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ABSTRACT 

 
One of the greatest challenges in numerical dosimetry of ionizing radiation is to estimate the absorbed 

dose by bone tissue in the human body.  The bone tissues of greater radiosensitivity are the red bone 

marrow (RBM), that consist of the hematopoietic cells, located within the trabecular bones, and the bone 

surface cells (BSC), called osteogenic cells. The report 70 of the ICRP lists five spongiosa regions with 

their respective volume percent of trabecular bone: ribs (also contemplating the clavicles and sternum), 

spine, long bones, pelvis and skull (also contemplating mandible). The Grupo de Pesquisa em Dosimetria 

Numérica (GDN/CNPq) has been built exposure computational models (ECMs) based on voxel phantoms 

and EGSnrc Monte Carlo code. To estimate the energy deposited in the RBM and in the BSC of a 

phantom, the GDN/CNPq has used a method based on micro-CT images of the five trabecular regions 

mentioned above. These images were provided by other research institutes and were obtained from scan 

of bone samples of adult. Here is the greatest difficulty in reproducing this method: besides the need for 

bone images of real people with micrometer resolution, the distribution of bone marrow in the human 

body, according to ICRP 70, varies with age. This article presents some proposals of the GDN/CNPQ for 
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replacing in the ECMs the micro-CT images by images synthesized by the computer, based on Monte 

Carlo sampling. 

 

Keywords: Micro-CT Images, Synthetic Images, Monte Carlo Sampling, Exposure Computational 

Models, Bone Dosimetry. 

 

 

1. INTRODUCTION 
 

 

One of the biggest challenges in numerical dosimetry is to estimate the dose of ionizing 

radiation absorbed by the soft tissues of the skeleton inside the cavities of trabecular 

bone. The soft tissues of the skeleton are formed by the radiosensitive hematopoietic 

cells of the red bone marrow (RBM) and by the osteogenic cells located on the surfaces 

of trabecular bone, called BSC. The greatest difficulty in evaluating the absorbed dose 

in the RBM and in the BSC is to represent realistically the complex structure of 

trabecular bone. Figure 1 shows the arrangement of the trabecular bone sample of a 

human lumbar vertebra [1], as an example. 

 

 

 

 
 

Figure 1. 3D image obtained using the software ImageJ [2], showing a trabecular 

bone sample of a human lumbar vertebra. 

 

 

 

The GDN/CNPq has developed exposure computational models (ECMs) based voxel 

phantoms and Monte Carlo (MC) code EGSnrc. To estimate the energy deposited in the 

RBM and the BSC in a phantom, the GDN/CNPq has used a method based on micro-

CT images [1] of five groups of bones with different percentages of trabecular bone 

volume, following: ribs (which includes the clavicles and sternum), spine, long bones, 

pelvis and skull, constructed according to the ICRP (International Commission on 

Radiological Protection) 70 [3]. The original images were obtained by scanner of bone 

samples from adults and were provided by other research institutes. Here lies the 
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greatest difficulty in reproducing this method, besides the need for bone images of real 

people with a resolution of micrometers, the distribution of bone marrow in the human 

body, according to ICRP 70, varies greatly with age. 

 

This paper presents studies by GDN/CNPq intended to verify the possibility of 

replacing the micro-CT images in the ECMs by the computer synthesized images, based 

on MC sampling. These synthetic images were generated according to the percentages 

of trabecular bone indicated by ICRP 70 for adults and replaced the blocks of micro-CT 

used in traditional ECMs developed by GDN/CNPq. The dosimetric evaluation results 

were compared with similar results obtained with the traditional ECMs. Also 

comparisons were made between the volumes of BSC to point the most appropriate set 

of images to replace images of real bones. 

 

 

2. MATERIALS AND METHODS 

 

 

Through the DIP [4] and FANTOMAS [5] softwares were generated three sets of 

synthetic images and were constructed the ECMs called MSTA_U, MSTA_US and 

MSTA_UB. The MSTA ECM, constituted of MASH phantom [6] in the standing 

position coupled to the EGSnrc [7] and with the micro-CT images referenced in [1], was 

used for comparision. 

 

The  MSTA_U, MSTA_US and  MSTA_UB ECMs were obtained from the MSTA 

ECM by replacing micro matrices defined by images of real bones by micro matrices 

defined by the respective synthetics images generated according to the procedures 

detailed below. 

 

 

2.1. The MSTA_U ECM 

 

 

For the MSTA_U ECM were synthesized images with the uniform distribution 

performed by a real random number generator between 0 and 1 (referred to here as 

ranu01) [8] to separate the two materials in the bone sample. It was a block generated 

three-dimensional (3D) with dimensions larger than the desired sample, containing two 

numbers identifiers (IDs): one to represent the trabecular bone and the other to represent 

the soft tissue. In this distribution, voxels received IDs 0 (for marrow) and 255 (for 

trabecular bone). Initially, block was created and populated with 0's. So, was selected 

the number of voxels needed to achieve the percentage reported by ICRP 70 and, 

finally, were saved in binary files five blocks to represent the bone regions listed in 

Table 1. 

 

 

2.2. The MSTA_US ECM 

 

 

For the MSTA_US ECM were synthesized images in two steps: In the first, was 

randomly drawn a number of voxels informed by the user. These voxels were labeled as 

initial seeds of a 3D structure. In followed was selected the number of remaining voxels 
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needed to achieve the percentages listed in Table 1. In the second step, the fundamental 

rule is: "the code only accepts voxels that already have at least one neighbor with ID 

255" using the uniform distribution related in item 2.1. 

 

 

 

Table 1: Five regions and corresponding percentages of 

trabecular bone by ICRP 70. 

 

Region bone Percentage of bone 

Ribs 11.44 

Spine 11.25 

Long bones 15.24 

Pelvis 21.15 

Skull 51.56 

 

 

 

2.3. The MSTA_UB ECM 

 

 

For the MSTA_UB ECM the images were synthesized based on the Swendsen-Wang 

algorithm (SWA), normally used to simulate the Ising model in mechanics statistics [9]. 

The steps of the SWA adapted to generate 2D images as binary file are: 

 

Step 1: Define a 2D matrix s with dimensions Lx and Ly, and use the generator ranu01 

to initialize it with values 0 or 255 according to the code fragment in C + + [10] below: 

... 

for (i = 0; i < Lx; i++) 

for (j = 0; j < Ly; j++) 

s[i][j] = ranu01() < 0.5 ? 255 : 0; 

... 

 

Figure 2 represents the initial configuration of the matrix that is saved in a text file and 

converted to JPEG images [4]. 

 

Step 2: Explore the matrix s, examining the neighbors (i-1, j), (i +1, j), (i, j-1) and (i, j 

+1) of the pixel (i, j) (to avoid problems at the image edges, the ties to the two 

dimensions do not contain the index start and stop) and adopting the following rule of 

change: "If ID (i, j) is different from the neighbor's ID, nothing to do, otherwise 

calculate the probability 

Tep

2

1


 ,       (1) 

 

where 
Te /2

is the Boltzmann factor [11] and T is a parameter (in the Ising model for 

temperature) of the problem. If p < 0.5 the neighboring pixel is not changed, otherwise 

the ID change. " 
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Figure 2. Image resulting from step 1 of the SWA. 

 

 

 

Figure 3 illustrates the output of  step 2. 

 

 

 

 
 

Figure 3. 2D image constructed by the method MSTA_UB. 

 

 

 

Step 3: Repeat steps 1 and 2 to generate N desired images. 

 

While that the algorithms MSTA_U and MSTA_US generate sets of  binary  synthetic 

images with the percentage that you want for each specimen, the MSTA_UB always 

generates a set percentage to around 50% because the parameter T was set for this. For 

the percentages presented in Table 1, was used an exchange algorithm implemented in 

the software FANTOMAS [5] using the following criteria, for example, get a set of 
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images with the same percentage 11% of the  ID 255: "Select a voxel (i, j, k) with ID 

255 and change it to 0 if the number of close neighbors is 26, otherwise the number of 

neighbors is 25, and so on, until the amount of voxels with ID 255 achieve the 

percentage 11%. 

 

 

2.4. Criteria for comparison of results 

 

 

The comparisons between the ECMs with images synthetic and MSTA ECM with reals 

images were made using the following descriptors criteria: 

 

 The conversion factors between absorbed dose and cumulative activity as a 

function of energy; 

 The specific absorbed fractions (SAFs); 

 The total number of voxels in the phantom of the BSC for each ECM used in 

this work; 

 The total number of voxels in the BSC of the five bone regions of Table 1; 

 The similarity of the images, i.e., the subjective analysis of the degree of 

similarity between the synthetic images and images of real bones. 

The purpose was to check which synthetic ECM, and which region among the five 

presented, had better representation when compared to the standard model MSTA and 

dosimetric evaluations were performed for the algorithm of the internal source emitting 

photons with energies ranging from 10 keV to 4000 keV already implemented in the 

MSTA. This algorithm assumes that the particles are homogenously distributed in the 

organ-source. 

 

 

3. RESULTS 

 

 

Table 2 shows the parameters used in the simulations in this work. The source and the 

targets presented in the table were selected from the data produced in simulations. The 

number of stories was enough to result in coefficients of variance for the results 

presented below 1%. The percentage of seeds used in the MSTA_US ECM was 50%. 

The parameter T that appears in Equation 1 was set to 2.69 to produce a set of synthetic 

images MSTA_UB with about 50% for each specimen. All results were obtained in the 

Laboratório Computacional de Dosimetria Numérica do IFPE. 
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Table 2. Parameters of the MC simulations of internal dosimetry using photons. 

 

PARAMETER VALUE 

Energy (keV) 10, 15, 20, 30, 50, 60, 70, 80, 100, 200, 500, 1000, 1500, 

2000, 4000 

Number of Stories 10
7 

Source RBM 

Targets Testes, RBM and BSC 

Percentage of seeds (%) 50 

T 2.69 

 

 

 

3.1 Results of Dosimetric Evaluations 

 

 

Figures 5, 6 and 7 show graphs log-log of the absorbed dose/activity accumulated in 

function of the energy due to the source and the targets shown in Table 2. 

 

 

 
Figure 5.  Graphs log-log of the absorbed dose/activity accumulated in function of 

the energy due to the RBM source and the TESTES target. 
 

 

 

The graphs in Figure 5, where the target is the testes, exhibit behaviors similar to the 

four ECMs. This is expected to situations where the target is not bone. 
 

Since the graphs of Figures 6 and 7 for the RBM targets (self-dose) and BSC, one can 

see a significant separation: synthetic ECM that is closest to the MSTA is the 

MSTA_UB. In these cases the target and source are bone tissue. The energy deposition 

in these tissues strongly depends on the distribution of trabecular voxels in the synthetic 

images tested here. 
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Figure 6. Graphs log-log of the absorbed dose/activity accumulated in function of 

the energy due to the RBM source and the RBM target. 
 

 

 

 
Figure 7. Graphs log-log of the absorbed dose/activity accumulated in function of 

the energy due to the RBM source and the BSC target. 

 

 

 

Figures 8, 9 and 10 show the log-log graphs of the SAF as a function of energy, given to 

the source and the targets shown in Table 2. 

 

Although the conversion factors shown in Figures 5, 6 and 7 are different from those 

shown in Figures 8, 9 and 10, the diagnosis is the even when the question is "which set 

of synthetic images that most closely matches of the set used in MSTA? " 

 

Thus, the MSTA_UB ECM is what best represents the MSTA ECM when the 

diagnostic criteria are the dosimetric evaluations. As the value of energy deposited in an 

organ or tissue in any output data from a Monte Carlo code is the result of averages 

computed on the voxels of the organ or tissue, a criterion for choosing one type of 

synthetic image based only on dose is necessary but not enough. This is because, 
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although the four sets of images used in the ECMs have equal percentages of voxels of 

trabecular bone, the spatial distribution of them is very different. 

 

 

 

 
Figure 8. Graphs log-log of the SAF in function of the energy due to the RBM 

source and the TESTES target. 
 

 

 

 
Figure 9. Graphs log-log of the SAF in function of the energy due to the RBM 

source and the RBM target. 
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Figure 10. Graphs log-log of the SAF in function of the energy due to the RBM 

source and the BSC target. 

 

 

 

3.2 Results of the numbers of voxels in the BSC of ECMs 

 

 

Table 3 shows the total number of voxels in the four BSC ECMs. Again the synthetic 

ECM that is closest to the MSTA is the MSTA_UB. In this case the spatial distribution 

of voxels of trabecular bone affects the count of voxels of bone that have at least one 

face in contact with bone marrow voxels. 

 

 

 

Table 3: Total number of voxels in the BSC of the phantom with images 

reals and images synthetic of bone in the models. 

 

Model Total number of voxels of the BSC Erro (%) 

MSTA 265106 0 

MSTA_U 922763 248.07 

MSTA_US 921887 247.74 

MSTA_UB 313395 18.21 

 

 

 

So ECMs MSTA_U and MSTA_US are discarded as representing the distributions of 

the two specimens contained in the trabecular bone samples used in the MSTA. 

 

 

3.3 Results of the numbers of voxels in bone regions in the BSC of the MSTA and 

of the MSTA_UB 

 

 

Table 4 shows the distribution of voxels per region in the BSC of the MSTA and of the 

MSTA_UB. 
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Table 4. Number of voxels in the BSC by each bone region in the 

MSTA  and MSTA_UB ECMs. 

 

Região Óssea MSTA MSTA_UB Erro % 

Spine 44660 65574 46.8 

Ribs 13687 12891 5.8 

Long Bones 119315 134642 12.8 

Pelvis 40276 47036 16.8 

Skull 24380 65317 167.9 

 

 

 

The third diagnostic criterion indicates a very significant fact: each bone region lacks a 

specific method to represent it in the MSTA similar ECMs. In the simulations discussed 

here, the set of synthetic images MSTA_UB is a good descriptor for the ribs. 

 

 

3.4 Results based on 3D visualization 

 

 

To illustrate the conclusion show above, was cut a volume of samples of synthetic and 

real images available. Figure 11 shows 3D views of cut blocks. There is a degree of 

subjective similarity quite reasonable. 

 

 

 

 
(a)            (b) 

Figure 11. Samples of the trabecular bone of the ribs. (a) real images, (b) synthetic 

images. 
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3. CONCLUSIONS 

 

 

Considering the evaluation criteria and the results presented and discussed, we conclude 

that the set of synthetic images MSTA_UB is a good descriptor of the ribs. It also seems 

that each bone region requires a specific method for generating synthetic images 

representative. Continuing this research, the method MSTA_US will be tested for other 

percentage of seeds, the SWA will run for other values of T and techniques for 

generating synthetic images and 3D fractal geometry, neural networks and fuzzy logic 

will be studied. 
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