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Measuring absorbed dose for i-CAT CBCT examinations in
child, adolescent and adult phantoms
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Objectives: Design and construct child and adolescent head phantoms to measure the
absorbed doses imparted during dental CBCT and compare with the absorbed dose measured
in an adult phantom.
Methods: A child phantom was developed to represent the smallest patients receiving
CBCT, usually for craniofacial developmental concerns, and an adolescent phantom was
developed to represent healthy orthodontic patients. Absorbed doses were measured using
a thimble ionization chamber for the custom-built child and adolescent phantoms and
compared with measurements using a commercially available adult phantom. Imaging was
performed with an i-CAT Next Generation (Imaging Sciences International, Hatfield, PA)
CBCT using two different fields of view covering the craniofacial complex (130 mm high) or
maxilla/mandible (60 mm high).
Results: Measured absorbed doses varied depending on the location of the ionization
chamber within the phantoms. For CBCT images obtained using the same protocol for all
phantoms, the highest absorbed dose was measured in all locations of the small child
phantom. The lowest absorbed dose was measured in the adult phantom.
Conclusions: Images were obtained with the same protocol for the adult, adolescent and
child phantoms. A consistent trend was observed with the highest absorbed dose being
measured in the smallest phantom (child), while the lowest absorbed dose was measured in the
largest phantom (adult). This study demonstrates the importance of child-sizing the dose by
using dedicated paediatric protocols optimized for the imaging task, which is critical as
children are more sensitive to harmful effects of radiation and have a longer life-span post-
irradiation for radiation-induced symptoms to develop than do adults.
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Introduction

The most advertised merit of dental CBCT is that it
emits a low or reduced radiation dose, which is true in
comparison to multidetector CT (MDCT). Conven-
tional MDCT requires multiple rotations for a single
scan, whereas a CBCT scan only requires one rotation,
thus decreasing the radiation. The conventional head
MDCT effective dose is reported to be approximately

314–2426mSv,1,2 which is much higher than reported ef-
fective doses of 36.9–1073.0mSv for CBCT of the man-
dible or maxilla.2,3 These doses vary widely depending on
the field of view (FOV), resolution, scan time, X-ray tube
voltage (kVp) and current (mA) selected. Radiation doses
from full FOV dental CBCT scans have been reported to
range from 2% to 23% of doses of MDCT examinations.4

Recently, Deman et al5 measured the absorbed dose in
MDCT and dental CBCT, holding the scan parameters
and scan length constant. They found that the normalized
absorbed dose for a 100-mAs exposure in MDCT was
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double the normalized absorbed dose for CBCT,5 but the
difference may be more pronounced for clinical condi-
tions, as the MDCT typically operate at higher mAs to
ensure good soft-tissue contrast.
If dental CBCT use was limited to replacing medical CT

for craniofacial visualization, the total radiation dose to the
patient would indeed be reduced.6 However, dental CBCT
is often used to supplement conventional radiography such
as bitewing, periapical, panoramic and cephalometric
radiographs. The radiation doses from full FOV dental
CBCT scans have been measured to be 4–42 times the dose
from a panoramic radiograph.4,5 Therefore, the clinicians
ordering dental CBCT should be mindful that frequent use of
supplemental CBCT results in non-negligible increases in the
total radiation dose to the patient. Conclusions of a 2009
systematic review demonstrated that the most common uses
of dental CBCT are for maxillofacial surgery (41%), den-
toalveolar pathology (29%), orthodontics (16%) and im-
plantology (13%).7 In maxillofacial surgery, common uses of
CBCT include temporomandibular joint assessment,
arthrography, odontogenic cysts and tumours, trauma, cleft
pathology, orthognathic surgery, oral cancer, osteomyelitis,
bisphosphonate-related osteonecrosis of jaw and obstructive
sleep apnoea.7 For orthodontic purposes, mini-implant,
cephalometry and tooth positions were the most common
indications for CBCT scans.7

An increasing number of CBCT images are being
performed on children and adolescents, which is con-
cerning as children are more sensitive to radiation,8,9

particularly the thyroid gland, gonads and breast tissue,
and the cancer risk per Sievert is highest at a younger
age and decreases with age.10 In medical radiology, the
Image Gently campaign has increased the awareness of
radiation safety in paediatric populations11 and has re-
cently been extended to include dental radiology pro-
cedures. To address the important goals of the Image
Gently campaign, paediatric protocols should be de-
signed that will reduce the dose to the patient without
compromising the diagnostic quality of the images.
The aim of our study was to investigate the X-ray

dose received by a variety of adult and paediatric
patients and to estimate the dose reduction that could be
achieved with paediatric protocols. The authors de-
veloped dosimetry phantoms for measuring the absor-
bed dose imparted during dental CBCT examinations of
child and adolescent patients. The authors compared
the absorbed dose measured in our child and adolescent
phantoms with a commercially available adult head
phantom using a fixed imaging protocol.

Methods and materials

All phantoms were cylindrical in shape and made of pol-
ymethyl methacrylate (PMMA), which is a transparent
thermoplastic material. PMMA shows similar energy ab-
sorption to muscle and water content of the maxillofacial
region. All phantoms had holes drilled through the height
of the cylinder to enable insertion of an ionization

chamber. Custom-built phantoms (British Columbia
Cancer Agency, Genome Sciences Centre, Vancouver,
Canada) were made to represent the paediatric population.
The adolescent phantom was designed to represent a
12-year-old child, consistent with entry into orthodontic
treatment. The adolescent phantom was 135mm in di-
ameter and 150mm in height, with 12.5-mm diameter
holes for the ionization chamber. The child phantom rep-
resents a 5-year-old child, consistent with the youngest
patients receiving CBCT in the dental clinics associated
with the University of British Columbia Faculty of Den-
tistry. The child phantom was identical to the adolescent
phantom except that the diameter was 100mm. The adult-
sized phantom was the SEDENTEX CT DI (Leeds Test
Objects, Ltd, York, UK). The adult phantom measures
150mm in diameter and 160mm in height, with holes
measuring 26mm in diameter. The phantoms and experi-
mental set-up are shown in Figure 1.

Imaging was performed using an i-CAT Next Gen-
eration (Imaging Sciences International, Hatfield, PA)
CBCT machine. All images were obtained with the
same parameters (120 kVp; 5 mA; exposure time, 4 s;
voxel spacing, 0.4 mm) with two FOVs. On this unit, the
FOV has a constant diameter of 160 mm, and the
authors chose the large (130-mm height) and medium
(60-mm height) settings, representing imaging the cra-
niofacial complex or the mandible/maxilla, respectively.

Each phantom was placed on a PMMA plate that
was mounted onto a tripod for positioning in the CBCT
machine. The phantom was centred within the FOV
using the positioning lasers. A thimble ion chamber
(103 6-0.6-CT; Radcal Corporation, Monrovia, CA) was
positioned in the selected hole, using an adaptor for the
adult phantom to ensure that the chamber was com-
pletely surrounded by PMMA. The chamber was con-
nected to an Accu-Dose meter (model 2186 v. 7.03;
Radcal Corporation) for measuring the exposure. The
ion chamber was factory calibrated to be within ±5%
over the range of energies used in diagnostic CT. All
measurements were obtained using the high-sensitivity
setting for improved accuracy at the observed dose rate.

Exposure measurements were obtained at the centre of
the phantom and at the periphery and converted to
absorbed dose in PMMA. The ion chamber was also
taped to the outer surface of the phantom, and exposure
was converted to absorbed dose in air. Measurements at
the periphery and on the phantom surface were obtained
on the anterior, posterior, left and right sides of the
phantom head. Measurements from three images were
averaged together to yield a point dose at each location.
Descriptive statistics are reported, including the mean,
minimum and maximum values of the absorbed doses,
along with the standard deviations of the measurements.

Results

The exposure was measured and converted into absor-
bed dose to the PMMA phantom for the measurements
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inside the phantom. For the measurements obtained on
the surface of the phantom, the exposure values were
measured and converted into the absorbed dose in air.
The average, maximum and minimum absorbed doses
are tabulated in Table 1 for the 160-mm diameter by
60-mm high FOV and in Table 2 for the 160-mm diameter
by 130-mm high FOV. As expected, the absorbed doses
measured in the craniofacial FOV (160-mm diameter by
130-mm high) were larger than in the mandible/maxilla
FOV (160-mm diameter by 60-mm high).

The values reported in the centre of the phantom
represent an average of three measurements. For the
periphery and surface values, measurements were re-
peated three times at four different locations, represent-
ing the front, back, left and right sides of a patient. Since
the phantom is cylindrical in shape and the imaging
settings used a full rotation to obtain projections, the
measurements were similar in all 4 locations, and all
12 measurements were combined to yield a single value
representing all locations at the same radial distance. For
different imaging systems, the measured values across the
patient’s head may not be similar, depending on the orbit
of the X-ray tube. All of the measured values from the

same location were very similar as shown by the small
values for the standard deviations, indicating good re-
producibility of the X-ray exposure between images.

In every measurement location, the highest absorbed
doses were measured in the child phantom, with the
lowest values measured in the adult phantom. In the
results reported here, it is clear that the smallest head
diameter received the largest radiation dose under
identical imaging conditions. These results can be
explained by a couple of reasons. First, the larger di-
ameter of the adult phantom absorbed more radiation
at the edges of the FOV, whereas the adolescent and
child phantoms had less PMMA to absorb the radia-
tion, allowing more radiation to penetrate to the centre.
In both Tables 1 and 2, the average dose values at the
centre are higher in the smaller phantoms (child and
adolescent) than in the adult phantom. Secondly, the
X-ray beam carries more energy along the central axis
than at the edges of the FOV. This implies that less
radiation will reach the portions of the phantoms at the
edges of the FOV, which would more strongly impact
the adult phantom owing to its larger diameter. The
surface values for the adult phantom are lower than the

Figure 1 (a) Adult head phantom mounted on the tripod and positioned in the CBCT scanner. The cord connects the ion chamber to the
dosemeter. (b) Top views of the child (top—100-mm diameter), adolescent (middle—135-mm diameter) and adult (bottom—150-mm diameter)
phantoms. Each phantom can be rotated on the tripod to position the ion chamber hole at the desired location for dosimetry.
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corresponding measurements using both the adolescent
and child phantoms.
Table 3 shows the average dose values as a percentage

of the adult dose. In each case, the dose values for the
child and adolescent phantoms are higher than the cor-
responding locations in the adult phantom, leading to
percentages.100%. In this table, it is clear that reducing
the dose to the child and adolescent phantoms to the level
received by adults would result in dose savings of 18–47%
in adolescents and 37–68% for smaller children. The dose
could be further reduced in smaller patients, as less ra-
diation is needed to penetrate the volume of tissue and
produce diagnostic images. By creating child and ado-
lescent imaging protocols, dose savings of up to 50–70%
could be realized. To create these protocols, image
quality must also be assessed alongside the dose meas-
urements to ensure that the important details needed
for diagnostic purposes are not lost.

Discussion

In this study, the authors compare the absorbed dose
measured at different locations inside PMMA head phan-
toms that represent adult, adolescent and child patients. All
imaging was performed on the same CBCT unit, with
identical X-ray tube and image resolution settings and us-
ing two different FOVs, demonstrating the absorbed dose
measured for craniofacial or maxilla/mandible imaging.

The adult phantom attenuated more radiation owing
to its size (diameter)12 than did the adolescent or
paediatric phantoms, as expected. Our measurements
showed that more radiation reached the centre of the
phantom as the diameter decreased. When the same
imaging protocols were used for all three phantoms,
the highest absorbed doses were measured in the small
child phantom in all measurement locations. Knowing
children’s sensitivity to radiation and risk involved,
one should weigh the risk and benefit carefully before
ordering CBCT imaging for children. Only when two-
dimensional imaging is inconclusive or impractical
should a CBCT image be considered.

In a previous study that compared adult and child ra-
diation equivalent doses from two different dental CBCT
units, different amounts of radiation were measured
depending on the CBCT devices, location of centre, size
and FOV.8 When the same CBCT imaging protocol was
used for both children and adults, higher radiation was
measured in the head and neck of children than in those
of adults.13,14 Our study showed the same trend for the
absorbed dose, although measured in a uniform PMMA
phantom in a single imaging plane; nonetheless, our study
demonstrates the importance of using a paediatric imag-
ing protocol for children and adolescents.

It is difficult to compare the measurements from this
study to measurements from other studies owing to the
variety of dose metrics employed. Many articles in-
vestigating dental CBCT dosimetry use effective dose

Table 1 i-CAT Next Generation (Imaging Sciences International, Hatfield, PA) CBCT radiation measurement: field of view, 60-mm high3
160-mm diameter; 120 kVp; 5 mA; 0.4 voxel; and 4 s exposure time

Phantom Location
Absorbed dose average
(mGy)

Absorbed dose maximum
(mGy)

Absorbed dose minimum
(mGy)

Adult Centre 1.10 ± 0.002 1.11 1.10
Periphery 1.31 ± 0.02 1.33 1.29
Surface 1.33 ± 0.07 1.43 1.25

Adolescent Centre 1.53 ± 0.002 1.53 1.53
Periphery 1.65 ± 0.05 1.70 1.59
Surface 1.58 ± 0.04 1.63 1.54

Child Centre 1.85 ± 0.01 1.86 1.84
Periphery 1.88 ± 0.04 1.93 1.83
Surface 1.97 ± 0.03 2.00 1.93

The centre and periphery measurements are absorbed dose in polymethyl methacrylate and the surface measurements are absorbed dose in air.
Mean ± standard deviation, maximum and minimum measured values are reported at each location.

Table 2 i-CAT Next Generation (Imaging Sciences International, Hatfield, PA) CBCT radiation measurement: field of view, 130-mm high3
160-mm diameter; 120 kVp; 5 mA; 0.4 voxel; and 4 s exposure time

Phantom Location
Absorbed dose average
(mGy)

Absorbed dose maximum
(mGy)

Absorbed dose minimum
(mGy)

Adult Centre 1.33 ± 0.002 1.33 1.33
Periphery 1.52 ± 0.02 1.54 1.49
Surface 1.48 ± 0.07 1.58 1.39

Adolescent Centre 1.95 ± 0.01 1.95 1.94
Periphery 1.93 ± 0.04 1.99 1.87
Surface 1.74 ± 0.03 1.76 1.69

Child Centre 2.20 ± 0.003 2.20 2.19
Periphery 2.08 ± 0.04 2.14 2.00
Surface 2.19 ± 0.03 2.23 2.16

The centre and periphery measurements are absorbed dose in polymethyl methacrylate and the surface measurements are absorbed dose in air.
Mean ± standard deviation, maximum and minimum measured values are reported at each location
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despite the fact that the absorbed dose is a better metric.
Effective dose is a measure of radiation risk that is in-
adequate for use in paediatric patients because it does not
take demographic factors such as gender, age and body
composition into consideration. In addition, previous
studies show that effective doses are clinically very complex
to obtain and have low reproducibility,15 which can be
attributed to difficulty in aligning the locations of organs
of interest and thermoluminescent devices.16 Other met-
rics reported are the dose–area product and the CT dose
index. The dose–area product is a measurement of tube
output, and therefore not related to the patient dose but
is commonly displayed at the acquisition console during
the image acquisition. The CT dose index is related to the
dose metric used in MDCT; however, this metric is not
valid in the cone beam geometry. Recently, Dixon et al17

proposed a new method for measuring the absorbed
dose in CBCT systems, which has been applied to dental
CBCT by Deman et al.5

In this study, the authors reported the absorbed dose,
because it is a measurement of the energy imparted to the
phantoms and is readily compared with the dose metrics
used with CBCT machines located in radiology depart-
ments. The absorbed dose can be used to calculate other
metrics (dose–area product or effective dose), so the
trends seen in this study will persist across other mea-
surement techniques. The authors report the absorbed
dose measured at a number of locations within the
phantom in a single imaging plane. This information
could be used to calculate the average dose similar to
Deman et al;5 however, examining the dose distribution
within the phantom is also useful and demonstrates that
the dose for child and adolescent patients is higher in
every location than in the corresponding positions within
the adult phantom. The doses reported here are likely
underestimates compared with those received by patients
owing to the uniform PMMA material used for the
phantoms. The PMMA mimics soft tissue but does not
absorb as much radiation as hard tissue, like teeth or
bone. Therefore, the absorbed dose would be higher in

hard tissue regions than the absorbed dose values given
here. Although the PMMA cylindrical phantoms de-
scribed here are similar to those commonly used in ra-
diology departments to calculate absorbed dose, they are
not anatomically representative of patient anatomy. To
obtain more closely related measurements for a patient
would require anthropomorphic phantoms similar to
the RANDO® phantom (The Phantom Laboratory,
Salem, NY); however, the RANDO phantom does not
have the same patient sizes available and only accepts
thermoluminescent dosemeter or film, which are both
very dependent upon calibration and require separate
readout equipment. Using an ionization chamber in a
PMMA cylinder is easy to implement and generally more
reproducible for routine dosimetry measurements than
other device and phantom combinations.

Conclusion

While the absorbed doses measured in our study are
specific to the i-CAT Next Generation CBCT and
specific imaging protocols used, the overall trend of
measuring higher absorbed doses in smaller head sizes
will be seen with other CBCT machines and imaging
protocols. When the imaging protocols were held con-
stant, the highest absorbed dose was measured in all
locations in the small child phantom and the lowest
absorbed dose was measured in the adult phantom. This
study illustrates the necessity of optimizing the imaging
protocols to ensure that child and adolescent patients
are not receiving a higher radiation dose than that re-
quired for diagnosis.
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