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Abstract. Inhomogeneous beta-photon radiation fields make a reliable dose difficult to determine. Routine 
monitoring with dosemeters does not guarantee any accurate determination of the local skin dose. In general, 
correction factors are used to correct for the measured dose and the maximum exposure. However, strong 
underestimations of the maximum exposure are possible, depending on the individual handling and the reliability 
of dose measurements. Simulations provide the possibility to track the points of highest exposure and the origin 
of the highest dose. In this connection, simulations are performed with MCNPX. In order to investigate the local 
skin dose, two hand phantoms are used, a model based on geometrical elements and a voxel hand. A typical case 
of radiosynoviorthesis, handling of a syringe filled with 90Y, is simulated. Another simulation focuses on the 
selective internal radio therapy, revealing the origin of the main dose component in the mixed beta-photon 
radiation field of a 90Y vial in an opened transport container.  
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1. Introduction 
 
In various nuclear medicine therapies, a growing use of beta-radiation nuclides has been observed. For 
example, the nuclide 90Y is employed in radiosynoviorthesis (RSO) to renew the joint mucous 
membrane. This nuclide is also used in other nuclear medicine therapies, such as the selective internal 
radio therapy (SIRT) and radio immunotherapy. In these therapies, high activities are employed. Thus, 
the medical personnel handling these activities may be exposed to high radiation doses.  
Radiation protection measurements reveal that a reliable dose determination is difficult, as the 
radiation field is inhomogeneous and dependent on the individual handling. Moreover, detecting the 
origin of the main dose component in these fields may be challenging. 
Radiation protection measurements are usually carried out using finger ring dosemeters. The dose 
measured with the dosemeter is strongly dependent on the wearing position. Hence, measurements at 
positions below the highest energy deposition would result in a dose underestimation.  
This paper will focus on two Monte Carlo MCNPX [1] simulations. At first, suitable hand phantom 
models will be designed and a specific case of the RSO will be simulated. Secondly, the determination 
of the main radiation sources in mixed beta-gamma fields shall be exemplified by simulations of fields 
of a 90Y vial in an opened transport container for SIRT.  
 
2. Hand phantoms and a specific case of the RSO 
 
A “Geometrical Object Hand Phantom” (GOHP) of the hand based on simple geometrical structures 
was developed and implemented in the MCNPX code. The model was able to determine the local skin 
dose (LSD) as well as the dose distributions in the hand. Furthermore, a movement of the hand was 
possible to simulate different handling situations. The construction of GOHP is displayed in Figure 1. 
It consists of three materials - skin, tissue, and bones. The middle hand (metacarpus) is composed of 
squares. The bones, the surrounding tissue, and skin are based on cylindrical and hemispherical 
shapes. The bones, with a diameter of 8 mm, consist of ICRU material [2]. ICRU 4-component tissue 
[2] forms the tissue with a thickness of 2 mm (3 mm at the middle hand), and the skin material is 
modelled according to ICRP [3]. The skin thickness amounts to 1.5 mm, which is an average value for 
humans. 
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The model is simplified, as the thumb is not connected to the middle hand. In addition, the other 
fingers are modelled without the outer joint, and joints are generally not filled with material, but with 
air. This allows for a simple moving procedure in MCNPX by coordinate transformations.  
 
Figure 1:  GOHP - a hand modelled with geometrical objects. a) Only the bones are represented, b) 
the bones together with the ICRU 4-component tissue are shown, c) the complete model composed of 
bones, ICRU 4-component tissue, and ICRP skin. 
 

 
 
The GOHP is used for simulating the application of 90Y in RSO without any radiation protection 
measures taken. The instance studied is that of a syringe with high activity being held in the hand. The 
syringe used for the simulations is of cylindrical geometry (length 6.7 cm, inner cylinder radius 12 
mm, surrounded by a polyethylene cylinder (density 0.94 g/cm3) of 0.5 mm thickness (the thickness of 
the cylinder cover and bottom is 1 mm). The inner cylinder is filled with a 90Y solution with an 
activity of 185 MBq.  
Fig. 2 shows the energy deposition in the GOHP determined by a simulation with a mesh tally and 
visualised with ParaView [4]. The dose closest to the syringe exhibits the highest values - in our case, 
the thumb and forefinger.  
 
Figure 2: Energy deposition in the GOHP visualised with ParaView. The colours represent the values 
in the mesh cells.  
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Figure 3: Depth dose rate curve of the skin dose rate at the position of the highest exposure in the 
GOHP. An exponential curve is fitted to the data. The error bars represent the statistical error of the 
simulations. 
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Figure 4: Depth dose rate curve for the ICRP skin and ICRU tissue at the position of the highest 
exposure around 0.07 mm. An exponential curve is fitted to the data. The error bars represent the 
statistical error for the simulations. 
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The LSD can be obtained directly by using the GOHP. However, to save computing time, the 
following procedure based on depth-dose curves is applied. Fig. 3 shows the depth dose rate curve of 
the GOHP at the position of the highest exposure. An exponential curve is fitted to the data points. 
Fig. 4 shows a section of the curve for ICRP skin and ICRU tissue. It is found that the depth vs. dose 
rate around 0.07 mm is almost identical for the ICRU tissue and ICRP skin. Thus, the LSD determined 
for one material is approximately the same for both materials. Fig. 4 illustrates the use of larger 
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volumes to determine the dose rate, the aim being to save computing time. For example, the average 
value of the curve between 0.05 and 0.09 mm approximates the value at 0.07 mm very well. 
Consequently, cells covering the range between 0.05 and 0.09 mm are used to obtain the LSD. Data 
for the GOHP are obtained by placing such cells at the positions of interest. In this way, simulations 
with sufficient statistics are made in considerably less computing time.  
The wearing positions of dosemeters and their related doses are displayed in Fig. 5. The dose values 
calculated at the point of the highest energy deposition are compared to possible wearing positions of 
finger ring dosemeters. While the highest dose at the thumb is referenced to be 100%, the dose at the 
forefinger near the syringe amounts to 57%, but is only 1% on the opposite side. On the side of the 
source, doses of 2% and 1% are reached at the finger ring wearing positions of the forefinger and ring 
finger, respectively. The rear of the ring finger reaches a value of 0%, thus indicating complete 
shielding (0% means 0.2 μSv/s which is negligible in comparison to the other simulated values). A 
dose rate of up to 1.5 mSv/s is high, i.e. the dose exceeds the annual limit of 500 mSv within six 
minutes. However, a strong dose gradient is observed and doses are underestimated at representative 
wearing points of finger ring dosemeters like the first limb of the forefinger or the ring finger. 
According to the simulations, the dosemeters would record one to two percent of the highest exposure 
dose. These results show that large correction factors may be necessary to correct for the partial 
individual body dose. 
 
Figure 5: Typical handling of a syringe filled with 90Y. The dose at the point of the highest energy 
deposition is compared to possible wearing positions of finger ring dosemeters.  
 

 
In addition, a voxel hand from the MEET man is investigated and compared with the GOHP. The 
MEET man is a realistic, anatomical model of the human body with high tissue differentiation. The 
MEET man voxel model [5] was created by the Institute of Biomedical Engineering (Technical 
University of Karlsruhe, Germany) using computer tomography scans and thin-section photos of a 
human body. These scans and sections were taken from the visible man (Visible Human Project of the 
National Library of Medicine, Bethesda, Maryland [6]) and prepared using digital image processing 
methods. 
Hence, the voxel phantom is more realistic than the GOHP, but represents only one position in the 
present status. 
In the voxel hand, a syringe is placed, such that the handling situation is almost identical to that of the 
GOHP. The simulations are performed with a mesh in which the mesh cells have a size and position 
similar to that of the voxels. The voxel size is 2 mm × 2 mm × 2 mm. This size allows for reasonable 
computing times with sufficient statistics in the mesh tally. Fig. 6 shows the dose rate distribution in 
the voxel hand.  
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Figure 6: Dose rate in the voxel phantom, visualised with ParaView. The colours represent the values 
of the dose rate in the voxels. For a better visibility of the dose distribution in the hand, the syringe is 
not shown.  
 

 
 
 
When comparing the values obtained from the simulation of the voxel hand and the LSD for the 
GOHP, it is a problem that the voxel hand is simulated with 2 mm voxels and 2 mm mesh cells due to 
the strongly increasing computing power and memory needed for smaller dimensions. Nevertheless, 
the LSD for the GOHP and the voxel hand can be compared by using the depth dose rate curve of Fig. 
3 to extrapolate the 2 mm voxel data to 0.07 mm. 
Although the modelling of the handling of the syringe and the geometries of the voxel hand and the 
GOHP are not identical, the result for the LSD of the voxel hand is quite similar to that of the GOHP, 
as indicated in Table 1.  
 
Table 1: Skin dose rates at different points of the mathematical phantom in 0.07 mm depth. In 
addition, the dose rate estimates at comparable points of the voxel phantom are given in the last 
column. 
 

 
Position 

Dose rate 
(LSD) of the 

GOHP 
[μSv/s] 

Normalised 
to the 

maximum 
in % 

(GOHP) 

Statistical 
uncertainty 

in % 
(GOHP) 

Dose rate (LSD) 
of the voxel hand 

[μSv/s] 

Thumb 
Forefinger tip 
Basis of the forefinger 
Middle phalanx of the forefinger 
Basis of the ring finger (front) 
Basis of the ring finger (rear) 

1490 
854 
36 
21 
16 
0.2 

100 
57 
2 
1 
1 
0 

2 
3 

20 
24 
22 

100 

600 
860 
10 
37 
1 
0 

 
3. Main radiation sources of a 90Y vial in an opened SIRT transport container  
 
In the SIRT 90Y micro spheres are employed [7]. The spheres with a diameter of about 35 µm are 
stored in a vial with water. The work reported here focuses on the investigation of the mixed beta-
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photon radiation field of 90Y micro spheres in the vial of the opened transportation container. MCNPX 
simulations are used to check the hypothesis of the dose originating mainly from photons, as this 
configuration is supposed to be a generator of bremsstrahlung. This means that in principle, all 90Y 
electrons are converted into bremsstrahlung due to the fact the material covering the micro spheres is 
thicker than the range of the electrons. The spheres are heavier than the surrounding liquid and deposit 
at the bottom of the vial covered by the liquid, if not shaken before. In the case studied, a liquid 
column larger than the range of the electrons is assumed. 
The model of the transport container for the MCNPX simulations is shown in Fig. 7. Details of the 
model, such as structured surfaces, are simplified by smooth surface elements.  
 
Figure 7: Left: the simplified model of the transport container with the vial containing the 90Y  
solution used for the present MCNPX simulations. Right: simulated dose distribution at different 
horizontal distances from the centre (symmetry axis of the vial). The vertical distance is 4 cm above 
the vial cap.  
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The hypothesis of predominanting bremsstrahlung cannot be confirmed by the simulations. Although 
the flux of the photons exceeds that of the electrons by a factor between 60 and 400 depending on the 
position, the resulting electron dose Hp(0.07) is dominant in this scenario (Fig. 7). The reason is that 
electrons are scattered through a small air gap between the vial and the surrounding transport 
container.  
Using the same geometry, the dose was measured by thermoluminescence dosemeters as employed in 
finger ring dosemeters of the type BETA-50 [8]. The results measured still show two differences (Fig. 
8). Firstly, the measured dose is higher than the simulated one. Secondly, the simulations predict a 
maximum value above the air gap at a distance of about 15 mm from the centre and not towards the 
centre as reflected by the measurements. From the examination of the vial, however, it is known that 
drops of the micro sphere liquid are located in the neck of the vial and on the inner surface of the 
rubber cap. Also after extracting micro sphere liquid with a syringe, a small drop left on top of the cap 
could contribute to the activity. Moreover, the question arises as to what an extent the activity is 
increased when the spheres are distributed uniformly in the liquid. To answer this question, further 
simulations are performed (Fig. 8). When taking into account activity from spheres at the cap, the 
measured results agree quite well with the simulations. Also small drops on the cap and uniformly 
distributed spheres in the liquid may contribute strongly to the dose. The latter case occurs shortly 
when the container with the vial is shaken for the extraction procedure with the syringe. In general, 
predictions are difficult, as the micro sphere distribution in the vial is important. The activities at the 
neck of the vial and at the cap vary from case to case. However, the main dose component is produced 
by electrons. The dose can be estimated quantitatively for an upper limit consisting of uniformly 
distributed spheres and the observed drops at the neck and cap of the vial. 
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Figure 8: Simulations of different scenarios for the dose distribution Hp(0.07) at different horizontal 
distances from the centre (symmetry axis of the vial). The vertical distance is 4 cm above the cap of 
the vial.  
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4. Conclusions 
 
In the first part, the LSD was studied for a nuclear medical treatment, the 90Y application in RSO. Two 
simulation models were employed in the MCNPX code to determine the dose distribution for a typical 
handling situation. The GOHP uses basic geometrical elements to simulate the hand. Alternatively, a 
voxel hand from the MEET man was investigated, which is more realistic, but not as flexible as the 
GOHP. Consequently, a flexible voxel hand still needs to be developed. 
The results of both models show that high doses may occur during the nuclear medical application 
using typical 90Y activities. The annual dose limit may be exceeded within minutes for the position of 
maximum exposure and the standard wearing position of the ring finger might result in a wrong 
recording of the partial individual body dose. This problem is well known and often, a correction 
factor is applied to take this underestimation into account. It is of essential importance to wear the 
dosemeter properly and to use suitable correction factors with respect to the individual handling.  
In the second part, details of the mixed beta-photon radiation field emitted from a 90Y vial in an 
opened SIRT transport container were investigated. The field turned out to be more complex than a 
simple photon field of an intuitive bremsstrahlung generator. Beta radiation contributes most to the 
dose. Even small drops of liquid with beta-emitting 90Y spheres play an important role in the dose 
contribution. 
It may be concluded that simulations are an important tool to understand details of mixed beta-photon 
fields. Measurements may be difficult. Consequently, the attempt to understand such fields by means 
of experimental investigations would require an increased expenditure and may be nearly impossible. 
For radiation protection, the maximum exposure as well as the dose at the dosemeter position have to 
be measured or simulated to guarantee a proper dose estimation. While the measurement shows the 
overall dose during the entire irradiation time of the dosemeter, simulations allow for an analysis of 

7 



sequences of action. Simulations provide the possibility to track the points of highest exposure during 
the whole handling process and to identify the origin of the highest dose contributions. These results 
may be a strong support when making recommendations concerning radiation protection measures. 
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