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Abstract 

Purpose: The present study aims to determine the whole-body out-of-field photon dose equivalents of high-energy 

conventional radiation therapy treatment. Also, it is tried to estimate the probability of fatal secondary cancer risk 

for the susceptible organs using a Monte Carlo (MC) code. 

Materials and Methods: A Monte Carlo N-Particle eXtended (MCNPX)-based model of 18-MV Medical Linear 

Accelerator (LINAC) was created to calculate the out-of-field photon dose equivalent at the locations of 

fascinating organs in the mathematical female Medical Internal Radiation Dosimetry (MIRD) phantom. Then, the 

secondary malignancies risk was estimated based on out-of-field doses and radiation risk coefficients according 

to the National Council of Radiation Protection and Measurements (NCRP).  

Results: The average photon equivalent dose in out-of-field organs was about 3.25 mSv/Gy, ranging from 0.23 

to 37.2 mSv/Gy, respectively, for the organs far from the Planning Target Volume (PTV) (Rectum) and those 

close to the treatment field (Eyes). The entire secondary cancer risk for the 60 Gy prescribed dose to isocenter 

was obtained as 2.9987%. Here, the maximum risk among off-field organs was related to stomach (0.0805%), 

lung (0.0601%), and thyroid (0.0404%).  

Conclusion: Regarding the estimated values for the probability of secondary cancer risk, it is suggested to perform 

a long-term follow-up of brain cancer patients regarding the prevalence of thyroid, stomach, and lung cancer after 

completing the treatment course. 
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1. Introduction 

The combination of surgery, radiotherapy, and 

chemotherapy is the standard treatment for malignant brain 

tumors [1, 2]. Radiotherapy increases the average survival 

time in patients with glioblastoma multiforme to 10-12 

months, with a 3-year survival rate of 6-8% [3]. Radiation 

therapy is performed to deliver the total prescription dose to 

the target volume while sparing the critical structures. In this 

respect, the drawback of therapy outcome is peripheral 

radiation dose to healthy organs and tissues far away from 

the Planning Target Volume (PTV) [4]. Secondary dose 

chiefly arises from three sources: (a) leakage transmission 

radiation of Medical Linear Accelerator (LINAC) head, (b) 

scattered radiation spreads out of the collimator, and (c) 

scattered radiation with the patient. Although these three 

types are the main secondary radiation sources, leakage 

radiation has the least contribution for most clinically 

relevant treatment fields [5, 6].  

Since secondary radiation dose to normal tissues may be 

associated with an increased risk of secondary malignancies 

[7-9], the long-term side effects of secondary radiation must 

be taken into account in treatment planning, especially 

when the patients live enough to manifest radiation-related 

adverse effects. Since risk estimation will be inevitably 

uncertain without accurate knowledge of the irradiated 

organs’ absorbed dose [10], determining the out-of-field 

doses is a crucial prerequisite for risk estimation. Moreover, 

as the Treatment Planning System (TPS) underestimates 

out-of-field doses [11, 12], determining accurate peripheral 

doses requires applying other dose reconstruction methods, 

such as experimental measurements or Monte Carlo 

calculations. Measurements of out-of-field radiation dose to 

various critical organs have been reported for different brain 

radiation therapy methods. Most of these studies have 

focused on determining radiation dose to the specific head 

and neck nontarget structures outside the irradiated and 

target volume. However, according to the National Council 

of Radiation Protection (NCRP) [13], some organs at 

particular risk for fatal secondary malignancy were not 

intended in such studies. Besides, the risk of secondary 

cancer has not been comprehensively studied in the 

literature [14-18]. 

Majer et al. (2017) [14] reported the received dose by the 

brain, cranium, eyes, mandible, spine, thyroid, and clavicle 

in brain radiation. In another attempt, Foo et al. [15] tried to 

measure out-field organ dose, such as lenses, parotids, 

thyroid, and pituitary dose, by thermo-luminescence 

dosimeters. In a more comprehensive study, Taylor et al. 

[16] extended their investigation to the heart, lungs, 

kidneys, and gonads. 

This research aimed to provide the pattern of secondary 

cancer risk using the whole-body dose distribution obtained 

from a simple simulation of brain treatment using 

mathematical phantom and modeled LINAC head. 

2. Materials and Methods 

The head of Varian Clinac 2100 C/D 18-MV, including 

target, a beryllium window, primary collimator, flattening 

filter, ion chamber, mirror, secondary collimator, jaws, 

and the upper circle, was simulated using MCNPX (2.6.0) 

code [19]. The geometry of the LINAC head was adapted 

from the manufacture available data and literature 

[20,21] (Table 1). Figure 1 presents the cross-section view 

of the model with details. 

Table 1. The main parts of Varian 2100 CD 18-MV 

Part 
Material and Density 

(gr/cm3) 

Target 
W: 19.30 

Cu: 8.96 

Primary Collimator W: 19.30 

Flattening Filter 
Ta: 16.65 

Fe: 7.86 

Ion Chamber 
Cu: 8.96 

Kaptona: 1.42 

Mirror 
Al: 2.70 

Mylarb: 1.39 

Secondary Collimator 
W: 19.30 

Pb: 11.34 

Jaw W: 19.30 

Upper Circle Fe: 7.86 

a 2.6% H, 69.1% C, 7.3% N and 21.0% O 

b 4.2% H, 62.6 C and 33.2% O 

 

Figure 1. Geometrical model of Varian Clinac 2100 C/D 

18-MV and mathematical MIRD Phantom simulated by 

MCNPX 
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The MC model used in this study had been precisely 

benchmarked with measured data by Chegeni et al. [21] and 

used for radiotherapy dose evaluation in several MC studies 

[21-23]. Briefly, Percentage Depth Dose (PDD) and dose 

profile for 4×4, 10×10, and 20×20 cm2 field sizes were 

measured and calculated in a water phantom. Finally, the γ-

index (3 mm, 3%) was used to compare measured and 

calculated dose distribution. Figure 2, which was extracted 

from Chegeni et al.’s study [21], confirms the above 

statements. The primary electron source model was 

characterized by a Gaussian energy spectrum centered at 

18.3 MeV with an FWHM= 1.2 MeV and a Gaussian 

distribution in space with an FWHM = 0.14 cm. In this 

study, 1×109 electron histories were used for each 

simulation in forming valid confidence intervals 

calculations.  Cross-section libraries of MCPLIB04 and 

EL03 were used for photon and electron transport 

calculations, respectively. The photon interactions include 

Rayleigh and Compton scattering, pair production, and the 

photoelectric effect. Elastic and inelastic collision, 

Bremsstrahlung, and annihilation interactions were 

considered for electron and positron. Further, the cut-

off energy for photons and electrons was 0.01 and 0.7 

MeV, respectively. 

The absorbed dose of critical organs was calculated by 

applying the F6:E tally in the Medical Internal Radiation 

Dose (MIRD) [24] Phantom (Figure 1) under clinical 

conditions of brain tumor conventional radiation therapy. 

Accordingly, laterally opposed equally weighted beams 

under 5×5 cm2 treatment fields were used to irradiate a 

piece of the brain as an imaginary tumor located in the 

midline. Finally, according to NCRP No.116 [13], the risk 

of induced second malignancy to interesting organs was 

estimated for the prescribed isocenter dose of 60 Gy. The 

total prescribed dose was chosen as the average of 15 

previously treated patients with high-grade glioma. 

3. Results 

The secondary radiation dose values arising from brain 

radiation therapy for 27 out-of-field organs of a woman 

patient are summarized in Table 2 for 18-MV X-ray beams. 
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Figure 2. The credibility of the MC model used in this 

study (PDDs and profiles of the model benchmarked 

by Chegeni et al. [20])  

 

Table 2. Secondary doses (mSv per unit photon Gy delivered 

to isocenter) for midline brain radiation therapy (E= 18-MV) 

Organ 
Dose Equivalent (mSv/Gy) 

Right lateral Left lateral Total 

Brain 767.00 767.00 767.00 

Cranium 229.00 228.00 228.50 

Skin 10.20 10.20 10.20 

Eye 36.70 37.80 37.20 

Mandible and Teeth 14.50 14.60 14.55 

Spine 1.77 1.79 1.78 

Thyroid 8.18 8.67 8.42 

Esophagus 1.20 1.37 1.28 

Ribs 1.24 1.22 1.23 

Thymus 0.69 0.65 0.67 

Lungs 1.22 1.15 1.18 

Heart 0.73 0.83 0.78 

Breasts 0.98 0.97 0.98 

Liver 1.77 0.73 1.25 

Gall bladder 1.10 0.91 1.00 

Spleen 0.69 1.88 1.28 

Stomach 0.79 1.66 1.22 

Pancreas 0.99 1.53 1.26 

Adernals 0.41 0.40 0.40 

Kidneys 0.97 1.00 0.98 

Intestine 0.48 0.52 0.50 

Colon 0.47 0.48 0.48 

Pelvis 0.36 0.37 0.36 

Ovaries 0.32 0.37 0.34 

Uterus 0.33 0.32 0.32 

Urinary bladder 0.26 0.29 0.27 

Rectum 0.24 0.23 0.23 

Reminder 354.00 354.00 354.00 
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These values are listed in the order of the distance from 

the primary field. All data were accepted if the R-value 

was less than 0.1 and all 10 statistical test results were 

satisfactory. The risk of secondary malignancies for the 

skin, stomach, liver, breast, ovary, urinary bladder, 

esophagus, lung, and thyroid was estimated using organ-

specific risk coefficients (from NCRP 116 report) and 

reported in Table 3.  

4. Discussion 

In this study, an adult MIRD phantom was simulated 

to out-of-field organ dose calculations, followed by 

estimating the risks of second radiation-related 

cancers. The MIRD phantom undergoing simulated brain 

radiation treatment by lateral opposed fields and high-

dose photon beams were exposed to the tumor. Moreover, 

mediocre and low doses were exposed to neighboring 

tissues and the rest of the off-field body, respectively. As 

expected, organs such as the brain, cranium, and even skin 

near the PTV were partially inside the primary beam and 

received remarkably higher levels of radiation exposure 

than those situated far from the PTV. The average out-

of-field organ dose was about 195 mGy.  

Based on a study by Ruben et al. [25], out-of-field 

photon dose appears to be energy-independent for each 

treatment technique. Besides, Kry et al. [26] found the 

similarity of the secondary dose between high- and low-

energy radiation treatments. Therefore, the results of the 

current study can be generalized to lower energies treatment 

with great confidence. In addition, Kry et al. concluded 

that the secondary photon doses differed considerably 

between the conventional and intensity-modulated radiation 

therapies. Consequently, the IMRT technique might raise 

or bate cancer risk for each organ than the conventional 

radiation therapy method applied in this research. 

In [26], it was proven that the MC-calculated and 

measured doses were in good agreement. A few studies 

have focused on measuring the peripheral photon doses 

during brain irradiation. Foo et al. [15] measured secondary 

doses for three-field-vertexed (field size: 7×7 cm2) left 

temporal lobe treatment with 6-MV X-rays. The thyroid 

dose was higher than reported by our study. This discrepancy 

may be due to using the vertex field in Foo et al.’s study. 

In a similar survey by Elmtalab and Abedi [27], the 

thyroid and lens doses in high-energy treatment were 

about 7 cGy and 46.5 cGy, respectively. Because of the 

more significant thyroid distance to the isocenter, the 

received dose was lower than our study’s. Ahmadi et al. 

[28] evaluated 50 patients’ thyroid radiation dose and 

reported that thyroid secondary radiation doses from whole-

brain 6-MV 3D-CRT are 0.941 to 6.028 cGy. These 

results are in reasonably good agreement with the present 

research. Majer et al. [14] determined out-of-field organ 

dose in anthropomorphic pediatric (5 and 10 years old) 

phantoms, which received a brain 3D-CRT treatment, 

using radio photoluminescence and thermo- 

luminescent dosimeters. A pediatric phantom receives 

higher radiation doses than an adult one. Therefore, based 

on Majer et al. results, the likelihood of radiation-induced 

cancer was estimated significantly higher for children than 

for adults in the present research. Elmtalab et al. [29] 

reported the thyroid neutron dose equivalent of 12.3 mSv 

during brain 15-MV 3D-CRT, which is negligible compared 

to the photon dose received in the present study. 

Although the results of the present study show that the 

dose of the organs is much less than the tolerance, 

secondary malignancies could happen (Table 2). The 

radiation-induced second cancer risk is highly organ dose-

dependent. Gold et al. [30] showed that 14% of 

secondary cancers are outside the treatment volume. In 

another study, Diallo et al. [31] reported that 22% of 

secondary cancer occurred 5 cm away from the treatment 

field edge. According to Figure 3, the organs closer to the 

isocenter received a higher dose. Therefore, due to the 

Table 3. The risk of second cancers based on organ’s 

received dose during the high-energy brain radiotherapy 

(Risks are based on a prescribed dose to the target of 

60 Gy) 

Organ 
Probability (%) 

18-MV 

Skin 0.0122 

Stomach 0.0805 

Liver 0.0112 

Breast 0.0117 

Ovary 0.0020 

Urinary bladder 0.0048 

Esophagus 0.0230 

Lung 0.0601 

Thyroid 0.0404 

Total 2.9987 

 



 S. Elmtalab, et al. 

FBT, Vol. 9, No. 1 (Winter 2022) 53-58 57 

closer proximity of organs such as the thyroid, lungs, and 

stomach to the field edge, they are at increased risk of 

developing radiation-induced malignancies. Besides, 

there is less risk of malignancy in the ovary and urinary 

bladder located far from the treatment area.  

Shore et al. (1992) [32] demonstrated that secondary 

malignancies could be caused by radiation even at doses 

as low as 10 cGy for thyroid treatment. Therefore, the 

received dose of thyroid and the risk of secondary cancer 

associated with it have already been mentioned in previous 

reports. The current study has found that the stomach and 

lungs were just as important as the thyroid during the 

brain tumor patients’ follow-up. Therefore, it is necessary 

to pay more attention to these organs to alleviate the side 

effects of treatment. 

The simulated lateral opposed fields used in this study 

may be combined with a vertex field in clinical conditions. 

The result is higher doses of the thyroid, which is due to 

the direction of radiation. Therefore, it is 

worthwhile investigating the risks of secondary cancer 

for different treatment plans in future research. 

5. Conclusion 

With the advancement in radiation oncology, cancer 

patients live long enough to experience the side effects 

of treatment. In this regard, follow-up data of the Cancer 

Survivor Study has shown that the incidence of radiation-

induced malignancies was higher in brain tumor patients. 

Nevertheless, the quantifications of associated risk have 

not been comprehensive. The calculated risk values provided 

helpful information to identify susceptible organs to 

secondary cancer in this study. In patients undergoing brain 

radiation therapy, the stomach and lungs are at high risk for 

secondary cancer as the thyroid. Therefore, a careful long-

term brain tumor survivors’ follow-up regarding the 

development of thyroid, stomach, and lung cancer may be 

valuable for clinical radiation oncologists and 

epidemiologists. Furthermore, the measurement of whole-

body scattered dose leads to improvements in shielding and 

dose optimization in radiation oncology. 
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