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Objectives: Cone beam CT (CBCT) is an emerging X-ray technology applied in
dentomaxillofacial imaging. Previous published studies have estimated the effective
dose and radiation risks using adult anthropomorphic phantoms for a wide range of
CBCT units and imaging protocols.
Methods: Measurements were made five dental CBCT units for a range of imaging
protocols, using 10-year-old and adolescent phantoms and thermoluminescent
dosimeters. The purpose of the study was to estimate paediatric organ and effective
doses from dental CBCT.
Results: The average effective doses to the 10-year-old and adolescent phantoms
were 116 mSv and 79 mSv, respectively, which are similar to adult doses. The salivary
glands received the highest organ dose and there was a fourfold increase in the thyroid
dose of the 10-year-old relative to that of the adolescent because of its smaller size. The
remainder tissues and salivary and thyroid glands contributed most significantly to the
effective dose for a 10-year-old, whereas for an adolescent the remainder tissues and
the salivary glands contributed the most significantly. It was found that the percentage
attributable lifetime mortality risks were 0.002% and 0.001% for a 10-year-old and an
adolescent patient, respectively, which are considerably higher than the risk to an adult
having received the same doses.
Conclusion: It is therefore imperative that dental CBCT examinations on children
should be fully justified over conventional X-ray imaging and that dose optimisation by
field of view collimation is particularly important in young children.
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Cone beam CT (CBCT) is an advancement of CT
technology that has found wide application in dentomax-
illofacial imaging. The ability of the CBCT systems to
produce three-dimensional high-resolution images with
diagnostic reliability has resulted in a significant increase
in CBCT examinations in areas such as orthodontics,
endodontics, periodontics, implantology, restorative den-
tistry, and dental and maxillofacial surgery [1–12]. How-
ever, CBCT imaging is associated with a higher radiation
dose to the patient than panoramic and intra-oral imaging
but a lower patient dose than conventional single and

multislice CT [13–16]. Although radiation dose from CBCT
is low relative to conventional CT, the radiation risk to the
patient should be assessed and quantified. The radiation
risk can be estimated by calculating the effective dose,
which is a radiation quantity proposed by the International
Commission on Radiological Protection (ICRP) [17].

Several studies have estimated the effective dose for a
range of CBCT units and imaging protocols [13–16, 18–24].
The organ doses were measured with anthropomorphic
phantoms and thermoluminescent dosimeters (TLDs). The
ICRP 103 [25] tissue weighting factors were applied to
organ doses to account for the tissue radiosensitivity. The
ICRP 60 [17] and the revised ICRP 103 [25] tissue
weighting factors have been used for studies before and
after 2006, respectively. For the head and neck region, the
ICRP 103 [25] factors include the salivary glands, oral
mucosa and lymph nodes as radiosensitive organs that
were not included in ICRP 60 [17]. In addition, the
weighting factor of the remainder tissues was increased
from 0.05 to 0.12. The published effective doses range
from a few tens to several hundreds of microsieverts
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depending on the CBCT unit, the field of view and the
position of the radiation field with respect to the radio-
sensitive organs.

To the best knowledge of the authors, all the published
studies on dental CBCT dosimetry have focused on
effective doses to adult patients for a range of CBCT
units and imaging protocols but none has estimated the
organ and effective doses to paediatric patients. Children
are more sensitive to radiation than adults because the
number of dividing cells promoting DNA mutagenesis is
higher and they have more time to express any radiation-
induced effects, such as cancer. There is an order of
magnitude increase in cancer risk between children and
adults, and there is also a significant difference between
boys and girls, with the latter being more radiosensitive
[26, 27]. Furthermore, a substantial proportion of dental
X-ray procedures are performed in the paediatric group,
notably in relation to orthodontics.

The aim of this study was to measure paediatric organ
doses and, hence, derive effective doses using two
anthropomorphic phantoms and TLDs for a range of
CBCT units and for standard imaging protocols.

Methods and materials

Anthropomorphic phantoms

Two tissue-equivalent anthropomorphic phantoms
(ATOM Model 702-C and ATOM Model 706-C; Com-
puterized Imaging Reference Systems Inc, Norfolk, VA)
were used. Models 706-C and 702-C simulate a 10-year-
old child and an adult female, respectively. An adult
female phantom was used to simulate an adolescent
patient as there are no commercially available adolescent
anthropomorphic phantoms. The ICRP 89 [28] reference
values for body height for a 15-year-old male and female
are 167 cm and 161 cm, respectively, compared with

160 cm for the female ATOM phantom. The weight of the
female ATOM phantom is 55 kg compared with the ICRP
89 [28] reference weight values of 56 kg and 53 kg for
a 15-year-old male and female, respectively. The ATOM
phantom design was based on ICRP 23 [29] and ICRU 48
[30] and available anatomical reference data. The tissues
simulated in the ATOM phantoms are average bone, soft
tissue, cartilage, spinal cord, spinal disks, lung, brain,
sinus, trachea and bronchial cavities. The density of the
simulated paediatric bone is typical of the phantom’s age.
The bone tissue is an average of known cortical-to-
trabecular ratios and age-based mineral densities.

The ATOM phantoms are available in 25 mm slices
and for the purposes of this study the head, neck and
shoulders of both phantoms were used. Figures 1a and b
show the ATOM 702-C (female) and 706-C (10-year-old)
phantoms, respectively.

Thermoluminescent dosimeters

All dose measurements were performed using TLD
chips: TLD-100H, LiF:Mg,Cu,P (Harshaw Thermo Fisher
Scientific Inc, Waltham, MA). The TLDs were calibrated
free in air against a 6-cm3 ionisation chamber (Radcal
9010; Radcal Corporation, Monrovia, CA) coupled with an
electrometer (Radcal 9010, Radcal Corporation) with cali-
bration traceable to national standards (National Physical
Laboratory) using a conventional diagnostic X-ray tube
at 80 kV (half-value layer53.02 mm Al). The energy
response was within the TLD statistical error (,5%) for
a tube voltage range of 60 kV to 100 kV. Chips with a
reproducibility error of ,10% were used. The chips were
read using an automatic TLD reader (Harshaw 5500;
Harshaw Thermo Fisher Scientific Inc). Five TLDs were
used for measuring the background signal.

(a) (b)

Figure 1. (a) ATOM Model 702-C. (b) ATOM Model 706-C.
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Organ and effective dose estimation

The salivary and thyroid glands, brain, red bone
marrow, bone surface, oral mucosa, oesophagus, extra-
thoracic airway, lymph nodes, muscle and lungs are the
radiosensitive organs located in the head, neck and
upper chest region according to ICRP 103 [25]. Initially,
the dose to the lungs was measured but it was found that
the contribution to the effective dose was insignificant
(,1%). Therefore, for organs located outside the region
of the head, neck and upper chest it was assumed that
the dose was zero. The bone surface dose was assumed
to be equal to the red bone marrow dose. The dose to the
oesophagus was assumed to be equal to the thyroid
gland dose, but after the fractionation to account for
the partial irradiation of the organ, it was found that the
contribution to the effective dose was less than 1% and
therefore was not taken into account for the effective
dose calculations. The tissue weighting factor wT for the
remainder tissues was increased from 0.05 in ICRP 60
[17] to 0.12 in ICRP 103 [25]. Therefore, the contribution
of the remainder tissues to the effective dose in dental
CBCT cannot be neglected. In the head and neck region,
the remainder tissues are the oral mucosa, extrathoracic
airway, lymph nodes and muscle. Similar to Ludlow
and colleagues [15, 19], Roberts et al [14], Suomalainen
et al [18] and ICRP 66 [31], it was assumed that the
dose to the oral mucosa equals the dose to the salivary
glands; the dose to the lymph nodes and muscle equals
the average dose to the thyroid gland, submandibular
and parotid glands; and the dose to the extrathoracic
airway equals the average dose to the thyroid gland,
salivary glands, and bone marrow located at the anterior
nasal cavity.

For the brain, salivary glands, thyroid gland, extra-
thoracic airway and oral mucosa, TLDs were positioned
uniformly throughout the organ volume and therefore
the factors fi that account for the fraction of the total mass
of the specified organ in the phantom slice i were
reduced to unity. For skin, bone and red bone marrow,
the average doses per slice were fractionated using the fi
values from the Huda and Sandison [32] study. For the
remainder tissues, it was assumed that 5% of the lymph
nodes and muscle are located in the head and neck
region [14]. The dose to the remainder tissues was
calculated as the arithmetic mean over the 13 remainder
organs [25]. The effective dose was calculated as the

product of the radiation weighted average organ doses
and the relevant ICRP 103 [25] tissue weighting factors
summed over all of the tissues/organs exposed.

Table 1 shows the number of TLDs per organ and the
slices where the TLDs were positioned.

CBCT units and imaging protocols

Table 2 shows the CBCT units used in this study with
manufacturer details and Tables 3 and 4 summarise the
imaging protocols and exposure factors, respectively.
The most frequently used imaging protocols on each
system were selected. Thus, in the 10-year-old phantom,
maxillary anterior examinations were included, reflect-
ing the use of imaging in orthodontic examinations of
tooth eruption abnormalities in this aesthetically impor-
tant part of the mouth. By contrast, for the adolescent
phantom, third molar examinations were included to
reflect the increasing clinical need for imaging of this
area. Both phantoms were positioned as patients with the
aid of radiographers and the machines’ alignment tools,
such as lasers and scout images. Since a scout image is
part of the clinical protocol for setting up the patient, one
scout image was included in each measurement. Thyroid
collars were not used for the phantoms because it is not a
common practice among the different dental hospitals
and dental practices to routinely use such devices.

All of the CBCT units shown in Table 4, with the
exception of 3D Accuitomo 170, adjust the mAs auto-
matically and the tube voltage is either fixed (NewTom
VG and i-CAT NG) or manually selected. For the units
for which the exposure settings were not selected
automatically, the exposures were made at the recom-
mended manufacturers’ settings. At the time of the
measurements, the units did not provide specialised
paediatric protocols and settings. The ProMax 3D and
Kodak 9000C 3D units provided settings for different
patient sizes. For the Promax 3D, the small size was
selected for both phantoms, but the mAs was adjusted
automatically based on the phantom size. For the Kodak
9000C 3D, the ‘‘teenager’’ setting was chosen for the 10-
year-old phantom and the ‘‘adult’’ setting for the adole-
scent, to provide adequate image quality. For the 3D
Accuitomo 170, the manufacturer’s settings of 90 kV,
5 mA, 17.5 s, which corresponds to a 360u rotation, were
selected for all fields of view.

Table 1. Location and number of thermoluminescent dosimeters (TLDs) in the two ATOM phantoms (refer to Figure 1)

Organ Adolescent phantom 10-year-old phantom

Number of TLDs Slices Number of TLDs Slices

Brain 35 2–6 27 2–7
Right submandibular gland 2 8 2 7
Left submandibular gland 2 8 2 7
Right parotid gland 3 6–7 2 6
Left parotid gland 3 6–7 2 6
Sublingual gland 2 8 2 7
Thyroid gland 7 10–11 7 9–10
Red bone marrow 58 2–12 36 2–11
Skin 24 2–12 22 2–11
Anterior nasal passage 4 5–6 2 6

Paediatric organ and effective doses from dental cone beam CT
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Results

Figure 2 and Figure 3 show the effective doses
calculated for the 10-year-old and adolescent phantoms
respectively for the five CBCT units and for all the
imaging protocols.

The average effective doses for the 10-year-old and
adolescent phantoms were 116 mSv and 79 mSv, respec-
tively. The minimum effective dose for the 10-year-old
phantom was 16 mSv and for the adolescent was 18 mSv,
whereas the maximum effective doses for the 10 year old
and the adolescent were 282 mSv and 216 mSv, respec-
tively. For the 10-year-old phantom and for the large
fields of view such as the 17612 cm2 and 14610 cm2 of
the 3D Accuitomo 170, the single field of view of the
NewTom VG and the 13 cm of the i-CAT NG, the
effective dose varied between 114 mSv and 282 mSv.
Similarly for the adolescent phantom, the effective dose
ranged from 81 mSv to 216 mSv. For the small fields of
view and for both phantoms, the effective dose did not
exceed 35 mSv. For comparison, the effective doses to an
adult patient for a typical panoramic examination and a
head CT are 10 mSv and 2 mSv, respectively [33].

Figure 4 shows the average organ doses for both
phantoms. The organ doses for the 10-year-old phan-
tom were higher than the adolescent, with the salivary
glands receiving higher doses than the rest of the organs
for both phantoms. Figure 5 shows the percentage
contribution of each organ dose to the effective dose
for both phantoms.

Discussion

The effective dose for the 10 year old was higher than
the effective dose for the adolescent for most of the CBCT
units and imaging protocols. For the Kodak 9000C 3D,
the effective doses were almost the same for the two
phantoms, and for the 464 cm2 field of view of the 3D
Accuitomo 170, the effective dose of the adolescent
phantom was higher because the imaging protocols for
the two phantoms were different, with the radiation field
of the adolescent’s imaging protocol being closer to the
salivary glands. The lowest effective doses were given by
the Kodak 9000C 3D and the ProMax 3D owing to the
small fields of view, low exposure factors and position of
the radiation field with respect to the radiosensitive
organs. For both phantoms, the maximum effective doses
were calculated for the maxillofacial imaging protocols
(large fields of view) of the 3D Accuitomo 170. The 3D
Accuitomo 170 effective doses for the maxillofacial
imaging protocols were considerably higher than the i-
CAT NG and the NewTom VG maxillofacial imaging
protocols, and this is due to the higher mAs used by the
3D Accuitomo 170. It should be noted that the standard
manufacturer’s exposure settings were used for the 3D
Accuitomo exposures, while for the i-CAT NG and the
NewTom VG the exposure factors were automatically
selected by the CBCT unit. The i-CAT NG-13 cm portrait
and the NewTom VG-Dental exposed both phantoms to
lower doses than the maxillofacial protocols of the 3D
Accuitomo 170.

Table 2. Dental cone beam CT units

Model Manufacturer

NewTom VG QR SRL, Verona, Italy
Next Generation i-CAT (i-CAT NG) Imaging Sciences International, Hatfield, PA
3D Accuitomo 170 J. Morita MFG. Corp., Kyoto, Japan
ProMax 3D Planmeca Oy, Helsinki, Finland
Kodak 9000C 3D Kodak Dental Systems by Carestream Health, Rochester, MJ

Table 3. Imaging protocols and fields of view

Adolescent phantom 10-year-old phantom Field of view

i-CAT NG Ø16 cm and
(i) Mandible (i) Mandible (i) 6 cm height
(ii) Maxilla (ii) Maxilla (ii) 6 cm height
(iii) Maxillofacial (iii) Maxillofacial (iii) 13 cm height

NewTom VG Dental Dental Ø15611 cm height
Kodak 9000C 3D Third molar Maxillary anterior Ø563.7 cm height
ProMax 3D Dentoalveolar Dentoalveolar Ø868 cm height
3D Accuitomo 170 (i) Third molar (i) Maxillary anterior (i) 464 cm height

(ii) Maxilla (ii) Mandible (ii) Ø14 cm65 cm height
(iii) Dentoalveolar (iii) Dentoalveolar (iii) Ø14610 cm height
(iv) Maxillofacial (iv) Maxillofacial (iv) Ø17612 cm height

Table 4. Exposure factors

Adolescent phantom 10-year-old phantom

kV mAs Voxel size (mm3) kV mAs Voxel size (mm3)

i-CAT NG 120 18.5 0.4 120 18.5 0.4
NewTom VG 110 Auto 0.3 110 Auto 0.3
Kodak 9000C 3D 70 106.8 0.076 70 85.6 0.076
ProMax 3D 84 19.6 0.32 84 16.8 0.32
3D Accuitomo 170 90 87.5 0.08–0.25 90 87.5 0.08–0.25
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The importance of the field of view in the relative
difference in effective dose between the adolescent
and 10-year-old is well illustrated in this study. If the
Kodak 9000C 3D, the 464 cm2 3D Accuitomo 170 and the
ProMax 3D are considered to be ‘‘small’’ fields of view in
CBCT examinations, it can be seen that the difference in
effective dose between the two phantoms was small. By
contrast, for all other CBCT examinations with large
fields of view, the effective dose was considerably higher
for the 10-year-old. This clearly underlines the impor-
tance of limiting field of view as a basic principle [34, 35]
of CBCT use but also indicates the even greater signi-
ficance of this optimisation in younger children.

The organ doses of the 10-year-old phantom were
higher than those of the adolescent phantom owing to the
smaller size of the 10-year-old phantom. The smaller
diameter and height of the 10-year-old phantom’s head

places the thyroid gland closer to the primary beam,
resulting in a fourfold difference between the two thyroid
doses, as shown in Figure 4. The rest of the organs are
placed closer to the surface; therefore, they are exposed
to a less attenuated X-ray beam and higher organ and
effective doses. This can be shown by comparing the
effective doses between the two phantoms for the large
field of view of the 3D Accuitomo 170. Even though the
exposure factors and the imaging protocols were the same
for both phantoms, the 10-year-old effective dose was 30%
higher than the adolescent dose.

For both phantoms, the doses to the salivary glands
were significantly higher than the doses to the other
organs because they were either partially or fully
irradiated by the primary X-ray beam. The doses to the
red bone marrow, bone surface, remainder tissues and
skin were small. The dose to the brain was relatively

Figure 2. Effective dose (mGy) for a 10 year old (ATOM model 706-C).

Figure 3. Effective dose (mGy) an adolescent (ATOM model 702-C).
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small because this organ was either irradiated by
scattered radiation or partially irradiated by the primary
beam for the maxillary and maxillofacial imaging
protocols.

In ICRP 60 [17], the remainder tissues were assigned a
tissue weighting factor of 0.05 and, with the exception of
muscle and brain, all of the remainder tissues were
located outside the head and neck region. In ICRP 103
[25], the radiosensitivity of the remainder tissues was
increased from 0.05 to 0.12 and the list of remainder
tissues updated. The brain was assigned an individual
weighting factor of 0.01 and removed from the list. Of
particular relevance to dental CBCT, the oral mucosa and
lymph nodes were added. The doses to the oral mucosa
and extrathoracic airway were measured using TLDs
that were positioned across the whole volume of the two

organs. The lymph nodes and muscles are distributed
across the whole body, but TLDs were positioned only in
the head and neck area. Therefore, factors [14] were
applied to the measured doses for lymph nodes and
muscle to account for this. Figure 4 shows that the dose
to the remainder tissues was similar to the doses to the
red bone marrow, skin and brain but, owing to their high
radiosensitivity, the contribution of the remainder tissues
to the effective dose was significant, as shown in
Figure 5.

For the 10-year-old phantom, the salivary glands,
remainder tissues and thyroid glands contributed
equally to the effective dose, while for the adolescent
phantom the salivary glands and the remainder tissues
gave the most significant contribution. Even though the
red bone marrow dose was relatively small (Figure 4), its

Figure 4. Average organ doses for an adolescent and a 10-year-old patient.

Figure 5. Percentage organ dose contribution to effective dose.
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contribution to the effective dose was significant for both
phantoms because of its high radiosensitivity. The
contributions of the skin, brain and bone surface were
small for both phantoms.

A direct comparison with other studies on paediatric
dental CBCT dosimetry was not possible because there
are no published paediatric studies using dental CBCT
units. All of the published studies on dental CBCT dosi-
metry investigated organ and effective doses using adult
anthropomorphic phantoms. Table 5 compares the effec-
tive doses determined in this study with various
published studies. It can be seen from Table 5 that this
study’s effective doses are similar to the effective doses
estimated using adult phantoms.

The linear no-threshold (LNT) model of radiation-
induced carcinogenesis is the basis for radiation protec-
tion considerations at low doses. The LNT model
suggests that the relationship between dose and risk is
linear and there is no threshold below which the risk
becomes zero. The resulting risk factors are primarily
based on the life span study (LSS) of atomic bomb
survivors [36, 37]. The risk decreases linearly with no
threshold for doses below 100 mSv [26, 28, 38]. For very
low doses ,5 mSv, the National Council on Radiation
Protection and Measurements Report [39] supports the
linear dose–response relation based on laboratory and
epidemiological studies. There are other models that
support curvilinear relationships between dose and risk,
but given the current knowledge, ICRP 103 [25] risk
estimation is based on a linear no-threshold dose–
response at low doses.

Another conclusion from the LSS is that children are
more sensitive to radiation than adults [26, 27]. There is
an order-of-magnitude increase in the attributable life-
time mortality risk between children and adults and
there is also a twofold increase in sensitivity between
girls and boys. Children have a longer life span to
express any radiation-induced cancer and also they are
inherently more radiosensitive because they have more
dividing cells [26, 27]. The sex-averaged percentage
attributable lifetime mortality risk for a child at the age
of 10 years was 1.561024 and at the age of 15 years was
1.12561024 [26]. This study estimated that the average
effective doses to a 10-year-old and 15-year-old were
116 mSv and 79 mSv, respectively. Based on these figures,
the percentage attributable lifetime mortality risk for
a 10-year-old and a 15-year-old were 0.00174% and
0.00089%, respectively. For comparative purposes, the
percentage attributable lifetime mortality risks for a
50-year-old adult having received an effective dose of
116 mSv and 79 mSv were 0.00075% and 0.00051%.

Conclusions

This study investigated the organ and effective doses
for paediatric dental CBCT using anthropomorphic
phantoms. Even though the paediatric effective doses
were considerably lower than they were for head and
neck multislice CT, it was found that they were higher
than those for conventional dental X-ray imaging and
similar to those for adult CBCT doses. This study has
shown that the lowest effective doses were calculated for
units that offered small fields of view and ‘‘small patient
size’’ settings. Therefore, dose reduction can be achieved
by using the paediatric or small patient size settings. Small
and medium fields of view should be used for mandible
and/or maxilla imaging, while for CBCT units which offer
only large fields of view, vertical and horizontal collima-
tion should be offered. Taking into account the higher
radiosensitivity of children, it is imperative that the use
of CBCT in children is fully justified over conventional
X-ray imaging.

Further in vivo dosimetry studies should be performed
to investigate the dose levels for typical paediatric
imaging protocols and for a greater range of dental
CBCT. The use of entrance surface dose or dose–area
product as a diagnostic reference level quantity should
be assessed on groups of paediatric patients. Further
studies should be undertaken in order to assess the use
of a thyroid collar as a dose reduction technique,
especially for small paediatric patients.
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