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Investigating the out-of-field doses and estimating the 
risk of secondary thyroid cancer in high-grade 

gliomas radiation therapy with modulated intensity 
and 3D-conformal: a phantom study 

INTRODUCTION 

Radiation therapy is an adjuvant treatment 
for malignant gliomas that increases median  
survival in patients (1). Any type of radiation 
therapy results in the out-of-field radiation of 
photons and treatment beams with energies 
above the threshold of reaction (photon, n)              
result in neutrons (2-4). In the medical linear         
accelerator (LINAC), out-of-field photon               
radiation includes scattered photons of the            
collimator and the patient and the leakage of the 
LINAC head (5). Around the field edge,                 
radiation scattering from both the patient and 

the collimator is the main source of out-of-field 
photon radiation. At a distance away from the 
field edge, the collimator leakage remains as  
radiation outside the field (6). Out-of-field doses 
in high-grade gliomas radiation therapy may  
induce side effects, mainly second cancers and 
eye abnormalities (7-9). Thyroid cancer is one of 
the most prevalent malignancies caused by neck 
and head radiation therapy (10, 11). Therefore, it is 
necessary to determine the photon dose to                
out-of-field critical organs. However, the                 
treatment planning system (TPS) cannot                   
estimate out-of-field photon doses and in-vivo 
dosimetry  should  be  prescribed  for measuring  
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ABSTRACT 

Background: This study aimed to compare high-grade gliomas radiation 
therapy methods (high energy three-dimensional conformal radiation therapy 
[3D-CRT] vs. low energy intensity-modulated radiation therapy 
[IMRT]). Materials and Methods: Out-of-field photons resulting from 15- and 
18-MV 3D-CRT and 6-MV IMRT techniques were measured with thermo-
luminescent dosimeters in a head and neck homogeneous phantom. 
Moreover, the dose to the left and right eye lenses, parotid glands, the 
thyroid gland, and the tongue was determined for each of the treatment 
techniques. Additionally, the risk of secondary thyroid cancer was estimated 
according to the biological effects of ionizing radiation BEIR VII model. 
Results: Errors in the treatment planning system (TPS) increased with 
increasing distance from the field edge and varied in different treatment 
techniques. The 6-MV IMRT technique increased the photon dose to all of the 
organs. Further, the excess relative risk for thyroid cancer was obtained 
higher in the 6-MV IMRT technique than in the 15- and 18-MV 3D-CRT 
techniques, as the photon dose to the thyroid gland was higher. Conclusion: 
Although 6-MV IMRT better improves local control and dose distribution than 
3D-CRT, it increases the total dose equivalent in out-of-field organs 
independently of beam energy and exacerbates the risk of secondary thyroid 
cancer more significantly. 
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these doses (12). 
Kourinou et al. (2013) (13) measured the dose 

to out-of-field organs  in a pediatric phantom 
during 6-MV conventional brain radiation            
therapy. Majer et al. (2017) (14) conducted a 
study to compare the applications of 6-MV            
intensity-modulated radiation therapy (IMRT) 
and 6-MV three-dimensional conformal              
radiation therapy (3D-CRT) techniques in the 
same treatment area. Ahmadi Khui et al. (2017) 
(15) calculated the thyroid gland dose and the risk 
of secondary thyroid cancer in whole-brain              
3D-CRT with 6-MV X-rays.  

Although several studies have been                         
conducted to measure or calculate out-of-field 
photon doses and estimate the risk of secondary 
thyroid cancer during the treatment of brain  
tumors, less attention has been paid to different 
energies, especially high energies, of 3D-CRT and 
IMRT treatment techniques. 

This study aimed to compare high energy            
3D-CRT and low energy IMRT as high-grade             
gliomas radiation therapy methods. Out-of-field 
photon doses were measured in a standard adult 
phantom and the risk of secondary thyroid               
cancer was estimated.  
 
 

MATERIALS AND METHODS 
 

Phantom 
A homogeneous tissue-equivalent phantom 

was used to measure photon doses. The                  
phantom was designed based on the CT 
(Siemens 64-Slice) image data of a standard 
adult patient collected at the Milad Hospital,  
Isfahan, Iran, using 3D-Doctor software (FDA 
510K Cleared). All the phantom pieces were  
produced from a Perspex sheet (density: 1.18 
gr/cm3, zeff: 6.48, and thickness: 2.7 cm) (16)               
using an automatic laser cutter (Crystal Sign,            
EZ-T1490Z). 

 
Contouring 

The simulated gross tumor volume (GTV) 
was determined in the right temporal lobe of the 
brain (VGTV: 5087 cm3). The planning target           
volume (PTV) was created by adding a 1-cm         
expansion to GTV to account for set up                  

570 

uncertainties. Target volumes, OAR structures 
such as brainstem, optic chiasm, hippocampus, 
optic nerves, orbits, and out-of-field organs 
(section 2.4.1) were outlined by a radiation             
oncologist in TPS (PROWESS, version 5.5). 

 
Treatment planning 

For 3D-CRT plans, a three-field arrangement 
including a vertex field and opposed laterals was 
utilized for 15- and 18-MV X-rays to prepare a 
dose of 54 Gy in 1.8Gy fractions to the tumor in 
case 95% of PTV was received as a minimum of 
95% of the prescribed dose and critical organs 
received an acceptable dose (table 1). The                 
3D-CRT plans were retrieved on the same             
conditions to generate an IMRT plan consisting 
of a seven-field arrangement with beam angles 
of 0, 60, 90, 120, 240, 270, and 300° for 6-MV           
X-rays using an inverse planning system 
(PROWESS).  

 
 
 
 
 
 
The 6-MV IMRT and 15-MV 3D-CRT plans 

were performed using Siemens-Artiste 5918  
LINAC and the Siemens-Oncor 5099 LINAC was 
used for 18-MV 3D-CRT. Figures 1 and 2 show 
dose distribution and MLC apertures for the 
plans, respectively. 
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Organ Dose limitation [cGy] 

Hippocampus Dmax<  600 

Optic nerves Dmax<  5500 

Chiasm Dmax<  5600 

Brainstem Dmax<  6000 

Retina Dmax<  5000 

Table 1. The dose limits for OAR organs (17, 18). 

Figure 1. Dose distributions for a) 15 MV 3D-CRT, b) 18 MV 
3D-CRT, and c) 6 MV IMRT treatment plans in phantom. 
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Measurement 
TLD calibration 

Lithium fluoride thermo-luminescent               
dosimeter (TLD-700, Harshaw Chemical                  
Company, USA) chips were utilized to measure 
photon doses in the phantom. TLD-700 is                  
independent of neutrons, and measures photon 
dose with an error rate of 1% (2). 

The TLD chips were annealed at 400°C for 1 h 
and 100°C  for 2 h before every irradiation. A  
1.6-cm slab of water phantom (PMMA) was 
placed on the TLD chips to make an electronic e              
quilibrium for batch and individual calibration. 
Then, the chips were irradiated on appropriate 
conditions (field size: 10×10 cm2 and SSD: 100 
cm). The individual calibration factor (ICF) was 
selected to examine the intrinsic differences of 
the chips and the batch calibration factor (BCF) 
was determined to obtain readings in terms of 
dose units (19-22). 

 

Measurements 

The out-of-field organs included the left and 
right eye lenses, parotid glands, the tongue, and 
the thyroid gland. The three-dimensional                 
coordinates of the center of the out-of-field              
organs were determined in TPS (figure 3). The 
TLD chips were located at these coordinates on 
the phantom and three TLD readings were                
performed.  

 
 
 
 
 
 
 
 
 

The absorbed dose in each point was 
calculated using equation 1: 

 

Dose = [ccdose - ccbdg] × BCF × ICF               (1) 
 

where ccdose, ccbdg, BCF, and ICF are the TLD 
reading, the background TLD reading, the batch 
calibration factor, and the individual calibration 
factor, respectively (19-22). 

 

Estimation of thyroid cancer risk 
In the current study, thyroid cancer risk was 

approximated regarding the measured dose       
using the biological effects of ionizing radiation 
(BEIR) VII model. 

The BIER VII Committee estimated excess 
absolute risk (EAR) and excess relative risk 
(ERR) to report the risk of radiogenic cancer for 
particular organs. ERR represents the cancer 

Figure 2. The MLC apertures projected on right sagittal a) for 
the Siemens-Oncor 5099 and b) the Siemens-Artist 5918. Figure 2. The MLC apertures projected on right sagittal a) for 

the Siemens-Oncor 5099 and b) the Siemens-Artist 5918. 
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rate (cancers per 10,000 people) related to the 
background radiation level, while EAR is merely 
the difference in radiation-attributed rates. ERR 
and EAR are functions of age-at-exposure,              
attained age, and sex (23). For thyroid cancer, the 
BEIR VII model utilized merely ERR to quantify 
the risk of the cancer, which is calculated using 
equation 2:  

 
ERR (D, S, e) = βsD                                                     (2) 

 
Where; e: age at exposure, D: absorbed dose ,a: 
attained age (ERR is independent of attained 
age) 

Constant coefficients βs, γ, and n were           
obtained from table 3-3 in reference (23).  

RESULTS 
 

Table 2 shows doses determined using               
TLD-700 (Dmeas), doses calculated using prowess 
TPS (Dcal), and the differences (%) between them 
for 6-MV IMRT and 15- and 18-MV 3D-CRT. The 
findings indicated that TPS underestimated             
out-of-field photon doses. Error rates in TPS             
increased for the distances of 0.3 to 11.9 cm 
from the field edge by incrementing the distance 
from the field edge and varied in the different 
treatment techniques . Additionally, the out-of-
field photon doses decreased sharply with an 
increase in the distance from the field edge. 
Moreover, in 6-MV IMRT, the organs received 
higher doses due to off-field photons.  
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organs 

Distance (from 
the edge of the 

field) [cm] 

Siemens-Oncor Siemens-Artiste 

18 MV 3D-CRT 15 MV 3D-CRT 6 MV IMRT 

Dmeas[cGy] Dcal[cGy] % Dmeas[cGy] Dcal[cGy] % Dmeas[cGy] Dcal[cGy] % 

Right parotid 
gland 

0.3 140.0±1.6* 131.6 -6% 136.0±1.7 131.9 -3% 144±1.2 129.6 -10% 

Right eye lens 3.6 54.9±0.9 47.8 -13% 49.3±0.9 44.0 -10.7% 84.2±1.1 61.5 -26.9% 

Left eye lens 6.8 43.5±1.0 35.7 -18% 38.5±0.9 32.2 -16.4% 57.2±1.2 35.2 -38.5% 

Left parotid 
gland 

7.2 37.0±1.0 31.1 -15.9% 33.0±0.9 28.2 -14.6% 45.8±1.1 29.0 -36.7% 

Tongue 7.9 18.2±0.6 14.7 -19.3% 15.1±0.5 12.4 -18% 24.5±0.7 13.7 -44% 

Thyroid gland 11.9 6.8±0.3 5.1 -25% 3.7±0.5 2.8 -24.3% 9.5±0.4 3.9 -58.9% 

Table 2. Dmeas (TLD) and Dcal (TPS) in the center of out-of-field organs and TPS error for different treatment techniques. 

Table 3 shows ERR for thyroid cancer in              
6-MV IMRT and 15- and 18-MV 3D-CRT of both 
sexes at the exposure age of 20-60 years. The 

risk of secondary thyroid cancer was higher in    
6-MV IMRT due to the out-of-field photon dose.  

 

Age 18 MV 3D-CRT 15 MV 3D-CRT 6 MV IMRT 

  Male Female Male Female Male Female 

20 0.083±0.003* 0.164±0.007 0.045±0.006 0.089±0.012 0.115±0.005 0.229±0.009 

30 0.036±0.001 0.071±0.003 0.020±0.002 0.039±0.005 0.050±0.002 0.100±0.004 

40 0.016±0.000 0.031±0.001 0.009±0.001 0.017±0.002 0.022±0.009 0.043±0.001 

50 0.007±0.000 0.014±0.000 0.004±0.013 0.007±0.001 0.001±0.000 0.019±0.001 

60 0.003±0.000 0.006±0.000 0.002±0.000 0.003±0.000 0.008±0.000 0.004±0.000 

 Table 3. The ERR of thyroid cancer for adult in different treatment techniques. 

DISCUSSION 

In this study, 15- and 18-MV 3D-CRT and             
6-MV IMRT treatment techniques for out-of-field 
photon doses and the risk of secondary thyroid 
cancer were examined and compared. 

In previous studies, Foo et al. (1993) (24)               
investigated out-of-field doses during brain 
treatment with conventional treatment                    
techniques. In total, 50 cGy was prepared to the 
isocenter using Cobalt-60 gamma rays and 6 and 
18 MV X-rays. The left and right eye lenses       
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received equal 40-200 cGy doses of radiation. In 
this study, the dose to the eye lenses ranged 
from 38.5 to 59.9 cGy for 3D-CRT. Principally, 
due to the proximity to the field edge in the          
vertex field, the dose to the right eye lens was 
higher than that to the left eye lens. The thyroid 
gland doses (350-600 cGy) in Foo et al.’s study 
were higher than those reported in our study. 
This poor agreement could be due to differences 
in the vertex fields. Ahmadi Khui et al. (2017) (15) 
measured the thyroid gland absorption dose in 
50 patients with the mean age less than 30 years                     
undergoing whole-brain radiation using 6-MV 
3D-CRT. They reported the minimum and                
maximum doses as 0.941 cGy and 6.028 cGy, 
respectively. This is in good agreement with the 
present findings and confirms the results of               
Ruben et al.’s study (2014) (25), claiming that in a 
treatment technique (3D-CRT or IMRT), the              
out-of-field dose is almost independent of the 
therapeutic energy. Kourinou et al. (2013) (13) 
determined the scatter dose to out-of-field            
organs from brain radiotherapy in 5- and                   
10-year-old phantoms. The plan consisting of 
two lateral and opposed treatment fields was 
irradiated with 6-MV beam. The thyroid gland 
dose was obtained 12.48 and 11.26 cGy for the  
5- and 10-year-old phantoms, respectively. 
Therefore, the thyroid gland dose was higher for 
the younger  patients. According to Majer et al.’s 
(2017) study (14), out-of-field organ doses are on 
average 1.6 times higher for a 5-year-old               
phantom than for a 10-year-old phantom. Since 
an adult phantom was used in the present study, 
the reduction in the thyroid dose compared to 
Kourinou's report is justified. Majer et al. 
measured out-of-field organ doses for 3D-CRT 
and IMRT of brain tumors. The thyroid gland 
dose was obtained less than 1% of the treatment 
dose, which confirms the findings of the present 
study.  

Shore et al. (1992) (26) reported that low            
thyroid gland doses of 10 cGy could result in 
secondary malignancies. Therefore, the thyroid 
gland doses obtained in this study are not            
negligible. Acun et al. (2007) (27) in their               
dosimetric study on a phantom reported the 
ERR of thyroid cancer as 0.1 in adults during 
total  cranial  irradiation, which  is  in agreement  

with the current findings. 
High energy treatments provide excellent 

skin-sparing, accurate penetration, uniform             
spatial dose distribution, sharp field edges, and 
small penumbra (28). The use of high energy 
beams for 3D-CRT to provide a uniform dose  
distribution can produce neutron contamination 
(29). However, low energy IMRT treatment for 
high-grade gliomas can improve dose conformity 
and dose distribution without increasing integral 
dose (30) and unwanted neutron dose in off-field 
organs. On the other hand, it has been found that, 
in general, IMRT has more out-of-field photon 
doses than 3D-CRT because of greater collimator 
scatter, leakage, and the number of radiation 
fields in IMRT (25). This study’s results showed 
that this principle was independent of beam              
energy and 6-MV IMRT caused higher out-of-
field photon doses than 15- and 18-MV 3D-CRT 
in all the considered organs during brain tumor 
radiation therapy. However, it is best to consider 
the neutron contamination dose in the organs. In 
Elmtalab et al.’s study (2020) (31), the neutron 
dose equivalent to thyroid gland was reported 
12.3 mSv for the prescribed dose of 54 Gy in 
brain radiation therapy with 15-MV X-rays, 
which was insignificant compared to the                  
received photon dose in this study. 

 
 

CONCLUSION 

 
Although low energy IMRT can improve local 

control and dose distribution without high              
integral dose and neutron contamination, it             
produces higher off-field photon doses than high 
energy 3D-CRT. On the other hand, the unwanted 
neutron-induced dose is insignificant in high  
energy 3D-CRT because the neutron to scattered 
photon ratio is minimal. Therefore, it can be  
concluded that IMRT produces a higher total 
dose equivalent than 3D-CRT in out-of-field            
organs, independently of beam energy in brain 
radiation therapy, and consequently increases 
the risk of secondary cancers such as thyroid 
cancer.  

 
Conflicts of interest: Declared none. 
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