
Vol.:(0123456789)

Health and Technology 
https://doi.org/10.1007/s12553-024-00881-4

ORIGINAL PAPER

Organization and operation of multi particle therapy facilities: 
the Marburg Ion‑Beam Therapy Center, Germany (MIT)

Klemens Zink1,2,3   · Kilian Simon Baumann1,2,3 · Ulrike Theiss1,2 · Florentine Subtil2 · Sonja Lahrmann1 · 
Fabian Eberle1,2 · Sebastian Adeberg1,2

Received: 5 February 2024 / Accepted: 23 April 2024 
© The Author(s) 2024

Abstract
Purpose  The Marburg Ion-Beam Therapy Center (MIT) is one of two particle therapy centers in Germany that enables the 
treatment of patients with both protons and carbon ions. The facility was build by Siemens Healthineers and is one of only 
two centers worldwide built by Siemens (Marburg, Germany and Shanghai, China). The present report provides an overview 
of technical and clinical operations as well as research activities at MIT.
Methods  The MIT was completed in 2011 and uses a synchrotron for accelerating protons and carbon ions up to energies 
of 250 MeV/u and 430 MeV/u respectively. Three treatment rooms with a fixed horizontal beam-line and one room with a 
45 degree beam angle are available.
Results  Since the start of clinical operations in 2015, around 2.500 patients have been treated at MIT, about 40% with carbon 
ions and 60% with protons. Currently around 400 patients are treated each year. The majority of the patients suffered from 
benign and malign CNS tumors (around 40%) followed by head and neck tumors (around 23%). MIT is actively involved in 
clinical studies with its patients. In addition to clinical operations, there is active research at MIT in the fields of radiation 
biology and medical physics. The focus is on translational research to improve the treatment of H & N carcinomas and lung 
cancer (NSCLC). Moreover, intensive work is being carried out on the technical implementation of FLASH irradiation for 
research purposes.
Conclusion  The MIT is one of two centers worldwide that were built by Siemens Healtineers and has been successfully in 
clinical operation since 2015. The service provided by Siemens is guaranteed until 2030, the future after 2030 is currently 
under discussion.
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1  Introduction

Charged particle therapy is regarded as cutting-edge technol-
ogy in oncology. Worldwide 125 particle therapy centers are 
in operation and almost 370.000 patients had been treated by 
the end of 2022 [1]. In more than 90% of these centers, only 
protons are available for irradiation; only 14 centers world-
wide also have the option of using carbon ions. Of these 14 
centers, 10 are located in Asia (China, Japan, Taiwan) and 
four in Europe. Of these four centers, two are located in 
Germany, the Heidelberg Ion-Beam Therapy center (HIT) 
located in Heidelberg and the Marburg Ion-Beam Therapy 
center in Marburg. Both centers are synchrotron-based facil-
ities and act independently from each other.

Radiotherapy with heavy ions1 in Germany started 
already in 1997 with the pilot project at GSI2. From 1997 to 
2008, GSI has been operating a radiotherapy unit for can-
cer treatment using carbon ions at its accelerator facility, in 
collaboration with the Department of Radiotherapy at the 
Heidelberg University Medical Center, the German Cancer 
Research Institute (DKFZ) and the Rossendorf Research 
Center near Dresden. During this time about 430 patients 
have been treated mostly suffering from tumors in the base 
of the skull [2–5]. Based on the experience of the pilot pro-
ject, the University Heidelberg and the University Medical 
Center Heidelberg started in 2004 to build the first clini-
cal synchrotron based particle therapy center in Germany, 
the Heidelberg Ion-Beam Therapy Center (HIT). The first 
patient at HIT was treated in 2009.

Around the same time of the GSI pilot project the com-
pany Siemens Healthineers (SHS) decided to develop and 
build synchrotron based particle therapy centers with the 
possibility to treat patients with protons and also carbon ions. 
In a first phase three centers were planned, one in Shang-
hai (China), one at the University Medical Center Marburg 
(UKGM) in Marburg (Germany) and one in Kiel (Germany). 
The centers were built between 2007 and 2012 and each 
center was designed for a capacity of 2.000 patients per year. 
During the commissioning of the facilities, it became clear 
that due to technical limitations, the facilities could only 
irradiate around 700 - 1000 patients per year. This meant 
that the facilities could no longer be operated economically 
and SHS terminated the particle therapy project. Despite 
these general conditions, the centers in Shanghai started 

clinical operation in 2014 and the center in Marburg (MIT) 
in 2015. The facility in Kiel was dismantled. SHS has signed 
maintenance and service contracts for both facilities and has 
undertaken to keep them in operation until 2030.

This review article provides an overview of the clinical 
operation of the facility over the last eight years. In addition, 
current research projects at MIT are discussed.

2 � The Marburg Ion‑Beam Therapy Center

2.1 � Technology at MIT

The synchrotron based accelerator system is able to produce 
protons in the energy range 48 to 221 MeV/u and carbon 
ions in the range 86 to 430 MeV/u. These energies lead to 
penetration depths in the patient of up to around 35 cm. 
The protons and carbon ions are produced in two different 
ion sources and injected into a linear accelerator (linac). 
After passing through the linac, the particles have an energy 
of around 9 MeV/u and are injected into the synchrotron. 
Within the synchrotron there is one cavity where the parti-
cles are accelerated. The final energy of the particles can be 
selected in 290 levels. Once the target energy is reached, the 
particles are extracted and transported into one of the four 
treatment rooms via the high-energy beamline (see Fig. 1). 
The extraction is performed via the radiofrequency slow 
extraction method [6], resulting in spill lengths in the range 
from milliseconds to several seconds.

All treatment rooms are equipped with the raster scanning 
beam delivery system [7], allowing a maximum field size of 
20 x 20 cm2 at the isocenter, which is located 112,6 cm away 
from the nozzle. Three out of four treatment rooms have a 
fixed horizontal beam line, in the fourth room the beam hits 
the patient at 45°. This beam geometry is especially used for 
the treatment of neuro axis, several head and neck carcino-
mas and sarkomas of the extremities. A total of around 40% 
of all patients are treated in this 45°-room.

A C-arm X-ray system is available for positioning patients 
in all treatment rooms, which is attached to a ceiling-
mounted robotic system (Fig. 2). With this system, X-ray 
images can be taken at any angle, typically, orthogonal 
images are taken and bone matching of the images with 
digital reconstructed radiographs from treatment planning 
is performed.

2.2 � Patient treatments

The first patients were treated at the end of 2015. With 
two exceptions, the number of patients per year has risen 
continuously since then (see Fig. 3). In the past year 2023, 
the number of patients irradiated at MIT was 373. A total 
of around 2,500 patients have been treated since the start 

1  According to the ICRU [54], carbon ions do not count as heavy 
ions, but all ionic species up to atomic number Z = 10 count as light 
ions, which is why one should actually speak of light ion therapy. In 
the literature, however, the term heavy ion therapy has become estab-
lished in the case of therapy with carbon ions, which is why the term 
is also used here.
2  GSI Helmholtzzentrum für Schwerionenforschung Darmstadt, Ger-
many
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in 2015. The exceptions, in which patient numbers did not 
increase, were 2018 and 2021. The reason for the decline in 
2021 was the COVID-19 pandemic. The decrease in 2018 
was due to the change of owner/management of MIT that 
took place at that time. From 2015 to 2018, the MIT was 
managed by HIT. In 2019, MIT was re-transferred to the 
University Medical Center Marburg (UKGM).

Figure 4 shows the tumor entities treated at MIT and their 
percentage distribution. As can be seen, the largest group 
with about 40% are patients with tumors in the central nerv-
ous system. The second largest group are patients with head 
and neck tumors. About 7% of all patients at MIT are pedi-
atric tumor patients; the vast majority of them are irradiated 

under general anesthesia. The ratio of protons to carbon 
treatment is around 60:40 and the proportion of primary 
therapies to the total number of treatments is around 65%.

For treatment planning the system Syngo PT (Siemens 
Healtineers) is used. The system uses a pencil beam algo-
rithm for dose calculation, the relative biological effective-
ness (RBE) for carbon ions is calculated with the local effect 
model [8, 9] in the version LEM I. The reason for using 
LEM I is to remain comparable to clinical practice at HIT. 
Generally, �∕�−ratios of 2 Gy are applied in LEM for both 
tumor and healthy tissues. Exceptions are Pancoast ( �∕� = 
10 Gy) and Pancreatic tumors ( �∕� = 5 Gy). In case of pro-
tons a constant RBE value of 1.1 is applied.

Fig. 1   Layout of the Marburg 
Ion-Beam Therapy Center 
(MIT). The facility has two ion 
sources (protons and carbon 
ions), a linear accelerator for 
pre-acceleration of protons and 
carbon ions before injection into 
the synchrotron. The facility is 
equipped with four treatment 
rooms, three rooms have a fixed 
horizontal beam line, in the 
fourth room the beam hits the 
patient at 45°. The synchrotron 
has a diameter of about 24 m, 
the dimensions of the whole 
building are about 110 x 66 m 2

Fig. 2   Treatment room at MIT 
with fixed horizontal beam line. 
Both the patient table and the 
X-ray imager are robot-based. 
In total, the MIT has three 
identical treatment rooms with 
horizontal beam line and one 
room where the beam hits the 
patient at 45° (Fig. 1)
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Patients are currently irradiated in one shift (8 hours), 5 
days a week. The number of daily patient treatments is about 
35 - 40. The team of about 10 medical physicists works in 
two shifts. Prior to patient operation, they carry out daily QA 
procedures in all radiation rooms (safety checks, dosimetry, 
etc.) and release the rooms for patient operation. All treat-
ment plans are verified by means of measurements before 
the first patient treatment. The measurements are performed 
in a water phantom which includes a set of 24 small-volume 
ion chambers which are fixed in a holder. The holder can 
be moved in all three directions within the phantom. Dur-
ing verification, the holder is positioned so that most of the 

chambers are in the high-dose region of the planned dose 
distribution. For the plan to be used clinically, the mean value 
of all dose deviations between measurement and treatment 
plan in the high dose range must not be greater than 5%

The accelerator team consists of around 15 people who 
operate and monitor the accelerator in 3 shifts, 7 days a 
week. Maintenance and repair to the accelerator are carried 
out independently by this team. The machine up-time during 
the last years was higher than 95%.

3 � Research at MIT

In addition to clinical research, MIT conducts research in the 
fields of radiation biology and medical physics. Moreover, 
MIT supports external groups in their experiments at MIT. 
The state of Hesse provides funding for beam time at MIT 
for Hessian research groups to carry out physics and radio-
biology experiments. Since 2018, more than 20 scientific 
projects have been successfully implemented at MIT as part 
of this funding.

3.1 � Clinical research

The focus of clinical research at MIT is the treatment of 
primary and relapsed CNS tumors, especially glioblasto-
mas [10, 11], but also on the treatment of head and neck 
squamous cell carcinoma (HNSCC), especially in critical 
areas like the nasal areas or ears [12]. MIT is involved in six 
clinical studies:

•	 GliProPh: Randomized phase III trial comparing proton 
vs. photon radiotherapy for patients with WHO grade 
II-III gliomas;

•	 SIOP EPENDYMOMA 2: Randomized therapy optimi-
zation registry study for the treatment of children, ado-
lescents and young adults with ependymoma [13];

Fig. 3   Number of patients treated at MIT. a patient number per year. b cumulative number of patients

Fig. 4   Treated tumor entities and their percentage share of the total 
collective of all MIT patients. Abbreviations: H & N: head & neck 
tumors, CNS: central nervous system
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•	 GIRO: Randomized phase III trial comparing carbon ion 
vs. photon radiotherapy for patients with recurrent glio-
blastoma (Fig. 5);

•	 GRIPS: Randomized phase II trial comparing proton vs. 
photon radiotherapy for patients with glioblastoma;

•	 PAROS: Randomized phase III trial - Prostate cancer irra-
diation with alternative radioncological approaches [14]

•	 INSPIRE: Prospective, organ-specific registry study

3.2 � Radiation biology

Radiotherapy is an essential part of multidisciplinary treatment 
of head and neck squamous cell carcinoma (HNSCC). Whereas 
HPV-positive HNSCC benefit from the conventional treatment 
options, for individuals with HPV-negative HNSCC recurrence 
is a common event, despite intense therapeutic approaches. 
Irradiation with carbon ions is a relevant alternative treatment 
option. Due to its increased relative biological effectiveness 
(RBE) an increase in cell killing can be achieved and the  
high spatial accuracy in energy deposition allows for reduced 
toxicities in normal tissues. Preclinical studies demonstrate 
an improved cell killing for HPV-positive and HPV-negative 
HNSCC cells (Fig. 6a) [15]. However, the RBE for HPV- 
positive cells is lower with 2.2 compared to HPV-negative cells 
with 2.8 (Fig. 6b, c). One possible explanation for this result 
could be that the higher RBE of the HPV-negative cell lines is a 
result of resistance of this cell lines against photons and the fact 
that both cell lines show similar radio-sensitivity against carbon 
ions. Thus, biological differences are only of minor importance 

for the response to carbon ions and therefore lower tumor dose 
leading also to lower doses in the adjacent normal tissue are 
sufficient when using carbon ions. These results have to be 
considered when clinical protocols are established.

Currently carbon ion irradiation is used for head and 
neck tumors located in critical areas (f.i. nasal cavity, ear) 
[12] or in second-line treatment [16–18] with good clinical 
results that argue for a broader clinical practice. Moreover, 
the multifaceted mechanisms of therapy resistance, exhibited 
by HNSCC tumors, such as inflammatory and immune-mod-
ulating cytokine and chemokine signaling or overstimulation 
of the PI3K/AKT/TOR signaling pathway are alleviated for 
carbon ion irradiation [19, 20]. In this context, [15] is a valu-
able source to plan further clinical studies.

Non-small-cell lung carcinoma (NSCLC) is another 
tumor entity that can strongly benefit from carbon ion irra-
diation. With a very poor prognosis, it is the most common 
cause of cancer death in Germany. Therapy resistance is 
high in NSCLC, and the current therapies fail for most indi-
viduals. Photon irradiation triggers HIF-1 and AKT/mTOR 
signaling pathways in this tumor. Moreover, the induction of 
VEGF can trigger angiogenesis and metastasis. In vitro and 
in vivo studies of NSCLC treated with carbon ion irradia-
tion show a clear advantage for this radiation quality, as it 
does not enhance any of these pathways that cause treatment 
resistance [21–23]. Clinical data supports these encourag-
ing results from experimental studies. Observational stud-
ies show that the 5-year overall survival can be increased 
from 20% for photon, to 40% for proton and up to 42% for 

Fig. 5   Study protocol for the multicentric, prospective randomised phase III clinical trial GIRO for the treatment of recurrent glioblastoma. The 
recruitment started in 2021
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carbon ion treatment [24]. Other clinical studies present even 
more impressive numbers with 58.7% - 70% overall survival, 
but observation times are lower with only 2 years [25, 26]. 
Moreover, normal tissue toxicities were decreased.

To gather more clinical evidence, a corresponding study 
is currently executed at MIT (PARTITUR). A network of 
experts in the field of Medical Physics, Radiobiology and 
Lung Cancer research is interacting to optimize the particle 
irradiation techniques for the treatment of lung cancer.

3.3 � Medical physics

The raster scan method allows high-precision irradiation of 
tumors with protons or heavy ions. However, if the tumor 
moves, e.g. due to the patient’s breathing, interplay effects 
result in inhomogeneous dose distributions in the tumor and 
the surrounding healthy tissue, which are typically not tolerable. 
In order to minimize these undesirable dose inhomogeneities, 

various methods such as gating [27], re-scanning [28] and 
4D-planning and treatment methods [29–31] have been devel-
oped. The disadvantage of these methods, however, is the asso-
ciated increase in irradiation times for the patient.

To speed-up delivery time, the 3D range modulator was 
developed at MIT together with GSI. It is a passive compo-
nent that is introduced into the beam. The locally varying 
energy modulation of a monoenergetic particle beam as it 
passes through the modulator enables the production of an 
extended spread-out Bragg peak (SOBP) at each individual 
point within the treatment field, whereby the width and posi-
tion of the SOBP at each point of the treatment field can 
be adapted to the requirements of the target volume. That 
means that even complex target volumes can be irradiated 
with a conformal dose distribution using a single monoener-
getic particle radiation field. As a result, the irradiation time 
can be reduced to a few seconds or even milliseconds, thus 
preventing respiratory-related tumor movements by breath 

Fig. 6   DNA damage and survival of HPV negative (neg.) and posi-
tive (pos.) cells after X-ray and carbon ion irradiation. Experiments 
were performed with five HPV negative (FaDu, UM-SCC-3, UM-
SCC-6, UM-SCC-11b, UT-SCC-33) and five HPV positive (UD-
SCC-2, UM-SCC-47, UM-SCC-104, 93VU147T, UPCI:SCC-154) 
HNSCC cell lines [15]. A Survival was detected via clonogenic assay 
for one HPV pos. and one HPV neg. HNSCC cell line. Cells were 

irradiated with various doses of X-ray or carbon ion irradiation and 
the relative biological effect (RBE) was calculated at 10% cell sur-
vival. B Double strand breaks were detected 24 h after irradiation via 
co-staining of �H2AX/53BP1. C Double strand breaks were meas-
ured for five HPV pos. and five HPV neg. HNSCC cell lines after 
irradiation with 2 Gy X-rays or 1 Gy carbon ions. Significance level 
p < 0.05, n.s. not significant
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holding. The procedure is show in Fig. 7. Further details can 
be found in [32–34].

3D-range modulators are also of great importance for so-
called FLASH treatments, where the patient is treated with 
very high dose rates ( D > 40 Gy/s). Both radio-biological 
and animal experiments show that with FLASH irradiation 
the radiation effect on the tumor is comparable to the effect 
with conventional dose rates ( D ≈ 0.1 Gy/s), but the effect 
on normal tissue is significantly reduced [35–38]. For many 
years oxygen depletion had been discussed as a possible 
mechanism for reduction of the healthy tissue damage after 
exposure to ultra-high dose rates. However, the mechanism 
underlying the FLASH effect remains to be elucidated.

In order to perform experiments with ultra-high dose rates 
at MIT with both protons and carbon ions, a fixed parametri-
zation of the beam extraction system installed in the syn-
chrotron has been implemented to extract as many particles 
as possible in a fixed time. This extraction time has been set 
to 150 ms for carbon ions and 100 ms for protons for optimal 
extraction efficiency. For carbon ions, up to 8.3 108 particles 
can be extracted resulting in a dose rate of 230 Gy/s at the 
entrance channel region when a spot of 8.6 mm in width is 

being applied. For protons, up to 1.8 1010 particles can be 
extracted resulting at a dose rate of 275 Gy/s. Using these 
setting, experiments have been performed to investigate the 
change in the production of reactive oxygen species, such 
as hydrogen peroxide (H

2
O

2
 ), under FLASH conditions 

compared to conventional dose rates. It has been shown that 
ultra-high dose rates lead to a reduced production of (H

2
O

2
 ) 

[39]. Interestingly and in contrast to the experimental inves-
tigation of the production of (H

2
O

2
 ), Monte Carlo simula-

tions performed at our working group show an increase of 
(H

2
O

2
 ) under FLASH irradiation [40–42]. This discrepancy 

is subject of the ongoing research at our working group.
Last but not least the medical physics group at MIT is work-

ing on improving the dosimetry of protons and carbon ions. 
Recently, the IAEA TRS-398 Code of Practice (CoP) [43] 
was updated. For this update, the Monte Carlo codes FLUKA 
[44–46] and Geant4 [47] have been used in our working group to 
derive beam quality correction factors k

Q
 for various cylindrical 

and plane-parallel air-filled ionization chambers in clinical pro-
ton beams [48–53]. These results have been incorporated in the 
update of k

Q
 factors of the new TRS-398 CoP and have helped 

to reduce the uncertainty of tabulated k
Q
 factors down to 1.4%.

Fig. 7   3D range modulator for fast patient treatments in particle 
therapy. When a monoenergetic ion beam passes through the range 
modulator, which consists of a large number of fine pins (base area 
typically 3 x 3 mm2 ), there are locally different energy losses of the 
ions, resulting in the formation of differently extended Bragg peaks 
(SOBP’s) with different maximum penetration depths in the tissue. 
By optimizing the geometry of the modulator to the shape of the 

tumor, a homogeneous dose coverage in the planned target volume 
is achieved. a CT of the patient with tumor; b virtual 3D model of 
the 3D range modulator; c printed 3D range modulator; d measured 
dose distribution behind the range modulator in a water phantom. The 
modulator was scanned once with monoenergetic protons with an 
energy of 150 MeV/u [34]
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4 � Discussion and conclusion

The synchroton-based facility MIT is one of two particle 
therapy centers in Germany that enables the treatment of 
patients with both protons and carbon ions. Since the start 
of clinical operations in 2015, around 2.500 patients have 
been treated. With around 400 patients currently being 
treated each year, the facility’s capacity is around 70-75%. 
The task in the coming years will be to increase the number 
of patients to around 500 in order to justify the high level of 
investment required during the next years.

Around 15 years have passed since the original planning 
of the facility in Marburg and during this time there has 
been rapid development in the field of conventional pho-
ton radiotherapy. This affects areas of treatment planning 
(4D-planning, robust planning, AI-based contouring, etc) 
but also imaging (3D/4D imaging in the treatment room) and 
systems to support patient positioning (surface guidance). 
These innovations have also to be established in particle 
therapy at MIT. In concrete terms, this means that in the 
near future the current Syngo PT treatment planning sys-
tem (TPS) has to be replaced by a modern TPS including 
the options for Monte Carlo-based dose calculation, robust 
planning, different models for RBE calculations (LEM and 
microdosimetric kinetic model (MKM)) etc. Inside the 
treatment rooms, CT’s has to be installed for 3D imaging 
to improve the accuracy of patient positioning especially 
in cases of necessary soft tissue matching and also to start 
whith adaptive treatment workflows.

In addition to the clinical applications of particle therapy, 
research activities at MIT will also be further expanded in the 
future. In the area of clinical research, the aim is to participate 
in further clinical studies and establish new study protocols.

The acquisition of extensive research funding (PAR-
TITUR, see Acknowledgements) will enable the focus on 
"Non small cell lung cancer (NSCLC) and particle therapy" 
to be expanded at MIT over the next years. Radiobiology 
will focus on the questions of increased inactivation of 
tumor cells by means of carbon ion therapy. This requires a 
detailed characterization of damage generation after carbon 
ion irradiation as well as a comprehensive analysis of the 
repair processes involved. Based on this, the possibilities 
of targeted radiation sensitization after carbon treatments 
will be investigated, with a particular focus on the inhibi-
tion of certain signalling pathways within the tumour cell. 
In addition, in order to achieve a further enhancement of the 
radiation effect in the NSCLC cells, the prerequisites for 
an optimal combination of carbon treatment with targeted 
immunotherapy will also be investigated.

In the field of medical physics, the biophysical model 
(LEM) essential for the clinical use of carbon ions for the 
prediction of RBE are to be further developed and relevant 

basic data are to be compiled and validated with the help of 
radio-biological data. These investigations are supported by 
Monte Carlo simulations on micro- and nanometer scales. 
In addition, important technological as well as physical and 
dosimetric prerequisites for the irradiation of moving lung 
tumors with carbon ions are to be created. The focus here 
is on the further development of the 3D range modulator 
(Fig. 7) in order to shorten irradiation times to the range of 
seconds and thus eliminate the problem of tumor movement 
during irradiation.

The company Siemens Healthineers will continue to 
look after the two particle therapy centers it has built in 
Shanghai and Marburg until 2030. The future of MIT after 
this date is currently under discussion. As the whole facil-
ity including the accelerator is a medical device according 
to the EU Medical Device Directive (MDD), the continued 
operation must be carried out in accordance with the MDD 
rules. There are several options doing this, one option could 
be to operate the facility as a so-called In-house production 
in accordance with MDD. What this means in detail is cur-
rently being examined.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This project has received funding from the European’s Hori-
zon 2020 research and innovation program under GA No 101008548. 
Moreover the project was supported by the Federal Ministry of Edu-
cation and Research within the scope of the grantBiological and 
physical optimization of particle beams: radiation protection for the 
patient(PARTITUR, grant number 02NUK076).

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  All authors have consented to publication.

Conflicts of interest  There are no conflicts of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 PTCOG. Particle therapy co-operative group (ptcog). 2024. 
https://​ptcog.​site/.

http://creativecommons.org/licenses/by/4.0/
https://ptcog.site/


Health and Technology	

	 2.	 Jäkel O, Kraft G, Karger CP. The history of ion beam therapy in 
Germany. Zeitschrift für Medizinische Physik. 2022;32(1):6–22. 
https://​doi.​org/​10.​1016/j.​zemedi.​2021.​11.​003.

	 3.	 Kraft G. Radiotherapy with heavy ions: Radiobiology, Clini-
cal Indications and Experience at GSI Darmstadt. Tumori J. 
1998;84(2):200–4. https://​doi.​org/​10.​1177/​03008​91698​08400​217.

	 4.	 Kraft G. Tumor therapy with heavy charged particles. Prog Part 
Nucl Phys. 2000;45:S473–544. https://​doi.​org/​10.​1016/​s0146-​
6410(00)​00112-5.

	 5.	 Schardt D, Elsässer T, Schulz-Ertner D. Heavy-ion tumor 
therapy: Physical and radiobiological benefits. Rev Mod Phys. 
2010;82(1):383–425. https://​doi.​org/​10.​1103/​revmo​dphys.​82.​383.

	 6.	 Krantz C, Cee R, Faber F, et al. Slow extraction techniques at 
the marburg ion-beam therapy centre. Proceedings of the 9th Int 
Particle Accelerator Conf IPAC2018:Canada. 2018. https://​doi.​
org/​10.​18429/​JACOW-​IPAC2​018-​TUPAL​036.

	 7.	 Haberer T, Becher W, Schardt D, et al. Magnetic scanning system 
for heavy ion therapy. Nuclear Instruments and Methods in Phys-
ics Research Section A: Accelerators, Spectrometers, Detectors 
and Associated Equipment. 1993;330(1–2):296–305. https://​doi.​
org/​10.​1016/​0168-​9002(93)​91335-k.

	 8.	 Elsässer T, Krämer M, Scholz M. Accuracy of the local effect 
model for the prediction of biologic effects of carbon ion beams 
in vitro and in vivo. Int J Rad Oncol Biol Phys. 2008;71(3):866–
72. https://​doi.​org/​10.​1016/j.​ijrobp.​2008.​02.​037.

	 9.	 Scholz M, Kellerer AM, Kraft-Weyrather W, et al. Computation 
of cell survival in heavy ion beams for therapy. the model and its 
approximation. Rad Environ Biophys. 1997;36:59–66. https://​doi.​
org/​10.​1007/​s0041​10050​055.

	10.	 Eberle F, Lautenschläger S, Engenhart-Cabillic R, et al. Carbon 
Ion Beam Reirradiation in Recurrent High-Grade Glioma. Cancer 
Manag Res. 2020;12:633–9. https://​doi.​org/​10.​2147/​cmar.​s2178​24.

	11.	 Lautenschlaeger FS, Dumke R, Schymalla M, et al. Comparison 
of carbon ion and photon reirradiation for recurrent glioblastoma. 
Strahlentherapie und Onkologie. 2021;198(5):427–35. https://​doi.​
org/​10.​1007/​s00066-​021-​01844-8.

	12.	 Eberle F, Engenhart-Cabillic R, Schymalla MM, et al. Carbon ion 
beam boost irradiation in malignant tumors of the nasal vestibule 
and the anterior nasal cavity as an organ-preserving therapy. Front 
Oncol. 2022;12. https://​doi.​org/​10.​3389/​fonc.​2022.​814082.

	13.	 Obrecht D, Mynarek M, Stickan-Verfürth M, et al. Kinder und 
Jugendliche mit intrakraniellem Ependymom - Empfehlungen 
der HIT-MED-Studiengruppe der GPOH zur Erstlinientherapie. 
Klinische Pädiatrie. 2023;235(03):167–77. https://​doi.​org/​10.​
1055/a-​2070-​7572.

	14.	 Koerber SA, Katayama S, Sander A, et al. Prostate bed irradia-
tion with alternative radio-oncological approaches (paros) - a pro-
spective, multicenter and randomized phase iii trial. Rad Oncol. 
2019;14(1). https://​doi.​org/​10.​1186/​s13014-​019-​1325-x.

	15.	 Lerch S, Berthold S, Ziemann F, et al. Hpv-positive HNSCC cell 
lines show strongly enhanced radiosensitivity after photon but not 
after carbon ion irradiation. Rad Oncol. 2020;151:134–40. https://​
doi.​org/​10.​1016/j.​radonc.​2020.​07.​032.

	16.	 Held T, Windisch P, Akbaba S, et al. Carbon ion reirradiation for 
recurrent head and neck cancer: A single-institutional experience. 
Int J Rad Oncol Biol Phys. 2019;105(4):803–11. https://​doi.​org/​
10.​1016/j.​ijrobp.​2019.​07.​021.

	17.	 Held T, Lang K, Regnery S, et al. Carbon ion reirradiation com-
pared to intensity-modulated re-radiotherapy for recurrent head 
and neck cancer (care): a randomized controlled trial. Rad Oncol. 
2020;15(1). https://​doi.​org/​10.​1186/​s13014-​020-​01625-0.

	18.	 Takahashi D, Demizu Y, Koto M, et al. Multicenter study of re-
irradiation using carbon-ions for head and neck malignancies after 
photon radiotherapy. Cancer Med. 2022;11(19):3593–601. https://​
doi.​org/​10.​1002/​cam4.​4741.

	19.	 Ding L, Sishc BJ, Polsdofer E, et al. Evaluation of the response of 
hnscc cell lines to gamma-rays and 12c ions: Can radioresistant 
tumors be identified and selected for 12C ion radiotherapy? Front 
Oncol. 2022;12. https://​doi.​org/​10.​3389/​fonc.​2022.​812961.

	20.	 Tiwari DK, Hannen R, Unger K, et al. Il1 pathway in HPV-nega-
tive HNSCC cells is an indicator of radioresistance after photon 
and carbon ion irradiation without functional involvement. Front 
Oncol. 2022;12. https://​doi.​org/​10.​3389/​fonc.​2022.​878675.

	21.	 Kamlah F, Hänze J, Arenz A, et al. Comparison of the effects of 
carbon ion and photon irradiation on the angiogenic response in 
human lung adenocarcinoma cells. Int J Rad Oncol Biol Phys. 
2011;80(5):1541–9. https://​doi.​org/​10.​1016/j.​ijrobp.​2011.​03.​033.

	22.	 Sato K, Nitta N, Aoki I, et al. Repeated photon and C-ion irra-
diations in vivo have different impact on alteration of tumor 
characteristics. Sci Rep. 2018;8(1). https://​doi.​org/​10.​1038/​
s41598-​018-​19422-x.

	23.	 Subtil FSB, Wilhelm J, Bill V, et al. Carbon ion radiotherapy 
of human lung cancer attenuates HIF-1 signaling and acts 
with considerably enhanced therapeutic efficiency. FASEB J. 
2013;28(3):1412–21. https://​doi.​org/​10.​1096/​fj.​13-​242230.

	24.	 Grutters JP, Kessels AG, Pijls-Johannesma M, et al. Compari-
son of the effectiveness of radiotherapy with photons, protons 
and carbon-ions for non-small cell lung cancer: A meta-analysis. 
Radiot Oncol. 2010;95(1):32–40. https://​doi.​org/​10.​1016/j.​radonc.​
2009.​08.​003.

	25.	 Hayashi K, Yamamoto N, Karube M, et  al. Feasibility of 
carbon-ion radiotherapy for re-irradiation of locoregionally 
recurrent, metastatic, or secondary lung tumors. Cancer Sci. 
2018;109(5):1562–9. https://​doi.​org/​10.​1111/​cas.​13555.

	26.	 Shirai K, Kawashima M, Ji Saitoh, et al. Clinical outcomes using 
carbon-ion radiotherapy and dose-volume histogram comparison 
between carbon-ion radiotherapy and photon therapy for t2b–
4n0m0 non-small cell lung cancer-a pilot study. PLOS ONE. 
2017;12(4): e0175589. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01755​89.

	27.	 Bert C, Gemmel A, Saito N, et al. Gated irradiation with scanned 
particle beams. Int J Rad Oncol Biol Phys. 2009;73(4):1270–5. 
https://​doi.​org/​10.​1016/j.​ijrobp.​2008.​11.​014.

	28.	 Bert C, Durante M. Motion in radiotherapy: particle therapy. Phys 
Med Biol. 2011;56(16):R113–44. https://​doi.​org/​10.​1088/​0031-​
9155/​56/​16/​r01.

	29.	 Bert C, Rietzel E. 4D treatment planning for scanned ion beams. 
Rad Oncol. 2007;2(1). https://​doi.​org/​10.​1186/​1748-​717x-2-​24.

	30.	 Graeff C, Durante M, Bert C. Motion mitigation in intensity 
modulated particle therapy by internal target volumes covering 
range changes. Med Phys. 2012;39(10):6004–13. https://​doi.​org/​
10.​1118/1.​47499​64.

	31.	 Graeff C, Lüchtenborg R, Eley JG, et al. A 4D-optimization 
concept for scanned ion beam therapy. Radiot Oncol. 
2013;109(3):419–24. https://​doi.​org/​10.​1016/j.​radonc.​2013.​
09.​018.

	32.	 Simeonov Y, Weber U, Penchev P, et al. 3D range-modulator for 
scanned particle therapy: development, Monte Carlo simulations 
and experimental evaluation. Phys Med Biol. 2017;62(17):7075–
96. https://​doi.​org/​10.​1088/​1361-​6560/​aa81f4.

	33.	 Simeonov Y, Weber U, Schuy C, et al. Monte Carlo simulations 
and dose measurements of 2D range-modulators for scanned parti-
cle therapy. Zeitschrift für Medizinische Physik. 2021;31(2):203–
14. https://​doi.​org/​10.​1016/j.​zemedi.​2020.​06.​008.

	34.	 Simeonov Y, Weber U, Schuy C, et al. Development, Monte Carlo 
simulations and experimental evaluation of a 3D range-modulator 
for a complex target in scanned proton therapy. Biomed Phys Eng 
Express. 2022;8(3):035006. https://​doi.​org/​10.​1088/​2057-​1976/​
ac5937.

https://doi.org/10.1016/j.zemedi.2021.11.003
https://doi.org/10.1177/030089169808400217
https://doi.org/10.1016/s0146-6410(00)00112-5
https://doi.org/10.1016/s0146-6410(00)00112-5
https://doi.org/10.1103/revmodphys.82.383
https://doi.org/10.18429/JACOW-IPAC2018-TUPAL036
https://doi.org/10.18429/JACOW-IPAC2018-TUPAL036
https://doi.org/10.1016/0168-9002(93)91335-k
https://doi.org/10.1016/0168-9002(93)91335-k
https://doi.org/10.1016/j.ijrobp.2008.02.037
https://doi.org/10.1007/s004110050055
https://doi.org/10.1007/s004110050055
https://doi.org/10.2147/cmar.s217824
https://doi.org/10.1007/s00066-021-01844-8
https://doi.org/10.1007/s00066-021-01844-8
https://doi.org/10.3389/fonc.2022.814082
https://doi.org/10.1055/a-2070-7572
https://doi.org/10.1055/a-2070-7572
https://doi.org/10.1186/s13014-019-1325-x
https://doi.org/10.1016/j.radonc.2020.07.032
https://doi.org/10.1016/j.radonc.2020.07.032
https://doi.org/10.1016/j.ijrobp.2019.07.021
https://doi.org/10.1016/j.ijrobp.2019.07.021
https://doi.org/10.1186/s13014-020-01625-0
https://doi.org/10.1002/cam4.4741
https://doi.org/10.1002/cam4.4741
https://doi.org/10.3389/fonc.2022.812961
https://doi.org/10.3389/fonc.2022.878675
https://doi.org/10.1016/j.ijrobp.2011.03.033
https://doi.org/10.1038/s41598-018-19422-x
https://doi.org/10.1038/s41598-018-19422-x
https://doi.org/10.1096/fj.13-242230
https://doi.org/10.1016/j.radonc.2009.08.003
https://doi.org/10.1016/j.radonc.2009.08.003
https://doi.org/10.1111/cas.13555
https://doi.org/10.1371/journal.pone.0175589
https://doi.org/10.1371/journal.pone.0175589
https://doi.org/10.1016/j.ijrobp.2008.11.014
https://doi.org/10.1088/0031-9155/56/16/r01
https://doi.org/10.1088/0031-9155/56/16/r01
https://doi.org/10.1186/1748-717x-2-24
https://doi.org/10.1118/1.4749964
https://doi.org/10.1118/1.4749964
https://doi.org/10.1016/j.radonc.2013.09.018
https://doi.org/10.1016/j.radonc.2013.09.018
https://doi.org/10.1088/1361-6560/aa81f4
https://doi.org/10.1016/j.zemedi.2020.06.008
https://doi.org/10.1088/2057-1976/ac5937
https://doi.org/10.1088/2057-1976/ac5937


	 Health and Technology

	35.	 Durante M, Brauer-Krisch E, Hill M (2017) Faster and safer? 
FLASH ultra-high dose rate in radiotherapy. Brit J Radiol. p 
20170628. https://​doi.​org/​10.​1259/​bjr.​20170​628.

	36.	 Vozenin MC, Hendry J, Limoli C. Biological benefits of ultra-
high dose rate flash radiotherapy: Sleeping beauty awoken. Clin 
Oncol. 2019;31(7):407–15. https://​doi.​org/​10.​1016/j.​clon.​2019.​
04.​001.

	37.	 Vozenin MC, Bourhis J, Durante M. Towards clinical transla-
tion of flash radiotherapy. Nat Rev Clin Oncol. 2022;19:791–803. 
https://​doi.​org/​10.​1038/​s41571-​022-​00697-z.

	38.	 Weber UA, Scifoni E, Durante M. Flash radiotherapy with car-
bon ion beams. Med Phys. 2021;49(3):1974–92. https://​doi.​org/​
10.​1002/​mp.​15135.

	39.	 Zhang T, Stengl C, Derksen L, et al. Comparative analysis of 
hydrogen peroxide production: Flash versus conventional dose-
rate irradiation and mechanistic insights. submitted to Medical 
Physics. 2024.

	40.	 Derksen L, Pfuhl T, Engenhart-Cabillic R, et al. Investigating the 
feasibility of TOPAS-nBio for Monte Carlo track structure simula-
tions by adapting Geant4-DNA examples application. Phys Med Biol. 
2021;66(17):175023. https://​doi.​org/​10.​1088/​1361-​6560/​ac1d21.

	41.	 Derksen L, Flatten V, Engenhart-Cabillic R, et al. A method to 
implement inter-track interactions in Monte Carlo simulations 
with TOPAS-nBio and their influence on simulated radical yields 
following water radiolysis. Phys Med Biol. 2023;68(13):135017. 
https://​doi.​org/​10.​1088/​1361-​6560/​acdc7d.

	42.	 Derksen L, Adeberg S, Zink K, et al. Comparison of two methods 
simulating inter-track interactions using the radiobiological Monte 
Carlo toolkit TOPAS-nBio. Phys Med Biol. 2024;69(3):03NT01. 
https://​doi.​org/​10.​1088/​1361-​6560/​ad1cf4.

	43.	 Andreo P. Absorbed Dose Determination in External Beam Radio-
therapy. International Atomic Energy Agency. 2024. https://​doi.​
org/​10.​61092/​iaea.​ve7q-​y94k.

	44.	 Gt Battistoni. Overview of the FLUKA code. Ann Nucl Energy. 
2015;82:10–8.

	45.	 Böhlen TT, Cerutti F, Chin MPW, et al. The FLUKA Code: Devel-
opments and Challenges for High Energy and Medical Applica-
tions. Nucl Data Sheets. 2014;120:221–214.

	46.	 Ferrari A, Sala PR, Fasso A, et al. FLUKA: a multi-particle trans-
port code. Tech Rep. 2005.

	47.	 Agostinelli S, et al. Geant4 - a simulation toolkit. Nucl Instrum 
Methods Phys Res A. 2003;506:250–303. https://​doi.​org/​10.​1016/​
S0168-​9002(03)​01368-8.

	48.	 Baumann KS, Horst F, Zink K, et al. Comparison of PENH, 
FLUKA, and GEANT4/TOPAS for absorbed dose calculations in 
air cavities representing ionization chambers in high-energy pho-
ton and proton beams. Med Phys. 2019;46(10):4639–53. https://​
doi.​org/​10.​1002/​mp.​13737.

	49.	 Baumann KS, Kaupa S, Bach C, et al. Monte Carlo calculation of 
beam quality correction factors in proton beams using TOPAS/
GEANT4. Physics in Medicine & Biology. 2020;65(5):055015. 
https://​doi.​org/​10.​1088/​1361-​6560/​ab6e53.

	50.	 Baumann KS, Derksen L, Witt M, et al. Monte Carlo calculation 
of beam quality correction factors in proton beams using FLUKA. 
Phys Med Biol. 2021;66(17):17NT01. https://​doi.​org/​10.​1088/​
1361-​6560/​ac1c4b.

	51.	 Baumann KS, Kaupa S, Bach C, et al. Monte Carlo calculation 
of perturbation correction factors for air-filled ionization cham-
bers in clinical proton beams using TOPAS/GEANT4. Zeitschrift 
für Medizinische Physik. 2021;31(2):175–91. https://​doi.​org/​10.​
1016/j.​zemedi.​2020.​08.​004.

	52.	 Baumann KS, Gomà C, Wulff J, et  al. Monte Carlo calcu-
lated ionization chamber correction factors in clinical proton 
beams - deriving uncertainties from published data. Phys Med. 
2023;113:102655. https://​doi.​org/​10.​1016/j.​ejmp.​2023.​102655.

	53.	 Wulff J, Baumann KS, Verbeek N, et al. TOPAS/GEANT4 con-
figuration for ionization chamber calculations in proton beams. 
Phys Med Biol. 2018;63(11):115013. https://​doi.​org/​10.​1088/​
1361-​6560/​aac30e.

	54.	 ICRU. Report 93: Prescribing, recording and reporting light ion 
beam therapy. J ICRU. 2016;16.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1259/bjr.20170628
https://doi.org/10.1016/j.clon.2019.04.001
https://doi.org/10.1016/j.clon.2019.04.001
https://doi.org/10.1038/s41571-022-00697-z
https://doi.org/10.1002/mp.15135
https://doi.org/10.1002/mp.15135
https://doi.org/10.1088/1361-6560/ac1d21
https://doi.org/10.1088/1361-6560/acdc7d
https://doi.org/10.1088/1361-6560/ad1cf4
https://doi.org/10.61092/iaea.ve7q-y94k
https://doi.org/10.61092/iaea.ve7q-y94k
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1002/mp.13737
https://doi.org/10.1002/mp.13737
https://doi.org/10.1088/1361-6560/ab6e53
https://doi.org/10.1088/1361-6560/ac1c4b
https://doi.org/10.1088/1361-6560/ac1c4b
https://doi.org/10.1016/j.zemedi.2020.08.004
https://doi.org/10.1016/j.zemedi.2020.08.004
https://doi.org/10.1016/j.ejmp.2023.102655
https://doi.org/10.1088/1361-6560/aac30e
https://doi.org/10.1088/1361-6560/aac30e

	Organization and operation of multi particle therapy facilities: the Marburg Ion-Beam Therapy Center, Germany (MIT)
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 The Marburg Ion-Beam Therapy Center
	2.1 Technology at MIT
	2.2 Patient treatments

	3 Research at MIT
	3.1 Clinical research
	3.2 Radiation biology
	3.3 Medical physics

	4 Discussion and conclusion
	References


