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Evaluation and analysis of radiation exposure to normal 
tissues during gamma knife radiosurgery for vestibular 

schwannoma 

INTRODUCTION 

During radiation surgery, the patient is                
susceptible to radiation exposure to surrounding  
normal organs or tissues (1). In radiation surgery, the 
treatment planning stage goal is to increase tumor 
control probability and reduce side effects in normal 
tissues (2–3). However, with the recent increase in  
patients receiving radiation therapy, several cases of 
secondary tumors have been reported, including            
radiation therapy using relatively low doses (4).             
Tumors associated with radiation therapy and             
surgery typically occur in proportion to the radiation 
dose to which children are more susceptible (5).             
Although medical exposure directly benefits patients, 
managing patient exposure based on the principle of 
justification and optimization without applying dose 
limits has been emphasized. It is important to               
manage radiation dosage to avoid undesirable          
biological effects (6). Kourinou et al. reported that the 

incidence of breast, thyroid, and lung cancers due to 
exposure to peripheral doses after treatment for 
brain tumors, acute leukemia, and Hodgkin’s disease 
in the neck was 1186 per 1,000,000 patients (7). Athar 
et al. reported that children under 58 years undergoing 
proton radiation therapy for brain tumors suffered 
from a secondary risk of developing thyroid cancer 
(8). Nazemi-Gelyan et al. measured the doses absorbed 
by the teeth, lens, and optic nerves during radiation 
therapy for brain tumors using thermo luminescent 
dosimeters (9). Hasegawa evaluated the quality of life 
of patients ten years post radiosurgery for vestibular 
schwannomas. Based on a retrospective cohort study, 
balance issues, headaches, and facial nerve              
dysfunction occurred after surgery (10). Ionizing              
radiation provides sufficient energy to change the 
structure of molecules in human cells, including DNA 
(11). Some of these molecular changes are extremely 
complex, rendering it difficult for the human body to 
repair them effectively. Evidence suggests that a 

J.A. Lee1,2, S.R. Kim1, S.H. Yoon1, J.S. Kim1, H.J. Yang1*, G.H. Kim3 
 

1Department of Bio-medical Science, Korea University, Sejong 30019, Korea  
2Department of Radiation Oncology, The Catholic University of Korea Incheon St. Mary's Hospital, Incheon 21431, 

Korea 
3Yonsei University Health System, Severance Hospital Yonsei Gamma Knife Center, Seoul 03788, Korea 

ABSTRACT 

Background: A follow-up study of gamma knife radiosurgery has shown that 
postoperative radiation necrosis, radiation-induced edema, and malignant metastasis 
may occur. This may be due to secondary radiation exposure, therefore, it becomes 
necessary to actively reduce exposure to normal organs. Materials and Methods: In 
this study, the secondary radiation dose to the surrounding normal organs was 
measured during gamma-knife radiosurgery for vestibular schwannoma disease. Using 
a human pediatric phantom and a glass dosimeter, a treatment plan was established 
according to the tumor volume, and then the exposure dose to important normal 
organs in both eyes, thyroid gland, sternum, and both lungs was measured. Results: 
According to this study, the cancer occurrence probability due to secondary exposure 
was calculated to be 7 cases per 100,000 people up to the case of the eye and thyroid 
gland. Exposure doses of 100.2±0.79 mGy or more were measured in both eyes, which 
is approximately 1000 times that of a chest X-ray or a flight from Seoul to New York. 
This indicates exposure through gamma knife surgery. The dose to the thyroid gland 
was 12.7±0.05 mGy, which exceeds the effective dose of 10 mSv in abdominal 
computed tomography. Conclusion: By measuring the secondary exposure dose to 
normal organs during gamma-knife surgery for vestibular schwannoma disease, it was 
confirmed that the eyes and thyroid gland were exposed dangerously. Therefore, for 
pediatric patients specifically, a treatment plan that actively reduces secondary 
exposure is required. 
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small fraction of these changes results in cancer or 
other health effects. 

Radiation surgery using a gamma knife (GK) was 
developed by Lars Leksell to treat patients with             
functional disorders (12). As GK radiation surgery              
involves exposure to large doses of radiation at a  
single instance, the dose delivered to surrounding 
normal organs can be significant and dangerous (13). 
GK radiation surgery is less invasive than surgical 
treatment and is used to treat lesions located deep in 
the brain or in functionally critical areas. Its                   
treatment range has expanded to include benign and 
malignant brain tumors and arteriovenous                   
malformations. Vestibular schwannoma patients are 
treated with GK surgery worldwide, and treatment 
planning for this procedure is developed using              
computed tomography (CT) and magnetic resonance 
imaging (MRI). GK radiation surgery involves the  
destruction of cancer cells by a single, high-energy 
radiation dose (14). Therefore, concerns regarding the 
side effects of acute exposure have been raised (15).  

Sensitivity to radiation exposure differs                 
depending on the organ. In particular, the eye lens is 
most sensitive to radiation, and radiation exposure to 
the eye lens leads to cataracts and lens clouding.             
According to the 2007 recommendations of the              
International Commission on Radiological Protection, 
when essential blood vessels or connective tissues of 
the lens are damaged, the effects of this damage may 
occur months or years after exposure (16). More than 
one radiation surgery is required to treat brain                
tumors, as supported by clinical experience and  
studies pertaining to the re-irradiation of brain               
tumors at metastases (17). In other words, secondary 
radiation exposure to the eye lens, which is a                  
sensitive organ, should be emphasized when                  
planning radiation surgeries. Furthermore, according 
to ICRP Publication 135, lens exposure should be 
monitored closely during imaging tests such as skull 
radiography (18). 

According to Chun's study on complications after 
5 years of follow-up after gamma knife radiosurgery, 
10 out of 17 patients developed radiation necrosis 
with cysts, radiation-induced edema, and malignant 
metastasis (19). Therefore, the most important              
consideration should be given to the prevention of 
radiation exposure to normal organs. For benign               
glioma patients, a radiosurgery plan of 18.2 Gy, the 
same average dose as in our study, was established. 

Paddick et al., who studied the risk of normal            
organ radiation exposure, suggested that children 
aged 5 to 15 years and young adults should be careful 
during radiosurgery. In this study, the peripheral           
doses at 18, 43, and 70 cm away from the tumor               
location were calculated using the RadRAT calculator 
(20). In our study, vestibular schwannoma disease, an 
average dose of 13 Gy was irradiated, and 18 cm away 
from the target it was 9.3 mGy (similar to 12 mGy for 
our study of thyroid), and 43 cm away was 2.0 mGy 
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(in our study of both lungs 3.3 mGy) and 0.4 mGy was 
measured at a distance of 70 cm. 

This study aimed to measure and analyze the             
secondary exposure dose delivered to critical organs 
during GK radiosurgery. We set the tumor volume to 
four areas during radiosurgery for vestibular     
schwannoma disease and quantitatively measured 
the dose to surrounding normal organs using a glass 
dosimeter. 

Quantitative measurements of the doses absorbed 
by both eyes, thyroid, sternum, and both lungs were 
evaluated using a pediatric phantom. The average and 
standard deviation of the measured doses for six normal 
organs were evaluated using the Kruskal-Wallis test. 

 
 

MATERIALS AND METHODS 
 

Gamma knife (GK) radiosurgery is used to treat 
functional brain diseases such as neuralgia, chronic 
pain, and movement disorders, as well as primary 
and metastatic malignant brain tumors.  

 

Major equipment 
The GK in this study was based on the sixth-

generation ICONTM model (Elekta Instruments AB, 
Stockholm, Sweden), which is the latest model            
capable of split-irradiation using cone beam CT. 

 Image-guided radiation surgery is advantageous 
because it can be performed using a face mask            
instead of a stereotactic frame, which is used in                
stereotactic radiosurgery; therefore, screw fixation 
for affixing the patient's head is avoided making it 
painless.  

 

Computed Tomography Image acquisition 
In this study, images with a 1 mm slice thickness 

were acquired using a GE Light-Speed Radiation 
Therapy CT simulator (GE Healthcare, Chicago, IL, 
USA) for radiosurgery planning.  

 

Radiosurgery plan 
To set the virtual tumor volume for the                     

experiment, 480 vestibular schwannoma patients 
were analyzed from January 2015 to March 2020, and 
the tumor volumes (from minimum to maximum) 
were recorded.  

A contour of the tumor in the human phantom 
was depicted based on a mean dose of 18.2±3.3 Gy at 
a volume of 0.251 cm3 volume, 18.4±3.3 Gy at a              
volume of 0.506 cm3, 18.9±3.3 Gy at a volume of 
1.008 cm3, and 18.4±3.4 Gy at a volume of 2.032 cm3. 
A total of four vestibular schwannoma tumor volumes 
were set at 18.5±3.4 Gy. Virtual tumor volumes were 
classified into four categories (figure 1).  

 

Radiosurgery process 
The image was transmitted through DICOM 

(Digital Imaging and Communications in Medicine) 
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and the irradiation dose was calculated using a 
Leksell Gamma PlanTM (Elekta Instruments AB,               
Stockholm, Sweden) computer (Version 5.34). The 
radiation surgery treatment planning stage for               
vestibular schwannoma was based on dose              

calculations using a Leksell gamma knife plan                
equipment (Hewlett Packard C3700 workstation). 
The dose algorithm TMR10 was used for                       
radiosurgery planning (21). 
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Figure 1. Tumor volume contours (coronary, axial and sagittal images) on the human phantom for radiosurgery planning. Target 

Volume 0.251 cm3: A, B, C;   0.506 cm3: D, E, F; 1.008 cm3: G, H, I; 2.032 cm3: J, K, L. 
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Study design 
Regarding the region of interest surrounding the 

brain lesion, six areas were selected: both eyes,              
thyroid, sternum, and both lungs. Before performing 
beam irradiation for each volume, the image from the 
cone beam CT was obtained, and the mean of the  
error was estimated in the same manner as that in 
actual radiation surgeries. The brain stem, cochlea, 
spinal cord, and optic nerve were contoured on the 
phantom image as critical organs at risk (OARs)             
during GK radiosurgery planning (table 1). The mean 
dose delivered to the tumor margin was 13 Gy, and 
the mean maximal dose was 26 Gy. Similar to real GK 
surgery, conduction cone beam CT was used to               
evaluate the phantom setup accuracy prior to                  
performing radiosurgery.  

The OARs were compared and analyzed for the 

main critical organs of vestibular schwannoma, such 
as the brain stem, cochlea, spinal cord, and optic 
nerve (table 1).  

  
Positional accuracy analysis through cone-beam 
CT images 

After placing the glass dosimeter (GD) on the 
phantom surface and immediately before the actual 
beam irradiation, the error values obtained via cone 

Table 1. Exposure doses of four organs at risk during               
radiosurgery plan (units: Gray). 

Organs at risk 
Target Volume 

0.251 cm3 0.506 cm3 1.008 cm3 2.032 cm3 
Brain stem 0.3 1 1.3 2 

Cochlea 1.2 3.4 6.5 10.7 
Spinal cord 0 0 0 0.1 
Optic nerve 0.2 0.4 0.2 0.4 
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beam CT were used to verify the exact setup of the 
position, as shown in table 2. A rotation of 0.5° and a 
translation of less than 0.6 mm were performed using 
an accurate phantom and dosimeter setup. In clinical 
practice, radiation surgery for brain tumors is based 
on the error limits of 1° and 1 mm. GD was used to 
measure the dose. It was square shaped and had             

dimensions of 30mm×40mm×9mm. 

 GD calibration 
GDs have low direction dependence, and unlike 

the Thermo Luminescence Dosimeter, they perform 
measurements using a laser instead of heat;                    
therefore, the measured value does not disappear 
with a single reading, and it can be read repeatedly. In 
addition, GDs are highly advantageous as they barely 
cause degeneration and are not affected by                   
temperature changes in the surrounding                              
environment.  

The GD used in this experiment had a                        
measurement range of 1-10 Gy. FGD-202 (AGC              
Techno Glass Co., Ltd., Japan) was used as the reading 
device for the GD. A reading system (Fluorescent GD 
System, Model: FGD_1000SC, Asahi Techno Glass Co., 
Japan) was used to read the dosage. To achieve better              
measurement accuracy prior to the experiment, the 
GD element used in the experiment was subjected to 
heat treatment (400 °C, 1 h) using NEW-3C (Hayashi 
Denko Co., Ltd., Japan) to remove the residual dose. 
For dose reading, the average value was obtained  
after performing the same reading process five times.  

 
Rando phantom irradiation   

The phantom used in the experiment was a               
human body phantom (anthropomorphic phantom: 
CIRS, Norfolk, VA, Model 706-D) (figure 2) of a 10 
years old, composed of a human-tissue-equivalent 
material; its height was 140 cm, weight was 32 kg, 
and chest diameter was 17 cm × 20 cm. It was a cross
-sectional dose measurement phantom of a human 
body model, designed to measure the dose and               
effective dose delivered to the entire body in the   
diagnosis area and during radiotherapy by using           
various dosimeters. The cross-section of the phantom 
was composed of an extremely flat and smooth tissue
-equivalent material, and the phantom was optimized 
for 22 internal organs with the same structure as the 

human body. In addition, all the bones in the phantom 
were homogeneous and were formulated to represent 
the average bone tissue based on age. Each cross            
section comprised a 5-mm-diameter hole, allowing 
the insertion of a photostimulatory light-emitting  
dosing device. After heat treatment at 70 °C for 30 
min to form a uniform color at the center, the readings 
were obtained. The GDs were placed on the phantom 
at six locations, and the mean and standard deviation 
of the measured doses were calculated based on five               
readings. 

 

Dose unit conversion  
The radiation weighting factor (WR) is a                   

dimensionless constant that accounts for the relative 
biological effectiveness (RBE) of various types of               
ionizing radiation. The radiation weighting factor is 
used to calculate the equivalent dose (HT). The   
equivalent dose is the product of the absorbed dose 
and the radiation weighting factor. The International 
Commission on Radiological Protection (ICRP) has 
published the latest set of numerical values of               
radiation weighting factor photons as 1 (22).                     
Therefore, the absorbed and effective doses shown in 
our study had the same value. 

 

Calculation of the probability of carcinogenesis     
The 'nominal risk factor' was used to calculate the 

probability of carcinogenesis using the measured  
radiation dose (Sv). According to ICRP Publication 
103, the nominal risk coefficient for radiation is 5.7% 
per Sv for the entire population. The weighting factor 
for thyroid tissue was 0.04 and that for lung tissue 
was 0.12, which was calculated as the average dose to 
both lungs (16). The probability of carcinogenesis was 
calculated using equation 1; 

 

Probability of carcinogenesis due to secondary                
radiation exposure = (Secondary exposure dose) × 
(weighting factor) × 0.057 /Sv (normal risk                      
coefficient)                    (1) 

 

574 Int. J. Radiat. Res., Vol. 20 No. 3, July 2022 

Error 
Tumor 

Volume 
Three-dimensional error 

X direction Y direction Z direction 

Rotation 
error(°) 

0.251 cm3 0.00 ° 0.02 ° 0.01 ° 
0.506 cm3 0.11 ° -0.08 ° 0.06 ° 
1.008 cm3 -0.03 ° 0.01 ° 0.03 ° 
2.032 cm3 -0.01 ° 0.34 ° -0.34 ° 

Translation 
error (mm) 

0.251 cm3 0.00 mm 0.02 mm 0.02 mm 
0.506 cm3 -0.10 mm -0.01 mm 0.04 mm 
1.008 cm3 -0.01 mm 0.01 mm 0.01 mm 
2.032 cm3 0.58 mm 0.20 mm -0.03 mm 

Table 2. Analysis of position accuracy and three-dimensional 
error through cone beam computed tomography images            

before radiation surgery. 

Figure 2. Placement of GD over the areas the measurement 
for radiation exposure. 
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In this study, the probability of carcinogenesis 
owing secondary radiation exposure of the thyroid 
and lungs for a volume of 2.032 cm3 was calculated 
using equation 2; 

 

Probability of carcinogenesis due to secondary              
radiation exposure of the thyroid gland and lungs = 
[ 0.01265 Sv (thyroid absorbed dose) × 0.04 (thyroid 
weighting factor) + {0.00342 Sv (right lung absorbed 

dose)＋0.00333 Sv (left lung absorbed dose)} × 0.12 

(lung weighting factor]) × 5.7 × 10-2 /Sv (normal risk 
coefficient) = 7.498 × 10-5                  (2) 

 

Statistical analysis 
The results were statistically analyzed with the 

help of SPSS software version 23.0 (SPSS, Chicago, 
IL). The average and standard deviation of the               
measured doses for six normal organs were                      
evaluated using the Kruskal-Wallis test. Statistical 
significance was set at p<0.05. 

 
 

RESULTS 
 

By analyzing the coordinates of rotation and 
translation based on the target volume for each case 
in the x, y, and z axes and in a 3D space, it was              
determined that the error increased with the tumor 
volume during both rotation and translation.             
However, the errors remained below the suggested 
range (±3%) during the process. (table 2) 

Using the GDs placed on normal organs of the 
phantom, the exposure doses of the normal organs 
measured at a tumor volume of 0.251 cm3, 0.506 cm3, 
1.008 cm3 and 2.032 cm3. Among the virtual tumor 
volume sizes, the measurement result value of 2.032 
cm3, which has the largest volume, is as follows: They 
were 110.4±0.79 mGy in the right eye, 100.2±1.04 
mGy in the left eye, 12.6±0.05 mGy in the thyroid 
gland, 5.3±0.01 mGy in the sternum, 3.4±0.03 mGy in 
the right lung, and 3.3±0.02 mGy in the left lung. The 
right eye (110.4 mGy) was exposed to the highest 
dose for a target volume of 2.032 cm3.  

The dosimetric values for different volume sizes 
are shown in table 3. For a 2.032 cm3 volume tumor, 
when irradiating a dose of 18.4 ± 3.4 Gy, the                
measured exposure dose values for the right and left 
eyes were 110.4 and 100.2 mGy, respectively. It         
exceeded 100 mGy per year, which is the threshold 
dose for lens clouding. 

For the target tumor with a volume of 1.008 cm3 
and mean irradiation of 18.9 ± 3.3 Gy, an exposure of 
10.2 mGy was noted for the thyroid gland. For the 
vestibular schwannoma subjected to a mean                
irradiation dose of 18.4 ±3.4 Gy at a volume of 2.032 
cm3, an exposure of 12.7 mGy was noted for the              
thyroid gland. These values exceed the effective dose 
of 10 mGy delivered during a CT scan of the abdomen.  

The estimated probabilities of carcinogenesis are 

summarized in table 4.  
The probability of cancer due to radiation              

exposure to surrounding normal tissues during GK 
radiation surgery for a tumor volume of 2.032 cm3 
refers to the probability that 7 per 100,000 people 
will develop cancer.  

 

DISCUSSION 
 

According to Ha's study, the current exposure  
control standard for the general public, 1 mSv per 
year, is a dose that can cause additional cancer             
patients with a probability of 1/10–1/105 based on 
the LNT model (23). In our study, more than 1 mSv was 
measured in all the results according to the four           
volumes. Since radiosurgery is performed on patients 
with brain tumors, it is necessary to be more careful 
about the possibility of this additional cancer. Also, 
per Ha's study, when radiation of 100 mSv or more 
was exposed, abnormal blood test findings appeared 
within minutes. In our study, the maximum dose to 
both eyes was measured at 100.2 mGy or more,           
indicating that abnormal blood test findings can             
appear immediately due to one gamma knife                
radiosurgery. 

According to a study by Carinou et al., the               
maximum annual eye exposure dose for medical 
physicists working in interventional radiology was 
15mSv or more. This dose value is considered to be 
thoroughly monitored for eye exposure dose in            
accordance with the professional guidelines of the 
regulatory authorities. However, our study results 
indicate a maximum of 100.2 mSv was measured in 
both eyes and the exposure dose was more than 6 
times higher than that of Carinou, et al. Therefore, it 
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Normal 
Organs 

Target Volume 
0.251 cm3 0.506 cm3 1.008 cm3 2.032 cm3 p value 

Right Eye 74.4±0.32 88.6±0.53 99.0±0.63 110.4±0.79 .000* 
Left Eye 33.1±0.47 61.7±0.5 96.7±0.19 100.2±1.04 .000* 
Thyroid 4.2±0.02 6.1±0.03 10.2±0.04 12.6±0.05 .000* 
Sternum 1.9±0.02 2.5±0.01 3.7±0.01 5.3±0.01 .000* 

Right Lung 1.6±0.01 1.6±0.01 2.6±0.01 3.4±0.03 .001* 
Left Lung 1.2±0.00 1.2±0.00 2.6±0.01 3.3±0.02 .001* 

Table 3. Average and standard deviation of measured doses 
for six normal organs (units: mGy). 

*p value <.05(Kruskal-Wallis test) 

Probability of 
carcinogenesis 

Target Volume 
0.251 cm3 0.506 cm3 1.008 cm3 2.032 cm3 

Thyroid 
0.957×10-5, 

(1) 
1.390×10-5, 

(1) 
2.325×10-5, 

(2) 
2.824×10-5, 

(3) 

Right lung 
1.090×10-5, 

(1) 
1.094×10-5, 

(1) 
1.778×10-5, 

(2) 
2.325×10-5, 

(2) 

Left lung 
0.820×10-5, 

(1) 
0.820×10-5, 

(1) 
1.778×10-5, 

(2) 
2.257×10-5, 

(2) 
 Thyroid and 
both lungs 

2.870×10-5, 
(3) 

3.306×10-5, 
(3) 

5.882×10-5, 
(6) 

7.498×10-5, 
(7) 

Table 4. The probability of carcinogenesis due to secondary 
radiation exposure of the thyroid and lungs. The numbers in 
parenthesis represent the estimated number of occurrences 

per 100,000 people. 
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is necessary to carefully consider the exposure dose 
to the eye (24). 

For a 2.032 cm3 volume tumor, when irradiating a 
dose of 18.4±3.4 Gy, the measured exposure dose  
values for the right and left eyes were 110.4 and 
100.2 mGy (table 3), respectively. It exceeded 100 
mGy per year, which is the threshold dose for lens 
clouding (25). This value is approximately 1000 times 
the radiation dose exposure during a chest X-ray scan 
or a Tokyo–New York flight. Cataracts are known to 
occur after prolonged exposure to doses exceeding 
0.15 Gy/y. 

The results of our study showed that the dose  
exceeded 100 mSv, the threshold dose for lens              
opacity, in the left eye, even though it was set as right 
vestibular schwannoma disease and the tumor               
location was contoured to the right. 

The National Council on Radiation Protection and 
Measurements reported that radiation-induced             
ocular lens damage includes loss of transparency or 
blurred vision several years after radiation exposure 
(26). This suggests that lens damage may occur at             
lower doses than previously considered and that it 
would be wise to reduce the dose limit of the lens to 
50 mGy. In the experiment, the measured radiation 
dose delivered to the right eye exceeded 70 mGy, i.e., 
74.4 mGy, even for the smallest volume of 0.251 cm3.  

Elmtalab et al. studied the incidence of secondary 
thyroid cancer in 3D-conformal radiotherapy and 
intensity-modulated radiotherapy for high-grade  
gliomas (27). The excess relative risk (ERR) study 
showed that the ERR of the thyroid gland increased 
by 27.7% from 60s to 20s in the adult age group. For 
children, this ERR is expected to increase further. 

According to a study by Iglesias et al., the thyroid 
gland is sensitive to radiation exposure since                  
radiation increases the risk of thyroid cancer for an 
average exposure exceeding 50 mGy or after an              
incubation period of 5–10 years post radiation             
exposure (28). In particular, it was suggested that              
patients exposed to external radiation before the age 
of 4 years had a five times higher risk of developing 
thyroid cancer per Gy compared to those aged 10-14 
years. All risks are predicted to increase significantly 
when the child is younger. Iglesias et al. suggested the 
importance of radiographic examination for                   
minimization, suggesting that the maximum CT scan 
dose for young children is 10 mSV. In our study, the 
thyroid dose was 10.2 mGy for a tumor of 1.008 cm3 
and 12.6 mGy for a tumor of 2.032 cm3, resulting in 
exposure doses exceeding 10 mGy. 

In our measurements, the radiation dose of the 
thyroid for a target volume of 2.032 cm3 was 12.6 
mGy, which is lower than the reference value               
mentioned above. This is because vestibular                
schwannomas are located far from the thyroid.            
However, considering that thyroid cancer may occur 
50 years post radiation exposure, exposure to critical 
organs, including the thyroid, should be emphasized. 

Radiation exposure can cause breast cancer,                
leukemia, and thyroid cancer (29). 

The effective dose for one CT scan of the abdomen 
is 10 mSv. The target volume of 1.008 cm3 considered 
in this experiment was similar to the measured           
thyroid dose of 10.2 mGy. The importance of               
low-dose exposure has been indicated, and many  
hospitals already use low-dose CT equipment for  
radiological testing. In addition, with respect to the 
thyroid gland, which is highly susceptible to radiation 
carcinogenesis, the maximum exposure for a target 
volume of 2.032 cm3 was 12.7 mGy. Because of the 
nature of this experiment, in which the brain was set 
as the tumor target, the dose may be considered   
insufficient. However, the thyroid cancer incidence 
rate was reported to be higher than the natural              
incidence rate in children exposed to <1 mGy.  

According to a study by Taylor et al., the US               
guidelines for pediatric oncology recommend thyroid 
screening after five years in girls who had received 
more than 30 Gy of radiation around the thyroid 
gland (30).  

In our study, an average of 18.5 Gy was irradiated 
in one radiosurgery. Assuming that another                   
radiographic examination and additional                       
radiotherapy are required, it is considered that the 
radiation treatment for brain tumors gave enough 
exposure to be considered for thyroid examination. 
Taylor's study analyzed 50 people out of 17,980              
5-year survivors diagnosed with cancer under 15 
years of age in the U.K. It was found that a total of 4 
people died from thyroid cancer. In these children, 
when the thyroid gland received radiation therapy or 
when the thyroid gland was exposed to scattered  
ambient doses (e.g., head and neck, spine, mantle, 
mediastinum, or total body irradiation), the dose was 
1,000 to 4,600 cGy range. Their study is different 
from our study of 12.6 mGy (based on a target              
volume of 2.032 cm3) because it includes the dose 
directly exposed to the thyroid for thyroid cancer. 
However, even if the thyroid is not directly exposed to 
radiation, it can be seen that the thyroid is a                
vulnerable organ even with the radiation dose due to 
scattered radiation. 

The study of Rampinelli et al. analyzed the risk of 
lung cancer caused by radiation exposure to             
computed tomography (31). It showed a cancer rate of 
0.05% over a 10-year period for those over 50 years 
old, which corresponds to about 2.4 cases out of a 
total of 5203 cases. The median cumulative effective 
dose was 9.3 mSv for men and 13.0 mSv for women. 
In our study, a single irradiation of brain radiosurgery 
resulted in a maximum dose of 19.3 mGy to the lungs 
and thyroid. Even for their study examined with            
low-dose CT and the cumulative effective dose over a 
10-year period, it suggests that attention should be 
paid to the exposure dose to normal organs due to 
radiosurgery. 

In our experiment, the radiation dose in the right 
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lung for a target volume of 0.251 cm3 was 1.6 mGy, 
which is a significant exposure because                         
mammography is limited to once per year. The                
effective dose for one abdominal CT scan was 10 mSv. 
The exposure to the thyroid was 10.19 mGy for a  
target volume of 1.008 cm3. 

In our study, doses to the sternum, left lung, and 
right lung were measured as exposure doses to               
normal organs. Both lungs produced relatively low 
doses compared to the other organs. However, by 
contouring the tumor on the right side, higher                  
exposure dose values were measured in the right 
lung than in the left. Since the sternum and both 
lungs are organs that are far from the target,               
according to our study results, the risk of gamma 
knife radiosurgery is low. 

In our measurements, a dose of 1.6±0.01 mGy to 
the right lung with a tumor volume of 0.251 cm3 is 
comparable to a single mammogram dose. Compared 
with the patient dose value during radiographic             
examination, the effective dose value for                     
mammography was 1.2 mGy.  

The limitations of this study include the inability 
to measure doses by placing a dosimeter at a point 
corresponding to the position of the internal organ in 
the phantom. More meaningful results can be derived 
if future studies are performed by supplementing the 
limitations of the study. Repeated radiotherapy can 
cause cancer metastasis, not only in primary cancer 
but also in the surrounding and other areas (32). In 
particular, the right eye and thyroid were exposed to 
large doses; therefore, radiation surgery must be 
planned carefully. Regarding vestibular                          
schwannomas, each volume-dependent GD was used 
to measure the dose and risk of normal critical              
organs around the brain. 

As shown in this experiment, it is necessary to 
emphasize the risk of secondary radiation exposure 
to important normal tissues in the brain during              
radiation surgery for vestibular schwannomas (table 
3, figure 3). In particular, the cochlea was subjected 
to a maximum dose of 10.7 Gy; as it is an important 
organ for detecting sound, it must be emphasized 
more than other organs when planning radiosurgery. 

 
 

CONCLUSION 
 

We measured and analyzed the secondary               
exposure doses delivered to the right eye, left eye, 
thyroid, sternum, right lung, and left lung during GK 
radiosurgery for vestibular schwannomas.  

Tumor volumes of 0.251 cm3, 0.506 cm3, 1.008 
cm3, and 2.032 cm3 in vestibular schwannoma             
disease. Four radiosurgery plans were established, 
and measurements were made with a glass dosimeter 
using a pediatric human phantom. An analysis of the 
cancer occurrence rate for the thyroid gland and 
lungs revealed that 7 out of 100,000 people might 
develop cancer. 

Our study highlights the importance of protecting 
normal tissues during radiosurgery planning by stud-
ying the risk of secondary radiation exposure that 
may occur during radiosurgery. 
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