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Abstract 
Background: The aim of this study was to determine the dosimetric impact of 69 major, minor and trace elements present in 
normal or cancerous human prostate tissues, when 125I sources are used in prostate cancer brachytherapy. 
Methods: Monte Carlo simulation methods were used for dose distribution calculations. The effect of individual chemical 
elements on the dose distributions was studied in prostate tissue irradiated by the low-energy photons of an 125I source. The 
dose differences between cancerous and normal (healthy) prostate tissues were calculated in a single-source geometry. 
Results: It was found that for the brachytherapy with an 125I source the bulk elements such as H, C, N, and O, taken together, 
have the biggest effect on the dose profile in both normal and cancerous prostate tissues. The relative input of photon 
interactions with H, C, N, and O to the absorbed dose increased with increasing distance from the 125I source, while the 
relative input of all other chemical elements in dose decreased. The total absorbed dose in cancerous tissues was somewhat 
lower than in normal tissue and the biggest difference between absorbed doses was located close to the 125I source’s surface 
and did not exceed 0.9%. 
Conclusions: The differences in content of minor and trace elements in normal and cancerous prostate tissues did not play 
a significant role in the absorbed dose during brachytherapy. This study underlines the need for further investigation into 
accurate determination of the bulk element composition of tissues irradiated with low-energy brachytherapy for prostate 
cancer using 125I sources. 
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Introduction 

Prostate cancer (PCa) is an important scientific, 
medical, and social problem. Globally, PCa is the 
most commonly diagnosed cancer in men [1,2]. PCa 
incidence rates are highly variable worldwide, but PCa 
is particularly common in developed countries. 
Localized PCa can be cured by a variety of treatment 
options including radical prostatectomy. A 
satisfactory alternative to prostatectomy, or surgical 
removal of the affected prostate, is brachytherapy (BT) 
because it reduces the risk of developing long-term 
side effects such as impotence and the urinary 
problems that are commonly observed after 
prostatectomy. Due to its excellent long-term 
treatment outcomes BT has become a mainstream 
treatment option for low-, intermediate-, and high-risk 
patients with PCa. Thus, BT can be a treatment 
option for patients suffering from different 
concomitant diseases, especially heart disease, which 
is a major contraindication for general anesthesia and 
hence for radical prostatectomy, and also BT can be 

used in patients who do not wish to undergo surgery 
due to personal preferences [3,4]. BT is a form of 
radiation therapy which involves implantation of 
radioactive sources directly into the prostate tumor. 
By ensuring the radiation from the radioinuclides is 
close to malignant cells, there is much less damage to 
the surrounding healthy tissue, in comparison with 
external-beam radiotherapy. Permanent or temporary 
implantation of the sources of radiation comprise the 
two different kinds of interstitial BT. Because the 
source’s radiation has a finite life, in permanent 
implantation the radioactive sources remain in the 
cancerous prostate and desired radiation dose is 
received during source’s life. In temporary 
implantation, more powerful radioactive sources are 
removed after the desired radiation dose is received by 
the cancerous prostate. BT can also be characterized 
by the rate of radiation dose. The International 
Commission on Radiation Units and Measurements 
refers to a dose rate of 40 to 200 cGy per hour (cGy/h) 
as a low dose rate (LDR), 200 to 1200 cGy/h as a 
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moderate dose rate, and greater than 1200 cGy/h as 
a high dose rate (HDR) [5]. 
An increasingly popular form of radiotherapy in PCa 
is low-energy photon (<50 keV) BT with a 
transperineal permanent radioactive seed 
implantation and, particularly, with an125I seed 
(Eγ=35keV, T1/2=59.8 days). Thus, the source 
becomes effectively inactive after a moderate time 
after delivery of the required dose.  Photons with 
energy ≤35keV from the radionuclide 125I interact 
with the prostate’s cells primarily through the 
photoelectric effect, a process which is highly 
dependent on the chemical element composition of 
the irradiated tissue. The Monte Carlo (MC) 
simulation method is a powerful instrument for 
absorbed radiation dose calculations due to its ability 
to simulate accurately low-energy photon interactions 
in realistic geometries. MC simulation methods 
require knowledge of the nature and distribution of 
the target atoms (i.e., tissue density with its chemical 
element composition). The chemical elements 
forming human soft tissues can be divided into three 
groups. The first group of elements comprises 
hydrogen (H), carbon (C), nitrogen (N), and oxygen 
(O) and they are the major, or bulk, elements, forming 
the basis of soft tissues. Each of these elements has a 
content with fractional mass greater than 1% and all 
together account for about 99% of the total soft tissue 
mass. The second group of elements with higher 
atomic numbers (Z), such as sodium (Na), sulfur (S), 
phosphorus (P), chlorine (Cl) and potassium (K) are 
‘minor elements’ of soft tissue and have fractional 
mass levels between about 0.1% and below 1%.  The 
other chemical elements of soft tissue have trace levels 
(<0.1%) and this third group of elements is named 
“trace elements”.  
A ten-year-old study [6] has demonstrated that 
uncertainties and variations in the H, C, N, and O 
human tissue composition could have a significant 
effect on MC dose distributions. In that work, 
compositions were varied according to population 
distributions reported in 1986 by Woodard and 
White [7], with no special attention paid to the 
significance of minor and trace elements. There is 
only one study, to our knowledge, where MC dose 
calculations were used to investigate the dosimetric 
effect of 5 minor and 9 trace elements present in 
normal or cancerous prostates [8]. In this study the 
effect of individual elements with atomic numbers Z 
= 17–30 was studied in prostates irradiated by low-
energy brachytherapy sources, including 125I. A 

potentially significant difference in the dose 
distribution between cancerous and healthy (normal) 
prostate tissues (of 4% or more) was found. For MC 
calculations the variation in the content of chemical 
elements between healthy and cancerous tissue in the 
prostate was taken from Kwiatek et al 2005 study [9]. 
However, the data of chemical element concentration 
presented in this study conflict with the 
overwhelming corroborating clinical and 
experimental evidence that has been amassed from 
numerous reports over the past approximately 60 
years [10]. Because the difference in chemical element 
concentrations between healthy and cancerous 
prostate tissues was shown to alter the dose 
distributions, further MC studies with a more 
accurate prostate composition are needed to 
understand further this dose variation. In our 
previous comprehensive studies, the concentration of 
66 minor and trace elements in normal and affected 
prostate tissues were investigated using the most 
powerful analytical methods such as energy dispersive 
X-ray fluorescent analysis (EDXRF), instrumental 
neutron activation analysis (INAA), inductively 
coupled plasma atomic emission spectrometry (ICP-
AES), and inductively coupled plasma mass 
spectrometry (ICP-MS) [11-55]. Moreover, systematic 
reviews of the chemical element contents in the 
normal, hyperplastic, and cancerous prostate glands 
were done and published [56-58]. It was found using 
our results and literature data that chemical element 
composition of normal prostate tissue significantly 
differs from that of pathological prostates, 
particularly, cancerous glands. Malignant prostate 
tumors are a mixture of non-affected (intact) and 
cancerous tissues. Because dose calculations for low 
energy photons are sensitive to tissue heterogeneities, 
the present study was performed to investigate the 
importance of major, minor, and trace elements in 
brachytherapy with 125I sources in healthy and 
cancerous human prostate tissues using MC 
simulation techniques. 
 

Materials and Methods 

Composition of Tissues 

The mass fractions of major chemical elements H, C, 
N, and O of the human prostate used in the study was 
taken from a frequently cited Report 46 of 
International Commission on Radiation Units and 
Measurements (ICRU, 1992) and Publication 89 of 
International Commission on Radiation Protection 
(ICRP, 2003) [59,60]. While it has been shown that 
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uncertainties in the composition of H, C, N, and O 
can affect the results of low-energy brachytherapy [6], 
the objective of this study was the investigation of the 
effects of minor and trace element variations. Because 
no recent comprehensive study into H, C, N, and 
composition in normal and cancerous prostate tissues 
could be found, throughout the study the 

proportionality between H, C, N and O in each tissue 
was presumed to be fixed, while the minor and trace 
component varied in accordance with our findings 
and data obtained from reviews [11-58] (Table 1). In 
addition to this, the density of normal and cancerous 
prostate tissue was also presumed to be constant – 
1040 kg/m3.

 

Table 1: Mass fractions of major, minor and trace elements (mg/kg wet mass basis) of human normal and cancerous 
prostate tissues relevant to low-energy photon brachytherapy. 

Element Norm Cancer Element Norm Cancer Element Norm Cancer 
H 105000 105000 Eu 0.00012 0.00211 Pt 0.00012 0.00284 
C 256000 256000 Fe 24.4 44.5 Rb 2.89 2.37 
N 25000 25000 Ga 0.0155 0.202 Re 0.00020 0.0075 
O 602000 602000 Gd 0.00061 0.00128 S 2174.3 2301.2 
Ag 0.008 0.0712 Hf 0.0042 0.104 Sb 0.0085 0.138 
Al 6.95 99.5 Hg 0.0103 0.0333 Sc 0.0059 0.00303 
As 0.005 0.225 Ho 0.00012 0.00049 Se 0.149 0.153 
Au 0.00083 0.0087 Ir 0.00009 0.00196 Si 20.7 80.7 
B 0.197 3.75 K 2355 2367 Sm 0.00055 0.00276 
Ba 0.29 8.19 La 0.017 0.238 Sn 0.0641 0.384 
Be 0.00019 0.00401 Li 0.00823 0.075 Sr 0.51 1.78 
Bi 0.0061 0.51 Lu 0.00005 0.00018 Ta 0.00113 0.024 
Br 7.12 29.1 Mg 213 95.6 Tb 0.00008 0.00022 
Ca 502 186 Mn 0.269 2.02 Th 0.00068 0.0149 
Cd 0.225 0.12 Mo 0.0553 0.0717 Ti 0.57 2.16 
Ce 0.0064 0.0289 Na 2200 2074 Tl 0.00028 0.0066 
Cl 2754 2754 Nb 0.00115 0.0012 Tm 0.00005 0.00014 
Co 0.0093 0.0092 Nd 0.00286 0.0122 U 0.00133 0.00198 
Cr 0.108 0.626 Ni 0.647 2.01 V 0.0469 0.45 
Cs 0.00663 0.0111 P 1529 1899 Y 0.0034 0.0099 
Cu 1.92 4.65 Pb 0.479 0.495 Yb 0.0003 0.0004 
Dy 0.00061 0.00209 Pd 0.00152 0.0405 Zn 205 37.8 
Er 0.00031 0.00086 Pr 0.00073 0.00291 Zr 0.0073 0.61 
      ∑ 1000000,0 1000000,0 

Data for H, C, N, and O in prostate tissue taken from ICRU and ICRP reports,59,60 and for ME and TE from published reviews [56-58]. 
 
Simulation Technique 

The simulation was made using GEANT4 framework 
(version 10.7) [61,62]. Two separate simulation series 
were carried out for each type of tissue. Concentric 
spherical layers with thickness of 0.1 mm located 
inside a spherical phantom with diameter of 104 mm 
were used as the detectors. The inner radius of the 
first layer R_min was 4 mm and the outer radius of 
the last layer R_max was 50 mm. In each simulation 
series, the phantom was filled with a homogeneous 
tissue, the composition of which is given in 
Composition of Tissues. The point isotropic source 
was located at the center of the phantom. The spectral 

characteristics of the source corresponded to the 
initial spectrum of the γ- and X-rays from the 125I 
radioactive decay. The yields and energies of photons 
were taken from the ENDF-B/VIII.0 library (Table 2). 
This approach was used because there are many 
clinical sources for brachytherapy based on the 125I 
[63-68]. These sources have different dosimetric 
characteristics due to using the different geometry and 
materials [63-67]. The approach used makes it 
possible to generalize the obtained results to all types 
of sources. To simulate the interaction of the 
radiation with matter, the library for modeling low-
energy electromagnetic interactions G4EmLivermore 
Physics was used [69].
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Table 2: Spectrum of photons emitted during the radioactive decay of 125I. 
Photon energy (keV) Yield (%) 

3.36 1.00 
3.76 7.35 
4.08 6.20 
27.19 40.11 
27.46 74.66 
30.94 6.87 
30.99 13.33 
31.67 1.42 
31.68 2.80 
35.49 6.68 

 
During simulation, the depth profiles of deposited 
energy, which is directly proportional to the absorbed 
dose, were obtained for each type of tissue for the 
cases when the separate ME or TE were removed from 
the tissue composition. Additionally, the profiles of 
deposited energy were calculated for two cases - when 
all ME and TE were taken into account and all ME 
and TE were removed excepting H, C, N and O. The 
tissue density and the ratio of concentration for 
remaining elements were the same. The change of 
absorbed dose in each case was evaluated using the 
equation 1: 

𝛿(𝑅) = 100% −
∫ 𝐸𝑝(𝑅) 𝑑𝑅

𝑅

𝑅𝑚𝑖𝑛

∫ 𝐸𝑓(𝑅) 𝑑𝑅
𝑅

𝑅𝑚𝑖𝑛

∙ 100% 

where ∫ 𝐸𝑝(𝑅) 𝑑𝑅 
𝑅

𝑅𝑚𝑖𝑛
– the integral of the deposited 

energy 𝐸𝑝(𝑅) calculated when this or that chemical 

element was removed; ∫ 𝐸𝑓(𝑅) 𝑑𝑅
𝑅

𝑅𝑚𝑖𝑛
 – the integral 

of the deposited energy 𝐸𝑓(𝑅), calculated for the 
initial elemental composition (BE+ME+TE). The 
profiles of deposited energy obtained for normal and 
malignantly transformed prostate tissue, taking into 
account the influence of all chemical elements, were 
also compared according to equation 1. 
 

Results  

The relative difference between the results of the MC 
simulations obtained for normal and cancerous 
prostate tissue were plotted against the radial distance 
from the center of source with radionuclide 125I 
(Figure 1). The calculations were done using the 
chemical element compositions of normal and 
cancerous prostate tissue presented in Table 1 and the 
tissue density 1040 kg/m3.

 

 
Figure 1: Relative reduction δ (see equation 1 in the text) of the absorbed dose in cancerous tissue compared to normal 

prostate tissue depending on the radial distance from the center of the 125I source (R). 
 
Figure 2 presents the ratio of the integral of absorbed 
doses obtained for the case when all ME and TE are 
removed from the tissue composition (DHNCO) and 

for the total (BE+ME+TE) tissue composition (Dfull) 
depending on the radial distance from the center of 
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the 125I source (R). The data shown in the Figure 2 
corresponds to normal and cancerous prostate tissue.
 

 
Figure 2: The ratio of the integral of absorbed doses obtained for the case when all minor and trace elements are removed 
from the tissue composition (DHNCO) and for the total tissue composition (Dfull) depending on the radial distance from the 

center of the 125I source (R). The data shown in the figure corresponds to normal (●) and cancerous (○) prostate tissue. 
 
Figure 3 and 4 shows the relative change in the 
integral of the absorbed dose δ (%) depending on the 
radial distance R(cm) from the center of the source 
125I when individual chemical elements are removed 
from the tissue composition. The data are given for 

normal and cancerous prostate tissue. Figure 3 also 
depicts the relative change of the dose when all 
chemical elements are removed excepting H, N, C 
and O.

 

 
Figure 3: The relative decrease in the integral of the absorbed dose δ (see equation 1 in the text) depending on the radial 

distance from the center of the 125I source (R), associated with the exclusion of separated chemical elements from the tissue 
composition: - w/o all TE and ME - tissue composition without all trace and minor elements, -w/o K, w/o Cl, w/o S, w/o P, 

w/o Na - tissue composition includes all major, minor and trace elements, with the exception of K, Cl, S, P and Na, 
respectively. The data shown in the figure corresponds to normal (●) and cancerous (○) prostate tissue. 
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Figure 4: The relative decrease in the integral of the absorbed dose δ (see equation 1 in the text) depending on the radial 
distance from the center of the 125I source (R), associated with the exclusion of separated trace elements from the tissue 

composition: -w/o Zn, w/o Ca, w/o Br, w/o Fe, w/o Mg - tissue composition includes all major, minor, and trace elements 
with exception Zn, Ca, Br, Fe, and Mg, respectively, -w/o all other TE - tissue composition includes all major and minor 
chemical elements, and only such trace elements as Zn, Ca, Br, Fe, and Mg. The data shown in the figure corresponds to 

normal (●) and cancerous (○) prostate tissue. 

 
Discussion 

Malignant tumors of prostate are a strong mixture of 
non-affected and cancerous tissues. In present study, 
it was supposed that the composition of non-affected 
tissues in prostate malignant tumors was just the same 
as the composition of normal tissue of gland. The 
mass fractions of 69 chemical elements contents in 
normal and cancerous prostate tissues (Table 1) 
presented the most reliable information on the 
subject because results for four bulk elements H, C, 
N, and O were taken from the official reports of 
International Committees (ICRU, 1992 and ICRP, 
2003) and results for other 65 ME and TE, obtained 
by us, were in a good agreement with median values 
of reported data [56-58]. The main uncertainties of 
our calculations connected with four bulk elements 
H, C, N, and O contents in cancerous prostate tissues. 
Because of the lack of data reported in literature it was 
supposed by us that mass fractions of H, C, N, and O 
in cancerous prostate tissues did not differ from those 
in normal tissue of gland. In addition to this, the 
density of each tissue was also kept constant. The 
relative dose difference between cancerous and 
healthy prostate tissues was calculated using equation 
1. The results are shown in Figure 1. If the above 
assumptions are correct, then it should be concluded 
that differences in the content of ME and TE in 
normal and cancerous tissues of the prostate gland do 

not play a significant role in dose formation in BT. 
Absorbed doses in cancerous tissues are somewhat 
lower than in normal tissues, and the largest relative 
difference between absorbed doses is located near the 
surface of the 125I source and does not exceed 1%. 
Such small effect of differences in ME and TE 
contents in normal and cancerous prostate tissue can 
be explained by the different direction of changes in 
the content of chemical elements. For example, the 
mass fraction of Na, Mg, Ca, and Zn are lower, while 
P, S, and Fe are higher in cancerous tissue in 
comparison with normal prostate tissue (Table 1). 
As can be seen from the Figure 2 and 3, ME and TE 
have a non-negligible (up to 13-14%) effect on the 
dose in prostate tissues irradiated with low-energy 
photons of 125I source. The results presented in Figure 
3 make it possible also to evaluate the radial profiles 
of the relative decrease in the integral of the absorbed 
dose δ (%) associated with the exclusion of individual 
ME such as K, Cl, S, P and Na from the composition 
of the normal and cancerous prostate tissues. Among 
these ME, the biggest influence on dose formation in 
normal prostate tissue at distance 0.5 cm from the 
source’s center had the photon’s interaction with K 
(4.0%) and Cl (3.1%), while the lowest value–the 
photon’s interaction with Na (0.4%).In cancerous 
prostate tissue, the biggest values of relative dose 
change at distance 0.5 cm from the source’s center 
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had also the photon’s interaction with K (relative 
difference up to 4.1%) and Cl (3.15%), while the 
lowest values also had the interaction with 
Na(0.42%).  The difference between the relative dose 
change in normal and cancerous tissues associated 
with these ME at the distance of 0.5 cm from the 
source was -0.3% for P, -0.18% for S, -0.09% for K, -
0 .03% for Cl and -0.01% for Na. In total, variations 
in the content of ME in normal and cancerous tissue 
provided a relative difference in the absorbed dose at 
the distance of 0.5 cm from the source of 125I equal to 
-0.61%. The mass fractions of Mg, Ca, and Zn in 
normal prostate tissue are 213, 502, and 205 mg/kg 
wet mass basis, respectively (Table 1). These values are 
highest among mass fractions of all other TE of 
normal prostate tissue. The mass fractions of Fe (24.4 
mg/kg wet mass basis) and Br (7.12 mg/kg wet mass 
basis) are almost one and two order of magnitude 
lower in comparison with Ca, however these TE have 
higher photon’s absorption coefficients. This was one 
of the reasons for choosing these TE for calculations 
as well. A significant difference in the mass fractions 
of these TE in normal and cancerous tissues of the 
prostate was another reason for their choice. 
The results presented in Figure 4 make it possible to 
evaluate the radial profiles of the relative decrease in 
the integral of the absorbed dose δ (%) associated with 
the exclusion of TE such as Br, Ca, Fe, Mg, and Zn, 
as well as all other 55 TE taken together from the 
composition of the normal and cancerous prostate 
tissues. As can be seen from the Figure 4, among TE 
of normal prostate tissue the biggest values of relative 
change in dose at distance 0.5 cm from the source’s 
center had the photon’s interaction with Zn (1.4%), 
while the lowest value – the photon’s interaction with 
Mg (0.06%). The maximal change in dose other 55 
TE of normal prostate tissue, taken together, did not 
exceed 0.1%.  In cancerous prostate tissue, the biggest 
value of relative dose change at distance 0.5 cm from 
the source’s center had the photon’s interaction with 
Ca (0.4%), while the lowest value also had the 
interaction with Mg (0.03%). The maximal change in 
dose for other 55 TE of normal prostate tissue, taken 
together, did not exceed 0.28%. The differences 
between the relative dose change in the normal and 
cancerous tissues for these TE at the distance from the 
source of 0.5 cm were 1.15% for Zn, 0.63% for Ca, -
0.2% for Br, -0.1% for Fe and -0.03% for Mg. In total, 
variations in the content of TE in normal and 
cancerous tissue provided a relative difference in the 

absorbed dose at the distance of 0.5 cm from the 
source of 125I equal to 1.45%. 
Finally, the relative changes in dose at distance 0.5 cm 
from the 125I source’s center associated with 
variations in the content of ME and TE in normal and 
cancerous tissue equal to (-0.61% +1.45%) = 0.84%. 
Thus, the biggest difference between the relative dose 
changes for all 65 ME and TE in normal and 
cancerous prostate tissue did not exceed 0.9% and 
agreed well with result presented above in Figure 1. 
This result contradicts the findings of White et al. [8], 
based on incorrect data on the content of TE in the 
prostate gland published by Kwiatek et al. [9]. Our 
results suggest that the greatest uncertainty in dose 
heterogeneity stems from the lack of data on 
differences in BE content between normal and 
cancerous prostate tissue, as there is evidence to 
suggest that these differences may be quite significant. 
For example, it is well known that many malignant 
tumors are hypoxic, i.e., the oxygen concentration in 
them is lower than in normal tissue. The successful 
use of magnetic resonance imaging for the diagnosis 
of PCa indicates different hydrogen content in the 
tumor and surrounding tissues. Therefore, further 
studies should be aimed at precise determination of 
BE concentrations in normal and cancerous prostate 
tissue. 
 

Conclusion 

Our results obtained using fairly accurate data on the 
content of ME and TE in normal and cancerous 
human prostate tissues in MC modeling, led to the 
conclusion that tissue composition variability does 
not affect the degree of absorbed dose uniformity in 
prostate BT by 125I sources. Further study of the H, C, 
N, and O contents in human normal and cancerous 
prostate tissues is needed, as well as studies into the 
potential variability between bulk compositions of 
different kinds of malignant tumors. Otherwise, the 
lack of accurate data on BE concentrations in normal 
and cancerous prostate tissue will contribute to 
inaccuracy in assessing dose uniformity in BT of PCa. 
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