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ABSTRACT

Purpose: This study aimed to propose a methodological approach for reducing the radiation dose in pediatric cone-
beam computed tomography (CBCT), focusing exclusively on balancing image quality with dose optimization.
Materials and Methods: The dose-area product (DAP) for exposure was reduced using copper-plate attenuation
of an X-ray source. The thickness of copper (Cu) was increased from O to 2.2 mm, and 10 different DAP levels
were used. The QUART DVT_AP phantom and pediatric radiologic dentiform were scanned under the respective
DAP levels. The contrast-to-noise ratio (CNR), image homogeneity, and modulation transfer function (MTF) were
analyzed using the QUART DVT_AP phantom. An expert evaluation (overall image grade, appropriateness of field
of view, artifacts, noise, and resolution) was conducted using pediatric dentiform images. The critical DAP level
was determined based on phantom and dentiform analysis results.

Results: CNR and image homogeneity decreased as the DAP was reduced; however, there was an inflection point
of image homogeneity at Cu 1.6 mm (DAP=138.00 mGy - cm?), where the value started increasing. The MTF
showed constant values as the DAP decreased. The expert evaluation of overall image grades showed “no diagnostic
value” for dentiform images with Cu 1.9-2.2 mm (DAP=78.00-103.33 mGy - cm?). The images with Cu 0-1.6 mm
(DAP=138.00-1697.67 mGy - cm®) had a “good,” “moderate,” or “poor but interpretable” grade.

Conclusion: Reducing DAP beyond a 1.6-mm Cu thickness degraded CBCT image quality. Image homogeneity
and clinical image grades indicated crucial decision points for DAP reduction in pediatric CBCT scans. (Imaging

Sci Dent 2024; 54: 264-70)
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Introduction

Cone-beam computed tomography (CBCT) was first
developed in the late 1990s.'? Compared to conventional
multi-detector computed tomography (MDCT), CBCT
offers a smaller voxel size and a lower effective dose. These
features make it ideal for high-definition visualization of
the 3-dimensional aspects of the oral and maxillofacial
regions h Applications of this technique include root canal
Visualization;3 the localization of normal anatomical struc-
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tures,’ jaw lesions,”® and impacted teeth;”® temporoman-
dibular joint evaluations,” and other clinical purposes.'®"
CBCT is preferred over MDCT for evaluating hard tissue
in the oral and maxillofacial region due to the need to adhere
to the as low as reasonably achievable (ALARA) principle
in radiation protection, because CBCT delivers a signifi-
cantly lower effective dose than MDCT for the same field

L1214
of view.

This benefit is especially important for pediatric
patients, who are more vulnerable to radiation due to their
ongoing development.”’16
undergo CBCT examinations to localize impacted teeth and
assess conditions such as cleft palate or complex skeletal
abnormalities that require surgical intervention.'” Some
studies have reported that restricting the field of view (FOV)

to closely match the region of interest may actually increase

Typically, pediatric patients

the radiation dose.'*'8 Therefore, instead of reducing the
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FOV, efforts should focus on minimizing the radiation dose
to a level that still yields acceptable and accurate CBCT
images.

Studies have been conducted to reduce the radiation dose
in CBCT without compromising image quality. Some appro-
aches have involved directly adjusting the unit’s parame-
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ters

or applying a mathematically calculated minimum
level of current.” Other studies have increased filtration for
dose reduction.”* However, manipulating the parameters
or structure of the CBCT unit is not feasible in real clinical
settings. Furthermore, no study has yet described a method-
ological approach for reducing the radiation dose of CBCT
without manipulating its parameters.

This study was conducted to propose a methodological
approach aimed at reducing the radiation dose in pediatric
CBCT, with a specific focus on balancing image quality
and dose optimization.

Materials and Methods

Copper (Cu) plates in 10 different thicknesses, ranging
from 0-2.2 mm, were attached to the X-ray source of a CBCT
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system (Rayscan Alpha Plus, Ray Co., Seongnam, Korea)
to investigate their effect on radiation dose (Fig. 1). The
manufacturer’s recommended exposure settings were used
for the jaw mode: 90 kVp, 12 mA, and a 10 X 10 cm FOV.
This imaging mode is commonly used for pediatric patients,
as noted in a previous study and at the authors’ affiliated
institution.”® The Cu plate was used to attenuate the radia-
tion dose, rather than adjusting the tube voltage, tube cur-
rent, or exposure time, because CBCT units do not permit
users to freely control the exposure conditions in a clinical
setting. As each Cu plate was attached to the X-ray source,
the dose-area-product (DAP) was measured 3 times using
the VacuDAP standard (VacuTec Meftechnik GmbH, Dres-
den, Germany), and the mean value was recorded (Table 1).

For quantitative analysis, 3 sets of CBCT images were ac-
quired at varying thicknesses of Cu plates using the QUART
DVT_AP phantom (QUART, Zorneding, Germany). This
phantom is specifically designed to conform to a stan-
dard dedicated to dental CBCT*' and is utilized for CBCT
quality control (Fig. 2A). The images were analyzed with
QUART DVT_TEC software (QUART, Zorneding, Ger-
many) by 2 observers. They assessed image homogeneity,

Fig. 1. The tube of the cone-beam
computed tomography unit used in
this study. A. The tube without any
copper attenuation. B. The tube with
a copper plate attached.

Fig. 2. The QUART DVT_AP phantom (QUART, Zorneding, Germany) and cone-beam computed tomography image analysis. A. Top
view of the phantom. B. Image homogeneity. C. Contrast-to-noise ratio. D. Modulation transfer function analysis by QUART DVT_TEC

software (QUART, Zorneding, Germany).
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the contrast-to-noise ratio (CNR), and modulation trans-
fer function (MTF) for each attenuation set, and the mean
values were recorded as representative (Fig. 2B-D). Image
homogeneity refers to the variation between basic contrast
and background changes in a specified ROI, with an ideal
homogeneity value for a homogeneous slice being 0.
CBCT images of a pediatric radiologic dentiform (Colum-
bia Dentoform; Lancaster, PA, USA) were acquired for all
attenuations (Fig. 3). Three experts, each with over 5 years
of experience, assessed the images using the clinical image
evaluation chart (Table 2), and the mean scores were used
to determine the acceptable CBCT images. The evaluation
chart was adapted from previous literature to address differ-

Table 1. Selected thicknesses of copper attenuation and their mean
dose-area-product (DAP) values for image quality evaluation

Copper Mean Dose percentage
thickness DAP to the standard

(mm) (mGy - cm®) (%)

Standard 00 1697.67 100

1 02 1093.00 64

2 04 745.00 44

3 0.6 540.33 32

4 0.8 409.00 24

5 10 267.67 16

6 13 188.67 11

7 1.6 138.00 8
8 1.9 103.33
9 22 78.00

ences in study objectives.”®* It includes 5 criteria: FOV,
artifacts, noise, resolution, and overall image grade. The
first 4 criteria were scored on a 3-point scale: 1-disagree,
2-neutral, and 3-agree. The overall image grade was rated
on a 4-point scale: 1-no diagnostic value, 2-poor but inter-
pretable, 3-moderate, and 4-good.

The results of all evaluations were descriptively analyzed
to identify the CBCT image that was interpretable with the
lowest radiation dose.

Results

Image homogeneity initially decreased with lower DAP
values (corresponding to decreasing copper plate thickness)

/

Fig. 3. A. The pediatric radiologic dentiform. B. Positioning the
dentiform in the cone-beam computed tomography unit.

Table 2. Clinical cone-beam computed tomographic image evaluation chart

Criteria

Disagree (1) Neutral (2) Agree (3)

Field of view
— The region of interest is completely included within
the field of view

Artifacts
- Streak artifact is not significant
- Ring artifact is not visible
— Motion artifact is not significant

Noise
- Noise is not significant

Resolution
- Density and contrast are acceptable
— Teeth and alveolar bone are clearly distinguishable

No diagnostic value (1)

Poor but interpretable (2)

Moderate (3) Good (4)

Overall image grade
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Fig. 4. Quantitative evaluation results from the QUART DVT_AP
phantom. A. Homogeneity decreases until a copper (Cu) thickness
of 1.6 mm, and then increases. B. Modulation transfer function
shows almost constant values. C. The contrast-to-noise ratio shows
decreasing tendency.
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Fig. 5. Cone-beam computed tomography images of the dentiform
with a copper thickness of A. 0 mm and B. 1.6 mm. More image
noise is observed due to added copper attenuation.

until it reached a minimum at a Cu thickness of 1.6 mm
(DAP=138.00 mGy - cm?), after which it began to increase
(Fig. 4A). The 10% and 50% modulation transfer ratios
in the MTF remained nearly constant (Fig. 4B). The CNR
exhibited a decreasing trend as the DAP values decreased
with increasing thickness of the Cu plate (Fig. 4C).

The mean overall grades for copper thicknesses ranging
from O to 1.6 mm were categorized as “poor but interpre-
table” or better (Table 3). Specifically, the average scores
for the FOV were consistently 3.00 across all copper thick-
nesses. The scores for noise and resolution fell within the
“neutral” range or higher for copper thicknesses of 0-1.6
mm and 0-1.9 mm, respectively. Artifacts were observed
in all CBCT images across all examined levels. Figure 5
displays examples of CBCT images of the dentiform with
copper thicknesses of 0 and 1.6 mm.

Discussion

This study aimed to propose a methodological approach
for reducing the radiation dose in pediatric CBCT. It partic-
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Table 3. The mean scores of clinical image evaluation of cone-beam computed tomography images at all copper thicknesses (dose-area-product
reduction levels). The highest score for the field of view, artifacts, noise, and resolution was 3, and that of the overall image grade was 4

Copp e(;:}rﬁ)c kness Field of view Artifacts Noise Resolution Overall image grade
0.00 3.00 1.33 3.00 2.67 3.00
0.20 3.00 133 3.00 2.67 3.00
0.40 3.00 1.33 2.67 2.67 3.00
0.60 3.00 1.33 2.33 233 233
0.80 3.00 133 2.33 2.00 2.00
1.00 3.00 1.33 2.33 2.00 2.00
1.30 3.00 133 2.00 233 2.00
1.60 3.00 133 1.67 1.67 1.67
1.90 3.00 1.33 1.33 1.67 133
220 3.00 1.67 133 1.33 133

ularly focused on finding a balance between image quality
and radiation dose to optimize pediatric CBCT doses. Since
the dose cannot be reduced indefinitely, the study sought to
identify the threshold at which the DAP could no longer be
decreased without compromising image quality. A major
strength of this study is its identification of critical factors
that should be considered in the dose optimization process.
Evaluation factors such as image homogeneity and expert
assessments of image quality were crucial in determining
the points at which further reductions in radiation dose
could be made. Based on the image homogeneity and expert
clinical image evaluation scores, a significant reduction
in the DAP is achievable in pediatric CBCT. Based on the
analysis of the pediatric radiologic dentiform, the current
study proposes that DAP reduction could be achieved with
a Cu thickness of 1.6 mm and a DAP of 138.00 mGy - cm’.
An intriguing finding was that image homogeneity alone
offered a clear criterion for selecting the optimal DAP level
during dose reduction, whereas other factors such as CNR
and MTF had little impact on this decision. The CNR exhibi-
ted a general downward trend as attenuation increased, mak-
ing it challenging to specify an appropriate Cu thickness.
However, the CNR significantly dropped when the DAP
level reached 24-32% of the standard, corresponding with
a decline in the resolution score from expert evaluations.
More detailed and objective studies are needed to explore
the relationships between DAP, CNR, and image quality.
Contrary to the initial expectations that decreasing DAP
and increasing noise would alter the results, the MTF—a
detector specification that reflects its spatial resolution—
remained remarkably constant for both 10% and 50%
modulation transfer ratios throughout the experiment. This
stability likely stems from the inherent characteristics of

the detector, which remained unchanged during the experi-
ment.

Image homogeneity, which is a factor in image quality
assurance, initially showed a decreasing trend similar to the
CNR. However, after reaching a certain DAP level, it began
to increase, leading to the establishment of a dose reduc-
tion threshold at this DAP level. Initially, it was anticipated
that image homogeneity would continue to decrease, akin
to the CNR. Yet, the outcomes were different, and several
reasons for this can be inferred from the dose-reduction
techniques employed in this study. Unlike previous studies

that adjusted exposure parameters,” >

this study imple-
mented the use of Cu plates to reduce dosage, effectively
blocking scattered low-energy radiation at a specific Cu
thickness. Consequently, for pediatric CBCT dose opti-
mization, varying the thickness of Cu filtration could be
considered as an alternative to directly altering exposure
parameters. Collaboration with the CBCT manufacturer
is crucial for developing a convertible Cu filtration device
suitable for pediatric patients in real clinical settings.

Some studies on dose reduction of CBCT have focused
on adjusting the exposure parameters (kVp, mAs), and 2
studies decreased the dose to less than 20%”° or approx-
imately 40%>' of the standard CBCT protocols without
significantly affecting image quality. To reduce the current
(mAs), a study modulated the tube current to calculate the
optimal current for each location of the tube and lowered
the dose by 31%.”* Because ethical considerations preclude
direct dose reduction experiments in humans, another study
attempted to simulate ultra-low-dose CBCT images by
adding noise to existing low-dose patient scans, achieving
a significant dose reduction. However, while this approach
successfully lowered the dose, to the best of the authors’
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knowledge, no research has yet employed quality control
phantoms for comprehensive image quality evaluation in
such scenarios. In most studies, evaluations were conducted
either using subjective scoring, similar to the clinical image
evaluation in this study,”?' or other quantitative evalua-
tions.”> One study also conducted subjective and quantita-
tive image evaluations, somewhat similar to this study, but it
differed in that a quality control phantom was used, and the
analysis software was specifically developed for that phan-
tom.” Furthermore, direct adjustments of exposure param-
eters for specific circumstances are not permitted in real
clinical settings.

Some studies have added Cu filtration, similar to this
study.” > However, one such study utilized only a contrast
phantom and limited its image quality evaluation to CNR
assessment.”> Another study also employed Cu filtration but
did not measure the actual radiation dose nor use a standard-
ized phantom.24 Furthermore, the range of Cu thicknesses
employed in these studies was narrower than that used in
this study.”

This study has several limitations, primarily because
it was conducted as a pilot study aimed at demonstrating
a methodological approach for balancing dose reduction
with image quality. Firstly, the pediatric phantom used for
clinical image evaluation did not include facial bones or
soft tissue structures. While the pediatric dentiform was
designed for radiological assessments, the lack of compre-
hensive facial structures could significantly affect X-ray
attenuation and image quality. Consequently, the actual
reduction in DAP might be less than what was observed in
this study. Future studies should evaluate CBCT images of
anthropomorphic phantoms that fully replicate soft tissue
and cranial bones at various DAP levels. Additionally, the
proposed DAP reduction level only supports the lowest
quality image sufficient to distinguish between teeth and
alveolar bones; thus, the minimal DAP might need to be in-
creased depending on the specific objectives of the CBCT
examination.

In conclusion, this study demonstrates that in pediatric
CBCT, the radiation dose can be significantly reduced below
typical clinical levels. For radiologic evaluations of dental
form, Cu plate thicknesses of up to 1.6 mm can be used
while still maintaining interpretable image quality, as deter-
mined by key indicators such as image homogeneity and
clinical image grade. When adjusting exposure conditions to
reduce the dose, image homogeneity and expert evaluation
should be considered critical factors to ensure the images
remain readable.
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