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using the method proposed in the biological effects of 
ionizing radiation VII report. The average measured ESD 
values obtained using the RANDO® phantom (neck) 
were antero-posterior 1.33 mGy and lateral 1.23 mGy, for 
a total of 2.56 mGy. Based on the ESD values measured 
using the phantom, the organ doses were obtained using 
a Monte Carlo simulation (PCXMC 2.0.1). The thyroid 
dose was 1.48 mSv on average. In evaluating the LAR of 
thyroid cancer incidence, a frequency of 0.02 per 100,000 
from 2.94 per 100,000 males and a frequency of 0.10 per 
100,000 from 16.23 per 100,000 females were found. The 
risk of cancer was found to be higher when the patient’s 
age was lower, and was also higher in females than in 
males. It was concluded that beneficial exams in the medi-
cal field should not be prohibited because of a statistically 
small risk, although acknowledgement of the dangers of 
ionizing radiation is necessary.

Keywords Entrance surface dose (ESD) · Lifetime 
attributable risk (LAR) · Organ doses · Monte Carlo 
simulation · PCXMC

Introduction

Diagnostic radiology is the largest source of radiation 
exposure among the various fields in which man-made 
artificial radiation is used. However, diagnostic radiology 
is a fundamental stage in the diagnosis and evaluation of 
modern diseases and is the basic engine, along with anti-
biotics, that is leading modern medical science. Accord-
ing to the Korean Ministry of Food and Drug Safety, the 
annual amount of diagnostic radiation exposure per person 
increased from 0.93 mSv in 2007 to 1.4 mSv in 2011, a rate 
of 51 % for 5 years. The numbers of radiation exams were 

Abstract At present, concern regarding radiation expo-
sure is increasing with the prevalence of radiologic exami-
nation. As radiation damages the human body, we have 
evaluated medical radiation dose values and studied the 
importance of optimizing radiation exposure. We meas-
ured entrance surface dose (ESD) values using a RANDO® 
phantom (neck) in 94 randomly selected locations in the 
central region of Korea. Thyroid and organ doses were 
calculated using Monte Carlo simulations (PCXMC 2.0.1) 
based on measured values. In addition, the lifetime attribut-
able risk (LAR) of cancer was calculated for the thyroid, 
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also shown to have increased from 3.3 per person in 2007 
to 4.6 in 2011 [1]. However, it is extremely rare for medi-
cal radiation exposure to be a cause for cancer, because the 
medical tests involve low-dose radiations that have a radia-
tion dosage of less than 100 mSv, which is nearly equal to 
that of natural background radiation [2, 3].

The neck (cervical spine) simple X-ray is the most com-
monly used trauma and disease diagnostic method. For 
this method, CT and MRI are used optionally in order to 
check the neck for abnormality (e.g., soft tissue inflamma-
tion, infection, or tumors of the laryngopharynx), although 
they are basic test methods. The incidence in the risk of 
thyroid cancer in children and the youth exposed to radia-
tion because of radiography tends to be 88 percent higher 
per 1 Gy [4]. According to Seaberg, thyroid cancer caused 
by radiation exposure is likely to be more malignant com-
pared to that of patients who have not been exposed to 
radiation, and the radiation exposure itself is the cause of 
the tumor, whether benign or malignant [5]. In addition, 
Memon stated that dentistry radiation exposure levels are 
deeply related to incidents of thyroid cancer and that the 
effects of radiologic examinations should therefore be 
considered in the young (children and adolescents) and in 
women [6].

The National Academies’ Biological Effects of Ioniz-
ing Radiation 7th Report (BEIR VII Phase 2) developed 
risk estimates for cancer due to exposure to low-level ion-
izing radiation using the most current data and epidemio-
logic models available, incorporating data from atomic 
bomb survivor studies as well as medical and occupational 
radiation studies. Its review of available data supports the 
so-called linear no-threshold risk (LNT) model for low-
dose exposure to low-linear energy transfer radiation such 
as X-rays, in which the risk of cancer proceeds in a linear 
fashion with no lower threshold [3].

Radiation exposure contains sufficient energy to change 
the structure of human cells, including that of deoxyri-
bonucleic acid (DNA). Some elements of such atomic 
changes are so intricate that the repair mechanisms in the 
human body may not be able to fully recover. Even for 
small changes to minor components, cancer genes may be 
produced or damage to cancer suppressor genes may be 
caused, which will negatively influence health. According 
to such mechanisms, radiation is a Grade I carcinogen, and 
it is classified as a carcinogen by the International Cancer 
Society [7].

Taking these recent research results into account, it 
is apparent that damage can occur as a result of medical 
radiation exposure. Furthermore, no attention is currently 
being paid to the level of patient cumulative radiation, and 
no actual method exists for measuring or assuming cumu-
lative radiation amounts. Chronic side effects of radiation, 
however, continue to occur even at low doses, and it is clear 

that radiation negatively influences the human body, which 
includes increased incidences of cancer.

Therefore, this study has three aims: evaluation of 
radiation exposure doses using a phantom (neck; cervi-
cal spine), measurement of entrance surface doses (ESD), 
and calculating the thyroid and neighboring organs doses 
using Monte Carlo simulations. We also calculate the life-
time attributable risk (LAR) of cancer of the thyroid due to 
radiation exposure, using methods proposed by BEIR VII, 
and study the importance of optimizing radiation exposure.

Materials and methods

Research sample and entrance surface dose (ESD)

The authors randomly selected 94 sites in which radiogra-
phy is used (film screen type, storage phosphor, flat panel 
type) in general hospitals (over 100 inpatients), hospi-
tals (between 30 and 100 inpatients), and medical centers 
(primarily outpatient) [8], based on Act 3 of the Korean 
medical law, in the Korean central district (Gangwon-do, 
Chungcheongnam-do, Chungcheongbuk-do, and Daejeon 
metropolitan city).

A 12-mm glass dosemeter with a tin filter (Dose Ace 
M-GD352M; dose range: 0.01 mGy–10 Gy), a dose reader 
system (FGD-1000), a pre-heating system (MDKN 302), 
and an annealing oven system (M-NEW1CT) (all: Asahi 
Techno Glass, Ltd., Japan) were used to measure the dose 
ranges for different procedures [9–11]. We calibrated the 
dose reader system according to manufacturers’ protocols, 
and the doses were reproducible within a range of 2 % 
using a standard dose of 6 mGy.

We secured a RANDO® phantom (height, 175 cm; 
weight, 73.5 kg; adult male phantom; Alderson Laboratory, 
USA) to the X-ray table, positioning the dosemeter at the 
approximate beam center for each of the cervical antero-
posterior (AP) and lateral (Lat.) examinations (Fig. 1). 
An auto exposure control, set according to the guidelines 
established by the Korean Ministry of Food and Drug 
Administration (KFDA) [12] and the National Radiological 
Protection Board (NRPB) [13], was employed.

Calculation of organ doses

PCXMC is a PC-based Monte Carlo program used to cal-
culate patient dose in medical X-ray examinations (radi-
ography and fluoroscopy) and developed by STUK (the 
Finnish Radiation and Nuclear Safety Authority). Using 
PCXMC 2.0.1 (STUK CO., Helsinki, Finland), a Monte 
Carlo simulation program, organ doses, and effective doses 
were calculated. PCXMC calculates the organ and effec-
tive doses from interactions due to the Compton effect in 
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the human body, based on mathematical probability. This 
software uses the phantom model developed by Cristy and 
Eckerman [14], and the phantom, projection angle (AP, 
both Lat., PA: postero-anterior), X-ray tube (tube voltage 
(kVp), added filter thickness, and anode angle), height, 
weight, the parameters used in the examination, and other 
details for use in the calculation can be edited and selected.

The effective doses show the risk for organs and tissue 
when the full body is under radiation exposure. Further, the 
effective doses are expressed by the total sum of the values 
calculated based on the tissue-weighting factor and equiva-
lent dose in the tissue. The tissue-weighting factors are set 
by the International Commission on Radiological Protec-
tion (ICRP) 60 and 103, as given in [15, 16]. The Monte 
Carlo simulation in this study was based on the phantom, 
which has patient-representative height and weight, kVp, 
focus–image distance (FID), and projection angle. In terms 
of exposure area, the focus–skin distance (FSD) and beam 
field size were calculated using FID (AP: 110 cm, Lat.: 
180 cm) values and image field size (25 × 30 cm), using 
the PCXMC software.

In this study, each of the investigated X-ray tube volt-
ages, an anode, and a total inherent filtration (tube and 
collimation) system were used. By inserting the ESD 
value data, the organ doses of the esophagus, oral mucosa, 
salivary glands, upper spine, clavicles, and thyroid were 
obtained.

BEIR VII risk modeling

For each examined age, sex, and organ, the LAR of can-
cer incidence from a theoretical 100-mSv organ equiva-
lent dose was determined using Table 1 2D-1 of the BEIR 
VII report [3]. This LAR was scaled linearly based on the 
actual organ dose determined by the Monte Carlo simula-
tion. For example, a 40-year-old woman receives a dose of 

0.001 Gy (1 mGy) to the breast from a mammogram. The 
table shows the estimated lifetime risk of being diagnosed 
with breast cancer for a female exposed to 0.1 Gy at the 
age 40 as 1.41 per 100,000 (approximately 1 in 70,000). 
The estimate for a male exposed to 0.001 Gy is obtained 
as (0.001/0.1) × 141 = 1.41 per 100,000. The risks for 
the thyroid and all solids, considering all cancers, all solid 
cancers, and leukemia incident risks, were evaluated in this 
LAR of cancer incidence calculation process.

Result

Dose‑area product value and organ doses

Based on the test results using the RANDO® phantom at 
the 94 randomly selected locations, the average meas-
ured ESD values were AP 1.33 ± 0.91 mGy and Lat. 
1.23 ± 0.82 mGy, with a total value of 2.56 ± 1.50 mGy 
(Table 1). Based on the ESD value measured from the 
phantom, the organ doses were obtained using Monte Carlo 
simulations (PCXMC 2.0.1). Each organ dose exhibited 
the following average values: oral mucosa, 0.72 mSv; sali-
vary glands, 0.77 mSv; upper spine, 1.19 mSv; clavicles, 
1.76 mSv; and thyroid, 1.48 mSv (Table 2).

Fig. 1  RANDO® phantom neck 
(AP, Lat.) image. The circle is a 
glass dosemeter element array 
used for measuring ESD values

Table 1  ESD results for neck (AP, Lat.) examination

ESD entrance surface dose, AP anterior-posterior, Lat. lateral, SD 
standard deviation

Mean Median 3rd quartile SD Range

ESD (mGy)

 AP 1.33 1.12 1.69 0.91 0.20–4.62

 Lat. 1.23 1.03 1.54 0.82 0.05–4.04

 Sum 2.56 2.29 3.24 1.50 0.52–8.01
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Evaluation of LAR of cancer

According to the method proposed in the BEIR-VII report, 
the evaluation of the LAR of cancer is the result of the cal-
culated risk for a population of 1,000,000 of developing 
all cancers, all solid cancers, leukemia, and thyroid cancer. 
The LAR of cancer incidence due to neck examination for 
0–50 years is listed in Table 3. The results of this research 
indicate that, for a 0-year-old, the following LARs are 
likely: all cancer incidence, 65.61 per 100,000 males and 
122.29 per 100,000 females; all solid cancer incidence, 
59.54 per 100,000 males and 117.55 per 100,000 females; 
leukemia cancer incidence, 6.06 per 100,000 males and 
4.73 per 100,000 females; and thyroid cancer incidence, 
2.94 per 100,000 males and 16.23 per 100,000 females 
(Table 3).

As regards radiation exposure, the LAR showed that, 
females have an approximately two times higher risk for all 
cancers compared to males, when the age of the exposed 
group is lower, along with an approximately 5.5 times 
higher risk of thyroid cancer. These trends can be seen in 
the graphs of cancer incidence for different age groups 
shown in Figs. 2 and 3.

Discussion

As the use of radiation medical equipment increases, inter-
est in reducing the risk of cancer grows simultaneously. The 
American Cancer Society recently identified environmental 
carcinogens and radiation exposure as cancer risk factors 
as a result of the increased use of X-rays and computed 
tomography (CT) [17]. In addition, the medical use of 
SunLamp, which is used for cosmetic reasons and to cure 
acne or other skin diseases, was included as a dangerous 
factor [18]. In our research, the ESD value under cervical 
spine X-ray radiography was found to be 2.56 mGy. Using 
PCXMC 2.0.1 and the measured ESD value to conduct a 

Table 2  Organ dose results from PCXMC simulation

SD standard deviation

Organ Mean Median 3rd quartile SD Range

Oral mucosa (mSv) 0.72 0.58 0.89 0.58 0.04–3.59

Salivary glands 
(mSv)

0.77 0.63 1.00 0.59 0.04–3.54

Upper spine (mSv) 1.19 0.91 1.52 1.13 0.05–7.81

Clavicles (mSv) 1.76 1.40 2.23 1.39 0.10–7.71

Thyroid (mSv) 1.48 1.21 1.84 1.08 0.09–5.69

Table 3  Lifetime attributable 
risks (LARs) of cancer 
incidence due to neck 
examinations

Cancer site LAR (per 100,000)

0 5 10 15 20 30 40 50

All cancer

 Males 65.61 46.48 36.99 30.25 25.01 17.56 16.58 15.12

 Females 122.29 86.45 66.84 52.83 42.13 27.26 22.68 18.94

All solid cancer

 Males 59.54 42.67 33.92 27.54 22.55 15.41 14.43 12.97

 Females 117.55 83.58 64.64 50.89 40.26 25.65 21.09 17.35

Leukemia cancer

 Males 6.06 3.81 3.07 2.68 2.45 2.15 2.15 2.15

 Females 4.73 2.86 2.20 1.94 1.81 1.61 1.58 1.58

Thyroid cancer

 Males 2.94 1.94 1.28 0.84 0.53 0.23 0.07 0.02

 Females 16.23 10.72 7.04 4.55 2.89 1.04 0.35 0.10

Fig. 2  Trend curve of occurrence of thyroid cancer from radiation 
exposure according to age group
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Monte Carlo simulation, the thyroid radiation dose was 
found to be 1.48 mSv.

In a report on the influence of diagnostic X-rays, con-
ducted in 15 countries including England, Berrington de 
Gonzalez and D›arby stated that approximately 0.6 % of 
diagnosed cancer, especially with regard to the evaluation 
of accumulated cancer risk of ages up to 75 in England, 
was related to radiation exposure. Of the other countries, 
13 showed rates of 0.6–1.8 %, while Japan had the highest 
rate of 3 %. This is said to be related to the frequency of 
radiology exams in each country [19].

According to the Ministry of Food and Drug Safety 
in the Republic of Korea, the number of annual diagnos-
tic radiography examinations was 160,000,000 in 2007, 
which increased to 220,000,000 in 2011, a rate of increase 
of approximately 35 % over 5 years [1]. Because radiation 
exposure doses accumulate, not only should the risk for the 
exposed patient should be considered, but also the genetic 
effects this exposure might have on his or her offspring 
should be taken into consideration. However, focus on 
health increases with increases in people’s average income 
and, accordingly, the number of regular health check-
ups grows. In addition, life expectancy is extended and, 
in recent medical trends, more scientific diagnostic meth-
ods such as radiography are applied, rather than diagnoses 
based on experience. Such phenomena lead to an increase 
in the amount of radiation exposure because of multiple 
health examinations, which puts individuals’ health in dan-
ger with threats such as cancer.

The reason for selecting BEIR VII lifetime model is that 
organ dose of thyroid is 1.48 mSv. This value is lower than 
the threshold dose 100 mSv giving deterministic effect in 

Thyroid LAR of cancer evaluation. This model applied 
the linear no-threshold (LNT) model, stating that even for 
very small doses, a minor increase in the risk of cancer can 
potentially cause a patient to develop cancer. The BEIR 
VII risk models were developed based on a comprehensive 
review of the world literature on radiation epidemiology. It 
is impossible to reconcile every study in this complex lit-
erature with every other study, and there are differing inter-
pretations of these data; therefore, despite the extensive 
efforts made to compose a highly expert committee, avoid 
conflicts of interest, and obtain diverse perspectives, some 
of the premises underlying the BEIR VII risk models are 
not uniformly agreed upon, and its applicability to differ-
ent populations has been challenged. Uncertainties in the 
BEIR VII models relate to the methods used to transport 
data from Japanese atomic bomb survivors to a US popula-
tion with different baseline cancer rates, sampling variabil-
ity in parameter estimates in the risk models, the choice of 
dose and dose-rate effectiveness factors (DDREF), and the 
manner in which differences in relative biological effective-
ness between X-rays and other types of ionizing radiation 
are accounted for [3].

Other radiation protection organizations, such as the 
ICRP [15], have selected a higher DDREF than that used 
in BEIR VII, typically 2.0 rather than 1.5. Using a higher 
DDREF results in lower risks of cancer incidence than 
those reported in this study. On the other hand, current 
radiation protection guidelines assign a radiation weighting 
factor of 1 to X-rays, although some biological evidence 
suggests that the biological effectiveness per unit-absorbed 
dose of X-rays may be twice that of high-energy photons 
[3]. This may result in an underestimation of the cancer 
risk associated with radiation exposure from simple neck 
(cervical spine) X-rays using our methodology. Perhaps the 
most debated assumption of the BEIR VII models is the 
LNT relationship between dose and cancer risk. Besides 
the BEIR VII committee, the National Council on Radia-
tion Protection and Measurements (NCRP) [20], ICRP 
[21], United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) [22], and NRPB [23] have 
recently reviewed the LNT hypothesis. While there are sub-
tleties in the positions of each of these organizations, the 
majority basically conclude that LNT best fits the data and 
should remain the standard for radiation protection.

However, in our research, the organ doses produced 
using the Monte Carlo simulation program to evaluate the 
risk of cancer and LAR of cancer incidence have sufficient 
credibility. According to the results of this research, regard-
ing a 0-year-old, the LARs of thyroid cancer incidence are 
likely to be 2.94 per 100,000 males and 16.23 per 100,000 
females (Table 3). The LARs of cancer incidence due to 
radiation exposure are likely to be approximately two 
times greater for all cancers and about 5.5 times greater 

Fig. 3  Trend curve of occurrence of cancer from radiation exposure 
according to age group
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for thyroid cancer, when the exposed patient’s age is lower 
than average, while female patients, compared to males, are 
more likely to develop cancer. This can be seen in the can-
cer incident graph of the various age groups (Figs. 2, 3).

Transitions in chromosomes is a type of genetic infor-
mation damage that causes various types of cancer, because 
of the body’s inability to properly recover damaged DNA. 
If the frequency of chromosome damage is higher, the 
frequency of cancer incidence automatically increases 
according to the basic mechanism of cancer caused by 
radiation exposure. High doses are known to cause chro-
mosomal defects, but the influence of low-dose exposure 
is not clearly known. Low-dose exposure, however, can 
still be assumed to cause cancer as the same mechanism is 
involved.

Based on in vitro research on the influence of low-dose 
exposure due to medical X-rays, Bhatti et al., Rothkamm 
et al., and Neumaier et al., reported that chromosome dam-
age frequency increases in proportion to dose. They also 
stated that biological restoration response is not propor-
tional to dose [24–26]. Such results show that it is difficult 
to say that the recovery rate of cells in low-dose cases is 
good and that, therefore, a health risk does not exist. How-
ever, there is no scientific proof that low-dose radiation 
under 100 mSv has any specific influence on humans. Low-
dose radiation is proven to cause chromosome damage 
in experimental settings, but has not been shown to be an 
actual cause of disease in the human body to date. There-
fore, it is not wise to ignore the fact that there is a possible 
lifetime risk of cancer due to low-dose medical radiation 
exposure, simply because it is low-dose. However, there 
are various other factors that react to DNA damage to form 
cancer cells, so the previous statement is difficult to prove 
through experiment. Further, it is impossible to physically 
apply an exposure of 1 mGy (mSv) to a human to prove 
this hypothesis. Ultimately, it is not correct to say that, 
since no side effects have been determined, low-dose expo-
sure is safe; more research is required and, until then, the 
risk of radiation exposure should be minimized when using 
medical diagnostic radiography systems.

There were certain limitations to our research: (1) The 
research sample was small and, because the study was 
based on cervical spine X-ray radiography, the focus was 
limited to thyroid cancer. (2) The short period of observa-
tion is another limitation of this study. If possible, long-
term tracking observation research is necessary in the 
future.

In our research, however, it is meaningful that we could 
evaluate organ doses and the LAR of incidence, consider-
ing biological probable influence, to determine the actual 
influence on patient thyroids of cervical (neck) spine radi-
ology. Furthermore, this research is contributing to a new 

acknowledgement of the risks of ionizing radiation by con-
firming the influence of radiation on cancer incidence.

Conclusion

The amounts of radiation absorbed by the thyroid and sur-
rounding organs during cervical spine X-ray radiological 
procedures and the resultant LAR of cancer incidence were 
found to have low values. Even though the increase in the 
cancer incidence rate due to medical radiation is quite small, 
if other radiography exams are repeatedly conducted, the 
accumulated exposure will increase the incident rate of dis-
eases including cancer. In the medical field, even though 
there is no standard base for radiation exposure doses, nec-
essary radiology exams must be taken and, therefore, efforts 
to reduce radiation exposure for those undergoing frequent 
exams should be considered. However, medical radiography 
is absolutely essential for patients and, statistically, it has 
such a low level of risk that patients should not be overly con-
cerned. This research is meaningful in that it provides infor-
mation to examiners and patients who make use of medial 
radiation, allowing them to acknowledge the risk of ionizing 
radiation and helping them to make related decisions wisely.
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