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9.1 Supplementary material Paper I

Supplementary Material

A phantom to simulate organ motion and its effect on dose
distribution in carbon ion therapy for pancreatic cancer

Supplementary Table S1: Composition of organ filling to achieve human-equivalent contrast (Elter et
al., 2021). The total volume is overestimated to have enough solution to fill the pancreas or the two

kidneys.
Organ \ Material Agarose [g] NiDTPA [mL] KCl [g] Water [mL]
Pancreas 18.67 11.60 9.50 469.73
Kidney 10.48 7.89 3.51 481.63
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Supplementary Figure S1: 3D printed detector inserts. Film insert for the pancreas as 3D rendering (A),
top view (B) and an inside view (C). Insert for the ionization chamber in the pancreas as 3D rendering
(D), side view (E) and inside view (F). Films insert for the kidney as 3D rendering (G), top view (H) and
inside view (1). Film insert for the spine as 3D rendering (J), top view (K) and inside view (L).
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. Input "
Control unit (

Hydraulic

Actuator

Supplementary Figure S2: Illustration of the motion control for PPleT. Input feed of either a fixed
motion input or a sinusoidal breathing motion is transferred to the control unit and via a hydraulic
system the actuator is moved accordingly.

Supplementary Video S1: Recording of PPleT during breathing-induced motion. The initial sequence
of the video presents the motion of the abdominal wall. In the subsequent part of the video, the
motion of the kidneys is visible while the spine does not exhibit motion. The video is given as extra
.mp4 file.

Supplementary Figure S3: Carbon ion treatment plan for pancreatic cancer for PPleT (A), from a
previous study (adapted from Liermann et al., 2022. CC BY 4.0) (B), and from a randomly selected
patient from the pancreas motion quantification study (C).

118



CHAPTER 9. APPENDIX

the total physical dose in static condition and motion condition (B).
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Supplementary Figure S4: Total physical dose for both beams in static condition (Control) and motion
condition (A). The 1.37 Gy physical dose calculated in the treatment plan matched the mean physical
dose measured with the ionization chamber with a deviation of 1.17 %. Single beam contribution to
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Supplementary Figure S5: Raw film data for static and motion conditions, along with the OD two-
dimensional difference and OD profile in CC direction for static and motion conditions in the pancreas
(A), the left (B) and right (C) kidney, the spine (D) and the spinal cord (E). Scale bar for film overlay
with unit OD value (F). The black boxes indicate the region used for the profiles. The size of the films
for each organ is described in Section ”2.3. 3D printing of detector inserts”.
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9.2 Supplementary material Paper 11

Supplementary material

Development and characterization of a versatile mini-beam collimator
for pre-clinical photon beam irradiation

Christina Stengl, Eric Arbes, Long-Yang Jan Thai, Gernot Echner,
José Vedelago, Jeannette Jansen, Oliver Jakel, Joao Seco

Submitted to Medical Physics on November 2022.
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Supplementary Figure S1: Attenuation of tungsten and brass over a thickness of 10 mm.
To justify the choice of the 10 mm thick metal plates, the attenuated beam in percentage is
plotted against the thickness in mm for monoenergetic photon beams with energies of 200
keV and 225 keV. As continuous X-ray beams were used, the attenuation values represent
the worst-case scenarios, since these energies are the maximum energies of the two X-ray
beams used, and lower energies can be attenuated up to the same percentage with lower
thicknesses. The gray color symbols correspond to tungsten and the orange color symbols
correspond to brass. The reported values were retrieved from Hubbell and Seltzer (2004).
The attenuation for brass was computed considering a mixture of 2/3 of copper and 1/3 of
zinc.

Hubbell and Seltzer, 2004. https://dx.doi.org/10.18434/T4D01F

121



CHAPTER 9. APPENDIX

A 19x1.00 mm 18x1.00 mm
1
! =
| E
' 8
! =
| ~—
1
19x1.00 mm 18x1.00 mm
= :
39.80 mm
B 19x1.00 mm 18x0.81 mm
1
! £
| £
| g
! =
| ~—
i
19x1.00 mm 18x1.00 mm
=T N
39.80 mm
C 19x1.00 mm 18x0.66 mm
i
! £
| E
| o
H o
! S
| -
i
19x1.00 mm 18x1.00 mm
39.80 mm

Supplementary Figure S2: Technical drawing of the plastic plates arranged for each
mini-beam collimator at the different SCDs. At SCD4 no divergence was considered, thus
parallel plastic plates were used. Instead, for SCDg and SCD¢ the divergence compensation
is evident in the design of the plastic plates. The hollowed parts of the designs are filled
with 1 mm thick metal plates, and they repeat 19 times for all the configurations. According
to the norms of technical drawings, the number multiplying the length indicates that this
structure is repeated that number of times. For example, for SCD,4 the 1 mm thickness is
repeated 18 times. For SCDp and SCD¢, at the top part, the 0.81 mm and 0.66 mm is
respectively repeated 18 times. The dash lines in the middle are symmetry lines.
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+-- lonization chamber

15 mm
----- -~ RW3 plate

--- RW3 plate

Supplementary Figure S3: RW3 plate setup for absolute dosimetry where radiation is
coming from top to bottom. An ionization chamber was placed in an RW3 center plate with
a form-fitting hole extending into the center of the plate with a total thickness of 10 mm.
On top, a 4 mm RW3 plate was positioned to achieve 6 mm of water-equivalent depth (A).
Gafchromic films were positioned accordingly in the MultiRad with a water-equivalent depth
of 6 mm above the film (B).
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Supplementary Table S1: Dose rate measurements done with the Semiflex Ioniza-
tion Chamber 31010 from PTW (Germany), with a calibration factor of 2.827x10% Gy/C
(Tp=293.15 K; Py=1013.25 mbar) at SCD4. The collected charge was measured with the
ionization chamber on four different days, by doing five independent acquisitions of two
minutes each day. For every day, temperature and pressure corrections were considered,
and the mean charge was converted to dose by multiplying by the calibration factor of the
chamber. The dose rate value used for irritations at SCD4 was computed as the mean
value, and its standard deviation is reported as uncertainty, yielding a mean dose rate of
Dy = (4.21740.035) Gy/min.

Measurement | Charge [nC] | T [°C] | P [mbar] | Dose rate [Gy/min]
29.85
29.77
Day 1 29.75 21.95 1005.8 4.265
29.70
29.71
28.82
28.92
Day 2 29.16 23.35 1004.1 4.189
29.15
29.14
29.27
29.28
Day 3 29.27 23.35 1004.1 4.222
29.26
29.24
29.13
29.13
Day 4 29.11 23.45 1005.5 4.193
29.10
29.10
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Supplementary Table S2: Dose rate measurements done with the Semiflex loniza-
tion Chamber 31010 from PTW (Germany), with a calibration factor of 2.827x10% Gy/C
(Tp=293.15 K; Py=1013.25 mbar) at SCDp. The collected charge was measured with the
ionization chamber on four different days, by doing five independent acquisitions of two
minutes each day. For every day, temperature and pressure corrections were considered,
and the mean charge was converted to dose by multiplying by the calibration factor of the
chamber. The dose rate value used for irritations at SCDp was computed as the mean
value, and its standard deviation is reported as uncertainty, yielding a mean dose rate of
Dp = (17.7440.20) Gy/min.

Measurement | Charge nC] | T [°C] | P [mbar] | Dose rate [Gy/min]
121.9
121.9
Day 1 121.8 22.10 1004.9 17.487
121.6
121.9
123.8
123.8
Day 2 123.7 21.80 | 1007.4 17.686
123.4
123.5
125.1
124.6
Day 3 124.8 22.65 1009.5 17.875
124.8
125.0
125.1
125.1
Day 4 125.1 22.5 1006.6 17.920
124.6
124.5
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Supplementary Figure S4: On top, the raw data of the scanned films for the calibration
curve are shown for each irradiation time with a size of 1.5 x 1.5 cm? The red marks
were used to identify the films and reproduce their positioning. For each film, an average of
100 pixels along the horizontal direction was used. The plot on the bottom left depicts the
Optical Density mean values from three independent film measurements and the 4-order
polynomial fit. The resulting fitting parameters are reported on the right.

/17 2/27T 0.5/1T 0.5/2T

Supplementary Figure S5: Raw data of the scanned films irradiated at the in vitro setup
of SCD4 for configuration 1/1 T, 2/2 T, 0.5/1 T and 0.5/2 T. The red marks were used to
identify the films and reproduce their positioning.
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Supplementary Figure S6: Peak dose and valley dose for the mini-beam collimator
configurations 1/1 T (A), 2/2 T (B), 0.5/1 T (C), and 0.5/2 T (D). The applied dose
is the dose determined with the ionization chamber at SCD,, and the measured dose
is the one resulting from the film measurements with each collimator configuration. A
linear fit was made for each data set, setting the intercept to zero. The resulting fitting

parameters are reported for each subplot.

From the slopes, it can be inferred that the

presence of the mini-beam collimator yields a dose value at the peak that is on average
two times lower than in the case without the collimator. For the valley regions, the dose
is one order of magnitude lower compared to the situation without the mini-beam collimator.
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Supplementary Figure S7: Effect of intentional misalignment of the mini-beam colli-
mator. Raw film data (A) when positioning the mini-beam collimator 15 mm off from the
center, and resulting mini-beam dose profiles (B). This irradiation was done with the 1/1 T
mini-beam collimator configuration at SCD¢. A clear difference in the peak intensities is
observed, with a continuous drop in intensity from left to right. This illustrates the relevance
of properly aligning the mini-beam collimator to the center of the X-ray radiation field.
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Supplementary Figure S8: Dose profiles of mini-beam collimator with 1/1 T configura-
tion using parallel plates (A) and plastic plates accounting for divergence (B) at SCD¢. The
drop in intensity of the lateral peaks in A is evident, with 69% less dose than the central
peaks. This difference indicates the importance of considering the X-ray beam divergence in
the plastic plate design for the mini-beam collimator at lower SCDs.
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Supplementary Figure S9: Overlay of the in vitro fluorescence intensity (in green) and
the dose measured with the EBT-XD film (in gray) for the mini-beam collimator configura-
tions 1/1 T (A), 2/2 T (B), 0.5/1 T (C), and 0.5/2 T (D). The original profiles are reported
in Fig. 3 and Fig. 9 for EBT-XD films and the in vitro study, respectively. In all the cases,
it can be observed that the fluorescence intensity profiles follow the mini-beam dose distri-
bution. This can also be seen in the agreement between the geometrical parameters FWHM
and ctec reported in Supplementary Table S3. Instead, the difference between the peak and
the valley is always larger for the dose mini-beam profiles, yielding larger PVDR values than
PVIR values.
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Supplementary Table S3: Comparison of mini-beam parameters for film measurements
and 4n witro irradiations. The original values reported are in Table 3 and Table 6. The
uncertainties were computed considering cipier and i, as independent contributions. It
can be observed that the geometrical parameters FWHM and ctc obtained with the two
different measurements agree with the uncertainties for all the mini-beam collimator con-
figurations. This behavior is visible in the overlapping profiles in Supplementary Fig. S9.
Due to the nature of the measurement in vitro, the uncertainties are always larger than for
film measurements. In addition, PVDR values are systematically higher than PVIR values
because in the latter the intensities correspond to the discrete signal originating in the cell
foci, instead of the continuous profile obtained with films. Furthermore, as the foci intensity
profiles present a larger dispersion, the relative uncertainties of the PVIR values are larger
than the PVDR values.

Mini-beam | Measurement | FWHM [mm]| | ctc [mm] PVDR PVIR
collimator ID
1/1T Films 0.98+0.08 2.30+0.01 | 6.38£0.24 -
1/1T In witro 1.1840.10 | 2.29+0.03 - 1.68+0.68
2/2T Films 2.11£0.09 4.61+0.02 | 7.03£0.23 -
2/2T In wvitro 2.351+0.17 4.6010.17 - 1.56+0.11
0.5/1T Films 0.53£0.05 1.77£0.01 | 8.66+0.75 -
0.5/1T In vitro 0.69£0.08 1.754+0.04 - 1.57+0.12
0.5/2T Films 0.52+0.05 2.931+0.03 | 10.09£1.07 -
0.5/2T In vitro 0.66+0.11 2.87+0.14 - 1.64+0.23
10
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9.3 Supplementary material Paper II1I

Supplementary material

Dosimetric study for breathing-induced motion effects in an
abdominal pancreas phantom for carbon ion mini-beam radiotherapy

Christina Stengl, lvan D. Mufioz, Eric Arbes, Evelyn Rauth, Jeppe B.
Christensen, José Vedelago, Armin Runz, Oliver Jakel, Joao Seco

Submitted to Medical Physics on November 2023.

Supplementary Section S.I. Energies of the treatment plans

Supplementary Table S1: Energy, SOBP relative weight and focal spot FWHM size of
Beam 1.

Energy [MeV/u] SOBP relative weight Focal spot FWHM [mm)]

226.05 0.01160 10.3
229.76 0.03279 10.2
233.42 0.04459 10.2
237.05 0.05349 10.2
240.65 0.05799 10.2
244.21 0.05889 10.2
247.74 0.06049 10.1
251.24 0.06719 10.1
254.71 0.08028 10.1
258.15 0.08608 10.1
261.56 0.09468 10.1
264.95 0.10548 10.1
268.32 0.10558 10.1
271.66 0.09558 10.0
274.98 0.04079 10.0
278.29 0.00450 10.0
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Supplementary Table S2: Energy, SOBP relative weight and focal spot FWHM size of

Beam 2.

Energy [MeV/u] SOBP relative weight Focal spot FWHM [mm)]
229.76 0.00490 10.2
233.42 0.01220 10.2
237.05 0.02140 10.2
240.65 0.02940 10.2
244.21 0.03620 10.2
247.74 0.04080 10.1
251.24 0.05149 10.1
254.71 0.05819 10.1
258.15 0.06599 10.1
261.56 0.07859 10.1
264.95 0.08419 10.1
268.32 0.09099 10.1
271.66 0.09459 10.0
274.98 0.09019 10.0
278.29 0.08759 10.0
281.57 0.07199 10.0
284.84 0.05379 10.0
288.10 0.02380 10.0
291.34 0.00370 10.0

2
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Supplementary Section S.II. Film calibration for carbon ion beam
dosimetry

To achieve dose values for the films, a calibration curve was done for each
mentioned depth. The calibration films were cut with a size of (30x30) mm?
and placed at the center of the RW3 phantom for {0; 40; 45; 120} mm. For
the irradiation, the mini-beam collimator was positioned 50 mm in front of
the RW3 plates. To match the energies, and consequently the LET values, of
the clinical plan for PPIeT, two different plans were used for the calibration
of the films. Calibration beam 1 was set according to the energies and rela-
tive weights of Beam 1 used for PPIeT. Calibration beam 2 was calculated
accordingly based on the energies and relative weights of Beam 2 used for
PPIeT. These calibration plans have a field size of (26x26) mm? with each
pencil beam spot 2 mm apart from each other, and focal spot sizes between
10.0 mm to 10.2 mm FWHM, depending on the energy of each layer. This
way, a homogeneous irradiation of the calibration films was achieved.

The absolute dose values were determined with a 0.03 cm® PinPoint 31015
ionization chamber (PTW, Germany), and measured independently for cal-
ibration beam 1 and calibration beam 2. The absolute number of primary
particles was adjusted to obtain 1 Gy at 120 mm for each calibration beam.
For the calibration beam 1, the dose was measured at the entrance region
for the 0 mm depth and at depths of 45 mm and 120 mm. For the calibra-
tion beam 2, the dose was measured at 40 mm and 120 mm depth. For the
calibration irradiation, films were placed at 0 mm, 45 mm and 120 mm for
calibration beam 1. Afterwards, only the film at 120 mm was kept inside the
RW3 phantom, and a new film was placed at 45 mm, following irradiation
with calibration beam 2. By doing this, the LET distribution at 120 mm is
the same as the one in the pancreas, composed of the contribution of the two
beams. This procedure was repeated several times while scaling the number
of primary particles to obtain several dose reference values for the OD-dose
calibrations.
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Supplementary Table S3: Dose values in Gy at depths {0; 40; 45; 120} mm within the
RW3 phantom for calibration beam 1 and calibration beam 2 measured with the ionization
chamber. The uncertainty was computed by considering the calibration certificate of the
chamber, the temperature and pressure corrections, and the standard deviation of three
independent measurements.

0 mm 40 mm 45 mm 120 mm
Calibration beam 1 0.690 £ 0.016 - 0.724 £ 0.018 0.998 + 0.025
Calibration beam 2 - 0.660 £ 0.016 - 1.004 £+ 0.024
5 P
| /4
'/
4t
351 74
74
— 3r /
>
o, Y.
|- 4
§ 2.5 Y
a Ll Fit 0 mm
Fit 4 Omm
151 F?t45 mm
Fit 120 mm
s X Data 0 mm
x  Data 40 mm
X Data 45 mm
05 X Data 120 mm
0 L L L . . . .

.
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Optical Density

Supplementary Figure S1: Dose-calibration of EBT3 gafchromic films for each depth.
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Supplementary Section S.III. Monte Carlo simulations

Supplementary Table S4: Summary of the Monte Carlo simulation parameters as pro-
posed by Sechopoulos et al. (2018)'. Further details related to the Monte Carlo simulations
can be found in a previous publication?.

Item name Description References
Code, version TOPAS, version 3.9.1 3
Validation Depth-dose measurements against simulations 2
Timing 2 x 48 cores, CPU time 5 x 10%s
Geometry The mini-beam collimator geometry is detailed in the
manuscript. The dose and LET were scored in an RW3
phantom with dimensions (400x300x300) mm?. The
scoring grid was set to 400 bins along the central axis
with 300 bins in the horizontal plane to score the mini
beam pattern with a resolution of 10 bins/mm
Physics A modular list consisting of g4decay, gdh-elastic_HP,
g4em-standard_opt4, g4h-phy QGSP_BIC_HP,
g4stopping, g4ion-binarycascade
Scoring Dose to water and dose-averaged LET in water; the lat-
ter excluding secondaries heavier than the primary par-
ticle
# histories 10° primary total with the weights given in Supplemen-
tary Table S1 and Supplementary Table 52
A
0-147 — Beam1l 1207 — Beam1
0.129 Beam 2 — 1004 Beam 2
5 0.10 — Beam 1+2 5— 80+ — Beam 1+2
S, 0.08 >
2 60
% 0.06 35
0 0.04 E 407
0.02-] 20
0.00 T T T T T 1 0 T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Distance [mm]

Distance [mm]

Supplementary Figure S2: Dose values (A) and LETq (B) profiles for calibration beam
1 (blue), calibration beam 2 (orange), and their combined beam (green). Black lines indicate
the depths of 0 mm for skin, 40 mm for spine, 45 mm for kidney, and 120 mm for pancreas.
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Supplementary Figure S3: Comparison of dose distribution with mini-beam col-
limator (left) and without mini-beam collimator (right) (A). Black line indicates the
depth of 120 mm from where the dose profile for both conditions was used. Dose pro-
files at 120 mm with mini-beam collimator (black line) and without collimator (black
dotted line) (B). This result shows that if the same number of primary carbon ions are
simulated, the mean peak dose is 61.3 % of the mean dose without the mini-beam collimator.
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Supplementary Section S.IV. Quantification of the mini-beam dose
distribution with films

Reference 5mm 10 mm 15 mm

Scan

Skin
Dose
= . -

Dose [Gy]

@
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Dose

Kidney (@]
Scan

o

Scan

Pancreas
Dose [Gy]

e e e o o o o o o
2 8 & 2 & 8 g 8
Dose [Gy]

Supplementary Figure S4: Visualization of 2D film raw data and dose distribution at
the skin (A), spine (B), kidney (C) and pancreas (D) for reference condition, 5 mm motion,
10 mm motion and 15 mm motion.
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Supplementary Section S.V. Optically simulated luminescence de-
tectors

Optically stimulated luminescent dosimeters (OSLDs) based on Al,O3:C
are capable of performing dosimetry measurements in light ion beams?. Al-
though the dose is subject to an ionization quenching, the inherent way of
assessing the radiation quality through averaged LET enables quenching-
corrected dosimetry. After irradiation, the material is characterized by two
emissions during stimulation, one emission in the UV band and another in
the blue band of the optical spectrum. While each band is subject to non-
linearity effects caused by variations in the ionization density, the ratio of the
two emissions has been shown to correlate with the radiation quality, and in
particular averaged LET#. This means that OSLDs can be used to deter-
mine both dose and averaged LET simultaneously, where the latter can be
exploited to assess ionization quenching corrections factors, finally enabling
dosimetry of carbon ion beams?.

With the OSLDs embedded in the pancreas, a dose of (1.35£0.05) Gy
was measured when irradiating PPIeT with the two beams of the treatment
plan without using the mini-beam collimator. This value agrees with the
1.37 Gy retrieved from the treatment plan and the (1.3940.03) Gy obtained
with an ionization chamber previously reported?.
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Supplementary Figure S5: Comparison of dose measured at the mean peak dose values
of the mini-beam profiles in the films to the dose values measured by OSLDs without
the collimator. The kidney, spine and pancreas are visualized in green, red and blue,
respectively. For the pancreas, a correction factor (Supplementary Figure S3) derived from
the MC simulation was applied and is visualized by the light blue bar.
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