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Abstract 

 

Actually, lung cancer is one of the most lethal types [IARC, 2012], due to the disease in the 

majority of the cases asymptomatic in the early stages, being the detection of the pathology 

in advanced stage, with tumor considerable volume [INCA, 2016]. Dosimetry analysis of 

healthy organs under real conditions is not feasible. Therefore, computational simulations 

are used to auxiliary in dose verification in organs of patients submitted to radiotherapy. 

The goal of this study is to calculate the equivalent dose, due to photons, in surrounding in 

healthy organs of a patient submitted to radiotherapy for lung cancer, through 

computational modeling. The simulation was performed using the MCNPX code [MNCPX, 

2006], Rex and Regina phantom [ICRP 110, 2008], radiotherapy room, Siemens Oncor 

Expression accelerator operating at 6MV and treatment protocol adopted at the INCA 

(National Cancer Institute – Brazil). The results obtained, considering the dose due to 

photons for both phantom indicate that organs located inside the thoracic cavity received 

higher dose, being the bronchi, heart and esophagus more affected, due to the anatomical 

positioning. Clinical data describe the development of bronchiolitis, esophagitis, and 

cardiomyopathies with decreased cardiopulmonary function as one of the major effects of 

lung cancer treatment. In the Regina phantom, the second largest dose was in the region of 

the breasts with 615,73 mSv / Gy, while in the Rex 514,06 mSv / Gy, event related to the 

difference of anatomical structure of the organ. Through the tmesh command, a qualitative 

analysis was performed between the dose deposition profile of the planning system and the 

simulated treatment, with a similar profile of the dose distribution being verified along the 

patient's body. 
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1. INTRODUCTION 

 

According to the worldwide estimates of the project Globocan 2012 of the International 

Agency for Research on Cancer (IARC), there were 14.1 millions of new cases of cancer and 

a total of 8.2 millions cancer deaths worldwide in 2012. The most frequent types of cancers in 

male population were prostate, lung, colon and rectum. Already in women, breast, colon and 

rectum and lung. It is estimated that in 2030, the overall burden will be 21.4 millions of new 

cases of cancer and 13.2 millions deaths from cancer [IARC, 2012]. 

The National Cancer Institute (INCA) in Brazil published estimates of the new cases of 

cancers for Brazil 2016-2017. Around non-melanoma skin cancer (175.000) will be the most 

incident in the Brazilian population, followed by prostate (61.000), breast (58.000), colon and 

rectum (34.000), lung cancer (28.000), Stomach (20.000) and cervix (16.000). Approximately 

61.4% of new cases of lung cancer were estimated in the male gender [INCA, 2016]. 

The lung cancer considered rare in the early 20th century became recurrent and lethal by the 

end of the same century worldwide [IARC, 2008]. Lung cancer is the leading cause of death 

by cancer. Several factors contribute to the increase of this neoplasm, mainly exposure to 

tobacco. Other risk factors include exposure to occupational and environmental carcinogens 

such as asbestos, arsenic, radon, and polycyclic aromatic hydrocarbons. In addition, family 

history and repeated pulmonary infections, tuberculosis, deficiency and excess vitamin A 

[Herbst et al., 2008; Riley et al., 2013]. 

In teletherapy treatment, total dose is divided into several sections, increasing the therapeutic 

effect on cancer cells. Furthermore, several gantry tilt angles are used, aiming more dose 

concentration in the tumor and lower dose deposition in the healthy organs. The beam 

radiation on the region of interest interacts with the tumor cells, ionizing the medium causing 

changes in the DNA of the cancer cells, in metabolism and culminating in their death. Cell 

death may occur through several pathways inactivation of the cell's vital systems and / or by 

inhibition of its reproductive capacity [WHO, 208]. 

In Brazil, lung cancer is usually detected in advanced stages, since the symptoms in the early 

stages of the disease are not common. Therefore, this cancer remains highly lethal, and 

mortality/incidence ratio of approximately 86% [INCA, 2014]. In the radiotherapeutic 

treatment in addition to radiate the zone to be treated healthy tissues and organs also are 

irradiated. Consequently patients undergoing to such conditions present a risk of developing 

secondary canceres [Bednarz et al., 2009; Thalhofer et al., 2013]. Medical physicists together 

with the medical staff establishes on the treatment dose, evaluating the risk in radiossensiveis 

organs around the volume of primary treatment (PTV) through the planning system. However, 
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measuring the dose deposited in healthy organs on the patient is infeasible due to 

impossibility to insert dosimeters inside the body. 

According to the American Association of Physicists on Medicine [Rivard et al., 2009], more 

accurate data on dose distributions should be obtained experimentally or by computational 

simulations with the aim of improving planning systems. In order to overcome this difficulty, 

computational models are developed to estimate the dose in healthy organs. Several studies in 

the literature describe the dosimetric analysis in healthy organs [Bednarz et al.,2009; 

Thalhofer et al., 2013]. However, limited works simulates the complete radiotherapy 

environment, containing radiotherapy room, modeling of the patient's body and the structure 

of the accelerator gantry and it rotation. And a smaller number are related to lung cancer. 

The aim of this work was to calculate the equivalent and effective doses due to photons in the 

organs and healthy tissues surrounding the treatment of a tumor during the radiotherapy 

procedure for lung cancer, through computational simulation with radiation transport code, 

MCNPX. The treatment protocol was obtained from the database of patients treated at INCA 

in 3D-CRT (conformational treatment in 3D), patient simulation was carried out through the 

use of voxel phantom (Rex and Regina) proposed by the ICRP 110 [ICRP, 2008] and 

submitted to the beam of photons produced by Siemens Oncor Expression linear accelerator 

[Reis Junior et al., 2014], operating the 6 MV energy. 

 

2. METHODOLOGY 

 

2.1. Radiation transport code 

The particle transport code MCNPX was used in this work. The interpretation of the data 

followed the relative error analysis pattern determined by Pelowitz, which established reliable 

results with error below 5% [Pelowitz  et al., 2005]. All simulations were performed for at 

least 28755 minutes. 

 

2.2. Phantons ICRP 110. 

The ICRP publication n° 110 detailed voxel phantom male (Rex) and female (Regina) that 

represent standard adult, Figure 1. 
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A      B 

 

Figure 1 – Phantom Rex (A) and Regina (B), through Moritz software. 

 

2.3. Siemens Oncor Expression linear accelerator 

The Siemens Oncor Expression linear accelerator used was based on the work developed by 

Reis Junior [2014]. The energy beam for treatment of lung cancer (6MV), similar to that 

validated, is widely referenced in the literature [Liu et al., 1997; Kase et al.,1998]. The source 

was simulated through the electron beam with energy of 6.2 MeV perpendicularly on the 

target. 

 

2.4. Input 

To verify the data present in the input file of MCNP code, such as the radiotherapy room 

developed by Rebello [2007], gantry and phantoms, it was necessary to use two softwares, 

Moritz and Vised. Vised software allows to visualize radiotherapy room and gantry of the 

Siemens accelerator, Figure 2.  

This evaluation was important when the gantry inclination angles were altered, allowing to 

calculate the perfect accommodation of the phantom inside the room and positioning on the 

radiotherapy table, at 100 cm from the beginning of the useful beam to the isocenter located in 

the left lung. In addition, it allows the adjustment of the opening fields of the therapeutic 

beam according protoco at INCA . 
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Figure 2 – Siemens Oncor Expression accelerator (A) inside radiotherapy room (B). 

 

Moritz software was used to visualize anatomical structures of the Rex and Regina phantom and 

to determine the position of the therapeutic beam in the phantoms, Figure 3. 

 

            

Figure 3 – Positioning of the phantom with beam in the left lung (A) and the Siemens 

accelerator and phantom inside the radiotherapy room (B). 

 

2.5. Treatment protocol for lung cancer 

The treatment protocol for lung cancer obtained from the database of patients treated at INCA 

contains two treatment phases, consisting of three angles of gantry inclination. All inclines 

with 6MV energy. 

 

• First phase: 0º and 180º angles. 

• Second phase: 45º angle. 

A) B) 

A) B) 
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2.6. Qualitative treatment analysis for lung cancer 

In this work, the mesh tally command was used in the simulations to generate an image of the 

energy flow along the phantom body. 

The mesh tally allows to view graphically the flow of energy and other quantities through the 

construction of a rectangular, cylindrical or spherical mesh. The data are recorded in MDATA 

file which can be converted into several formats. The conversion program, GRIDCONV, 

provided as part of the MCNP package, transforms the mdata file and can be read in Moritz 

[MNCPX, 2006]. 

The mesh tally must be written in six rows, Figure 4. In the first line only tmesh and sixth line 

endm to finalize the tally. In the second row is defined mesh tally, in this work was used 

rmesh11: p flux. The rmesh represents the construction of a rectangular mesh. The number 11 

represents the type of mesh tally. Termination at 1 represents the type of mesh tally, which 

can range from 1 to 4. The number of mesh tally can not be used for any other tally. The 

particle to be defined by : p (photons), : e (electrons), : n (neutrons). Thus rmesh11: p flux to 

determine the flow of energy along the patient's body between the anterior and posterior 

faces. In the third, fourth and fifth rows are specified coordinates in the planes (x, y, z). The 

cora, corb and corc specifies the planes x, y and z, respectively [MNCPX, 2006]. 

 

     

Figure 4 - Mesh tally for qualitative analysis of the energy flow. 

 

2.7. Dosage calculation 

To obtain the value of the absorbed dose, the tally used was * F8 (energy deposited - MeV) 

[Thalhofer et al.,2013]. This tally is proposed when the equilibrium of charged particles can 

not be guaranteed [Goorley et al., 2005]. The equivalent dose for photons was calculated by 

multiplying the absorbed dose by the weight of radiation to photons (wR) equal to 1. In the 

calculation of the effective dose, we used the organ and tissue weight (wT) factors 

recommended by ICRP 103 [2008]. 
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3. RESULTS AND DISCUSSION 

 

3.1. Qualitative analysis by mesh tally 

The medical physicists elaborate through the planning system some studies to evaluate the 

effectiveness of the proposed treatment and risk in the adjacent organs. One of the ways is 

through the production of images detailing the dose in the organs and tissues along the beam. 

In order to qualitatively evaluate the simulation, the images of the planning system were 

compared with those obtained by mesh tally in the simulation using the Rex phantom. 

 

When Figure 5 is analyzed, it is verified a higher energy range, red in tonality, in the 

superficial region of the body and with the increase of depth there is a change to a smaller 

energy range (in the isocenter region presented green variation and the deepest shade of blue 

beam). The simulation presented the "conical" format similar to that presented in the planning 

system. 

 

The comparison between the planning system and the Regina phantom was not performed, 

because the protocol used in this work was developed for a male patient. To compare images 

between phantoms, there are some similarities in the energy deposition profile, more energetic 

tone of the beam in the superficial region, and a variation in tonality for smaller energies as 

the depth of the patient's body increases with some differences. 

 

In Figure 6 is possible to visualize a slight variation in the energy range between the Rex and 

Regina phantoms, when analyzing the 0° and 45° angles. Greater scattering occurred in the 

primary radiation beam in the Regina phantom, due to the interaction of the therapeutic beam 

with the mammary gland tissue, more developed in females, therefore less deposition of 

energy in deeper organs. The 180° angle analysis showed a greatest coincidence.  
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A    Planning                                       Simulation 

   

B    Planning                                       Simulation 

   

C    Planning                                       Simulation 

   

 

Figure 5 – Dose / energy distribution profile between planning system and simulation. A) 

Angle of 0°, B) Angle of 180°, C) Angle of 45° and D) Metric scale adopted for energy flow. 

 

 

 

D 
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                            A  Rex                                                       Regina 

   

           B       Rex                                             Regina 

    

                       C   Rex                                             Regina 

   

Figure 6 – Comparison of the simulation distribution profile between the Rex and Regina 

phantoms. A) Angle of 0°, B) Angle of 180° and C) Angle of 45°. 

 

3.2. Simulation of radiotherapy treatment using the Rex phantom 

It was verified that the 17 organs with higher values of equivalent dose are situated in close 

relation with the rib cage, positioned totally or with great part of its anatomical region in its 

interior, except skin and muscles that have distribution throughout the body, Table 1 and 

Figure 7. 
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The healthy organs most affected by the equivalent dose deposited unwanted were the 

bronchi, heart, breasts, esophagus, sternum and thymus. Externally to the rib cage, the spleen 

was the most affected organ, receiving approximately 8.55% (62.62 mSv / Gy) of the 

corresponding dose value in the bronchi (732.17 mSv / Gy). 
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Figure 7 – Distribution of total equivalent dose due to photons (SRTOTAL), considering 

simulation with Siemens Oncor Expression accelerator. 

 

The 0° angle presented higher dose in the heart, breasts, sternum, thymus, ET, oral mucosa, 

bladder and testes. There is a relationship between some affected organs, heart, sternum and 

thymus, are organs that form the mediastinum region. Bladder and testes are structures 

positioned farther from the isocenter composing the urogenital system. 

By analyzing the 180° angle the most affected organs positioned inside the rib cage were 

esophagus, Cecs, scapula, lymph nodes and clavicle. Externally spleen, stomach, adrenals, 

bone surface, cervical spine, pancreas, kidneys, mandible, salivary glands, colon, gallbladder, 

lumbar spine, small intestine, skull, pelvis, sacral spine, brain, rectum, leg bone and prostate. 
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Regions of the vertebral column (cervical, lumbar and sacral) were more affected by the 180° 

angle, except for the region of the thoracic spine, most affected by the 45° angle. 

It is noted that 45° angle contributed predominantly to the dose in the bronchi, ribs, thoracic 

spine, trachea, right lung and spinal cord, all located internally to the rib cage. Externally the 

largest doses occurred in the thyroid and liver and gallbladder. 

 

Table 1 – Distribution of equivalent dose due to photons by angle, considering simulation 

with Siemens Oncor Expression accelerator and Rex phantom. 

Organs 
Equivalente dose (mSv/Gy) 

0° 180° 45° total 

Bronchi 254,57 213,34 264,26 732,17 

Heart 228,62 225,12 199,57 653,31 

Breasts 198,62 158,80 156,64 514,06 

Esophagus 151,79 188,84 147,36 487,99 

Sternum 217,63 191,48 30,81 439,92 

Thymus 162,60 154,51 81,23 398,34 

Ribs 87,83 98,27 103,60 289,70 

Thoracic spine 75,34 84,18 117,43 276,95 
#
Cecs 83,87 94,47 84,83 263,16 

Trachea 60,74 67,29 111,83 239,87 

Scapula 52,31 75,83 68,15 196,29 

Skin 59,79 105,48 17,03 182,30 

Lymph nodes 49,88 55,14 50,39 155,41 

Right lung 19,09 23,48 69,44 112,01 

Spinal cord 30,39 35,09 46,10 111,57 

Clavicles 27,38 31,79 28,54 87,71 

Muscles 22,15 26,17 25,05 73,36 

Spleen 19,66 21,62 21,34 62,61 

Thyroid 14,95 16,39 19,19 50,53 

Stomach 13,31 17,35 13,05 43,71 

Adrenals 7,32 10,26 8,66 26,24 

Liver 6,58 8,94 9,27 24,79 

Bone surface 6,99 8,00 6,51 21,50 

Cervical spine 5,51 7,19 6,18 18,88 

Pancreas 4,84 7,83 5,88 18,55 

Kidneys 4,91 7,25 6,09 18,24 

Mandible 5,48 6,49 3,14 15,10 

*ET 7,10 4,94 2,79 14,82 

Salivary glands 4,44 5,71 4,42 14,57 

Colon 4,39 5,77 3,09 13,26 
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Gallbladder 3,26 6,50 2,90 12,65 

Lumbar spine 3,13 5,13 2,51 10,77 

Small intestine 3,71 4,36 2,68 10,75 

Oral mucosa 4,20 3,71 2,66 10,57 

Skull 2,64 3,98 1,62 8,24 

Pelvis 2,33 3,57 0,98 6,88 

Sacral column 1,51 4,18 1,04 6,74 

Brain 1,99 3,20 1,53 6,71 

Rectum 1,88 4,19 0,58 6,65 

Leg bones 2,22 3,35 0,71 6,27 

Bladder 2,11 1,92 0,51 4,53 

Testicles 4,64 1,98 0,54 7,16 

Prostate 2,15 3,17 0,54 5,86 
#
 It corresponds to the spongy regions of the clavicle, ribs, scapula and sternum. 

*
 Extrathoracic region, comprising the anterior and posterior nasal region, pharynx, extrathoracic 

lymph nodes. 

 

3.3. Simulation of radiotherapy treatment using the Regina phantom 

Table 2 presents the equivalent dose results of the simulation using the Regina phantom. 

When evaluating the 0 ° angle, the most affected organ inside thoracic cavity was the breast 

contributing approximately 45.43% of the total dose. The breasts were the second most 

affected organ among those studied with 615.73 mSv / Gy. Externally to the thorax the 

spleen, oral mucosa, ET, and organs of the urogenital system (bladder, uterus and ovary). 

 

The analyze of the 180° angle it was found that the organs located inside the thorax, bronchi, 

heart, sternum, CECS, thymus, scapula and clavicle were the most affected, being disregarded 

the skin due to its anatomical distribution. Externally stomach, bone surface, cervical spine, 

mandible, kidneys, salivary glands, pancreas, lumbar spine, small intestine, skull, brain, sacral 

column, pelvis, rectum and leg bone. When considering the abdominal region, it is verified 

that the angle of 180° predominated in most organs. In addition, it predominated in the dose in 

the organs and structures more distant analyzed skull, brain and bone of the leg. 

 

The analysis of the equivalent dose distribution through the 45 ° angle showed 7 organs inside 

the rib cage (ribs, esophagus, thoracic spine, trachea, lymph nodes, spinal cord and right 

lung). Externally to the thorax, the thyroid, liver and adrenals predominated. When analyzing 
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the dose deposited in the spinal cord, it is verified that the angle of 45° predominates only in 

the thoracic portion, which is positioned towards the therapeutic beam, while the cervical, 

lumbar and sacral portions were more affected by the angle of 180°. 

Table 2– Distribution of equivalent dose due to photons by angle, considering simulation with 

Siemens Oncor Expression accelerator and Regina phantom. 

 Organs 
Equivalente dose (mSv/Gy) 

0° 180° 45° total 

Bronchi 192,61 253,68 245,00 691,29 

Breast 279,71 142,00 194,02 615,73 

Heart 151,00 158,46 142,34 451,80 

Ribs 94,75 106,98 112,35 314,08 

Sternum 86,14 117,35 96,14 299,63 

Esophagus 71,14 96,15 118,81 286,10 

Thoracic spine 62,28 91,00 122,22 275,50 

Cecs 89,15 93,40 84,84 267,39 

Trachea 56,45 72,04 98,54 227,03 

Thymus 65,57 103,16 57,00 225,73 

Scapula 52,28 78,01 69,60 199,89 

Skin 60,40 91,38 25,27 177,05 

Lymph nodes 37,08 42,66 49,43 129,17 

Clavicles 38,98 40,87 29,22 109,07 

Spinal cord 23,11 23,41 44,32 90,84 

Right lung 14,06 25,69 48,51 88,26 

Muscles 26,50 25,43 34,02 85,95 

Spleen 15,68 13,32 14,23 43,23 

Thyroid 10,33 8,55 19,89 38,77 

Stomach 8,30 10,01 8,75 27,06 

Bone surface 5,81 11,72 7,92 25,45 

Cervical spine 5,76 8,71 7,28 21,75 

Liver 5,63 7,10 8,03 20,76 

Mandible 4,33 8,40 5,29 18,02 

Adrenals 3,64 5,88 6,93 16,45 

Kidneys 4,19 5,74 4,44 14,37 

Salivary glands 4,33 4,64 4,28 13,25 

Pancreas 3,80 5,86 3,45 13,11 

Lumbar spine 3,06 3,96 2,52 9,54 

Small intestine 3,16 3,60 2,52 9,28 

Oral mucosa 4,08 3,21 1,94 9,23 

Skull 3,04 3,53 2,46 9,03 

Gallbladder 1,75 3,90 3,23 8,88 

Colon 3,28 3,29 1,88 8,45 

ET 4,36 1,80 1,53 7,69 
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Brain 2,17 2,94 1,70 6,81 

Sacral column 1,49 3,82 1,39 6,70 

Pelvis 2,45 2,87 0,94 6,26 

Rectum 2,64 2,69 0,38 5,71 

Leg bones 1,62 2,12 0,41 4,15 

Bladder 1,81 1,17 0,59 3,57 

Uterus 1,48 1,44 0,15 3,07 

Ovaries 2,59 2,26 0,20 5,05 

 

3.4. Effective dose 

Once the equivalent dose of photons was calculated, tissue and organ weight values were used 

to calculate the effective dose, Table 3. For every 1 Gy dose given during radiatherapy for 

lung cancer, the effective dose value due to photons in the Rex phantom was approximately 

6% greater than in the Regina phantom. When considering the weighted average among the 

phantons as established in the ICRP 103, the effective dose value of 130.00 mSv / Gy. 

 

Table 3 – Calculated effective dose (mSv/Gy) using wT  and wR da ICRP 103. 

Organs 
Photons 

ERex ERegina 

Bladder 0,18 0,14 

Brain 0,07 0,07 

Colon 1,59 1,01 

Esophagus 19,52 11,44 

Stomach 5,25 3,25 

Liver 0,99 0,83 

Salivary glands 0,15 0,13 

Testis / ovary 0,57 0,40 

Breast 61,69 73,89 

Bone marrow 13,39 10,90 

Skin 1,82 1,77 

Lung 13,44 10,59 

Bone surface 0,22 0,25 

Thyroid 2,02 1,55 

Remaining* 13,48 9,40 

Effective dose 134,37 125,63 
*
The remainder consists of the organs: adrenal, extrathoracic tissue, gallbladder, heart, kidneys, small 

intestine, lymph nodes, oral mucosa, muscle, pancreas, spleen, thymus and uterus / prostate. 
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4. CONCLUSIONS 

 

Perfomed the modeling using the Siemens Oncor Expression accelerator it was possible to 

check through the mesh tally higher energy range, shade in red, in the superficial region of the 

body and with the increase of the body depth the range of energy varies for lower energy 

range, tonality in blue. Similar pattern to that obtained from the planning system images. 

Comparison of tally mesh results between the Rex and Regina phantoms verified the 

existence of differences, there was greater scattering in the primary radiation beam in the 

Regina phantom, due to the initial interaction of the therapeutic beam with the breast 

glandular tissue in the female sex. 

 

The largest dose distribution in the female breasts (anatomically more developed), is because 

the therapeutic beam at the 0° and 45° angles irradiate directly. The greater deposition in the 

female breasts reduces the dose deposited in the deeper organs. 

 

The region of the mediastinum composed of the heart, sternum, thymus and thoracic parts of 

the trachea and esophagus, received high dose values. It is described in the literature as a side 

effect of radiotherapy for lung cancer esophagitis, cardiomyopathies and bronchiolitis [Palma 

et al., 2012]. The analyze of the dose deposited in the vertebral column, it was verified that 

the angle of 45° predominated only in the thoracic portion, which is positioned towards the 

therapeutic beam, while the cervical, lumbar and sacral portions were more affected by the 

angle of 180°. 

 

The effective dose results demonstrated that the Rex phantom would have more probability to 

develop secondary cancer because of the greater effective dose value presented. Being the 

most pronounced risk in the breasts, esophagus and bone marrow. 
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