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Abstract 

 

Mice have been widely used in experimental protocols involving ionizing radiation. 

Biological effects (BE) induced by radiation can compromise studies results. Good 

estimates of mouse whole body and organs absorbed dose could provide valuable 

information to researchers. The aim of this study was to create and test a new voxel 

phantom for mice dosimetry from "Digimouse" project images.  

MicroCT images from Digimouse project were used in this work. Corel PHOTO-

PAINT
®
 software was utilized in segmentation process. The 3D model assembly and 

its voxel size manipulation were performed by ImageJ
®
. SISCODES was used to adapt 

the model to run in MCNPX Monte Carlo code. The resulting model was called 

DM_BRA. The volume and mass of segmented organs were compared with data 

available in literature. For the preliminary tests the heart was considered the source 

organ. Photons of diverse energies were simulated and SAF values obtained through 

F6:p and +F6 MCNPX tallies. The results were compared with reference data. 3D 
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picturing of absorbed doses patterns and relative errors distribution were generated by 

a C++ “in house” made program and visualized through AMIDE
®
 software. 

The organ masses of DM_BRA correlated well with two models that were based on 

same set of images. However some organs, like eyes and adrenals, skeleton and brain 

showed large discrepancies. Segmentation of an identical image set by different 

persons and/or methods can result significant organ masses variations. We believe that 

the main causes of these differences were: i) operator dependent subjectivity in the 

definition of organ limits during the segmentation processes; and ii) distinct voxel 

dimensions between evaluated models. Lack of reference data for mice models 

construction and dosimetry was detected. Comparison with other models originated 

from different mice strains also demonstrated that the anatomical and size variability 

can be significant. Use of +F6 tally for mouse phantoms appears to be more reliable. 

The SAF data in most simulated cases were statistically equal to those present in 

Mohammadi and Kinase [2011]. F6:p utilization proved to be unsuitable for photons 

with higher energies. 3D visualization of absorbed doses brought improvements in the 

dosimetric analysis, complementing the information of the organ average dose. 

Similarly, the depicting of relative errors per voxel can be useful in evaluation of the 

variance reduction techniques effectiveness.  

DM_BRA was considered suitable for preliminary dosimetric evaluation. 

Improvements in model segmentation and voxel size will allow more complexes and 

accurate studies. 

 

Keywords: Dosimetry; Mouse phantom; MCNPX. 
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1.- INTRODUCTION 

 

Small animals, such as mice, have been widely used in experimental protocols involving 

ionizing radiation. Biodistribution studies have been often conducted in murine in order to 

obtain a first estimation of the absorbed doses in humans [Stabin et al., 2006]. The animals 

absorbed doses, in most cases, don’t reach values which can bias the experiments results 

[Carlson et al., 2007]. However, some methods include extensive image (MicroCT and/or 

PET/SPECT) use, or radiopharmaceuticals therapeutic doses administration. Previous work 

has shown that even low doses (50 to 500 mGy) can induce biological effects in mice 

[Wang and Cai 2000; Yonezawa 2006]. In such cases, the accurate quantification of 

absorbed doses and the determination of the energy deposition patterns are of fundamental 

importance to qualify or exclude potential radiobiological effects that may interfere with 

experiments. 

 

Longitudinal studies have been used in monitoring drug therapeutic effects [Ordinas et al., 

2013; Wang et al., 2014; Duncan et al., 2013; Stelas et al., 2014; Vahle et al., 2015; Pollok  

et al., 2009; Rex et al., 2013; Hu et al., 2012]. Methods involving five or more acquisition 

procedures (MicroCT images and/or administration of radiopharmaceuticals for PET or 

SPECT) in the same animal can be applied in this type of research work. Studies showed 

that the doses absorbed in such cases can reach threshold levels for potential deterministic 

effects [Bretin et al., 2013]. Such occurrences are undesirable as they may lead to results 

misinterpretation, especially in cancer model experiments.  

 

Also, assays to determine new radiopharmaceuticals effectiveness may also require serial 

injections (in different dates) of distinct labeled molecules in the same animal [Yousefi  et 

al., 2015; Reischl et al., 2007]. The cumulated absorbed dose, considering each 

acquisition, may affect the experimental model. 

 

Clinical trials of new radiopharmaceuticals for target radionuclide therapy are generally 

preceded by small animal’s preclinical tests to determine the main potential side effects 
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and therapeutic efficacy [Guo et al., 2011; Schmitt et al., 2003]. Thus, the evaluation of 

absorbed dose and biological effects correlation depends of a good dosimetry. 

 

The physical measurement of absorbed dose can be performed by TLD or other kind of 

dosimeter (like MOSFET) implanted in interest organs or tissues [Stabin et al., 2006; 

Carlson et al., 2007; Kolbert et al., 2003, Flynn et al., 2001]. However, these invasive 

procedures are the main limiting factor for their use in preclinical and clinical practices. It 

is possible to have a gross view of the patterns of the energy deposition in small animals 

with radiochromic film; however, it is also not feasible for in vivo internal dosimetry. 

 

An alternative approach that has been successful in dosimetric evaluations is the use of 

computational models coupled to radiation transport codes [Snyder et al., 1978; Petoussi-

Henss and Zankl 1998; Xu and Eckerman 2009; ICRP 2009]. 

 

The pioneering mice computational models, namely mouse phantoms, emerged in the 90s. 

The work of Hui et al., [1994] is usually the first model referenced. A stylized phantom 

based on geometric shapes described by simple mathematical equations was created by this 

group. In turn, Yoriyaz et al., [1997] developed another analytical phantom adopting a 30g 

mouse as reference. In this study, the average absorbed dose values per unit of 

accumulated activity (S-values) for 
90

Y and 
213

Bi were generated [Stabin et al., 2006]. 

 

As the image acquisition systems dedicated to small animals (like MicroCT and 

MicroMRI) have been improved and widespread, more anatomically realistic phantoms 

were built based on 3D images. Kolbert et al., [2003] presented a voxel phantom of a 

female athymic mice constructed from a Magnetic Resonance Imaging – MRI data set. In 

this study, only the kidney, liver and spleen organs were segmented. A new voxel phantom 

including more identified and segmented organs was published by Hindorf et al., [2004]. 

The organ masses were based on the average of ten dissected animals. The assumption of 

the weighted organ average was an interesting approach from the Hindorf´s work. On the 

other hand, although it was a voxel phantom, the anatomy was not segmented from images. 
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Thus, the organs and the animal itself were still defined as a set of geometric simplified 

shapes. 

 

Segars et al., [2004] developed a 4D animal phantom called "Moby". The model was based 

on high-resolution MRI of a C57BL/6 male mouse. Non-uniform rational B-spline surfaces 

(NURBS) was applied in Moby construction. This has allowed the modeling of internal 

organs motion due to heartbeat and breathing. It was considered a well detailed model 

which was applied later in several mice dosimetry studies [Bretin et al., 2013; Taschereau 

and Chatziioannou 2007; Larson et al., 2007; Boutaleb et al., 2009; Keenan et al., 2010; 

Larsson et al., 2011; Mauxion et al., 2013; Xie and Zaidi 2013; Lin et al., 2014].  

 

Situ et al. [2005] and Stabin et al. [2006] published voxel phantoms of mice with 

segmentation process based on MicroCT images. 

 

A mouse phantom of a female athymic "nude" strain was implemented by Bitar et al. 

[2007a and 2007b]. In this work, MicroCT or MicroMRI images were not used. The voxel 

model was constructed from high-resolution color images generated from 0.1 mm 

thickness coronal slices of the animal frozen body (Color Cryosections). 

 

Stout et al. [2002] created and make available a set of co-registered images of MicroCT, 

PET and Cryosessions of a male nude mouse of 28g [Stout et al., 2002; Dogdas et al., 

2007]. An atlas of the same animal was also provided and the project was called 

"Digimouse". Two voxel phantoms were produced from Digimouse data set: Mohammadi 

and Kinase [2011a and 2011b] and Zhang et al. [2012]. Mohammadi and Kinase [2011a] 

presented Specific Absorbed Fractions (SAF) for diverse energies photons, using EGS4 

Monte Carlo code. Several source and target organs were considered. These data allow 

validation studies of dose calculation protocols. 

 

The aim of this study was to create a new voxel phantom from "Digimouse" project images 

to absorbed dose calculation for mice experiments conducted in our institutions. The model 

was prepared to run in MCNPX Monte Carlo code. The obtained phantom was called 
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DM_BRA. The volume and mass of segmented organs were compared with those 

presented by Mohammadi and Kinase [2011a and 2011b] and Zhang et al. [2012]. 

Simulations were performed using MCNPX for exemplification. The heart was considered 

the source organ. Photons of diverse energies were simulated and SAF values obtained. 

The data were compared with those published by Mohammadi and Kinase [2011]. 

 

 

2.- MATERIALS AND METHODS 

 

2.1.- Model construction 

 

A set of Micro CT images of Digimouse project, kindly provided, was chosen for the 

segmentation process [Stout et al., 2002; Dogdas et al., 2007]. It represents a male mouse 

(Mus musculus) of nude strain, weighting 28g. The images composed a matrix of 

380x992x208 elements of 0.1 mm
3
 voxel size. Forty two coronal slices (normal to the 

plane z) spaced by 0.5 mm were segmented. Corel Photopaint
®
 was used for selection and 

assignment a specific color for each organ/tissue. The Atlas of Digimouse project was used 

to help performing the identification procedure. Twenty-two organs/tissues were 

segmented: lung, intestine, eye, urinary bladder, brain, cerebellum, gall bladder, adrenal 

gland, Harderian glands, testis, muscle/soft tissue, adipose tissue, heart, spinal cord, skin, 

pancreas, bone, brown fat, kidney, liver, spleen and stomach. 

 

Image J
®
 software was applied to assemble the segmented images in a 3D stack. This 

software was also used to reduce the data set resolution from 380x992x208 to 152x396x42. 

The voxel dimensions resulting were 0.25x0.25x0.50 mm. The set of images was 

converted to 8bits unassigned and saved in binary format (.raw). 

 

A C++ program developed "in house" was used to read and convert the binary file to a 

voxel model template format readable on SISCODES code [Trindade and Campos 2011]. 
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The SISCODES software was employed as an interface for generation of input files for 

running in MCNPX. 

 

The tissue chemical compositions and densities (g/cm
3
) were based on existing human 

data, present in ICRP 110 [2009]. The bone tissues were defined from values given in 

ICRU 44 [1989]. 

 

2.2.- Monte Carlo simulations 

 

MCNPX (version 2.7.0) Monte Carlo code was adopted on simulations. It was installed on 

a 120 core cluster at Laboratório de Nêutrons of the Instituto de Radioproteção e 

Dosimetria-IRD/CNEN. Similar as in Mohammadi and Kinase [2011a], 0.015, 0.1, 0.5, 1 

and 4 MeV source photons were consider in the simulations. The heart was set as source 

organ. The emissions have a uniform distribution inside the source organ. 

 

The absorbed dose in each voxel was measured with F6:p and +F6 tallies. These two 

alternatives return absorbed dose in MeV/g. The energy of the electrons generated in 

photonuclear reactions is considered locally deposited with F6:p tally. When electronic (or 

charged particles) equilibrium exists, F6:p values show a good approximation to the real 

dose [Zhang et al., 2012; Pelowitz 2011]. The secondary electrons energy transport is 

considered in +F6. Thus this tally is generally evaluated as a better approximation of real 

value. The average absorbed dose was also requested in the simulations for each target 

organ. 

 

Values of specific absorbed fraction (SAF) for each target organ were calculated from the 

average absorbed dose. The obtained values were compared with reference values (RV) 

published by Mohammadi and Kinase [2011a]. 

 

The number of particle histories simulated (NPS) by MCNPX were set sufficiently high to 

ensure that the relative errors were less than 5% in all organs. 
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2.3.- 3D view of absorbed dose and relative errors 

 

A C++ program was developed to extract each voxel dose absorbed and relative error from 

MCNPX output files. Binary files ".raw" suitable for Amide® software were generated. 

Two binary files were obtained for each simulation: one containing the 3D dose deposition 

pattern and another showing the relative errors distribution pattern. Each organ’s average 

dose and relative error were also evaluated from output files. 

 

2.4.- Statistic Evaluation 

 

SAF values obtained through F6:p tally were compared to +F6 respective values. Besides, 

F6:p and +F6 results were compared with the SAF values provided by Mohammadi and 

Kinase [2011a]. Hypothesis tests were performed to determine whether the differences 

between the averages could be considered statistically significant. The relative errors were 

considered to be 5% for Mohammadi and Kinase [2011a] values. The significance level 

was 0.01. 

 

 

3.- RESULTS 

 

3.1.- The DM_BRA voxel model 

 

Figure 1 shows coronal (A), sagittal (B) and transverse (C) slices of DM_BRA model. 

Amide
®
 software was used to generate the images. The renderization of the model 

(Fig.1D) and the skeleton (Fig.1E) were also included. Specific colors were assigned for 

each segmented organ. 
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In this first DM_BRA version, each organ was segmented as a uniform region. The 

distinction between wall and content for intestine, stomach, heart and bladder 

segmentations was not taking in to account. The kidneys also were not sectioned into 

regions (i.e. cortex, medulla and pelvis). The DM_BRA bones were segmented as a single 

structure, called skeleton. No distinction between cortical and trabecular bone (spongiosa) 

was made. 

 

 

 

Figure 1 – Graphical representations of DM_BRA model obtained through the AMIDE® 

software. Coronal (A) Sagittal (B) and transversal (C) slices. Whole body (D)  

and skeleton (E) 3D rendering. 
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Table 1 summarizes DM_BRA characteristics and data of main mice phantoms available in 

the literature. The wide diversity of references elected by the researchers in order to set the 

chemical composition and density of the model´s tissues. On the other hand, a low number 

of mice strains were represented as voxel models: C57BL/6 and Nude. A phantom of a 

transgenic mouse was also build, but the strain was not mentioned. Phantoms of mice 

weighting 21g to 35g were built. The smallest voxel dimension was (0.1 x 0.1 x 0.1) mm 

and the largest (0.625 x 0.625 x 0.625) mm. DM_BRA model present an intermediary 

(0.25 x 0.25 x 0.50) mm voxel size. 

 

 

Table 1.- Summary of DM_BRA mouse voxel model characteristics and comparison with 

the main phantoms available in the literature. 

 

Study 
Animal 

Weight (g) 

Mouse 

Strain/sex 
Voxel Dim. (mm) Matrix 

Segment. 

Data 

Phantom 

type 

Tissue 

Composition 

and Density 

DM_BRAa 28 Nude/♂ 0.25 x 0.25 x 0.50 152 x 396 x 42 CT/Cryos voxel ICRP 110 

Xie [2013]a 21 - 35d C57BL/6/♂ 0.20 x 0.20 x 0.20 200 x 200 x 512 MR voxel - 

Mauxion [2013]b 30 C57BL/6/♂ 
0.625 x 0.625 x 0.625 

0.20 x 0.20 x 0.20 

42 x 160 x 41 

- 
MR voxel Cristy [1987] 

Zhang [2011]a 28 Nude/♂ 0.20 x 0.20 x 0.20 190 x 496 x 100 CT/Cryos voxel ICRU 46 

Larsson [2011]b 22, 28, 34 C57BL/6/♂ 
0.22 x 0.22 x 0.22 
0.23 x 0.23 x 0.23 

0.25 x 0.25 x 0.25 

160 x 160 x 432 MR voxel ICRP23 

Kinase [2011]a 28 Nude/♂ 
0.10 x 0.10 x 0.10 
0.40 x 0.40 x 0.40 

380 x 992 x 208 
95 x 248 x 52 

CT/Cryos voxel Cristy [1987] 

Keenan [2010]b 25, 30, 35 C57BL/6/♂ 0.625 x 0.625 x 0.625 - MR voxel Cristy [1987] 

Taschereau [2007]b 33 C57BL/6/♂ 0.40 x 0.40 x 0.40 80 x 80 x 270 MR voxel ICRU 46 

Larsson [2007]b 33 C57BL/6/♂ 0.25 x 0.25 x 0.25 128 x 128 x 432 MR voxel ICRP23 

Bitar [2007a] 30 Nude/♀ 0.22 x 0.22 x 0.20 - Cryos voxel ICRU 44 

Stabin [2006] 27 Transgenic/♂ 0.20 x 0.20 x 0.20 256 x 256 x 256 CT voxel - 

Segars [2004]b 33 C57BL/6/♂ variable Variable MR NURBS - 

Hindorf [2004]c 24 - 0.39 x 0.39 x 0.39 64 x 64 x 166 - voxel Cristy [1987] 

Kolbert [2003] 25 Nude/♀ 0.10 x 0.10 x 0.12 256 x 256 x 256 MR voxel - 

Yoriyaz [1997] - - - - - stylized - 

Hui [1994]c 25 Nude/? - - - stylized - 

a- Based on digimouse [Stout et al., 2002] data; b- Based on Moby Phantom [Segars et al., 2004];  
c- Based on data of 10 animals; d- Seventeen models between 21g and 35g 
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Table 2 shows organ´s masses for the DM_BRA model. Other phantoms data from 

literature were also included. The voxel model total mass was 25.7g, a value 8% lower than 

the expected since the animal originally weighed 28g [Stout et al., 2002]. 

 

Wide variation among organ masses was seen in Table 2. Urinary bladder, pancreas, spleen 

and stomach had the highest ratios between maximum and minimum masses: 19.8, 10.7, 

9.8 and 6.3 respectively. The organ mass ratio was higher than two for the majority of the 

organs. 

 

Table 2. - Organ and tissue masses segmented on DM_BRA and other voxel models 

available in literature. 

 

Organ/ 

Tissue 

Organ/Tissue mass (g) described in each study 

DM_BRAa Kinase 

[2011a]a 

Zhang 

[2012]a 

Taschereau 

[2007]b 

Keenan 

[2010]b 

Mauxion 

[2013]b 

Bitar 

[2007] 

Hindorf c 

[2004] 

Stabin 

[2006] 

Adip. Tissue 2.379 - - - - - 1.859 - - 

Adrenals 0.005 0.006 0.004 - - - 0.011 - - 

Brainf 0.350 0.385 0.442 0.635 0.570 0.606 0.516 - - 

Brown Fat 0.142 - - - - - - - - 

Eye 0.006 0.006 0.004 - - - - - - 

Gall Bladder 0.009 - - - - - - - - 

Hard. Gland 0.032 0.032 - - - - - - - 

Heart 0.215 0.232 0.218 0.120e 0.290 0.283 0.282 0.120 0.143 

Intestine 2.311 - - 1.820 2.830 2.941 2.927 - 0.952 

Kidney 0.482 0.515 0.478 0.415 0.370 0.379 0.377 0.280 0.334 

Liver 1.987 2.087 2.010 2.690 2.150 2.177 1.831 0.890 0.780 

Lung 0.167 0.124 0.096 0.130 0.110 0.098 0.123 0.150 0.125 

Muscle/Soft 12.254 - 17.117 - - - - - - 

Pancreas 0.047 0.047 0.041 0.440 0.380 0.390 0.090 - - 

Skeleton 2.311 1.656 1.820 2.573 2.610 3.336 1.074 - - 

Skin 2.228 - 3.841 6.910 - - - - - 

Spinal Cord 0.099 0.048 - - - - 0.112 0.190 - 

Spleen 0.140 0.144 0.132 0.130 0.140 0.137 0.216 0.090 0.022 

Stomach 0.245 0.235 0.254 0.085d 0.069e 0.070e 0.438 - 0.298 

Testes 0.159 0.156 0.136 0.400 0.200 0.188 - 0.250 0.141 

Thyroid - - - 0.015 0.020 0.017 0.005 0.020 - 

U. Bladder 0.238 0.197 0.205 0.045d 0.080 0.078 0.025 0.060 0.012 

Total Body 25.7 23.4 26.9 32.8 29.8 30.2 30.7 24.0 - 

a- Based on digimouse data [Stout at al., 2002]; b- Based on Moby Phantom [Segars et al., 2004]; c- Based on data of 10 animals 

d - Only the organ wall mass was available; e - Content filled with air; f – Brain plus Cerebellum 
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The DM_BRA organ masses generally showed good agreement with those models 

generated from the same data set (Digimouse). The analysis of the organs volumes is 

relevant in order to compare different segmentations since it eliminates the influence of 

tissues density assigned by the different authors. Table 3 shows the organ volumes ratio for 

common organs of the three different Digimouse models. Also the ratio between the 

maximum and minimum volume for each segmented organ was presented. 

Table 3.- Ratio between organ volumes of organs common to Digimouse images based 

models. Maximum and minimum volumes ratios were also presented. 

 

Tissue/Organ 

Organ volumes ratio 
Ratio max/min 

Volume DM_BRA 

/kinase[2011a] 

DM_BRA 

/Zhang[2012] 

Kinase[2011a] 

/Zahang[2012] 

Adrenals 0.838 1.255 1.499 1.499 

Brain 0.900 0.784 0.872 1.275 

Eye 0.997 1.496 1.501 1.501 

Heart 0.919 0.996 1.084 1.084 

Kidney 0.927 1.008 1.088 1.088 

Liver 0.943 0.998 1.058 1.058 

Lung 1.050 1.187 1.130 1.187 

Pancreas 1.001 1.136 1.134 1.134 

Skeleton 1.396 1.270 0.910 1.396 

Spleen 0.970 1.082 1.115 1.115 

Stomach 1.043 0.954 0.914 1.094 

Testes 1.021 1.167 1.143 1.167 

U. Bladder 1.204 1.152 0.956 1.204 

Remaining Tissues 1.110 1.078 0.971 1.110 

 

 

Table 3 demonstrates that eyes and adrenal (small organs) segmentation resulted in the 

largest volumes differences among the models (~50%). Large organs or tissues such as 

skeletal and brain also exhibited significant variations: 40% and 27% respectively. The 

other organs showed maximum/minimum volume differences equal or less than 20%. 

 

3.2.- Monte Carlo simulations 
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Tables 4 and 5 show the SAF values calculated using DM_BRA model adapted to MCNPX 

code. The organs average absorbed dose were obtained through F6:p (Table 4) and +F6 

(Table 5) tally types and then converted into SAF. Values obtained by Moramadi and 

Kinase [2011] were used as reference. 

 

The relative errors (RE) were kept below 5% for most organs in the simulations. Only the 

bladder and adrenal SAF errors were greater than 5% (but less than 20%). The small size of 

adrenals makes it difficult to obtain low relative errors when they are relatively far from 

source organ. The bladder, despite being a medium-sized organ, is one of the most distant 

organs from heart. Despite this, only cases with 15 keV photons showed RE greater than 

5%. 

 

Table 4.- Specific Absorbed Fraction (SAF) for different organs calculated using MCNPX 

F6:p tally. Comparison with reference values published by Moramadi & Kinase (2011). 

 

Photon Spefic Absorbed Fractions - SAF (1/kg) – Source Organ = Heart 

Energy 

(MeV) 
Study  Skeleton Heart Bladder Stomach Spleen Pancreas Liver Kidneys Adrenal Lungs 

0.015 

Kinase [2011a] 6.8E+01 1.2E+03 1.9E-01 8.4E+00 2.8E+00 2.5E+00 3.8E+01 1.6E+00 4.8E+00 2.7E+02 

DM_BRA 4.5E+01 1.3E+03 2.7E-01 1.1E+01 2.9E+00 3.0E+00 3.5E+01 1.5E+00 4.4E+00 3.1E+02 
Ratio 0.66* 1.10 1.40 1.30* 1.04 1.22 0.91 0.94 0.92 1.14* 

0.1 

Kinase [2011a] 1.7E+00 3.1E+01 2.3E-01 1.0E+00 6.1E-01 5.7E-01 2.0E+00 4.6E-01 7.8E-01 7.5E+00 
DM_BRA 1.3E+00 3.1E+01 2.2E-01 1.2E+00 6.4E-01 6.5E-01 2.0E+00 4.8E-01 8.1E-01 8.4E+00 

Ratio 0.78* 1.01 0.97 1.21* 1.06 1.14 0.98 1.03 1.03 1.13 

0.5 

Kinase [2011a] 1.5E+00 3.6E+01 2.9E-01 1.3E+00 7.3E-01 6.9E-01 2.5E+00 5.9E-01 9.7E-01 9.5E+00 
DM_BRA 1.1E+00 4.0E+01 2.8E-01 1.5E+00 8.0E-01 8.0E-01 2.4E+00 5.8E-01 1.0E+00 1.0E+01 

Ratio 0.75* 1.10 0.97 1.13* 1.09 1.17* 0.95 0.99 1.03 1.10 

1 

Kinase [2011a] 1.4E+00 2.7E+01 2.9E-01 1.2E+00 7.2E-01 6.7E-01 2.4E+00 5.6E-01 8.1E-01 8.3E+00 
DM_BRA 1.1E+00 3.7E+01 2.7E-01 1.4E+00 7.5E-01 7.7E-01 2.2E+00 5.5E-01 9.4E-01 9.8E+00 

Ratio 0.76* 1.38* 0.95 1.16* 1.05 1.15* 0.93 0.99 1.16 1.18* 

4 

Kinase [2011a] 5.3E-01 4.4E+00 1.8E-01 7.7E-01 4.9E-01 4.9E-01 1.0E+00 3.9E-01 6.2E-01 1.8E+00 

DM_BRA 7.3E-01 2.5E+01 1.9E-01 9.4E-01 5.2E-01 5.2E-01 1.5E+00 3.8E-01 6.4E-01 6.6E+00 
Ratio 1.37* 5.67* 1.05 1.22* 1.05 1.07 1.51* 0.98 1.03 3.65* 

* - Difference between the means are statistically significant (Significance level = 0.01) 
 

 

Table 5.- Specific Absorbed Fraction (SAF) for different organs calculated using MCNPX 

+F6 tally. Comparison with reference values published by Moramadi and Kinase [2011a]. 

  
Photon Specific Absorbed Fractions - SAF (1/kg) – Source Organ = Heart 

Energy 

(MeV) 
Study Skeleton Heart Bladder Stomach Spleen Pancreas Liver Kidneys Adrenal Lungs 

0.015 
Kinase [2011a] 6.8E+01 1.2E+03 1.9E-01 8.4E+00 2.8E+00 2.5E+00 3.8E+01 1.6E+00 4.8E+00 2.7E+02 

DM_BRA 4.6E+01 1.3E+03 2.4E-01 1.1E+01 3.1E+00 2.9E+00 3.5E+01 1.5E+00 4.5E+00 3.1E+02 
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Ratio 0.67* 1.10 1.24* 1.33* 1.11 1.17 0.91 0.95 0.93 1.14* 

0.1 

Kinase [2011a] 1.7E+00 3.1E+01 2.3E-01 1.0E+00 6.1E-01 5.7E-01 2.0E+00 4.6E-01 7.8E-01 7.5E+00 

DM_BRA 1.3E+00 3.1E+01 2.3E-01 1.3E+00 6.4E-01 6.3E-01 2.0E+00 4.8E-01 6.4E-01 8.5E+00 
Ratio 0.76* 1.01 0.99 1.25* 1.05 1.10 0.98 1.03 0.82 1.14* 

0.5 

Kinase [2011a] 1.5E+00 3.6E+01 2.9E-01 1.3E+00 7.3E-01 6.9E-01 2.5E+00 5.9E-01 9.7E-01 9.5E+00 
DM_BRA 1.1E+00 3.6E+01 2.9E-01 1,50E+00 8,1E-01 7.2E-01 2.4E+00 6,0E-01 9,8E-01 1,1E+01 

Ratio 0.75* 1.00 1.00 1.15* 1.11 1.04 0.95 1.02 1.01 1.11 

1 

Kinase [2011a] 1.4E+00 2.7E+01 2.9E-01 1.2E+00 7.2E-01 6.7E-01 2.4E+00 5.6E-01 8.1E-01 8.3E+00 
DM_BRA 1.0E+00 2.6E+01 2.8E-01 1.4E+00 7.9E-01 7.3E-01 2.2E+00 5.8E-01 8.3E-01 9.2E+00 

Ratio 0.74* 0.96 0.95 1.17* 1.10 1.08 0.93 1.03 1.03 1.10 

4 

Kinase [2011a] 5.3E-01 4.4E+00 1.8E-01 7.7E-01 4.9E-01 4.9E-01 1.0E+00 3.9E-01 6.2E-01 1.8E+00 

DM_BRA 4.3E-01 4.1E+00 1.9E-01 8.2E-01 5.1E-01 4.9E-01 9.8E-01 3.8E-01 6.8E-01 1.9E+00 

Ratio 0.80* 0.94 1.03 1.07 1.05 1.01 0.98 0.99 1.10 1.03 

* - Difference between the means are statistically significant (Significance level = 0.01) 

 

 

F6:p tally required lower NPS since 5E05 photons were enough to keep most of RE below 

5%. The +F6 tally required NPS of 5E6, i.e. ten times more photons than were required to 

reach the same RE level obtained with F6:p. The impact of +F6 in computational time was 

significant, particularly for higher energies photons (1 MeV and 4 MeV). 

 

The ratio between data obtained through F6:p and +F6 tallies were close the unit (1.00) in 

cases involving 15 keV, 100 keV and 500 keV photons. Heart SAF for 1 MeV photons was 

overestimated by approximately 40% when compared to Mohammadi and Kinase [2011a] 

and the value obtained with +F6. Considering 4 MeV photons, the heart, lungs, skeleton 

and liver SAF were also overestimated (~550%, 350%, 150%, 150% respectively). 

 

Differences between +F6 type tally (Table 5) and Mohammadi and Kinase [2011a] SAF 

values were equal or less than 10% for most cases/organs. The discrepancies were not 

statistically significant for heart, spleen, pancreas, liver, kidneys and adrenals, considering 

all simulated cases. Despite the high computational time required by +F6 tally, it appears to 

be more reliable for simulations involving mouse phantoms. Skeleton presented highest 

deviations: 20% to 33% underestimations. Stomach SAF values, on the other hand, showed 

systematic overestimation. Lungs show differences statistically significant for low energy 

photons (0.015 keV and 0.1 keV). Urinary bladder’s SAF values were statistically different 

only for 15keV photons. 
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3.3.- Spatial distribution of absorbed doses and relative errors 

 

The absorbed dose values were normalized for the maximum value obtained in the case.  

Figure 2 shows coronal slices exported from Amide
®
 software. NIH table was used to set 

colors to each voxel in according to the normalized absorbed dose. The F6:p overestimation 

tendency for 1 MeV or higher energy photons was also observed for the maximum doses. 

 

A higher quality images of energy deposition patterns for F6:p than +F6 tally was depicted 

in Figure 2; although, NPS to +F6 was ten times greater than for F6:p. Despite of the 

number of particles was larger, the relative errors for each voxel have been greater when 

+F6 was the tally card (Figure 3). 
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Figure 2 - Coronal slices from Amide
®
 software presenting the absorbed doses distribution 

pattern for 15 keV, 100 keV, 500 keV, 1 MeV or 4 MeV photon emitted at heart. The 

values were evaluated with F6:p (NPS = 1E+05) and +F6 (NPS = 1E+06) tallies. 

Figure 3 shows coronal slices of the distribution pattern of relative errors fused with the 

model representation image. The slices shown in Figure 3 correspond to the same slices on 
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Figure 2. It is noted that for a same source organ distance +F6 card resulted in much larger 

relative errors than F6:p.  

 

 

 

Figure 3.- Coronal slices of fused images of the distribution pattern of relative errors and 

the model representation for 15 keV, 100 keV, 500 keV, 1 MeV or 4 MeV photon emitted 

at heart. NPS was set to 1E+05 for F6:p and 1E+06 for +F6 tallies. 
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Target organs located farther from the source, such as the bladder, showed relative errors 

per voxel up to 100%, especially for lower energy photons with +F6 tally. When 

considering the total organ volume for absorbed dose sampling, relative errors were less 

than 5% for most organs, as previously mentioned. 

 

 

 

Figure 4.- Transversal and coronal slices of absorbed doses distribution pattern fused with 

model representation image. The maximum absorbed doses per unit of emittion particle 

were spotted on ribs inner surfaces for a 15 keV photons at heart source. For 100 keV to 

500 keV photons the maximum dose was observed in the heart. 
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Cases with 15 keV photons source showed that higher absorbed dose values were observed 

in ribs and sternum inner surfaces (Figure 4). Skeleton average absorbed dose in these 

simulations were more than ten times lower than the heart, however, there are hot spots on 

thorax bones with highest doses. Figure 4 also show that 100 keV photon deposited higher 

dose in rib cage bones than in the soft tissues near this bones. Energy deposition pattern 

was not influenced by bone tissues in simulations with 500 keV or greater energy photons. 

In these cases hard tissue near the heart show same behavior than their adjacent soft tissues. 

 

 

4.- DISCUSSION 

 

4.1.- The DM_BRA voxel model 

 

The first version of DM_BRA do not present detailed segmentation. Human phantom 

evolution shows that segmentation in greater detail is natural tendency with increasing 

computer processing power and memory. Currently, ICRP reference phantoms [ICRP 

2009] present very refined segmentation. Various organs show wall and content distinction. 

The same is occurring with more recent mouse phantoms. 

 

The assumption of segmentation of the distinct organ’s wall and its content, as well as the 

kidney sectioning, provides a model representation closer to the real animal than only 

considering the organ as a uniform mass. Although, the magnitude of the differences in 

simulations when either approach is adopted were not demonstrated yet for mice. Future 

DM_BRA versions will incorporate distinctions between organ’s wall and its content as 

well as the kidneys sectioning in marrow, cortex and pelvis. 

 

DM_BRA bones were segmented as a single structure called skeleton. Optimal Bone 

marrow dosimetry for mice appears to be still a challenge. The chemical composition and 

density of the main bones or bones sets, as well as red bone marrow (RBM), yellow bone 

marrow (YBM) and mineralized bone (bone mineral) percentages were established for 
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humans [ICRP 2002]. These data do not exist or are not easily accessible for mice. ICRP 

110 human reference phantoms present distinctions between cortical and trabecular region 

(spongiosa). Long bones also show medullary cavity and are divided into proximal and 

distal regions [ICRP 2009]. For bone marrow absorbed dose evaluation, the simple 

transposition of human data and calculation methods to murine models does not seem 

adequate. There are too many assumptions that must be true: human and mice cortical 

bones have the same composition and density? human and mice have the same proportion 

of RBM and YBM in the bones? mice RBM and YBM have the same composition and 

density of human RBM and YBM? medullary cavity of mice long bones have the same 

characteristics of the human ones? etc. The availability of such data could improve mice 

bone marrow dosimetry.  

 

Voxel dimensions of DM_BRA model (0.25x0.25x0.50) mm is in an intermediate range. 

Mauxion et al. [2013] states that voxel size variation impacts on organ mass and shape, 

consequently it has influence on the absorbed dose estimations. The Moby phantom was 

tested with (0.625x0.625x0.625) mm and (0.20x0.20x0.20) mm. The spatial sampling 

procedure has generated considerable differences (above 50%) in some organ masses. In 

their study, Mauxion et al. [2013] determined that (0.20x0.20x0.20) mm dimensions seem 

to be suitable for mice models. 

 

Mohammadi and Kinase [2011b] also tested the effect of the spatial sampling of the 

absorbed doses in the voxel models. The dimensions studied were (0.1x0.1x0.1) mm 

(0.4x0.4x0.4) mm. In this case, spatial sampling did not result in major differences between 

organ masses (maximum 8.7% - eyes). The study concluded that the changes in voxel 

dimensions resulted in significant differences in the absorbed doses only from electrons. 

Moreover, it was mentioned that significant differences are observed only in cross 

irradiation conditions as the source organ ≠ target organ [Mohammadi and Kinase 2011b]. 

In many cases the contributions of cross irradiations are negligible when compared with 

self-irradiation as organ source=target organ. 
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The reduction of the voxel length in z-axis of DM_BRA is desirable. However a reduction 

of 0.50 mm to 0.25 mm involves forty two new image segmentations, i.e. an equivalent 

effort to the one done for model creation. The application of interpolation algorithms to 

generate the intermediate images would be a suitable option for this task. 

 

The wide diversity of references in order to set the chemical composition and density of the 

model´s tissues was observed in Table 1. Such occurrence makes difficult the studies 

intercomparison. Furthermore, there is no way to identify the best data from references that 

should be adopted, while a more modern set of data from human reference is not 

necessarily closer to mice values. The generation of reference values for chemical 

composition, density and mass of mice organs shall be a good contribution to small animal 

dosimetry. 

 

DM_BRA whole body mass (25.7g) was 8% lower than the expected (28g). Mohammadi 

and Kinase [2011b] and Zhang et al. [2012] also reported models with smaller masses than 

the real: 23.4g and 26.9g respectively. Segmentation errors can be a cause of the mass 

differences. Yet another explanation may be the adopted tissue density. This statement is 

corroborated by Zhang et al. [2012]. Chemical composition and density data from human 

organs have been adopted in these three studies. It is possible that such practice may 

generate errors on computational dose calculations. 

 

Mass of mouse models found in literature ranged from 21 to 35 grams. Much of the mice 

used in ionizing radiation experiments are within this weight. However, they were based 

only on segmentations of a few animals [Hindorf et al., 2004; Kolbert et al., 2003; Stabin et 

al., 2006; Stout et al., 2002; Bitar et al., 2007a; Segars et al., 2004]. Indeed, a large group 

of mouse models, including DM_BRA, were based on images of only two animals: the 

Digimouse project data (Nude-male) or phantom Moby (C57BL/6-male). Indeed, the 

existing mouse phantoms show low representativeness regarding the morphological 

diversity of strains used in ionizing radiation experiments. Some important strains 

(BALB/c, SCID, Swiss, etc.) have not been segmented until now.  
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Manual segmentation is a time consuming process. Automatic segmentation processes for 

specific tissues have been developed [Wang et al., 2009; Habes et al., 2013; Chung et al., 

2009; Gonzales et al., 2004; Tidwell 2013; Oguza et al., 2014]. However, there is none 

algorithms with satisfactory results for whole body 3D segmentation. The individualization 

of some internal organs in a 3D image data set apparently still remains a challenge. In this 

scenario, the possibility of development of reference mice phantoms (male and female) 

specifically for the most frequently strains used in ionizing radiation studies must be 

considered. 

 

Table 2 show large difference between maximum and minimum organ masses. For most 

organs it was higher than 100%. The following factors may have contributed to the 

observed discrepancies: i) organ condition at the image acquisition (e.g. bladder - full or 

empty); ii) differences in organ assigned material (e.g. stomach - filled with air in some 

cases); iii) different densities assigned to the same tissue (e.g. lung - 0.26 to 0.38 g/cm3); 

iv) distinct model voxels dimensions  (especially affects small organs such as the thyroid 

and adrenal); v) subjectivity and errors during segmentation; and vi) the inherent variability 

of organ mass of different mice strains. 

 

Comparison among organ volumes (table 3) of DM_BRA, and the other mouse models 

based on Digimouse data set show a good agreement for most organs. However large 

variations for some organs were found. The main factors that may have caused this 

discrepancies were: i) subjectivity or errors in segmentation process and ii) distinct voxel 

dimensions adopted for each model.  

 

Indeed, it was noted that volumes and consequently the masses of segmented organs can 

vary considerably according to whom identifies the organs and the voxel dimensions 

defined for the model. It's hard to identify which segmentation is closer to reality. The 

knowledge of main organs mass variation range, referring the most used mouse strains, 

could help identify segmentation errors. These data could easily be obtained from 

biodistribution studies. The methodologies used in these experiments require weighting of 

most mice organs. Creation of an open database containing strain name, age, gender, whole 
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body and organs weight could generate these reference data quickly without the need to 

sacrifice new animals. Determination of the optimal voxel size to be adopted for mice 

models also may help reducing such variations.  

 

4.2.- Monte Carlo simulations 

 

The use of F6:p was proved unsuitable for photon energies greater than 500 keV. 

Overestimations on SAF values of organs located near source were found when F6:p was 

used for 1 MeV and 4 MeV photons. Zhang et al. [2012] studied absorbed doses in mice 

produced by external beams. One of their findings is precisely that F6:p produces 

overestimations for photon´s energies above 0.1 MeV for organs near the animal's surface. 

Those errors also occur in deeper organs for photons over 1 MeV. Indeed, MCNPX manual 

alert for risk of using F6:p in small volumes (such as voxels of DM_BRA) and for 

problems involving photons and/or electrons [Pelowitz 2011].   

 

+F6 tally appears to be more reliable than F6:p for simulations involving mouse phantoms. 

Tally +F6 SAF values agreed with Mohammadi and Kinase [2011a] results for most organs 

and photon energies. Main deviations were observed for skeleton, stomach and lungs. 

 

DM_BRA skeleton mass is 40% higher than Mohammadi & Kinase model (2011) one. It is 

possible that this mass variation explains the SAF underestimations observed for this organ. 

The ratio between lung volumes of these models is only 1.05. Thus the adoption of 

different lung densities for the models should have led to DM_BRA SAF value 

overestimation. DM_BRA has a lung density of 0.382 g/cm3 while Mohammadi & Kinase 

(2011) model adopted 0.296 g/cm3. That makes DM_BRA lung mass ~36% larger than 

Kinase’s model. Stomach´s mass presents little variation between the two models (4%). 

Possibly, differences in organ shape and distance from the source can explain deviations 

observed for this organ.  
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On the other hand, adrenals and urinary bladder show substantial differences between the 

models referring to organ mass and volume. However, statistically significant differences 

were not observed in SAF values calculated for these organs. Exception is bladder’s SAF 

for 15keV photons.  

 

The most important restriction to +F6 tally utilization was high computational time 

required for calculations. F6:p simulations with similar relative errors need a tenth of NPS 

or less to run.    

 

4.3.- Spatial distribution of Absorbed doses and Relative Errors 

 

The 3D viewing of the dose deposition patterns complements the information addressed by 

the absorbed dose average at organs. We show in this work that 15 keV photons emitted on 

heart produce hot spots of absorbed dose in ribs and sternum inner surfaces. Dosimetry 

restricted only to average doses evaluation does not allow the identification of particular 

situations as the one described. 

 

Relative errors distribution visualization show that even for small models, like mice, the 

uncertainties grow very large for organs located far from the source. Since the target organ 

with the highest relative error determines the NPS needed to maintain ER lower than 

defined threshold. Generally, when the highest relative error organ reaches the acceptable 

error level (e.g. 5%), organs closer to the source generally have RE lower than 1%. 

Variance reduction methods can enhance errors distribution. Application of such techniques 

can greatly reduce the computational time maintaining results reliability. 

 

 

5.- CONCLUSIONS 
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DM_BRA mouse voxel model was to create from "Digimouse" project images. The current 

configuration allows preliminary studies of absorbed dose evaluation due to multiple 

procedures involving injections of one or more radiopharmaceuticals. 

 

Some improvements in organs segmentation still should be made in next versions of 

DM_BRA: i) small and large intestines distinction; ii) wall and content individualized 

segmentation of organs such heart, stomach and intestines; iii) thyroid segmentation; and 

iv) kidney’s specific regions (cortex, medulla and pelvis) individualization. Mice bone 

marrow data still should be obtained for allowing the construction of more realistic 

phantoms regarding this organ. 

 

Segmentation of intermediary slices will be done in future in order to obtain a model with 

0.25x0.25x0.25 mm3 voxel dimensions. If necessary, even smaller voxel size may be 

obtained by interpolation algorithms. 

 

Production and availability of chemical composition and density reference data for mice 

tissue should allow better representation of the reality and could bring more standardization 

to created animal models. 

 

The models created up to date exhibit low representativeness regarding mice morphological 

diversity. Studies should be conducted to determine intra-strain morphological variability. 

If low variability is observed for individuals with similar characteristics (age, sex, strain), 

the construction of specific reference mice phantoms could be justified [Mauxion et al., 

2013]. 

 

As shown in this work, segmentation of an identical image set by different persons and/or 

methods can result significant organ masses variations. Database containing strain name, 

age, gender, whole body an organs weight range could easily be generate and utilized as 

reference during the segmentation process. 
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Use of +F6 tally for mouse phantoms appears to be more reliable. The SAF data in most 

simulated cases were statistically equal to those present in Mohammadi and Kinase [2011]. 

F6:p utilization proved to be unsuitable for photons with high energies. Despite this, F6:p 

require much smaller NPS than +F6 to achieve similar relative errors. Thus, F6:p use must 

be considered when it is possible. 

 

The visualization of absorbed dose spatial distribution brought improvements in the 

dosimetric analysis, complementing the information of the organ average dose. High dose 

spots in organs/tissues regions could be identified, quantified and correlated with possible 

deterministic biological effects. Similarly, the depicting of relative errors per voxel can be 

useful in evaluation of the variance reduction techniques effectiveness. Better patterns of 

errors distributions can reduce computational time maintaining the results reliability. 
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