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Objective: To estimate the projected cancer risk attributable to diagnostic
cone-beam computed tomography (CBCT) performed under different exposure
settings for orthodontic purposes in children and adults. Methods: We collected
a list of CBCT machines and their specifications from 38 orthodontists. Organ
doses were estimated using median and maximum exposure settings of 105
kVp/156.8 mAs and 130 kVp/200 mAs, respectively. The projected cancer
risk attributable to CBCT procedures performed 1-3 times within 2 years was
calculated for children (aged 5 and 10 years) and adult (aged 20, 30, and 40
years) male and female patients. Results: For maximum exposure settings, the
mean lifetime fractional ratio (LFR) was 14.28% for children and 0.91% for
adults; this indicated that the risk to children was 16 times the risk to adults.
For median exposure settings, the mean LFR was 5.25% and 0.58% for children
and adults, respectively. The risk of cancer decreased with increasing age. For
both median and maximum exposure settings, females showed a higher risk of
cancer than did males in all age groups. Cancer risk increased with an increase
in the frequency of CBCT procedures within a given period. Conclusions: The
projected dental CBCT-associated cancer risk spans over a wide range depending
on the machine parameters and image acquisition settings. Children and female
patients are at a higher risk of developing cancer associated with diagnostic
CBCT. Therefore, the use of diagnostic CBCT should be justified, and protective
measures should be taken to minimize the harmful biological effects of
radiation.
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INTRODUCTION

Cone-beam computed tomography (CBCT) has
emerged as an important adjunctive radiographic tech-
nique for orthodontic diagnosis and treatment in the
last decade. Limitations of conventional radiographs,
such as lateral cephalograms and panoramic radiographs,
include image magnification, superimposition of bilat-
eral anatomical structures, and image distortion due to
image acquisition mechanisms."” CBCT enables three-
dimensional evaluation of the dentofacial structures at a
radiation dose lower than that from conventional multi-
slice computed tomography (MSCT), although it exhibits
comparable dimensional accuracy.”® Clinical indications
for CBCT include diagnosis and treatment of skeletal
malocclusions, impacted teeth, and temporomandibular
joint arthritis.” Moreover, CBCT may aid in the diagnosis
of external root resorption and the placement of tempo-
rary anchorage devices.’

The improved diagnostic capabilities of CBCT provide
considerable benefits to patients. However, compared
with conventional radiography, CBCT exposes patients
to increased doses of ionizing radiation.® Previous stud-
ies on CBCT dosimetry have shown that the mean organ
dose (84-212 pSv)’ is significantly higher than that de-
livered for the acquisition of lateral cephalograms and
panoramic radiographs.® 1t has been reported that the
organ dose depends on the manufacturer and image ac-
quisition settings such as tube current (mA), peak tube
voltage (kVp), field of view (FOV), and voxel size.””

Carcinogenesis is a significant biological effect of ion-
izing radiation. Studies have reported a significant as-
sociation of pediatric computed tomography (CT) with
leukemia and brain tumors.'®"" In South Korea, patients
aged < 19 years who have been exposed to ionizing ra-
diation for diagnostic purposes showed a significantly
higher incidence of lymphoid, hematopoietic, and solid
cancers.'” The increased use of CBCT in orthodontics has
raised health concerns, especially for children and ado-
lescents, who comprise the majority of the orthodontic
patient population. However, there are limited studies
on the biological effects of ionizing radiation from di-
agnostic CBCT. Previous studies have mostly focused on
the organ dose, and the consequences associated with

radiation exposure, such as cancer, have not been fully
explored.””

Therefore, the aim of this study was to estimate the
projected cancer risk attributable to diagnostic cranio-
facial CBCT performed for orthodontic purposes in chil-
dren and adults, based on the organ doses calculated
from the CBCT machine specifications. In addition, we
aimed to compare the risk of cancer according to age,
sex, and exposure settings such as the radiation dose
and the number of exposures.

MATERIALS AND METHODS

Calculation of organ doses

To estimate the organ doses delivered by diagnostic
CBCT machines used in dental clinics and hospitals in
South Korea, we collected a list of CBCT machines and
their specifications by sending questionnaires to 72 or-
thodontists who belonged to the Korean Society of Digi-
tal Orthodontists. Thirty-eight orthodontists responded;
thus, the response rate was 53%. Descriptive statistics
for the exposure parameters of the CBCT machines, such
as kVp, mA, and exposure time (s), are shown in Table
1. According to the collected data pertaining to CBCT
machine parameters, the median exposure settings were
105 kVp/156.8 mAs while the maximum exposure set-
tings were 130 kVp/200 mAs.

Organ doses under the median and maximum expo-
sure settings were calculated for adult male and female
patients using ALARA-Dental software (Kyung Hee Uni-
versity, Seoul, Korea; Korea Centers for Disease Control
and Prevention, Cheongju, Korea; Figure 1)."” ALARA-
Dental is a software that provides estimated organ
doses and effective doses delivered for the acquisition
of dental radiographs, including intraoral radiographs,
panoramic radiographs, and CBCT images. 1t uses the
Monte Carlo (MC) method, a computer simulation tech-
nique for modeling the transport of particles based on
the probability distribution for radiation interaction with
matter. The MC method is commonly used for radiation
dosimetry calculations.'*'"” Among the various codes for
the MC method, ALARA-Dental used the Monte Carlo N
Particle code, known as the MCNP code and developed
at the Los Alamos National Laboratory (New Mexico,

Table 1. Descriptive statistics for the exposure parameters of cone-beam computed tomography machines analyzed in

the study
Statistics kvp mA Exposure time (s)
Mean + standard deviation 94.0 +18.3 7.7+2.6 20.2+5.3
Range 80-130 5-16 9-24
Median 105 9.5 16.5

kVp, peak kilovoltage; mA, milliapmere; s, seconds.
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Figure 1. ALARA-Dental
software (Kyung Hee Univer-
sity, Seoul, Korea, and Korea
Centers for Disease Control
and Prevention, Cheongju,
Korea)" for estimating organ
doses delivered for the acqui-
sition of dental radiographs,
including intraoral radio-
graphs, panoramic radio-
graphs, and cone-beam com-
puted tomography images.

United States).'® The MCNP code is the most commonly
used code for MC simulation in the medical field, and
it has shown reliability in the estimation of organ doses
for CT examinations.'®'” Using ALARA-Dental software,
the organ dose was estimated using parameters associ-
ated with radiation exposure, such as kVp, mAs, the
FOV, the filter thickness, the degree of revolution of the
X-ray source, and the beam geometry (full beam versus
half beam). The following variables were set as fixed val-
ues for both median and maximum exposure settings:
filter thickness, 2 mm; FOV, 19 x 20 cm; full beam pro-
jection; and beam revolution, 360°.

Exposure scenarios

Clinical scenarios were hypothesized for orthodontic
patients undergoing CBCT. The treatment period for
patients was assumed to be 2 years. Cancer risks were
estimated for male and female patients aged 5, 10, 20,
30, and 40 years. In addition, the risk according to the
frequency of CBCT procedures (once, twice, or thrice)
during a 2-year period (2018-2020) was estimated.

Estimation of cancer risk

The organ doses for median and maximum exposure
settings calculated by the ALARA-Dental software were
used to estimate the excess lifetime risk of cancers using
the radiation risk assessment tool (RadRAT, version 4.1.1;
National Institutes of Health, Bethesda, MD, USA, Figure
2)."" RadRAT is an open-source software for estimating
the lifetime cancer risk attributable to radiation exposure
based on the Biological Effects of lonizing Radiation
(BEIR) V11 report rolled out by the National Research
Council of the United States."

For each exposure scenario, the mean lifetime attrib-
utable risk (LAR), which is the probability of premature
incidence of cancer attributable to radiation exposure
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in a representative member of the population (i.e., the
probability that an exposed population will develop
radiation-induced cancer during their lifetime), was
estimated as excess cases (n) per 100,000. The lifetime
baseline risk (LBR) for cancer, which is the cumulative
baseline probability of developing cancer during an in-
dividual’s lifetime that is not associated with the addi-
tional radiation from CBCT (n), was calculated based on
the cancer incidence rates in South Korea in 2010. The
Lifetime fractional ratio (LFR), which is the ratio of LAR
to LBR (%), was presented to express the attributable
risk relative to the baseline risk. The LFR is more reli-
able than the LAR because it considers differences in the
population structure and cancer incidence rates among
different populations.”

The organs and tissues for which specific radiation
doses were estimated using ALARA-Dental software in-
cluded the brain, salivary gland, oral mucosa, esophagus,
thyroid, skin, thymus, airway, skeletal muscles, bone,
red bone marrow, and remaining tissues. In the Rad-
RAT software, organ doses were entered for the years
2018-2020. Date, sex, and year of birth were entered to
represent patients aged 5, 10, 20, 30, and 40 years. Sex-
and age-specific incidence rates in South Korea in 2010
were used for determining the baseline incidence rates,
and survival function was based on the Korean popula-
tion in 2010.

As a result, the LAR for site-specific cancers, includ-
ing those of the oral cavity and pharynx, esophagus,
lung, nervous system, thyroid, bone marrow, and other
ill-defined sites, were estimated. The LAR of all cancers
combined was calculated as the sum of all risks to indi-
vidual organs. The excess cancer risk was calculated with
90% uncertainty intervals to incorporate both statistical
and subjective uncertainties computed by MC simula-
tions using the RadRAT software. Risk calculation was
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NATIONAL CANCER INSTITUTE
Division of Cancer Epidemiology & Genetics

Radiation Risk Assessment Tool - Lifetime Cancer Risk from lonizing Radiation

tutorials [PDF - 2 MB]
Home » RadRAT Information
Radiation Risk Assessment Tool Information - Version 4.2
Enter the inputs in the form below or upload an input file.

Demographic Information

Gender: - v

Birth Year:

Population: @ | | Korea 2010 v

Exposure Information

An exposure event may result in doses to one or more organs. All doses associated with the same event should be indicated by
entering the same number in the "Exposure Event" column and the same year in the "Exposure Year" column. Refer to Guidance for
Entering_Exposure Information.

Each organ dose may be entered as a value with no related uncertainty by selecting "Fixed Value" from the Distribution Type menu
and typing the value into the "Parameter 1" column. The organ dose may also be entered as an uncertain quantity by selecting one
of the probability distributions from the Distribution Type menu. The corresponding distribution parameters should be entered into

columns 1, 2, and/or 3.

No. | Exposure | Exposure Organ Exposure Organ Dose: mGy v
Event @ Year Rate @
Distribution Type Parameter | Paramef
2
1 1 2018 M vilo 0
2 il 2018 Vi ] - v|o 0
3 il 2018 v ] - v|o 0 . : :
Figure 2. Estimation of

 Add Exposure Event

+ Assumptions, Settings and Report Options

Simulation Sample Size: | |300

Random Seed:

These settings allows the user to control two sampling parameters, sample size and the random seed for sampling.

cancer risk from cone-beam
computed tomography for
orthodontic purposes using
the radiation risk assessment
tool (RadRAT version 4.1.1;
National Institutes of Health,
Bethesda, MD, USA)."

performed with 300 MC iterations and a random num-
ber of seed equal to 99.

RESULTS

Organ doses

The estimated organ doses absorbed and the distri-
bution among different organs are shown in Table 2
and Figure 3. For adults, the highest organ dose was
observed for the salivary glands, followed by the oral
mucosa, brain, thyroid gland, and skin. For children, the
highest organ dose was observed for the salivary glands,
followed by the oral mucosa, brain, skin, and thyroid
gland.

Projected cancer risk

The mean LAR and LFR according to age, sex, and
the frequency of exposures (number of CBCT proce-
dures) under median and maximum exposure settings
are shown in Tables 3 and 4, respectively. Children (5
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and 10 years old) demonstrated a higher cancer risk than
did adults (20, 30, and 40 years old). For median expo-
sure settings, the LFRs were 1.1-16.4% for children and
0.1-2.0% for adults. For maximum exposure settings,
the LFRs were 2.4-24.6% for children and 0.3-2.5% for
adults. The risk of cancer decreased with increasing age,
as depicted in Figure 4 based on the LFRs for each age
group. The LFR also increased with an increase in the
number of exposures. For example, at maximum expo-
sure settings for a 20-year-old female, the LFR increased
from 1.68% for one exposure to 1.71% and 2.54% for
two and three exposures, respectively (Table 4). With
regard to sex, the LFR for females was higher than that
for men at all exposure settings (Figure 5).

The cancer risk estimation for each site showed that
both adults and children had the highest risk of devel-
oping thyroid cancer due to radiation. However, the risk
of thyroid cancer was approximately 3.5 times higher for
children than for adults (Figure 6).
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Table 2. Estimated mean organ doses (mGy) under median and maximum exposure settings for cone-beam computed
tomography performed for orthodontic purposes in children aged 5 and 10 years and adults

Median exposure* Maximum exposure’
Exposed organ Children’ Adults  Adults Children’ Adults Adults
5 years 10 years (M) (F) 5years 10 years (™M) (F)
Brain 33.3 28.4 18.7 26.5 69.4 59.5 23.0 32.2
Salivary glands 40.9 42.2 39.6 39.0 82.1 84.0 41.3 40.2
Oral mucosa 43.4 33.3 23.3 25.0 89.9 70.7 28.2 29.5
Esophagus 4.5 1.7 0.4 0.6 9.3 3.6 0.5 0.7
Thyroid 9.2 5.2 3.1 3.2 18.5 10.8 4.2 3.4
Skin 21.1 12.1 gLl 3.8 40.3 23311 3.0 &7
Thymus 1.8 1.0 0.4 0.9 4.1 2.2 0.7 1.0
Thoracic airway 3.8 2.0 0.9 1.1 7.7 4.1 12 1.4
Skeletal muscle 4.1 2.0 1.1 2.2 8.1 4.1 1.2 2.3
Bone surface 11.6 5.1 1.6 1.6 24.6 10.9 4.2 9.1
Red bone marrow 10.5 5.4 3.3 4.3 22.3 11.6 2.0 10.1
Remainder organ & tissues 2.2 2.9 2.0 2.2 8.5 6.2 24 2.6
Total 186.6 141.5 97.3 110.5 384.8 290.9 111.9 136.4

M, male, E female.

*Median exposure settings: kVp, 105; mAs, 156.8; field of view, 19 x 20 cm; filter thickness, 2 mm.
"Maximum exposure settings: kVp, 130; mAs, 200; field of view, 19 x 20 cm; filter thickness, 2 mm.

*Organ doses for boys and girls are equal.

Children Adults

Salivary
glands
25%

Oral
mucosa
24%

DISCUSSION

With advances in medical imaging technology, radia-
tion exposure due to medical diagnostic imaging has
doubled over the past two decades.” Journy et al.”
conducted a nationwide study and reported that even a
small increase in the number of annual CT examinations
for patients aged < 20 years would significantly increase
the number of new cancer cases. In addition, an epide-
miological study on the cancer risk due to chronic occu-
pational exposure to low-dose radiation among medical
radiation workers, doctors, and dentists have shown a
significant increase in the prevalence of solid cancers
and leukemia.”” The occupational risk from low-dose ra-

www.e-kjo.org

https://doi.org/10.4041/kjod.2021.51.3.189

Salivary
glands
95% Figure 3. Distribution of
mean organ doses (mGy) de-
livered by cone-beam com-
puted tomography performed
for orthodontic purposes in

children and adults.

Oral
mucosa
23%

diation has been studied using dosimetry data collected
from radiation workers and their medical records. How-
ever, dosimetry data from diagnostic medical imaging
procedures performed for patients cannot be obtained
directly to determine the effects of radiation exposure
on health. Therefore, dosimetry data can be estimated
by using the mean organ doses from imaging devices
and applying them to risk projection models developed
from a life-span study of atomic bomb survivors and
nuclear power plant accidents.””* In the present study,
we collected a list of CBCT machines and their specifi-
cations from 38 orthodontists and evaluated the organ
doses using the median and maximum kVp and mAs
values for the machines. Although we have calculated
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the cancer risk using minimum exposure parameters, we
concluded that these parameters may not represent the
average clinical values used in orthodontic clinics. In ad-
dition, these parameters might not yield a clinically valid
image. Therefore, the LFR for minimum exposure set-
tings was low (Supplementary Table 1) and consequently
excluded from the results.

Our results showed that radiation from CBCT may in-
duce a high risk of thyroid, oral, and pharyngeal cancers
in both adults and children (Figure 6). With regard to
the effects of age and sex, we found that female and
young patients developed a higher cancer risk than did
male and adult patients. Our findings are consistent
with those of previous reports.”””® Children exhibit high
radiosensitivity due to the increased turnover rate of
cells. The prevalence of thyroid cancer has been shown
to be higher in females than in males,” with females
being more susceptible to thyroid cancer because of ad-
ditive exposure to radiation. Other factors such as the
position of the X-ray beam and the FOV may also be

109 —— Maximum
9 —— Median
8 -
7 -
6 -
5 -
4 -

LFR (n)

2
1

5 10 20 30 40
Age (yr)

Figure 4. Mean lifetime fractional ratio (LFR) after a
single exposure under maximum and median exposure
settings, according to age.

Esophagus %

Lung

Nervous system
Leukemia

Oral cavity & pharynx
Thyroid

Other & ill-defined sites

associated with the risk of cancer. Pauwels et al.”” com-
pared the absorbed organ doses based on skin dosimetry
and concluded that the FOV should be placed as high
as possible to avoid direct exposure to the thyroid, a
vital organ affecting the total cancer risk from radiation
exposure. The oral mucosa is also directly exposed to
ionizing radiation during a maxillofacial CBCT scan. Yeh
and Chen”® showed that organ doses vary depending
on the vertical position of the central beam. When the
central beam was positioned at the level of the teeth,
the salivary glands received the highest organ dose. This
observation is in line with our results, which showed
that the oral cavity and pharynx received the highest or-
gan doses. Stratis et al.”’ also reported the highest organ
dose for the salivary glands and oral mucosa in pediatric
patients undergoing CBCT.

The projected risk of cancer was calculated according
to the linear no-threshold risk (LNT) hypothesis, which
states that any radiation dose greater than zero will

15 ~
Bl Males
[ Females

Age (yr)

Figure 5. Comparison of the mean lifetime fractional ra-
tio (LFR) after a single exposure under maximum exposure
settings between male and female patients in different
age groups.

[ Adults
Il Children

Figure 6. Comparison of
mean lifetime attributable
risk (LAR) values after a single
exposure under maximum

300
LAR (n)

0 100 200

196

exposure parameters between
adults and children, accord-
ing to the cancer site.

400 500 600

https://doi.org/10.4041/kjod.2021.51.3.189 www.e-kjo.org



Jha et al ® Projected lifetime cancer risks from CBCT

Kjo-

result in a proportionate increase in the risk of cancer.
Although there are controversies regarding radiation risk
estimation, the LNT model is currently the most widely
accepted model for explaining the radiation dose-re-
sponse relationship based on current epidemiological
data.”

Thus, the cancer risk from diagnostic CBCT imaging
is affected by age, sex, machine parameters, and the
number of exposures. Our results indicate an increased
risk of cancer due to CBCT performed for orthodontic
purposes, with the risk being higher for children and
females. Therefore, strict adherence to the as low as
reasonably achievable (ALARA) principle must be main-
tained. The International Commission on Radiological
Protection addresses the three principles of medical radi-
ation exposure as follows: (1) medical radiation exposure
should be justified and have a defined purpose for an
individual patient, (2) the patient dose should be care-
fully managed according to the ALARA principle, and (3)
protective measures should be used to avoid unnecessary
exposure. Therefore, routine CBCT imaging for the pur-
pose of orthodontic treatment cannot be justified, and
the smallest possible FOV to observe the region of inter-
est should be selected. Furthermore, performing CBCT
instead of MSCT would decrease the effective dose by
approximately 1/7 to 1/10.

This study has some limitations. First, the estimated
cancer risks were based on mean organ doses estimated
according to the exposure settings and the age and sex
of patients, not on individual exposure settings. Sec-
ond, confounding factors related to lifestyle (smoking
and alcohol intake), environment, and genetics were
not considered. For personalized assessment of cancer
risk, a study incorporating the effects of these factors is
warranted. Third, our organ doses were calculated from
machine specifications in South Korea, and there could
be other CBCT machines using higher radiation doses.

Supplementary data is available at https://doi.
org/10.4041/kjod.2021.51.3.189.

CONCLUSION

In conclusion, the projected cancer risk attributable
to dental CBCT is estimated to span over a wide range
depending on demographic factors, machine parameters,
and image acquisition settings. Females and children
show a higher risk of developing cancer due to radiation
from CBCT. Clinicians should be aware of the increased
cancer risk due to medical exposure to ionizing radia-
tion, and efforts should be made to minimize the dose
from CBCT through optimization of machine parameters
such as the FOV and voxel size for the region of interest.
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