
 Medical and Radiobiological Applications at the Research Reactor 
TRIGA Mainz  

   
GABRIELE HAMPEL1, CATRIN GRUNEWALD1, JENS-VOLKER KRATZ1, TOBIAS 

SCHMITZ1, CHRISTIAN SCHÜTZ1,  STEPHAN WERNER1 ,  
 KLAAS APPELMAN2, RAYMOND MOSS2, MATTHIAS BLAICKNER3,  THOMAS 

NAWROTH4, GERD OTTO5 and HEINZ SCHMIDBERGER6,   
 

1Institute for Nuclear Chemistry, University of Mainz, Fritz-Strassmann-Weg 2, D-55099 Mainz, Germany 
2Institute for Energy, Joint Research Centre, The Netherlands 

3Molecular Medicine, Health & Environment Department, AIT Austrian Institute of Technology GmbH 
4Department of Pharmacy and Toxicology, University of Mainz, Staudingerweg 5, D-55099 Mainz, Germany 
5Department of Hepatobiliary, Pancreatic and Transplantation Surgery, University of Mainz, Langenbeckstr. 

1, D-55131 Mainz, Germany 
6Department of Radiooncology, University of Mainz, Langenbeckstr. 1, D-55131 Mainz, Germany 

 
 

ABSTRACT 
At the University of Mainz, Germany, a boron neutron capture therapy (BNCT) project has 
been started with the aim to expand and advance the research on the basis of the 
TAOrMINA protocol for the BNCT treatment of liver metastases of colorectal cancer. 
Irradiations take place at the TRIGA Mark II reactor. Biological and clinical research and 
surgery take place at the University and its hospital of Mainz. Both are situated in close 
vicinity to each other, which is an ideal situation for BNCT treatment, as similarly performed 
in Pavia, in 2001 and 2003.  
The application of BNCT to auto-transplanted organs requires development in the 
methodology, as well as regard to the irradiation facility and is part of the complex, 
interdisciplinary treatment process. The additional high surgical risk of auto-transplantation is 
only justified when a therapeutic benefit can be achieved. A BNCT protocol including 
explantation and conservation of the organ, neutron irradiation and re-implantation is 
logistically a very challenging task.  
Within the last years, research on all scientific, clinical and logistical aspects for the therapy 
has been performed. This includes work on computational modelling for the irradiation 
facility, tissue and blood analysis, radiation biology, dosimetry and surgery. Most recently, a 
clinical study on boron uptake in both healthy and tumour tissue of the liver and issues 
regarding dosimetry has been started, as well as a series of cell-biology experiments to 
obtain concrete results on the relative biological effectiveness (RBE) of ionizing radiation in 
liver tissue. 

 

 

1.  Introduction 
 
The basic idea for BNCT dates back to the discovery of the neutron by Chadwick in 1932 [1]. 
Maurice Goldhaber was the first scientist to observe the 10B(n,α)7Li reaction by irradiation of 10B 
with thermal neutrons, which is the basis of BNCT [2]. Soon after this, the idea was born to apply 
this reaction in the medical field, especially for cancer treatment [3]. The reaction yields a 7Li and 
an α-particle which are able to destroy tissue within a very short range (< 10 µm). This radiation is 
particularly effective against cancer if the 10B is present in tumour cells in high concentrations, with 
at the same time, only small quantities of 10B in healthy tissue. 10B is very suitable due to its low 
toxicity, good biochemical synthetic compatibility and a high neutron cross section (3837 barn) for 
the therapy. The 10B is distributed and delivered into the targeted cells by carrier molecules. The 
patient is then irradiated in a suitable facility with a neutron beam. The result is the complete 
destruction of the tumour tissue, while the healthy tissue is not seriously damaged [4]. Since the 
1950s, there have been clinical studies on various kinds of cancer, e.g. glioblastoma multiforme, 
malignant melanoma, head and neck cancer [5]. BNCT for patients with multiple colorectal liver 



metastases was established at the University of Pavia with two cases being treated by Pinelli et al 
in 2001 and 2003 [6]. The 10B carrier p-borono-phenylalanine (BPA) was used at an infusion rate of 
300 mg/kg, the liver was explanted, perfused with preservation solution, irradiated in the thermal 
column of the TRIGA Pavia research reactor with thermal neutrons and then reimplanted (auto-
transplantation). Both cases were deemed successful and gave rise to the assumption that BNCT 
could be a beneficial option for a large number of patients suffering from primary and secondary 
cancer of the liver. Therefore, at Mainz, the BNCT project is focused on the treatment of liver 
tumours. Irradiations take place at the thermal column of the TRIGA Mark II reactor [7] (see Figure 
1) and surgery is carried out at the University Hospital of Mainz. Both facilities are situated in close 
vicinity to each other, which is an ideal situation for BNCT treatment. The thermal column is filled at 
six positions with special graphite blocks serving as removable stringers. These channels are used 
for the autoradiography and irradiation of cells, parts of the liver or later for the irradiation of the 
whole organ.  
 

 
        

Figure 1: Left: The BNCT facility at the TRIGA Mainz, right: different irradiation positions of the 
thermal column: Channel for the radiography (green), for the irradiation of cells and the liver 

sections of the study (red), for the irradiation of the whole liver (blue) 
 

 
2. Material and methods 
 
2.1 Surgical procedure 
 
Patients suffering from colorectal carcinoma develop distant metastases in 50 to 80 % of cases 
with the metastases being confined to the liver in almost half of these cases [8].  
 
The surgical process requires extensive experience in the field of liver transplantation and 
preservation of the liver during the extracorporeal treatment. This includes perfusion of the liver 
artery with preservation solution and reducing the liver temperature to 4°C. The question remains 
whether there are any wash-out effects during this procedure and if yes, will the accumulation 
remaining in tumour tissue still be of sufficient concentrations for the irradiation therapy? 
 
Therefore, the first step will be to determine the accumulation of BPA in tumour and healthy liver 
tissue in patients before and after partial liver resection and washing the liver specimen with 



preservation solution. Furthermore, additional pharmacokinetic data will be obtained from blood 
and urine samples taken at intervals during surgery.  
 
At present, a clinical study with up to 15 patients is carried out to determine the boron uptake in 

oth healthy and tumour tissue of the liver. The patients suffer from colorectal liver metastases and 

healthy tissue of the partial liver 
 
 

.2 Analytical methods 

vided from three patients. After the resection of the liver, the 
pecimens were perfused with preservation solution (250 ml through the artery and 1500 ml 

erlaid with tissue slices 
ontaining B were irradiated in the middle channel of the thermal column of the TRIGA Mainz 

 High Flux Reactor in 
etten, the Netherlands [11]. The method allows a direct determination of the 10B concentration by 

rrelation between the surgical procedure and the boron 
oncentration in the blood (see figure 3). The analysis of the healthy and tumour tissue samples 

b
they need a partial liver resection. BPA was administered at a concentration of 200 mg/kg 
intravenously. Throughout the surgical procedure, blood samples were taken every 30 minutes 
(see figure 2). 
 
 

 
 

Figure 2: Left: Perfusion of the partial liver after surgery; right: Taking samples of tumour and 

2
 
So far, samples have been pro
s
through the portal vein) and tissue samples were taken from the surface and at depth in the organ 
to provide data for the spatial boron distribution. The samples were frozen in liquid nitrogen and 
prepared for analysis by the Department of Pathology, and for further analyses using 
autoradiography [9], and prompt gamma activation analysis (PGAA) [10]. 
 
Neutron autoradiography is applied for tissue analysis: CR-39 films ov

10c
together with a boron standard [9].  For development, the films were placed in 7M NaOH solution 
and then analysed using a microscope combined with a computed analysis.  
 
PGAA was applied for the analysis of blood and healthy tissue sample at the
P
the reaction 10B + n ⇒ 7Li + 4He + γ. The samples were irradiated with thermal neutrons at the HB7 
beam port [10]. The measurements of the emitted 478 keV gamma rays using a high purity 
germanium detector yield the 10B content. 
 
First results of the PGAA show a good co
c
requires better statistics. Therefore, it is important to continue the study with the next patients. 
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Figure 3: Pharmacokinetic curves for the first three patients of the study 

 
 
2.3 Biological dosimetry 
 
In order to determine the RBE for hepatocytes originating from healthy and tumour tissue, cell 
experiments were carried out. Cell lines of type Huh7 [12] which stem from two distinct persons 
containing differently modified tumour tissue were, treated with BPA and then irradiated with 
neutrons in the thermal column and with photons of a 60Co gamma ray emitter.  
 
At various times after irradiation, vitality of cells was measured using a cell proliferation assay. 
Growing curves of the irradiated cells were determined which allows to differentiate between 
apoptotic and necrotic effects in cells. The results of the different types of irradiation were 
compared to calculate factors for the RBE, which are important parameters in the evaluation later 
of radiotherapy.   
 
2.4 Dose calculations for the irradiation facility  
 
Simulations were carried out to model the irradiation field at the thermal column of the TRIGA 
Mainz for the purpose of preliminary dose calculations which serve as a first rough estimate for the 
efficiency of a future BNCT treatment [13]. The calculations of the irradiation field were validated 
using Au-activation foils and thermoluminescence dosimeter (TLD) [14]. 
 
Previously validated simulations using the Monte Carlo Code MCNP 5 [15] were applied to 
determine the spatial distribution of the neutron flux and the primary, as well as secondary, gamma 
dose in liver tissue at the planned irradiation site within the thermal column. The respective dose 
contributions for BNCT were calculated using the kerma approximation.  
 
The results show that an effective BNCT treatment for extracorporeal livers irradiated in the 
modified thermal column of the TRIGA reactor in Mainz, even in the case of a low ratio of boron 
concentration in tumour (CT) and normal liver tissue (CN) respectively, is feasible. In the case that 
the CT/CN values are as reported in Pavia, the simulations yield a sufficient short irradiation time of 
13 minutes, a maximum dose to normal tissue of 8 Gy and a minimum dose to tumour tissue of 32 
Gy.  



 
3. Conclusion  
 
The thermal column of a TRIGA reactor is particularly suited for organ treatment, cell experiments, 
as well as the further development of neutron capture therapy. It will however be necessary to 
install additional Bi shielding inside the thermal column to reduce the gamma background. Different 
methods like autoradiography and PGAA are available to determine the boron concentration in 
blood and tissue samples. The clinical study to determine the boron uptake in healthy and tumour 
tissue of the liver has to continue to obtain better statistics of the boron concentration. Cell 
experiments have been started to determine the RBE and to develop a tumour model. Also 
simulations of the irradiation field in the thermal column and first dose calculations for the liver are 
being carried out to estimate the dose values for tumour and healthy tissue. 
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