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Abstract 

The main goal of radiation therapy is the confinement and/or limitation of the destructive 
power of ionizing radiation to the pathological region (e.g. tumour). This also reduces the risk 
of long-term consequences such as secondary tumours in adjacent healthy tissue. The local 
destructive power of radiation might be increased via dose enhancement by adding 
molecules containing atoms of a high atomic number Z, e.g. vessel contrast agents for 
tumours exhibiting vascular endothelial growth factor (VEGF). After Χ- or gamma irradiation 
the relative dose in these regions is enhanced (rDE > 1). MRI-based gel dosimetry is in 
principle capable to visualize changes in the dose distribution in all of the three dimensions 
with high spatial resolution (3D-dosimetry). However, the sensitivity of the polymer gel 
dosimeters with high Z add-ons might also be changed by chemical interaction. We 
investigated the impact of different high Z additives on the dose response of an in-house 
prepared gel-dosimeter. 

The polymer gel dosimeters were prepared in-house using dithiothreitol as oxygen 
scavenger. Bismuth, silver iodide and iopromide (ULTRAVISTTM) were chosen as add-ons for the 
polymer gels. These were expected from principle to modify the energy absorption due to 
containing high Z elements. The irradiation schedule comprised a small-animal irradiation 
apparatus based on X-ray devices and the electron-LINAC ELEKTA of the Radio-Oncology at 
the General Hospital of Vienna (AKH). The dose response was measured as transverse 
relaxation time T2, which changes with increasing radiation dose and radical initiated 
polymerization. Parameter selective T2-maps were obtained using the Ultra-High-Field (UHF) 
7 T-MRI scanner for human applications equipped with a micro gradient insert and sensitive 
rf-coils. The relaxation rate R2 = 1/T2 was used for quantifying the dose response of the 
different polymer gels. 

The response of polymer gels doped with iopromide (wZ_Iopr/wdoped_Gel = 0.006) showed a dose 
increase by about 70 % (rDE about 1.7) in comparison to the non-doped polymer gel. A 
further expected increase in rDE did not occur for higher concentrations of ULTRAVISTTM. A 
dose increase in polymer gel with the add-on Bismuth could be observed as well. At lower 
concentrations of bismuth (wZ_Bi/wdoped_Gel = 0.003 and wZ_Bi/wdoped_Gel = 0.006) an increase in 
dose was measured. Higher concentrations of Bismuth (wZ_Bi/wdoped_Gel = 0.006) were 
problematic, due to agglomeration and segregation. For silver iodide, no dose increase was 
observed in any of the concentrations.  

A relative dose enhancement of about 70 % could be proven with the add-on ULTRAVISTTM 
containing the high Z element iodine. ULTRAVISTTM, a currently used contrast agent, can 
therefore potentially increase the locally applied dose in a pathological region significantly. 
The concept of applying locally chemical compounds or liquids used as diagnostic contrast 
agents containing elements with high Z could enhance the local effectiveness of radiation 
therapy in future. To our knowledge, we firstly observed this enhancement for iopromide 
using a polymer gel dosimeter. 
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Zusammenfassung 

Um Langzeitfolgen der Strahlentherapie zu reduzieren ist es ein wichtiges Ziel der 
Strahlentherapie die zerstörende Wirkung ionisierender Strahlung auf den pathologischen 
Bereich (z.B. ein Tumor) einzugrenzen. Dadurch kann das Risiko von Langzeitfolgen wie zum 
Beispiel Sekundärtumoren im gesunden Gewebe reduziert werden. Die lokale Wirkung der 
ionisierenden Strahlung könnte erhöht werden, indem Moleküle hinzugefügt werden, die 
Atome einer hohen Ordnungszahl Z enthalten (high Z Moleküle). Ein Beispiel dafür sind 
Gefäßkontrastmittel für Tumore, die den vaskulären endothelialen Wachstumsfaktor (VEGF) 
aufweisen.  

Nach Röntgen- oder Gammabestrahlung ist die relative Dosis in diesen Regionen erhöht 
(rDE > 1). Die MRT-basierte Geldosimetrie ist in der Lage, Veränderungen der Dosisverteilung 
in hoher Auflösung in 3D zu visualisieren. Die Empfindlichkeit der Polymergel-Dosimeter mit 
Zusätzen aus chemischen Verbindungen mit Atomen hoher Ordnungszahl Z kann jedoch auch 
durch chemische Wechselwirkung verändert werden.  

Wir untersuchten den Einfluss verschiedener Additive mit Elementen hoher Kernladungszahl 
(high Z additives) auf die Dosis-Wirkung eines selbst hergestellten Gel-Dosimeters. Die 
Polymergel-Dosimeter wurden hausintern mit Dithiothreitol als Sauerstofffänger hergestellt. 
Wismut, Silberjodid und Iopromid (ULTRAVIStTM) wurden als Zusätze für die Polymergele 
gewählt. Der Bestrahlungsplan umfasste ein Kleintier-Bestrahlungsgerät basierend auf 
Röntgengeräten und dem Elektronen-LINAC ELEKTA der Radioonkologie im Allgemeinen 
Krankenhaus Wien (AKH). 

Die Dosisantwort kann als transversale Relaxationszeit T2 gemessen werden, die sich mit 
zunehmender radikalisch initiierter Polymerisation ändert. Parameter-selektive T2-Bilder 
wurden auf dem Ultra-Hochfeld (UHF) 7 T-MR-Tomographen für Humananwendungen und 
einem Mikrogradienten-Einsatz mit sensitiven Radiofrequenz-Detektoren gemessen. Die 
Relaxationsrate R2 = 1/T2 wurde zur Quantifizierung der Dosisreaktion der verschiedenen 
Polymergele verwendet. 

Die mit Iopromid dotierten Polymergele (wZ_Iopr/wdoped_Gel = 0.006) zeigten eine 
Dosiserhöhung um etwa 70 % (rDE etwa 1,7) im Vergleich zum nicht dotierten Polymergel. 
Eine weitere erwartete relative Dosiserhöhung (rDE) trat bei höheren Konzentrationen von 
ULTRAVIStTM nicht auf. Auch eine Dosiserhöhung von Polymergelen mit dem Zusatz Wismut 
konnte beobachtet werden. Bei niedrigeren Wismutkonzentrationen (wZ_Bi/wdoped_Gel = 0.003 
und wZ_Bi/wdoped_Gel  = 0.006) war eine Dosiserhöhung zu erkennen. Höhere Konzentrationen 
von Wismut (wZ_Bi/wdoped_Gel = 0.006) sind aufgrund von Agglomeration und Segregation 
problematisch. Für Silberjodid konnte in keiner der Konzentrationen eine relative 
Dosiserhöhung beobachtet werden. 

ULTRAVISTTM, ein derzeit eingesetztes Kontrastmittel, kann potenziell die lokal applizierte 
Dosis in einem pathologischen Bereich signifikant erhöhen. Der Ansatz zur lokalen 
Applikation von chemischen Verbindungen oder als Kontrastmittel verwendete Flüssigkeiten 
mit Elementen hoher Ordnungszahl könnte in Zukunft die lokale Wirksamkeit der 
Strahlentherapie erhöhen. Nach unserem Wissen wurde in dieser Arbeit erstmals diese 
Dosiserhöhung für das Kontrastmittel Iopromid mit Polymergelen nachgewiesen.  
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1. Introduction 

A major goal of radiation therapy is limiting the destructive effect to the pathological area (for 
example a tumor). This can reduce the likelihood or risk of long-term effects such as secondary 
tumors in surrounding areas. 

The tumor or supporting vessels could be loaded with atoms of a high atomic number Z and 
afterwards irradiated with X-rays or gamma rays. The goal is to increase the rDE locally in the 
tumor or perfusion supporting arteries using an element with a high Z number. Possible for this 
use could be vascular contrast media that have enriched around a tumor, which often emit 
vascular endothelial growth factor (VEGF) for improved growing. 

After X-ray or -irradiation, the relative dose is increased in these regions (rDE > 1). The reason 
is an increased absorption of photons by Photo and Compton Effect, so the energy is 
transformed to secondary electrons with a low range (local energy placement).  

With the help of MRT-based gel dosimetry, changes in the dose distribution can be visualized in 
three-dimensions at high resolution. However, chemical reactions with the additives and the 
polymer gel can also occur. This could also influence the sensitivity of the polymer gels. 

 

In this diploma thesis, the influence of various higher Z additives on the dose-effect of a self-
prepared gel dosimeter is reported. The polymer gel dosimeters were manufactured in-house 
at normal atmospheric conditions in the simply equipped chemical laboratory of the Center for 
Medical Physics and Biomedical Engineering (CMPBME) at the Medical University of Vienna/ 
AKH with dithiothreitol as an oxygen scavenger (Baldock, et al., 2010) (Khan, et al., 2018). 
Bismuth, silver iodide and iopromide (available as the contrast agent UltravistTM) were chosen 
as additives. Implant materials containing metals or high Z elements might also influence the 
dose distribution in the human body. To gauge the influence of nitinol stents with potential 
imaging artifacts to MRI-based polymer gel dosimetry and radiation dose distribution, also 
polymer gels with inserted stents were irradiated. This short part of the work was performed in 
cooperation with the Department of Surgery: Division of Vascular Surgery from the Vienna 
General Hospital AKH. 

 

The doped polymer gels were irradiated with a small animal X-ray machine YXLON MAXISHOT 
(YXLON International GmbH, Hamburg, Germany) and with a linear accelerator ELEKTA LINAC 
(Hamburg, Germany) at the radio-oncology department in the General Hospital Vienna (AKH). 
In addition, these gels were systematically evaluated using the Ultra-High-Field (UHF) 7 T MRT 
for human applications and for highest spatial resolution also on a micro-gradient insert. The 
dose distributions can be measured three-dimensional using multi-slice MRI based polymer gel 
dosimetry (MRPD) (Baldoc, et al., 2010). In MRPD the transverse relaxation time T2 is measured 
for multi-slices as 2-dimensional maps in irradiated polymer gels. T2 is sensitive to the molecular 
mobility and reduces with increasing radiation-induced polymerization. Parameter-selective T2-
maps were measured on the 7T MRI. The relaxation rate R2 = 1/T2 was used to quantify the 
dose response of the various polymer gels. 

The work was divided into three preparations of polymer gel charges. In the first batch, I 
familiarized under supervision with the field of polymer money dosimetry, made preparations 
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and selected additives. The prepared polymer gels were irradiated with 200 kV and afterwards 
evaluated with the MRI. In the second charge, the manufacturing of the polymer gels and the 
experimental set-up for the irradiation were optimized. Other concentrations of the additives 
iopromide, silver iodide and bismuth were selected in order to estimate the influence on dose 
sensitivity. In the third charge, the polymer gels were also irradiated with higher energies using 
the linear accelerator for clinical therapeutic irradiations (LINAC: photons with 6 MV and 
electrons with 6 MeV). 

The aim of this work is to use gel dosimetry for visualizing the impact of high Z elements as add-
ons for increasing local dose in radiation therapy. Applying locally chemical compounds or liquids 
containing elements with high Z in a tumor could enhance the local effectiveness of radiation 
therapy in future.  
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2. Fundamentals 

2.1. Interaction of Radiation with Matter 

An atom consists of a dense core and an atomic shell. In the nucleus are protons and neutrons. 
The electrons are located in the atomic shell. The shell makes up the majority of the atomic 
volume. Atomic nuclei are called unstable if they are spontaneously transformed into other 
nuclei by emission of particles, by splitting or if they change to a lower energy state by emitting 
a gamma quantum. These conversions are only possible if the end product is energetically lower 
than the initial product. 

The proof is based on the interaction of the radiation with matter, during which energy is 
transferred into the absorber material. The three most important interaction processes are 
described below (Schlegel, et al., 2018). 

 

2.1.1. Photoelectric Effect 

During the photoelectric effect, a photon transfers its energy 

௣௛௢௧௢ܧ   =  ℎ(1) ݒ  
to a bound electron. The electron is released from its bound state. The photon is absorbed and 
the released photoelectron takes the kinetic energy 

௘షܧ  =  ℎ߭ −  ௕ (2) ܧ
 

Eb is the binding energy of the photoelectron before the absorption process. Because of the 
remaining holes, electrons at higher energies can fall down. Electrons might also be trapped, 
and characteristic X-rays can be emitted subsequently (Knoll, 2000). 

 
Figure 1: Photoelectric effect1 

 
1 Source: https://oralradiology.files.wordpress.com/2012/10/photoelectric-effect-1.jpg 18.11.2020 

https://oralradiology.files.wordpress.com/2012/10/photoelectric-effect-1.jpg
https://oralradiology.files.wordpress.com/2012/10/photoelectric-effect-1.jpg
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The probability of interaction via photoelectric effect depends on the ordinal number of the 
absorbing atom and is described by the photo-absorption coefficient ߤ .ߤ depends on the 
density ߩ and increases with the electron density in the inner shells. 

ߤ  ∝ ߩ ∙ ܼ௡ܣ   (3) 

 

For very heavy nuclides the following equation is approximately valid: 

ߤ  ∝ ߩ ∙ ܼ௡ିଵ (4) 
 

n is the atomic number exponent (atomic shell number ) (Krieger, 2009). 

 

The photo absorption is also energy dependent. Below the electron rest energy (511 kV), ߤ drops with approximately ଵ ாయ. The highest probability of absorption of the photon is observed 
when the binding energy of the electron in its quantum state and the photon energy match. The 
sudden changes of the mass attenuation coefficient ߩ/ߤ for example for bismuth (see Fig. 2) are 
due to the individual energies of the shell electrons (Krieger, 2009). 

 

 
Figure 2: Mass attenuation coefficient ߩ/ߤ of bismuth in dependence of the photon energy (NIST, 2021) 

 

2.1.2. Compton Scattering 

In Compton scattering, a photon transfers a part of its energy to a free electron and is scattered 
at the scattering angle θ (Fig. 3). The energy of the photon after the collision is described by 



 

5 
 

ℎ߭ᇱ = ℎ߭1 + ℎ߭݉଴ܿଶ  (1 −  (ߠݏ݋ܿ
(5) 

 

The energy related to the rest mass of the electron is ݉଴ܿଶ = 511 ܸ݇݁. 

 

 
Figure 3: Compton Scattering (Knoll, 2000) 

 

If θ = π (backward scattering) the energy transfer reaches its maximum. The cross section 
depends linearly on the number of electrons available in the absorber material and is dependent 
on the atomic mass number A (Knoll, 2000). 

The Compton coefficient ߪ஼  denotes the probability of the Compton effect to occur:  

஼ߪ  ∝ ߩ ∙ ܣܼ ∙  ఊܧ1
(6) 

 

A is the atomic mass number, Z the number of protons and ܧఊ is the energy of the photon. There 
is no simple mathematical relationship argued against by physical principles for the dependence 
of the Compton coefficient on the photon energy. The Compton effects dominates between 0.2 
and 10 MeV (Krieger, 2009). 

 

2.1.3. Pair Production 

In pair production, an electron-positron pair is created through the interaction of a photon with 
the free field of the atom or the atomic nucleus. In order for this process to be possible, the 
energy of the photon must be twice as large as the rest energy of the electron (1022 keV). 

The photon is destroyed and the energy difference of the photon and the electron/positron pair 
is converted into kinetic energy, and transferred equally to both resulting particles: ܧ௞௜௡,௘ష = ௞௜௡,௘శܧ  = 12 ℎ߭ − ݉଴ܿଶ 

(7) 
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There is no simple mathematical relationship argued against by physical principles for the 
dependence of the Compton coefficient on the photon energy (Knoll, 2000). 

The probability of pair production increases with the nucleon number A. The positron is slowed 
down by collisions in the absorber material and finally annihilates with an electron. Two photons 
with energy of 511 keV and opposite linear momentum are generated; these in turn interact 
with the absorber material (Knoll, 2000). 

Fig. 4: Pair production2 

 

2.2. High Z Therapy 

The confinement of ionizing radiation to the pathological region (e.g. tumor) is a main goal of 
modern radiation therapy. The aim is to protect the surrounding tissue and to damage it less in 
order to reduce long-term consequences such as secondary tumors. 

The principle of high Z therapy is related to the loading of tumor involved tissue with atoms of 
high atomic number Z. The tissue is afterwards irradiated with X-rays or gamma rays. The goal 
is to increase the dose in the tumor region by add-ons with comparison to the dose delivered 
without adding high Z elements. The corresponding relative dose enhancement (rDE) is achieved 
locally in the tumor using an element with a high Z number.  

The incorporation can be done with a contrast agent like ULTRAVISTTM. Corde, et al. have shown 
already the principal enhancement of dose by adding high Z elements (Corde, et al., 2005). They 
achieved a significant enhancement in Fricke gels by doping with Barium. The advantage of the 
usage of the contrast agent ULTRAVISTTM is represented by the already existing approval as a 
medical diagnostic product for humans in the medical device regulation (MDR) law. ULTRAVISTTM 
is used as a contrast agent combined with X-rays. 

Dose enhancement is achieved by increased energy absorption of e.g. X-rays by the high Z 
material. Due to the high Z number and mass density, there is an increased likelihood of 
interaction for Compton and photo effect. For low photon-energies (up to 1 MeV) the Compton 
and photoelectric effect are dominant.  

The photoelectric interactions increase with the concentration of doping agent high Z (for 
example in a tumor). Resulting Auger electrons and photoelectrons produce a localized relative 
dose enhancement (rDE). 

 
2 Source: https://qph.fs.quoracdn.net/main-qimg-8ca9f8f2ca70e2ec76c97fbdbf37fb8b 18.11.2020 
 

https://qph.fs.quoracdn.net/main-qimg-8ca9f8f2ca70e2ec76c97fbdbf37fb8b
https://qph.fs.quoracdn.net/main-qimg-8ca9f8f2ca70e2ec76c97fbdbf37fb8b
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Investigations with a high atomic number have already been carried out. For example, Boudou, 
et al. (Boudou, et al., 2007) set previous investigations on high Z materials (Fig. 5). 

 
Figure 5: Polymer gel doped with iodine (liquid form) irradiated with energies of 80 keV (Boudou, et al., 2007). 

The standard gel data are represented by squares, the doped gel with 5 mg/ml iodine by circles and the doped gel 
with 10 mg/ml iodine by triangles. The error bars represent the standard deviation and the uncertainty of the given 

dose of the measure. Lines are linear fits of data. 

 

Boudou, et al. showed a linear dose dependence of a polymer (nPAG) gel doped with iodine. 
The results are presented as a measurement of the response. This line graph visualizes the dose 
responses for three gel batches at 80 keV. The dose response raised due to the increased 
absorption by the iodine. The doped gel with iodine features a higher dose response (slope) than 
the non-doped gel (Boudou, et al., 2007). 
 

 

Figure 6: Calculated dose enhancement of the high Z elements iron, iodine, gadolinium and bismuth. On the x axis 
the Photon energy in keV and on the y axis the spectral dose enhancement are shown. The increase in dose is 

strongly dependent on the material (Jost, et al., 2008). 
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Even earlier Jost, et al. calculated the spectral photoelectric dose enhancement. In Fig. 6 the 
calculated dose enhancements of four different materials are plotted: The highest spectral dose 
enhancement has bismuth, the lowest iron. In-between are iodine and gadolinium. The reason 
for the different steps and curves in dose enhancement are the atomic shell structures of the 
different materials. This publication by Jost, et al. gave us the idea to use bismuth as an add-on 
for the high Z therapy (Jost, et al., 2008). 

 

2.2.1. Aspects of Optimization of High Z Therapy 

To choose the right add-on with a high Z number for the polymer gel, the following aspects 
appeared to be relevant for the best experimental approach: 

What is the optimum high-Z material for relative dose enhancement (rDE) or which additives 
promise the best success for a dose increase with detection by polymer gel dosimetry. 

Also important are risk factors and the impact of hazard during the preparation in the 
manufacturing process and the human application on patients. Another problem could be a 
chemical interaction between the high-Z material and the polymer gel. There could also be a 
possible impact on accurate T2-mapping for quantification of dose (proof of radiation-induced 
polymerization by means of T2 evaluation). Furthermore, an additionally question is which 
photon energies should theoretically offer the greatest advantages for a dose increase (e.g. 
selectively in the tumor). In addition, the localization of the secondary radiation distribution and 
its proof by polymer gel dosimetry is relevant. The costs are also important when choosing a 
high Z element. 

 

2.2.2. Relative Dose Enhancement (rDE) 

Dose enhancement is achieved by the absorption of the high Z material. The relative dose 
enhancement (rDE) is also often abbreviated using the technical term dose enhancement ratio 
(DER). The theoretical relative dose enhancement can be calculated using the mass energy 
absorption coefficient of the gel and that of the high Z add-ons. 

 

ܧܦݎ = ቀߤ௘௡ߩ ቁா ௓ିௗ௢௣௘ௗ ௚௘௟
ቀߤ௘௡ߩ ቁா ௚௘௟ = ௓ݓ ቀߤ௘௡ߩ ቁா ௓ + (1 − (௓ݓ ቀߤ௘௡ߩ ቁா ௚௘௟

ቀߤ௘௡ߩ ቁா ௚௘௟  (8) 

 

with (μen/ρ)E the mass energy absorption coefficient for the doped and the non-doped gel 
irradiated with monochromatic X-ray beam, with the energy E; wZ is the fraction by weight of 
the high Z atoms in the doped gel (Corde, et al., 2005). 
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Resolved for wZ  one obtains 

௓ݓ = ܧܦݎ) − 1) ∙ ቀߤ௘௡ߩ ቁா ௚௘௟
ቀߤ௘௡ߩ ቁா ௓ − ቀߤ௘௡ߩ ቁா ௚௘௟ (9) 

 
 

2.2.3. Mass Energy Coefficient calculated with the NIST Data Base 

An electron accelerating radiation machine offers a continuous spectrum with median energies 
significantly less than those given by the acceleration voltage. A reference spectrum of an X-ray 
tube can be seen in Fig. 7. 

 

 
Fig. 7: X-ray spectrum at different voltages of a gold (Au) target3 

 

Figs. 8-10 show the mass energy absorption coefficient µ/ calculated using the NIST data base 
in dependence of the initial photon energy (NIST, 2021). 

In the following experiments, done with an X-ray device, a photon energy spectrum is applied. 
The NIST graph with difference indicates the dependence of the rDE on the energy of photons 
with defined single photon energy. It thus only motivates the dependence of rDE on the applied 
continuous X-ray spectrum originating from the accelerator. Due to the different atomic 
structure of the additives, the photon absorption edges are also at different photon energies. 

 
3 https://www.amptek.com/-
/media/ametekamptek/images/products/minix_au_compare.png?la=en&revision=5d6f257c-b4f9-472b-8ca2-
772eb444a322&hash=74D84268970B022E0B0612AFE2BA8375 22.08.2021 

https://www.amptek.com/-/media/ametekamptek/images/products/minix_au_compare.png?la=en&revision=5d6f257c-b4f9-472b-8ca2-772eb444a322&hash=74D84268970B022E0B0612AFE2BA8375
https://www.amptek.com/-/media/ametekamptek/images/products/minix_au_compare.png?la=en&revision=5d6f257c-b4f9-472b-8ca2-772eb444a322&hash=74D84268970B022E0B0612AFE2BA8375
https://www.amptek.com/-/media/ametekamptek/images/products/minix_au_compare.png?la=en&revision=5d6f257c-b4f9-472b-8ca2-772eb444a322&hash=74D84268970B022E0B0612AFE2BA8375
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Figure 8: Mass attenuation coefficient of the element iodine (NIST, 2021). 

 

 
Figure 9: Mass attenuation coefficient of the element silver (NIST, 2021). 
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Figure 10: Mass attenuation coefficient of the element bismuth (NIST, 2021). 

 

The calculated mass energy coefficients of the add-ons iopromide, silver iodide and bismuth are 
described in Chapter 3.4: “Theoretical Considerations on Expected Relative Dose 
Enhancements”. 

 

 

2.3. Radiation Dosimetry Detectors 

2.3.1. Ionization Chamber 

Dose quantification by ionization chambers (IC) is the most important dosimetric method and 
used as gold standard. Advantages are the high accuracy and a low LET dependence of the dose 
response. 

The disadvantage is that there is no easy way for a three-dimensional measurement; hence a 
high time effort is needed for 3-dimensional measurements. Another big disadvantage is the 
non-tissue equivalence, which results in e.g. additional absorption and the distortion of the 
photon fluency. 

Compartments consisting of metal have an influence on the irradiation itself. This leads to 
changes of the dose below the ionization chamber and thus to a non-homogeneous dose 
distribution. 

The spatial resolution of an ionization chamber is essentially determined by the sensitive volume 
collecting the radiation induced charges, which typically is limited by minimally achievable 
volumes of several mm3. The ionization chamber is therefore not suitable for measuring very 
fine dose distributions. 
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2.4. Gel Dosimeters 

Gel dosimetry has been part of research for many years. As early as in the 1950s, the radiation-
induced colour change of dyes was used to make dose distributions visible. Today's knowledge 
of gel dosimetry is based to a large extent on the work of Gore, et al. 1984 (Gore, et al., 1984) 
and Maryanski, et al. (Maryanski , et al., 1994). They showed that the change in longitudinal and 
transverse relaxation rate in polymer gels is correlated to the dose applied by ionizing radiation 
using nuclear magnetic resonance imaging. 

Gel dosimeters consist of chemicals that are sensitive to radiation. It is possible to display the 
absorbed dose in three dimensions with a gel dosimeter. There are mainly two types: the Fricke 
and the polymer gel dosimeter. They can be measured using MRI, optical scanning, CT and 
ultrasound (Baldock, et al., 2010). 

 

2.4.1. Fricke Gels 

The Fricke dosimeter is also called iron sulfate dosimeter and was developed by Fricke and 
Morse (Fricke, et al, 1929). Gore et al. proposed the current form in 1984 (Gore, et al., 1984). It 
has been suggested to measure its change of the paramagnetic properties caused by the 
absorbed dose using MRI. 

Divalent iron ions (Fe2+) in an aqueous sulfuric acid solution are oxidized to trivalent iron ions 
(Fe3+) with paramagnetic changes through irradiation in an oxidation dosimeter. The 
concentration of the resulting iron ions (Fe3+) depends on the absorbed energy following a linear 
function. The paramagnetic change can be measured based on the change of the nuclear 
magnetic resonance relaxation rates.  

This oxidation process and the paramagnetic properties of the iron ions Fe2+ and Fe3+ (aqueous 
solution) influence the T1 and T2 relaxation time of the protons of hydrogen. With MRI this 
difference can be detected within a typical dose range of 0-40 Gy. A three-dimensional image 
can be obtained using a gel matrix. However, it turns out that the Fricke gel dosimeters do not 
retain a stable spatial dose distribution and the ions diffuse within the irradiated dosimeter. 
Therefore, research of an alternative polymer gel for radiation therapy was encouraged 
(Baldock, et al., 2010). 

 

2.4.2. Basics of Polymer Gel Dosimeters 

Polymer gels consist of a radiation-sensitive material that is polymerized because of the radical 
production during ionizing irradiation. The polymerization and correspondingly derived 
measurement parameters increase according to a function of the absorbed dose. In contrast to 
one-dimensional dosimeters like the ionization chamber and film dosimeters, it is possible to 
measure the dose distribution in all of the three spatial dimensions with polymer gels. Three-
dimensionality is particularly important in high-resolution dosimetry (Berg, et al., 2004) because 
of steep dose gradients (Vergote, et al., 2004). Possibly, also present in gamma-knife treatment 
of tumors (Berg, et al., 2001), intensity-modulated radiation therapy (IMRT), brachytherapy and 
stereotactic radiosurgery. Furthermore, a great advantage of polymer gels is their soft-tissue 
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equivalence in radiation therapy and their properties which can be modified depending on the 
application (Bayreder, 2008), (Baldock, et al., 2010). 

Polymer gels mainly consist of radiation sensitive materials, based on acrylic monomers like 
methacrylic acid and an agent that increases the immobilization of the water-monomer 
solutions, like gelatin or agarose. Often, oxygen scavengers are added to counteract unwanted 
oxygen contamination. By adding an oxygen scavenger, it is possible to produce polymer gels 
under normal atmospheric conditions. One advantage of the oxygen scavenger Dithiothreitol 
(Khan, et al., 2018) is that it is non-toxic and therefore the polymer gels can be produced in a 
conventional laboratory. The advantage of the gel matrix is that the polymer structures are held 
in place with the information of the local dose. By irradiation the monomers polymerize in a 3-
dimensional polymer gel matrix. The degree of polymerization depends on the absorbed dose 
by the gel dosimeter. 

The polymerization of the polymer gels can be evaluated with several techniques for example 
optical tomography or scanning, magnetic resonance and X-ray computer tomography. In this 
diploma thesis, the irradiated polymer gels were evaluated using Magnetic Resonance Imaging 
(MRI). 

The gradient of polymerization influences the MR-measurement parameters T1 and T2 and this 
can be visualized with parameter selective MRI.  

Due to the change of the parameter T2 (transverse relaxation time), visualized in MRI, it is 
possible to detect the dose distribution in the polymer gel. The dosimetric signal ܴଶ = ଵ்మ is a 

linear function of the applied dose D (typical dose range in radiation therapy: 0-20 Gy): 

 ܴଶ = ܴ଴ +  (10) ܦߙ
ߙ  = △ ܴଶ△ ܦ  (11) 

 

R0: the transverse relaxation rate of the polymer gel at a dose of 0 Gy; 

α: slope of the linear increase of the relaxation rate R2 with dose D. 

Some of the polymer gels exhibit a dose rate dependence, which might reduce the accuracy for 
clinical use (Bayreder, et al., 2006).  

Important for a correct measurement with a polymer gel dosimeter is the stability in time and 
space, the tissue equivalence and the dose rate and energy independence (Khan, et al., 2019).  

Reasons for lower accuracy and manufacturing reproducibility are also: Impurities due to non-
clean room conditions with ingredients of biological origin, e.g. gelatin with varying 
characteristics and variable preparation and measurement conditions. Temperature 
fluctuations and excessively high room temperatures also have a major influence on accuracy 
(Baldock, et al., 2010), (Khan, et al., 2019). 

There are polymer gels, which do not show obvious dose rate dependence (mostly polymers 
consisting of a polymer and a copolymer e.g. acrylamide and bisacrylamide). However, these 
ingredients are strongly harmful. 
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The Vienna polymer gel dosimetry group ((Khan, et al., 2019) and (Khan, et al., 2018)) 
demonstrated that even polymers on basis of methacrylic acid (single monomer polymer gel) 
can be used in a regime of high dose rates Ḋ > ḊCRIT are applied. Actually, the dose rate 
dependence nearly vanishes at dose rates above about 8 Gy/min for MAGADIT gels (Khan, et al., 
2019).  

 

MAGIC-Gel: 
Normoxic polymer gels are less sensitive to oxygen and can therefore be produced under normal 
atmospheric conditions. Oxygen scavengers are added to counteract unwanted oxygen 
contamination, which suppresses polymerization. 

The MAGIC gel contains Methacrylic Acid, porcine Gelatin and ascorbic acid with copper sulfate 
as catalysator for the reaction as oxygen scavenger. The oxygen scavenger chemically binds the 
available oxygen so that the MAGIC gel can be generated at normal oxygen conditions in a simple 
equipped laboratory.  

 

MAGADIT-Gel: 
The MAGADIT gel contains Methacrylic Acid, porcine Gelatin and Dithiothreitol as an oxygen 
scavenger. Dithiothreitol is applied in biochemistry as a protective and reducing reagent for SH 
groups (Khan, et al., 2019). It was firstly proposed in Vienna (Khan, et al., 2019) in the usage for 
polymer gel dosimetry due to non-toxicity with comparison to Tetrakis-Hydroxy-methyl-
Phosphonium Chloride (THPC) and slightly better performance in chemical stability with 
comparison to ascorbic acid with copper sulfate (MAGIC polymer gel). 

 

 

2.4.3. Basic Properties of Polymer Gels 

The properties of a polymer gel depend on their composition and concentration. For the clinical 
use gel dosimeters should be reliable, have stability in time and space, absolute accuracy and 
precision in relative dosimetry and a linear dose response (Khan, et al., 2018). Moreover, the 
applied dose rate should not have a significant impact on the measured dose. The spatial 
resolution is in principle better than that of the ionization chamber but also dependent on the 
read-out methodology e.g. voxel size in MRI. Polymer gels are readable by imaging methods as 
MRI, optical scanning and CT (Berg, et al., 2004), (Bayreder, 2008). 

There are several characteristics of environment conditions and gel characteristics with 
potential impact on the dose response, manufacturing and application: 
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1. Light:  

As soon as the monomers are dissolved in the gel, they should no longer be stored at light, 
because bright light and sunlight can lead to photo polymerization. This might result in an 
impairment of the sensitivity of the polymer gel. The desired polymerization starts under 
irradiation (Schiller, 2014), (Khan, et al., 2018). 

 

2. Temperature: 

The temperature during manufacturing, irradiation, storage and measurement already plays 
several important roles in the performance of the gels. High temperatures of the gelatin, during 
mixing of the components, influence the viscosity of the liquid gel. The temperature during 
mixing is not so relevant for sensitivity as long as the gelatine is liquid and the gelatine matrix is 
not destroyed due to overly high temperatures. Low viscosity is advantageous for the removal 
of air bubbles. The cooling rate for storage, storage temperature e.g. in fridge and warming up 
might have an impact on the sensitivity (Baldock, et al., 2010), (Khan, et al., 2019). The 
temperature during the irradiation has an influence on the polymerization time and variations 
in that might influence the reproducibility of the MRI-based dose measurement signal. Likewise, 
the temperature during MR-scanning might directly impact the mobility of the molecules and 
consequently T2. That is why the temperature control at each stage of manufacturing is 
important. 

For dissolving the gelatin in water a temperature of about 55 °C is required. In addition, high 
temperatures serve as disinfectant and fungicide for the ingredients of biological origin (e.g. 
gelatin). Storage of the manufactured polymer gels is performed at fridge temperatures of about 
7 °C. An increase in the gel sensitivity is observed along with a decreased temperature during 
MR-scanning because of the exchange of the protons in the gel. A temperature change by about 
1 °C might lead to uncertainties D  5 cGy in dose D (depending on the specific polymer gel) 
imaged by MRI. To reduce such sources of variation, the gels are measured after thermal 
equilibration at room temperature in the MR scanner room. Fig. 11 shows the dependence of 
the dose response in MR measured as change of R2 with dose on the temperature of the 
polymer gels. In the graph a reduction of R2 changes with dose at higher temperature can be 
seen (DeDeene, et al., 2004), (Schiller, 2014). 
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Figure 11: MR-relaxation rate R2 in dependence of the dose D for non-doped polymer gel (R2-Dose response) in 

dependence of the temperature during MR-scanning (De Deene, 2004). The sensitivity of the polymer gel measured 
as slope ∆R2/∆D increases with lower temperature during MR measurement. 

 

3. Energy and LET Dependence: 

The interaction processes of radiation and subsequent chemical reactions in polymer gels are 
partly dependent on the type of radiation. Different photon energies have little effect on the 
variety of processes. The difference can be seen in the changing measured dose response. An 
ideal polymer gel dosimeter is independent of the energy of ionizing irradiation (Baldoc, et al., 
2010), (Khan, et al., 2018), (Schiller, 2014). Polymer gels appear to exhibit reduced dose 
sensitivity for high LET (linear energy transfer) irradiation, e.g. for low energy protons 
(Gustavson, et al., 2004), (Bayreder, 2008) and fast neutron fields (Berg, et al., 2009). 

 

4. Dose-Rate Effect: 

The dose-response measured in polymer gels and many other dosimeters is dose rate 
dependent. Even for ionization chambers at very high dose rates a recombination of the 
radiation-induced charges is observed, which results in a dose rate effect. For many gels this 
dose rate dependence is observed in typically clinically applied dose rate ranges. It nearly 
vanishes for methacrylic acid-based polymer gels, e.g. for D°≥ 12 Gy/min as shown by Khan, et 
al. (Khan, 2018), (Khan, et al., 2019). 

This can be the result of competing radiation-induced chemical reactions. This effect is more 
pronounced with a normoxic methacrylic acid (MAc) dosimeter based on THPC than with PAG 
dosimeters (De Deene, et al., 2006), (Bayreder, et al., 2006). This effect should not be 
underestimated as it can lead to a depth-dependent dose-rate mediated modulation of the dose 
response and deviations from correct dose results. A dose rate dependency can be strongly 
disadvantageous for the accuracy of dosimeter. Nevertheless, the dose rate dependency for 
many different type of gel dosimeter systems reported in research has not been documented 
sufficiently. 
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5. Tissue-Equivalence: 

Tissue or water equivalence represents one of the most important characteristics of a 2D or 3D 
dosimeter for clinical applications. The reason is the non-distortion of particle fluency in 
standard polymer gels containing mainly water. Inhomogeneous or non-tissue like absorption 
by the detector, e.g. in metal might result in deviations between measured and tissue local dose 
below or even above the detector. 

To quantify the tissue equivalence, a calculation of the electron density with Monte Carlo 
simulations (MCS) can be made. However, other parameters can also be derived from the 
physico-chemical composition of the gel and used for the quantification, such as the effective 
atomic number and the elemental composition. Table 1 shows the polymer gel Methacrylic Acid 
based Gel (MAG), which has an electron density similar to the muscle tissue (De Deene, et al., 
2006). 

 

  ߩ 
(g cm-3)  ρୣ୵  Zୣ୤୤ μ/ρ    

(g-1cm²) H C N O P S 

nMAG 1.046 1.016 7.315 0.0275 0.1068 0.0745 0.0139 0.8043 0.003 0.002 
H20 0.998 1.000 7.428 0.0277 0.1110   0.889   

Table 1: Comparison of the mass density ߩ, the relative electron density ߩ௘௪, the effective atomic number ܼ௘௙௙, the 
mass attenuation coefficient ߩ/ߤ and the composition by elements (in w/w ratio of the mass) between different gel 

dosimeters (at room temperature) and water (De Deene, et al., 2006). 

 

6. Toxicity: 

Methacrylic acid is an irritating and corrosive substance, which can cause severe burns on 
contact with skin and eye. Furthermore, oxygen scavengers are used, which are also often toxic 
by oral and dermal contact. Important in the production of polymer gels is a low toxicity; as a 
result, a less dangerous manufacturing is possible using less harmful ingredients (Schiller, 2014), 
(Baldoc, et al., 2010), (Khan, et al., 2019). 
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2.5. Magnetic Resonance Tomography 

2.5.1. Basics of Magnetic Resonance 

NMR is in principle (in classical description) a resonance phenomenon, where a physical system 
(e.g. the spin carrying nucleus in a magnetic field) features a natural frequency specific for it (an 
eigenfrequency) and is starting to change its dynamic status when an exciting interaction field 
(here the electromagnetic rf-wave) takes the same frequency as the eigenfrequency of the 
system. 

In clinical imaging with MRI, hydrogen nuclei, which consist of a proton, are mostly detected due 
to their high concentration in water and fat in the human body. Due to the MR-signal, originating 
from these protons it is possible to create an image of the density of those hydrogen nuclei in a 
specific region. The MR-image contrast arises mainly due to the different relaxation times of 
different types of tissue and their hydrogen content. 

Magnetic atomic nuclei show an eigenfrequency, namely the Larmor precession frequency, 
which depends on the magnetic field B0. A measurable signal in the form of an alternating B1 
electromagnetic wave is emitted after the application of a resonant external rf. The resonance 
condition has to be fulfilled to excite and observe the MR-signal. Most of the different atomic 
nuclei feature an angular momentum (nuclear spin) such as hydrogen and exhibit a specific 
magnetic moment, which can be measured from the gyromagnetic ratio (Schiller, 2014). 

The Larmor frequency ωL in a static field B0 is given by 

߱௅ = ଴ ,                         (12)ܤߛ 
           

with the gyromagnetic ratio  of the specific type of nuclei (Valka, 2015). 

 

2.5.2. Important MR-Measurement Parameters 

TR is the so-called repetition time. It is the time that elapses between two excitation rf-pulses in 
MRI. The TR time is a very important parameter for the T1-weighting of an MRT image. 

The echo time TE is the time between the 90° excitation rf-pulse and the maximum of the 
observable echo signal that can be caused either by a refocusing 180° rf-pulse in a spin-echo 
pulse sequence or, alternatively, by means of a gradient echo sequence.  

 

2.5.3. Magnetic Resonance Imaging 

A spatial encoding of the signal in the form of a location-dependent Larmor frequency can be 
generated with gradient fields. The signal amplitude correlates to the number of excited nuclei 
at the selected frequency. There are three steps of spatial encoding: The excitation of the slice 
to be measured (slice selection) and the individual points of the excited slice are selected via 
phase encoding in the y direction and frequency encoding in the x direction. The signal from this 
individual point can be measured after the application of a Fourier transformation from the 
signal originating from several spatial frequencies. 
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1. Slice Selective Excitation: 

When exciting magnetization, a difference has to be made between non-selective slice and slice-
selective excitation. Selective excitation uses the fact that the Larmor frequency becomes 
dependent from the location due to a gradient field.  

During rf-excitation a linear magnetic field gradient ܩ௓ =△ △/ܤ  is applied. The resonance ݖ
condition is only fulfilled for nuclear spins at a certain z-position (Fig. 12): 

 ߱௅(ݖ) = ଴ܤ) ߛ +  (ݖ ௭ܩ
 (13) 

 

 
Figure 12: Slice selective excitation (Phillips). 

In the presence of a magnetic field gradient a rf-pulse with given central frequency  and bandwidth  is switched 
on during the slice-selective excitation. Then a layer is excited whose thickness d is proportional to the bandwidth, 

centered around z0, which is determined by the resonance frequency L(z0)  for given gradient. 

 

The position of the selected slice excitation can be calculated easily from Eq. 13: 

଴ݖ  = ߱୐(ݖ଴) − ௓ܩ ߛ଴ܤ ߛ  (14) 

 

From the pulse bandwidth RF the slice thickness d can be derived as 

 ݀ = △ ߱ோிܩ ߛௌ  (15) 

 

The gyromagnetic ratios are usually given in units of rad/(T·s) and are known with high precision, 
e.g. for protons P = 267,522128 ± 81 Mrad/(T·s).  
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In order to avoid unwanted side lobes in the frequency spectrum and to excite a sharply 
bounded slice, a sin (x)/x function has to be chosen as the envelope of the rf pulse instead of a 
simply rectangular “off-on-off” pulse shape. However, in reality, such a “chirped” or “sinc” pulse 
is not endless, that is why the profiles of the slices are not exactly rectangular. Outside the 
desired layer, spurious excitations could appear which might interfere with the excitations of 
surrounding layers.  

In non-selective excitation there is no field gradient applied. Consequently, the entire nuclear 
magnetization of the sample is rotated by the flip angle α (Bankamp, 2002). 

 

2.  Frequency Encoding: 

During rf-detection a magnetic field gradient is applied along the x-direction. The precession 
frequency of the exited nuclei ߱(ݔ) depends on the local magnetic field BZ (x) = B0+ Gx x. 
Therefore, spins at a certain x-position induce an oscillating voltage in the detection coil with a 
specific frequency (x) (Bankamp, 2002). 

(ݔ)ݒ  = ߨ2(ݔ)߱  (16) 

(ݔ)߱  = ଴ܤ)ߛ + ௫ܩ  (17) (ݔ 
 

 

2.5.4. Relaxation 

2.5.4.1. T1-Relaxation 

The T1-relaxation is called spin-lattice or longitudinal relaxation. The relaxation time T1 is a 
characteristic time constant of a molecule type in a specific environment status. It does not 
depend on a resonance condition. 

The magnetization MZ in direction of the external magnetic field B0 is described by 

(ݐ)௭ܯ  = (∞)௭ܯ ൬1 − ݁ି ௧்ଵ൰ (18) 

 

The equilibrium value ܯ௭(∞) is automatically reached asymptotically after long time after 
excitation. At time t = T1 the magnetization MZ has returned to 63 % of its equilibrium value 
(Valka, 2015).  
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2.5.4.2. T2 – Relaxation 

Another important relaxation process, the T2-relaxation, also called spin-spin-relaxation or 
transversal relaxation. It is related to the net transversal magnetization vector MXY, which is 
perpendicular to B0: ܯ௫௬(ݐ) = ି݁ ௫௬(0)ܯ  ௧்ଶ (19) 

 

After the transversal relaxation time T2 the transversal magnetization Mxy has decayed to about 
37% of its initial value (Valka, 2015). 

 

If t = T2  ܯ௫௬(ݐ) = ௫௬(0) ݁ି்ଶ்ଶܯ  = ௫௬(0) ݁ିଵܯ   = ௫௬(0) 1݁ܯ   ≈  ௫௬(0) (20)ܯ 0.37

 

(Reiser, et al., 2008). 

 

In polymer gel dosimetry mostly the relaxation rate R2 is used: ܴ2 = 1ܶ2 (21) 

 

2.5.4.3. T2*-Relaxation 

Inhomogeneities of the outer magnetic field and in the susceptibility of the sample cause local 
variations in the precession frequency of the nuclear spins. They cause an additional relaxation 
rate 1/T2’. The total effective relaxation rate 1/T2* is then just the sum of this additional and 
the intrinsic relaxation rate 1/T2: 

1ܶ2∗ =  1ܶ2′ + 1ܶ2 (22) 

 

As a consequence, the relation T2* ≤ T2 always holds (Reiser, et al., 2008). 
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3. The Experiments: Materials and Methods 

3.1. Manufacturing of the MAGADIT Gel 

The polymer gels are produced at normal atmospheric conditions in the simply equipped 
chemical laboratory of the Center for Medical Physics and Biomedical Engineering (CMPBME) at 
the Medical University of Vienna/ AKH. Details of manufacturing and ingredients can be followed 
in Khan, et al.(Khan, 2018), (Khan, et al., 2019). 

 

The MAGADIT gel recipe contains mainly water, methacrylic acid, porcine gelatin and 
Dithiothreitol as an oxygen scavenger. Dithiothreitol is applied in biochemistry as a protective 
and reducing reagent. The polymer gel based on dithiothreitol was firstly presented in (Khan, et 
al., 2019) after principal proof of effectiveness by Prof. Andreas Berg, a member of the Center 
for Medical Physics and Biomedical Engineering, and discussions on available oxygen scavenging 
molecules with Dr. Arash Mirzahosseini, Semmelweis University Budapest. The main advantages 
are related to low hazard in comparison to the very effective but highly toxic Tetrakis-Hydroy-
methyl-Phosphonium-Chloride (THPC) and slightly better performance in comparison to 
ascorbic acid in MAGIC-gels (Khan, et al., 2018), (Fong, et al., 2001). 

The used polymer gel is named MAGADIT (Khan, et al., 2019), abbreviating the main constituents 
for Methacrylic Acid, Gelatin and Dithiothreitol. 

 

Components for the MAGADIT polymer gel 
Porcine gelatin 12 % (w/w) 
Distilled water 80 % (w/w) 
Methacrylic acid 8 % (w/w) 
Dithiothreitol 2 mmol/kg 

Table 2: MAGADIT polymer gel composition 

 

First step of the fabrication was slowly adding gelatin to the water at 54 °C, so that the gelatin 
dissolved. For this, a 3-liter container was used. When the gelatin was dissolved methacrylic acid 
and after that dithiothreitol could be added slowly. Afterwards it should be mixed for about 5 
minutes with high velocity overhead mixer which is commercially available for kitchens (foam 
building).  

The temperature of the monomer-gelatin-water mixture was maintained at about 54 °C, so that 
the polymer gel got and remained liquid and could be filled in containers. After mixing, a 
temperature control after foam building was needed. We put the mixture into warm glass 
containers for the final mixtures with the doping agents. The additives were now slowly added 
in order to be able to assess a possible chemical reaction. 

At higher concentrations of bismuth, an immobilization of the mixture was observed, 
presumably due to chemical reactions and thus premature polymerization of the polymer gel.  

Below the gelification temperature at about 26 °C the polymer gel solidified. A certain level of 
immobility of the monomer and multimer molecules has to be achieved, such that the 
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information on the local dose via irradiation generated polymers is preserved. Gel dosimeters 
need accurate control of ingredient purity, manufacturing, storage and cooling of the polymer 
gel and measurement parameters, in order to achieve good reproducibility. Uncertainties 
increase due to temperature fluctuations during scanning and irradiation. The dosimetric signal 
of some of the polymer gels are dose rate dependent and this dose rate might reduce the 
dosimetric accuracy below the clinical standard. Moreover, the MAGADIT gels do show hardly 
any dose rate dependence in the range above 8 Gy/min (Khan, et al., 2019). 

 

3.2. Polymer Gel Containers 

30 ml bottles were used for the polymer gel. The plastic bottles are made from polyethylene 
terephthalate (PET). A screw cap with an aluminum sealing insert with very high barrier 
properties was chosen as closure. PET bottles do not produce any artifacts in the MRI and are 
almost impermeable to oxygen. Due to their availability on the market, PET bottles were chosen 
over the more oxygen-impermeable BAREX bottles. 

The containers have to avoid oxygen penetration through the container wall to prevent 
polymerization by the free oxygen and a suppression of the polymer gel response. 

Fig. 13 shows the oxygen permeability of the various bottle materials used for the polymer gels. 
It can also be seen that the material PET has medium oxygen permeability in contrast to the 
other materials, but it is easily available on the market. In order to avoid long term oxygen 
penetration through PET container wall, the gel bottles were stored in an oxygen scavenger 
solution made from copper sulfate (CuSO4) and ascorbic acid (C6H8O6). 

 

 
Figure 13: Permeability of oxygen for different plastic materials (Bayreder, 2008). 
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3.3. Add-Ons 

3.3.1. ULTRAVISTTM 

ULTRAVISTTM as commercially available medical diagnostic agent contains mainly iopromide, 
which consists of carbon, nitrogen, hydrogen, oxygen and iodine. The structural formula is 
shown in Fig. 14Figure 14. Iodine dominates the dose absorption for photons as it features the 
highest Z-number (Z = 53). 

 

 
Figure 14: Structural formula of iopromide4 

 

The Hazard identification of ULTRAVISTTM is GHS09 Environment. This means that the contrast 
agent is very toxic to aquatic life with long lasting effects. For humans there are no dangerous 
reactions known (Cayman Chemical Company, 2015). 

Iopromide is available as contrast agent ULTRAVISTTM 300 mainly for X-ray based angiographic 
diagnosis. This add-on is already approved as medical diagnostic agent for application on 
humans and therefore features reduced risks for application on humans and less administrative 
hurdles for hypothetic applications in radiation therapy.  

1 ml solution of ULTRAVIST 300TM for injection contains 623 mg iopromide. That is equivalent to 
300 mg bound iodine (Fig. 15)5.  

 

 
Figure 15: ULTRAVISTTM 300 

The absorption coefficient is estimated using the NIST database (Chapter 3.4.2: “rDE for the 
Contrast Agent ULTRAVISTTM”). 

 

 
4 https://www.eurisotop.com/sites/default/files/products/DLM-10541.jpg 03.04.2021 
5 https://medikamio.com/de-de/medikamente/ultravist-300-injektions-oder-infusionsloesung-oder-loesung-
zum-einnehmen/pil 07.08.2021 

https://www.eurisotop.com/sites/default/files/products/DLM-10541.jpg
https://medikamio.com/de-de/medikamente/ultravist-300-injektions-oder-infusionsloesung-oder-loesung-zum-einnehmen/pil
https://medikamio.com/de-de/medikamente/ultravist-300-injektions-oder-infusionsloesung-oder-loesung-zum-einnehmen/pil


 

25 
 

3.3.2. Silver Iodide 

There is a single chemical bound between silver and iodine. Iodine has the atomic number Z = 
53 and silver Z = 47. Silver iodide had been preselected for further investigations as it obtains 
two high Z elements and is known for showing chemical response to photons. Silver iodide is 
solid and light yellow. It is non-flammable and insoluble. It may cause eye and skin irritation 
(Scientific, Fisher, 2007). 

The absorption coefficient is estimated using the NIST database (Chapter 3.4.3: “rDE for Silver 
Iodide”). 

 

3.3.3. Bismuth 

The atomic number is Z = 83. It is available as powder solid and is stable under normal conditions. 

The absorption coefficient is estimated using the NIST database (Chapter 3.4.4: “rDE for 
Bismuth”). 

 

3.4. Theoretical Considerations on Expected Relative Dose 
Enhancements 

3.4.1.  Mass Energy Absorption Coefficients 

The following mass absorption coefficients are estimated using the NIST database (NIST, 2021). 
The highest mass energy absorption coefficient can be found at lower energies about 50 keV. 

 

Silver Iodide:  

 20 keV 50 keV 100 keV 200 keV 1 MeV 6 MeV 15 MeV ߤ௘௡ߩ௘௙௙  ቆܿ݉ଶ݃ ቇ 20.561 6.3401 1.214 0.205 0.0264 0.024 0.029 ߤ௘௡ߤ௘௡_௪௔௧௘௥ 37.363 150.131 47.657 6.893 0.851 1.297 2.039 

Table 3: Mass energy absorption coefficient of silver iodide 

Iopromide:  

 20 keV 50 keV 100 keV 200 keV 1 MeV 6 MeV 15 MeV ߤ௘௡ߩ௘௙௙  ቆܿ݉ଶ݃ ቇ 23.630 6.573 1.342 0.230 0.026 0.024 0.030 ߤ௘௡ߤ௘௡_௪௔௧௘௥ 42.940 155.648 52.710 7.735 0.853 1.305 2.068 

Table 4: Mass energy absorption coefficient of iopromide 
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Bismuth:  

 20 keV 50 keV 100 keV 200 keV 1 MeV 6 MeV 15 MeV ߤ௘௡ߩ௘௙௙  ቆܿ݉ଶ݃ ቇ 70.600 7.004 1.951 0.601 0.037 0.028 0.035 ߤ௘௡ߤ௘௡_௪௔௧௘௥ 128.294 165.854 76.630 20.270 1.202 1.535 2.439 

Table 5: Mass energy absorption coefficient of bismuth 

 

3.4.2. rDE for the Contrast Agent ULTRAVISTTM 

wZ 20 keV 50 keV 100 keV 200 keV 1 MeV 6 MeV 15 MeV 
0.003 1.126 1.033 1.005 0.999 0.998 0.998 0.998 
0.006 1.252 1.066 1.009 0.997 0.995 0.995 0.995 
0.018 1.755 1.197 1.026 0.99 0.983 0.983 0.983 
0.054 3.264 1.591 1.078 0.969 0.949 0.9482 0.949 

Table 6: Relative dose enhancement (rDE) in polymer gels with iodine added as iopromide at different relative 
weight concentrations wZ (wZ is referring to pure iodine) in dependence of single photon energy 

 

In the left column, the relevant fractions per weight of the high Z atoms (I) in the doped gel wz 
are listed. The remaining columns show the different rDE values for different photon energies 
of 20 keV - 15 MeV. For the calculation of the rDE value of the contrast agent ULTRAVISTTM only 
the element with the highest Z (iodine) is considered. The rDE values were calculated using Eq. 
8 in Chapter 2.2.2: “Relative Dose Enhancement (rDE)”. 

The rDE value for iopromide is highest for irradiation with photons of low single energy 
Eph = 20 keV. 

 

3.4.3. rDE for Silver Iodide 

wZ 20 keV 50 keV 100 keV 200 keV 1 MeV 6 MeV 15 MeV 
0.003 1.201 1.816 1.257 1.035 1.002 1.005 1.009 
0.006 1.402 2.631 1.514 1.069 1.004 1.009 1.017 
0.018 1.121 1.489 1.155 1.021 1.002 1.003 1.005 
0.054 1.362 2.468 1.463 1.063 1.003 1.008 1.015 

Table 7: Relative dose enhancement (rDE) in polymer gels with iodine added as silver iodide at different relative 
weight concentrations wZ in dependence of single photon energy 

 

The rDE value for silver iodide is highest for irradiation with energy of Eph = 50 keV (calculated 
with Eq. 8 in Chapter 2.2.2: “Relative Dose Enhancement (rDE)”). 
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3.4.4. rDE for Bismuth 

wZ 20 keV 50 keV 100 keV 200 keV 1 MeV 6 MeV 15 MeV 
0.003 1.382 1.036 1.008 1.001 0.998 0.998 0.998 
0.006 1.764 1.071 1.016 1.001 0.995 0.995 0.995 
0.018 3.292 1.213 1.046 1.002 0.984 0.983 0.984 
0.054 7.874 1.634 1.138 1.005 0.95 0.949 0.95 

Table 8: Relative dose enhancement (rDE) in polymer gels with iodine added as bismuth at different relative weight 
concentrations wZ in dependence of single photon energy 

For lower energies at about 20 keV the theoretical relative dose enhancement bismuth has the 
highest value amongst the investigated add-on elements. The values were calculated the same 
way as for silver iodide and iopromide with Eq. 8 in Chapter 2.2.2: “Relative Dose Enhancement 
(rDE)”. 

 

3.5. The X-Ray-Unit for Preclinical Radiation Therapy (YXLON) 

We used a commercially available X-ray unit (YXLON Maxishot, Fig. 16). It is mainly used for small 
animal and tissue irradiation. 

 

 
Figure 16: YXLON Maxishot (Kuess, et al., 2013) 

 

It contains an X-ray tube mounted on the ceiling of a steel container as indicated inFig. 16. 

The target material of the X-ray tube is Tungsten. The accelerating voltage ranges from 10 kV to 
320 kV, whereas the maximal voltage is limited to 200 kV. The maximum current is 21 mA. The 
focus size can be switched between 5.5 mm and 3.0 mm (Kuess, et al., 2013). 

Power control, current, focus and time settings are specified by an external control unit. The 
outlined experiments were performed at 200 kV, a focus size of 5.5 mm and a current of 21 mA.  

The setup we have used for the following measurements can be seen in Figs. 16-18. 
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Figure 17: Setup irradiation for reference irradiation using a small ionisation chamber in a container filled with water 

simulating the filed polymer gel container (indicated with a red circle). 

 

 
Figure 18: Collimator set up irradiation. 

The lead collimator was placed on the bottom of the polymer gel so that only part of the polymer gel is covered. The 
polymer gels were irradiated such that the bottom of the gel flacons were closest to the radiation source. For this 

reason, the polymer gels were attached upside down for the subsequent irradiation. 

 

For the absolute dose measurements in high energy photon beams, we used a standard 
ionization chamber (FARMER CHAMBER TYPE 30013). This ionization chamber is waterproof, and is 
actually used in radiation therapy. 

We checked maximum dose rates by lateral shifting of the ionization chamber and realized that 
the point of maximum dose rate is shifted to the direction of the electron entrance. Therefore, 
the nominal focus is putatively displaced by about 2 cm shifted and expanded due to aging. 
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3.6. The Linear Accelerator for Clinical Radiation Therapy (LINAC) 

The Elekta Medical Linear Accelerator in the Radiation Oncology Department was used for 
irradiation with photons and electrons with higher energies. The maximum field size is 
400 x 400 mm² (ELEKTA, 2017). The materials of the different relevant accelerator components 
can be seen in Table 9. 

 

 
Table 9: Item composition LINAC (ELEKTA, 2017) 

 

Fig. 19 shows the technical structure and set up of the LINAC, which was used for irradiation for 
the third charge. 

 

 
Figure 19: Schematic section image through the head of the LINAC (Elekta, 2017) 

(1) Target, (2) cone, (3) interface ring, (4) wedge, (5) mirror, (6) optical system, (7) accessory ring, (8) isocenter. 

 

Fig. 20 shows the dose/depth distribution of photons for three different energies. It can be seen 
that the dose maximum is not located at the entrance but at a depth between about 10-40 mm. 
This effect is called the dose-build-up-effect, due to the conversion of photons to secondary 
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electrons, which are absorbed in much shorter penetration depth than photons. Compared to a 
photon energy of 6, 12 or 20 MeV photons deliver both a higher entrance dose and a larger 
depth of the dose maximum. 

 

 

Figure 20: Percentage of the maximum depth dose of photons with energies of 6, 12 and 20 MeV (Kaiser, et al., 
2019). 

 

3.7. The MR-Tomograph 

The irradiated polymer gels are evaluated using the high-field 7-Tesla research MRI-scanner at 
the High-Field MR Center at the Medical University in Vienna. In Fig. 21 the human scanner with 
the inserted micro imaging system can be seen.  

 

   
Figure 21: Gradient system inserted in 7 T human scanner 

The whole body scanner (Siemens MAGNETOM Dot + B = 7 T) is being used in research on human 
MR applications. It is equipped with a strong gradient system G = 72 mT/m and several volume 
(e.g. head, knee ) and surface coils using also X-nuclei (31 P and 23 Na) besides from proton (1H) 
MRI and MRS. The whole body human scanner is also equipped with a tune-up coil used for 
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quality control and acceptance tests. This rf-coil and the tune up coil (similar to a knee coil) are 
used for large field of Views (FOVs) with several gel samples in parallel for quick information 
about the dose response.  

The prototype micro imaging system (Berg, et al., 2010) consists mainly of a strong gradient 
system (G = 750 mT/m, i.d. = 9 cm) and sensitive small sized rf-coils. We are using the micro 
imaging system for high-resolution imaging. The micro gradient system is positioned on the 
patient layer inside the 7 T bore can be seen in Fig. 22 and the separate gradient coil can be seen 
in Fig. 23 (Berg, et al., 2010). A microscopy rf-coil inclusive preamplifier and plug is shown in Fig. 
23. 

 

 

Figure 22: Micro gradient system (inner available diameter d = 90 mm). 

 

 
Figure 23: Microscopy coil inclusive interface with preamplifier and rf-plug. 

 

In Fig. 24 R2-images of a sample irradiated by low energy X-rays photons with a lead collimator 
on top are shown. 
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Figure 24: R2-images measured with the micro imaging system (a) (left) (coronal image) (b) (middle) (sagittal) and 
(c) on the right side: a R2 image of 3 different gel containers measured with the whole body scanner using a large 

field of view (FOV). 

 

3.8. Influence of Implant Materials on MR Parameters  

MR-artifacts are very common in MR-Imaging. They can appear as a distortion, a defined, even 
any signal, an addition e.g. from other slices or deletion of information. Not obvious artifacts 
can lead to misinterpretations of the MR image. Artifacts can be caused by a malfunction of the 
MR scanner such as by setting wrong measurement parameters, e.g. FOV. Artifacts could arise 
from the material of the observed sample such as metal. With sufficient information about 
artifacts, these can be avoided, minimized, corrected or taken into account (MR-Technology, 
2021). 

 

3.8.1.1. Gibbs Artifact 

Gibbs artifacts can be seen as light or dark lines, parallel to the edges with an abrupt change in 
intensity. They are also called “ringing” artifacts. The reason is the finite number of coding steps 
in k-space that are used for the Fourier transformation for the image. The high k-space numbers 
represents fine and sharp edges in images in k-space. For this, strong gradients for frequency 
and phase encoding are necessary. If these are not available and there is a finite number of 
coding steps, Gibbs ringing might appear. 

To eliminate Gibbs Artifacts the pixel size of the acquisition matrix should be at least 256 and 
the field of view (FOV) should be chosen as small as possible, only slightly bigger than the object 
to be visualized without aliasing artifact (Stadler, et al., 2006), (MR-Technology, 2021), (Elster, 
2021). 

 

3.8.1.2. Aliasing 

Aliasing is one of the most common artifacts. It arises when a part of the sample and therefore 
the signal is outside the FOV. An artifact is created on the opposite side of the image (Stadler, et 
al., 2006). 

Sampling is the process in which the continuous signal received from the object is converted 
into a digital value. The processing of the digital time domain data might misinterpret the 
frequency values outside the FOV especially actually the case in phase encoding direction. The 
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phase of a signal from the FOV has a range of 0 °-360°. If a signal occurs outside the FOV with, 
for example, a phase of 410°, this value can no longer be distinguished from a phase with 50°. 
As a result, this artifact appears on the other side of the image when part of the specimen 
appears outside the field of view (Stadler, et al., 2006), (Elster, 2021), (MR-Technology, 2021). 

 

3.8.1.3. Magnetic Susceptibility Artifact 

Susceptibility artifacts arise at interfaces with different magnetic susceptibility. Paramagnetic 
materials such as titanium have a positive susceptibility and thus strengthen the external field, 
causing susceptibility artifacts. Diamagnetic materials such as water have a negative 
susceptibility and thus slightly weaken the external field. Ferromagnetic materials such as iron 
have a strong non-linear positive susceptibility (Stadler, et al., 2006). 

Ferromagnetic materials cause a large distortion of the B0 field and reduce the linearity of the 
frequency-encoding gradient near an object. This creates a geometric distortion of the image. 
The susceptibility gradients also lead to different precession frequencies of neighboring protons, 
which means that the spins diphase more strongly. This results in additional darkening in 
surrounding areas besides from spatial distortion. The susceptibility artifacts also increase when 
the outer magnetic field strength B0 increase. Most susceptibility artifacts arise with long echo 
times, which mean that the spins have more time to diphase. One possibility to reduce these 
artifacts is to increase the acquisition matrix (resolution) and to reduce the layer thickness. A 
higher bandwidth per pixel can also reduce the spatial distortion but also the signal-to-noise 
ratio (SNR) (Stadler, et al., 2006), (Elster, 2021), (MR-Technology, 2021).  

 

3.8.1.4. Zipper Artifact 

The Zipper/ central point artifact is an increased or decreased signal in the center of the image, 
often with an enveloping ringing artifact. This artifact arises from the Fourier transformation of 
a constant offset in the raw data and the subsequent offset of the receiver signal and an error 
in the receiver electronics. The better the hardware, the less noticeable this effect is. To avoid 
this artifact, a phase change of two rf excitation pulses might be carried out with a doubling of 
the required number of pulses. This artifact is usually minimized by the receiver's self-calibrating 
techniques and software corrections (Stadler, et al., 2006), (Elster, 2021), (MR-Technology, 
2021). 

 

3.8.1.5. Central Artifact 

The central artifact shows up as a bright signal on the central line along the phase or frequency 
encoding direction. The cause of the artifact along the phase coding direction results from the 
RF feed through the transmitter, which might be not completely switched off at the end of the 
pulse and RF-signal reaches the RF receiver. In order to be able to avoid these artifacts, 
sequences are formed in alternating phases with paired excitation pulses. Incomplete 180 ° 
pulses in SE sequences might cause the artifacts in the frequency coding direction. After the 90 ° 
excitation pulse, parts of the FID interfere with the 180 ° pulse. The solution for this is to 
decrease the RF-bandwidth of the signal by decreasing the layer thickness. This prevents the 
signals from overlapping (Stadler, et al., 2006), (Elster, 2021), (MR-Technology, 2021). 
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3.8.1.6. Chemical Shift 

Chemical shift artifacts are among the most common artifacts. They consist of light or dark 
enhancements or extinctions between tissues like fat or water interfaces. There are chemical 
shift artifacts of the first and second kind. The reason for these artifacts is a shift in the Larmor 
frequency of water and the fat protons due to the fact that there are small differences in the 
local magnetic field, which is caused by the shielding of the electron clouds (Stadler, et al., 2006), 
(Elster, 2021), (MR-Technology, 2021). 

 

3.8.1.7. B1 Distortion Artifact 

A non-uniform B1-field, non-uniform sensitivity of the receiving coil or other materials in the 
image can cause intensity fluctuations. T2 errors can occur due to imperfect rf 180°-refocusing-
pulses. An incorrect flip angle (e.g. 70 ° < 90 ° excitation pulse) lead to imperfect echoes and a 
signal reduction and incorrect T2 values. In practical execution 90° ± 10° for excitation pulse 
(160 – 200 ° refocusing pulses) can be tolerated for precise T2 measurements. Those occur as 
an error in T2 values of approx. ± 5 %) 
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4. Results 

4.1. Relative Dose Enhancement at 200 kV 

4.1.1. Manufacturing, Measurement and Irradiation of the First Charge 

The gelatine was slowly added to distilled water, with a temperature of approx. 30 °C. A gelatine 
concentration of 12 % is chosen. A water bath is used to keep the temperature of the 
preparation gel constant during production. The temperature of the water bath was held at 
54 °C. After the gelatine had liquefied with the water, dithiothreitol and methacrylic acid were 
added (Table 10).  

The preparation of the polymer gels without the additives took place according to the 
preparation of Khan (Khan, et al., 2019). With difference to Khan, et al., 2019, we started with 
less expensive gelatine at a Bloom strength of 240. 

 

Composition for 
2312.35 g polymer gel MAGADIT - type gel - Charge 1 

Gelatine 12 % (w/w) 277.16 g 
Distilled water 80 % (w/w) 1849.7 g 
Methacrylic acid 8 % (w/w) 184.8 g 
Dithiothreitol 2 mmol/kg 0.69 g 

Table 10: Composition of the polymer gels of the first charge 

 

The preparation is divided into different preparation steps with different amounts of additives 
such as ULTRAVISTTM, bismuth and silver iodide. The additives are slowly mixed into the gel using 
a hand blender to avoid a chemical reaction. After mixing the gel and the additives, the solution 
was filled into small PET plastic flacons at about 30 ml volumes each. 

After adding the add-on bismuth in higher concentrations, the gel got quickly solid and could no 
longer be filled into the small gel containers. A physico-chemical change of status is assumed at 
higher concentrations and consequently bismuth was only used in the lowest concentration for 
further preparation. 

 

4.1.1.1. The Concentrations of ULTRAVISTTM 

The different compositions with the concentrations of U1, U2 and U3 were chosen to achieve a 
hypothetical dose enhancement with an rDE  2, 4 and 8 assuming 50 kV being relevant 
(estimation of ideal theoretical rDE effect). The mass ratios of the high Z element referred to the 
mass of doped gel: wz/wdoped gel and the corresponding needed volume solution of ULTRAVISTTM 
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can be found in Table 11. The chemical composition of ULTRAVISTTM is taken from Cayman 
Chemical Company (Cayman Chemical Company, 2015) and the package insert6. 

Composition for 
2312.35 g polymer gel 

rDE wz/wdoped gel 
 

Needed volume solution 
(Iopromide) [ml] 

U1 ~ 2 0.006 4.152 
U2 ~ 4 0.019 14.711 
U3 ~ 8 0.045 39.267 

Table 11: Concentration of iodine as weight ratios wZ/wdoped gel in iopromide for the first charge of polymer gels for 
achieving different relative dose enhancements (rDE) 

 

4.1.1.2. The Concentrations of Silver Iodide 

The different compositions with the concentrations of AGI1, AGI2 and AGI3 were chosen for an 
ideal theoretical dose enhancement with rDE  2, 4 and 8 assuming 50 kV being relevant 
(estimation of ideal theoretical rDE effect). The mass ratios of the high Z element referred to the 
mass of doped gel wz/wdoped gel and the corresponding needed weight mass of silver iodide, which 
can be found in Table 12. 

 

Composition for 
2312.35 g polymer gel 

rDE wz/wdoped gel Needed weight mass [g] 

U1 ~ 2 0.006 0.830 
U2 ~ 4 0.018 2.522 
U3 ~ 8 0.047 7.853 

Table 12: Concentration of iodine as weight ratios wZ/wdoped gel in silver iodide for the first charge of polymer gels for 
achieving different relative dose enhancements (rDE) 

 

4.1.1.3. Irradiation  

The polymer gels of the first charge were irradiated with the small animal device YXLON. The 
irradiation set up can be seen in Fig. 25 and the irradiation parameters in Table 13. 

 
6 https://medikamio.com/de-de/medikamente/ultravist-300-injektions-oder-infusionsloesung-oder-loesung-
zum-einnehmen/pil 07.08.2021 

https://medikamio.com/de-de/medikamente/ultravist-300-injektions-oder-infusionsloesung-oder-loesung-zum-einnehmen/pil
https://medikamio.com/de-de/medikamente/ultravist-300-injektions-oder-infusionsloesung-oder-loesung-zum-einnehmen/pil
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                a)      b)  

Figure 25: Irradiation set up of the first charge: a) overview of arrangement; b) detailed view the polymer gels were 
irradiated upside down with a lead collimator on top. 

 

Irradiation parameters YXLON first Charge 
Dose rate 16,6 Gy/min 
Temperature 18.4 °C 
Collimator Pb 
Air pressure 985.4 hPa 
Voltage 200 kV 
Current 20 mA 
Focus 5.5 mm 

Point of irradiation 2 cm to the right from the nominal isocenter 

Table 13: Irradiation parameters of the first charge 

 

4.1.1.4. MR-Protocols  

MR Parameters Protocol 
Echo Time (TE) 50 ms 
Number of echoes (nre) 7 
Repetition time (TR) 9820 ms 
Slice thickness (slth) 5 mm 
Bandwidth/pixel (bw/px) 295 Hz 
Acquisition matrix (Mtx) 128 x 128  
Rf coil (inner diameter) 35 mm 
FOV 170 x 170 mm2 

Table 14: MR parameters of the first charge 

 

The image editing and image-processing program ImageJ (Rasband, 2012), (Khan, et al., 2018) 
was used to evaluate the MR images. The T2 images were created here using the plugin for T2-
mapping. The first echo was removed as proposed in (Khan, et al., 2018) for considering 
stimulated echoes before T2-mapping in ImageJ.  
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4.1.2. Results of the First Charge 

4.1.2.1. Non-Doped Polymer Gel 

First, the samples were irradiated without additives and then evaluated by MRI. This made it 
possible to compare the doped polymer gels with the non-doped polymer gels. 

 

 
Figure 26: R2-Dose curve of the non-doped polymer gel (TE = 50 ms). The red point is the 0 Gy value of the non-

irradiated polymer gel. The line is a linear fit of the data. The error bars indicate the standard deviation within the 
selected ROI. 

 

Subsequently the effects of the add-ons on the dose response of the polymer gels based on the 
slope of the R2-response function (dose sensitivity ∆ୖଶ∆ୈ ) are interpreted: the change is mostly 
related to the increased dose with reference to the nominal dose as applied to water or a gel 
system. 

The add-ons have a theoretical impact on the absorbed dose. However, they might have also an 
impact on the sensitivity of the polymer gel response as preventing or enforcing a 
polymerization or an agglomeration. 

For demonstration of possible errors in evaluation not considering correctly the saturation 
region at high dose levels, two plots are shown: one is showing a linear fit up to the max dose 
64 Gy with the dose sensitivity ∆ୖଶ∆ୈ = 0.19 [ ଵ ୋ୷∙ୱ] (Fig. 26) and the second with the linear fit up 

to the dose of 32 Gy with ∆ୖଶ∆ୈ = 0.26  [ ଵ ୋ୷∙ୱ] (Fig. 27). 

Fig. 26 shows the dose response of the MAGADIT polymer gel without doping with high Z 
materials for low energy photons (Emax = 200 kV). The MR-measured relaxation rate R2 = 1/T2 is 
increasing linearly up to about D = 32 Gy. The data at Dmax = 64 Gy already exhibits dose 
saturation (non-linear region). If the data point in the saturated range at D = 64 Gy is included 
in the calculation of the dose sensitivity, the result would not correctly reflect the sensitivity in 
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the linear regime. Therefore, in Fig. 27 the relaxation rate at D = 64 Gy was not taken into 
account for evaluating the dose sensitivity.  

The point in red in Fig. 26 originates from the non-irradiated polymer gel. A different dose value 
was measured below the collimator with a nominal dose of 0 Gy. This is likely due to lateral 
scattering and projection effect as a consequence of a) the radiation source represented by a 
large area different from an ideally assumed point source (due to aging of the YXLON) and b) the 
position of the samples very close to the source of the photons of the YXLON. For this reason, it 
was decided to only use the 0 Gy value of the non-irradiated polymer gel for further evaluations. 

 

 
Figure 27: R2-Dose non-doped gel without 0 Gy values and the 64 Gy value (TE = 50 ms). The line is a linear fit of the 

data. The error bars indicate the standard deviation within the selected ROI. 

 

Some experimental set-up problems had to be realized during ionization chamber control of 
maximum dose rate and after MRI evaluation: 

The irradiation source of YXLON could not be approximated by a point source when being close 
to the source, but featured a larger area whose center also appeared to be shifted slightly from 
the nominal X-ray source location. Actually, the maximum dose was shifted by about 2 cm from 
the nominal source point to the direction of the electron entrance. This effect was attributed to 
the aging of the preclinical irradiation unit. 
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4.1.2.2. Polymer Gel Doped with ULTRAVISTTM 

 
Figure 28: R2-Dose: comparison between the non-doped gel and the gel doped with ULTRAVIStTM (TE = 50 ms). 

The sensitivity of the lowest ULTRAVISTTM concentration U1 is shown in green and the sensitivity of the non-doped gel 
in grey. The lines are linear fits of the data. The error bars indicate the standard deviation within the selected ROI. 

 

Fig. 28 shows the comparison of the dose response of the polymer gel with lowest ULTRAVISTTM 
concentration and that of the non-doped gel. The increase in dose sensitivity is shown as the 
increase in slope ∆ୖଶ∆ୈ . 
When comparing the sensitivity of the non-doped gel (∆ୖଶ∆ୈ = 0.26 ଵ ୋ୷∙ୱ) and the gel with the 

ULTRAVISTTM concentration U1 (dose sensitivity ∆ୖଶ∆ୈ = 0.44 ଵ ୋ୷∙ୱ), an increase of sensitivity by a 

factor of approx. 1.8 was observed. Thus, an increase of the rDE using the add-on ULTRAVISTTM at 
a concentration ratio wz/wdoped gel = 0,006 close to the expected rDE  2 could be proven.  
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Figure 29: R2-Dose for different concentrations for ULTRAVISTTM (TE = 50 ms). 

The sensitivity of the lowest ULTRAVISTTM concentration U1 is shown in green, the sensitivity of U2 in orange and the 
sensitivity of the highest concentration of ULTRAVISTTM is shown in blue. The lines are linear fits of the data. The error 

bars indicate the standard deviation within the selected ROI. 

 

Fig. 29 shows the R2-Dose curve of the different concentrations of ULTRAVISTTM.  

Unexpectedly the slope ∆ୖଶ∆ୈ  was measured to be less for the higher concentration of ULTRAVISTTM. 
The sensitivity reduces with higher concentrations. 

One reason for this observation of this result might be related to the increased water volume 
added by the higher amount of iodine in form of ULTRAVISTTM solution (dilution effect by 
increasing water content). As a result, there is around 20% more water in the polymer gel and 
this leads to a dilution of the methacrylic acid, which might reduce polymerization, increase 
mobility and reduce the dose response measured as R2. In further prepared charges, this 
additional water contribution by ULTRAVISTTM solution was considered in chemical preparation. 

In addition, no saturation effect can be seen at R2 = 16 1/s (at nominal dose of D = 32 Gy with 
an expected actual higher dose due to the increased absorption for the doped gel). This 
observation also indicates that the estimated rDEs were probably not reached. Also, there might 
be a physical-chemical effect of the add-ons on the polymerization process and mobility within 
the molecular network at high concentrations.  
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4.1.2.3. Polymer gel doped with Silver Iodide 

 
Figure 30: R2-Dose for different concentrations of AgI (TE = 50 ms). 

The lowest concentration AGI1 is shown in red, AGI2 in blue and the highest concentration AGI3 in green. The lines 
are linear fits of the data. The error bars indicate the standard deviation within the selected ROI. 

 

In the case of silver iodide, no increase in dose response (R2) can be seen in any of the three 
concentrations (Fig. 30).  

Some agglomeration of the AgI particles was observed, which could presumably represent the 
reason to detect no change in the slope. 

In interpretation, no relative dose enhancement is detectable, presumably due to the 
agglomeration of silver iodide particles. We explain these results by an increased dose 
absorption in the AgI agglomerates including chemical decomposition to Ag, the photochemical 
basis for early photographic systems. The agglomeration products and the decomposition can 
be recognized with the naked eye and in the T2 weighted images of the MRI in the form of darker 
points (Figs. 31-32).  

 

 
Figure 31: Deposition of silver iodide in the bottom of the flacons. 
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Figure 32: T2w image of a polymer gel doped with silver iodide and irradiated with 16 Gy (TE = 50 ms). The 

Agglomeration of silver iodide can be seen as the dark points. 

 

 
4.1.3. Manufacturing, Measurement and Irradiation of the Second Charge 

 
Figure 33: Polymer gels of the second charge 

 

In the second charge (Fig. 33) of polymer gels, a higher concentration of gelatine (about 16 %) 
was used, due to the fact that some of the polymer gels of the first charge stored in the office 
became liquid. The new compositions for the second charge of polymer gels can be seen in Table 
15. With the higher concentration of the gelatine, a lower gelification temperature could be 
achieved avoiding liquid behaviour at higher room temperatures. In addition, the gelatine with 
about 240 Bloom was used in this charge.  

In contrast to the first gel preparation, the gelatine was added to the distilled water the day 
before, so that it could swell overnight. This saved time during the preparation on the next day. 
The polymer gels were then prepared as described in Khan, et al., 2019. 
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Composition for 1967.02 g 
polymer gel MAGADIT- type gel charge 2 

Gelatine 16 % (w/w) 305.1 g 
Distilled water 8 % (w/w) 1506.4 g 
Methacrylic acid 8 % (w/w) 154.9 g 
Dithiothreitol 2 mmol/kg 0.62 g 

Table 15: Composition of the polymer gels in the second charge 

 

4.1.3.1. The Concentrations of ULTRAVISTTM 

The dilution effect was corrected in preparation by reducing the initial weight of distilled water 
in the gel composition, taking into account the added water in form of the liquid ULTRAVISTTM for 
the specific iopromide concentration. 

The compositions with the different concentrations of U1, U2 and U3 were chosen to show a 
theoretical rDE effect of about 1.5, 2, and 5. The concentrations wz/wdoped gel and the needed 
volume solutions of liquid ULTRAVISTTM can be found in Table 16. 

 

Composition for 
1916.82 g polymer gel 

rDE wz/wdoped gel 
 

Needed volume solution 
(Iopromide) (ml) 

U1 ~ 1.5 0.003 2.07 
U2 ~ 2 0.006 4.15 
U3 ~ 5 0.025 17.64 

Table 16: Concentrations of ULTRAVISTTM for the second charge 

 

4.1.3.2. The Concentrations of Bismuth 

The compositions with the different concentrations of B1 and B2 were chosen to show a 
theoretical rDE effect of about 1.5 and 2. The wz/wdoped gel and the needed mass can be found in 
Table 17. Because a thickening of the polymer gel indicating some chemical interaction or 
polymerization occurred in the first batch with a high concentration of bismuth, lower 
concentrations were selected for the second batch. 

 

Composition for 
1916.82 g polymer gel 

rDE wz/wdoped gel Needed weight mass (g) 

B1 ~ 1.5 0.003 0.621 
B2 ~ 2 0.006 1.246 

Table 17: Concentrations of bismuth for the second charge 
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4.1.3.3. The Concentrations of Silver Iodide 

In order to avoid agglomeration of the silver iodide, the solvent Isopropanol was added in drop-
sized quantities. The different compositions with the concentrations of AGI1 and AGI2 were 
chosen to show an rDE effect of about 2 and 8. The wz/wdoped gel and the needed volume solution 
can be found in Table 18. 

Composition for 
1916.82 g polymer gel 

rDE wz/wdoped gel Needed weight mass (g) 

AGI1 ~ 2 0.006 1.038 
AGI2 ~ 8 0.054 9.18 

Table 18: Concentrations of silver iodide for the second charge 

 

4.1.3.4. Irradiation 

In the second charge, the measurement setup was also changed. The gels were irradiated in a 
brass tube to avoid lateral scattering radiation. The distance to the X-ray source had also been 
reduced. This enabled a dose rate of 20 Gy/min. The set-up is visible in Fig. 34 and the irradiation 
parameters are listed in Table 19. 

 
Figure 34: Irradiation set up of the second charge with the brass tube 

 

Irradiation parameters YXLON - Charge 2 
Dose rate 20 Gy/min 
Temperature 22.1 °C 
Collimator Pb 
Air pressure 997.1 hPa 
Voltage 200 kV 
Current 20 mA 
Focus 5.5  
Point of irradiation 2 cm to the right and 2 cm to the rear from the isocenter 

Table 19: Irradiation parameters of the second charge with the YXLON 
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4.1.3.5. MR-Protocols 

Because of a higher concentration of gelatine, the R2 range was reduced and the MR-protocol 
had to be changed from that of the first batch. Actually, the MR-measurements of the second 
polymer gel charge were carried out twice. The protocol parameters like TE and numbers of 
echoes of the first measurement were not suitable for these gels and therefore changed. The 
measurement parameters are indicated in Table 20.  

 

MR Parameters 1. Protocol 2. Protocol 
Echo Time (TE) 50 ms 30 ms 
Nr. of echoes (nre) 10 15 
Repetition time (TR) 5800 ms 6620 ms 
Slice thickness (slth) 3 mm 3 mm 
Bandwidth/pixel (bw/px) 200 Hz 290 Hz 
Acquisition matrix (Mtx) 128 x 128  128 x 128  
Tune up coil diameter 200 mm 200 mm 
FOV 128 x 128 mm² 128 x 128 mm² 

Table 20: Measurement parameters for the second charge of polymer gels 

 

 

4.1.4. Results of the Second Charge 

4.1.4.1. Non-Doped Polymer Gel  

 
Figure 35: Non-doped polymer gel irradiated with 96 Gy 

 

Fig. 35 shows the photo of the irradiated non-doped polymer gel (D = 96 Gy). The effects of the 
collimator slits on the dose distribution below the collimator can be seen very well. The reason 
for the inclination of the beams against the flacon axis might be the offset of the actual effective 
electron focus as source of photons due to radiation aging along with the low distance of the 
radiation source to the collimator for achieving high dose rates. 
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Unfortunately, the MR-measurements of the irradiated non-doped polymer gels with the 
second protocol parameters were missed and therefore only the measurement data from the 
first protocol is available. It is therefore not possible to compare the measurements of the doped 
polymer gels with the adapted protocols with the measurements of the non-doped gels 
quantitatively. Fig. 36 shows the T2 weighted image of the irradiated non-doped polymer gels 
of the second charge.  

 
Figure 36: T2w-image of non-doped polymer gels of the second charge with 96 Gy (top left), 64 Gy (bottom left), 

16 Gy (top right) and 4 Gy (bottom right) (TE = 50 ms). 

 

There had been an attempt to increase the dose rate for a shorter irradiation time and a reduced 
dose rate sensitivity, but this together with unfortunate positioning of the lead collimator at 
close distance to shifted source of radiation resulted in projection effects and lateral dose with 
change of the actually applied dose to a nominal dose. An example of the measurement data 
indicating the variations in results is shown in Fig. 37. For these reasons and some experimental 
and evaluation problems this batch was not evaluated systematically. 

 

 
Figure 37: R2-Dose for non-doped gel using MR-measurements according to the first protocol (blue). The line is the 

linear fit of the data. Uncertainties in data are likely due to dose aberrations because of absorption and scattering of 
an unfortunate positioning of a collimator on top of the samples. The error bars indicate the standard deviation 

within the selected ROI.  
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4.1.4.2. Polymer gel doped with ULTRAVISTTM 

In the second batch of polymer gel, three different concentrations of ULTRAVISTTM were added. 
The T2 weighted images of the polymer gels doped with ULTRAVISTTM can be seen in Fig. 38 and 
Fig. 39. According to calculations, an rDE value of about 1.5, 2 and 5 could potentially be 
achieved.  

    
Figure 38: T2w-images of polymer gels doped with U1 (TE = 30 ms). Left image: Top U1-64 Gy, left bottom U1-32 Gy 

and right bottom U1-0 Gy. Right image: Top U2-64Gy, left bottom U1-16 Gy and right bottom U1-4 Gy. 

 

During the MRI evaluations experimental problems of the polymer gels with the concentration 
U2 with the irradiation arrangement became clear. No change in the T2 values due to the 
irradiation could be seen in the MRI images, so the polymerization was supressed. 

U2 was removed from evaluation because no polymerization could be seen, likely because of 
non-fortunate positioning of the collimator with ref. to the shifted electron focus and source of 
irradiations and possibly oxygen contamination due to long preparation time of the gel mixtures. 

 

    
Figure 39: T2w images of polymer gels doped with U3 (TE = 30 ms). Left image: Top 32 Gy, left bottom 4 Gy and right 

bottom U1-64 Gy. Right image: Top 16 Gy, left bottom 64 Gy and right bottom 0 Gy. 
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In general, it can be seen from the R2 dose curve that this batch of gels doped with ULTRAVISTTM 
resulted in more fluctuating signals around regression (Fig. 40). Likely, the reason is related to 
absorption and scattering by the collimator and subsequent projection effects of the laterally 
shifted and extended photon source. Due to the central position of the collimator when U1 was 
irradiated with 16 Gy, the R2 value for this gel could not be included. The collimator shielded 
the radiation from almost the entire gel. 

The polymer gel with the concentration U3 shows also a saturation effect at higher doses. The 
measurement results indicate a reduction in sensitivity at higher concentrations of ULTRAVISTTM. 

There was also a discrepancy in the gel with the concentration U3 irradiated with 16 Gy. For 
positions deeper than about 1 cm distant from the entrance region of the photon irradiation 
(i.e. at the bottom of the gel container), no dose modulation generated by the collimator 
absorption can be seen any more. The visualization of the dose polymerization stops abruptly. 
The reason for this could be oxygen that diffused from the cap region (air bubble) into the 
polymer gel. 

If the R2 values are excluded that lead to deviations, it can be seen that the rDE at U1 is about 
1.6 times as large as the rDE dose enhancement at U3 with difference to the theoretically 
expected enhancement with higher concentration of high Z absorbers. The reason for this could 
be a reduction in sensitivity at higher concentrations of ULTRAVISTTM due to physico-chemical 
interactions of the iodine containing molecule with the methacrylic acid, agglomeration or 
impact on the polymer network.  

 

 
Figure 40: R2-Dose of the polymer gels doped with ULTRAVISTTM of the second charge with the second protocol 

excluding the value at 64 Gy and the U1 16 Gy (see arguing in text). The lines are linear fits to the data. The error 
bars indicate the standard deviation within the selected ROI. 
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4.1.4.3. Polymer Gel doped with Silver Iodide 

 
Figure 41: Polymer gel doped with silver iodide after irradiation with 32 Gy 

 

 
Figure 42: Polymer gels doped with AGI irradiated with 0 Gy (left) and 4 Gy (right). On the right side, a yellow 

decomposition due to the photochemical reaction of silver iodide can be observed. 

 

In Fig. 41 it can be seen that a photochemical reaction occurred during the irradiation of the gels 
doped with silver iodide. The irradiation splits silver iodide into silver and iodine. In Fig. 42 also 
a yellow deposition at the bottom of the gel bottle is clearly recognizable. The decomposition of 
silver iodide is dose dependent. 

 

 
Figure 43: T2w images of polymer gels doped with AgI (TE = 30 ms). Left top AgI1 32 Gy, right top AGI1 0 Gy, 

left bottom AGI2 4 Gy and right bottom AGI2 32 Gy. 
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Figure 44: T2w images of polymer gels doped with AgI (TE = 30 ms). Top left AgI1 - 4 Gy, right top AGI1 - 16 Gy, 

bottom left AGI2 - 0 Gy and bottom right AGI2 - 16 Gy. 

 

Figs. 43-44 show the T2-images of the polymer gels doped with silver iodide measured in parallel 
with the 7T-MRI.  

 

 
Figure 45: R2-Dose of the polymer gels doped with silver iodide (2nd batch) measured with the 2nd MR-protocol at 

lower TE. The lowest concentration AgI1 is shown in orange and the higher concentration AGI2 in blue. The lines are 
linear fits of the data. The error bars indicate the standard deviation within the selected ROI. 

 

The difference between the R2 dose curve of the polymer gels with silver iodide and the non-
doped gels is challenging in interpretation because the measurements were made with different 
measurement protocols. In contrast to the first batch, however, it can be seen that due to the 
increased gelatine concentration, higher R2 values occurred in the second batch (Fig. 45). 
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However, a general increase in the relaxation rate R2D=0Gy with concentration of AgI is observed. 
This indicates a direct physical or chemical impact on the relativity R2 AgI without significantly 
changing the sensitivity of the polymer gel to the dose (the slope ∆ୖଶ∆ୈ   remains stable). 

 

4.1.4.4. Polymer Gel doped with Bismuth 

    
Figure 46: Photos of a polymer gel doped with bismuth. A deposition of bismuth at the bottom of the bottle is clearly 

recognizable as a darkened area. 

 

The bismuth particles darken and fog the polymer gel appearance (Fig. 46). 

 

 
Figure 47: T2-images for polymer gels doped with bismuth (TE = 30 ms) after irradiation with B1 - 32 Gy (top left), B2 

- 64 Gy (top middle), B2 - 32 Gy (top right), B1 - 16 Gy (bottom left) and B2 - 4 Gy (bottom right). 
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Figure 48: T2w-images for polymer gels doped with bismuth (TE = 30 ms) after irradiation with B1 - 0 Gy (top left), 

B1 - 64 Gy (top middle), B2 - 16 Gy (top right), B1 - 4 Gy (bottom left) and B2 - 0 Gy (bottom right). 

 

In T2 weighted images of the irradiated polymer gels doped with bismuth, the outline of the 
collimator is clearly visible (Figs. 47-48). A wide ring appears in some polymer gels. This could be 
caused by a deposition of the heavy bismuth particles in the bottom layers or by oxygen 
penetration passing the PET-membrane. The evaluation ROI was set to positions at the edge and 
not in the circle appearing as a brighter area. The circle is distinctly pronounced in different 
layers. 

 

 
Figure 49: R2-Dose of the polymer gels doped with bismuth of the second charge with the second protocol 

The lowest concentration B1 is shown in blue and the higher concentration B2 in orange. The lines are linear fits of 
the data. The error bars indicate the standard deviation within the selected ROI. 

 

In Fig. 49 the R2-dose response of the different polymer gels doped with bismuth is shown. 
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The slope ∆ୖଶ∆ୈ   is a little bit higher than the slope of the R2-dose curve for ULTRAVISTTM and AgI. 
The sensitivity for B1 is lower than that of the non-doped gels and for B2 it is almost 1.5 times 
as high. However, the measurements of the non-doped gels and those of the doped gels were 
carried out with different measurement protocols. This means that a direct comparison between 
non-doped and doped is not possible. 

 

4.1.4.5. Experimental Problem: Screening and Projection Effects by 

Collimation 

 
Figure 50: T2 maps at different depth for three U1 polymer gels (TE = 30 ms). 

a) (left top): layer closest to entrance region: the absorption due to collimator is clearly observed. The central darkened 
circle area is a partial volume-imaging artefact due to the bowing of the container bottom plate. b) (medium top): T2 
map 5 mm distant from a): the absorption area of the collimator is widened due to projection effects and the contrast 
with regard to T2 reduced. c) d3 = 10 mm d) d4 = 15 mm e) (medium bottom) d5 = 20 mm distant to a). At d5 = 20 mm 
(e) hardly any T2 contrast can be observed due to photon absorption. 

 

In Fig. 50 it can be seen that the collimator creates a shadow-like dose distribution in the deeper 
layers. This is particularly evident in the case of the gels U1, since the collimator was placed 
above the center of the gel flacon bottom area before irradiation. The top layer in the polymer 
gel can be seen in the top left of the figure and the layers deeper are shown to the right and 
bottom down to depth d5 = 20 mm. 

 

The collimator area was covering nearly all of the area to be irradiated. This is due to a wrong 
positioning of the collimator. The collimator was used for having areas with hardly any dose 
(0 Gy) evaluation and observation of dose enhancements at the edge due to lateral scattering 
of photons from the high Z elements. The position of the collimator close to the extended 
photon source results in stronger projection effects. We then decided to use the brass tube for 
avoiding lateral projection effects. 
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For this reason, these collimator experiments were largely omitted from the evaluations of the 
third batch. 

 

4.1.5. Manufacturing, Measurement and Irradiation of the Third Charge 

The third charge of the polymer gel was produced with the same principle as the first and second 
batch. Since radiation with higher photon energies available from the linear accelerator at 
radiation therapy/ AKH was also planned for this batch, a total of around 2.6 l of polymer gel 
was prepared. Because of this large amount, the manufacturing process was split in two 
preparation segments ranging over two days.  

Based on the positive experience with the increased gelatine concentration of the gelatine with 
240 Bloom, a w/w proportion of 16 % was also used in this batch.  

Furthermore, the dose around implant materials containing high Z elements had been 
investigated with MR-based polymer gel dosimetry on an explorative level. As an example, 
stents made of nitinol had been embedded in the polymer gel of a separate polymer gel 
composition. A gelatine concentration of 12 % with 300 Bloom was chosen for this preparation 
set-up with arterial stents. 

 

Composition for 
1798.22 g polymer gel MAGADIT-type gel charge 3 

Gelatine 12 % / 16 % (w/w) 55,56 g / 206.4 g 
Distilled water 80 % (w/w) 1394.5 g 
Methacrylic acid 8 % (w/w) 141.2 g 
Dithtiothreitol 2 mmol/kg 0.56 g 

Table 21: Composition of the polymer gels of the third charge 

 

Bismuth and ULTRAVISTTM were chosen as additives. Silver iodide was omitted because the dose 
sensitivity in the last two charges was not increased. 

 

 
Figure 51: Polymer gels of the third charge directly after preparation 

The third batch of polymer gels (Fig. 51) was irradiated using the YXLON with accelarating 
voltage of U = 200 kV. For irradiation with the YXLON the same set up as in charge 2 was chosen. 
With LINAC the polymer gels were irradiated with photons and electrons (6 MeV). 
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4.1.5.1. The Concentrations of ULTRAVISTTM 

The wz/wdoped gel and the needed volume solution for the third charge can be seen in Table 22. 
The indicated wz/wdoped gel ratios include the water added by the iopromide solution (the added 
water to the gelatine is reduced by the amount of water added by the UltravistTM solution for 
specific concentrations used). 

Composition for 
1798.22 g polymer gel 

rDE wz/wdoped gel 
 

Needed volume solution 
(Iopromide) (ml) 

U1 ~ 2 0.006 9.69 
U2 ~ 4 0.018 29.42 

Table 22: Concentrations of ULTRAVISTTM for the third charge 

4.1.5.2. The Concentrations of Bismuth 

The different compositions with the concentrations of B1 and B2 were chosen to show an rDE 
effect of about 1.5 and 2.5 at an energy of 50 kV. The wz/wdoped gel and the needed bismuth 
concentration can be found in Table 23. 

For the addition of bismuth, slightly different concentrations were chosen from the previous 
two batches. At the concentration wz/wdoped gel = 0.009, the polymer gel thickened very quickly. 
As a result, it was no longer possible to refill the gel. For this reason, the polymer gels doped 
with bismuth were diluted with distilled water (approx. 30 ml) and afterwards filled into the 
containers. 

Composition for 
1798.22 g polymer gel 

rDE wz/wdoped gel Needed weight mass (g) 

B1 ~ 1.5 0.003 1.76 

B2 ~ 2.5 0.009 5.31 
 

Table 23: Concentrations of bismuth of the third charge 

4.1.5.3. MR-Protocols  

The MR Parameters of the protocol used for the third charge can be seen in Table 24.  

MR Parameters Protocol 
Echo Time (TE) 20 ms 
Nr. of echoes (nre) 15 
Repetition time (TR) 6620 ms 
Slice thickness (slth) 3 mm 
Bandwidth/pixel (bw/px) 290 Hz 
Acquisition matrix (Mtx) 128 x 128  
Tune up coil (inner diameter) 200 mm 
FOV 128 x 128 mm² 

Table 24: MR-Parameters of the protocol used for the third charge 

As with the evaluation of the first and second charge, the first echo was removed. 
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4.1.6. Results of the Third Charge 

The following polymer gels were irradiated with the X-ray device YXLON with 200 kV. 

 

4.1.6.1. Non-Doped Polymer Gel 

 
Figure 52: T2w-image of non-doped polymer gels (TE = 20 ms): top 0 Gy, bottom left 64 Gy and bottom right 8 Gy. 

 

 
Figure 53: T2w-image of the non-doped polymer gels (TE = 20 ms): top 32 Gy, bottom left 16 Gy and bottom right 

96 Gy 

 

One gel bottle was only half filled with gel due to missing volume of available prepared gelatine 
solution. This sample was irradiated with D = 96 Gy for additional info on the impact of air. The 
R2 values were measured to be much lower than those of the polymer gel irradiated with 64 Gy 
due to the oxygen diffusing from the air bubble inside the container (Fig. 54). In addition, it is 
already known from the previous batches that a dose of 96 Gy is located in the saturation non-
linear dose regime. Due to these effects to the dose sensitivity, this value was not taken into 
account for quantitative evaluation of the dose sensitivity as slope in the linear response regime 
(Fig. 55). 
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Figure 54: R2-Dose of the non-doped gel. The line is a linear fit of the data. The error bars indicate the standard 

deviation within the selected ROI. 

 

 
Figure 55: R2-Dose of the non-doped gel without the 96 Gy value. The line is a linear fit of the data. The error bars 

indicate the standard deviation within the selected ROI. 

 

In order to investigate, how other measurement protocol parameters affect the R2 values, 
measurements were carried out with a longer echo time TE of 30 ms (Fig. 56). The R2-values 
obtained from TE = 20 ms protocol and obtained of the TE = 30 ms protocol differ by 
approximately 1 %. However, the errors evaluated as standard deviation within the selected ROI 
were better in the measurements with a TE of 20 ms. For this reason, a TE of 20 ms was chosen 
for the remaining measurements. 
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Figure 56: Dose response (R2) of the non-doped gel measured with a TE of 30 ms. The line indicates a linear fit of the 
data. The error bars indicate the standard deviation within the selected ROI. 

 

 

4.1.6.2. Polymer Gel Doped with ULTRAVISTTM 

 
Figure 57: T2w-image of polymer gels doped with ULTRAVISTTM (TE = 20 ms): top left U2 - 0 Gy, top right U1 - 0 Gy, 

bottom left U1 - 8 Gy and bottom right U2 - 32 Gy.  
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Figure 58: T2w-image of polymer gels doped with ULTRAVIStTM (TE = 20 ms): top left U2 -  8 Gy, right top U1 - 16 Gy, 

bottom left U1 - 32 Gy and bottom right U2 - 16 Gy. 

 

Figs. 57 and 58 show the T2 weighted images of the polymer gels doped with ULTRAVISTTM. 

 

 
Figure 59: R2-Dose of the polymer gel doped with ULTRAVISTTM 

The lowest concentration U1 is shown in orange and the higher concentration U2 in blue. The lines represent the 
fitting result of a linear regression analysis. The error bars indicate the standard deviation within the selected ROI. 

 

The analysis of the R2-dose response (Fig. 59) for U1 showed that there is an increase in rDE of 
approx. 1.4 and for U2 an increase of approx. 1.6 when compared to the non-doped gel of this 
batch. Although this result appears to show that the sensitivity increases with higher 
concentrations of ULTRAVISTTM as predicted from theory, the observed additional increase by 
using the higher concentration of U2 presumably is not significant within errors. 
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In this charge, the same concentrations as in the first charge were used. The difference between 
the first charge and the third charge is that in the third charge the water was an offset in initial 
water content to prevent a dilution in the polymer gel by the ULTRAVISTTM solution. In addition, a 
higher gelatine concentration of 16 % was used. Storage and manufacturing procedures 
followed the same guideline. 

The absolute sensitivity for U1 for the 3rd batch increased slightly with comparison to the 1st 
batch (sens1st = 0.44, sens3rd = 0.53). However, also the sensitivity for the non-doped gel 
increased resulting in slight variations of the measured rDE between the 1st and 3rd batch. The 
reason is most likely related to the increased gelatine concentration in the 3rd batch and a more 
accurate consideration of the water contribution by the liquid ULTRAVISTTM solution. 

Nevertheless, the significant enhancement of the dose by about 60 % at very low concentrations 
wZ/wdoped gel = 0.006 of iodine in the final tissue mimicking gel for low energy photons ≤ 200 kV 
is confirmed. 

 

4.1.6.3. Polymer Gel Doped with Bismuth 

Fig. 60 shows an irradiated polymer gel doped with bismuth with the concentration of 
wZ/wdoped gel = 0.003. This polymer gel was irradiated with 64 Gy. The radiation-induced 
polymerization can be seen very well close to the entrance region at the bottom area. 

 

 
Figure 60: Irradiated polymer gel doped with bismuth (64 Gy) 

The radiation-induced polymerization can be seen as a bright area near the bottom of the container. 
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Figure 61: T2w-image of polymer gels doped with bismuth (TE = 20 ms): top left B2 - 0 Gy, top right B1 - 32 Gy, 

bottom left B1 - 8 Gy, bottom middle B2 - 0 Gy, and bottom right B2 - 16 Gy. 

 

 
Figure 62: T2w-image of polymer gels doped with bismuth (TE = 20 ms): top left B1-  0 Gy, top right B1 - 16 Gy, 

bottom left B1 - 64 Gy, bottom middle B2 - 32 Gy, and bottom right B2 - 8 Gy. 

 

For higher concentrations of bismuth (B2: wz/wdoped gel = 0.009) we observed a change in 
consistency of the polymer gel (solidification), which was also seen in the T2 images. The 
polymer gels which appear with darker areas in comparison to the other polymer gels have 
shorter T2 values (see Fig. 61 and Fig. 62). We attribute this observation to a chemical interaction 
or catalyses of polymerization with bismuth and the polymer gel at higher concentrations.  

B1 could easily be transferred to the gel bottle. The higher bismuth concentration B2 led to a 
thickening within a few minutes. As a result, it was no longer possible to fill the bottle with the 
gel. After subsequent dilution with approx. 30 ml of distilled water, the gel could be filled into 
the vial.  

In the case of the polymer gel B2, flocculation was found after cooling. The cause of the 
thickening is likely premature polymerization caused by higher concentration of bismuth. In Fig. 
61 and Fig. 62 can be seen that the polymer gels doped with B2 show no additional 
polymerization due to irradiation. The higher concentrations of B2 show a strong impact on T2. 
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Therefore, this data is not taken into quantitative consideration but presented for information 
as a qualitative report (Fig. 64). 

The R2 values from the polymer gels doped with the concentration B2 cannot be evaluated 
quantitatively due to the premature polymerization. The early polymerization is also indicated 
by the high relaxation rates R2 in the quantitative evaluation (Fig. 64) of B2. Since the polymer 
gels already polymerized to some extent, they can hardly react to the radiation. Thus, no dose 
sensitivity can be observed (slope  0). 

The theoretical calculations presented in Chapter 3.7 are estimates of rDE response, due to 
unknown energy distribution and simplifications on compositions. 

For the polymer gels doped with the concentration B1 an rDE increase of approx. 1.2 can be 
seen. The expected rDE for the polymer gel doped with bismuth (for the concentration of 
wZ/wdoped gel = 0.003) is 1.5. Therefore, the measured rDE is 40 % of the calculated rDE. 

 

 
Figure 63: R2-Dose of the polymer gel doped with the bismuth concentration B1. The lowest concentration of 

bismuth B1 is shown in blue. The line represents the fitting result of a linear regression analysis. The error bars 
indicate the standard deviation within the selected ROI. 
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Figure 64: R2 dose response of the of the polymer gel doped with the bismuth concentration B2. The line symbolises 

the fitting result of a linear regression analysis. The error bars indicate the standard deviation within the selected 
ROI. The errors, measured as standard deviation, are in the range of the obtained mean R2 and therefore the data 

cannot be evaluated in meaningful way. 
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4.2. rDE at Higher Energies  

4.2.1. Irradiation with the LINAC 

The setup of the irradiation with higher energies using the medical accelerator LINAC ELEKTA can 
be seen in Fig. 65 and Fig. 66. The polymer gels manufactured in the third batch were irradiated 
with 6 MeV photons and electrons. 

For achieving homogeneous fluency of photons and electrons, a reference dosimetry was 
performed in water, which exhibits absorption values close to tissue. The polymer gels were 
irradiated in a water container. 

An electron collimator was used for the irradiation with electrons. The arrangement is shown in 
Fig. 65. This collimator was not required for the irradiation with photons. Utilising a 3D printer, 
a fixing device was designed by the cooperating partner with which a possible refloating of the 
polymer gel flacons was avoided during irradiation (Fig. 66). 

 

 
Figure 65: Setup of the irradiation device at the LINAC. The electron collimator is indicated with the yellow circle. The 

collimator was removed during photon irradiation. 

 

 
Figure 66: Setup of the irradiation device at the LINAC. The polymer gel is indicated with the red circle. 
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4.2.1. Results and Discussion of the Polymer Gels Irradiated with Photons of the 

LINAC (6 MV) 

The irradiation parameters were selected according to the guideline of maximizing dose rate at 
standard well known reference conditions with known absolute dose levels according to advices 
from the cooperating partner Manuela Gober/ radiation therapy at AKH Vienna, so that the final 
maximum dose was applied at a depth of about dmax = 2.5 cm (Table 25). 

 

Four gels were always irradiated with one dose at the same time (non-doped, bismuth, 
ULTRAVISTTM 1 and 2). All polymer gels were evaluated at the same time with the 7T-MRI. 

 

Photon irradiation at clinical LINAC 
Energy 6 MV 
Distance to max. depth dose dmax 14 mm 
Field size 34 x 34 cm 
Dose rate 4.6 Gy/min 
Temperature 22.9 °C 
Pressure 989.3 hPa 

Table 25: Irradiation parameters of the irradiation of the polymer gels with photons 

For evaluation with MRI the same protocol parameters as for the third charge were used 
(4.1.3.5: MR-Protocols). 

 

 
Figure 67: R2- Dose response of non-doped polymer gels and polymer gels doped with ULTRAVIStTM and bismuth 

irradiated with photons (E = 6 MV). The non-doped polymer gel is shown in yellow, the doped polymer gel with the 
lower concentration of ULTRAVISTTM U1 orange, U2 in blue and the doped gel with bismuth B1 is shown in grey. The 

lines are linear fits of the data. 
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Fig. 67 shows the dose sensitivity of the non-doped polymer gel and the polymer gels doped 
with ULTRAVISTTM and bismuth irradiated with photons with energy of 6 MV. With irradiation at 
higher energies such as 6 MV, there is hardly any dose sensitivity increase due to the additives 
observed. In the case of the polymer gel doped with the higher concentration of ULTRAVISTTM, a 
slight reduction in sensitivity appears to be seen. Similar to the results for electrons an increase 
in the R2 values at 0 Gy of the polymer gel doped with bismuth was measured.  

 

4.2.2. Results and Discussion of the Polymer Gels Irradiated with Electrons of 

the LINAC (6 MeV) 

The irradiation parameters on the LINAC were adjusted according to standard quality control. 
Considering the previously measured depth dose curves in water (by cooperation partner 
Manuela Gober). The final maximum dose was applied at a depth of about dmax = 2.5 cm (Table 
26). 

Four gels were always irradiated with one dose at the same time (non-doped, bismuth, 
ULTRAVIST U1 and U2). All polymer gels were evaluated at the same time with the 7T-MRI. 
Therefore, variations of the dose response between the different polymer gels because of 
storage and temperature are strongly reduced. 

 

Electron irradiation at clinical LINAC 

Energy Eacc 6 MeV 
Distance to max. depth dose dmax 25 mm 
Collimator 34 cm x 34 cm 
Dose rate 6 Gy/min 
Temperature 22.9 °C 
Pressure 989.3 hPa 

Table 26: Irradiation parameters of the polymer gels irradiated with electrons 

 

For evaluation with MRI the same protocol parameters as for the third charge were used 
(4.1.3.5: MR-Protocols). 
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Figure 68: R2- Dose curve of non-doped polymer gels and polymer gels doped with ULTRAVISTTM and bismuth 

irradiated with electrons. 

The data of the non-doped polymer gel is demonstrated in blue, the doped polymer gel with the lower concentration 
of ULTRAVISTTM U1 is showed by grey triangles and regression line, U2 in yellow and the doped gel with bismuth is 

shown in orange B1. The lines represent linear fits of the data. The error bars visualize the standard deviation within 
the selected ROI. 

 

Fig. 68 visualizes the dose sensitivity of the non-doped polymer gel and the polymer gels doped 
with ULTRAVISTTM and bismuth irradiated with electrons with acceleration energy of 6 MeV. 
Compared to the low energy YXLON photons (E ≤ 200 kV) irradiation at higher energies (6 MeV) 
no dose sensitivity increase due to additives can be observed. In the case of the polymer gel 
doped with bismuth, a reduction in sensitivity and an increase in the R2 values at 0 Gy was 
measured. 
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4.3. Stents  

4.3.1. Manufacturing, Measurement and Irradiation 

As a result of the preparation of the second batch of polymer gels, non-doped polymer gels were 
also prepared with nitinol stents of different size and status.  

The goal of theses explorative measurements was an investigation of a potential dose 
enhancement or reductions around these implant materials for atherosclerosis treatment. MRI-
artifacts due to metal and magnetic susceptibility related distortions are also expected. 
Therefore, also B1 and B0 distortions are investigated on a purely qualitative explorative level. 

In cooperation with the vascular surgery department of the General Hospital in Vienna AKH, 
stents were irradiated with the X-ray device with 200 kV. The gel composition can be found in 
the chapters: “4.1.3 Manufacturing, Measurement and Irradiation of the Second Charge”. 

In order to measure theoretically predicted changes in dose distribution around a stent due to 
scattering and absorption of photons and Compton electrons the highest resolution 3D 
dosimetric methods should be used. Polymer gel-based MR-micro imaging might be capable of 
visualization. However, implants like stents might also impose artifacts to MRI via magnetic 
susceptibility and electrical conductivity induced distortions of the B- and rf-fields. 

For this measurement, a nitinol (Nickel-titanium alloy) stent measuring 6 mm × 80 mm was cut 
into two parts, inserted into a polymer gel and then irradiated with X-rays (U = 200 kV) using the 
YXLON with 64 Gy and 96 Gy at a dose rate of 15 Gy/min. Furthermore, an X-ray spectrum with 
200 kV was used, that means that the mean energy is less. 

 

 
Figure 69: Polymer gels with a nitinol stent irradiated with 64 Gy and 96 Gy 
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Figure 70: B1-maps of polymer gels of the second charge with a nitinol stent irradiated with low energy photons 

(200 kV) 64 Gy (left) and 96 Gy (right). 

 

The interpretation of the reductions in B1 inside the stent area (Fig. 70): The stent appears to 
shield the B1-field irradiated from an outer rf-coil inside the stent tube and thus a B1-field 
distortion occurs. There is less B1-field distortion at the edge of the interior space in the stent. 
The cause could be a crooked cut or a slightly open end of the stent. With difference on the top 
side of the stent (Fig. 70 left) a flip angle is outside the tolerance resulting in dark areas inside 
the stent and the T2- and dose maps based on T2 in that area of B1/B0 distortion might be 
therefore not sufficiently accurate any more. The reason for the distortion could be some air 
bobbles which are attached to the stent. 

In the stent, the B1 reduction by rf shielding via stent material is approximately 20 - 30°. As a 
result, the T2 values exhibit significant errors.  

The MR parameters for the polymer gels doped with the stents can be seen in Table 27. Due to 
the long measurement time, this measurement was carried out overnight. 

 

MR Parameters Protocol 
Echo Time (TE) 15 ms 
Number of echoes (nre) 20 
Repetition time (TR) 10 000 ms 
Slice thickness (slth) 6 mm 
Bandwidth/pixel (bw/px) 190 Hz 
Acquisition matrix (Mtx) 256 x 256  
Rf coil 35 mm 
FOV 178 x 183 mm² 

Table 27: MR-parameters for the polymer gels doped with the stents 
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Figure 71: T2-maps (TE = 15 ms) of polymer gels of the second charge with a nitinol stent irradiated with 64 Gy (left) 
and 96 Gy (right). Large spherical MR-artefacts due to the B1-, rf- and B0-field distortions are mainly due to small air 

bubbles appearing as irregularly brightened areas. 

 

The T2 images show susceptibility artifacts due to the wire mesh of the stent (Fig. 71). Spherical 
artifacts with a light and a dark edge are air bubbles that have become entangled in the wire 
mesh. Susceptibility differences result in a B0-distortion and spatial shift of pixel signal to 
neighbouring areas. It can be seen that the signal strength is shifted from the dark area and 
overlaps with the other signals. This results in dark and hyper intense areas. 

In addition, a ring artifact with large jumps in intensity at near the stents can be seen in the T2 
images, most likely due to the metal instead of gel at that position and a slight B1 distortion in 
close vicinity. Concluding from the brightness in the central parts of the stents the central area 
can be evaluated. 

The measured T2 values in selected areas (ROIs) around the stent can be seen in Table 28 and 
Fig. 72 for the sample irradiated with 64 Gy.  

 

ROI T2 (s) StdDev (s) Min Max R2 (1/s) 
1 0.07 0.001 0.067 0.075 14.08 
2 0.08 0.002 0.072 0.09 12.50 
3 0.072 0.001 0.067 0.075 13.89 
4  0.074 0.001 0.069 0.08 13.51 
5  0.075 0.002 0.071 0.081 13.33 

Table 28: T2 measurement values of the polymer gel for the polymer gel irradiated with 64 Gy including a nitinol 
stent in selected ROIs. 
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Figure 72: Positions of the T2 values of the polymer gel irradiated with 64 Gy 

The measured values for the polymer gel irradiated with 96 Gy and stent inserted can be seen 
in Table 29 and Fig. 73. The T2 values in the selected ROIS in the center of the stents are similar 
to those outside. This can be interpreted such that that also the dose inside the stents might be 
evaluated as looming as the distortion areas of around 1-2 mm size seen in B1 map can be 
avoided. 

 

ROI T2 (s) StdDev (s) Min Max R2 (1/s) 
1 0.04 0.0005 0.033 0.036 28.57 
2 0.03 0.0006 0.028 0.032 33.33 
3 0.03 0.0008 0.028 0.033 33.33 
4 0.032 0.001 0.026 0.042 31.25 
5 0.032 0.001 0.03 0.035 31.25 

Table 29: Measurement values of the polymer gel with a Stent irradiated with 96 Gy (200 kV). 

 
Figure 73: Positions of the T2 values of the polymer gel irradiated with 96 Gy 

Further measurements at higher energies would be useful for investigating also potential longer-
range dose variations around high Z material at higher photon energies. However, the content 
frame and available time for corresponding investigations was limited.  
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5. Summary of the results of the three batches  

In this diploma thesis three charges of polymer gels were prepared. The first charge was used to 
obtain the knowledge and improve the methods of preparation of the polymer gels, the 
irradiation with photons with 200 kV and the subsequent evaluation afterwards. In the second 
charge, a lot of experience was gained in the own production, irradiation and evaluation, as well 
as the opportunity to bring in own ideas for optimizing the setup and preparation. The self-
manufactured polymer gels of the third charge were irradiated with support by the department 
for radiation oncology with photons (6 MV) and electrons (6 MeV) of higher energy. The 
measurement results with the different radiation qualities were systematically evaluated using 
the Ultra-High-Field (UHF)-MRI scanner for human applications equipped with a micro gradient 
insert. 

Material, methods and results for these three charges are summarized subsequently: The 
impact of three different high Z additives: (ULTRAVISTTM, bismuth and silver iodide) on the dose 
response of an in-house prepared gel dosimeter is investigated. The polymer gel dosimeters 
were prepared at normal atmospheric conditions in the simply equipped chemical laboratory of 
the Center for Medical Physics and Biomedical Engineering (CMPBME) at the Medical University 
of Vienna/ AKH. Dithiothreitol was used as oxygen scavenger.  

For irradiation a small animal X-ray device (YXLON MAXISHOT, Hamburg Germany) and the 
medical linear accelerator (ELEKTA LINAC Hamburg, Germany) at the radio oncology both at the 
general hospital of Vienna (AKH) were used, the latter one with cooperation by Manuela Gober. 
The dose response was measured as transverse relaxation time T2 using differently T2-weighted 
MRI on a human high-field (B = 7 T) MR-scanner; the relaxation rate R2 = 1/T2 was used for 
quantifying the dose response of the different polymer gels.  

An increase in the dose response evaluated as slope R2/D at approximately 70 % (rDE ~ 1.7) 
was observed for the polymer gels doped with iopromide (wZ_Iopr /wdoped_Gel = 0.006) comparing 
these to non-doped polymer gels. This dose response is interpreted as relative dose 
enhancement due to the increased photon absorption by high Z elements. The contrast agent 
UltravistTM (iopromide) is used currently for medical diagnostics and therefore is in principle 
suited for applications on humans. No additional significant increase in dose (higher rDE) was 
measured with higher concentrations of ULTRAVISTTM.  

An increase in dose of the polymer gel doped with bismuth could be observed. For the 
concentration wZ_Bi/wdoped_Gel = 0.003, a dose increase of 20 % was found (rDE ~ 1.2). Higher 
concentrations of bismuth (wZ_Bi/wdoped_Gel = 0.006) are problematic due to agglomeration and 
segregation. 

No dose increase could be proved for silver iodide in any of the concentrations. This observation 
could be explained by an agglomeration of the silver iodide. As a result, the dose deposit of the 
photon energy is restricted to local areas only. 

The calculations of the rDE for iopromide, silver iodide and bismuth indicate hardly any relative 
dose increase at high photon energies such as 6 MV. This has also been shown experimentally 
with the irradiation with photons (6 MV), no dose increase was evident considering the standard 
deviation of the selected ROI. 

A significant enhancement of the dose at low concentrations wZ_Iopr /wdoped_Gel = 0.006 for 
iopromide and for bismuth (with very low concentrations of wZ_Iopr /wdoped_Gel  = 0.003) for low 
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energy photons ≤ 200 kV is confirmed. With this enhancement effect, the dose in a pathological 
region can potentially be significantly increased locally, if the high Z agent can be applied close 
to the pathology, e.g. tumor. The concept of applying locally chemical compounds or liquids 
used as diagnostic contrast agents containing elements with high Z is shown here within this 
diploma thesis. The concept could enhance the local effectiveness of radiation therapy in future. 
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6. Discussion and Outlook 

The subject of this thesis is relying on previous work from Boudou, et al., 2007, Corde, et al., 
2005 and Gastaldo, et al., 2008. 

Boudou, et al. showed a linear dose dependence of a polymer (nPAG) gel doped with iodine (Fig. 
74 and Table 30). They selected NaI powder as the high Z additive. They prepared two batches 
with different NaI concentrations (5 and 10 mg/ml) and a non-doped gel batch. These polymer 
gels were irradiated with 35 keV and 80 keV. The results are depicted as a measurement of the 
response. The dose response increased due to the elevated absorption by the iodine. The doped 
gel with iodine features a higher dose response than the non-doped gel (Boudou, et al., 2007). 
It can be also seen from Table 30 that no difference in energy response and rDE effect is 
observed within the statistical tolerance confidence interval. 

 

Energy  Iodine concentration Experimental rDE Calculated rDE 

35 keV 
5 mg/ml 1.5 1.64 

10 mg/ml 1.96 2.08 

80 keV 
5 mg/ml 1.53 1.50 

10 mg/ml 1.97 1.96 

Table 30: rDE values (experimental and calculated) (Boudou, et al., 2007). 

 

 
Figure 74: Dose–responses for three gel batches at 35 keV (left) and 80 keV (right). The standard nPAG data is 

represented by squares, the doped nPAG with 5 mg /ml iodine by circles and the doped nPAG with 10 mg ml−1 iodine 
by triangles. Vertical error bars represent the standard deviation of the measure (mean of a region of interest of 9 × 
9 voxels = 243 mm3) and horizontal error bars represent the uncertainty on the given dose (5 %). Lines are linear fits 

to the data (Boudou, et al., 2007). 

 

„The concentrations of iodine in the gels were chosen as being accessible concentrations in 
brain tumors via standard injection modes (Mesa, et al., 1999). Iodine concentrations of up 
to 5 mg ml−1 have been reported in brain tumors by intravenous administration (Santos 
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Mello, et al., 1983; Norman et al 1997). These concentrations were obtained using 
conventional administration procedures for brain tumor imaging, without the specific aim 
of maximizing the iodine concentration. It is most likely possible to increase the iodine tumor 
uptake in patients. Moreover, regarding the electron density, the tissue equivalence of the 
doped gel remains well preserved.“ (Boudou, et al., 2007). 

 

Based on this medical recommendation and further experience, iodine was selected as a high Z 
element for this diploma thesis. The advantage of the contrast agent ULTRAVISTTM is the current 
utilisation on patients. 

Additionally, Corde, et al. showed a linear dose-dependent effect of the high Z elements barium 
and iodine. The outcome of their work was the experimental results and the demonstration of 
an energy dependence of the irradiated different doped polymer gels. The sensitivity of the non-
doped polymer gels and the polymer gels doped with iodine is statistically independent of the 
irradiated energy. In contrast, the relative dose enhancement in the polymer gel doped with 
Barium is very energy dependent and the rDE shows a maximum at ~ 65 keV (Fig. 75) (Corde, et 
al., 2005). 

 

 
Figure 75: Energy dependence of the polymer gels doped with iodine (grey) and barium (black). The non-doped 

polymer gel is shown in white (Corde, et al.,2005). 

 

The publication by Corde, et al. provides the advanced research idea of irradiating polymer gels 
doped with high Z elements with several different energies. A new research question would be 
whether the polymer gels doped with our selected additives (iopromide, silver iodide and 
bismuth) also show an energy dependency. No literature has been found on these high Z 
elements yet which answer the question. Based on the calculated rDEs, there is definitely the 
possibility that the dose increase could be significantly higher when the polymer gels were 
irradiated at lower energies. 
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“The optimal energy is a compromise between X-ray transmission through the tissue and 
maximal contrast agent cross section. In the kilovoltage energy range, the presence of heavy 
elements such as iodine can induce a radiation dose augmentation.” (Gastaldo, et al., 2008) 

 

Gastaldo, et al. correspondingly found a relative dose increase for the polymer gel doped with 
iodine. The measured rDE at 50 keV was 2.3 with an iodine concentration of 10 mg/ml and 
irradiated with doses up to 15 Gy. They calculated an rDE of 2.5.  

In this diploma thesis, an rDE effect of 1.7 was measured for the polymer gel doped with 
iopromide (wZ_Iopr/wdoped_Gel = 0.006) and an rDE value of about 2 was calculated for the energy 
range of an X-ray animal Radiation unit with maximum energy of 200 kV. 

It can be seen that Gastaldo, et al., Corde, et al. and Boudou, et al. have similarly demonstrated 
a lower rDE effect experimentally than the calculated rDE effect. The reason could be a chemical 
reaction with the polymer gel or an inaccurate preparation. 

To our knowledge, we firstly observed this enhancement for iopromide (ULTRAVISTTM) and 
bismuth using a polymer gel.  

 

The explorative measurements on MR-based polymer gel T2-mapping on stents indicated the 
potential to investigate dose distributions even in close distance to metallic implants (1 - 3 mm). 

Future projects for optimization of the high Z therapy could involve measurements modelling 
vessels around a tumor simulated by polymer gels, which indicate the dose deposited there. 
Moreover, using other concentrations of ULTRAVISTTM and bismuth can be explored. 
Furthermore, the dose sensitivity should be investigated for different energies below 200 keV. 
This would be very relevant for the high Z element bismuth. In addition, other contrast agents 
e.g. based on gadolinium and gold particles could be investigated.  
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