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ABSTRACT 

 

 
The increasing number of PET procedures performed in nuclear medicine, and, consequently, of workers 

handling radiopharmaceuticals, is a potential hazard in radiation protection. It is then necessary to evaluate the 

doses of workers employed in the practice of PET. In this work, the Geant4 Monte Carlo code was used to 

evaluate doses to fingers and hands of those workers. A geometric phantom, representing the hand of the 

professional inserted in the clinical procedure, was implemented in the simulation code, with dimensions of a 

standard man's forearm, which in this case will assess the exposure of the extremities. The geometric phantom 

is designed so that a simple definition of joint angles configures the fingers, allowing investigations into 

alternative configurations. Thus, it was possible the placement of the phantom fingers, to simulate all forms of 

manipulation of a syringe, and subsequently obtain exposure data, relating to the administration procedure of 

the PET radiopharmaceutical to the patient. The simulation was validated by the irradiation of a REMAB
®
 hand 

phantom, consisting of a human skeleton hand covered by a tenite II shell, which can be filled with water. Air 

Kerma values were obtained from the beam dosimetry, which was done with a calibrated ionization chamber. 

The reading of TLD's, placed on certain points of the surface of the phantom, were compared with the values 

obtained in the Monte Carlo simulation. After validation of the program, we obtained dose values for the PET 

procedure, simulating syringes with and without shielding. 

  

 

 

INTRODUCTION 

 

 

For diagnosis and therapy, nuclear medicine uses compounds labeled with radionuclides, 

which follow specific metabolic or functional pathways within the patients [1]. 

 

The use of radioisotopes in biomedical research and human health has achieved steady 

growth in recent years. Besides the already widely used radionuclides in nuclear medicine as 
99m

Tc, 
131

I, 
201

Tl, 
67

Ga, it is worth noticing, more recently, the usage of 
18

F, applied in the 

diagnosis using the technique of PET (Positron Emission Tomography). According to the 

Radiative Installations Database of CNEN (Commission National Nuclear Energy) there are 

about 300 nuclear medicine services in operation in Brazil, 44 of which are situated in the 

State of Rio de Janeiro. 
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PET uses positron emitting radionuclides, usually introduced into the body intravenously, that 

have extremely short half-life to provide biochemical body images. The introduction of this 

technology in the country was possible only when started, by the year 1999, the production of 

the fluoro-deoxyglucose radiotracer (FDG) as tracer substance for this type of CT alongside 

conventional use of radiopharmaceuticals. Today, there are about 20 services of PET/CT 

installed in the country and several others in the process of acquisition, or installation in 

Brazilian regions. This will lead necessarily to the growing number of workers at risk of 

exposure in this practice [1, 2]. 

 

One characteristic of cancer cells is an increased metabolism of glucose. FDG is an analogue 

of this substance and behaves as a tracer of metabolism. For this reason, among the clinical 

applications of PET, there are myocardial researches, a very important topic, considering his 

closed relationship with heart failure, a disease of epidemic proportions [3]. 

 

After entering the cells FDG is phosphorylated by hexokinase to FDG-6-phosphate and in 

tissues with low concentrations of glucose-6-phosphatase, such as brain, myocardium and 

most malignant cells, FDG-6-P doesn’t pass by subsequent enzymatic sequence and 

accumulates in proportion to the glycolytic rate of the process, emitting positrons and 

promoting the basis for the formation of images. FDG-PET is a test that allows the 

assessment of glucose metabolism in living individuals. This technique can potentially 

differentiate malignant from benign lesions, and enables the evaluation of the extent of 

disease [4].  

 

The high number of patients undergoing nuclear medicine examinations, and professionals 

involved in this practice, justifies continued efforts to improve the quality of diagnosis and to 

reduce the radiological risks inherent in this practice. 

 

It is then necessary to analyze the dosimetry of these workers, who according to records 

available at CNEN, are routinely monitored to assess its external exposure to radiation. The 

Monte Carlo simulation can be considered an excellent optimization tool, as they can assign 

different parameters in an experiment and in a short time to get good results with high 

statistical accuracy. This work was implemented in Geant4 - a program for Monte Carlo 

simulation – with the construction of a geometric phantom representing the hand of 

professionals involved in the clinical procedure, with dimensions of a standard man's 

forearm, which in this case will assess the extremities exposure [5]. 

 

The geometrical phantom, despite a less realistic distribution than the voxel phantom, has 

greater flexibility, i.e., its geometry was designed so that a simple definition of joint angles of 

the phantom fingers, allows investigations into alternative configurations of the hand. 

Therefore, is possible to position the phantom fingers, to simulate all forms of manipulation 

of an injection syringe, and subsequently to obtain exposure data relating to the procedure of 

administering the radiopharmaceutical to the patient for PET. 

 

 

The Geant4 [6, 7] is a software package for simulating the passage of particles through matter 

developed at the European Center for Particle Physics (CERN). It includes a full set of 
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features, including the reconstruction of trajectories, geometries and physical models. The 

simulation encompasses a wide range of physical processes, including electromagnetic, 

optical, and hadronic processes, a wide range of particles, elements and materials and a range 

of energies ranging from 250 eV up to TeV. In a broader context, it is necessary to identify 

and quantify the key factors related to radiation exposure of workers and patients due to the 

use of radionuclides in nuclear medicine to take the necessary steps for optimization. 

 

This work aims at contributing to the determination of the critical steps in the handling of 
18

F-

FDG in clinics that perform tests using PET measurements with TLD and mathematical 

simulation. 

 

 

MATERIALS AND METHODS 

 

 

In order to construct the phantom geometry, an approximation of the anatomical segments of 

the forearm and hand in cylindrical volumes was made (Figure 1). The simulation met the 

criteria for anthropometric parameters width and length as well as materials that compose the 

phantom REMAB
®
 (Figure 2) described by the ICRP 48 [8] - phantom hand and forearm by a 

shell composed of cellulose acetate, containing human skeleton, which can be filled with 

water. 

 

 

 

    
 

Figure 1: Phantom geometry. (A) internal view of 

the compound, (B) external view of the phantom 

(A)                                                                       (B) 
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Figure 2: Phantom REMAB
®

. (A) anterior view, 

(B) posterior, view. 

 

 

2.1. Program Validation 

  

To validate the program, we used a total of 90 TLDs, obtained from an homogeneous set of 

TLD-100 (LiF: Mg, Ti), with standard deviation less than 3%, belonging to the 

Termoluminescent Dosimetry Laboratory (LDT) of the Institute of Radiation Protection and 

Dosimetry (IRD). From this set, a total of 10 TLDs was irradiated in air under electronic 

equilibrium conditions in a standard field of a 
137

Cs source of the IRD, to obtain the 

calibration factor to determine the air kerma values. 

 

 The remaining TLDs were separated into different groups, one containing 10 TLDs to 

measure the background, and other groups - each containing five TLDs - placed in plastic 

enclosures in order to be positioned on the phantom (figure 3) irradiated by the same source 

used to obtain the calibration factor for air kerma. 

 

 
 

Figure 3: TLD placed on the phantom 

(A) (B) 
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Each group of TLDs and each single crystal were identified numerically to be recognized 

after his evaluation. Groups, numbered from 1 to 14, were placed in the phantom according to 

the position shown in Figure 4. 

 

 
 

Figure 4: Positions chosen for placement of the 

TLDs and after obtaining the values of kerma. (A) 

anterior TLDs, (B) posterior TLDs. 

 

 

These data were compared with air kerma values obtained by simulation of the phantom 

REMAB
®
 in Geant4 code, according to position towards the source of 

137
Cs and beam energy 

(figures 5 and 6). 

 

 

    
 

Figure 5: (A) phantom positioned to beam 

irradiation of 
137

Cs; (B) acrylic plate inserted in 

front of the phantom to guarantee electronic 

equilibrium. 

(A)                                                                        (B) 
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Figure 6: Simulation of the phantom REMAB
®
. 

(A) Phantom to visualize the internal geometry; 

(B) view of the irradiation field. 

 

 

2.2. Simulation of 
18

F administration 

  

For this stage of the work, the geometric angles of finger joints of the phantom was modified 

so that they could be positioned to hold a syringe injection of 3 ml, used in PET procedures, 

during the administration of 
18

F-FDG to the patient (Figure 7). 

 

 
 

Figura 7: Hand phantom holding syringe injection 

(with shielding) 

 

We obtained values of air kerma using syringes with and without shielding (material 

Tungsten 8 mm thick), as the shields used in recent nuclear medicine procedures in PET 

scanners. 

 

 

(A)                                                                       (B) 
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3. RESULTS  

 

 

The air kerma values and standard deviations for the validation program can be found in 

Table 1. 

 

Table 1: Air kerma values obtained from the simulation and the experiment 

 

 

The Figure 8 shows a comparison among simulation and experimental values, obtained for 

the volumes described in Table 1. The analysis of the chart shown in Figure 8 allows a better 

view of the proximity of the measurements obtained in the validation of the program. 

 

 

 

 

 

 

 

 

 

 

Volume TLD 

Simulation Experimental 

kerma 
(mGy) 

Standard 
Deviation  

(mGy) 

kerma 
(mGy) 

Standard 
Deviation 

(mGy) 

Little 1 2,00348 0,00058 1,88 0,11 

Ring 2 2,01027 0,00058 1,89 0,08 

Middle 3 2,00681 0,00058 1,90 0,08 

Index 4 2,01011 0,00058 1,95 0,01 

Thumb 5 2,01071 0,00063 1,88 0,09 

Palm 6 2,02488 0,00057 2,00 0,15 

Wrist 7 2,01819 0,00056 2,03 0,16 

Little 8 1,76381 0,00062 1,63 0,14 

Ring 9 1,77848 0,00061 1,71 0,10 

Middle 10 1,77204 0,00061 1,71 0,07 

Index 11 1,76957 0,00061 1,66 0,16 

Thumb 12 1,77835 0,00061 1,87 0,12 

Back of the hand 13 1,86596 0,00059 1,58 0,05 

Back of the wrist 14 1,76031 0,00061 1,44 0,10 
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Figure 8: Experimental and simulation data of the 

validation program 

 

 

The maximum uncertainty for the values established in the measurements was approximately 

10%, where the uncertainty was obtained by analyzing five dosimeters for each point (Figure 

4). 

 

In the simulation results only type A uncertainties were considered. In Table 1 contributions 

of the parameters such as the distinction between the simulated volumes and volumes of the 

actual anatomical phantom were not considered, as well as the uncertainties associated with 

characteristics of the materials that compose it.  

 

Dose values obtained for the phantom hand in Geant4 code, according to the geometry of 

Figure 7, can be found in Table 2, where each data is related to the segments presented in 

Table 1. 
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Table 2. Simulation results of syringe geometry. 

 

TLD 

Without Shield With Shield 

Dose 
(pGy/photon) 

Standard Deviation  
(pGy/photon) 

Dose 
(pGy/photon) 

Standard Deviation  
(pGy/photon) 

1 1,30E-06 9,55E-09 7,18E-007 1,72E-008 

2 2,23E-06 4,47E-09 1,19E-006 9,41E-009 

3 4,96E-06 1,73E-09 2,41E-006 4,08E-009 

4 4,51E-06 1,85E-09 1,53E-006 6,71E-009 

5 1,23E-06 9,11E-09 9,33E-007 1,22E-008 

6 1,20E-06 1,14E-08 6,65E-007 2,59E-008 

7 9,12E-07 1,81E-08 4,94E-007 3,19E-008 

8 7,47E-07 1,18E-08 3,89E-007 1,64E-008 

9 5,61E-06 2,48E-09 3,48E-006 4,66E-009 

10 2,47E-05 6,63E-10 4,04E-006 4,64E-009 

11 2,25E-05 7,12E-10 8,18E-006 2,26E-009 

12 6,05E-07 1,22E-08 4,03E-007 1,90E-008 

13 8,88E-07 1,36E-08 5,13E-007 2,40E-008 

14 6,72E-07 1,97E-08 3,73E-007 3,76E-008 

 

 

 

4. CONCLUSIONS  

 

 

A program was developed to simulate an anthropomorphic phantom and a phantom with 

measurements made in the laboratory. Preliminary results of the simulation, compared to the 

experimental results are presented in Table 1. The code is considered validated within the 

uncertainties. An evaluation of syringe shielding is also made based on the hand model 

implemented in Geant4. 
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