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Internal dosimetry on non-human biota is getting more important from the viewpoint of radiation protection of the 

environment. The International Commission on Radiological Protection (ICRP) proposed the Reference Animals and 
Plants using simplified phantoms, such as ellipsoids and spheres, and assessed absorbed fractions (AFs) for the whole 
bodies. In this study, photon and electron AFs in whole body of voxel-based frog and mouse phantoms were eva-
luated and compared with AFs in simplified phantoms. The evaluations were done by Monte Carlo methods for 
voxel-based and simplified phantoms. The monoenergetic photon or electron source was considered to be distributed 
uniformly in whole body. There were very small differences (less than 2%) between whole-body AFs in voxel-based 
and simplified mouse phantoms, however, the differences were up to 24% for the voxel-based and the Reference Frog 
phantoms. Whole-body AFs in voxel-based and simplified phantoms demonstrated that not only mass but also shape 
of whole body affected AFs significantly. The results of this study may suggest the replacement of the Reference 
Animal phantoms by voxel-based animal phantoms to improve the accuracy of the whole-body AFs. 
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I. Introduction1 

The internal dosimetry for non-human biota is desired 
from the view point of environmental protection. Radiation 
effects assessments in non-human biota have been done for 
Reference Animals and Plants by the International Commis-
sion on radiological Protection (ICRP).1) The ICRP has 
assessed absorbed fractions (AFs), the fraction of energy 
emitted by a radiation source which is absorbed within the 
target organ, in Reference Animals and Plants for under-
standing dose responses, radiation-related side-effects and 
the consequences of such effects.2) The assessment has been 
performed only in the whole bodies of the Reference Ani-
mals for simplified dosimetric models which do not include 
internal organs except for the Reference Deer.3) 

Besides the efforts of ICRP for radiation protection of 
animals, many various studies have been done on dosimetry 
of small animals, such as rats and mice, which are widely 
used in preclinical evaluations of radiopharmaceuticals.4-17) 
The dose evaluations were done using the point-kernel4-6) 
and the Monte Carlo methods6-17) in several mathematical 
phantoms such as stylized4-7) and voxel-based phantoms.8-17) 
The stylized phantoms are assumed to be simple shapes, 
such as ellipsoids, cylinders or spheroids as organs of the 
animals. The voxel-based phantoms were used to improve 
the accuracy of dosimetry since they have a more realistic 
anatomy and were developed from computed tomography 
(CT) and magnetic resonance imaging (MRI) data. AFs or S 
values (Gy/Bq.s), mean absorbed dose to a target organ per 
unit cumulated activity in the source organ, in organs of the 
phantoms have been assessed for organ dosimetry. One vox-
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el-based frog phantom has been developed to evaluate organ 
doses for radiation protection of environment.18) Photon AFs 
and S values have been evaluated for some organs of the 
frog phantom using the Monte Carlo simulations by 
Kinase.18, 19)  

Several voxel-based phantoms have been developed for a 
few small animals for dose evaluations, which can be used to 
assess whole-body AFs and find out how accurately the sim-
plified phantoms can reproduce whole-body AFs. The 
objective of this study is comparison of whole-body AFs in 
voxel-based and simplified phantoms. For this purpose, AFs 
for both electron and photon in whole body of a voxel-based 
frog, voxel-based mouse, the Reference Frog and simplified 
mouse phantoms were evaluated with Monte Carlo simula-
tions. 

 
II. Material and Methods 

1. Validation 
AFs for photon and electron were evaluated using the 

Monte Carlo simulation code, EGS4,20) in conjunction with 
an EGS4 user code, UCSAF.21) In the code, the radiation 
transport of electron and photon in a voxel-based phantom 
can be simulated and correlations between primary and sec-
ondary particles are included.   

The validity of our evaluations for AFs was checked di-
rectly by comparison of the AFs for monoenergetic photon 
and electron uniformly distributed in voxelized spheres with 
the results reported by Stabin.22) AFs have been evaluated 
for unit density spheres in an infinite unit density with the 
Monte Carlo codes in the latter study.22) For the validation of 
our code, two spheres with radius of 16.8 and 21.2 mm were 
converted to voxelized spheres with voxel size of 0.4 mm for 
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the UCSAF code. Photon and electron AFs for soft tissue 
voxelized spheres in an infinite soft tissue medium were 
calculated by the code. The material composition and density 
(1.04 g/cm3) of soft tissue was taken from Oak Ridge Na-
tional Laboratory (ORNL) report.23) The simulations were 
done for 106 photons or electrons to reduce the fractional 
standard deviation to be less than 0.5%. 

 
2. Simulation 
(1) Mouse Phantoms 

The general geometry setting for "Digimouse"24) phantom 
was used. The Digimouse phantom was generated using co-
registered micro-CT and color cryosection images of a 
normal nude male mouse. This phantom was developed at 
the University of Southern California. A matrix of 
95×248×52 elements, with a voxel size of 0.4 mm was con-
structed for this study from original Digimouse with voxel 
size of 0.1 mm. The organs segmented from these data are: 
whole brain, external cerebrum, cerebellum, olfactory bulbs, 
striatum, medulla, masseter muscles, eyes, lachrymal glands, 
heart, lungs, liver, stomach, spleen, pancreas, adrenal glands, 
kidneys, testes, bladder, skeleton and skin. 

Because the Reference Mouse phantom has not been de-
fined by the ICRP the simplified mouse phantom for this 
study was considered an ellipsoid with dimensions of 
44.4×15×8 mm, which converted to a voxelized ellipsoid 
with voxel size of 0.4 mm. The dimensions of the ellipsoid 
were decided based on the dimensions, especially height, 
and volume of the Digimouse. The volumes of the Digi-
mouse and simplified mouse phantoms were 22.33×103, 
22.30×103 mm3. 
(2) Frog Phantoms 

The voxel-based frog phantom with the voxel size of 
0.35 mm was reconstructed from a voxel-based frog phan-
tom which has been developed at Japan Atomic Energy 
Agency.18) The voxel size of the voxel-based frog phantom 
was changed from 0.35 to 0.34 mm to have the same volume 
as the Reference Frog phantom. The phantom includes 15 
segmented organs: brain, blood vessel, duodenum, eyes, 
heart, ileum, kidneys, intestine, liver, lungs, nerve, skeleton, 
soft tissue, spleen and stomach. 

The Reference Frog in ICRP report has been considered 
an ellipsoid of 80×30×25 mm. The Reference Frog phantom 
for this study was an ellipsoid with dimensions of 
80.24×29.92×25.16 mm3. The dimensions of the Reference 
Frog were slightly changed to convert it to a voxelized el-
lipsoid with the voxel size of 0.34 mm. The effect of very 
small changes of the dimensions on the AFs is negligible. 

The volumes of the frogs in the voxel-based and 
Reference phantoms were 31.52×103 and 31.62×103 mm3, 
respectively. 
(3) Absorbed Fractions  

All phantoms, including the voxel-based, Reference and 
simplified phantoms, were converted to input files for 
UCSAF code, which calculates deposited energy in the 
whole body of each phantom. The material composition and 
density of the whole bodies were assumed the same as hu-
man soft tissue and was taken from ORNL report.21) The 

masses of the whole bodies were calculated from the number 
of voxels of the whole bodies and the density of soft tissue. 
The voxel-based mouse (or frog) phantom has the same 
mass as the simplified mouse (or Reference Frog) phantom 
in order to find out how accurate the simplified phantom can 
reproduce absorbed fractions for the whole-body of vox-     
el-based phantom. The source was considered to be 
distributed uniformly in the whole bodies with isotropic di-
rection emission. Mono-energetic photon or electron 
particles were simulated in the whole bodies. Photon and 
electron energies were 10, 15, 20, 30, 50, 100, 200, 500, 
1000, 2000 and 4000 keV. 

The photon and electron cut-offs energy were set to 1 keV 
and the simulations were done for sufficient particle histories 
(nps=107) to reduce fractional standard deviation to be less 
than 5%. The photon and electron cross section data were 
taken from PHOTX25) and ICRU report 37,26,27) respectively. 
 
III. Results and Discussion 

1. Validation 
The comparison between AFs evaluated by UCSAF code 

for two voxelized spheres and the data reported by Stabin20) 
are presented in Tables 1 and 2 for electron and photon, re-
spectively. 

The small differences (< 6%) are attributed to different 
material compositions and different cross section data in two 
studies. The comparison reveals good agreement between 
the data and validates our evaluation method.  

Table 1 A comparison of electron AFs in spheres with volumes 
of 20×103 and 40×103 mm3 in this study with Stabin20) 

Sphere : 20×103 mm3  Sphere: 40 ×103 mm3  

Energy 
(keV) 

This 
study

Stabin diff. % 
This 
study 

Stabin diff. %

100 0.995 0.997 -0.152 0.996 0.997 -0.068

200 0.987 0.989 -0.182 0.990 0.991 -0.116

400 0.966 0.971 -0.492 0.976 0.976 -0.033

700 0.940 0.938 0.160 0.952 0.952 -0.021

1000 0.907 0.904 0.381 0.926 0.921 0.509 

2000 0.799 0.799 0.019 0.839 0.830 1.061 

4000 0.601 0.589 1.997 0.676 0.664 1.713 

Table 2 A comparison of photon AFs in spheres with volumes 
of 20×103 and 40×103 mm3 in this study with Stabin20) 

Sphere : 20×103 mm3 Sphere: 40 ×103 mm3  

Energy 
(keV) 

This 
study

Stabin diff. % 
This 
study 

Stabin diff. %

80 0.040 0.038 4.234 0.052 0.049 5.588
100 0.038 0.036 4.207 0.049 0.046 5.393
140 0.038 0.036 5.759 0.049 0.047 3.542
364 0.042 0.041 2.959 0.054 0.052 3.369
662 0.041 0.039 4.341 0.052 0.050 3.991
1460 0.033 0.032 1.807 0.042 0.040 4.455
2750 0.022 0.021 5.703 0.030 0.029 3.468
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2. Simulation 
Absorbed fractions (AFs) for monoenergetic photons and 

electrons were calculated in the whole bodies of all phan-
toms as the source was distributed uniformly in the whole 
bodies. 
(1) Absorbed Fractions in Mouse Phantoms 

AFs in the whole body of Digimouse and simplified 
mouse phantoms are shown in Tables 3 and 4 for photons 
and electrons, respectively. 

Differences between photon (or electron) AFs in two 
phantoms are negligible, i.e., they are less than 2% for all 
energies. From the tables it can be obtained that Digimouse 
and the simplified mouse phantoms, with almost the same 
mass, are equivalent in terms of whole-body AFs. This is 
due to the fact that Digimouse has a whole-body shape close 
to an ellipsoid. 

Figure 1 compares electron/photon AFs in the whole 
body of MOBY phantom11) with those observed in this study 
for Digimouse phantom. The comparison is favorable be-
cause the differences are attributed to differences in the 
whole body volumes (or masses) and geometries. The 
MOBY phantom is a voxel-based phantom with the volume 
of 33.55×103 mm3, which is the dominant reason for differ-
ences between AFs in the MOBY and Digimouse phantoms 
in Fig. 1. 
(2) Absorbed Fractions in Frog Phantoms 

Photon and electron AFs in the whole body of vox-        
el-based frog and the Reference Frog phantoms are shown in 
Tables 5 and 6.  

Electron AFs in the voxel-based and Reference frog 
phantoms are almost the same for electrons with energy less 
than 500 keV because electron range is not comparable with 
the dimensions of the phantoms. Differences between photon 
AFs in two latter phantoms are 24% at maximum, while for 
electron they are less than 19%. The whole-body shape is the 
most important parameter which can influence the AFs since 
the two phantoms have the same masses. Therefore, AFs 
strongly depend on the whole-body shape and considering 
only the mass as a parameter which can affect AFs causes 
large uncertainty. 
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Table 3 Photon AFs in whole body of simplified mouse and 
Digimouse phantoms 

Energy (keV) Simplified mouse Digimouse Diff. % 

10 8.39×10-1 8.33×10-1 0.77 
15 6.41×10-1 6.36×10-1 0.90 
20 4.03×10-1 3.99×10-1 0.85 
30 1.57×10-1 1.55×10-1 0.87 
50 4.82×10-2 4.78×10-2 0.79 
100 2.87×10-2 2.84×10-2 1.03 
200 3.27×10-2 3.23×10-2 1.03 
500 3.53×10-2 3.50×10-2 0.90 
1000 3.12×10-2 3.08×10-2 1.26 
2000 2.24×10-2 2.21×10-2 1.33 
4000 1.27×10-2 1.26×10-2 1.26 

Table 4 Electron AFs in whole body of simplified mouse and 
Digimouse phantoms 

Energy (keV) Simplified mouse   Digimouse Diff. %
10 1.00×100 1.00×100 0.00 
15 1.00×100 1.00×100 0.00 
20 1.00×100 1.00×100 0.00 
30 9.99×10-1 9.99×10-1 0.01 
50 9.99×10-1 9.98×10-1 0.01 
100 9.95×10-1 9.95×10-1 0.05 
200 9.85×10-1 9.84×10-1 0.13 
500 9.44×10-1 9.40×10-1 0.48 
1000 8.69×10-1 8.60×10-1 1.04 
2000 7.26×10-1 7.15×10-1 1.47 
4000 4.95×10-1 4.90×10-1 0.95 

Fig. 1 A comparison of electron/photon AFs in the whole body 
of Digimouse and MOBY phantoms 

Table 5 Photon AFs in whole body of the Reference Frog and 
voxel-based frog phantoms 

Energy (keV) Reference Frog Voxel-based frog Diff. %
10 8.76×10-1 8.24×10-1 5.84 
15 7.07×10-1 6.29×10-1 11.06 
20 4.70×10-1 3.99×10-1 15.05 
30 1.93×10-1 1.58×10-1 17.80 
50 6.04×10-2 4.92×10-2 18.52 
100 3.56×10-2 2.93×10-2 17.68 
200 4.03×10-2 3.34×10-2 17.05 
500 4.35×10-2 3.61×10-2 16.99 
1000 3.89×10-2 3.19×10-2 17.98 
2000 2.88×10-2 2.29×10-2 20.55 
4000 1.74×10-2 1.33×10-2 23.52 

Table 6 Electron AFs in whole body of the Reference Frog and 
voxel-based frog phantoms 

Energy (keV) Reference Frog Voxel-based frog Diff. %
10 1.00×100 1.00×100 0.00 
15 1.00×100 1.00×100 0.01 
20 1.00×100 1.00×100 0.01 
30 1.00×100 9.99×10-1 0.03 
50 9.99×10-1 9.98×10-1 0.06 
100 9.96×10-1 9.94×10-1 0.19 
200 9.88×10-1 9.82×10-1 0.61 
500 9.57×10-1 9.35×10-1 2.35 
1000 9.00×10-1 8.50×10-1 5.45 
2000 7.87×10-1 6.98×10-1 11.27 
4000 5.90×10-1 4.80×10-1 18.65 
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IV. Conclusion 

Absorbed fractions for both photon and electron in the 
whole body of voxel-based mouse and frog phantoms were 
compared with the AFs in the simplified mouse and the Ref-
erence Frog phantoms. The whole-body AFs in Digimouse 
and simplified mouse phantoms were almost identical be-
cause the whole-body shape of the Digimouse phantom was 
close to the geometry of simplified mouse phantom, ellipso-
id. The AFs in the voxel-based and the Reference frog 
phantoms were different by 24%, which demonstrated the 
strong effect of the whole-body shapes on the AFs. The 
whole-body shape impacted on AFs significantly, which may 
support the idea for the replacement of the Reference Animal 
phantoms by voxel-based animal phantoms to improve the 
accuracy of the whole-body AFs. 
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