
2015 International Nuclear Atlantic Conference - INAC 2015 

São Paulo, SP, Brazil, October 4-9, 2015 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 

ISBN: 978-85-99141-06-9 

 

VALIDATION OF INTERNAL DOSIMETRY PROTOCOLS 

BASED ON STOCHASTIC METHOD 

 

Bruno M. Mendes1,2, Telma C. F. Fonseca1, Iassudara G. Almeida2, Bruno M. Trindade2 

and Tarcísio P. R. Campos2 

 
1 Divisão de Reatores e Radiações – Centro de Desenvolvimento da Tecnologia Nuclear (CDTN/CNEN) 

Avenida Presidente Antônio Carlos, 6.627 

Campus da UFMG - Pampulha - CEP 31270-901 

Belo Horizonte - MG, Brasil 

bmm@cdtn.br 

 
2 Departamento de Engenharia Nuclear – DEN / Universidade Federal de Minas Gerais - UFMG 

Avenida Presidente Antônio Carlos, 6.627 

Campus da UFMG - Pampulha - CEP 31270-901 

Belo Horizonte - MG, Brasil 

tprcampos@yahoo.com.br 

 

 

ABSTRACT 

 
Computational phantoms adapted to Monte Carlo codes have been applied successfully in radiation dosimetry 

fields. NRI research group has been developing Internal Dosimetry Protocols - IDPs, addressing distinct 

methodologies, software and computational human-simulators, to perform internal dosimetry, especially for new 

radiopharmaceuticals. Validation of the IDPs is critical to ensure the reliability of the simulations results.  Inter 

comparisons of data from literature with those produced by our IDPs is a suitable method for validation. The aim 

of this study was to validate the IDPs following such inter comparison procedure. The Golem phantom has been 

reconfigured to run on MCNP5. The specific absorbed fractions (SAF) for photon at 30, 100 and 1000 keV 

energies were simulated based on the IDPs  and compared with reference values (RV) published by Zankl and 

Petoussi-Henss, 1998. The SAF average differences from RV and those obtained in IDP simulations was 2.3 %. 

The SAF largest differences were found in situations involving low energy photons at 30 keV. The Adrenals and 

thyroid, i.e. the lowest mass organs, had the highest SAF discrepancies towards RV as 7.2 % and 3.8 %, 

respectively. The statistic differences of SAF applying our IDPs from reference values were considered acceptable 

at the 30, 100 and 1000 keV spectra. We believe that the main reason for the discrepancies in IDPs run, found in 

lower masses organs, was due to our source definition methodology. Improvements of source spatial distribution 

in the voxels may provide outputs more consistent with reference values for lower masses organs.  

 

 

1. INTRODUCTION 

 

The radiation dosimetry is a subdivision of nuclear sciences whose major goals are the 

determination of absorbed doses involved in radiation exposure and the analyses of its 

deleterious effects [1, 2]. The knowledge of the mass absorbed energy in terms of absolute 

quantitative values and its spatial distribution patterns in the diverse human body organs is 

essential in nuclear medicine procedures, radiotherapy and occupational exposure evaluations 

[3]. 

 

Direct measurements of absorbed dose in internal organs using physical detectors has limited 

feasibility [3]. The in vivo positioning of dosimeters in internal organs is an invasive procedure 

and it is the major factor that restricts such technique. Anthropomorphic and anthropometric 

computational models coupled to Monte Carlo codes represent a simple and effective 
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alternative to provide absorbed dose measurements estimates in interest synthetic organs. These 

models, also called phantoms, have been developed since the 1960s. Since then, more than 121 

computational phantoms have been built by several groups [3]. 

 

Our institutions have been working in research and development of radiopharmaceuticals 

mainly based in 99mTc and 18F. Internal Dosimetry Protocols - IDPs, addressing distinct 

methodologies, software and computational human-simulators, to perform internal dosimetry, 

have been implemented and used by our research group [4, 5]. 

 

Validation of the ID protocols is critical to ensure the reliability of the simulations results. 

Several techniques can be used in validation studies of dosimetric calculations. Inter 

comparisons of data from literature with those produced by our IDPs is a suitable method for 

validation. Replication of other researcher´s studies following the ID protocols, early 

developed in NRI, shall be pursued. 

 

The German Research Center for Environmental Health (GSF) has a research group that, since 

1980, has been one of the leaders in dosimetry and voxel phantoms development [6-18]. One 

of the papers published by GSF presented specific absorbed fraction (SAF) values for different 

organs of Golem phantom [7]. This phantom, kindly provided by GSF, was implemented to 

run on MCNP5 using SISCODES software developed at NRI-UFMG. 

 

The aim of this study was to validate the IDPs developed by our research group to perform 

dosimetric calculations. The phantom - Golem - was configured to run in MNCP5 code and the 

results of simulations were compared with those reported in the literature [7]. 

 

 

2. METHODS 

 

The file 'segm_golem' containing Golem phantom binary data was kindly provided by GSF. 

The dimensions of the 3D matrix are 256 x 256 x 220 (rows x columns x slices). Voxel 

dimensions of the model are 2.08 x 2.08 x 8.0 mm3 (line depth x column width x slice height). 

A hundred twenty two organs or tissues were segmented. The model comprises nine different 

materials: cortical bone, skin, muscle, soft tissue, red bone marrow (RBM), yellow bone 

marrow (YBM), adipose tissue, lung and air. The model’s bones were defined by different 

combinations of cortical bone, RBM and YBM. The atomic composition and density of each 

material were based on ICRU Report 44 (1989) [19]. 

 

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

SISCODES voxel model template format. The SISCODES software was used as an interface 

for generation of input files to run in MCNP5. 

 

The tissues chemical compositions and the density (g/cm3) provided with the model were 

included in the template database SISCODES program. The bone tissues were defined from 

values given in ICRU 44 and ICRP 23 [19, 20]. 

 

As in the work of Zankl and Petoussi-Henss [7], the following organs of the Golem model were 

defined as source organs: spleen, brain, liver, adrenals, pancreas, lungs, kidneys and thyroid. 

SISCODES automatically generated sources homogeneously distributed in source organs. Any 
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voxel of source organ has the same photon emission probability. It was determined that the 

photon emission will occur always at (0, 0, 0) voxel coordinate, i.e. in the center of the 

parallelepiped. 

 

Simulations with 30 keV, 100 keV and 1 MeV photons were performed for each source organ 

in order to compare with the results available in literature [7]. 

 

Figure 1 shows a diagram presenting the input files generated by SISCODES and executed 

with MCNP5 Monte Carlo code. In summary, for each of the eight source organs, were 

generated 3 input files. Thus, 24 cases were simulated in this work. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Scheme showing input files created for simulations in this study. 

 

 

 

The tally card specification was generate by SISCODES in the input files. The source organ 

was set as target organ according to Zankl and Petoussi-Henss work [7]. The energy deposited 

per unit of mass (F6:p - MeV/g) in all voxels of the target organ per emitted photon at source 

was assessed. The specific absorbed fraction (SAF) value in kg-1 was calculated taking into 

account the photon energy and the average energy per unit of mass deposited (absorbed dose) 

in the organ per emitted photon. 

 

The SAF values obtained in the simulations were compared with reference values (RV) 

published by Zankl and Petoussi-Henss [7]. For each photon energy, the paired t test (p <0.01) 

was applied to determine the significance of the differences between calculated values and RV. 

 

A C++ program “in house” made was used to generate binary files (.raw) to allow the 

visualization of the simulation results in a medical imaging software (e.g. Amide®). The C++ 

program also provides average doses, relative errors and maximum and minimum values for 

each organ. The results of the simulations in which the lungs were the source organ were chosen 

to be presented.  

 

The number of histories (NPS) running on MCNP5 varied according to the organ source. The 

maximum average relative error allowed in organ source/target organs was set to 5%. 
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3. RESULTS 

 

Table 1 show SAF values resulting from simulations performed by our group and obtained by 

Zankl and Petoussi-Henss [7], considered the reference values (RV). The ratio between this 

values was also included.  

 

The specific absorbed fraction values for 30 keV, 100 keV and 1 MeV photons obtained in 

simulations show good agreement with the GSF reference values. Only adrenals SAF showed 

deviations greater than 5% compared to VR. Considering relative errors of 5% for RV and the 

relative errors obtained in the simulations (below 5%), statistically significant differences were 

not observed (p<0.01) between VR and the values obtained in the simulations using NRI-

UFMG/CDTN ID protocols. 

 

 

Table 1 - Comparison between the SAF values obtained in the simulations with MCNP5 

and those results presented by Zankl and Petoussi-Henss [7]. 

 

 

Organ 

(source = target) 

Specific Absorbed Fraction – SAF (kg-1) 

30 keV 100 keV 1 MeV 

RV NRI Ratio RV NRI Ratio RV NRI Ratio 

Adrenals 5.3 5.7 1.08 0.94 1.00 1.06 1.0 1.1 1.08 

Brain 0.46 0.45 0.98 0.13 0.13 1.00 0.12 0.12 0.98 

Kidneys 1.1 1.1 1.01 0.24 0.24 1.00 0.23 0.23 1.00 

Liver 0.36 0.36 1.01 0.11 0.11 1.00 0.094 0.094 1.00 

Lungs 0.29 0.28 0.96 0.062 0.061 0.98 0.055 0.055 1.00 

Pancreas 3.5 3.6 1.03 0.69 0.70 1.01 0.69 0.70 1.01 

Spleen 2.0 2.0 1.01 0.43 0.43 1.00 0.42 0.42 1.00 

Thyroid 6.3 6.5 1.04 1.1 1.2 1.05 1.2 1.2 1.03 

 

 

 

Table 2 shows the moduli of the differences (MD) between the SAF values obtained through 

the simulations and the reference data. We chose the modulus of the difference in order to show 

only the magnitude of relative deviation to RV, no matter if such value is greater or smaller. An 

indicator of the quality of the IDP´s values was the average of the moduli of the differences 

(AMD) taken at an organ or a photon energy.  

 

The adrenals and thyroid were the organs with the highest MD. AMD for these organs were 

7.2% and 3.8% respectively. Liver and kidney showed the lowest deviations: 0.4% and 0.7% 

respectively. 

 

Regarding the energy of the emitted photon, the largest deviations from the reference values 

were observed for 30 keV photons. Considering all the organs evaluated for this photon energy, 

the AMD was 2.9%. In cases with 100 keV to 1 MeV photon sources, AMD was 1.9 % and 

1.8 % respectively. 
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Table 2 – Percent Moduli of the differences between the SAF values obtained through 

the MCNP5 simulations and RV. 

 

Organ 
Volume Modulus of Difference - MD (%)  

(cm3) 30 keV 100 keV 1 MeV AMD 

Spleen 155 1.4 0.2 0.5 0.7 

Brain 1160 1.7 0.3 1.6 1.2 

Liver 1517 0.8 0.4 0.0 0.4 

Adrenals 22 7.7 6.2 7.7 7.2 

Pancreas 69 2.9 1.3 1.0 1.7 

Lungs 2802 3.9 2.1 0.3 2.1 

Kidneys 301 1.4 0.1 0.5 0.6 

Thyroid 25 3.6 4.7 3.0 3.8 

AMD - 2.9 1.9 1.8 2.2 

 

 

The 3D visualization of absorbed dose and relative error per voxel and the results of lung 

simulations are presented. Table 3 show the minimum, average and maximum absorbed dose 

values in lung voxels per photon emitted in the source. In this cases the lung itself is the source 

and the target organ. The maximum absorbed dose in the whole model obtained in the 

simulations was also presented. 

 

 

Table 3 – Minimum, average and maximum absorbed dose values in lung voxels per 

photon emitted and maximum absorbed dose in whole  

model according to the photon energy 

 

 Absorbed Dose (1E-16 Gy/photon) 

 30 keV 100 keV 1 MeV 

Lung Dmin 2.3 ± 0.3 2.5 ± 0.3 22 ± 2 

Lung Dméd 13.4 ± 0.6 9.7 ± 0.3 88 ± 4 

Lung Dmax 21.6 ± 0.7 14.0 ± 0.4 134 ± 4 

Whole Model Dmáx 41 ± 2 17.0 ± 0.6 134 ± 4 

 

 

It is observed that the lung maximum absorbed dose was nine times greater than the minimum 

for 30 keV photons. This ratio was about six for 100 keV and 1 MeV energy´s photons. The 

ratio between maximum dose and average dose was nearly constant (about 1.5) even for 

photons of different energies. 

 

Still according to the Table 3, it is observed that maximum dose of the IDPs simulations was 

on the source organ only for 1 MeV photon. Photons of 30 keV and 100 keV emitted in the 
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lung resulted in maximum absorbed doses in the ribs, especially in surfaces nearby the lungs. 

This can be confirmed in Figure 2. 

 

 

 
 

Figure 2 – Transversal phantom cross sections depicting the energy deposition patterns 

for 30 keV, 100 keV and 1 MeV photons (A, C and D respectively) with emissions in the 

left and right lungs. (B) – Image´s zoom showing the maximum absorbed dose in the rib 

surface for photos of 30 keV. (E) – General representation of the voxel tissue model. 

 

 

The average relative error in source organ was less than 5% in all cases. The simulations in 

which the lung was considered the source demanded larger NPS values (2.5E06 particles). In 

cases of thyroid and adrenal glands, lower mass organs and consequently holding fewer voxels, 

NPS of 4.0E05 was enough for all simulated photon energies.  

 

Figure 3 shows images of fusions between the model representation and the simulations relative 

errors. Note that the relative error in the lung (organ source) was kept low for simulated photons 

of all the energies. However, even relatively close organs, showed high relative errors, 

particularly in 30 keV photons simulation. The errors increased with de distance from the 

source organ.  
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Figure 3 - Coronal cross sections showing the relative error in voxel model referring to 

simulations witch the organ source is the lung. In all cases NPS was 2.5E6 particles. The 

photon energies were 30 keV (A) 100 keV (B) and 1 MeV (C). 

 

 

 

4. DISCUSSION 

 

The results of simulations using the Internal Dosimetry Protocols developed by the NRI-

UFMG/CDTN group showed no statistically significant differences (p<0.01) compared to 

reference data. 

 

MCNP5 Monte Carlo code was applied for all the simulations in this study. Zankl and Petoussi-

Henss used a code developed at GSF [21]. Considering that the simulations were performed by 

different codes it can be mention that the results from the two distinct methodology had good 

agreement. However, an overestimation tendency for small organs such as the adrenals, thyroid 
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and pancreas was observed (Tables 1 and 2). It is also observed that AMD was greater (2.9%) 

for 30 keV photons than for 100 keV (1.9 %) and 1 MeV (1.8%) photons. 

 

We believe that our source definition in IDPs simulations was the main reason for the deviations 

towards RV. The source was positioned at (0, 0, 0) coordinates, i.e., the center of the voxel. The 

lower the energy, the greater will be the voxel self-shielding effect for photons emitted at its 

center. This effect is more evident at voxels belonging to the organ surface. In these voxels, 

emissions near the surface are more likely to escape and deposit their energy in other organs or 

tissues. Note that the self-shielding effect is amplified in organs whose ratio between the 

number of surface voxels, and the total number of voxels is larger. This ratio is generally higher 

for small organs. That explains the overestimation tendency observed. The source´s definition 

with a randomized distribution inside each voxel increases the complexity and the running time 

of the simulations, however it appears to be the ideal setup for small organs. 

 

Protocols for radiopharmaceuticals internal dosimetry are generally based on organs average 

absorbed dose. However Monte Carlo simulations can provide a profusion of interesting 

information that is usually neglected on type-MIRD protocols.  

 

An advantage of the protocol developed by NRI-UFMG/CDTN group is the possibility of 

obtaining not only the organs average absorbed dose, but also the the maximum and minimum 

organ absorbed doses, as well as the spatial dose distribution. As showed in Table 3, the ratio 

between minimum and maximum dose in the lung was nine (Dmax/Dmin = 9) for 30 keV photons.  

 

Data analysis from Table 3 also reveals that the maximum dose was approximately 60% higher 

than the average dose for the lung simulated cases. Since the maximum dose can be 

considerably greater dose the researchers should evaluate the possibility of deterministic effects 

in the highest dose regions of the organs. It is worth to remember that only the analysis for the 

lung´s source cases was presented, new differences may arise from the other relation 

source/target organs. 

 

The 2D visualization of the spatial absorbed dose distribution (Figure 2) allowed the 

identification of the maximum dose spots in the model. Lung with 30 keV and 100 keV photon 

emissions produces maximum dose on ribs surface. In these simulations the ribs average 

absorbed dose (data not showed) was smaller than the lung average absorbed dose. The case of 

1 MeV photons revealed that the higher doses are not in the bones surface but in the lung. The 

3D visualization of the spatial dose distribution is a tool that may contribute for internal 

dosimetry analysis. 

 

The data analysis from Figure 3 shows that the relative error in the organ source was low (less 

than 5%). However, for low energy photons, target organs distant of source organs can have 

high errors (much larger than 10%). As the target organ distances itself from the source organ, 

higher is the relative error. However, the absorbed dose decreases exponentially. In most cases, 

especially for low energy photons, the contributions of distant source organs are not relevant 

for internal dosimetry evaluations. The effective dose value usually is not deeply imparted by 

these contributions. Nevertheless, the evaluation of distant source organs contributions should 

be performed for each case. Variance reduction techniques can be applied if a good estimate 

for absorbed dose is required in organs that are distant of the source. 
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5. CONCLUSION 

 

Internal Dosimetry Protocols developed by NRI/CDTN group allowed calculation of SAF 

values for 30 keV, 100 keV and 1 MeV photons using the Golem phantom. The agreement with 

the reference data published by GSF was considered acceptable, since statistically significant 

differences were not observed (p<0.01). 

 

Enhancements on the MCNP code source definition will be investigated later. Sources with 

emission in random position (inside the voxel) will be considered and its impact on the 

computational cost will be assessed. 

 

The possibility of obtaining maximum and minimum absorbed dose values on the phantom´s 

organs, the 3D visualization of the spatial absorbed dose distribution and the relative errors in 

each voxel are the contribution of the IDPs from our research group, addressing information 

that can improve internal dosimetry evaluation. 
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