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Abbreviations: LINAC, linear accelerator; MLC, multileaf 
collimator; MV, mega voltage; IMRT, intensity-modulated radiation 
therapy; VMAT, volumetric modulated arc therapy; MeV, 
Megaelectronvolt; SSD, Source to surface distance

Introduction
Around 5% of illnesses in the world are related to malignant 

tumors in both men and women. In Latin America and the Caribbean, 
for example, approximately 100,000 cases have been reported per 
year, and breast cancer is one of the most common among women 
worldwide. This type of malignancy is worthy of any type of research 
that involves not only prevention, but also the implementation of 
treatments and techniques focused on reducing deaths and improving 
the quality of life in patients.1

In recent decades, the prevention, discovery, and treatment of 
breast cancer have transformed in a way that over 90% of cases have 
been diagnosed in the early stages, and more effective treatments 
have been implemented with the different types of radiation therapy 
(conventional, IMRT, VMAT, etc.). After years of studies, it has been 
shown that said treatments reduce the recurrence of the local rate by 
approximately 70% after a mastectomy or after a more conservative 
method of breast cancer treatment, and that in reality they could 
increase the survival rate of higher-risk patients after treatment with 
radical surgeries and systematic adjuvant therapies.2

External radiotherapy in breast cancer can be provided through 
the use of equipment that uses encapsulated sources of radioactive 
materials such as the Co-60.3,4 This isotope mainly emits gamma-ray 
photons with an energy of 1.17 and 1.33 MeV, and nowadays devices 
of last generation as Gamma Knife show excellent results in localized 
brain tumors.5 Nevertheless, the last generation of LINAC’s operates 
at different energies; however, the dual energies of 6 and 15 MV or 
6 and 18 MV are the most used. This equipment shows a very good 

absorbed-dose distribution in the area of treatment, and also the 
reduction of the dose absorbed by the healthy surrounding tissue.6 
Because of this, treatments have shifted away from the conventional 
radiation therapies with Co-60,7 which are evaluated in this study.

The Monte Carlo Method has been used in various types of 
research, for example, to extract the properties of absorption, 
dispersion, and malignant and non-malignant tissue fluorescence, and 
to diagnose breast cancer according to these intrinsic properties of the 
tissue.8,9

Modulated electron radiation therapy (MERT), intensity-
modulated radiotherapy (IMRT), and conventional tangential photon 
beams have been evaluated in the treatment of breast cancer to perform 
optimizations in treatment with various energy beams, always seeking 
a reduction of the maximum dose to the lungs.10 Monte Carlo method 
has been used to estimate the dose distribution in mammography 
using, a source term, the photon spectrum produced by a tube of 
X-rays.11 Monte Carlo (MC) calculations is the only way to obtain 
detailed information about photon and electron spectra produced by 
devices emitting ionizing radiation.12 The different codes used for 
this purpose turn out to be a fundamental tool for research in this 
field.13-17 All these studies agree on the importance of studying the 
most appropriate photon energies that should be used in the treatment 
of each malignant disease, here is the importance of this study. 

The objective of this work is to compare the differences in the 
absorbed dose that is supplied to organs and tissues when three photon 
beams are used during a conventional treatment of breast cancer. The 
result allows to demonstrate the advantages of using a low-energy 
beam like that of Co-60 abandoned by manufacturing houses today.

Material and methods
A FAX06 phantom was used,18 which was reproduced with 

ImageJ,19 which allows for the reproduction of the female body for 
the MCNPX code.20
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Abstract

In this study, breast cancer treatment reproduced from a VARIAN eclipse planning system is 
simulated. This treatment was simulate using the Monte Carlo system. To this end, the body 
of the woman is simulate by the geometry of the Phantom FAX06, which was reproduced 
using the ImageJ software that allowed the import and conversion of DICOM images into 
valid input files for the MCNPX code. Additionally, geometry of the linear accelerator 
head (including the MLC) was constructed. Co-60 photons, 6 and 15 MV photon spectra 
were simulate with an angle that allowed for the recreation of two tangential fields used 
in conventional radiation therapy treatments for breast cancer. The main objective of this 
study was to estimate the absorbed dose in each of the organs involved in this type of 
treatment and for each of the sources simulated. The result allowed us to establish the 
differences between the absorbed dose that is transferred to the target organ and that which 
is transferred to the organs at risk, such as the heart and lungs. The dose absorbed in organs 
at risk and target organ when Co-60 is used has advantages over the use of 6 and 15 MV 
beams, these results should be considered by the manufacturers of LINAC’S and by the 
scientific community. The proposal in this sense is to manufacture a device with Co-60 and 
with the technology of a LINAC for the treatment of some cancer.
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 Images of the treatment field were taken in the planning of 
conventional radiation therapy using the Varian Eclipse planning 
system.21 The simulated patient was treated with a VARIAN C/D 
Linear Accelerator operating at 6 and 15 MV. The accelerator head is 
simulated by the geometry shown in figure 1.22 Figure 1 shows the two 
tangential fields that were reproduced.

Figure 1 Breast planning treatment, taken using the Varian Eclipse planning 
system. a) Internal Tangential Field. b) External Tangential Field.

The planning system shown in Figure 1 corresponds to a 3D 
radiation therapy treatment with two tangential treatment fields.

The geometry of the female torso and all of its organs were 
reconstructed using ImageJ. A total of 9057.68 voxels of 3·3·3 mm3 

(with differing densities and composition according to the organ to 
which they pertain) reproduced the phantom (Figure 2). The elemental 
composition of each organ and tissue was taken from.23 

Figure 2 Cross section of the phantom FAX06. Left breast (5), right breast 
(3), heart (2), right lung (1), left lung (6), skin (4), marrow (7), and muscle (8).

The simplified geometry of the head of the LINAC consists of a 
spherical shielding made up of high-density materials (Pb and W), 
with radius of 26.75cm and 8.331cm respectively. Two independent 
simulations for each energy beam is launched from the head of the 
LINAC. Table 1 shows the elementary composition of the materials 
used in the simulation.

Table 1  Characteristics of materials

Material Density (g/cm3) Composition
Breast 1.04 H (11.6%) + C (51.9%) + N (36.5%)

Air 0.001225 O (22%) + C (2.5%) + N (75%) + Ar (0.5%)

W 19.3 W (100%)

Pb 11.4 Pb (100%)

Heart 1.05
H (10.4%) + C (13.9%) + N (2.9%) + O (71.85%) + Na (0.1%) +

P (0.2%) + S (0.2%) + Cl (0.3%) + K (0.3%)

Lung 1.049
H (10.3%) + C (10.5%) + N (3.1%) + O (74.9%) + Na (0.2%) +

P (0.2%) + S (0.3%) + Cl (0.3%) + K (0.2%)

Marrow 0.97
H (11.5%) + C (64.4%) + N (0.7%) + O (23.1%) + Na (0.1%) +

S (0.1%) + Cl (0.1%)

Muscle 1.04
H (10.2%) + C (14.3%) + N (3.4%) + O (71%) + Na (0.1%) +

P (0.2%) + S (0.3%) + Cl (0.1%) + K (0.4%)

The two tangential fields were recreated for adjustment to the 
planning shown in Figure 1, for which the multi-leaf collimator 
(MLC) system was constructed as well (Figure 3). Figure 4 shows the 
full geometry used in the simulation with the location of the LINAC 
head in the two orientations, for the external tangential field and for 
the internal tangential field.

A total of six simulations, positioning the MLC system at 30cm 
SSD for 60Co and at 50cm SSD for the simulation of the spectra of 6 
and 15 MV. Each of the spectra is launched from the geometric center 
of the first sphere of W that simulates the head of the LINAC, emitting 
isotropically. These calculations were achieved in the parallelized 
cluster, simulating a total of 6.4·108 stories for 60Co, 9.6 ⋅108 histories 
for 6 MV and 7.2·108 stories for 15 MV. The energy cutoff for photons 
and electrons was established in 0.001 MeV, for the head shield 0.521 
MeV.

Figure 3 Phantom and MLC geometries used in the simulation. A) External 
Tangential Field B) Internal Tangential Field.

Figure 5 shows the three spectra used in the simulation, plot in 
black corresponds to Co-60, plot in Red corresponds to 15 MV spectra 
and plot in blue corresponds to 6 MV spectra.
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Figure 4 Full geometry of the simulation (XZ plane).

Figure 5 Spectral photon fluence used in the calculations. Red spectrum is 

taken from,23 Blue (this study) and black (this study).

Results and discussion
The objective of each simulation was to study the absorbed dose in 

each of the organs and tissues when used with the three types of beams. 
Figure 6 shows the calculations of the absorbed dose independently 
for each of the orientations shown in Figure 3. The absorbed dose is 
calculated from the tally * f8 that gives deposited energy, this value is 
divided by the mass of each one of the organs and tissues.

In Figure 6, the same pattern of behavior in the transfer of energy 
is observed for both orientations A and B, with more energy resulting 
in a higher dose. The majority of the contributions went to the left 
breast as expected, Organ (10), followed by muscle (4) adipose tissue 
(6), skin (1), and the left lung (8), both in the internal tangential field 
and the external tangential field. In Table 2 is shown the absorbed dose 
per history for both photon beam orientations. The internal tangential 
field contributed a higher absorbed dose in the breast and skin, while 
the bone received a higher dose in the external field. This result allows 
to establish that the higher the energy, the higher the dose absorbed in 
the organs and tissues, however, this does not imply that the highest 
energy is the ideal in the treatment, because it should not be forgotten 
that there is a spectrum in each case and experience shows that in 
some treatments, beam combinations of 6 and 15 MV give good 
results depending on the size of the breast. 

For the lung, the greatest contribution is due to the external 
tangential field when using 6 MV and Co-60 beams. With a beam of 15 
MV, the greatest contribution in lung is due to the internal tangential 
field. The heart received the largest contribution from the three beams 
was in the external tangential field. The relative error associated with 
the calculation in all the cases was < 0.01.

In comparing the fields, it is evident that the majority of the 
contributions of the absorbed dose in the breast are related to the 
internal tangential field. The radiation beam of 15MV transfers the 
greatest quantity of absorbed dose to all of the organs and tissues in 
the two orientations, due to a large spectrum of photons of up to 15 
MeV that pass through the patient. Regarding the heart, we noticed 
that the absorbed dose that this organ receives is lower in the internal 
tangential field. The contribution of the two fields is presented in 
Table 3. It is important to mention that the radiation beam of 15 MV 
provides a higher absorbed dose to all of the organs and tissues in each 
of the orientations.

Figure 6 Dose absorbed in each of the orientations. A) Internal Tangential 
Field, B) External Tangential Field.

From the results of Tables 2 and 3 we could infer that the higher 
the energy, the greater the power of penetration and, therefore, in 
the skin and in the breast there would be smaller doses, however, if 
we observe the 15 MV spectrum of the Figure 4, a wide spectrum of 
photons below 1 MeV is found that generate a large contribution to 
the absorbed dose that is reflected in the results.

For the purposes of carrying out and independent analysis for each 
of the radiation beams, Tables 4, 5 and 6 show the results in dose 
percentage for each of the organs.

Various important aspects can be inferred from the data shown in 
Tables 4, 5 and 6. With respect to the absorbed dose of the target organ 
(the left breast), the internal tangential field with a beam of 6 MV 
transferred a 1.48% higher dose than the 15 MV beam, and 6.48% 
more than the dose provided by the 60Co. The same analysis of the 
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external tangential field depicts that the 6 MV beam contributed an 
absorbed dose that is 1.42% greater than that of the 15 MV beam and 
7.53% greater than the dose imparted from the 60Co. This analysis 

shows that the 6 MV beam is more effective in the transfer of the dose 
to the target organ. Nevertheless, there are other considerations that 
must be made when analyzing the at-risk organs involved.

Table 2  Dose absorbed due to the two simulated fields

Organs
External Tangential Internal Tangential
Co-60 6 MV 15 MV Co-60 6 MV 15 MV
(Gy) (Gy)

Skin 2.30E-14 3.02E-14 4.17E-14 2.73E-14 3.72E-14 5.21E-14
(RCSS) – Cortical bone 4.46E-15 5.04E-15 7.27E-15 4.10E-15 4.98E-15 7.50E-15
Muscle 5.68E-14 6.31E-14 9.38E-14 5.13E-14 6.53E-14 9.60E-14
Adipose tissue 5.06E-14 5.84E-14 8.64E-14 4.91-E14 6.34E-14 9.28E-14
Heart 2.32E-15 2.01E-15 2.90E-15 1.74E-15 1.86E-15 2.56E-15
Left lung 2.86E-14 2.97E-14 4.33E-14 2.43E-14 2.73E-14 4.45E-14
Left breast 1.22E-13 1.87E-13 2.56E-13 1.27E-13 2.08E-13 2.90E-13

Table 3 Sum of the contributions

Organs

Sum of contributions from the two 
fields
Co-60 6 MV 15 MV
(Gy)

Skin 5.03E-14 6.75E-14 9.39E-14
(RCSS) – Cortical bone 8.56E-15 1.00E-14 1.48E-14
Muscle 1.08E-13 1.28E-13 1.90E-13
Adipose tissue 9.97E-14 1.22E-13 1.79E-13
Heart 4.06E-15 3.87E-15 5.47E-15
Left lung 5.29E-14 5.70E-14 8.78E-14
Left breast 2.49E-13 3.95E-13 5.46E-13

Table 4  Percentage value of absorbed dose in each organ for the radiation beam of Co-60

Organs
External Tangential Internal Tangential Sum

Dose (Gy) Dose % Dose (Gy) Dose % Dose (Gy) Dose %
Skin 2.30E-14 7.71 2.73E-14 9.33 5.03E-14 8.51
(RCSS) – Cortical bone 4.46E-15 1.49 4.10E-15 1.4 8.56E-15 1.45
Heart 2.32E-15 0.78 1.74E-15 0.59 4.06E-15 0.69
Muscle 5.68E-14 19 5.13E-14 17.51 1.08E-13 18.26
Liver 3.89E-15 1.3 2.85E-15 0.97 6.74E-15 1.14
Adipose Tissue 5.06E-14 16.94 4.91E-14 16.77 9.97E-14 16.86
Soft Tissue 7.39E15 2.47 5.08E-15 1.73 1.25E-14 2.11
Left Lung 2.86E-14 9.58 2.43E-14 8.3 5.29E-14 8.94
Left Breast 1.22E-13 40.73 1.27E-13 43.4 2.49E-13 42.05

Table 5 Percentage value of absorbed dose in each organ for the radiation beam of 6 MV

Organs
External Tangential Internal Tangential Sum

Dose (Gy) Dose % Dose (Gy) Dose % Dose (Gy) Dose %

Skin 3.02E-14 7.80 3.72E-14 8.91 6.75E-14 8.38
(RCSS) – Cortical bone 5.04E-15 1.30 4.98E-15 1.19 1.00E-14 1.24
Heart 2.01E-15 0.52 1.86E-15 0.45 3.87E-15 0.48
Muscle 6.31E-14 16.28 6.53E-14 15.63 1.28E-13 15.94
Liver 4.13E-15 1.06 3.35E-15 0.80 7.48E-15 0.93
Adipose Tissue 5.84E-14 15.05 6.34E-14 15.17 1.22E-13 15.11
Soft Tissue 8.17E-15 2.11 6.01E-15 1.44 1.42E-14 1.76
Left Lung 2.97E-14 7.66 2.73E-14 6.53 5.70E-14 7.07

Left Breast 1.87E-13 48.23 2.08E-13 49.88 3.95E-13 49.08

Table 6  Percentage value of absorbed dose in each organ for the radiation beam of 15 MV
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Another result that we consider to be important is that the 
contributions to the skin, muscle, and adipose tissue are much lower 
with the use of Co-60 when compared to the other photon beams 
that were used. This is an important aspect to bear in mind when 
considering that this beam of radiation would be appropriate for 
shallow treatments such as in the head and neck, or as seen in this 
case the breast. 

The two most common energies in LINAC’s today are 6 and 15 
MV, if we analyze the results in organs at risk it is found that the higher 
the energy, the greater the LET and therefore the higher absorbed 
dose, the ideal would be to use 15 MV, however, and to counteract the 
production of photoneutrons that produce this energy, manufacturers 
have opted to use the 6 MV energy in the new techniques such as 
IMRT, IGRT and VMAT.

It is clear that the use of the photon beam on average with energy 
of 1.25 MeV has the characteristic of transferring its energy in the first 
cm, with penetration power lower than that obtained with the spectrum 
of 6 MV or with the spectrum of 15 MV. This aspect answers why the 
reduction in the dose.

Conclusion
Using Monte Carlo, the absorbed dose in organs and tissues 

was compared and evaluated during a breast cancer treatment using 
tangential fields and irradiating with three different energy beams.

The largest transfer of absorbed dose to the target organ corresponds 
to the 15 MV beam, nevertheless, the lowest absorbed dose in at-risk 
organs (heart and lungs) corresponds to beams of Co-60.

The differences in the absorbed dose provided to the target organ 
when using Co-60 and 6 MV are minimal. To the contrary, shallow 
organs such as skin, muscle, and adipose tissue receive lower doses 
when compared to the 6 and 15 MV beams. This aspect answers the 
question of why certain equipment such as the Gamma Knife are 
effective in treatments of the head even though they use sources of 
Co-60.

In conclusion, manufacturers should consider the possibility of 
manufacture equipment that use Co-60 with the qualities of a LINAC, 
that will have modern collimation systems (JAWS), and multi-leaf 
systems (MLC) that allow for the conformation of fields. This aspect 
is fundamental if the elevated costs of the maintenance of LINAC’s is 
taken into account.
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