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INTRODUCTION

Patient safety is of great significance in treatments involving 
ionizing radiation. The amount of total radiation exposure 
from medical treatments or diagnostics has continuously 
risen from the early 1980s to the present day1. In 2008, 
the estimated number of diagnostic and interventional 
radiological procedures (including dental) carried out annually 
worldwide was 3.6 billion, while the estimated number of 
nuclear medicine procedures was over 30 million, and the 
estimated number of radiation therapy procedures was over 
5 million2. The number of such procedures has continued 
to rise since then. These medical radiation methods offer 
significant public health benefits. However, ionizing radiation 
is hazardous and can cause damage. A systematic approach 
should be applied to guarantee a balance between obtaining 

the benefits offered by the medical utilization of ionizing 
radiation and reducing the risk of radiation effects to patients, 
workers, and the general population.
Positron emission tomography (PET) plays an increasingly 
important role in medical diagnostics, particularly in nuclear 
imaging. PET is commonly used in the diagnosis of cancer, 
frequently to characterize general metabolic activities. 
FDG PET has proven to be a sensitive imaging modality for 
detection, staging and restaging, and therapy response 
assessment in oncology3,4,5,6,7,8,9,10,11,12,10. FDG PET/CT also plays 
an increasingly relevant role in inflammation and infection 
imaging 13.
 A PET scan involves injecting a positron-emitting radioactive 
isotope into the body; this is usually complexed to a 
“carrier” molecule that confers biological specificity. The 
most frequently used radioisotope is Fluorine-18, which 
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The accurate evaluation of doses absorbed by organs during 18F-FDG PET scans is a critical issue in operational radiological protection and 
thus requires the application of the most accurate calculation approaches available. Radiation transport using the Monte Carlo method is the gold 
standard in medical physics for calculations of dose distributions in complex structures. Recently, positron source Monte Carlo simulation results 
were compared to measurements and found to be in a good agreement. 
The current study aims to use EGS5 Monte Carlo simulations to accurately estimate the 18F-FDG absorbed dose to the kidney and to the red 
bone marrow of the upper arm. The dose obtained from the simulations will be compared to dose values published in reports by the International 
Commission on Radiological Protection (ICRP). 
The percentage difference in doses between the Monte Carlo results for the ICRP 106 and ICRP 53 in adult kidneys ranged from 2% to 21%. The 
absorbed dose Monte Carlo results for arm red bone marrow in children, due to 18FDG injection, were found to be higher by about 2.35%. That 
dose should be added to the previously estimated total red bone marrow dose. The findings of the present study demonstrate that the estimation 
of organ absorbed dose based on ICRP dose coefficient involving administration of the 18F-FDG substance is significant for future research, 
especially regarding radiation protection areas, because it affects the calculation of organ absorbed dose.
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combines with glucose to form a radiopharmaceutical named 
flourodeoxyglucose (FDG). The FDG is trapped by cells that 
consume high amounts of glucose, thereby attracting the 
positron emitter to sites of high metabolic activity (e.g., a 
tumor). Positrons are emitted at these sites with quite high 
initial kinetic energy (~300  keV), and they must slow down 
or thermalize in the body to energies less than 100 eV before 
they can pick up an electron by forming Positronium (Ps), 
or track a free electron, and then annihilate to produce two 
correlated photons 14. These photons are then imaged using 
high-resolution, sensitive radiation detectors. Computer 
algorithms to form 3-D images can recognize tumors with 
high precision, enabling diagnosis, treatment planning, and 
treatment monitoring. As mentioned, the most commonly 
used PET radiotracer is the glucose analog 2-[18F] fluoro-2-
deoxy-d-glucose (18F-FDG). A typical clinical scan involving the 
administration of 350-750 MBq of 18F-FDG 15 exposes most 
tissues in an average patient to a maximum absorbed dose 
of approximately 10 mGy from positron emission (β+, Emax = 
634 keV) and annihilation photons (γ-rays, 511 keV). However, 
tissues with increased uptake of the radiopharmaceutical 
receive higher absorbed doses than the whole-body average, 
including the brain (10–36 mGy), heart (16–51 mGy), kidneys 
(7–23 mGy), and bladder (13–233 mGy)16,17,18,19,20.
Absorbed doses in organs can be used to compare radiation 
exposure among medical imaging procedures, to compare 
options regarding alternative imaging methods, and to guide 
dose optimization efforts. Individual organ dose estimates are 
important for relatively radiosensitive patient populations, 
such as children, and for radiosensitive organs. In this study, 
the organ absorbed dose per injected activity (AD/IA) was 
calculated for adult kidneys and for pediatric arm red bone 
marrow for the radiopharmaceutical 18F-FDG using Monte 
Carlo (MC) methods. We chose to focus on these two organs 
due to their vulnerability to Ionizing radiation. The kidney is 
known to be a highly radiosensitive organ due to high uptake 
and retention of the radionuclides after glomerular filtration21. 
The second organ evaluated in this paper, pediatric arm red 
bone marrow, was chosen due to its high exposure when 
performing intravenous injection of 18F-FDG. Apart from that, 
the red bone marrow is known to be highly radiosensitive 
because it has large molecules, such as intact antibodies with 
very slow kinetic rates, which circulate in the bloodstream for 
an extended period. Therefore, the radiation from decaying 
radionuclides may contribute considerably to dose absorbed 
by the blood-rich red marrow 22. 

METHODS

Several Monte Carlo code systems include positron transport 
and can model dosimetry for positron applications. The Monte 
Carlo method is based on computerized pseudo-random 

numbers to sample probability distributions governing the 
physical processes involved. The radiation transport in general 
and positron transport in particular are good phenomena for 
evaluation by the Monte Carlo method. In radiation transport, 
electron, positron, and photon showers are simulated by 
compiling many repetitions of physical processes that follow 
probability distributions. 
As our previous study demonstrated, using the EGS5 code 
system for internal positron dose evaluations was found 
preferable to using GAMOS (the Geant4-based Architecture 
for Medicine-Oriented Simulations) 23.
The EGS5 code is the upgraded version of the fourth 
version of EGS (Electron Gamma Shower) code 24. In EGS5 
code, the new transport mechanism is based on the dual 
hinge methodology that performs an electron or a positron 
scattering hinge treated by randomly split sub-steps. Full 
details of the electron or positron transport scheme were 
published by Wilderman et al.  25,26.

A. Kidney model
Biokinetic model for kidneys 
The F-18 has a physical half-life of 1.83 hours. However, it 
is necessary to consider its biological half-life as well. The 
activity curves as functions of time in the kidneys were built 
using the available F-18 biokinetic data from ICRP Publications 
53 (27) and 128 (28) and ICRP Publication 106 (29). Assuming 
immediate uptake of the administered activity A0, the activity 
as a function of time AS(t) in the source organ S with an 
effective half-life Ti,eff, can be expressed as:

Where FS is the fraction of the administered 
radiopharmaceutical incorporated by the organ S; ai is the 
fraction of FS eliminated with a biological half-life Ti; and n is 
the number of elimination components. The effective half-life, 
Ti,eff, is given by Equation 2, where Ti and Tp are the biological 
and physical half-life, respectively:

The cumulated activity, ÃS, is given by Equation 3, which is the 
quantity used to determine the absorbed dose, by making 
use of the ICRP dose coefficients.

Table 1 presents the Fs factor for several organs taken 
from ICRP 10629. As can be seen, there is an initial uptake of 
18F-FDG in heart (0.04), brain (0.08), liver (0.05), lungs (0.03), 
and all other tissues (0.8). The retention in the specified source 
organs is considered to be infinite (without consideration of 
a delayed uptake). A fraction of 0.3 of the activity in other 
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organs and tissues is considered to be excreted in urine with biological half-times of 12 min (25%) and 1.5 h (75%), according to 
the kidney–bladder model. This model assumes that the fraction of the total excretion which passes through the kidneys and 
bladder is known. Activity excreted via this route passes through the kidneys with a transit time established from other clinical 
studies, subsequently entering the bladder in the urine and remaining there until the bladder is emptied and the radioactive 
contents leave the body.

Table 1. Biokinetic data for 18F-FDG from ICRP 106 29.

Organ (S) Fs
Brain 0.08

Heart wall 0.04

Lungs 0.03

Liver 0.05

Other organs and tissues 0.8

Urinary bladder contents 0.24

Regarding the ICRP methodology, the cumulated absorbed dose in kidneys is estimated by multiplying the administered 
activity by the corresponding given dose coefficients.
The absorbed dose per injected activity calculated by Monte Carlo simulation in this study was compared with the data 
available in the ICRP 5327 and ICRP 106 29. The recommended dose coefficients for 18FDG described in Table 2 were multiplied 
by administered activity of 370 MBq15 30. Table 2 summarizes dose calculations for kidneys performed both from ICRP 106 29 
and from ICRP 53 27 for adults and 15-, 10-, 5-, and 1-year-old children. 

Table 2. Absorbed doses for 18F-FDG based on the reports ICRP 106 29 and ICRP 53 27.

 Administered absorbed dose per activity
(mGy/MBq)

Kidneys Adult 15 years 10 years 5 years 1 year
ICRP 106 (and 128) 1.7E-02 2.1E-02 2.9E-02 4.5E-02 7.8E-02

ICRP 53 (and 80) 2.1E-02 2.5E-02 3.6E-02 5.3E-02 9.4E-02

The difference in dose between ICRP 106 29 and ICRP 53 27 ranges from 17.7% up to 24%. ICRP 53 27 is always higher and 23% 
more in adults.

Kidney simulation setup
All simulations were conducted using the EGS5 Monte Carlo code system with 10 million histories (repeats) each. The simulation 
included the geometry, the materials, and positron source descriptions with the following details. A kidney is represented by 
three combined spheres connected by two cylinders with a radius of 2.9 cm. The kidneys were placed inside a cylindrical 
volume representing the abdomen. Each kidney has a volume of 299 cm3 (approximate to the volume in the ICRP 110 31 for 
a male kidney, which is 295 cm3). The left kidney was placed 1 cm higher than the right one due to anatomical structure, as 
shown in Fig. 1. The dimensions used to create the kidney model are shown in Table 3.

Table 3. Dimensions for the kidney (based on ICRP 89 32).

Dimensions Adults (cm)
Length 10-12

Transverse diameter 5-6

Anteroposterior diameter 3-4

Width

  Cortex 0.8(0.4-1.3)

  Medulla 1.6-1.9

Thickness of capsule 0.01 -0.02
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Figure 1. The kidneys MC model as defined in the EGS5 
simulations

The elemental composition parameters of the kidney based on 
ICRP Publication 110 31 were: H =10.3, C= 12.4, N=3.0, O=73.1, 
Na=0.2, P=0.2, S=0.2, Cl=0.2, K=0.2, Ca=0.1 (percentage by 
weight), with mass density of 1.05[ g/cm3 ] . 
The elemental composition parameters of the abdomen 
(muscle) are: H =10.2, C= 14.3, N=3.4, O=71.0, Na=0.1, P=0.2, 
S=0.3, Cl=0.1, K=0.4 (percentage by weight), with mass density 
of 1.05 [ g/cm3 ]. 	
We preformed the simulations under two irradiation 
conditions: one for the right kidney and one for the left. Each 
positron source was homogeneously placed inside the middle 
sphere of the kidney and emitted in a random direction and 
with an energy sampled from the F-18 energy spectrum.
To generate uniformly distributed points inside a sphere, we 
generated a real number over a uniform random variable 
U(0,1) for r,θ,φ with the following distribution and converted 
it into a random point in x,y,z inside the sphere:

         r = R×(U(0,1))  ,  
        θ = arccos(1-2U(0,1)),  
        φ = 2πU(0,1),   
         x = r  sin(θ)cos(φ),  y=r sin(θ)  sin(φ),   z=rcos(θ) 

To generate isotropic distribution of direction we again 
generated θ ,φ as mentioned above and used the following 
direction:

             u= sin(θ)cos(φ),  v= sin(θ) sin(φ),  w=cos(θ) 

107 positron histories were generated and uniformly 
distributed throughout the kidney volume. This number of 
histories leads to a 0.2% statistical error in the kidney zone.  

B. Arm model
Pediatric arm simulation setup
When performing the intravenous injection of 18F-FDG, the 
red bone marrow in the upper arm mostly receives radiation 
exposure. The pediatric arm model was optimized to reflect 
a five-year-old pediatric upper arm. In this current model, the 
arm has a cylindrical tube, representing the humerus bone 
with a diameter of 20 mm, and bone marrow inside it with 
an internal diameter of 16 mm. The bone was placed inside 
an ellipsoid with a sphere on the top of it, representing the 
muscles of the arm. A cylindrical tube with a diameter of 4 mm, 
filled with blood, was placed next to the bone, representing 
the Basilic vein, as evinced in Fig. 2. Each positron source 
was homogeneously placed inside the vein and emitted in a 
random direction and with an energy sampled from the F18 
energy spectrum.

Figure 2. Pediatric arm MC model as defined in the EGS5 
simulations.

To generate uniformly distributed points inside the vein, we 
generated uniform distribution on a disk ( y  coordinate and 
R is the radius of the vein) along the entire height of the vein 
(h) :
                        r = R×U(0,1),  
                       θ = arccos(1-2U(0,1)),  
                       φ = 2πU(0,1),   
                     x=r cos(θ),      y=r sin(θ),         z=h U(0,1)
  
The radiation direction was isotopically distributed.
107 positron histories were generated and uniformly 
distributed throughout the arm. 
The elemental composition data was taken from ICRP 
Publication 70 33, and the anatomical data was taken from 34.
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Table 4. The elemental composition parameters (percentage by weight) and their mass density used for the arm structure

H C N O Na Mg P S CI K Ca Fe Density
[ g/cm3 ]

Red bone marrow 10.5 41.5 4.1 43.9 0.1 0.2 0.2 0.2 - - - 0.1 1.03

Bone 4 16 4.5 46.9 0.1 0.2 9 0.3 - - 1.9 - 1.66

Blood 10.2 11 3.3 74.5 0.1 - 0.1 0.2 0.3 0.2 - 0.1 1.06

Muscle 10.2 14.3 3.4 71 0.1 - 0.2 0.3 0.1 0.4 - - 1.05

RESULTS AND DISCUSSION

Kidney Simulation using EGS5
The results of EGS5 simulations for absorbed dose per event are shown in Table 5. The difference in the statistical error can be 
explained by the fact that in a given simulation one kidney consists of the positron source, while the second kidney is passive 
and receives its absorbed dose from the far kidney, and vice versa. 

Table 5. Absorbed dose for kidneys. The simulations were performed under two irradiation conditions: one for the right 
kidney and one for the left. The volume of the right and the left kidney in both cases is identical. The mean energy values 
represent the relative part of the total of energy deposition for each kidney. 

Source Region Mean Energy per
 event (%)

Absorbed Dose
(Grey per incidence)

Statistical error

Left kidney
Left kidney 2.79E-01 3.56E-14 0.02%

Right Kidney 4.03E-03 5.14E-16 0.2%

Right Kidney
Left kidney 3.98E-03 5.08E-16 0.2%

Right kidney 2.79E-01 3.56E-14 0.02%

The absorbed dose according to the ICRP was calculated using the adults’ values from Table 2, obtained 1.7E-02 mGy/MBq 
(ICRP106 29) and 2.1E-02 mGy/MBq (ICRP53 27) and multiplied by the administered activity of 370 MBq. The absorbed dose 
according to the Monte Carlo simulation results was calculated using      =0.13 for one kidney multiplied by the EGS5 results 
and the administered activity of 370 MBq. 
The percentage difference between ICRP calculated dose and the EGS5 calculated dose was calculated using the following 
equation:

As shown in Table 6, the percentage difference between our results and the ICRP 106 29 and ICRP 53 27 in adult kidney doses 
ranged from 2% to 21%.

Table 6. Comparision of absorbed dose for kidney. The absorbed dose according to the ICRP was calculated using the adults’ 
values from Table 2.

Dose in kidney (mGy) Difference (%)
ICRP 106 6.29 2%

ICRP 53 7.77 21%

EGS5 6.16 ± 0.06
	

Pediatric arm simulation using EGS5 
The results of EGS5 simulations for absorbed dose per event are shown in Table 7. 
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Table 7. Absorbed dose for pediatric arm. The pediatric arm model was optimized to reflect a five-year-old pediatric upper 
arm. The mean energy values represent the relative part of the total energy deposition for each part.

Region Volume
(cm3)

Mean Energy 
per event

Absorbed Dose
(Grey per event)

Statistical error

Red bone marrow 40.2 9.01E-03 8.71E-15 0.4%

Bone 22.6 8.87E-03 9.45E-15 0.4%

Blood 2.52 1.82E-01 2.73E-12 0.02%

Muscle 335 6.18E-02 7.02E-15 0.1%
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The absorbed dose according to the ICRP was calculated using 
five-year-old values from ICRP106 29 and ICRP53 27, which in 
this case both have the same value of 3.2E-02 mGy/MBq, 
and multiplied by administered activity of 111 MBq (average 
weight of 20 kg and administered activity of 0.15 mCi per kg).
Following intravenous administration, most of the FDG 
clears rapidly from the circulation with a half-time of less 
than 1 min because it mixes within a large distribution space 
(ICRP 106 29); hence, the absorbed dose to the red bone 
marrow was calculated using       (sec)=86.4  multiplied using 
administered activity of 222 MBq and with the EGS5 results. 
The total absorbed dose given to the red bone marrow until 
final excretion of the FDG from the body is 3.552 mGy. The 
absorbed dose to the upper arm red bone marrow during the 
injection is 0.0835 mGy, which is 2.35%.

CONCLUSIONS 

This study aimed to describe a novel approach for modelling 
the absorbed dose during 18FDG injection. Considering 
the increasing frequency with which whole-body PET/CT 
examinations are conducted, detailed assessments of the 
18FDG dose are important; indeed, they directly expose 
radiosensitive organs. In this study we found that there is good 
agreement in estimated organ doses for kidneys between 
ICRP 106 29 dose coefficient and our results. The percentage 
doses difference between our results and the ICRP 106 29 in 
adult kidneys ranged from 2% to 21%. Hence, the findings in 
the present study demonstrated that the estimation of organ 
absorbed dose based on ICRP dose coefficient involving 
administration of the 18FDG substance is significant for future 
research, especially regarding radiation protection area, 
because it affects the calculation of organ absorbed dose. For 
comparison, the effective dose (radiopharmaceutical organ 
dose is estimated utilizing conversion coefficients and injected 
activity and CT organ dose utilizing tissue-weighting factors 35), 
according to our calculation is 6.16 mSv for the kidney while a 
kidney dose with low dose non-contrast CT for evaluation of 
patients suspected of suffering from stone disease is 3 mSv36. 
A diagnostic quality CT average whole body scan effective 
dose is 15mSv37, and the global average background radiation 
is 2.4 mSv per year reported by UNSCEAR 38. The absorbed 
dose in arm red bone marrow in children due to 18FDG 

injection obtains a higher dose of about 2.35% that should 
be added to the previously estimated total red bone marrow 
dose.
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