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ABSTRACT 
 
The Internal Dosimetry Laboratory (LDI) of the Nuclear Technology Development Center (CDTN) in Minas 

Gerais, Brazil, is responsible for the routine monitoring of Occupationally Exposed Individuals (OEIs) to 
18

F-
FDG and other radiopharmaceuticals produced at CDTN. The monitoring system is usually calibrated using a 

physical head simulator, since 
18

F is usually incorporated into the brain at the time of contamination. However, 

the geometry of the brain is not adequately represented by the latex pocket, which does not fill the entire 

volume of the volume skull. In this study, the characterization of the materials regarding the composition, 

density and attenuation coefficient of the materials used in the production of the new physical head simulator 

was carried out. An equivalent tissue material containing 97% water, 2.5% agar, 0.5% urea and 8 MBq of 
18

F-
FDG was produced, the interior of the skull was filled with the material. After solidification, experimental 

measurements were performed on the NaI(Tl) 3 "x3" scintillation detector, the density of the simulant material 

was determined by the flotation method and the attenuation coefficient of the XCOM database software 

provided by NIST. It was concluded that the PVC skull has acceptable characteristics to simulate a human skull 

in 
18

F-FDG internal dosimetry. The agar gel was shown to be a stable material capable of modeling different 

geometries and simulating the incorporation of 
18

F-FDG into the brain.  
 

1. INTRODUCTION 
 
For the calibration of individual monitoring systems in internal dosimetry normally, physical 

simulators that must present characteristics and geometries similar to the human body or 

organs of interest are used [1]. Physical simulators developed for internal dosimetry are 

usually constructed preserving mainly the composition and geometry in which the 

radionuclide is present. Examples of physical simulators for internal dosimetry are Bottle-
Mannikin-Absorption (BOMAB) [2], made of elliptical cylinders in which it is possible to fill 

with solutions of different radionuclides and with the flexibility for several types of 

monitoring geometries, it is usually used for the calibration of whole body systems, or 

Lawrence Livermore thorax phantom produced by fabric-equivalent material of polyurethane 

and isotopes varied in their composition that simulate the internal contamination of the 

human thorax with transuranic elements [3], this simulator is normally used for calibration of 

lung or organ monitoring systems [4]. 
 
However, simulators produced with liquid materials may present a risk of contamination in 

the case of radioactive material leakage due to physical damages in the containers, in 

addition, for some geometries, there is the difficulty of manufacturing simulators containing 

liquid compounds. The use of solid materials with radionuclides incorporated in their 
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composition represents a safer alternative in this sense. There is also the possibility of 
constructing simulating objects for different counting geometries, allowing the obtainment of 
results morphologically more appropriate to the anatomy of interest [5]. 
 
The Internal Dosimetry Laboratory LDI / CDTN is responsible for the routine monitoring of 
the internal contamination of Occupationally Exposed Individuals (OEIs) for 18F-FDG and 
other radiopharmaceuticals produced at the CDTN. The monitoring system is calibrated using 
a physical head simulator, which represents an adult skull, allowing calibration to be 
performed for the 18F radionuclide that is usually incorporated into the brain at the time of 
contamination [6]. 
 
The physical head simulator consists of an anatomical model of polyvinyl chloride (PVC) 
and has the brain volume filled by a latex bag containing a deionized water solution and 
standard source of 22Na [6]. However, the geometry of the brain is not adequately represented 
by the latex bag, as it does not fill the entire volume of the skull, making it difficult to 
represent the actual contamination. One possible solution would be to use a semi-solid 
material to completely fill the skull cap. 
 
The determination of the density and the characterization of the attenuation coefficient of the 
materials used in the production of the new simulator is a determining step for the physical 
simulator produced to be similar to the human tissue [1]. Currently the theoretical total 
attenuation coefficients of the materials of interest can be easily analyzed by the XCOM 
program of the National Institute of Standards and Technology - NIST [7] available on the 
internet. This work aims to report features such as theoretical attenuation coefficients and 
density of materials suggested for the manufacture of a physical simulator of brain for 
internal dosimetry. 
 

2. METHODOLOGY 
 
2.1 Production of the Brain Simulator 

For the production of physical head simulator an anatomical model of PVC was used that 
represents an adult female skull, with a weight of 0,869 kg and a circumference of 51.3 cm. 
Initially, data from the table of human elemental composition, provided by ICRP 110 [8], 
were evaluated. From the specifications of the composition of the brain, several materials that 
had elements in common to the brain were analyzed. Agar was defined as the base material 
and urea as a nitrogen source. Stoichiometric calculations of the materials have been 
performed in order to obtain amounts that reach the human elemental composition. The 
material used to simulate the brain had 97% water, 2.5% agar and 0.5% urea. The agar and 
the other components were dissolved in water, the mixture was warmed to the boiling point, 8 
MBq of 18F-FDG (figure 1a) was added to the mixture, and the inside of the skull cap was 
filled with the material (figure 1b). The agar solidified in a refrigerator at a temperature of -
7 ° C for two hours (figure 1c). 
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Figure 1: Preparation steps for production of physical head simulator: (a) 18F-FDG used 

in the experiment; (b) Completion of the skull cap with the simulator material; (c) 
Solidified simulator material. 

 
2.2 Experimental Measures 
 
With the material solidified and sealed, the physical head simulator was positioned 
horizontally with the upper part of the skull facing the NaI (Tl) 3 "x3" scintillation detector 
installed in the LDI / CDTN. Genie2000® Software was used to control instrumentation and 
to acquire and record counts. A series of 21 counts of 15 minutes at specific times were 
performed and the counting rate in the 511 keV region was recorded. 
 
2.3 Determination of Density 
 
The density (ρ) of the materials used in the production of physical head simulator was 
determined by the relationship between mass and volume using expression 1. An analytical 
balance was used to determine the mass, the PVC skull and the brain simulating material, 
both were weighed that an aliquot of the solidified material was used for the brain simulator. 
To obtain the volume of the brain simulating material, the flotation method was carried out, 
in which a graduated cylinder was filled with 1000 ml of water, the aliquot of the material 
was added to the water and the additional volume was considered as the volume of the 
material. The volume of physical head simulator was obtained by ImageJ® software from 
computed tomography images of the model. 
 

� =
�[�]

�[��	]
            (1) 

 
2.4 Analysis of Attenuation Coefficients 
 
The XCOM database software provided by NIST was used to obtain an approximate value of 
the mass attenuation coefficients (µ) of the PVC skull and the brain simulator. In XCOM, the 
PVC formulation and the bulk fraction of the agar, urea and water mixture were specified to 
generate the total mass attenuation coefficient of the photon energy of 511 keV (positron 
energy released by the 18F decay process). The elemental skull and human brain reference 
compositions provided by ICRP 110 [8] were also inserted and evaluated for this energy. 
 

3. RESULTS AND DISCUSSION 
 



INAC 2017, Belo Horizonte, MG, Brazil. 

 

3.1 Experimental Measures 
 
The results of the experimental measurements performed in physical head simulator are 
shown in figure 1. The counts refer to the peak area of 511 keV, with the demarcation in the 
range of 294 - 585 keV. 
 

 
 

Graph 1: Peak area (Counts) in relation to 18F-FDG activity 
 

It is possible to observe that in low activity of 18F-FDG the measures present high variation a
nd the associated error is greater due to the low number of counts. The range comprising activ
ity from 100 Bq to 3 kBq shows a linearity due to the high counting rate. 
 
3.2 Density Analysis 
 
The approximate mass density of the brain simulating material was 1.10 ± 0.07 g/cm3 shown 
in table 1, with a difference of 4.8% of the reference brain values of ICRP 110 [8]. Close 
values are also observed in other studies evaluating the density of agar material using 
concentrations of 2.3% (0.999 ± 0.007) [9]. Considering the standard deviation of the 
physical brain simulator and brain density measurements of ICRP 110 [8] (1.05 g/cm3) the 
difference between them is not significant. The difference in density of physical brain 
simulator by water (1.00 g/cm3) is mainly due to the presence of agar and urea, which present 
hydrogen and oxygen in its structures, carbon and nitrogen, which increase the density of the 
material. 
 

Table 1: Comparison of densities (ρ)ρ)ρ)ρ) of the skull and brain simulator with ICRP 110 
reference data [8] 

 
  ρ Brain (g/cm3) ρ Skull (g/cm3) 
Physical head 
simulator 

1,10 ± 0,07 1,41±0,01 

ICRP_110 (VR) 1,05 1,92 
Deviation VR* 4,8 % -26 % 

* Deviation VR = ((ρ    Physical head simulator - ρ VR)/ ρ VR) 
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A difference in the density of the PVC skull simulator by the ICRP 110 [8] reference skull of 

approximately -26% is observed. This difference is mainly due to the composition of the PVC 

material (C2H3Cl)n which presents chlorine in its structure, which has a lower atomic mass 

than the calcium present in human bone, however PVC is indicated by ICRU 44 [1] as a 

possible Substitute for bone tissue [10], in the production of physical simulators, mainly 

because of its rigidity and thermoplasticity. 
 
3.3 Analysis of Attenuation Coefficients 
 
3.3.1 Reference skull of ICRP 110 [8] and PVC skull 
 
In relation to the attenuation coefficient of PVC specifically for 511 keV photons, a 

difference of 3% was observed in comparison with the values of the reference skull of the 

ICRP 110 [8] as can be observed in graph 2. These values resembled results obtained in the 

literature by Akar [11], which evaluated linear attenuation coefficients for the bone at 

energies ranging from 140, 364 and 662 keV and by Thompson [12] obtained the total 

attenuation coefficients as a function of varied energies. 
 
 

 
 
Graphic 2: Total mass attenuation coefficients (µ) of the reference cortical bone of ICRP 

110 [8] and PVC obtained by the XCOM program for 511 keV photons emitted by 
18

F. 
 

It can be observed that at low energies (10 to 100 keV) there is a lower attenuation of the 

photons by the PVC, providing a differentiated response when compared to the human bone, 

which is due to elements such as calcium, which as mentioned above is present in the 

composition of the bone and presents greater atomic mass in relation to the chlorine that is 

present in the PVC composition. 
 
3.3.2  ICRP 110 [8] reference brain and agar brain simulator 
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Table 2 presents the attenuation coefficient of the reference brain of ICRP 110 [8], the 
physical brain simulator and water. It was observed that there was a difference of 
approximately 8% between the physical brain simulator and the brain of the ICRP 110 [8]. 

 
Table 2: ICRP 110 reference brain attenuation coefficients, water and physical brain 

simulator obtained by the XCOM program for 511 keV photons emitted by 18F 
 

Material Total attenuation 
(cm2/g) 

ICRP 0,0872 
Physical brain simulator 0,0949 

Water 0,0960 
 

The physical brain simulator showed a difference of approximately 8% between the reference 
brain of the ICRP 110 [8] and 2% difference by water, which in turn has approximately 10% 
difference of the reference brain, in graph 3 in these differences are analyzed, it is possible to 
observe that the physical brain simulator has an advantage over water in the energy range of 
40 keV to 300 MeV, in the region in which the energy of interest for this study (511 keV) is 
included. Therefore, the physical brain simulator can be considered a representative material, 
which has advantages over water because it is semi-solid, allows flexibilization in varied 
geometries. 
 
 

 
 

Graphic 3: Total attenuation coefficients of the reference brain of ICRP, physical brain 
simulator and water. 

 
3. CONCLUSIONS  
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It could be concluded that PVC skull features acceptable features to simulate a human skull 
in 18F-FDG internal dosimetry. The agar gel prepared at a concentration of 2.5% showed to be 
a stable material with adequate mechanics and resistance to its handling, able to reproduce 
three-dimensional shapes that can model different geometries, besides allowing the 
incorporation of the 18F-FDG and homogeneity in the sample. Regarding the attenuation 
coefficient of the brain simulator, values close to the reference model of the ICRP 110 were 
observed, which gives physical head simulator advantages over water. Experimental studies 
should be performed to better understand the influence of the materials used in the 
construction of the head simulator on the attenuation not only for 511 keV photons, but for 
other energies. 
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