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Abstract. The radioiodine is a technique for treatment of thyroid cancer. In this technique, the patients are 
submitted to the incorporation of the radioactive substance sodium iodide (Na131I), which reacts with 
physiologically metastasis, thyroid tissue remains of and other organs and tissues of the human body. The 
locations of these reactions are known as areas of highest concentration, hipercaptured areas, hiperconcentrator 
areas, " hot areas " or organ-sources and are viewed through images of nuclear medicine scan known as pre-dose 
(front and rear). To obtain these images, the patient receives, orally, a quantity of 131I with low activity (±74 
MBq) and is positioned in the chamber of flicker. According to the attendance of hot areas shown in the images, 
the doctor determines the nuclear activity to be administered in treatment. This analysis is purely qualitative. In 
this study, the scanning images of pre-dose were adjusted to the dimensions of  FAX voxel phantom, and the hot 
areas correspond to internal sources of the proposed model. Algorithms were developed to generate particles 
(photons and electrons) in these regions of the FAX. To estimate the coefficients of conversions between 
equivalent dose and accumulated activity in major radiosensitive organs, FAX and algorithms source were 
coupled to the Monte Carlo EGS4 code (Electron Gamma Shower, version 4). With these factors is possible to 
estimate the equivalent doses in the radiosensitive organs and tissues of patients as long as is know the activity 
administered and the half-life of organic sources. 
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1. Introduction 
 
In Nuclear Medicine, the radionuclides are rarely used in its basic chemical form. Usually they are 
incorporated into a variety of chemical combinations that are possible because of their metabolic, 
biochemical and physiological properties. A chemistry combination between radionuclides and drugs, 
prepared satisfactorily for human use, is known as radiopharmaceutical [1]. 
 
The radiopharmaceuticals are generally used to obtain diagnostic information and to reach this goal, 
do not produce therapeutic results. However, the radiopharmaceuticals can be also used for therapeutic 
purposes. Usually they are administered in quantities of research (activities less than 1.11 GBq (30 
mCi)) [2] and do not produce pharmacological effects. Unlike the radiopharmaceuticals, the 
radionuclides are used, for the most part, for therapy. As examples, the 131I (Iodine-131) is used for 
treatment of thyroid cancer and 153Sm (Samarium-153) is used to relieve bone pain. There are some 
radionuclides which are also used for diagnosis, such as 99mTc (Technetium-99 metastable), 131I, the 
67Ga (Gallium-67) and 201Tl (Thallium-201). The administration of radioactive substances in patients 
subjected to examinations or treatment requires an estimate of absorbed dose. 
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The biological effect of various types of radiation in the human body is different. Thus, the 
International Commission on Radiological Units and Measurements (ICRU) created the concept of 
equivalent dose (HT), which is the average dose absorbed in a particular organ or radiosensitive tissue 
multiplied by the factor of weight of radiation used. For photons and electrons, the average dose 
equivalent or tissue in the body is equal to the average dose absorbed. To get a whole body dose 
estimate, the ICRP named the effective dose (E) as the sum of the product of equivalent doses of all 
tissues and organs multiplied by their respective weight factors [3], that is, 

∑=
T

TT HwE ,           (1) 

where HT is the equivalent dose in organ or tissue T and wT is the factor of tissue or organ weight.  
 
Therefore, to obtain estimates for the effective dose, due to intakes of radionuclides for diagnosis and 
or treatment, we must estimate the absorbed dose in the organs and tissues in the human body. As the 
absorbed doses by tissues and organs can not be measured directly, in vivo, and the measures with 
direct radiation detectors are virtually restricted to locations on the body surface [4], we must make 
use of a physical or exposure computational model for its estimate. A dosimetric computer model 
requires the following basic tools: a realistic simulation of the human body, algorithms to simulate 
radioactive sources and a Monte Carlo code to simulate the interaction of radiation with matter, 
transport and desposição [5]. 
 
In this work, the pre-dose scanning images obtained from patients subjected to treatment for 
radioiodine were adjusted to the dimensions of FAX phantom [6]. In these images were designed 
rectangles surrounding hot areas. On the following, the resulting rectangles locations were obtained 
from hot areas in the front plan of FAX phantom associated with the corresponding depths to the 
extensions of the organs or tissues of higher concentrations of 131I, thus forming a parallelepiped for 
each rectangle. These parallelepipeds are "hot-volume" (VQs) to be used as the internal sources of the 
proposed model. Furthermore, the adjusted images allow the fractions of activity in each VQ, based on 
the intensity of shades of gray in the hot areas. 
 
To estimate the dose of diagnosis in the main radiosensitive organs, FAX and the source were coupled 
to the transport code of radiation EGS4 (Electron Gamma Shower, version 4) [7]. This dosimetric 
computer model is based on pre-dose of the patient. However, the images show a post-dose biokinetic 
distribution of radionuclide similar pre-dose to the images. By the way is based on this similarity is 
that in practice, the doctor prescribes the activity to be administered for the treatment. 
 
The objective of this work was to develop the dosimetric computer model above (referenced here as 
FAX/EGS4) and use it to estimate the coefficients conversion (CCs) between equivalent dose of 131I 
accumulated activity, usual internal dosimetry. 
 
2. Methodology 
 
To obtain CCs between equivalent dose and the 131I accumulated activity with the dosimetric computer 
model developed in this work was necessary, beyond the voxels phantoms coupled to a Monte Carlo 
code, the development of codes to simulate radioactive sources within the patient. 
 
This topic introduces the phantom and Monte Carlo code used in the model, describes the 
development of the algorithm of the radioactive source, the processes of obtention, images processing 
that are experimental data and, finally, it makes a summary of the proposed computer model. 
 
2.1. The phantom and the Monte Carlo codes 
 
To develop the dosimetric computer model proposed in objectives of this work, it was used FAX05 
phantom, an intermediary version between the FAX [6] and FAX06 [8], with the same FAX 
dimensions, plus new radiosensitive organs, including, the salivary glands, which concentrates 131I. To 
simplify the notation, in this work, the FAX05 phantom is referenced by FAX. 
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The Monte Carlo code to simulate the transport and deposition of radiation used in the computational 
model proposed here was the EGS4 (Electron Gamma Shower, version 4) [7]. Besides it is widely 
used by the scientific community, the EGS4 has been coupled to all versions of FAX developed in the 
Departamento de Energia Nuclear, Universidade Federal de Pernambuco (DEN-UFPE).  
 
2.2. The radioactive source 
 
In this section is presented the 131I decay model and the modeling that served as basis for development 
of codes of internal sources of this work. 
 
2.2.1. The 

131
I decay model 

 

In table 1, 131I 6 possible decays for the 131mXe (metastable Xenon) with their chances of emissions, 
their cumulative probabilities, their median and maximum energies (corresponding to approximately 
1/3 of maximum energy). 
 
Table 1: Radiation β ˉ energy emission of 131I with their probability of occurrence. 

β emission Emission 
probabity 

Accumulated 
probability 

Maximum 
Energy (MeV) 

Media Energy 
(MeV) 

βˉ1 0,02100 0,02100 0,2479 0,0826 
βˉ2 0,00651 0,02751 0,3039 0,1013 
βˉ3 0,07270 0,10021 0,3338 0,1113 
βˉ4 0,89900 0,99921 0,6063 0,2021 
βˉ5 0,00050 0,99971 0,6297 0,2099 
βˉ6 0,00480 1,00000 0,8069 0,2690 

 
Table 2 shows γ emissions that occur when the 131mXe decays to 131Xe with their probabilities of 
emissions, cumulative probabilities and their energies. 
 
These two tables are the spectrum of the γ and β radiation used in the codes developed for the 
radioactive sources of computational model of this work. In the EGS4 user code were defined vectors 
variables to store the accumulated energy and values probability. 
 
2.2.2. The model proposed for the internal source 

 
The internal source model of the resulting energy values from the 131I radiation decay of  summarized 
in Tables 1 and 2 was designed for, separately, simulate emissions of photons or electrons. The choice 
of a type of simulation is done in a file of input data. If the simulation of particle β decay is chosen the 
source code conducts operations summarized in the flow of Figure 1. You can choose between a 
monoenergy simulation or a spectral one. In the first case, it is considered only the β decay with a 
higher occurrence probability (β4 = 0.6063 MeV with 89.90%); in the second one is considered the 
spectrum of β decay shown in Table 1.  
 
The simulation of β decay (Fig. 1) starts assigning zero values for the 3D matrices of energy deposited 
in each voxel. The first draw of this simulation is related to the choice of energy β particle. Both for 
the spectral source as for the monoenergy one the second lot is related to the fractions of activities, 
which are made in the image scanning pre-dosage specified by the user in the input file. Just a random 
draw of a random number in [0, 1] to choose the VQ, where occurs the β decay. The third draw down 
the spatial coordinates x, y and z within the VQ where there already chosen the deposition of average 
energy of the particle β will occur. The spatial coordinates can be drawn according to a function of 
density of probability (fdp) uniform or parabolic, according to the type of source also chosen by the 
user in the input file. Following the deposition of upgrading the energy 3D matrix  adding energy of 
the β particle within the VQ, a new story begins if the total number of stories have not yet been 
reached. Otherwise, the CCs are calculated and printed and the execution ends. 



4 

Table 2: Energy of γ radiation emission due to the 131I decay with their probability of occurrence [9] 
 Emission 

probability 
Accumulated 
probability 

γ Energy Radiation (MeV) 
 

βˉ1  
γ1 → βˉ3 0,0000009 0,00000836 0,0859 
γ2→ βˉ4 0,00077 0,00071646 0,3181 

γ3→ 0,4048 0,00016 0,00086516 0,3584 
γ4→ 0,0802 0,00217 0,00288192 0,6427 

γ5 0,0177 0,01933198 0,7229 
βˉ2  
γ6→ βˉ5 0,00274 0,021878487 0,3258 
γ7→ βˉ6 0,000047 0,024468674 0,3024 
γ8→ βˉ4 0,00360 0,030404637 0,5030 

βˉ3  
γ9→ 0,4048 0,000032 0,030434377 0,2322 
γ10→ βˉ4 0,000578 0,0310013 0,2725 
γ11→ βˉ5 0,000018 0,031584952 0,2958 
γ12 0,0717 0,098805288 0,637 

ENERGY LEVEL 
0,4048 MeV 

 

γ13→ 0,0802 0,000212 0,098805288 0,3247 
γ14 0,000547 0,099707718 0,4048 
βˉ4  

γ15→ 0,0802 0,0614 0,156771769 0,2843 
γ16 0,817 0,973140862 0,3645 
βˉ5  

γ17→ βˉ6 0,00270 0,975650193 0,1772 
βˉ6  
γ18 ≈ 0,00000 0,975650193 0,1639 

ENERGY LEVEL 
0,0802 MeV 

 

γ19 0,0262 1,0000000000 0,0802 
 
The simulation initial state for γ photons is similar to the simulation of β decay described above. 
However, for the γ photons, the EGS4 code simulates the interaction of radiation with γ matter, 
assesses the energy deposited in each interaction to then increase a new story or finish the simulation. 
The source code conducts operations presented in the flow of Fig. 2. The simulation can be 
monoenergy or spectral. In the monoenergy case, it is only considered the γ of greater occurrence 
probability (γ16 = 0.3645 MeV with 81.70%), in the spectral, it is the spectrum of γ decay shown in 
Table 2. As in the case of β radiation,  the code starts giving zero values for the 3D matrices of energy 
deposited in each voxel. The first draw of this simulation is related to the choice of γ radiation energy, 
the second one with the VQ and third with the coordinates (x, y, z) where the photon emerges. From 
this point  on the codes for γ and β sources are different . The initial state of the drawn photon 
contains, in addition to the spatial coordinates (x, y, z), the leading that determine the initial direction 
of flight (cosα, cosβ, cosγ). 
 
These directions are considered isotropic in the space around the drawn point of photon departure, that 
is, they obtained using fdp uniform. Once the initial state of the photon is established, the code calls 
the SHOWER function, native from EGS4. This function is the heart of the simulations in EGS4 
because it is this function that conducts the transport of particle (either photon, electron or positron) 
through the area, simulating the interaction of radiation with the atoms of the environment and assess 
the amount of energy deposited (when the geometry is a phantom of voxels, this deposit may be 
counted by voxel or regions predetermined by the user). In return to the SHOWER function, the code 
updates a 3D matrix of energy deposited, creates a new story if the total number of stories have not yet 
been reached, otherwise calculates and prints the CCs and terminates the application. 
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Figure 1: Flow of internal source for the β decay of FAX/EGS4 computational model. 
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Figure 2: Flow of internal source for the γ radiation of FAX/EGS4 computational model. 
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the interval [0, 1] drawn by the GNA code. This is what is being done in models of internal dosimetry 
not published. In this work was inserted the option of using a distribution of central tendency since the 
VQs were placed in geometry involving a body source. Thus, it is expected that the radionuclide 
focuses primarily in this organ source, not spreading itself, uniformly, for the parallelepiped that 
constitutes the VQ. This assumption is more realistic than simply using uniform fdps to describe the 
distribution of 131I within an organ. The original nuclear medicine examinations images of patients 
reinforce this affirmative. To sample parabolic distributions it was used an algorithm that draws three 
uniform numbers and choose the median [10]. 
 
To accommodate in the algorithms of the flow represented in Fig. 1 and 2, were developed four codes, 
labelled in EGS4 with IDs 14, 15, 16 and 17. The Source 14, the simplest of all, is monoenergy and 
simulates a uniform distribution of activity within the VQs. The source 15, also is uniform, but 
considers the spectra β and γ shown in Tables 5 and 6. The source 16 is monoenergy and non-uniform. 
It simulates a parabolic distribution of activity within the VQs. Finally, the source 17 is spectral and 
parabolic. 
 
2.3. Acquisition and images processing in Nuclear Medicine 
 
When the phantom is defined, Monte Carlo code and the energy characteristics of internal sources - 
continuing development of dosimetric computational model proposed in this paper, the locations and 
the activities have been identified of internal sources in the chosen phantom. To do so, scanning 
images were taken as the basis of of the patients of subjected to radioiodine treatment entire body (Fig. 
3). 
 
2.3.1. Acquisition of images 

 
The images were chosen in the database of the Centro de Medicina Nuclear de Pernambuco 
(CEMUPE). To obtain scans images from the whole body in pre-dose, were administered activities of 
about 74 MBq (2.0 mCi), 131I and, after 48 hours, the images were acquired in a gamma-chamber 
(chamber of flicker) Starcam 3200 model, manufactured by GE (General Electric). In this unit, within 
the protocol of the acquisition, were acquired images with matrices of 128 x 512 pixels with a 7 
cm/min scanning speed, taking a front and back image of the patient. The images were acquired in 
DICOM format and were chosen from female patients. The images were sorted by number of hot 
areas. 
 
With the hot areas defined in the images of Nuclear Medicine, the next step was to define the source 
inside FAX phantom. For this, a procedure was used similar to the method used in the MIRD [11], 
with the model developed here, the sources correspond to internal parallelepipeds whose bases are an 
image in Nuclear Medicine and the depths are given by the distances between the first and last voxel 
of the local organ source, in the previous/before and post/after direction. The VQs were labelled 
towards head-feet of the patient and are referenced in the text by the name of local organ source. For 
example, in Fig. 3 there are for four VQs: VQ1 = salivary glands, VQ2 = thyroid (remains of thyroid 
tissues), VQ3 = Lung, VQ4 = Stomach and VQ5 = Bladder. The sum of shades of gray in each hot 
area allows the calculation the activity fraction for the hot area. Thus, the activity given is distributed 
by VQs, that is the source code expressed in fractions of the total number of simulated particles. It is 
noted that the sum of the shades of gray is done on the AP and PA image and the value used to obtain 
the fraction of activity is the arithmetic mean of these summations. 
 
2.3.2. Treatment of images 

 
The images of this work are in the primary DICOM format. Thus, they were converted to a jpeg file 
through a personal computer (PC) connected to the Board of flicker system, using the software to 
capture images of photoELF [12]. These jpeg images were subjected to a series of manipulations to 
become the catalogue of the internal sources of the dosimetric computer model developed here. The 
first steps were adjust images to the dimensions of FAX, define the hot areas to be used as bases of 
VQs, their locations within the phantom and save this information in a text file, here called Faxlist.dat. 
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To do so, the DIP (Digital Image Processing) software was used, developed in Microsoft Visual 
Studio C + +. NET 2003 [13]. 
 
2.3.3. Archive of Entry to the FAX/EGS4 dosimetric computational model 

 
Apart from FaxList.dat, the dosimetric computer model developed here uses other files where the user 
needs to edit any code or modify patterns values existing there. Among those files, Fax.data contains 
the geometry of phantom and it was not changed in this work. Nor have changed the files of entry 
Pegs4.dat, which contains shock sections of the materials that make up the phantom in terms of 
energy, and the Mspectra.dat file, which is a catalogue of spectrum for diagnostic in Radiology. 
However these files must be presented for the model can run smoothly. The greatest attention has 
focused in the Expo.input text file. To create the Expo.input text file for β and γ simulations using the 
FANTOMAS software [14]. 
 
3. Results  
 
To test the exposure computational model, simulations were conducted with 108 stories, using the 
image shown in Fig. 3. This image is ideal for testing the different algorithms of sources because,  
among the images catalogued for this work, it is the one that presents the greatest number of hot areas 
(5). The simulations were conducted on a laptop with the following characteristics: 1.6 GHz, 533 MHz 
FSB, 1 MB L2 cache, 512 MB DDR2. 
 
Figure 3: Image used to test the internal sources codes 

  
. 
For the number of stories and the computer mentioned above, the β simulations computational time is 
irrelevant compared with the γ  simulations. As expected, the source 17 is the one that consumes more 
time in a computer (about 180 minutes) because, in fact, it makes more mathematical and statistics 
operations. However, the difference between the computational time of the four sources is not 
significant.  
 
The results of simulations for some organs and tissues of the patient in Fig. 3, which has as VQs 
salivary glands (14.4%), remnants of thyroid tissues (6.7%), lungs (31.6%), stomach (36,5%) and 
bladder (10.8%), are shown in Table 3. 
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Table 3: CCs between Equivalent dose and Accumulated Activity (mSv / MBq • s), using the four 
types of radioactive sources to 131I. 

 
In general, Table 3 shows that the sources developed in this work with the distribution of uniform 
activity in VQs, the monoenergy source (14) produces results overestimated compared with the 
spectral (15). Fig. 4a and 4b show the γ and  β spectrum of 131I used in spectral sources. 
 

Figure 4: a) Percentage of β particles emission. b) Percentage of γ photons emissions 
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When is considered the monoenergy case, the energies are used the 0.6063 MeV  energies to simulate 
β and 0364 MeV to γ. In this case, in both about 10% of the draws fall over on an energy greater than 
that of their respective spectrum, which explains the CCs overestimated values shown in column 2 of 
Table 3 in relation to column 3. As there is no significant computational cost to use the spectra shown 
in Tables 1 and 2, it can be concluded that the sources are more appropriate for spectral simulations. 
 
Now, comparing the results of the two spectral sources (15 and 17) note that the values of CCs to 
source 17 are in general slightly larger than the CCs to 15. This is due to the non-uniform distribution 

 SOURCE 14 
(Monoenergy and 

uniform)  

SOURCE 15 
(Spectral and 

uniform)  

SOURCE 16 
(Monoenergy and 

parabolic) 

SOURCE 17 
(Spectral and 

parabolic)  
Adkidneys Glands 1,26E-06 1,29E-06 9,22E-07 9,73E-07 

Bladder wall 1,04E-05 1,01E-05 1,72E-05 3,30E-05 
Brain 1,16E-06 1,15E-06 1,08E-06 1,72E-06 
Colon 1,55E-06 1,53E-06 1,37E-06 2,20E-06 

Kidneys 4,93E-07 5,07E-07 4,17E-07 4,20E-07 
Liver 3,30E-06 3,25E-06 4,10E-06 7,02E-06 
Lungs 7,95E-06 7,67E-06 7,52E-06 1,44E-05 

Esophagus 3,17E-06 3,13E-06 4,21E-06 6,67E-06 
Ovaries 4,43E-06 4,31E-06 2,69E-06 4,77E-06 
Pancreas 5,93E-06 5,81E-06 7,88E-06 1,39E-05 

Red bone marrow 6,27E-07 6,48E-07 6,21E-07 6,21E-07 
Small Intestine 6,73E-07 6,76E-07 4,92E-07 5,85E-07 

Spleen 4,09E-06 4,00E-06 2,00E-06 3,04E-06 
Stomach 5,23E-06 5,13E-06 7,89E-06 1,39E-05 

Salivary Glands 4,74E-06 4,63E-06 2,48E-06 3,87E-06 
Timo 3,61E-06 3,57E-06 4,09E-06 6,44E-06 

Thyroid 1,46E-05 1,42E-05 2,66E-05 5,14E-05 
Uterus 4,21E-06 4,11E-06 3,84E-06 6,61E-06 

Effective dose 4,36E-12 4,25E-12 5,27E-12 9,12E-12 
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of activity in the organ sources. As the source 17 is the closest to the theoretical model for the decay of 
the 131I and there are significant costs in computer use it, this source was adopted to other computer 
simulations. 
 
4. Conclusions 
 
In this paper was presented a dosimetric computer model to assessments of coefficients of conversion 
between equivalent dose and accumulated activity using scanning images of pre-dose in patients 
subjected to radioiodine treatment and the FAX/EGS4 computational model, to do so internal 
radioactive sources have been developed that would represent the hot areas in Nuclear Medicine 
patients images, through the implementation of DIP and FANTOMAS softwares specific tools to 
obtain the files of entry used in the model. 
 
With this model, it is possible to estimate the equivalent dose in organs and tissues of patients 
subjected to radioiodine treatment, when the activity is provided and administered and a preliminary 
study is conducted on the 131I biokinetic which is the estimate residence time of in each organ source.  
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