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1 Introduction 
The continuous development and research in medicine and medical technology are 
improving the diagnosis and treatment of diseases. These new insights lead to the 
development of novel devices and pharmaceuticals. This results in an improvement in 
quality of life and a growing life expectancy in general. Cancer, however, was 
responsible for 10 million deaths in 2019, making it the second major cause of death 
worldwide (Hannah Ritchie und Max Roser 2023). In Germany, a total of 493,200 
people were diagnosed with cancer and 230,223 people died due to cancer in the year 
2017 (RKI 2023). Considering these numbers, it becomes clear that it is important to 
further research and improve the treatment of cancer. Several treatment methods have 
been established over the years, including chemotherapy, surgery, and radiation 
therapy, to control and/or cure cancer (curative approach) or to relieve the pain and 
suffering of patients (palliative approach).  

External beam radiation therapy (RT) is a non-invasive method that kills cancer cells 
through ionizing radiation (either x-rays or particle radiation). The radiation damages 
the DNA of the cells to stop cancer cell proliferation, resulting in the death of the cells. 
The tumors become smaller or even disappear completely. The cell-damaging effect of 
RT is not specific, i.e. healthy tissue cells are also affected. Depending on the degree of 
damage, however, most healthy tissue cells can repair radiation damage to the DNA 
more efficiently than cancer cells. Therefore, it is important to know the exact location 
and size of the tumor in order to generate a treatment plan, leading to a dose 
distribution that is localized ideally to the tumor volume and spares normal tissue. 
This is accomplished by immobilizing the patient and different imaging procedures that 
are able to visualize the tumor and provide information about the surrounding healthy 
tissue and organs at risk (OAR). For this purpose, three-dimensional (3D) imaging 
modalities are used, such as X-ray computed tomography (CT) and magnetic resonance 
imaging (MRI). The generated images are used to identify the tumor and the OAR. 
After that, an individual treatment plan is generated for every patient by varying the 
number and shape of beams, the direction and the delivered dose. However, several 
uncertainties will still be present, such as the patient’s positioning or the anatomical 
changes between two consecutive treatment fractions. These are called inter-fractional 
anatomical changes. The breathing-induced organ movement, for example, also causes 
additional uncertainties (intra-fractional changes) for tumors in the lung or the 
abdominal region, which also have to be taken into account. To compensate for inter-
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fractional changes, images are taken prior to the treatment and compared to reference 
images from the treatment planning. If necessary, the patient’s position can be 
corrected. In addition, MRI may be used to identify the target volume as well as the 
OARs, as this imaging modality provides significantly better soft tissue contrast than 
CT (Noel et al. 2015). This procedure is also known as image-guided radiation therapy 
(IGRT). IGRT can be easily implemented for non-moving targets. Tumors in the 
thorax, abdominal and pelvic regions, however, are more challenging to treat, as they 
move due to respiratory motion and peristalsis (Dhont et al. 2020; Korreman 2015). 
One approach is to add an additional treatment margin around the clinical target 
volume (CTV) (the so-termed internal target volume, or ITV), in order to cover the 
CTV at all motion states. This, however, leads to a higher risk of radiation toxicity in 
the surrounding healthy tissue and more critical in OAR. Consequently, new treatment 
techniques are being developed, such as adaptive radiotherapy (ART) in combination 
with IGRT. With the increasing importance of new treatment techniques and newly 
developed hybrid devices such as combining an MRI scanner and a linear accelerator 
(MR-Linac), suitable phantoms and validation tools are becoming increasingly more 
important. Ideally, anthropomorphic phantoms are needed, which provide contrast in 
multimodal imaging and additionally physiological breathing motions (Kurz et al. 
2020). These can be used to develop new treatment methods that consider the organ 
motion, validate the image processing algorithms that are needed during the adaptive 
process, and dosimetrically validate the entire treatment, for example, in an end-to-
end test. An end-to-end test in medical physics comprehensively assesses the entire 
imaging and treatment process, from initial acquisition, planning and to final delivery. 
In radiation therapy, this involves simulating a patient's treatment process, typically 
using a phantom. It includes CT scan acquisition, treatment planning, machine 
calibration, patient setup, and radiation dose delivery. The aim is to ensure accurate 
calculation of radiation doses, precise administration of doses by the treatment 
machine, and accurate patient setup and alignment 

There are already commercial and non-commercial phantoms available, which are, 
however, either anthropomorphically shaped, multimodal or deformable. The ADAM 
(Anthropomorphic Dynamic breAthing Model) phantom (Pallotta et al. 2019) is 
deformable and able to simulate breathing motion but provides only monomodal image 
contrast. This phantom is used for the evaluation of motion management systems in 
the CT and is not suitable for MRI, as it contains ferrous materials and does not 
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provide tissue-equivalent contrast in the MRI (Pallotta et al. 2019). Another example 
is the ModusQA Phantom (Modus QA 2021). It offers MR (magnetic resonance) 
compatibility and provides motion management. This phantom is used for quality 
assurance and, therefore, compartments can be filled with different components. It is 
also possible to simulate breathing motion. Thus, the phantom does not include any 
anthropomorphically shaped organ models; it only provides cylindrically shaped organ 
models. The triple modality 3D abdominal phantom (Model 057A; CIRS Inc.) provides 
contrast in MRI, CT and ultrasound. It also includes anthropomorphically shaped 
organ models and is designed to perform image-guided needle insertion interventions 
but does not provide the possibility of breathing motion simulation. Therefore, 
phantoms are needed that provide a combination of anthropomorphically shaped organ 
models, organ motion in a composite and multimodal contrast in CT and MRI. 
Phantoms that provide those features and are capable of arbitrary breathing motion 
simulation are especially important for magnetic resonance guided radiation therapy 
(MRgRT) to investigate, validate and develop new treatment methods in the presence 
of intra-fractional motion (Thorwarth und Low 2021). The lack of anthropomorphic 
phantoms that can simulate breathing motion and, at the same time, the highly 
complex and demanding treatment planning process for such cases, indicates the need 
for experimental setups of this kind.  

The aim of this thesis is to develop a solution that fills this gap. Certain demands were 
specified for the experimental setup to meet the abovementioned requirements. 
Consequently, an abdominal phantom is intended to be developed, free from 
ferromagnetic materials, incorporating anatomically similar organ models, and 
providing anthropomorphic contrast in both MRI and CT. To achieve these contrasts, 
an already developed formula (Elter et al. 2021) can be used that makes it possible to 
adjust tissue-equivalent imaging contrast for both imaging modalities. Next, the 
multimodal contrast stability needs to be investigated over a period of time to ensure 
a long-term use. The fabrication of organ models by using 3D printed casting molds 
ensures reproducibility and additionally allows for the manufacturing of 
anthropomorphic organ shapes. Furthermore, a motion control that is compatible with 
MRI and is capable of simulating arbitrary breathing curves in real time is needed. 
The experimental setup should be able to provide breathing-induced organ motion in 
a compound and it should be possible to evaluate the motion of each individual organ 
model. Patient and volunteer data should be considered in order to provide reference 



 

4 
 

data of different breathing types. To enable the management of organ motion and 
investigate intra-fractional organ displacement and its influence on tumor 
displacement, the phantom should facilitate the insertion of different tumor models. 

In conclusion, the objective of this thesis is to develop an abdominal phantom that 
incorporates (i) consistent breathing motion for imaging, (ii) organ motion induced by 
respiration in a composite structure, (iii) realistic contrast in both MRI and CT scans, 
(iv) organ models shaped in an anthropomorphic manner, and (v) a motion control 
unit compatible with MRI. Moreover, this approach involves conducting measurements 
with a simulated respiratory motion under diverse breathing modalities, e.g., shallow, 
free and deep breathing utilizing the developed phantom. These measurements should 
be performed through magnetic resonance imaging (MRI) data acquisition. The 
subsequent analysis will focus on assessing the respiratory amplitude and the dynamic 
movement of the organ models. A comparative study with focus on data relevant from 
scientific studies will be carried out to discern patterns and anomalies. The evaluation 
encompasses both static considerations, emphasizing the maximum amplitude of 
movement, and a temporal analysis to measure the motion trajectory of each individual 
organ over time. In addition to the dynamic assessment, dosimetry measurements will 
be performed and subjected to comprehensive analysis. The methodology involves the 
insertion of dosimetric EBT3 films into a liver tumor model. Subsequently, the model 
will undergo irradiation utilizing the MR-Linac while the phantom undergoes controlled 
simulated breathing movements. 

This multifaceted approach aims to yield insights into the complex interplay between 
simulated breathing dynamics and organ response. The experimental configuration 
should be modular, facilitating dosimetry measurements and supporting comprehensive 
end-to-end studies. 
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2 Material and Methods 
This chapter covers a range of essential elements in the field of radiation therapy as 
well as the methodologies and materials used in this thesis. From the use of advanced 
techniques like IGRT to ensure precise treatment to strategies for motion management 
in response to patient and organ motion, this chapter delves into the development of 
state-of-the-art abdominal phantoms and anthropomorphic phantoms for accurate 
testing and quality assurance. The fundamentals of Magnetic Resonance Imaging and 
Computed Tomography are explained, in addition to MRgRT, which offers real-time 
imaging for improved precision. Gafchromic™ EBT3 film basics are introduced for 
dosimetry, and the importance of understanding the anatomy of the diaphragm in 
managing breathing-induced organ motion during treatment is discussed. The 
experimental setup is explained, featuring the use of Gafchromic™ EBT3 film for 
irradiation and Magnetic Resonance Imaging for high-quality measurements and an 
end-to-end test. In-house developed Python algorithms are employed for image 
analysis. Additionally, a contrast stability phantom is used to maintain contrast 
stability for all used imaging modalities and to ensure reliability throughout the 
experiments.  

2.1 Image-guided radiation therapy 

The main goal of radiation therapy is to apply a sufficient therapeutic dose to the 
tumor while sparing the healthy tissue and the OAR. To accomplish this, information 
about the size and location of the tumor as well as information about the surrounding 
tissue needs to be considered. Therefore, several imaging techniques including CT and 
MRI are used to acquire 3D image data prior to the treatment to localize the target 
volume and generate a treatment plan on this basis. This procedure allows for a more 
accurate positioning of the patient and dose delivery to the target. A major advantage 
of this procedure is that it allows for the treatment of tumors that are located near 
OAR due to its high precision. While inter-fractional motion can be compensated by 
imaging before the fraction, intra-fractional motion poses a challenge, since respiratory 
organ movement during the treatment has to be taken into account. Recently 
developed devices such as the MR-Linac are providing imaging throughout the 
treatment in order to take intra-fractional motion into consideration (Henke et al. 
2018). In addition, it provides superior soft tissue contrast and, therefore, better 
distinction between tumor and healthy tissue by using MRI instead of CT. The 
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different techniques used to manage intra-fractional motion in radiation therapy (RT) 
are discussed in more detail below.  

2.2 Motion management  

The challenges that are associated with moving tumors led to the development of 
methods to counteract these effects or mitigate their effect. Therefore, motion 
compensation techniques have been developed and established to minimize the dose to 
surrounding healthy tissue and at the same time to deposit the dose into the tumor 
volume. Especially tumors located in the lung or the abdominal region, e.g. in the liver, 
pancreas, kidneys or spleen underlie motion due to breathing (Kim et al. 2007; Keall 
et al. 2006; Korreman 2015). The adaptive radiotherapy attempts to compensate the 
organ motion by gating (Jiang 2006) or tracking (Kubiak 2016; Caillet et al. 2017). 
Gating is accomplished by irradiating the tumor while it is located at a specified 
position during the breathing cycle; tracking, on the other hand, follows the tumor 
motion trajectory during the irradiation. Both methods involve coaching the patient 
to ensure specific and reproducible breathing pattern (Thiyagarajan et al. 2016) and 
are sometimes combined with the implantation of fiducial markers, which can be 
visualized by using X-ray imaging (Shah et al. 2013). Patients who suffer from lung 
cancer often show severe impairments of the lung function and sometimes do not 
tolerate these techniques. Fiducial markers are implanted surgically near the tumor to 
provide tracking, but this procedure is invasive and may be associated with pain and 
even sepsis for the patient (Gill et al. 2012). Recent developments that combine an 
MRI and a linear accelerator (Linac) in the MR-Linac provide non-invasive monitoring 
of intra-fractional organ motion by means of real-time imaging during the treatment. 
A continuous image acquisition during the treatment allows for precise gating or 
tracking of the tumor, without fiducial markers.  

2.3 Requirements and application of phantoms  

Phantoms in general are used to mimic specific parts of the human body and/or to 
evaluate different irradiation techniques (DeWerd und Kissick 2014b). Basic quality 
assurance phantoms that are supposed to be used daily for dose measurements are kept 
geometrically simple. They provide the possibility to insert ionization chamber 
dosimeters to measure the dose and investigate corrections to the dose application, if 
necessary. Since the field of radiation therapy is still developing and various 
improvements in the past few years have resulted in a higher accuracy and new 
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treatment methods, the development of medical phantoms has also evolved rapidly. 
Furthermore, imaging technologies have been improving and the evaluation of new 
imaging methods for IGRT (like MRI) is becoming more difficult with simple and non-
anthropomorphic phantoms, as these approaches neither provide organ-like shapes nor 
anthropomorphic contrast. Anthropomorphic phantoms can provide an experimental 
setup with suitable contrast in the imaging modalities and, by choosing a design that 
mimics human anatomy, it can be comparable to a patient. Phantoms can be used to 
simulate respiratory motion and provide improvement in IGRT (Kostiukhina et al. 
2017). That is why the need for anthropomorphic and realistic phantoms is increasing, 
since they offer a high potential for the evaluation, analysis and validation of advanced 
treatment workflow procedures (Filippou und Tsoumpas 2018; Tino et al. 2019).  

Their intended use varies depending on the area of application. Dosimetry phantoms, 
for example, are used to validate treatment plans, dose distribution and their 
dosimetric accuracy. Additionally, dosimetry studies can be combined with a 
simulation of physiological changes during different treatment fractions in order to 
investigate how, e.g., the filling of the bladder influences the dose administered to the 
prostate, depending on the bladder’s filling grade (Niebuhr et al. 2019). In this case, 
the phantom does not only mimic the desired physiological properties but also provides 
realistic physical properties, like tissue-equivalent electron density, in order to calculate 
a treatment plan. Anthropomorphic phantoms provide the possibility to apply actual 
beams and evaluate the applied dose in order to verify the dose exposure of healthy 
tissue or OAR. Not only the dose delivery techniques but also the accompanied imaging 
techniques need validation, as they are used in the IGRT. Phantoms can be used to 
simulate breathing motion in order to assure the quality of the imaging devices or test 
new technologies (DeWerd und Kissick 2014b). To ensure that, phantoms should be 
able to provide (i) multimodal contrast and be reusable, (ii) anthropomorphic shapes 
of the desired organs and regions (iii) breathing induced motion of organs in a 
composite.  

2.4 State of the art and science of anthropomorphic phantoms 

As outlined in the introduction, phantoms that provide a combination of 
anthropomorphic shape, multimodality, deformability or the possibility to simulate 
breathing motion have already been developed. However, none of these phantoms 
provide a combination of all of these requirements at the same time. These phantoms 
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are either commercially available or have been published in scientific journals. 
Additionally, some phantoms allow for dosimetric measurements. One of these already 
established anthropomorphic phantom is the Alderson Radiation Therapy Phantom 
(RSD Breathing Phantom 2024) (Fig. 1 A, B). It has already been used for over 30 
years for different dosimetry studies. Many studies have been conducted based on this 
phantom, specifically the commercially available dynamic breathing phantom from 
Radiology Support Devices, Inc. The phantom represents the human thorax region 
with skin, ribcage, spine and lungs (Testphantom für Strahlentherapie - RS-1500 - 
Radiology Support Devices - Oberkörper 2024). The material used is tissue-equivalent 
and provides attenuation coefficients that correspond to human tissue. Additionally, 
an electro-pneumatic motion controller can simulate tumor motion inside the lung. It 
also makes it possible to program different motion patterns and breathing rates in order 
to precisely plan individual treatments of patients.  

Another phantom that provides anthropomorphic internal organs and motion is the 
polyvinyl alcohol (PVA) liver phantom (Jong et al. 2019) (Fig.2 C). It consists of a 3D 
printed ribcage, PVA supporting abdomen and a PVA liver. An actuator is responsible 
for sinusoidal breathing motion, and the liver model is moved inside the ribcage (Jong 
et al. 2019).  

The deformable abdominal phantom presented by Matrosic et al. (Matrosic et al. 2019; 
Matrosic et al. 2020) (Fig. 2 A) aims for the validation of real-time image guidance 
and provides a setup for a deformable 3D dosimeter. The phantom consists of an acrylic 
outer shell with an insert made from polyvinyl chloride plastisol (PVCP). Recesses 
have been designed to allow the insertion of deformable 3D dosimeters. A 
programmable motion stage and a plunger are used to perform deformation. 
Nevertheless, this phantom only provides simple geometrical shapes of organ models, 
for example, a sphere as a liver model or a square like geometry to mimic the spine.  

Another phantom is the anthropomorphic abdominal phantom for deformable image 
registration (Liao et al. 2017) (Fig. 2 B, C). The outer shell is made from a deformable 
gel that encases a liver, spleen, stomach, left and right kidney, a spine and two tumor 
models. Additionally, two ionization chambers can be inserted into the phantom. The 
deformation is accomplished by means of four connected blood pressure cuffs that are 
wrapped around the phantom and generate a surrounding pressure to induce 
deformation (Liao et al. 2017). The organs as well as the outer shell provide contrast 
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and equivalent Hounsfield unit (HU) values in the CT. Nevertheless, this phantom is 
not suitable for MRI due to the fact that it does not provide tissue-equivalent contrast 
and contains ferrous materials.  

New emerging techniques such as the MR-Linac and the MRgRT offer excellent soft 
tissue contrast and real-time imaging in order to apply precise doses. Therefore, 
phantoms should also provide equivalent contrast for MRI and should be capable of 
simulating breathing motions as well as breathing-induced organ motion to test new 
techniques and provide further developments. 

 

Figure 1: Anthropomorphic phantoms: (A) shows the Alderson Radiation Therapy Phantom 
experimental setup. The inside of the phantom’s thorax is shown in (B) (RSD Breathing 
Phantom 2024).The polyvinyl alcohol liver phantom and its motion stage is shown in (C) (Jong 
et al. 2019). 

However, there are also phantoms available that are compatible with MRI, such as the 
ModusQA Phantom (Modus QA 2021). Breathing motion is implemented by means of 
a piezoelectric motor and the phantom can be filled with components to serve different 
needs for imaging. The linear stage is capable of motions ± 20 mm along the z-axis. 
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Additionally, non-linear motions such as customized trajectories and rotation are 
possible. For instance, the phantom only provides cylindrically shaped fillable 
components that can be moved and no organ shapes or any anthropomorphic abilities. 

The triple modality 3D abdominal phantom (CIRS 2021) (Model 057A; CIRS Inc.) is 
not only compatible with MRI, CT and ultrasound but it also contains 
anthropomorphic organ shapes. The outer casing is made of plastic. The phantom 
comprises a liver, partial kidneys, an abdominal aorta, a spine and ribs. Additionally, 
six lesions are located in the kidneys and the liver. A peritoneum made of flexible 
silicone allows for ultrasound examinations. This phantom is used for applications such 
as imaging protocol developments, image fusion or biopsy insertions. However, it lacks 
the possibility to provide breathing motion.  

 

 

Figure 2: Construction image of the deformable abdominal phantom with its motion stage is 
shown in A (a). An axial cut through the abdominal phantom demonstrating the geometrical 
shapes that represent the organ models is shown in A (b) (Matrosic et al. 2019; Matrosic et al. 
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2020). The deformable phantom with two ionization chambers inserted into the phantom’s 
outer shell, which is made of deformable gel, is shown in B. In C, the segmentation is 
represented with the corresponding labeling of the individual organs that are housed inside the 
phantom (Liao et al. 2017).  

In conclusion, a number of phantoms have already been developed that provide an 
experimental setup for dosimetry, validation of real-time imaging, treatment plan 
validation and imaging protocol development. However, these phantoms provide either 
only one or a combination of some of the desired properties or are compatible with only 
one imaging technique. Therefore, there is a need for anthropomorphic phantoms that 
are capable of reproducible breathing motion simulation, organ-equivalent multimodal 
contrast and MR compatibility. The aim of this thesis is to provide an abdominal 
phantom with reproducible breathing motion, respiratory induced organ motion in 
composite, stable contrast in MRI and CT, anthropomorphically shaped organ models 
and a motion control unit that is compatible with MRI. The experimental setup should 
be modular in order to allow for different dosimetry measurements in the future and 
end-to-end studies. 

  



 

12 
 

Table 1: Comparison between different phantoms and their properties. 

 
Phantom 

Alderson RSD 
Breathing 
Phantom 

 (Fig. 1 A, B) 

PVA Liver 
Phantom 
(Fig. 1 C) 

Deformable 
abdominal 
phantom 
(Fig. 2 A) 

Anthropomorphic 
Abdominal 
Phantom 

(Fig. 2 B, C) 
 

Anatomical 
body parts 

 
Human thorax 

 
Rib cage, liver 

Abdomen 
with simple 
organ shapes 

Liver, spleen, 
stomach, left and 
right kidney, a 
spine and two 
tumor models 

 
Breathing 
motion 

 

 
Different motion 

patterns 

 
Sinusoidal 
breathing 

 
Programmable 

motion 

Deformation 
accomplished by 
means of blood 
pressure cuffs 

 
Tumor / 
Dosimeter 

 

 
Tumor in lung 
with motion 

 
Not applicable  

 
3D dosimeter 

insertion 

 
2 ionization 
chambers 

 
Equivalent 
HU values 

for CT 
 

 
 

Yes 

 
 

Yes 

 
 

Yes 

 
 

Yes 

 
MRI 

compatible 

 
No 

 
No 

 
No 

 
No 

 

2.5 Basic principles of magnetic resonance imaging 
Magnetic resonance imaging is a tomographic imaging modality without ionizing 
radiation that provides excellent contrast of soft tissue. For that reason, it is used in 
applications such as the imaging of brain tumors and the abdominal region (Reiser et 
al. 2008). The basic principle of MRI is based on the interaction of nuclear spins in the 
presence of an external magnetic field B0. The spins align either parallel or antiparallel 
to B0 and, based on the Boltzmann distribution, the number of spins in parallel 
direction exceeds the number of spins in antiparallel direction. This energetically 
favorable alignment results in a small measurable net magnetization Mz. In the 
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equilibrium state, the spins are not completely aligned with B but process around B0 

with the Larmor frequency ω0 = γ·B0. To measure the net magnetization, a 
radiofrequency (RF) pulse with the Larmor frequency ω0 is applied perpendicular to B0 

and causes the net magnetization to rotate towards the xy-plane. In the transversal 
xy-plane, the magnetization starts to decay and induces a current, which can be 
measured with a receiver coil. There are three different processes that drive this decay 
process: the spin-lattice, the spin-spin interaction and the local field inhomogeneities 
of the B0 field. The first process causes the spins to return to their equilibrium state, 
whereas the second and third lead to a dephasing of the spins in the transversal plane. 
All processes are characterized by specific and material dependent relaxation times T1, 
T2 and T2*, respectively. This opens up the possibility of modifying RF pulses in their 
length, power and direction to achieve a variety of image contrasts. The T1 relaxation 
time is also described as the longitudinal or spin-lattice relaxation and indicates the 
time that is necessary for the longitudinal magnetization Mz to reach 63% of its 
equilibrium value M0 after a 90° pulse: 

 Mz / M0= 1−	$!
!
"# (1) 

The T2 or spin-spin relaxation time specifies the time after which 37% of the signal of 
the Mxy magnetization is still present after a 90° pulse: 

 Mxy / M0= $!
!
"$ (2) 

The 90° pulse leads to a synchronization of the spins in all spin packets. Therefore, all 
spins are in phase after the initial excitation of the 90° pulse and precess around B0 

with the Larmor frequency ω0. Immediately after the excitation, different effects start 
and lead to a dephasing of the spins, causing a T2 decay and thus a reduction of Mxy. 
All spins within one packet precess with the same Larmor frequency, whereas the spins 
of a different spin packet rotate with a slightly different Larmor frequency. This leads 
to the fact that some spin packets start to precess more quickly than others, causing 
the components to diphase, and therefore results in a decrease of the transverse Mxy 

magnetization. This effect is described as the local fluctuating magnetic field or spin-
spin interaction. Therefore, T* refers to the effective transverse relaxation time, 
commonly known as the apparent transverse relaxation time. It accounts for various 
factors that can contribute to signal decay during the MRI process, including magnetic 
field inhomogeneities, susceptibility effects, and microstructural variations within the 
tissue. T* provides valuable insights into the complex interplay between these factors 
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and is crucial for understanding and optimizing image contrast and resolution in MRI 
applications (Hashemi et al. 2018a; Bushong 2003). To acquire 3D image data with the 
MRI, the abovementioned RF pulses are applied, perturbing the alignment and causing 
the nuclei to emit radiofrequency signals upon returning to their equilibrium state. 
Spatial encoding is achieved through a combination of frequency encoding and phase 
encoding, which allows for the differentiation of signals based on their frequencies and 
introduces spatial information in two dimensions. Additionally, gradient pulses are 
employed for slice selection, determining the thickness of the image slices along the 
third spatial dimension. Through repetition of these steps and the acquisition of 
multiple 2D slices, each corresponding to a different depth within the imaged volume, 
a comprehensive dataset is obtained. This raw data undergoes Fourier transformation 
during image reconstruction, converting it into a detailed 3D representation of the 
imaged anatomy (Hashemi et al. 2018b). The resulting 3D image, composed of voxels 
representing small volumes within the object, provides a thorough and informative 
visualization of internal structures. Post-processing techniques may be applied to 
enhance the image quality, remove artifacts, and emphasize specific features (Brown et 
al. 2014). The versatility of MRI allows for the adaptation of imaging sequences and 
parameters to highlight different tissues or contrast characteristics, offering valuable 
insights for medical diagnosis and treatment planning. 

2.5.1 Typical relaxation times for abdominal organs and structures 
In the abdominal region, at a magnetic field strength of 1.5 Tesla, the T1 and T2 
relaxation times vary across different tissues. In the liver, T1 values fall within the 
range of 400-600 ms, while T2 values are approximately 30-60 ms. For the kidneys, T1 
ranges between 400-600 ms, and T2 is around 30-60 ms. Skeletal muscles exhibit T1 
values of approximately 800 ms, with T2 values ranging from 30 to 40 ms. Fat 
demonstrates T1 values in the range of 200-300 ms, and T2 values around 80-100 ms. 
In the spleen, T1 values are typically around 400-600 ms, and T2 values range from 30 
to 60 ms. The pancreas generally exhibits T1 values within the range of 400-600 ms, 
and T2 values of around 30-60 ms. It is important to note that these values are 
approximate and can be influenced by factors such as individual variability and imaging 
parameters (Bushong 2003). Additionally, higher magnetic field strengths may lead to 
different relaxation times.  
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2.6 Basic principles of computed tomography 

CT is a diagnostic imaging technique that uses ionizing radiation to acquire 3D, cross-
sectional images of an object. A x-ray tube generates x-rays throughout the duration 
of the scan while an opposing detector measures projection images from different 
angular directions (Pelc 2014). As the radiation is attenuated by the object or patient, 
different intensities I (L) are measured by the detector after the x-ray has traversed 
the patient along the line L. The photon energies in CT are in the range from 80 keV 
up to 150 keV. Due to this energy range, different interactions of photons and tissue 
may occur. At energies below 30 keV, the energy is transferred predominantly by the 
photoelectric effect, whereas between 50 keV and 90 keV, both the photoelectric effect 
and Compton scattering effects contribute equally. In the range between 90 keV and 
150 keV, Compton scattering is the dominating effect. Each tissue has a specific linear 
attenuation coefficient and the corresponding attenuation can be calculated by the 
Beer-Lambert law: 

 ! = !!#"#$  (3) 

where I is the intensity of the detected beam, I0 the initial intensity, µ the linear 
attenuation coefficient of the tissue and L the intersection length with the object or 
patient. Note that this equation only holds for homogeneous objects and 
monochromatic radiation. In general, the linear attenuation coefficient is a function of 
energy, and the x-ray source emits a polychromatic x-ray spectrum. Initially, image 
reconstruction results in an image showing the linear attenuation coefficients. In 
radiology, it is common practice to specify attenuation coefficients relative to water, 
and the attenuation coefficient is converted to CT values measured in HU: 
 
 %&%&'()* =

' − '+,-)*
'+,-)*

· 1000	-. (4) 

In this equation, '+,-)* is the linear attenuation coefficient of water. This equation 
provides two fixed points. The CT value of water is 0 HU, whereas air has a CT value 
of -1000 HU. The CT values of lung tissue range from -900 HU to -500 HU, as the lung 
is composed of soft tissue and air. The liver typically falls within the range of 40 to 60 
HU, while the kidneys vary between approximately 30 to 50 HU depending on the 
region (cortex, medulla) for normal renal tissue. The spleen shares similar HU values 
to the liver, with a range of around 40 to 60 HU. Muscles have a HU range 
approximately from 0 to 50 HU, influenced by factors such as hydration and 
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composition. Fatty tissue, characterized by its lower radio density, typically ranges 
from -50 to -100 HU or lower, reflecting its reduced density compared to other soft 
tissues. 
Bones range from 250 HU to over 1000 HU, especially for cortical bones (Schulthess 
2017; Hsieh 2015). The spatial resolution of a CT scanner depends on the focal spot 
size, the reconstructed detector pixel size and the distance between source and detector, 
among other things. In order to improve the temporal resolution of a CT and thereby 
decrease the scan time, a so-termed dual source CT (DSCT) was developed. Instead of 
just one, these devices are equipped with two x-ray sources and two detectors. This 
technology offers the advantage of high temporal resolution, which is particularly 
beneficial for specific scenarios such as imaging during breathing or cardiac motion. 
For example, using a turbo FLASH sequence, 737 mm per second of imaging data can 
be acquired (Siemens Healthcare GmbH 2021). Therefore, it is possible to acquire 
images that are mostly free of motion artifacts, which improves the diagnostic 
capabilities. 
CT is one of the major imaging modalities for the diagnosis and evaluation or 
preparation of irradiation plans in RT, as it provides the electron density that can be 
calculated from the HU. However, there are several limitations to this technology, 
including the poor soft tissue contrast compared to MRI and the exposure to ionizing 
radiation. Therefore, particularly in IGRT, MRI scanners are increasingly used in 
addition to CT and especially for real-time imaging during treatment.  
 

2.7 Magnetic resonance guided radiotherapy 

As described in the chapter about the basic principles of MRI, MRI offers a great 
advantage in terms of soft tissue visualization and differentiation. Therefore, the 
development of magnetic resonance guided radiotherapy emerged. This was initially 
realized by means of a shuttle system between the Linac and the MRI scanner. (Bostel 
et al. 2018). However, the two devices must be located in different rooms, which means 
that the transport path of the patient can lead to uncertainties and anatomical position 
changes such as organ displacements, which cannot be detected during the treatment. 
Consequently, a new device was developed by combining a MRI scanner with a Linac. 
The technical implementation is quite challenging, as a magnetic-field-free area is 
important to ensure that the Linac functions properly. In 2014, MR-guided irradiation 
was performed for the first time. This was done using the MRIdian by ViewRay (Mutic 
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und Dempsey 2014), which consists of a split 0.35 T MR scanner in the form of a 
double donut. Regarding this device in its center was a rotating ring (gantry) with 
three Cobald-60 sources for irradiation. In 2017, the MRIdian was revised, and the 
Cobalt sources were replaced by an integrated 6 MV Linac (Klüter 2019). Due to the 
low magnetic field, this results in a low signal-to-noise ratio (SNR). Therefore, MRIdian 
imaging can be used exclusively for motion tracking, as it is sufficient for determining 
the position of the tumor and organs at risk but not for diagnostic imaging. In contrast, 
the Unity MR-Linac (Raaymakers et al. 2009) uses a magnetic field of 1.5 T, which is 
also common diagnostic MRI devices. For the Unity MR-Linac, the first clinical 
treatments started in 2017 (Raaymakers et al. 2017). In addition to tracking, the strong 
magnetic field allows for diagnostic and functional imaging, for example, to investigate 
the therapeutic response of a tumor via diffusion imaging (Decker et al. 2014). In recent 
years, dosimetry has played a crucial role in radiation therapy, facilitating the accurate 
measurement and evaluation of radiation dose distribution.  

2.7.1 EBT3 Films 
One of the significant advancements in dosimetry is the development of radiochromic 
films, which are sensitive to ionizing radiation and undergo a measurable change in 
color upon exposure (Marroquin et al. 2016). Among these films, EBT3 has gained 
considerable attention due to its high spatial resolution, energy independence, and ease 
of use. EBT3 films are radiochromic films that are based on the principle of radiation-
induced polymerization. They consist of a thin active layer that contains a radiation-
sensitive dye embedded in a polymer matrix. When exposed to ionizing radiation, the 
dye molecules absorb the energy and undergo a chemical reaction, resulting in a change 
in color. The absorbed dose can be quantified by analyzing the optical density or color 
change using specialized scanners and image analysis software. The spectral absorption 
characteristics of EBT3 films and their minimal energy dependence make them suitable 
for a wide range of radiation energies (Niroomand-Rad et al. 2020). However, the 
orientation of the film is important for the dose response. It is important to provide a 
consistent orientation of the films during all measurements in order to obtain 
reproducible results (Khachonkham et al. 2018). 

Accurate calibration is crucial for obtaining reliable dose measurements with EBT3 
films. The paper by (Chen et al. 2016) focuses on the calibration and uncertainty 
analysis of EBT3 films using a commercial flatbed scanner. It provides a detailed 
methodology for calibrating EBT3 films and evaluates the associated uncertainties, 



 

18 
 

which are essential for accurate dose determination in clinical applications. The 
calibration process for EBT3 films involves exposing the film to known radiation doses, 
scanning the film to measure its optical density, and plotting optical density values 
against the known doses to create a calibration curve. This curve is then used to 
accurately determine radiation dose values from optical density measurements in 
subsequent experiments or clinical applications. 

EBT3 films find application in various radiation therapy techniques, including external 
beam therapy and brachytherapy. The article by (Wen et al. 2016) explores the use of 
EBT3 films to ensure the quality of stereotactic radiosurgery and stereotactic body 
radiation therapy. The study demonstrates the capability of EBT3 films to accurately 
measure high-dose gradients and small field sizes, making them valuable tools for 
treatment verification. 

2.8 Directional Terms in anatomy 

In the context to characterize the direction of organs, the term superior describes 
movement or position towards the upper part of the body or head. For instance, during 
inhalation, the diaphragm moves superiorly. During exhalation, the diaphragm moves 
inferiorly. Therefore, the term inferior characterizes movement or a position towards 
the lower part of the body. When referring to the front of the body, the term 'anterior' 
is used. For instance, the expansion of the chest wall during a deep breath is described 
as anterior movement. Conversely, 'posterior' denotes movement or positioning 
towards the back of the body, as observed during chest wall contraction during 
exhalation. Similarly, the directional terms 'right' and 'left' are instrumental in 
characterizing lateral movements. When an organ or structure shifts toward the right 
side of the body, it is described as moving to the 'right.' Notably, certain phases of the 
cardiac cycle may involve a subtle shift of the heart to the right. Conversely, 'left' 
denotes movement or positioning toward the left side of the body. This is particularly 
relevant to the heart, which is conventionally positioned more to the left side of the 
chest. These terms facilitate standardized communication in anatomy and clinical 
contexts. 
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2.9 Anatomy of the diaphragm 

In general, respiration is a well-coordinated interplay between muscle contraction and 
relaxation. During the inspiration phase, the respiratory muscles contract, causing the 
chest cavity to expand. As the lungs accompany the movement of the thoracic wall, 
they are expanded. This creates a vacuum and air is inhaled. The most important 
respiratory muscle is the diaphragm. During expiration, the inspiratory muscles relax 
and the lungs shrink. The muscular part of the diaphragm is shaped like two 
diaphragmatic domes: one on each side. The right diaphragmatic dome lies slightly 
higher than the left one because it rests on the liver in the right upper abdomen. The 
diaphragm has a small indentation between the two diaphragmatic domes to provide 
space for the heart and pericardium. The diaphragm consists of two surfaces: a thoracic 
and an abdominal one. The thoracic surface of the diaphragm is in direct contact with 
the lungs and pericardium. On the abdominal side, the diaphragm is adjacent to the 
liver, stomach and spleen. Various structures pass from the thorax through the 
diaphragm into the abdomen. For this purpose, there are certain openings, commonly 
referred to as hiatuses, in the diaphragm (Fig. 3). In the context of anatomy, a hiatus 
is defined as a gap that allows certain structures to pass through it. The largest and 
most important openings include the inferior vena cava, the descending aorta and the 
esophagus, through which they pass (Gosling 2008; Drake et al. 2021; Netter 2014).  

 

Figure 3: Plastinated diaphragm anatomy (University of Sulaimani / College of Medicine 2017; 
The Diaphragm - Actions - Innervation - TeachMeAnatomy 2022) : The diaphragm consists of 
two domes. One lays slightly higher because the liver lies directly under it (A). Moreover, it 
features various gaps known as hiatus, through which the vena cava, the esophagus, and the 
aorta pass (B).  

Due to the fact that the diaphragm is adjacent to several abdominal organs, such as 
the liver or spleen, the contraction of this muscle also causes the adjacent organs to 
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displace. Several studies have been conducted with a focus on breathing-induced 
abdominal organ displacement. For example, an early study conducted by (Korin et 
al. 1992) showed an average liver motion of 1.3 cm in superior-inferior (SI) direction 
for normal breathing. Later studies investigated the breathing-induced abdominal 
organ motion using four-dimensional (4D) CT images in SI, anterior posterior (AP) 
and right-left (RL) direction. This study also revealed a significant displacement of 
liver, spleen and both kidneys (Brandner et al. 2006). Therefore, the breathing motion 
of the diaphragmatic muscle is responsible for the majority of the organ motion that 
occurs in the abdomen.  

2.10  Breathing-induced organ motion  

Respiration is accountable for the primary movement of organs within the human body. 
The contraction of the diaphragm induces organ motion in the abdomen. Organs and 
structures adjacent to the diaphragm in particular experience significant displacement. 
This is also true for the organs below them, as they are shifted by the movement of 
the organs directly above them and the displacement of the diaphragm. These organs 
include, e.g., the kidneys and the pancreas. Several scientific studies have already 
investigated and analyzed the movement of organs in the abdomen. The study by(Kim 
et al. 2007) analyzed 4D CT scans of nine volunteers in order to evaluate the 
displacement of the liver dome and its lower tip, the pancreas head and tail, the left 
and right kidney as well as the spleen, in supine and prone position. The movement 
trajectory was evaluated in superior-inferior (SI), anterior-posterior (AP) and right-left 
(RL) direction. In the subsequent chapters of this thesis, only the movement in SI and 
AP direction will be discussed, as these directions account for the majority of the 
displacement. The exact values and additional displacement values can be obtained 
from the cited studies (Tab. 2). In the supine position, the liver dome displays a 15 
mm displacement in the SI direction, while the liver tip shows a 12.8 mm displacement. 
Contrastingly, in the prone position, the liver dome registers a measurement of 12.5 
mm, and the liver tip records 10.6 mm, both reflecting reduced magnitudes of 
displacement. The movement in AP direction for the supine position was 7.4 mm 
(dome, supine), 1.3mm (dome, prone), 5.3 mm (tip, supine) and 2.0 mm (tip, prone). 
The liver displacement in the RL direction was minor and amounted to 1.9 mm (dome, 
supine), 2.4 mm (tip, supine), 1.1 mm (dome, prone) and 1.0 mm (tip, prone). A 
significant displacement of the pancreatic head in SI direction amounted to 11.6 mm 
in prone position. For the right and left kidney, values of 13.9 mm and 12.0 mm were 
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obtained. The displacement of the spleen was 14.1 mm in SI direction. In a further 
study carried out by (Brandner et al. 2006), the motion of abdominal organs of 13 
patients were measured using a 4D CT. All images were acquired in supine position 
and an average organ displacement across all patients was calculated. The analysis of 
organ motion showed that the liver has moved 13 mm in the SI direction and 5.2 mm 
in the AP direction. Similarly, the left kidney has shifted 11 mm in the SI direction 
and 4.4 mm in the AP direction, while the right kidney has displaced 13 mm in the SI 
direction and 6.1 mm in the AP direction. The analysis of the spleen motion revealed 
an average movement of 13mm in SI and 5mm in AP direction. Other studies used cine 
MRI sequences for the evaluation of organ movement in the abdomen. (Kirilova et al. 
2008) measured an average liver tumor movement of 15.5 mm in SI direction, in AP of 
10mm and RL of 7.5mm during free breathing. The kidney movement under normal 
breathing conditions was analyzed by (Moerland et al. 1994) and revealed 
displacements of 2 to 24 mm for the left and 4 to 35 mm for the right kidney in SI 
direction. The different organ displacements that were measured in the studies are 
compiled in table 1.  

As shown in the presented studies, respiration and the contraction of the diaphragm 
significantly affect the organ motion in the abdomen. The displacement of the 
individual organs reaches up to 15.5 mm for the liver during free breathing, up to 
24mm for the right kidney and 35 mm for the left kidney during forced deep breathing, 
11.6 mm for the pancreas and 14.1 mm for the spleen. The presented magnitudes 
represent the SI direction movement, as this direction shows the largest displacement 
overall. Therefore, it is important to consider the organ motion in the abdomen for 
MRgRT, especially for newer devices such as the MR-Linac.  
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Table 2: Organ displacement measured in different studies for liver, right and left kidney, 
pancreas head and spleen. The measured directions are superior-inferior (SI), anterior-posterior 
(AP), right-left (RL). 

 

As pointed out in the introduction, there is a lack of validation tools, such as phantoms 
that are capable of simulating physiological organ movement. Consequently, the 
demand for these phantoms with new findings and new developments in RT is 
increasing. 

2.11  Abdominal phantom container and motion control  

This chapter discusses the design and functionality of the phantom assembly, the main 
part of this thesis. The phantom assembly can be broken down into three main parts: 
the linear stage unit, the hydraulic system and the phantom container. Each of the 
components is responsible for a specific task. The linear stage unit consists of a stepper 
motor, a linear stage and a double-acting cylinder that is connected to the linear stage. 
The motor transmits predefined breathing movements to the linear stage. The latter 
passes this movement to the double-acting piston. The movement of the piston induces 
a displacement of the water in the hydraulic tubes of the hydraulic system, and the 
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breathing movement is transmitted to the diaphragm. This construction makes it 
possible to transmit predetermined breathing patterns to the phantom’s diaphragm, 
which then transmits the impulse to the organs inside the phantom, resulting in their 
displacement. 

2.11.1  Linear stage unit 

This chapter outlines the design and fabrication process of the linear stage unit within 
the Phantom assembly. The linear stage was designed with a holder for the motor and 
an adapter for linear stage and the double-acting cylinder (Fig. 4). To ensure precision 
and efficiency, 3D printing technology was employed to fashion several crucial 
components using VeryCyan (blue) and VeroClear (light gray) materials. The motor 
holder, coupling adapter, and the adapter for the linear stage were produced using 3D 
printing with the materials VeryCyan and VeroClear, lending the structure both 
durability and flexibility. Additionally, a custom-made adapter plate for the double-
acting cylinder was expertly manufactured by the mechanical workshop from high-
strength PVC (polyvinyl chloride). This material choice ensures the structural integrity 
required for the assembly's seamless operation. A NEMA 23 motor (EC Motion GmbH, 
Germany) with a 3-channel encoder (A) is attached to the motor holder and connected 
via a coupling (B) to the linear stage (igus® GmbH, Germany) with a 15mm slope and 
100 mm length (C). The plunger (D) is fixated on an individually designed plate and 
embattled to the linear stage. To hold the double-acting cylinder (F) (PSK 
Ingenieurgesellschaft mbH, Germany), a holding mechanism is fixated with knurled 
screws so it could be easily attached to the linear stage unit and also quickly detached 
from it. The double-acting cylinder can be connected to hydraulic tubes via two 
connections (E) and (G).  
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Figure 4: Linear stage unit for motion control. A NEMA 23 motor (A) is connected via a 
coupling (B) to the linear stage (C). The linear stage holds the plunger (D) of the double-
acting cylinder (F), which was connected to the hydraulic system via the hose connection (E) 
and (G) (Source: Own figure).  

2.11.2  Programmable logic controller (PLC) 
A programmable logic controller (PLC) is a microprocessor-based system by Beckhoff 
and is commonly used in the automation industry to carry out operations in industrial 
processes. Therefore, the system has a real-time compliance. In this thesis, a PLC 
CX2040 (Beckhoff Information Systems, Germany) with an EL5101 Encoder-Interface 
was used to control and monitor the stepper motor. For the implementation, the 
structured text programming language in the TwinCat 3 Software environment was 
utilized. This software environment is integrated into Visual Studio 2010. Tree different 
function blocks (FB) were implemented, including a motor control FB, a main FB and 
a comma-separated values (CSV) Read FB. In the motor control FB, the axis for the 
motor was instantiated and the control of the axis set to true. Extra variables allow 
for executing any desired positional drive of the motor at a specified velocity. A state 
machine was implemented in the motor control FB, it was called continuously by the 
main FB in case of issues with the PLC or the motor, and the state would change into 
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error and reset state. In order to simulate breathing motion, customized breathing 
functions in CSV format could be loaded in the PLC storage with the CSV Read FB. 
The CSV file contained two columns: the first column focused on the time, the second 
column on the position that should be accessed at that specific point in time. This way, 
the velocity of the motor was calculated individually to reach every desired position at 
the specified time.  

2.11.3  Motion control of the phantom 
The linear stage, the PLC, and the hydraulic actuator represent the motion control of 
the experimental setup. A stepper motor that is located on the linear stage was 
connected to the PLC through three plug-in connectors. One connector is responsible 
for the motor power delivery, the next provides the interface between the TwinCat 
software and the motor in order to control the motor motion and the last one is 
connected to the encoder, providing feedback on the motor’s motion. The stepper motor 
is located at the front of the linear stage and is connected via a custom-made adapter 
and a coupling to the linear stage. Next, the plunger of a double-acting cylinder is 
installed on the carriage, enabling it to move as the motor starts to move. The cylinder, 
in turn, realizes the connection between the motion control and the phantom via six-
meter-long hydraulic tubes. The hydraulic tubes are attached to a second identical 
double-acting cylinder that is fixated at the top of the phantom. A custom-made 
adapter was constructed using computer-aided design (CAD) and 3D printing 
technology. It serves the purpose of securely holding the double-acting cylinder and 
facilitating its attachment to the phantom.  
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Figure 5: Motion control setup: The PLC is connected to a PC and to the stepper motor. A 
coupling realizes the connection between the stepper motor and the linear guidance, which is 
equipped with a linear slide that is attached to the plunger of the first double-acting cylinder. 
Two hydraulic tubes connect both double-acting cylinders. The second cylinder is fixated at 
the top of the phantom, and a diaphragm-shaped 3D printed actuator is screwed onto it. This 
actuator slightly touches the phantom’s diaphragm, which is the starting position of every 
simulated breathing cycle (Source: Own figure). 

2.11.4  Design of the phantom container 
The abdominal phantom consists of two interlocked cone-shaped polypropylene (PP) 
containers (E) with a volume of 10 l (Fig. 6 (1)). Cutouts were made both at the 
ventral and at the cranial surface, and a flexible peritoneum and diaphragm were 
inserted, respectively. The peritoneum (K) and diaphragm (C) were both manufactured 
and cast with a tin-free catalysts (TFC) silicone caoutchouc type 6 (Troll Factory 
Rainer Habekost e.K., Germany) with a shore of A 22 and a thickness of 3 mm. Shore 
refers to the shore hardness scale, which is a measure of the hardness of a material. 
Higher shore values (e.g. shore A 70-90, such as rigid plastics or harder rubbers) 
indicate greater hardness, while lower values (e.g., shore A 10-30, such as flexible 
rubbers or gels) indicate softer materials. To hold the diaphragm in place and prevent 
any leakage of agarose, the diaphragm was attached to the lid (J) with two holding 
frames (D) and (J) using 36 M6 plastic screws. Two frames (H) and (F) were designed 
to hold the phantom containers together and were additionally used for the positioning 
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in the MRI as well as for the attachment of the hydraulic system (G). The mount for 
the double-acting cylinder (A) was designed in such way that it made it possible to 
adjust the cylinder in x and y position. For that purpose, a millimeter scale to the 
mount to ensure a reproducible placement of the cylinder (B) and the actuator which 
was attached to the cylinder via a M10 thread. In order to better visualize the 
abdominal phantom, a rendering of the internal organ models (Fig. 6 (2)) and the 
assembled phantom are shown in figure 6 (3).  

 

 

 

Figure 6: Phantom container and organ models. The phantom container and its individual 
components are shown in (1). A rendering of the organs inside the phantom (2) for better 
visualization, and the assembled phantom container with the attachment for the hydraulic 
system (3) (Source: Own figure).  

2.12  Manufacturing of the organ models 

For the construction of the organ models, different approaches were used. The liver 
model was created based on a 3D scan of an anatomical liver model; the kidneys, spleen 
and pancreas were segmented from volunteer MRI digital imaging and communications 
in medicine (DICOM) data. The spine model was generated from pseudo-anonymized 
patient CT data retrieved from picture archiving and communication system (PACS). 
The liver model was scanned with an Artec Eva (Artec Europe) 3D scanner. For this 
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purpose, the software Artec Studio 9 (Artec Europe) was used to post-process the 
scanned data. The creation of the DICOM data was carried out with the medical 
imaging interaction toolkit (MITK). For this, the desired organs, e.g., kidney, spleen 
and pancreas were segmented in the axial, coronal and sagittal plane. Utilizing an 
algorithm supplied by MITK facilitated the transformation of segmentation data into 
a polygonal model. This model was post-processed with Meshmixer (Autodesk, USA), 
to smooth it and close holes. These processed organ models then served as the basis for 
the casting molds of each individual organ model, which were constructed using the 
CAD Inventor Professional 2018 (Autodesk, USA). The casting molds for the organ 
models were designed with an opening at the top of each mold, allowing for easy filling 
with a mixture. Moreover, holes were constructed all around in order to lock the mold 
with screws and prevent the liquid mixture, as this is its state during the pouring 
process, to escape from the mold. For the creation of the 3D models of the spine and 
pelvis holding plate, CAD was used as well. Subsequently, all casting molds were 3D 
printed with the Objet500Pro (Stratasys, USA). 

Table 3: Chemical composition of liver, kidney, spleen, pancreas and vertebrae models for 
magnetic field strengths of 1.5 T and 3 T and equivalent HU values for CT imaging. 

 Agarose [g] Ni-DTPA 
[g] 

KCl [g] Water [g]   Volume [g] 

 1.5 T 
Liver 51.67 66.77 21.41 1581.60  1700 
Kidney 8.28 10.31 3.32 481.41  500 
Spleen 13.12 12.62 12.25 674.63  700 
Pancreas  15.24 7.81 19.74 465.02  500 
L4 Vertebrae 9.14 23.26 13.06 277.80  300 

 3 T 
Liver 80.80 30.01 25.57 1589.20  1700 
Kidney 10.48 7.89 3.51 481.63  500 
Spleen 18.83 12.53 7.86 673.31  700 
Pancreas 18.67 9.51 11.6 469.73  500 
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Figure 7: Casting molds were designed with CAD for the liver (A), the kidneys (B), the spleen 
(C) and the pancreas (C). All casting molds provide an opening for filling and holes in order 
to lock the casting mold with screws (Source: Own figure).  

Next, the casting molds were used to manufacture the organs models from a mixture 
of agarose gel (Roth Industries GmbH, Germany) doped with Ni-DTPA (DKFZ, 
Germany) and potassium chloride (KCl) (Carl Roth GmbH & CoKG, Germany). 
Nickel diethylenetriaminepentaacetic acid (Ni-DTPA) and agarose served as 
modulators for contrast in MRI (Tofts et al. 1993) and KCl for contrast in CT imaging. 
First, the quantities of water, Ni-DTPA, agarose and KCl were calculated for each 
organ model in accordance with (Elter et al. 2021) in order to achieve tissue-specific 
contrast in MRI at 1.5 Tesla (T), 3.0 T and CT imaging (Table 2).  

Subsequent, the beaker containing only the calculated amount of water was placed on 
a heater, while stirring continuously, and a target temperature of 82° C was set. Then 
the remaining components were added to the water in the following order: first Ni-
DTPA, then agarose and finally KCl. Afterwards, the beaker was covered with 
aluminum foil to accelerate the heating process while avoiding condensation and a 
change in volume. After the mixture reached the target temperature of 82° C, the 
beaker was removed from the heater and placed in a desiccator. As the mixture 
contained trapped air (Fig. 8 A) due to the viscosity which could not be released by 
constant stirring, the beaker was placed in a desiccator connected to a vacuum pump 
(Fig. 8 B). The degassing process occurred in 30mbar steps, starting at 450mbar every 
40 seconds to avoid foam formation. As the mixture contains agarose, it becomes more 
viscous with decreasing temperature. For this reason, it had to be liquefied by heating 
it up to 80° C. The process of heating and successively degassing was repeated at least 
three times, until enough air was able to escape and no further air bubbles were visible 
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(Fig. 8 C). After that, the mixture was poured into the designated casting mold (Fig. 
8 D) and stored at 4° C to accelerate the hardening process. After the mixture had 
solidified, the organ models were removed from the mold, packed, and vacuum-sealed 
in foil (Caso 1295, CASO Design) (Fig. 8 E).  

 

Figure 8: Manufacturing of organ models. Agarose gel mixture doped with Ni-DTPA on a 
heating plate containing trapped air (A). Beaker placed in a desiccator with a connection to a 
vacuum pump (B). After degassing and heating three times, beaker shows no visible air bubbles 
(C). The mixture for the liver was poured into the designated casting mold (D). After the 
hardening process, the organ model was removed from the mold, packed and sealed under 
vacuum in foil (E) (Source: Own figure).  

The pelvic bone used in this thesis was provided by the ADAM-pelvis phantom, which 
is described in more detail in Niebuhr et al. 2019. The hollow pelvis was 3D printed 
(Object 30 pro, Stratasys) using the material VeroClear and filled with a mixture 
containing 25 wt. % K2HPO4 (wt. % = weight fraction in percent of the substitute in 
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the overall compound) (Niebuhr et al. 2019) and Vaseline 75 wt. % to achieve a CT 
number range close to the mean values of patient data. Due to its high amounts of 
calcium, gypsum, which is similar to human bone, it can be utilized to achieve high 
CT values. Therefore, the outer bone was coated with different layers of gypsum 
according to Niebuhr et al. in order to provide different attenuation of outer and inner 
bone regions. As shown in figure 9 A, three layers of gypsum provide a HU value of 
300 HU, four of 400 HU and five up to 600 HU at 120kV CT scans. After the gypsum 
was applied and fully dried, the pelvic bone was covered with a rubber varnish spray 
to prevent the agarose from mixing with the gypsum. The lumbar spine containing 
hollow vertebrae L5-L1 and flexible intervertebral discs was manufactured via 3D 
printing. The 3D printing material VeroClear was used for the vertebrae and the 
flexible, silicone-like material Agilus 30 with a shore of A 50 was chosen for the 
intervertebral discs. Next, the hollow vertebrae were filled with an agarose mixture 
doped with Ni-DTPA in accordance to table 1. Afterwards, the vertebrae were coated 
with three layers of gypsum in order to achieve a CT number in the range of 300HU, 
and they were attached to the pelvis via a constructed holder at the L4 vertebra (Fig. 
9 A). To ensure consistent and secure positioning of the pelvis and spine model, a 
custom holder was crafted and attached to the bottom of the phantom container (Fig. 
9 B). This procedure provided a homogenous organ surrogate and was important in 
order to provide anthropomorphic contrast and composition in MRI and CT imaging. 

 

 

Figure 9: The pelvis with attached lumbar spine model, covered with different numbers of 
gypsum layers around the pelvic bone model and the vertebrae (A). A rendering of the phantom 
container and the pelvis fixated to its holding plate (B) (Source: Own figure). 
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2.13  Phantom filling and assembling 

First, the pelvic bone with the attached lumbar spine segment were placed in the 
phantom container (Fig. 10 A). Next, two beakers with a volume of 5 l were heated up 
to 80° C on a heating plate under constant stirring. The mixture for the surrounding 
tissue with an agarose concentration of 0.4 % was realized by using 4980g of desalinated 
water and 20g of agarose. Then the 10 l of agarose were poured slowly into the phantom 
container to avoid bubble formation (Fig. 10 B).  

 

Figure 10: Phantom container filling and organ placement. The phantom container containing 
the pelvic bone and spine model (A). In (B), 10 l of agarose mixture are surrounding the pelvic 
bone and parts of the spine model. Additional organ models such as both kidneys, the pancreas 
and the spleen are placed anatomically inside the phantom as an additional 5 l of agarose 
mixture are poured inside the phantom container (C). In (D), the phantom container is shown, 
with the organ models and solidified agarose (Source: Own figure). 

Afterwards, the organ models of the left and right kidney, the spleen and the pancreas 
were attached to a mounting bracket and arranged to their approximate anatomical 
position (Fig. 10 C). Distinct markings on the organs and inside the phantom container 
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(Fig. 11 A - E) ensured reproducible placement. After the organ models were arranged, 
an additional 5 l of agarose mixture were prepared as described and poured slowly 
inside the phantom container. The phantom was then stored overnight, allowing the 
mixture to solidify, ensuring that the organ models became securely embedded within 
the gel matrix (Fig. 10 D). After 24 hours, once the agarose was hardened, one liter of 
agarose was poured into the phantom and the liver was placed based on distinct 
markings (Fig. 12 B 3 and 4). This process ensured an accurate organ placement at a 
distinct position, and the stepwise hardening of the agarose prevented the organs from 
drifting out of their foreseen position. Finally, the lid with the attached diaphragm was 
used to seal the phantom. Afterward, the phantom was rotated into supine position 
and another 2L of agarose were poured into the phantom via two Luer lock openings 
in the lid (Fig. 12 C). The supine position was defined as shown in figure 13 C.  

The kidneys, spleen, pancreas, pelvis and lumbar spine remained the same for all 
experiments. For the end-to-end test, a new modified liver model that contained a 
tumor model was designed and manufactured.  

 

Figure 11: Markings on the organ models and the phantom container. Markings (A-E) ensured 
a reproducible placement of the different organ models (Source: Own figure). 
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Figure 12: Organ placement: Organ, pelvis and spine models are placed in the phantom, which 
is then filled with 0.4% of agarose (A). Distinct markers were used to place the organ models 
inside the phantom in a reproducible manner (A 1, 2) and (B 3, 4, 5, 6 and 7). Completely 
filled and sealed phantom container with flexible diaphragm (C) and Luer lock openings in the 
lid (C 8) (Source: Own figure).  

Finally, a precisely designed 3D printed adapter is attached on the phantom lid (Fig. 
13 A, B). This adapter incorporates a carriage with the double-acting cylinder and the 
diaphragm-shaped actuator. A six-meter-long hydraulic tube (Festo, Germany) 
connects the phantom to the linear stage. The entire experimental setup is depicted in 
figure 13 C. 
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Figure 13: Phantom with attached adapter and diaphragm-shaped actuator (A), (B). Entire 
experimental setup with the hydraulic system, linear stage and the PLC (C) (Source: Own 
figure). 
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2.14  Experimental Setup 

A total of three different experimental phantom setups were designed in order to 
perform intra-fractional image-guided radiation and an evaluation of organ motion. For 
all setups, the same container and motion control was used. Furthermore, the organs 
manufactured for the first setup remained the same throughout all experiments. Only 
supplemental organs that were used in the second and third phantom setup, such as 
pancreas and spleen, as well as the custom-made liver model that contained a tumor 
model were additionally manufactured. 

2.14.1  Experimental setup overview 
In the following an overview of the different experimental setups that were used for 
experiments is given. Setup 1 and 2 served as a foundation for the evaluation and 
optimization of breathing-induced organ motion. Throughout all the performed 
experimental setups, the same phantom container and motion control as well the same 
breathing curves were used for the respiratory simulation. The first setup comprised a 
liver and two kidney models that were embedded in a 0.4% of agarose gel. A total of 
three different breathing simulations were performed, one to simulate shallow breathing 
with a total amplitude of 15mm, the second to perform free breathing with an 
amplitude of 25mm and finally an amplitude of 40mm for a deep breathing simulation. 
Those three breathing curves were used for all subsequent experimental setups. For the 
second setup, a spleen and a pancreas model were added as additional organs. A pelvis 
and a spine model consisting of the L1 to L5 vertebrae were also fixated in the phantom 
container. With this version all three breathing curves were performed and measured 
with the MRI. The third and final setup resembled the second one, with the exception 
of the liver model. In this setup, the liver model was replaced with a newly designed 
model that incorporated a tumor model. Hence, this version was used for an end-to-
end-test with an intra-fractional image-guided radiation with an MR-Linac. The 
different experimental setups are shown in table 4. 
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Table 4: Overview of the different experimental setup versions. 

 

2.14.2  First experimental setup 
The first experimental setup consisted of the phantom container with two organ 
models, the PLC and the linear stage. The phantom container was filled with a 0.4% 
agarose gel containing a liver and two kidney models that were arranged in their 
anatomical foreseen positions, similar to what is shown in figure 14. The process of 
filling and assembling the phantom was carried out as described in chapter 3.3 which 
focuses on the phantom filling and assembly. The phantom was connected to the linear 
stage via six-meter-long tubes filled with fully demineralized water. In particular, the 
connection was established by means of a diaphragm-shaped actuator, which was 
directly connected to a double-acting cylinder and firmly bolted to the phantom 
container on a frame. The fixation of the phantom and the motion control remained 
the same throughout all experimental setups as well as the performed breathing curves. 
The primary application of this phantom was to perform breathing simulation during 
an MRI measurement and to analyze the breathing-induced organ motion afterwards. 
For the evaluation and optimization of the organ motion, MRI measurements were 
performed using a cine sequence, which acquires 200 2D images every 0.4 s. The analysis 
of these images was used to optimize the motion of the organ models to align them 
with the motion patterns and maximum amplitudes observed in the volunteers. 

Setup Organ models Breathing simulation Dosimetry 

First Liver, two kidneys Shallow, free and deep No 

Second 
Liver, two kidneys, spleen, 
pancreas, pelvis and spine 

Shallow, free and deep No 

Third 
Liver and tumor model, two 
kidneys, spleen, pancreas, 
pelvis and spine 

Shallow, free and deep 

Yes, with 
EBT3 films 
in liver 
tumor 



 

38 
 

2.14.3  Second experimental setup 
For the second setup, the same organ models were used. Additionally, a pelvis with a 
lumbar spine model and two additional organ models, a pancreas and a spleen, were 
added (Fig. 15). In comparison to the phantom version that is displayed in figure 15, 
only the liver model differed, as it did not contain a tumor model. Aside from that, 
both experimental setups were prepared the same way and all organ models were 
arranged in the same way. The organ models were arranged to their foreseen anatomical 
position inside a 0.4 % agarose mixture. For the fixation of the pelvis bone, a custom-
designed holding plate was glued to the bottom of the container in order to ensure 
reproducible placement of the pelvis and spine model. As in the previous setup, the 
phantom container was connected to the linear stage via hydraulic tubes.  

 

Figure 14: Third experimental setup. On the left, the filled phantom container vessel (V) is 
displayed containing a liver (L) with a tumor model (T), left and right kidney (K), spine (Sp), 
spleen (S), pancreas (P) that are embedded in 0.4 % agarose (A). A rendering of the phantom 
is shown on the right. A flexible diaphragm (D) made of silicone is attached to the lid and the 
pelvis (Pe) to its holding plate (H), which is firmly glued to the bottom of the container 
(Source: Own figure). 

 



 

39 
 

This version of the experimental setup served for the analysis of the organ motion and 
the additionally added organ models such as pancreas and spleen, primarily to also 
analyze the organ displacement in the composite and to compare it to the volunteer 
data. 

2.14.4  Third experimental setup with EBT3 films  
In order to provide an experimental setup that is capable of dosimetric evaluation (Fig. 
14), a modified liver casting mold that provided a cutout for the insertion of a spherical 
tumor model was custom designed using CAD (Fig. 15 B, D). The tumor model is 
positioned within the liver at a depth of 20 mm. The tumor model was designed in 
such way that it offered the possibility to attach a 20x20 mm Gafchromic EBT3 film 
exactly in the middle of the tumor (Fig. 16 A). As a geometrical shape, a sphere with 
a diameter of 30 mm (Fig. 15 C) was chosen for the tumor model. To allow easy film 
insertion, the tumor model was 3D printed as two halves (Fig. 15 C). For this purpose, 
the model was divided in two equal parts along the coronal plane, to enable a 
reproducible and easy EBT3 film placement. In addition, a filler hole provided the 
possibility to fill a Ni-DTPA doped agarose mixture into the spherical tumor model to 
ensure anthropomorphic MRI and CT contrast. 
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Figure 15: Liver casting mold with tumor model. Cross section of the spherical tumor model 
containing the EBT3 film (A). Tumor model inserted into the liver casting mold and fixated 
in the designated opening (B). 3D printed model of the tumor model with inserted film (C). 
(D) Shows the tumor model already filled out with a tumor-equivalent Ni-DTPA doped agarose 
mixture (Source: Own figure). 

2.14.5  EBT3 film evaluation 
The evaluation of EBT3 films was carried out with a scanner that is recommended by 
the manufacturer. The transmission of the films was read by an EPSON V800 flatbed 
scanner. Therefore, a 48-bit RGB (Red Green Blue) mode with 300 dots per inch (dpi) 
was set. The image was  analyzed using the Red channel, as it exhibits the greatest 
sensitivity among the RGB channels and aligns most accurately with the tested dose 
range, which is below 8 Gray (Gy) (Kang et al. 2017; RSD Breathing Phantom 2024). 

2.14.6  Dose offset determination of the EBT3 films 
To determine the offset values that additionally contribute to the value of the optical 
density (OD) of the films, further measurements were carried out. A certain offset value 
is generated by the planning CT scans, which take place before irradiation. For this 
purpose, the film in the tumor model was replaced by a new, identical film after 
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irradiation at the MR-Linac, and the same planning CT was performed again for the 
phantom with the exact same conditions and the same imaging protocols. 

In addition to the offsets generated by the planning CT, it was investigated whether 
an offset is applied during the manufacturing process of the liver and tumor model. In 
order to determine this offset, a total of six spheres identical to the tumor model were 
manufactured under the same conditions. For this purpose, the spheres were 
manufactured using the same material and 3D printing. A mixture was then produced 
in the laboratory with the same agarose proportion. Furthermore, the mixture had 
exactly the same temperature of 50° C during the filling of the spheres, which it had 
also had during the manufacturing of the tumor model. In order to simulate the 
condition of the surrounding liver, the tumor model was placed in a beaker. The beaker 
was subsequently filled with agarose so that the tumor model was exactly 20 mm deep 
inside the agarose (Fig. 16 C), to ensure the same conditions as in the phantom. 

 

Figure 16: Manufacturing of the spherical tumor model that was used to determine the 
manufacturing offset. (A) Spherical tumor model with attached EBT3 film cut in half. (B) The 
two halves were glued together. After that, the tumor model is placed in an beaker with an 
agarose mixture, at a depth of 20 mm (C) (Source: Own figure). 

  

20 mm 
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2.15  MRI measurements 

2.15.1  Quantitative T1 and T2 relaxation time  
The quantitative T1 relaxation time of all organ models was measured by using a 
saturation recovery (SR) sequence (Fig. 17 A, B, C and D). This method uses a 90° 
pulse to rotate the longitudinal magnetization Mz into the xy-plane. Due to the spin-
lattice interaction, the spins start to relax towards their equilibrium state. For this 
reason, a 90° pulse is repeated after a specified time, the inversion time (TI). A TI that 
is comparatively longer than the T1 causes the magnetization to relax to its equilibrium 
state. However, if the value is decreased to a magnitude near T1, the magnetization 
will not fully relax and therefore, after a 90° pulse, a certain amount of spins parallel 
to Mz will contribute to the magnetization Mxy where the signal is read out. To 
determine the quantitative T1 relaxation time, multiple SR scans need to be performed. 
The TI can be varied to acquire signals at different points in time along the relaxation 
curve. Afterwards, the signals can be used to theoretically calculate the intensity ST1 

at a specific point in time and to fit a curve using the equation (3). In this thesis several 
SR sequences were used with different TI, starting from TI = 20 ms and subsequently 
increased up to TI = 5000 ms.  

 ST1 = S0 (1−	$!
"%
"#) (3) 

To acquire the quantitative T2 relaxation time of a specific material, a spin-echo 
sequence was used. Applying a 90° pulse causes the z-component of the spins to rotate 
in the transversal plane and a phase synchronization of the precessing spins. The effect 
of the local field varieties and the spin-spin interactions cause the transversal 
magnetization Mxy to decay. However, the decay of the Mxy magnetization occurs with 
the relative relaxation time T2* (T2*<T2) and not with the material-specific relaxation 
time T2. To determine the T2 relaxation time, it is important to compensate for the 
dephasing of the transversal magnetization caused by the local B0 field inhomogeneity. 
This can be done by using a so-termed spin-echo (SE) sequence. Since the local B0 field 
is not time dependent, its effect causing the dephasing of the transversal magnetization 
is reversible, whereas the T2 relaxation depending on the material-specific local field 
fluctuations is irreversible. Thus, only the effect of the local field varieties is considered 
to determine the relaxation time T2, and the effect of the local field fluctuation is 
neglected. After a 90° pulse the net magnetization starts dephasing due to the fact that 
some components are precessing faster than others, causing the loss of phase coherence. 
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If a 180° pulse is applied at time t = τ along the x-axis, the components will be mirrored 
and start rephasing. After t = 2τ, all components will point again to the same direction 
and result in a maximum signal intensity called spin-echo. If a series of 180° pulses is 
applied at the times t = 4τ, t =6τ and so on, multiple SE signals can be measured as 
the signal intensity decreases (Fig. 17 e and f). Those signals are used to fit a curve 
with the T2 relaxation rate as a characteristic exponential decaying function:   

 ST2 = S0 ∙ $!
"&
"$ (4) 

S0 represents the initial signal intensity, and the echo time (TE) represents the time 
between two consecutive echoes. In this thesis, a multi-SE sequence with 32 echoes was 
used to calculate and fit the relaxation curve which depends on T2 using the equation 
(4) (Reiser et al. 2008; Weishaupt et al. 2006).  
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Figure 17: Saturation recovery and multi-spin-echo sequence: (a) Pulse sequence of a saturation 
recovery sequence. Signal acquisition (AQ) follows immediately after a 90° pulse. (b) After a 
90° pulse, the longitudinal magnetization relaxes towards its equilibrium after the repetition 
time TR. The induced signal (d) is read out after the inversion time TI in the x-y-plane. (e) 
Pulse sequence of a multi-SE sequence. Multiple 180° pulses cause the rephasing of the spins 
to acquire the portion of the signal (f) after a specific echo time (TE). The read-out signal is 
now determined by the T2 decay and not T2*. Figures reprinted from Reiser et al. 2008. 

2.15.2  Acquisition of MRI cine measurements 
In order to evaluate and track the organ movement within the phantom, a so-termed 
cine sequence was used at the MRI scanner. Prior to the cine sequence measurements, 
several T1w and T2w images were acquired. These images were used to localize the 
desired organ models and, later on for the selection of a slice through the individual 
organ model. Therefore, all T1w and T2w sequences were performed in the axial, 
sagittal and coronal plane. All cine sequences were adjusted the same for all 
experimental setups. Only the slices through the phantom as well as the imaging 
orientation, e.g. coronal and sagittal, were individually adjusted. For all experimental 
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setups, the same set of cine sequences was chosen. The only difference was that the 
first experimental setup only contained a liver and two kidney models. For the 
measurements, a set of cine sequences was acquired in the coronal plane with a central 
slice through the diaphragm to track its movement accurately (Fig. 18 A). To be able 
to track the movement of the liver and right kidney in SI and AP direction, a sagittal 
plane through these desired organ models was chosen (Fig. 18 B). The last image 
sequence was acquired in sagittal plane and a slice was chosen through the left kidney, 
the pancreas tail and spleen (Fig. 18 C). To ensure reproducibility, the sequence 
parameters remained the same for the different slice selections and orientations, only 
the phantom breathing motion was altered. For this purpose, different amplitudes were 
chosen: 15 mm for shallow, 25 mm for free and 40 mm for deep breathing simulation. 
To encompass all breathing amplitude and orientations of the phantom, 200 
measurements were conducted every 0.4 s, with a TE = 1.26 ms, TR = 220.82 ms and 
a pixel bandwidth = 1030 Hz. Furthermore, a pixel spacing of 1.56 mm x 1.56 mm and 
a slice thickness of 4.5 mm were chosen. 

 

Figure 18: Orientation and slices that were acquired with the cine sequence for the second and 
third experimental setup. (A) displays a coronal cross-section of the phantom, illustrating the 
liver [L], pancreatic tail  [Pt]  and the spleen [S]. In (B), a sagittal slice through the phantom 
reveals the liver [L], pancreatic head [Ph], and the right kidney [lK]. Lastly, in (C), the spleen 
[S], pancreatic tail [Pt], and the left kidney [lK] are displayed (Source: Own figure). 

2.15.3  PACS patient scans and starVIBE 991 MRI sequence 
To analyze breathing cycles and breathing-motion-induced organ movement, several 
MRI volunteer datasets were acquired and pseudo-anonymized 4D CT images (subjects 
1-5) from the PACS were provided by the division of medical physics in radiology, 
Deutsches Krebsforschungszentrum (DKFZ) Heidelberg. Subject datasets included one 
complete breathing cycle. A total of eight different breathing phases (20%, 25%, 50% 
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and 75% inspiration amplitude – 100%, 70%, 40%, 0% expiration amplitude) were 
obtained with a Siemens SOMATOM CT Scanner (Siemens Healthineers, Germany) 
with a pixel spacing in the axial plane of 0.977 mm x 0.977 mm and a slice thickness 
of 3mm. An energy of 120 kV and a 66 mA current was used. The volunteer data was 
acquired using the MAGNETOM Aera Siemens (1.5T) MRI scanner (Siemens 
Healthineers, Germany). In order to prevent the volunteer from forced and thus biased 
normal breathing, the initial image data acquisitions were performed without breathing 
commands. Next, the volunteer was asked to breathe in a shallow and deep manner, 
respectively. Imaging data was collected in coronal and sagittal plane every 0.4 s using 
a fast real-time single-slice cine sequence with 200 measurements (TE = 1.26 ms, TR 
= 220.82 ms, pixel bandwidth = 1030 Hz) with a pixel spacing of 1.56 mm x 1.56 mm 
and a slice thickness of 4.5 mm. In order to allow for reproducibility, the same sequence 
parameters for the cine measurement were used for the healthy volunteer as well as to 
conduct imaging data with the phantom. Afterward, a 3D starVIBE 991 sequence (TE 
= 1.19 ms, TR = 2.41 ms, pixel bandwidth = 970 Hz, pixel spacing = 1.56 mm x 1.56 
mm and slice thickness = 1.8 mm) was performed to acquire automatically gated axial 
images for normal and deep breathing. Afterwards, five different bins (bin 1 – bin 5) 
were generated for each breathing phase detected by the algorithm. Bin 1 represents 
the 100% expiration phase and bin 5 represents the 100% inspiration phase (Fig. 19). 
Finally, the volunteer was asked to hold his breath after inspiration and expiration 
respectively, while a T1w vibe963 sequence (TE = 1.64 ms, TR = 4.2 ms, pixel 
bandwidth = 300 Hz, pixel spacing = 1.02 mm x 1.02 mm and slice thickness = 1.6 
mm) was used to acquire 3D image data in axial, sagittal and coronal orientation.  

 

Figure 19: Example of acquired image data in the coronal plane while the volunteer was asked 
to breathe deeply, using a starVIBE 991 sequence. White lines indicate the breathing amplitude 
in the CC direction. Bin 1 shows 100% expiration – bin 5 100% inspiration amplitude (Source: 
Own figure).  
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2.16   Image analysis 

2.16.1  Evaluation of quantitative T1 and T2 relaxation times 
The analysis of the acquired quantitative T1 and T2 weighted image data was 
performed using an in-house developed MATLAB (The MathWorks, Inc., USA) script 
with a graphical user interface (GUI) (Mann et al. 2017). For this purpose, a T1 and 
T2 map was calculated, which considered each voxel for the computation of the 
relaxation time. Each voxel of each individual TE of the segmented slice was taken 
into account for the calculation. For the determination of the quantitative T1 
relaxation time, the script considered each voxel of each individual TI for the entire 
segmented area. The GUI provided the possibility to create a region of interest (ROI) 
for the calculated map of the T1 respectively T2 relaxation time. Thereupon, only the 
voxels within the ROI are considered to calculate a mean value with a standard 
deviation. Using this approach, all T1 and T2 relaxation times were calculated for the 
organ models and for the long-term experiment. 

2.16.2  Analysis of breathing data 
Segmentation of DICOM data was performed using MITK (Nolden et al. 2013). Before 
the image processing was done, the datasets were converted into the .nrrd-file format 
using Fiji (Schindelin et al. 2012), in order to allow for effortless and highly compatible 
handling of DICOM data. The .nrrd (Nearly Raw Raster Data) format is a file format 
used for storing and exchanging multidimensional raster data. It is commonly used in 
medical imaging, particularly for storing volumetric image data such as CT scans, MRI 
scans, and other types of 3D medical images. Fiji on the other hand is a distribution 
of the open-source image processing software, ImageJ. For segmentation, either the 
upper-lower threshold and otsu threshold based algorithm or manual 2D segmentation 
was performed. Otsu's thresholding is an image processing technique for automatically 
segmenting images into foreground and background regions. By finding the threshold 
that maximizes the separation between pixel intensities in an image histogram, Otsu's 
method efficiently identifies the optimal threshold for image segmentation without 
requiring manual intervention. The upper-lower threshold tool makes it possible to 
adjust a threshold of a specific grey value range to enable an algorithm to automatically 
segment the desired regions. With an algorithm based on otsu threshold, the user can 
define several regions, and based on the image histogram, the pixels will be assigned to 
different regions. Next, the 2D segmentation tool makes it possible to segment the 
desired region manually by drawing a ROI of the region, and it additionally provides 
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a 3D interpolation. However, it was important to check the segmentations of the 
interpolated slices and correct them manually if necessary. The described procedure 
was applied to the image data of the healthy volunteer, the subject, as well as to the 
phantom datasets. Afterward, the segmented regions were stored as masks and post-
processed with python. Depending on the sequence used to acquire the image data, a 
different script was used. The basis for the calculation of the movement of the organs 
was the center of mass (COM) of the individual organ model or patients’ organ. 
Therefore, the image data was resampled to a fixed size of 1 x 1 x 1 mm to avoid 
distortion caused by different pixel spacing.  

The analysis of breathing data involved the utilization of three different approaches, 
reflecting the acquisition of three distinct types of imaging data. The primary data 
source was the PACS, which contained eight different respiratory phases. These phases 
were used for analyzing the maximum and minimum amplitude of respiratory motion. 
An in-house developed Python script was employed for the analysis of all three 
approaches. Thus, for each approach a slightly modified python script was used, as the 
imaging data differed. To calculate the maximum and minimum amplitudes of 
respiratory motion from the PACS data, a COM was computed from the static images 
encompassing the entire organ volume. The COM was then subtracted for each 
respiratory phase, providing the movement of the target organ. Figure 19 illustrates 
the PACS data in purple, representing the maximum inspiration, and in orange, 
indicating the maximum expiration. These representations were performed in three 
distinct orientations: axial, sagittal, and coronal. The second approach involved the 
analysis of MRI data acquired using the starVIBE sequence. Each bin was used to 
calculate the COM for individual organs. This analysis was carried out for both 
volunteer and phantom data. A 3D mask was applied to each bin to facilitate the 
calculation of COM, allowing for a precise assessment of the motion of the individual 
organs in response to respiratory changes. As a final method, the 2D cine sequence 
images captured over time were analyzed to study the dynamic motion of individual 
organs. To achieve this, a COM of each 2D mask was computed for each timestamp, 
providing a comprehensive visual representation of the motion of each organ 
throughout the respiratory cycle. Figure 20 shows the maximum (red) and minimum 
(purple) motion of the liver and left kidney. This method allowed for the visualization, 
comparison, and in-depth analysis of how each organ's position evolved over time, 
providing valuable insights into respiratory-induced organ motion. 
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Figure 20: The figure presents axial, sagittal, and coronal slices of CT patient data obtained 
from PACS, volunteer data acquired using the starVIBE sequence on an MRI scanner, and 
equivalent data collected with the same starVIBE sequence for the phantom. Liver 
segmentation was performed in all three planes (sagittal, axial, and coronal). In the upper 
section, liver positioning is represented in orange for maximum expiration and in purple for 
maximum inspiration. In the middle section, liver displacement is depicted for the starVIBE 
sequence, which automatically detected the maximum and minimum motion amplitudes. The 
lower part of the figure displays a similar liver displacement pattern, but this time for the 
phantom using the same starVIBE sequence (Source: Own figure).  
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Figure 21: In the upper section of the figure, a sagittal slice of the acquired volunteer cine 
sequence MRI data is presented. On the left, a segmentation is applied to delineate the liver 
during deep breathing at maximum amplitude, as denoted by the purple and red segmentation 
mask. On the right, a similar segmentation is shown for the left kidney. The lower section of 
the figure exhibits the corresponding segmented organs for the phantom's liver and left kidney 
model during deep breathing as well (Source: Own figure). 
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2.17   Breathing simulation 

The breathing simulation was implemented with the following formula (equation 6) 
(DeWerd und Kissick 2014a):  

 /(1) = 	3 ∗ 567.(8 ∗ 19 + 82) 
 

 
(6) 

For the simulation with the phantom, three different breathing curves with different 
amplitudes (A) and phases (9) were chosen. Deep, normal and shallow breathing was 
realized with an amplitude of 15 mm, 25 mm and 40 mm and a phase of 7 s, 11 s and 
18 s, respectively. The simulation was performed over time (t) along CC direction (X) 
in the phantom. All breathing motion experiments were tested and image acquisition 
was conducted with an MRI scanner.  

2.18   Contrast stability phantom 

The organ models were manufactured using a mixture of different chemical 
concentrations of Ni-DTPA-doped agarose, water and KCl. Therefore, if an organ 
model is placed in a 0.4% agarose mixture, the way it is inside the phantom container, 
the different ion concentration of the organ models and the surrounding agarose cause 
an ion diffusion. Hence, preliminary experiments were conducted and the evaluation 
showed a distinctly visible loss in T1 contrast in qualitative T1 weighted images. Two 
hours after the preparation, a visible contrast loss in T1 weighted image could already 
be observed. After 21 days, a complete ion exchange was established. Figure 21 displays 
the temporal T1 contrast loss of the contrast phantom if the individual layers are not 
covered in any foil. The ion exchange process is illustrated in figure 8 A and B. 
Therefore, it was important to ensure the contrast stability of the T1 and T2 relaxation 
times of the organ models over a period of time. To investigate the cause and prevention 
of T1w contrast loss, a second phantom (contrast phantom) was developed.  

For this purpose, a geometrically shaped phantom was manufactured with round layers 
(diameter 100 mm, thickness 20mm). Two out of four layers were manufactured out of 
an organ-equivalent agarose mixture OEAM 1 and OEAM 2, based on the chemical 
composition for 3T MRI of kidney and liver respectively (Table 1). The other two 
layers were comprised of 0.8% of agarose mixture (AM1 and AM2) to mimic fatty 
tissue and separate OEAM1 and OEAM 2 from each other. A total of two identical 
sets of round layers of OEAM1 and OEAM 2 as well as of AM1 and AM2 were 
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manufactured. The layers were placed on top of each other in a vessel in the following 
order (from bottom to top): AM1-OEAM1-AM2-OEAM2 (Fig. 24 A). To allow for a 
potential ion exchange in the first vessel (Fig. 24 A), the layers were placed on top of 
each other without any separating foil, while the layers in the second vessel (Fig. 24 
B) were packed and vacuum sealed in foil (Caso 1295, CASO Design). Both vessels 
were poured with 0.4% of agarose so that the layers were completely covered by the 
agarose. This phantom was manufactured in order to investigate potential ion exchange 
and associated contrast loss. As the organ models are located in agarose, this causes 
Ni-DTPA ions to diffuse into the surrounding agarose.  

 

Figure 22: Quantitative T1 weighted images of the contrast phantom. The contrast phantom 
with the different layers of OEAM1, 2 and AM1, 2 measured with a qualitative T1 weighted 
sequence at an MRI scanner 2 hours, 21 days and 166 days after preparation (Source: Own 
figure). 

 

Figure 23: Illustration of ion exchange: The liver model manufactured using Ni-DTPA doped 
agarose has a higher ion concentration than the surrounding agarose, which leads to ion 
diffusion if the model is not covered in foil (A). Covering the liver model in foil (B) prevents 
any possible diffusion inside the vessel (Source: Own figure). 

 



 

53 
 

 

Figure 24: Phantom to investigate contrast stability over a period of time. The first vessel (A) 
contains surrogate tissue samples, which were placed on top of each other without any 
separating foil. The second vessel (B) contains the exact same surrogate tissue samples, but 
each was packed and sealed in foil under vacuum. A qualitative T2 weighted MRI image of 
the first vessel (C) shows the contrast phantom and the different surrogate samples inside the 
vessel (Source: Own figure). 

2.19   Evaluation of contrast stability  

To investigate the contrast stability over a period of time, MRI measurements were 
conducted for two hours (day 0), on day 1, on day 24 and on day 166 after the 
preparation. Due to the fact that the contrast stability phantom was manufactured for 
3T MRI, all measurements were acquired with the MR-PET Siemens Scanner operating 
at B0 = 3T. Therefore, the phantom vessel was placed in a head coil in the MR scanner. 
An axial slice through the cross section of the vessels with a thickness of 5 mm was 
selected and imaged with different sequences. A multi-spin-echo sequence was used to 
acquire quantitative T2 relaxation times. As echo time, TE = 8.3ms was chosen with 
a repetition time TR = 5000 ms. The voxel size for each individual echo was 1.1 x 1.1 
x 5 mm, with the 5 mm dimension representing the slice thickness. To conduct T1 
times, several saturation recovery sequences with varying inversion times starting from 
TI = 20 ms up to TI = 5000ms were used, with a voxel size of 1.1 x 1.1 x 5 mm. For 
the evaluation of the quantitative T1 and T2 time, an in-house developed MATLAB 
(The MathWorks, Inc., USA) graphical user interface (Mann et al. 2017) was used. For 
this purpose, rectangular regions of interest were placed in the center of each layer of 
the contrast stability phantom. Next, a 2D T1 map calculation for quantitative T1 
relaxation time and a 2D T2 map for quantitative T2 relaxation time was created, 
respectively. This evaluation considers each voxel of the segmented ROI and calculates 
the T1 or T2 relaxation time for each voxel over the entire image series.  
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2.20   Phantom measurements 

The imaging protocol commenced with a localizer scan to ensure precise anatomical 
localization. Subsequently, a series of qualitative imaging sequences, including T1 
starVIBE and T2-weighted qualitative sequences, were employed for accurate 
positioning. To enhance the reliability of the measurements, each amplitude was 
recorded multiple times. The cine sequence was performed with 200 measurements to 
capture the dynamic motion of the target organ. Additionally, measurements were 
taken using the binning method with the advanced starVIBE 991 sequence, allowing 
for different breathing phases of the respiratory motion. 

2.21  Calculation of relative organ movement 

Diaphragm, liver and kidney were semi-automatically segmented using MITK (Nolden 
et al. 2013) and the phantom’s 2D cine-MR measurements over 55 s for three different 
input amplitudes. The center of mass of the liver and the kidney as well as the 
maximum amplitude in CC direction were calculated. Furthermore, liver movement as 
well as kidney movement were compared to diaphragm movement for the first 
experimental setup. For the second and third setup, an additional comparison to the 
diaphragm for the organ models pancreas and spleen was performed. The liver to 
diaphragm movement ratio (LDMR), the kidney to diaphragm movement ratio 
(KDMR) the spleen to diaphragm movement ratio (SDMR) and the pancreas to 
diaphragm movement ratio (PDMR) were computed based on the following equations: 
 

<=>? =	%%$/0)* ∗ 100%%1/,23*,4'
 (7) 

	@=>? =	%%5/6%)7 ∗ 100%%1/,23*,4'
 (8) 

A=>? =	%%829))% ∗ 100%%1/,23*,4'
 (9) 

		B=>? =	%%:,%;*),< ∗ 100%%1/,23*,4'
 (10) 

  
Diaphragm, liver, kidney, spleen and pancreas motion of the healthy volunteer were 
extracted at the end-inhale and end-exhale phases using MITK. LDMR and KDMR 
were computed and compared to the respective organ motion of the phantom. Data 
was presented as mean ± standard error of mean (SEM) and the significance across 
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multiple groups was examined using a one-way analysis of variance (ANOVA) test 
using a Bonferroni post-hoc test. A p-value of less than 0.05 was considered significant.  
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3 Results 
This chapter presents a series of crucial findings that are at the core of this work. 
Starting by examining 'Contrast Stability' that should ensure that the image contrast 
stays stable and accurate. Then, a comparison is made between the phantoms’ CT and 
MRI images with real patients and volunteer imaging data in 'Comparing Phantoms 
and Patients in CT and MRI Imaging.' Evaluation of Breathing Motion explores the 
impact of respiration on the organ motion which once again is compared to volunteer 
and patients’ data. Finally, in a performed end-to-end test using the MR-Linac we 
conduct comprehensive experiments that mimic real-life conditions, including breathing 
dynamics and dosimetry measurements. 

Parts of this section are already published (Weidner et al. 2022). 

3.1  Evaluation of contrast stability 

3.1.1 Long term experiment 
The evaluation of the contrast stability phantom showed a visible decrease of T1 
contrast in OEAMs and AMs without foil protection after 166 days (Fig. 25 A). The 
qualitative T1w image already displays a blurring of the contrast only 2 hours after 
the preparation. However, the T2 contrast did not show any loss in contrast. For the 
OEAMs and AMs sealed with foil no visible difference for T1 contrast was observed, 
additionally no significant difference for T2 contrast could be found. On the other side, 
the T2 contrast remained unaltered 166 days after the fabrication in both vessels (Fig. 
25 E and F). A significant increase of quantitative T1 for OEAM1 and 2 was found of 
43.26% and 49.97%, respectively one day after the preparation (Fig. 25 C). In addition, 
AM1 and AM2 demonstrated a reduction of T1 relaxation time of 51.33% and 32.84% 
(Fig. 25 C). The quantitative evaluation of T1 and T2 relaxation times revealed a 
complete ion exchange of Ni-DTPA after 21 days. In comparison, the vessel with sealed 
showed stable T1 contrast over time and a non-significant change of less than 10% was 
found for OEAM 1, OEAM 2, AM1 and AM2 (Fig. 25 D).  
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Figure 25; Qualitative T1w (A) and T2w images of OEAMs and AMs obtained without (A) 
and with (B) sealing at day 1 and day 35. Temporal development of T1 relaxation time of non-
sealed (C) and sealed (D) OEAMs and AMs. Comparison of T2 relaxation time in non-sealed 
(E) and sealed (F) OEAMs and AMs at day 1 and day 35 (Weidner et al. 2022). 
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3.1.2 Temporal contrast stability of the organ models 
The evaluation of the contrast stability phantom revealed that covering the organ 
models in foil ensures stable T1 and T2 relaxation times. Therefore, the temporal 
contrast stability of each organ model, which was used for the phantom experiments, 
was investigated. All organs were packed and vacuum sealed in foil and remained for 
at least 60 days throughout all experiments in the phantom. Even for new versions of 
the experimental setup, the same organ models were used for the experiments, only 
additionally added organ models were manufactured. Covering the organs in foil 
ensured the temporal contrast stability and the evaluation revealed a non-significant 
change of less than 4.5% for the T2 relaxation time and less than 2.6 % for the T1 
relaxation time for the organ that were prepared for 1.5T. On the other hand, a non-
significant change of less than 0.8% for the T1 and 7.6% for the T2 relaxation time of 
the organs prepared for 3.0 T was calculated. The evaluation of the quantitative T1 
and T2 relaxation times revealed no significant changes. Figure 26 shows the T1 and 
T2 relaxation time changes for each individual organ models either prepared for 1.5 T 
(Fig. 26 A,B), or prepared for 3.0 T (Fig. 26 C,D). Additionally, the exact time after 
which the individual organ models were measured an additional time, is shown above 
the corresponding bar.  
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Figure 26: Relaxation time stability over a period of time for all organ models. T1 relaxation 
time stability for the organ models manufactured for 1.5 T (A) and 3.0 T (C) the time above 
the bars indicates the time period after which the second measurement was performed. The 
stability of the T2 relaxation time for 1.5 T is shown in (B) and for 3.0 T in (D) (Source: Own 
figure). 

3.2 Tissue-equivalent values for MRI and CT imaging 

For all the organ models that were used for the experiments, the relaxation times were 
measured prior to the experiments. The evaluation revealed for the organs prepared 
for 1.5 T and used in the first experimental setup, a relaxation time T1 = 552.9 ± 26.2 
ms and a T2 = 48.2 ± 1.2 ms for the liver model and a T1 of 950.42 ± 25.27 ms and 
T2 = 76 ± 3 ms for both kidney models. Organ models that were manufactured for 
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3T, demonstrated a relaxation T1 of 742 ± 53 ms, a T2 of 41 ± 3 ms for the liver and 
a T1 of 1070 ± 39 ms, T2 of 71 ± 1 ms, respectively for both kidney models. In addition, 
the HU values of the 1.5T organs models were evaluated and are shown in table 4 along 
with the relaxation times and the reference values. The prepared liver and kidney 
models did not show significant differences from reference values for T1 and T2 
relaxation times for both 1.5 T and 3 T. Furthermore, realistic HU in CT could be 
achieves for all organ models, without significant deviations compared to reference 
values. 

Table 5: Comparison of T1 and T2 relaxation times for 1.5 T and 3.0 T between the 
manufactured organ models and reference values. The HU measured with the CT was evaluated 
from the 1.5T organ substitutes (Lamba et al. 2014; Bazelaire et al. 2004). 

 Liver Liver Ref Kidney (r.) Kidney (l.) Kidney Ref 
1.5 T MRI 

T1 [ms] 552.9 ± 26.2 586 ± 39 
950.42 ± 

25.27 
971.56 ± 

26.11 
966 ± 58 

T2 [ms] 48.2 ± 1.2 46 ± 6 79 ± 1.7 77.5 ± 1.5 87 ± 4 
3 T MRI 

T1 [ms] 741.9 ± 53.1 809 ± 71 1039.9 ± 46.5 1070.1 ± 38.6 1142 ± 154 
T2 [ms] 40.8 ± 2.6 34 ± 4 70.6 ± 1.1 74.3 ± 1.0 76 ± 7 

CT 
number [HU] 44.0 ± 3.2 50.4 ±10.7 26.6 ± 2.7 25.7 ± 2.9 29.5 ± 5.1 

 

The liver and kidney organ models remained the same for the subsequent experimental 
setups therefore, only the additionally added organ models such as the pancreas, spleen 
and spine model were evaluated. Prior to the placement inside the phantom vessel, the 
quantitative T1 and T2 relaxation times were determined. As shown in table 5 the 
evaluation revealed no significant differences compared to the reference values. To 
better visualize the comparison between the organ models and the reference values, the 
figure 27 displays the relaxation times T1 (Fig. 27 A, C), T2 (Fig. 27 B, D) and the 
HU values (Fig. 27 E) and the corresponding standard deviation (STD) in comparison 
to the reference values. For the reference HU value of tumor HU only one value was 
found in the literature, therefore no STD is indicated here. 
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Table 6: Comparison of T1 and T2 relaxation times for 1.5T and 3.0T between the 
manufactured organ models and reference values. The HU measured with the CT was evaluated 
from the 1.5T organ substitutes (Lamba et al. 2014; Bazelaire et al. 2004). 

 
Pancreas Pancreas Ref Spleen Spleen Ref 

Spine Spine 
Ref 

              1.5 T MRI   

T1 [ms] 613 ± 11 584 ± 14 1145± 58 1057 ± 42 
619 ± 

20 
549 ± 

53 
T2 [ms] 42± 2 46 ± 6 69 ± 4 79 ± 15 44 ± 5 49 ± 8 

                  3 T MRI   

T1 [ms] 785 ± 20 725 ± 71 1241± 64 1328 ± 31   

T2 [ms] 38.35 ± 2 43 ± 7 74.3 ± 1 61 ± 9   

                  CT   

number 
[HU] 

55 ± 11 50 ±11 31 ± 4 44 ± 4  
133 ± 
37.6 
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Figure 27: Comparison between the T1, T2 and HU values of the phantom organ models and 
reference values. The mean T1 relaxation time for 1.5 (A). for 3.0 T (C), T2 relaxation time 
for 1.5 (B), for 3.0 T (D) and Hounsfield unit values (E) are represented with their 
corresponding standard deviation in comparison to the reference values from literature (Source: 
Own figure).  
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3.2.1 Comparison between the phantom and patient imaging data 
As one requirement of the phantom is to provide tissue-equivalent T1 and T2 relaxation 
times and also a corresponding attenuation in the CT imaging, qualitative MRI and 
CT scans of the phantom were additionally acquired and compared with the 
corresponding patients and volunteer imaging data. A direct comparison of two axial 
and a sagittal CT scan slices between patient and phantom is depicted in figure 28. 
The corresponding MRI scans are displayed in figure 29 for T1w scans and in figure 30 
for T2w scans, respectively. The important anthropomorphic structures are recreated 
inside the phantom. The simplification of the surrounding fat tissue realized in the 
phantom by a 0.4% agarose gel is very homogeneous compared to the patient. 
Nevertheless, all important structures and organs are realistically mimicked. 
Furthermore, the anatomical positioning of the organ models in the phantom is 
accurate compared to the patient scans. The overall contrasts of the organ models in 
comparison to the patients’ tissues match very well.  
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Figure 28: Comparison of axial (A and B) and coronal (C) CT scans between patient (left row) 
and phantom (right row). L: Liver, S: Spine, K: Kidney, Sp: Spleen, Pe: Pelvis, ad: adipose 
tissue (Source: Own figure). 
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Figure 29: Comparison of axial (A and B) and coronal (C) T1w MRI scans. Volunteer scans 
are in the left row, phantom is in the right row (Source: Own figure). 
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Figure 30: Comparison of axial (A), (B) and coronal (C) T2w MRI scans. Volunteer scans are 
in the left row, phantom is on the right (Source: Own figure). 
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3.3 Evaluation of breathing motion 

3.3.1 Organ motion evaluation of first experimental setup  
The evaluation of the organ movement for the first experimental setup revealed a mean 
diaphragm movement of 11.4 for shallow, 21.7 mm for free breathing and 33.1 mm for 
deep breathing simulation. Additionally, the movement for the liver and both kidneys 
was evaluated. For the liver, a displacement amplitude of 7.2 mm in the direction of 
CC for shallow breathing, 13.8 mm for free breathing and 23.2 mm for deep breathing 
was measured. The amplitude values for the kidney were combined for both kidneys 
and resulted in values of 2.9 mm for shallow, 6.1 mm for free breathing and 9.5 mm 
for deep breathing simulation. The organ model motion showed strong dependence on 
the input amplitude of the diaphragm through all three breathing motions (Fig. 31 A-
F). The comparison of the motion amplitudes between the phantom and a healthy 
volunteer does not show any significant differences for all three breathing amplitudes 
(table 6).   

Table 7: Comparison of diaphragm, liver and kidney motion amplitudes between phantom of 
the first experimental setup and volunteer (Ref) for shallow, normal and deep breathing. 

 

The relative comparison between the diaphragm motion and the organ model motion 
resulted in a LDMR of 64.4 ± 9.7% for the healthy volunteer, while a LDMR of 65.5 
± 4.3% was obtained in the phantom (Fig. 28 J). For KDMR, 30.7 ± 4.3% was 
calculated for the volunteer, while 27.5 ± 3.1% was obtained for the phantom (Fig. 28 
K). No significant difference between phantom and subject was found for LDMR and 
KDMR for all breathing amplitudes.  

Breathing 
motion 

Diaphragm 
[mm] 

DiaphragmRef 
[mm] 

Liver CC 
[mm] 

LiverRef 
CC [mm] 

Kidney 
CC [mm] 

KidneyRef 
CC [mm] 

Shallow 11.4 11.6 7.2 7.1 2.9 3.9 

Free 21.7 20.6 13.8 12.9 6.1 6.6 

Deep 33.1 33.1 23.2 23.6 9.5 8.3 
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Figure 31: Motion amplitude of the phantom’s liver (A, B, C) and kidneys (D, E, F) for shallow 
(A, D), free (B, E) and deep breathing (C, F). Comparison between the healthy volunteer and 
the phantom’s organ motion is shown for shallow (G), for free (H) and for deep breathing 
amplitudes (I). Additionally, the LDMR (J) and KDMR (K) is shown as comparison between 
the phantom and the healthy volunteer for all three breathing amplitudes (Weidner et al. 
2022). 
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3.3.2 Organ motion evaluation of the second experimental setup 
The second experimental setup of the phantom, in contrast to the first, included 
additional organ models, such as the spleen, pancreas, a pelvis and a lumbar spine 
model.  

As in the first experimental setup, an evaluation of the individual internal organ model 
was carried out. A diaphragm deflection of 11.4 mm was measured for shallow breathing 
motion, 20.3 mm, for free and 32.7 mm for deep, respectively. The displacements of 
the individual organ models for the three different breathing sequences showed no 
significant differences in comparison with the volunteer reference data provided in table 
8 and figure 27. In addition, a comparison of the movement amplitude in cc direction 
obtained from the first experimental setup in comparison to the second setup was also 
conducted. The evaluation showed that there were no significant differences in the 
maximum movement of the diaphragm, liver or kidneys for either shallow (Fig. 32 A), 
free (Fig. 32 B) and deep (Fig. 32 C) breathing motion. Figure 33 shows a comparison 
between the first and second experimental setup. It compares the maximum amplitude 
of each organ model in CC direction during shallow (Fig. 33 A), normal (Fig. 33 B), 
and deep (Fig. 33 C) breathing. The result shows that there are no significant 
differences between experimental setup versions, which ensures reproducibility.  In 
addition, the motion trajectory of the individual organ models was extracted and 
evaluated. The results show that also in this experimental setup the organ model 
displacement has a strong dependence on the input amplitude (Fig. 34 A-O).  
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Table 8: Comparison of diaphragm, liver, kidneys, spleen and pancreas motion amplitudes 
between phantom of the second experimental setup and volunteer (Ref) for shallow, normal 
and deep breathing. 

 

 

Figure 32: Comparison between second experimental setup and volunteer. The deflection 
amplitudes in cc direction for the diaphragm, liver and kidneys, spleen and pancreas for shallow 
(A), free (B) and deep (C) breathing motion (Source: Own figure). 

Breathing 
motion 

Diaphragm 
[mm] 

DiaphragmRef 
[mm] 

Liver CC 
[mm] 

LiverRef 
CC [mm] 

Kidney 
CC [mm] 

KidneyRef 
CC [mm] 

Shallow 11.4 11.6 6.5 7.1 3.3 3.9 
Free 20.3 20.6 11.8 12.9 5.7 6.6 
Deep 32.7 33.1 21.5 23.6 11.5 8.3 

Breathing 
motion 

Spleen CC 
[mm] 

SpleenRef [mm] Pancreas CC 
[mm] 

PancreasRef CC 
[mm] 

Shallow 3.3 3.1 6.5 4.4 
Free 6.1 7.1 6.6 6.2 
Deep 16.1 20.4 15.6 13.3 
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Figure 33: Comparison between the first and second experimental setup. The deflection 
amplitudes in cc direction for the diaphragm, liver and kidneys for shallow (A), free (B) and 
deep (C) breathing motion (Source: Own figure). 
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Figure 34: Movement trajectories of each organ model in cc direction. The displacement 
trajectory of the liver for shallow A, free B and deep C breathing motion as well as for the 
right kidney (D-F), left kidney (G-I), the spleen (J-L), and the pancreas (M-O) (Source: Own 
figure). 
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In addition to the healthy volunteer imaging data, anonymized patient respiratory data 
from PACS was also analyzed. However, these CT scans were static and different 
expiration and inspiration phases were automatically detected and scanned. For 
comparison with organ shifts in the phantom, the maximum amplitudes of the 
individual organs were therefore evaluated from the patient data. Since it can be 
assumed that the patient data were recorded during free breathing with breathing 
commands, a comparison to the amplitudes of the free phantom breathing is carried 
out in this case. The comparison between the cohort of 10 patients and the phantoms 
free breathing motion revealed no significant differences for all organ amplitudes (Fig. 
35). It can also be observed, that the standard deviation of the patients data is higher 
than the phantoms. 

 

Figure 35: Comparison of the breathing motion during free breathing in the phantom to the 
patient data gathered from PACS (Source: Own figure).  

As already calculated in the first experimental setup, the relative motion of the organ 
models compared to the diaphragm motion, was also carried out for the second setup. 
As LDMR (Fig. 36 A) a percentage of 60.61 ± 9 % was calculated. For the KDMR 
(Fig. 36 B) a value of 31 ± 9.2 %, for SDMR (Fig. 36 C) of 36 ± 9 % and PDMR (Fig. 
36 D) of 34.4 ± 12.3 % was evaluated for the phantom. Since the LDMR and KDMR 
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for volunteer was already calculated and specified when comparing with the first setup, 
this value was adopted. In addition, the SDMR and PDRM were calculated. The 
SDMR resulted in 38 ± 19% and the PDMR in 36.5 ± 10.4 %. In comparison to the 
phantom the organ to diaphragm motion ration of the healthy volunteer shows no 
significant difference throughout all breathing amplitudes.  

 

Figure 36: Comparison of the LDRM (A), KDMR (B), SDMR (C) and the PDMR (D) between 
the phantom and the volunteer for all three breathing amplitudes (Source: Own figure). 

Besides static and dynamic scans for the analyzation of respiration-induced organ 
movement, newly developed sequences were also used that perform automatic 
movement detection. One of these sequences is the starVIBE 991, which automatically 
detects the diaphragm movement and then generates five different breathing phases in 
so-called bins. This sequence was used to acquire imaging data of the volunteers’ deep 
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breathing motion as well as the phantoms’. The evaluation of the volunteer data as 
well as the phantom shows that the breathing motion could be detected and also 
different breathing levels were assigned to individual bins (Fig. 37). For the phantom, 
two identical measurement were performed on two different days to investigate the 
reproducibility of the phantoms organ motion. These two different scans are shown in 
the graphs as phantom 1 and phantom 2. The different bins for phantom 1 and 2 are 
detected almost identically for all organ models. Furthermore, compared to the 
volunteer, it can be observed that the maximum amplitude in particular shows only 
very slight differences.  

 

Figure 37: Comparison of the bin1 to bin 5 for the different organs between volunteer and 
phantom for deep breathing motion (Source: Own figure). 
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3.3.3  End-to-end test with breathing motion and a liver tumor model 

For the end-to-end test, the third experimental setup was used. For this purpose, a 
new modified liver was utilized, which allows the insertion of a tumor model in the 
shape of a sphere with a diameter of 30 mm. An EBT3 film with dimensions of 20 x 20 
mm was then placed exactly in the center of this sphere. Afterwards planning CT scans 
were carried out in order to subsequently create a radiation planning for the phantom. 
Unfortunately, an incorrect orientation of the phantom was chosen during the 
preparation of the planning CT scans, therefore the phantom is upside down on the 
radiation planning figures. Figure 38 (A) shows an axial slice through the phantom in 
which the tumor model, the liver (L) and the spleen (S) are shown. The tumor model 
has been contoured with a green circle demonstrating the planning target volume 
(PTV). The safety margin is represented by the red circles around the PTV. Figure 38 
(B) shows an axial, sagittal and coronal section through the phantom. All organ models 
such as the spine model, the pelvis and kidneys were also contoured. In addition, the 
phantom container, the frame and adapters attached to the phantom were contoured 
in the treatment planning software in order to be taken into account for the plan 
calculation.  
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Figure 38: Treatment plan with contoured tumor model (green circle), safety margins (red 
circles) and all considered structures A. Axial, sagittal and coronal slice through the phantom 
showing contoured organ models and structures (Source: Own figure). 
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Furthermore, the automatic detection and contouring of the organ shapes of the 
phantom was possible by the software and required only minor manual adjustments. 
However, these are also necessary for the radiation planning of patients. An important 
requirement for the phantom was that it could be used with the MR-Linac and is 
capable of breathing simulation. This requirement could be fulfilled by a hydraulic 
drive that is entirely free of ferrous materials (Fig. 39). 

 

Figure 39: The abdominal phantom is positioned on the patient couch in front of the MR Linac 
inside the MR-Linac treatment room (Source: Own figure). 

As prescription dose per fraction for the PTV a dose of 5 Gy to 95% per fraction were 
chosen. To apply this dose to the tumor volume, a total of 11 beams were calculated, 
each delivering a certain dose from 11 different gantry angles. Since the irradiation at 
the MR-Linac is gated, a modified deep breathing sequence was used for this 
experiment. For this purpose, a breath-holding phase of 10s was incorporated into the 
movement trajectory so that gating could be enabled. As shown by the irradiation of 
the phantom, the tumor model in the liver could be detected by MRI imaging during 
irradiation. As soon as the tumor model (red circle) moved outside the defined 
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boundaries (yellow circle) due to respiration (Fig. 40 left), the irradiation was 
immediately interrupted. Only when the tumor was again within the defined boundary, 
the irradiation was continued (Fig. 40 right). 

 

Figure 40 Irradiation of the tumor model using gating at the MR-Linac. Tumor model is 
partially outside the defined boundaries therefore, the irradiation stopped (left). On the right: 
beam is on as long as the tumor is inside the defined boundaries. K: Kidney, L: Liver, T: Tumor 
model (Source: Own figure). 

After irradiation of the phantom, the EBT3 films required to calculate the calibration 
curve were irradiated. For this, a total of eight equally sized ETB3 films with 
dimensions of 30 x 30 mm were irradiated between RW3 plates at a depth of 5 cm, a 
source to surface distance (SSD) of 85 cm and a field size of 5 x 5 cm. Each film was 
irradiated with a different dose except for the first film with 0 Gy. The exact dose 
values that were applied to calibration films are shown in figure 41. It is very clearly 
visible that with increasing dose, the optical density of the film also changes. 

 

Figure 41: EBT3 Film irradiation with different dose from 0 Gy to 7.689 Gy in order to 
calculate the calibration curve (Source: Own figure). 
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The EBT 3 film inside the tumor model as well as the films irradiated for the 
calibration, were stored protected from light in an envelope. 48 hours after the 
irradiation, the films were scanned and analyzed with an in house developed MATLAB 
script. The dose evaluation considered also the offset that was generated by the 
planning CT and the manufacturing process.  

  

 

Figure 42: Calculated calibration curve. Optical density values are plotted over the 
corresponding gray values (Source: Own figure). 

The calculated calibration curve in figure 37 was also used to determine the dose values 
of the offsets. Thus, a mean dose value of 2.46 ± 0.08 Gy was determined for the 
manufacturing offset and 0.63 Gy for the planning CT offset. As indicated in figure 43 
uniform rectangles with the size of 13 x 13 mm were used as ROIs for the calculation 
of all offset films. Taking into account the calculated offset values, the dose of the film 
located in the tumor model was determined. Lying a ROI 13x13 mm in the middle of 
the film a dose of 5.3 ± 0.42 Gy was calculated. 
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Figure 43: Evaluated offset value of 0.63 Gy for the planning CT and a mean of 2.46 ± 0.08 
Gy for the manufacturing process (Source: Own figure). 

 

Figure 44: A 13 x 13 mm ROI is placed in the middle of the tumor ET3 film. The colored bar 
on the right side indicates the dose values in Gray to the corresponding colors in the graph 
(Source: Own figure). 
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4 Discussion 
4.1 Long-term experiment 

The evaluation of the contrast stability phantom provides important insights into the 
behavior of two types of contrast agents: OEAMs and AMs. This study investigates 
the impact of foil protection on the stability of T1 and T2 contrast over an extended 
period of 166 days. 
The results demonstrate a visible decrease in T1 contrast for both OEAMs and AMs 
without foil protection after 166 days, as shown in figure 22 A. This decrease is evident 
even as early as 2 hours after preparation, as indicated by the qualitative T1-weighted 
image. However, no loss in T2 contrast is observed, suggesting that the foil protection 
primarily affects T1 contrast stability. 
In contrast, the OEAMs and AMs sealed with foil exhibit no visible difference in T1 
contrast compared to their initial state. Additionally, there is no significant difference 
in T2 contrast for the sealed samples. These findings suggest that the foil protection 
effectively prevents the deterioration of T1 contrast over time. 
Interestingly, a significant increase in quantitative T1 relaxation time is observed for 
OEAM1 and OEAM2, with values of 43.26% and 49.97% respectively, one day after 
preparation (Fig. 22 C). In contrast, AM1 and AM2 demonstrate a reduction in T1 
relaxation time of 51.33% and 32.84% respectively (Fig. 10 C). These results indicate 
variations in T1 relaxation behavior between the different artifact types. 
Further analysis revealed a complete ion exchange of Ni-DTPA, a contrast agent used 
in the phantom, after 21 days. This suggests that the contrast agents undergo 
significant changes over time, which can impact their stability and effectiveness in 
providing consistent contrast. 
Comparing the vessels with foil protection to those without, the vessels with foil shows 
stable T1 contrast over time. Additionally, the change in T1 relaxation time for 
OEAM1, OEAM2, AM1, and AM2 is non-significant, with variations of less than 10% 
(Fig. 22 D). 
Overall, this experiment highlights the importance of foil protection in maintaining the 
stability of T1 contrast for OEAMs and AMs. It also underscores the dynamic nature 
of contrast agents, with changes observed in T1 relaxation times and ion exchange over 
time. These findings contribute to our understanding of contrast agent behavior and 
inform strategies for optimizing contrast stability in medical imaging applications. 
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4.2 Temporal contrast stability of organ models 

The discussion in this chapter focuses on the temporal contrast stability of organ 
models used in the contrast stability phantom experiments. The organs were packed 
and vacuum sealed in foil to ensure stable T1 and T2 relaxation times throughout the 
duration of the experiments. 
By maintaining the same organ models for at least 60 days across all experiments, the 
study aimed to assess the long-term stability of T1 and T2 relaxation times. It should 
be noted that additional organ models were manufactured only for new versions of the 
experimental setup, ensuring consistency in the evaluation process. 
The results of the evaluation demonstrate that covering the organs in foil effectively 
preserves their temporal contrast stability. For the organ models prepared for 1.5T, 
the analysis reveals a non-significant change of less than 4.5% for the T2 relaxation 
time and less than 2.6% for the T1 relaxation time. This suggests that the foil 
protection successfully maintains the stability of both T1 and T2 contrast over time. 
In comparison, the organ models prepared for 3.0T exhibit slightly higher changes in 
relaxation times, but still within an acceptable range. The calculated non-significant 
change is less than 0.8% for the T1 relaxation time and 7.6% for T2 relaxation time. 
Although there is a slightly larger variation for T2 relaxation time in the organs 
prepared for 3.0 T, it remains within an acceptable limit. 
The evaluation of quantitative T1 and T2 relaxation times further supports the findings 
of stable contrast over time. No significant changes are observed, indicating that the 
foil-covered organ models maintain consistent relaxation times throughout the 
experiments. 
Figure 18 provides a visual representation of the T1 and T2 relaxation time changes 
for each individual organ model prepared for either 1.5T or 3.0T. The specific points 
in time at which additional measurements were taken are indicated above the 
corresponding bar. This information helps to identify any potential trends or variations 
in relaxation times for specific organ models over time. 
Overall, the chapter emphasizes the effectiveness of foil coverage in ensuring the 
temporal contrast stability of the organ models used in the phantom experiments. The 
results demonstrate that the foil protection minimizes changes in T1 and T2 relaxation 
times, providing reliable and consistent contrast for both 1.5T and 3.0T preparations. 
These findings contribute to the development of techniques and protocols for 
maintaining stable contrast in various imaging scenarios. 
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4.3 Evaluation of organ models for experiments  

This result conducts quantitative relaxation times (T1 and T2) and HU values for 
different organ models at both 1.5T and 3.0T MRI settings. These measurements are 
essential, as they reflect the physical properties of the organ models and their responses 
to different magnetic field strengths. The HU values from CT scans are also important, 
as they relate to the attenuation of X-rays and play a critical role in CT imaging. The 
presented data is compared to reference values, which are average values established 
for typical human tissues. The results show that the measured T1 and T2 relaxation 
times for the liver and kidney models used in the experiments are in close agreement 
with the reference values for both 1.5T and 3.0T MRI settings. This indicates that the 
organ models effectively mimic the relaxation characteristics of real human organs 
under different MRI field strengths. In this thesis, HU values for the organ models were 
also evaluated using CT. HU values are crucial for quantifying tissue density in CT 
scans. The results reveal that the measured HU values for the organ models match well 
with reference values. This suggests that the organ models provide realistic CT 
representations, which is vital for the calculation of radiation treatment plans and 
imaging procedures. It is worth noting that the organ models remained the same for 
subsequent experimental setups. To enhance the clarity of the results and facilitate 
comparison, the chapter includes figure 24, displaying the relaxation times and HU 
values in relation to the reference values. This graphical representation aids in 
visualizing any potential variations or deviations. The inclusion of standard deviation 
provides a measure of the data's dispersion and offers insights into the variability of 
the measurements. 
 

4.4 Comparison between the phantom’s MRI and CT imaging 

data 

The primary requirement for the abdominal phantom is to mimic tissue-equivalent T1 
and T2 relaxation times, as well as attenuation values in CT imaging. The qualitative 
MRI and CT scans performed in the context of this thesis show that the phantom 
successfully accomplishes this. This is a critical achievement, as it ensures that the 
phantom accurately simulates the radiological characteristics of human tissues, which 
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is vital for various medical imaging procedures. The results show a direct comparison 
of axial and sagittal CT scan slices between patients and the phantom. These visual 
comparisons are valuable, as they clearly demonstrate how well the phantom mimics 
the patients organ anatomy. The corresponding MRI scans (T1w and T2w) are also 
compared, which is important because MRI and CT scans are widely used for different 
clinical purposes. The evaluation of the comparison underscores that while the phantom 
employs a 0.4% agarose gel to simplify the representation of surrounding fat tissue, it 
still results in a relatively homogeneous model. It is worth noting that some human 
tissues are inherently inhomogeneous, and the presence of air resulting from different 
intestinal filling introduces further complexity to the human body, leading to a more 
heterogeneous image compared to the phantom. Despite these simplifications for 
practical reasons, the phantom successfully recreates the overall anatomical structures 
and organs at risk. This is fundamental for ensuring that medical imaging techniques 
can be tested and optimized with a reasonable degree of fidelity to the complexity of 
real human tissues, even though it cannot fully replicate the full heterogeneity of in 
vivo conditions. Another significant finding is that the anatomical positioning of the 
organ models within the phantom closely matches the patient scans. This accuracy is 
crucial for validating the phantom's usefulness in simulating specific clinical scenarios 
where precise organ positioning is essential. This work also underlines that the overall 
contrasts of the organ models in the phantom closely match those of the patients' 
tissues. This is particularly important for ensuring that the phantom can accurately 
represent the differences in tissue densities and compositions that are vital for medical 
diagnoses. 
 

4.5 Organ motion of the 1st experimental setup 

The results show that the diaphragm's movement significantly increases with the depth 
of breathing, which is to be expected. The liver and kidney also exhibit larger 
displacements during deep breathing. This information is important for medical 
imaging and treatment planning, as organ motion can affect the accuracy of radiation 
therapy and imaging techniques. The motion comparison between the phantom and 
the volunteer data is essential for validating the phantom's suitability for simulating 
human organ movements. The results indicate that there are no significant differences 
in the motion amplitudes between the phantom and the volunteer for all three 
breathing patterns. This is a positive result, suggesting that the phantom is a suitable 
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representation of human organ motion in this context. These ratios KDMR and LDMR 
are used to quantify the relative motion between organs. The comparison reveals that 
there are no significant differences between the phantom and the healthy volunteer for 
LDMR and KDMR across all breathing patterns. This further reinforces the validity 
of the phantom as a representation of human organ motion. The findings have 
significant implications for various medical applications, such as radiation therapy and 
diagnostic imaging. If the phantom accurately mimics the organ motion of a healthy 
individual, it can be used for testing and optimizing these techniques without the need 
for real patients. This can help reduce the potential risks and uncertainties associated 
with such procedures. It is important to acknowledge the limitations of the study. The 
results are based on a single healthy volunteer, and a larger sample size may be needed 
to establish broader generalizability. Additionally, the study does not explore potential 
differences in organ motion based on factors like age, gender, or health conditions. 
Future research could delve into these aspects for a more comprehensive understanding. 
 

4.6 Evaluation of the 2nd experimental setup 

Using the second experimental setup, the movements of various internal organ models, 
including the diaphragm, liver, kidneys, spleen, and pancreas, were analyzed during 
different types of breathing motions, such as shallow, free, and deep breathing. These 
measurements are essential for understanding how organs shift and deform with 
respiration. The results indicate that the measured displacements of individual organ 
models during breathing sequences exhibit no significant differences in comparison to 
volunteer reference data. This finding suggests that the phantom effectively mimics the 
organ motion observed in real human subjects. It underscores the suitability of the 
phantom as a representation of human anatomy for experimentation and validation 
purposes. Furthermore, the reproducibility of the phantom's organ motion was 
investigated by conducting identical measurements on two different days. This 
evaluation showcases the consistency of organ motion patterns between different scans 
on different days. Furthermore, a comparative analysis between the first and second 
experimental setups was conducted to assess the reproducibility of results. This 
comparison revealed no significant differences in the maximum movement amplitudes 
of organ models, including the diaphragm, liver, and kidneys, across shallow, normal, 
and deep breathing motions as illustrated in figure 33. The consistency observed 
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between experimental setups underscores the reliability and robustness of the 
experimental methodology employed. 
Comparisons with volunteer data showed slight differences in maximum amplitude but 
an overall alignment in movement patterns. The scope of the study was expanded by 
comparing the organ movement data obtained from the phantom with anonymized 
patient data. The results showed that the maximum amplitudes of individual organs 
from the patient data align closely with the free breathing motion of the phantom. This 
demonstrates that the phantom's motion is comparable to patient data and can serve 
as an effective tool for clinical simulations. Additionally, the relative organ motion was 
calculated. Therefore, the motion of organ models was compared to diaphragm motion, 
expressed as LDMR, KDMR, SDMR, and PDMR. These ratios provide insights into 
how organs move in relation to the diaphragm. The analysis demonstrated that the 
phantom closely resembles the relative organ motion observed in healthy volunteers 
during different breathing amplitudes. 

4.6.1 Automatic movement detection using starVIBE 991 sequence 
Considering the starVIBE 991 bin measurement results, it is evident that the maximum 
amplitude between phantoms 1 and 2 and the volunteer exhibits minimal variation, 
suggesting a high level of comparability between the phantom and the volunteer. 
Furthermore, a notable consistency is observed within the individual bins for phantoms 
1 and 2, indicating good reproducibility in the design and construction of the phantom. 
Upon closer examination of the left kidney, disparities are identified in bins 3 and 2 
when compared to the corresponding bins of the phantom (Fig. 45 A). This divergence 
may be attributed to nuanced differences in the movement patterns of the phantom, 
particularly in the left kidney, in contrast to that of the patient. However, when 
assessing other organs, particularly the right kidney, smaller differences are noted (Fig. 
45 B), with the spleen exhibiting notably similar movement patterns (Fig. 45 C). In 
summary, the phantom demonstrates suitability for simulating various breathing 
positions, as these can be detected sufficiently by the starVIBE 991 sequence. 
Moreover, these simulations align well with the volunteer's deep breathing patterns, 
establishing a basis for effective comparability. 
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Figure 45: Evaluation of detected bins for deep breathing for the left (A) and right (B) kidney 
and for the spleen (C) (Source: Own figure). 

 

4.7 End-to-end test 

In the end-to-end test, it was possible to employ software for the automatic detection 
and contouring of organ shapes within the phantom using the imaging data of 
previously acquired planning CT images. This is a decisive step in radiation therapy 
planning, as it allows for precise targeting and treatment of tumors. The ability to 
contour organs with only minor manual adjustments demonstrates the effectiveness of 
the phantom in replicating human anatomical structures. It also underlines the 
phantom's potential as a tool for simulating radiation therapy processes. This thesis 
also emphasizes that the phantom fulfils a vital requirement by being compatible with 
the MR-Linac and is capable of simulating breathing. This is a significant advantage, 
as it allows for the development and testing of radiation therapy techniques under 
conditions that closely resemble clinical practice. The use of a hydraulic drive that is 
free of ferrous materials ensures that the phantom is suitable for MR-guided radiation 
therapy. Additionally, this thesis outlines the radiation planning process, including the 
choice of a prescription dose per fraction for the PTV. It is notable that a modified 
deep breathing sequence was used for the experiment, incorporating a breath-holding 
phase to enable gating. Gating is a technique that synchronizes radiation delivery with 
the respiratory cycle to minimize organ motion during treatment. The ability to 
implement gating with the phantom allows for testing and optimization of this 
technology. The immediate interruption of irradiation when the tumor moves outside 
the defined boundaries demonstrates that the phantom provides a suitable imaging 
contrast and a breathing movement of the organs similar to a human being, and this 
could be detected very accurately and reliably by the gating system. An important 
aspect of the analysis is the consideration of offsets. These offsets can be generated 
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during the planning CT scan and the manufacturing process. The offsets are essential 
for ensuring that the calculated dose values accurately reflect the delivered dose. The 
study determined a mean dose value of 2.46 Gy, with a small uncertainty of 0.08 Gy 
for the manufacturing offset and 0.63 Gy for the planning CT offset, as shown in figure 
38. Uniform rectangles with a size of 13 x 13 mm were employed as ROI for calculating 
these offset values. Accounting for these offsets is an important step in dose 
quantification. After accounting for the offsets, the study determined the dose for the 
film located within the tumor model. A 13x13 mm ROI in the middle of the film was 
chosen for dose calculation. The calculated dose within the tumor model was 
determined to be 5.3 Gy, with a small uncertainty of 0.42 Gy.  
In summary, this end-to-end test not only validates the capabilities of the phantom in 
replicating clinical scenarios but also underscores its significance as a tool for research, 
testing, and quality assurance in the field of radiation therapy. The successful 
integration of MR-Linac compatibility, breathing simulation, real-time tumor tracking, 
and precise dose calibration positions the phantom as a valuable asset for advancing 
radiation therapy techniques and ensuring the delivery of safe and effective treatments 
to patients. These findings contribute to the ongoing progress in the field of medical 
physics and radiation therapy.  
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5 Conclusion 
In conclusion, this thesis has provided robust evidence of the capabilities and utility of 
the phantom in various medical imaging and radiation therapy applications. The organ 
models used in the experiments effectively replicate the relaxation times and HU values 
of real human organs, validating the suitability of the phantom for medical imaging 
research. The close agreement with reference values underscores the reliability of the 
phantom for testing and optimizing MRI and CT imaging techniques. The comparison 
of the phantom with patient and volunteer data demonstrates its ability to faithfully 
replicate tissue properties, anatomical structures, and radiological characteristics. This 
validation is a crucial step in establishing the phantom's utility for calibration, quality 
control, and optimization of medical imaging techniques. The assessment of organ 
motion during different breathing patterns highlights the phantom's ability to 
accurately mimic human organ motion. The results emphasize the importance of 
considering organ motion in treatment planning and imaging procedures. Furthermore, 
the comprehensive assessment of organ motion in the first and second experimental 
setups demonstrates the phantom's capability to accurately replicate respiratory-
induced motion observed in real human subjects. The phantom's consistency and 
reproducibility over time, along with its strong agreement with patient data, validate 
its utility as a reliable tool for medical imaging research and experimentation. In 
summary, this thesis not only validates the capabilities of the phantom in replicating 
clinical scenarios but also underscores its significance as a tool for research, testing, 
and quality assurance in the fields of medical physics, radiation therapy, and medical 
imaging. The evaluation of the end-to-end test utilizing radiation planning and dose 
calculation using a modified liver phantom demonstrates the potential of the phantom, 
which is capable of breathing simulation, and suitable for gating techniques of the MR-
Linac. Despite small planning errors, the experiment showcases the capabilities of the 
phantom for refining radiation therapy procedures and provides a novel setup to further 
investigate new treatment methods that consider organ motion during respiration. 
These findings contribute to ongoing progress in the field of medical imaging, radiation 
therapy, and medical physics, providing a valuable asset for advancing research and 
patient care. 
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6 Summary 
The continuous progress in the field of radiation therapy has led to significant improvements 
in the diagnosis and treatment of cancer, resulting in enhanced quality of life and increased life 
expectancy. The development of the MR-Linac marked a paradigm shift in radiation therapy. 
This advancement enables real-time visualization of tumors during radiation therapy using 
magnetic resonance imaging. Consequently, treatment plans can be adjusted to account for 
changes in tumor size between sessions, such as tumor shrinkage, and to incorporate tumor 
movements during each radiation session, for example, due to breathing. This precision allows 
for the delivery of a higher radiation dose directly to the target volume while minimizing 
radiation exposure to nearby organs. 

The aim of this work was to develop an anthropomorphic abdominal phantom that meets 
several requirements: reproducible breathing motions with induced organ motions in a 
composite, realistic image contrast in both magnetic resonance imaging and computed 
tomography, anthropomorphically shaped organ models, and an MRI-compatible motion 
control unit. 

In this thesis, an innovative anthropomorphic abdominal phantom for medical imaging and 
radiation therapy applications was developed. Through a series of experiments and analyses, 
the capabilities and usefulness of the phantom were rigorously evaluated. 

The organ models used in the experiments demonstrate remarkable accuracy in replicating the 
relaxation times and Hounsfield Units of real human organs. This validation underscores the 
suitability of the phantom for medical imaging research, with the results showing close 
agreement with reference values without significant differences. 

Comparisons between the phantom and patient/volunteer data showed good agreement in 
simulating respiration-induced organ motions in a composite during various breathing patterns 
(shallow, free, and deep breathing), anatomical shapes, image contrast, and radiological 
characteristics. 

Furthermore, the analysis of organ motion under different breathing patterns highlights the 
phantom's ability to simulate human organ movements, emphasizing the importance of 
considering organ motions in treatment planning and imaging procedures. 

In summary, this work demonstrated that the developed phantom effectively simulates various 
respiratory movements and corresponding organ motions within a composite structure. 
Additionally, compared to volunteer data, the phantom exhibited comparable image contrast 
in magnetic resonance imaging and computed tomography imaging, and stability of image 
contrast over a period of more than 400 days was demonstrated. Moreover, the phantom proved 
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suitable for an end-to-end test, encompassing the entire radiation therapy process from imaging 
and radiation planning to dose calculation and delivery. This included the insertion of 
dosimetric EBT3 films into the liver tumor model. An important outcome was that the 
phantom's liver tumor model was successfully detected by the MR-Linac and radiation was 
stopped as soon as the tumor moved outside the target volume due to breathing motion. 
Ultimately, a dose of 5.3 ± 0.42 Gy was calculated within the tumor model, which demonstrates 
excellent alignment with the planned dose of 5 Gy, considering the minimal deviation. 
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Zusammenfassung  

Der kontinuierliche Fortschritt auf dem Gebiet der Strahlentherapie hat zu erheblichen 
Verbesserungen bei der Diagnose und Behandlung von Krebs geführt, was zu einer 
verbesserten Lebensqualität und einer erhöhten Lebenserwartung führt. Die 
Entwicklung des MR-Linac markierte daher einen Paradigmenwechsel in der 
Strahlentherapie. Diese Weiterentwicklung ermöglicht die Echtzeit-Visualisierung von 
Tumoren während der Strahlentherapie mittels Magnetresonanztomographie. Folglich 
können Behandlungspläne angepasst werden, um Veränderungen in der Tumorgröße 
zwischen den Sitzungen, wie Tumorverkleinerung, zu berücksichtigen, und um 
Tumorbewegungen während jeder Strahlungssitzung, beispielsweise aufgrund von 
Atmung, einzubeziehen. Diese Präzision ermöglicht die Verabreichung einer höheren 
Strahlendosis direkt an das Zielvolumen, während die Strahlenexposition für 
nahegelegene Organe minimiert wird. 

Das Ziel dieser Arbeit war es, ein anthropomorphes abdominal Phantom zu entwickeln, 
welches mehreren Anforderungen gerecht werden muss: reproduzierbare 
Atembewegungen mit induzierten Organbewegungen im Verbund, realistischer 
Bildkontrast sowohl in der Magnetresonanztomographie als auch in der 
Computertomographie, anthropomorph geformte Organmodelle und eine 
Magnetresonanztomographie-kompatible Bewegungssteuerung. 

Im Rahmen dieser Arbeit wurde ein innovatives anthropomorphes abdominales 
Phantom für medizinische Bildgebung und Strahlentherapieanwendungen entwickelt. 
Durch eine Reihe von Experimenten und Analysen wurden die Fähigkeiten und die 
Nützlichkeit des Phantoms rigoros bewertet. 

Die in den Experimenten verwendeten Organmodelle zeigen eine bemerkenswerte 
Genauigkeit bei der Nachbildung der Relaxationszeiten und Hounsfield-Units realer 
menschlicher Organe. Diese Validierung unterstreicht die Eignung des Phantoms für 
die medizinische Bildgebungsforschung, dabei zeigen die Ergebnisse eine enge 
Übereinstimmung mit Referenzwerten ohne signifikante Unterschiede. 

Vergleiche zwischen dem Phantom und Patienten-/Probandendaten zeigten eine gute 
Übereinstimmung bei der Simulation von ateminduzierten Organbewegungen in einem 
Verbund während verschiedener Atemmuster (flaches, freies und tiefes Atmen), 
anatomischer Formen, Kontrast in der Bildgebung und radiologischer Eigenschaften. 
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Darüber hinaus unterstreicht die Analyse der Organbewegung unter verschiedenen 
Atemmustern die Fähigkeit des Phantoms, menschliche Organbewegungen zu 
simulieren, was die Bedeutung der Berücksichtigung von Organbewegungen bei der 
Behandlungsplanung und Bildgebungsverfahren unterstreicht. 

Zusammenfassend zeigte diese Arbeit, dass das entwickelte Phantom verschiedene 
Atembewegungen und entsprechende Organbewegungen innerhalb einer 
Verbundstruktur effektiv simuliert. Darüber hinaus wies das Phantom im Vergleich zu 
Probandendaten eine vergleichbaren Bildkontrast in der Magnetresonanztomographie 
und Computertomographie Bildgebung aus und zusätzlich konnte Stabilität des 
Bildkontrasts über einen Zeitraum von mehr als 400 Tagen nachgewiesen werden. 
Darüber hinaus erwies sich das Phantom als geeignet für einen End-to-End-Test, der 
den gesamten Strahlentherapieprozess von der Bildgebung und Strahlungsplanung bis 
hin zur Dosisberechnung und -verabreichung umfasste. Dies beinhaltete das Einsetzen 
von dosimetrischen EBT3-Filmen in das Lebertumormodell. Ein wichtiges Ergebnis 
war, dass das Lebertumormodell des Phantoms erfolgreich vom MR-Linac erkannt 
wurde und die Bestrahlung stoppte, sobald der Tumor aufgrund der Atembewegung 
das Zielvolumen verließ. Letztendlich wurde eine Dosis von 5,3 ± 0,42 Gy innerhalb 
des Tumormodells berechnet, was eine ausgezeichnete Übereinstimmung mit der 
geplanten Dosis von 5 Gy darstellt, unter Berücksichtigung der minimalen 
Abweichung. 
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Linac Linear accelerator 
PLC Programmable logic controller 
FB Function blocks 
CSV Comma-separated values 
DICOM Digital imaging and communications in medicine 
MITK Medical imaging interaction toolkit 
CAD Computer aided design 
Ni-DTPA Nickel (Ni) Diethylenetriaminepentaacetic Acid 
KCl potassium chloride 
OD Optical density 
SR Saturation recovery 
TI Inversion time 
SE Spin echo 



 

109 
 

TE Echo time 
 PACS picture archiving and communication system 
4D Four-dimensional 
DKFZ Deutsches Krebsforschungszentrum 
GUI Graphical user interface 
ROI Region of interest 
COM Center of mass 
OEAM Organ equivalent agarose mixture 
AM Agarose mixture 
LDMR Liver to diaphragm movement ratio 
KDMR Kidney to diaphragm movement ratio 
SDMR Spleen to diaphragm movement ratio 
PDMR Pancreas to diaphragm movement ratio 
SEM Standard error of mean 
STD Standard deviation 
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